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Background: The bioactive compound 2-Dodecyl-6-methoxycyclohexa-2,5-
diene-1,4-dione (DMDD), derived from the horn root of star fruit, exhibits
therapeutic promise through its modulation of the TGF-β1 pathway and
regulation of bile acids.

Methods: In this study, a liver fibrosis model was established in Kunming mice
(KM) induced by carbon tetrachloride (CCL4), and DMDD (50 mg/kg) was
administered intragastrically. HE staining, Masson staining, and Sirius staining
were used to evaluate the effect of DMDD on liver fibrosis. The Illumina
sequencing platform was used to detect intestinal flora and liver
transcriptome information in mouse feces, and high-performance liquid
chromatography-tandem mass spectrometry (HPLC-MS/MS) technology was
used to detect bile acid content changes in mouse feces.

Results: The results show that DMDD can mitigate liver fibrosis-induced damage
in mice, potentially through the suppression of the TGF-β/Smad signaling
pathway. Furthermore, DMDD increased the abundance of Lactobacillus,
Bacteroides, Ruminococcaceae, Ruminococcus, and Oscillospira, thereby
addressing intestinal flora disturbances and regulating bile acid metabolism.

Conclusion: Our study suggests that DMDD alleviates liver fibrosis by inhibiting
the TGF-β/Smad signaling pathway, restoring gut microbiota homeostasis, and
balancing bile acid metabolism.

KEYWORDS

2-dodecyl-6-methoxycyclohexa-2,5-dien-1,4-dione, liver fibrosis, bile acidmetabolism,
intestinal flora, transcriptomics

OPEN ACCESS

EDITED BY

Thomas Brzozowski,
Jagiellonian University Medical College, Poland

REVIEWED BY

Azna Zuberi,
Northwestern University, United States
Sujie Liu,
Heilongjiang University of Chinese Medicine,
China
Xiaoxin Liu,
Taihu University of Wuxi, China

*CORRESPONDENCE

Xianjie Shi,
shixj7@mail.sysu.edu.cn

†These authors share first authorship

RECEIVED 21 February 2025
ACCEPTED 24 April 2025
PUBLISHED 16 May 2025

CITATION

He Y, Hoa Pham TT, Xu J, Hong S, Wang J,
Zhai H, Tao Q, Li R, Zhang G and Shi X (2025) 2-
Dodecyl-6-methoxycyclohexa-2,5-dien-1,4-
dione alleviates liver fibrosis and improves
intestinal flora and bile acid metabolism.
Front. Pharmacol. 16:1581138.
doi: 10.3389/fphar.2025.1581138

COPYRIGHT

© 2025 He, Hoa Pham, Xu, Hong, Wang, Zhai,
Tao, Li, Zhang and Shi. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in this
journal is cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Pharmacology frontiersin.org01

TYPE Original Research
PUBLISHED 16 May 2025
DOI 10.3389/fphar.2025.1581138

https://www.frontiersin.org/articles/10.3389/fphar.2025.1581138/full
https://www.frontiersin.org/articles/10.3389/fphar.2025.1581138/full
https://www.frontiersin.org/articles/10.3389/fphar.2025.1581138/full
https://www.frontiersin.org/articles/10.3389/fphar.2025.1581138/full
https://www.frontiersin.org/articles/10.3389/fphar.2025.1581138/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2025.1581138&domain=pdf&date_stamp=2025-05-16
mailto:shixj7@mail.sysu.edu.cn
mailto:shixj7@mail.sysu.edu.cn
https://doi.org/10.3389/fphar.2025.1581138
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2025.1581138


Introduction

Liver fibrosis, that is, excessive deposition of the extracellular
matrix (ECM) in the liver, is essentially a repair mechanism for
chronic liver injury. However, this repair process may lead to a series
of adverse consequences such as liver cirrhosis, portal hypertension,
liver failure, and even an increased risk of liver cancer (Tiasha and
Venkatraman, 2023). Epidemiological data show that approximately
2 million patients worldwide die from end-stage liver disease caused
by liver fibrosis every year, which poses a heavy burden on personal
health and social economy (Ali et al., 2014; Fu-Sheng et al., 2014).
Currently, there are no clinically approved effective antifibrotic
therapies for slowing or reversing liver fibrosis. Targeted therapy
is the most effective method to prevent and treat liver fibrosis.
Although liver fibrosis can be slowed or reversed by eliminating
pathogens, some etiologies cannot be eliminated or eliminated too
slowly to prevent the progression of liver fibrosis and life-
threatening complications (Ginès et al., 2021). Drug intervention
in the treatment of liver fibrosis is the main means at present, and
some anti-fibrosis drugs have been proven to have the potential
function of inhibiting the progression of anti-fibrosis in animal
studies. However, most drugs for the treatment of liver fibrosis, such
as interferons, PPARγ agonists, antioxidants, and anti-inflammatory
drugs, are still in the clinical development stage (Maurizio and
Massimo, 2023). Therefore, the development of safe and effective
antifibrotic drugs is urgently required.

In the face of the challenge of liver fibrosis treatment, traditional
Chinese medicine shows unique advantages. Studies have shown
that a variety of traditional Chinese medicine monomer compounds,
such as puerarin, silymarin, umbelliferone, tanshinone, emodin, and
curcumin, can effectively act on hepatic stellate cells (HSCs), thus
playing an important role in the treatment of liver fibrosis (Asmaa
et al., 2021; Yanwei et al., 2023; Yongxiang et al., 2023). With the
characteristics of “multi-component, multi-target, and multi-
channel”, these traditional Chinese medicines have not only
performed well in promoting the reversal of liver fibrosis but also
achieved remarkable results in inhibiting the progression of liver
fibrosis. Whether viral, cholestatic, or alcohol-induced liver fibrosis,
traditional Chinese medicine has shown good therapeutic effects.
Verrhoa carambola L (0xalidaceae) Root (ACLR) is a plant
belonging to the family of the pressing plant. It is mainly used in
traditional Chinese medicine to treat diseases, such as diabetes,
urolithiasis, joint pain, and chronic paroxymorial headache. Our
team has previously extracted the monomer compound 2-dodecyl-
6-methoxycyclohexa-2,5-diene-1.4-dione (DMDD) from ACLR.
Previously, we successfully isolated a monomeric compound
named 2-dodecyl-6-methoxycyclohexa-2,5-diene-1,4-dione

(DMDD) from Averrhoa carambola L (ACLR). Subsequently, we
verified that DMDD exhibited significant inhibitory effects on
tumor cells in various tumor types, including
cholangiocarcinoma, breast cancer, and lung cancer (Chunxia
et al., 2017; Yongfei et al., 2022). DMDD not only excels in
tumor treatment but also plays an active role in improving
chronic non-tumor diseases such as diabetes and insulin
resistance. Additionally, it is effective in delaying the progression
of diabetic kidney disease and provides new hope for the treatment
of related diseases (Hongliang et al., 2020). However, the role of
DMDD in liver fibrosis and its underlying mechanisms remain
unknown and need to be clarified.

Owing to the anatomical relationship between the liver and
intestine, as well as the enterohepatic circulation mechanism of bile
acid metabolism, the impact of gut microbiota metabolites on the
liver is crucial in the etiology of liver diseases. Many traditional
Chinese herbal medicines and monomers have been proven to
protect the liver by regulating the intestinal flora, inhibiting
intestinal barrier dysfunction, and modulating bile acid
metabolism through the gut-liver axis. The gut-liver axis is an
important focus in the treatment of liver fibrosis. In this study,
we established a mouse model of liver fibrosis using carbon
tetrachloride (CCL4) to evaluate the effects of DMDD and
further explored the potential mechanism of action and its effects
on intestinal flora and bile acid metabolism, providing a basis for the
development of anti-liver fibrosis drugs.

Materials and methods

Extraction and purification of DMDD

The star fruit root was collected from Lingshan County,
Qinzhou City, Guangxi Zhuang Autonomous Region, and was
identified by Professor Lai Maoxiang of the Guangxi Academy of
Traditional Chinese Medicine (CN112315987A). The star fruit root
was dried, and 18 kg of crushed material was passed through a 10-
20 mesh sieve to obtain the appropriate particle size of the medicinal
powder. The screened medicinal material powder was added into a
certain volume of ethanol-water mixture (144 kg, including 86.4 kg
ethanol and 57.6 kg water), thoroughly mixed, and left to soak for
30 min so that the medicinal material components were fully
dissolved in the solvent. Then, under atmospheric pressure,
reflux extraction was carried out for 1.5 h to ensure that the
active ingredients in the medicinal materials were fully extracted.
After the extraction was completed, the filtration operation was
carried out, and the extraction was repeated three times, each time
adding a 144 kg ethanol-water mixture and then combining the
filtrate obtained three times to obtain the alcohol extract of star fruit
root. The resulting alcohol extract was finally concentrated at a
reduced pressure of 60°C to remove the solvent and concentrated to
about 9 L. Then, the concentrated alcohol extract of star fruit root
was extracted with cyclohexane three times, each time using three
times the amount of cyclohexane, and combined with three times
the extraction liquid. Then, different proportions of cyclohexane-
ethyl acetate solution (the proportions are 100:0, 20:1, 18:1, 15:1, 12:
1, 10:1, 8:1, 5:1, 3:1, 1:1, 0:100) were used to eluate the extract to
separate different components. The residues were detected by TLC

Abbreviations: alloLCA, allolithocholic acid; LCA, Lithocholic Acid; isoLCA,
isodeoxycholic acid; NorDCA, 23-nordeoxycholic acid; 7-ketoLCA, 7-
ketodeoxycholic acid; 12-ketoLCA, 12-ketolithocholic acid; beta-UDCA, β-
ursodeoxycholic Acid; DCA, Deoxycholic acid; CDCA, Chenodeoxycholic
acid; UDCA, Ursodeoxycholic acid; HDCA, Hyodeoxycholic acid; NorCA,
norcholic acid; 7,12-diketoLCA, 7,12-diketolithocholic acid; 6,7-diketoLCA,
6,7-Diketolithocholic acid; alpha-MCA, Tauro-α-muricholic acid; UCA,
ursocholic acid; beta-MCA, β-muricholic acid; CA, Cholic acid; ACA,
allocholic acid; GDCA, glycodeoxycholicacid; TDCA, Tauroursodeoxycholic
acid; TCDCA, Taurochenodeoxycholic acid; TCA, Taurocholic acid.
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with ethyl acetoacetate-methanol 1:1 as the development agent, and
the same fractions were combined. After elution, repeated
recrystallization of precipitated crystallization with methanol was
performed to further purify the compound. Finally, the monomer
compound DMDD (2-Dodecy1-6-methoxycyclohexa-2, 5-Dien-
1,4-dione) was obtained by high-performance liquid
chromatography (HPLC) with a purity of 95%.

Animals

SPF male KM mice aged 3–4 weeks were selected for the
experiment. The mice were purchased from Shenzhen
TOPBIOTH with license number SYXK (Guangdong)
2020–0230. They were housed in an animal room at a
temperature of (22 ± 2) degree centigrade, humidity of 50%–
60%, and no special pathogens, and were free to consume water
and feed. After 1 week of adaptive feeding, a total of 12 mice were
randomly divided into 3 groups (CON group, MOD group, DMDD
group) with 4 mice in each group. The use of this small sample size
was based on an initial exploratory study designed to minimize
animal use while ensuring statistical validity, and subsequent studies
will expand the sample size for validation. The dose of DMDD
(50 mg/kg) was determined based on previous pharmacokinetic
studies that showed efficacy and safety in mouse models11. A single
dose was used to establish a proof of concept, and subsequent dose-
response studies are planned. The model and treatment groups were
subcutaneous injected with a mixture of CCL4 and olive oil (CCL4:
olive oil = 1:7) at 2 mL/kg, and the model group was subcutaneous
injected with olive oil at 2 mL/kg, twice a week. After the third week
of modeling, the DMDD group was administered DMDD
(50 mg/kg) by gavage every other day, while the control and
model groups were administered the same amount of normal
saline by gavage. The weight changes of mice were recorded
every week for 3 weeks, and none of the mice experienced

adverse reactions or died during treatment. Body weight changes
during the experiment were recorded in Supplementary Table S1.

Liver function test

Blood was collected from the abdominal aorta and centrifuged at
13,000 r/min for 10 min, and the supernatant was collected. Serum
alanine aminotransferase (ALT) and aspartate aminotransferase
(AST) levels were measured using a Mindray bs-420 automatic
biochemical instrument (Shenzhen Mindray Biomedical
Electronics Co. Ltd.).

Histological stain

The liver and small intestine tissues were fixed with 4%
paraformaldehyde, dehydrated with fractional ethanol,
transparent with xylene, embedded in paraffin, and cut into
5 μM thick tissue sections. The liver was stained with HE,
Masson, and Sirius red staining kits, and the small intestine was
stained with HE.

Transcriptome sequencing

Liver tissue was weighed and RNA was extracted according to
the operation of the total RNA kit I (r6834-01, omega).
Subsequently, RNA purity and concentration were detected,
mRNA with a Polya tail was enriched by oligo (DT) magnetic
beads, and the resulting mRNA was randomly interrupted by
divalent cations in the NEB fragmentation buffer. Using
fragmented mRNA as a template and random oligonucleotides as
primers, the first strand of cDNA was synthesized in the M-MuLV
reverse transcriptase system, followed by RNA strand degradation

TABLE 1 List primers for RT-qPCR.

Gene(Mouse) Forward primer (5′–3′) Reverse primer (5′–3′)

β-ACTIN GCCGGACTCATCGTACTCC GTGACGTTGACATCCGTAAAGA

α-SMA AGACCTTCAATGTCCCTGCCA GTTGTGAGTCACGCCATCTCC

COL1A1 TGCTAACGTGGTTCGTGACCGT ACATCTTGAGGTCGCGGCATGT

TIMP1 GAGACCACCTTATACCAGCGTT TACGCCAGGGAACCAAGAAG

TGF-β ATGGTGGACCGCAACAACGC GGCACTGCTTCCCGAATGTCTG

SMAD2 CCGTGCTCCCTCCGTCTTCC CTGCCGCCCGCTGATTGG

SMAD3 GTTGCCTGAAGCCTGGAAGTGG TCCTGCCGTCTGTTGAATGTGC

CYP7A1 GACCAAGTCTTTCCGGCAC CAGAGAATAGCGAGGTGCGT

CYP8B1 TCCCCTATCTCTCAGTACACAT ACTTGTAGAAGTCCACTTTCCG

CYP27A1 AGACCATCGGCACCTTTCCTGAG GCACCACACCAGTCACTTCCTTG

NTCP CAAACCTCAGAAGGACCAAACA GTAGGAGGATTATTCCCGTTGTG

BSEP TCTGACTCAGTGATTCTTCGCA CCCATAAACATCAGCCAGTTGT

MRP2 GTGTGGATTCCCTTGGGCTTT CACAACGAACACCTGCTTGG
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with RNase H. The second strand of cDNA was synthesized from
dNTPs in a DNA polymerase I system. Purified double-stranded
cDNA was subjected to end repair, end repair, a-tailing, and
sequencing adaptor ligation. The cDNA of approximately 250-
300 BP was screened with impure XP beads, PCR amplification
was performed, the PCR product was purified again with impure XP
beads, and finally, the library was obtained. After library
construction, transcriptome sequencing was performed using the
Illumina HiSeq platform.

RT-qPCR

The liver tissue was weighed, RNA was extracted according to
the above method, and total RNA was reverse transcribed into
cDNA using a reverse transcription kit. Actin was used as an internal
reference gene, with three replicates for each gene in each group. The
target gene was amplified according to the instructions of the RT-
PCR Expansion Kit and the relative expression of each mRNA was
calculated. Primer sequences are shown in Table 1.

Specimen collection

After the last intervention, mice in each group were fasted
overnight and were given 1.25% avodin solution (0.02 mL per
10 g of body weight) for intraperitoneal anesthesia, and blood
was taken from the abdominal aorta to detect relevant indicators.
The liver tissues of the mice were separated and weighed, and the
liver index = (liver wet weight ÷ body mass) × 100%. Part of the liver
tissues was fixed in 4% paraformaldehyde for histopathological
observation, and the rest of the liver tissues were stored in
at −80°C refrigerator. 0.2 g of cecum contents of mice in each
group were collected and placed in a sterile centrifuge tube and
stored in a −80°C refrigerator. Small intestine tissues were fixed in
4% paraformaldehyde for histopathological observation.

Microbiological analysis

The total genomic DNA of the samples was extracted using the
CTABmethod. The DNA concentration and purity were assessed on

FIGURE 1
DMDD alleviates CCL4-induced liver injury in mice. (A) Schematic diagram of DMDD in the treatment of CCL4-induced liver fibrosis. Starting from
week 4, the patients were given daily administration of normal saline or DMDD (50mg/kg) for 3 consecutive weeks, with n = 4 per group. (B) Liver weight
of each group of mice. (C) Liver accounted for 100% of body weight in each group. (D, E) Serum ALT and AST of each group of mice. si subcutaneous
injection. *P < 0.05, **P < 0.01,***P < 0.001,****P < 0.0001.
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a 1% agarose gel. Subsequently, the DNAwas diluted to 1 ng/μL with
sterile water based on the concentration to meet the requirements of
subsequent experiments. For the microbiological analysis, primers
341F (5′-CCTAYGGGRBGCASCAG-3′) and 806R (5′-
GGACTACNNGGGTATCTAAT-3′) were used to amplify the
V3-V4 regions of bacterial 16S rRNA genes. The PCR products
were then recovered using a universal DNA purification recovery kit
(Tiangen, China). Library construction was carried out using the
NEB Next® Ultra DNA library prep kit. The constructed library was
detected and quantified by Q-PCR using Agilent 5,400. Once the
library met the quality standards, 16S rRNA gene sequencing
targeting the V3-V4 hypervariable regions was performed using
the Illumina HiSeq platform for online sequencing.

Raw sequencing data were processed using QIIME2 (version
2020.2). Sequences were filtered, denoised, and clustered into
amplicon sequence variants (ASVs) via the DADA2 pipeline.
Taxonomic classification was performed using the SILVA
reference database (v138, https://www.arb-silva.de/). LefSe and
other methods were employed to identify bacteria with
differences in abundance between groups and samples using

PICRUSt2 (https://github.com/picrust/picrust2/wiki). KEGG
pathway functional analysis was conducted on the species
sequences. Differences in function were analyzed using STAMP
version 2.1.3 statistical software (http://kiwi.cs.dal.ca/
Software/STAMP).

In summary, this study utilized a comprehensive approach
starting from DNA extraction, through targeted amplification of
specific 16S rRNA gene regions, library construction, high-
throughput sequencing, and finally, detailed bioinformatics
analysis to investigate the intestinal flora and its functional
characteristics.

Bile acid sequencing

Samples were extracted in 400 μL of methanol(−20°C
centigrade)with two steel balls, vortexed for 60 s. Put in a tissue
grinder, ground at 55 Hz for 1 min, and repeat the above operation
at least twice. Sonicate for 30 min at room temperature, centrifuged
at 12,000 rpm and 4°C centigrade for 10 min, take 300 μL of the

FIGURE 2
DMDD alleviates CCL4-induced liver fibrosis inmice. (A) Liver HE, Masson and Sirius red staining, and small intestine HE staining from top to bottom,
respectively. (B, C) Are the percentages of Masson and Sirius red-positive cells in the liver, respectively. (D) Is the depth of the small intestinal villi/lacunae.
The black arrows show areas of fibrosis and/or hyperplasia. Scale bar, 100 μm*P < 0.05, **P < 0.01,***P < 0.001,****P < 0.0001.
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supernatant was taken, 600 μL of water to mix, and vortexed for 30 s.
Then, an appropriate amount of supernatant was add 30%methanol
to dilute 5 times. The supernatant was filtered through a 0.22 μm
membrane, and the filtrate was added to the LC-MS bottle. LC
analysis was performed using EXion LC Liquid chromatography

(AB SCIEX, United States). The mass spectrometric detection of
metabolites was performed using AB6500 Plus (AB SCIEX,
United States).

Western blot assay

The liver tissues from the aforementioned mouse were collected,
and RIPA buffer was added to achieve complete protein lysis.
Subsequently, the supernatant, which comprised the total tissue
protein, was isolated using a pre-cooled ultra-high-speed centrifuge
at a temperature of 4°C. The concentration of protein was measured
using a BCA assay kit. Following this, SDS-PAGE electrophoresis
and membrane transfer were conducted. The primary and
secondary antibodies were then diluted as per the manufacturer’s
guidelines. Lastly, ECL development was performed. TGF beta
1 Polyclonal antibody (Cat No. 26155-1-AP, Proteintech),
TGFB2/TGF-beta 2 Polyclonal antibody (Cat No. 28426-1-AP,
Proteintech), TGF Beta 3 Polyclonal antibody (Cat No. 18942-1-
AP, Proteintech), SMAD2/SMAD3 Rabbit pAb (Cat No. A18674,
ABclonal), Phospho-Smad3-T179 Rabbit pAb (Cat No. AP0554,
ABclonal), Alpha smooth muscle actin Polyclonal antibody (Cat No.
23081-1-AP, Proteintech), Collagen Type I Monoclonal antibody
(Cat No. 67288-1-Ig, Proteintech), Vinculin Rabbit mAb (Cat No.
A2752, Abclonal), HRP Goat Anti-Rabbit IgG (Cat No. AS014,
Abclonal), HRP Goat Anti-Rabbit IgG (Cat No. AS003, Abclonal).
ZO-1 Polyclonal antibody (Cat No. 21773-1-AP, Proteintech),
Occludin Polyclonal antibody (Cat No. 27260-1-AP, Proteintech).

Statistical analysis

Statistical analyses were performed using SPSS 22.0. The results
of three repeated measurements are expressed as mean ± standard
deviation (SD), and the values were statistically compared using the
t-test or rank sum test. Differences of the intestinal flora and bile acid
in oebiotech (https://cloud.oebiotech.com) for correlation analysis.

The edgeR software was used to analyze the number of gene
expression differences among the groups, and FDR and log 2 FC
genetic variants were used for screening. The screening conditions
were FDR ≤0.05, |log2foldchange| >1. For GO and enrichment
analyses of differential genes, cluster analysis software was used
to perform go and do functional enrichment analysis of differential
genes and KEGG pathway enrichment analysis. FDR ≤0.01 was used
as the threshold of signal pathway gene function and enrichment
analysis to detect and correct LPBM. Statistical significance was set
at P < 0.05.

Results

DMDD alleviates CCL4-induced liver fibrosis
in mice

Although DMDD has been shown to be effective in various
disease mouse models, to understand whether DMDD can alleviate
liver fibrosis, we adopted the most commonly used CCL4-induced
method to construct a mouse model of liver fibrosis while applying

FIGURE 3
Transcriptome sequencing analysis. Transcriptome sequencing
was performed on liver tissues of CCL4 model group and DMDD
treatment group, and differential expression and enrichment analysis
were performed. (A) Volcano map of differentially expressed
genes. (B) Differential expression gene GO analysis, FDR value ranked
top 20. (C) KEGG pathway enrichment analysis of differentially
expressed genes, FDR value ranked top 10. (D)mRNA expression levels
of TGF-β/Smad signaling pathway, liver fibrosis and key genes in bile
acid metabolism. (E) Expression of key proteins of TGF-β/Smad
pathway and fibrotic proteins.*P < 0.05, **P < 0.01,***P <
0.001,****P < 0.0001. ns, No significant difference.
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DMDD for treatment (Figure 1A). At the end of the experiment, the
mice were dissected and their livers were weighed. It was found that
the DMDD treatment group reduced the weight of the liver with
CCL4-induced liver fibrosis (Figure 1B). To further quantitatively
evaluate the effect of DMDD on the liver, we calculated the
percentage of liver weight, suggesting that DMDD can alleviate
acute liver swelling caused by CCL4 (Figure 1C). To further explore
the effect of DMDD on liver function, the serum of mice was used to
measure ALT and AST levels. The results showed that the ALT and
AST levels of mice in the DMDD treatment group were significantly
decreased (Figure 1D,E). Histological staining showed that the
connective tissue around the central vein and the portal area of
the liver in the CCL4 model group proliferated, accompanied by
inflammatory cell infiltration, and fiber bridging was formed at the
same time. However, in the DMDD group, only a fibrous septum
was formed, accompanied by a small amount of inflammatory cell
infiltration, and liver injury was reduced (Figures 2A,B). To

demonstrate the changes in extracellular matrix collagen, Masson
staining and Sirius red staining were used to observe collagen
accumulation. There was no collagen production in the normal
control group, a large amount of collagen production in the model
group, and decreased collagen production in the DMDD group
(Figures 2A–C).

DMDD alleviates intestinal barrier damage in
mice with liver fibrosis

Intestinal barrier function is crucial for maintaining liver health.
When intestinal barrier function is impaired, harmful substances in
the intestine may enter the blood circulation and affect the liver,
leading to the occurrence of liver diseases such as liver fibrosis. To
understand changes in the intestine, we performed histological
staining of the small intestine of mice. Villus length (V) and

FIGURE 4
DMDD improves intestinal microbiota in CCL4-induced liver fibrosis mice. (A) Principal Component Analysis (PCA) of CON, MOD, and DMDD
groups. (B) The flora of the CON, MOD, and DMDD groups formed the Venn map. (C) Genus-level species composition analysis. LEfSe Analysis of (D)
MOD, and DMDD. Main functional analysis of the (E) CON, MOD, and DMDD microflora.
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crypt depth (C) are important indicators of small-intestinal growth
and nutrient absorption. The V/C ratio reflects the functional status
of small intestine. A decrease in the ratio indicated mucosal damage
and reduced nutrient absorption. It can be seen that in the model
group, a large number of intestinal villi were edematous, the gap
between the epithelium and the lamina propria was widened, a large
amount of intestinal epithelial cells were shed, the lamina propria
was exposed, and there were few goblet cells. At the same time, the
ratio of villus height to crypt depth was reduced. Although the villi of
the intestinal tissue were edematous, there was no significant
intestinal epithelial cell shedding and lamina propria denudation,
and the ratio of villus height to crypt depth was improved compared
with the model group (Figures 2A–D). DMDD treatment restored
the expression of intestinal tight junction proteins ZO-1 and
Occludin, as evidenced by Western blot (Supplementary Figure
S2), indicating improved intestinal barrier integrity. The above
results showed that DMDD could improve intestinal barrier
function damage caused by liver fibers.

DMDD improves liver fibrosis in mice
through TGF-β signaling pathway

To identify the signaling pathways involved in DMDD
alleviation of liver fibrosis, we performed transcriptome

sequencing of the CCL4 model group and DMDD-treated
mouse liver. There were a large number of differentially
expressed genes in the CCL4 model group compared to the
DMDD treatment group. GO analysis suggested that it was
related to chemotaxis and ATP synthesis, coupled with proton
transport and other functions. KEGG enrichment analysis
showed that there were significant differences in cytokine
receptors; Th1, Th2, and Th17 cell differentiation; and TGF-
β and other signaling pathways (Figure 3A–C). Therefore, we
verified the mRNA expression levels of the TGF-β/Smad2/
SMAD3 pathway, liver fibrosis, and bile acid metabolism
genes. Compared with the MOD group, the TGF-β/Smad2/
SMAD3 pathway was significantly inhibited after DMDD
intervention, and liver fibrosis indices COL1A1, α-SMA, and
TIMP1 were significantly downregulated, while bile acid
metabolism of CYP7A1, CPY8B1, CYP27A1, BSEP, MRP2,
and NTCP were significantly upregulated (Figure 3D). The
results of Western blot analysis indicate that DMDD exerts a
selective effect on the expression of TGF-β family members,
significantly reducing the expression level of TGF-β1. At the
same time, no significant changes were observed in the
expression of TGF-β2 and TGF-β3. Additionally, DMDD
specifically regulates the TGF-β/Smad2/3 signaling pathway
by blocking the phosphorylation process of Smad3, without
having a notable impact on other TGF-β subtypes. Further

FIGURE 5
DMDD improves bile acid metabolism in CCL4-induced liver fibrosis in mice. (A) PCA of CON, MOD, and DMDD groups. Analysis of bile acid
composition in the (B) CON, MOD, and DMDD groups. (C) CON, MOD, and DMDD Orthogonal Projections to Latent Structures Discriminant Analysis
(OPLS-DA) Analysis. (D) Random deep forest plots of CON, MOD, andDMDDgroups. (E)CON, MOD, and DMDD groups showed significant differences in
bile acid levels. *P < 0.05, **P < 0.01,***P < 0.001,****P < 0.0001.
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analysis confirms that DMDD also significantly decreases the
protein expression levels of α-SMA and COL1A1, consistent
with their changes at the mRNA level (Figure 3E). These results

suggest that DMDD inhibits the TGF-β/Smad2/
Smad3 pathway and plays a role in inhibiting the
progression of liver fibrosis.

FIGURE 6
Correlation analysis between differential metabolic bile acids and flora. (A) differential metabolic bile acids are associated with bacterial flora. (B)
correlation analysis of significantly different bile acids and flora.
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DMDD regulates intestinal flora in mice with
liver fibrosis

The intestine and liver are closely linked through the gut-liver
axis. An imbalance in the intestinal microbiota can disrupt the
intestinal barrier function, allowing bacteria and their products
from the intestine to translocate to the liver, leading to the
occurrence and progression of liver diseases such as liver
fibrosis. To determine whether DMDD affects the intestinal
flora in liver fibrosis, we performed an intestinal flora analysis.
The results showed that although the intestinal community
structures among the CON, mod, and DMDD groups were
similar, there was a trend of dispersion among the groups. The
dispersion between the MOD and control groups was more
obvious, and the DMDD and CON groups were relatively
similar (Figure 4A; Supplementary Table S1). The analysis of
common species of samples showed that there were
294 common species among the CON, MOD, and DMDD
group (Figure 4B). Further species composition analysis showed
that Lactobacillus and Bacteroides were significantly reduced and
Ruminococcaceae_Ruminococcus and Oscillospira were
significantly increased in the MOD group compared to the
CON group at the genus level, while DMDD could improve this
unbalanced relationship (Figure 4C).

To identify the microbiota biomarkers in each group, differences
in the gut microbiome between the MOD and DMDD groups were
evaluated by left analysis. At the genus level, the dominant genera in
the MOD group were Ruminococcus and Bilophila, and the
dominant genera in the DMDD group were Anaerotruncus,
Parabacteroides, and Bilophila (Figure 4D). To further investigate
the role of these differential gut microbes in liver fibrosis, we
predicted the function of these differential microbes using
piecrust. It was found that the differential flora was closely
related to the biosynthesis of other secondary metabolites, glycan
biosynthesis and metabolism, and metabolism of other amino acids
(Figure 4E). In conclusion, there were differences in the composition
of the intestinal flora among the CON, MOD, and DMDD groups.
Although the composition of colonies in the DMDD and CON
groups was different, it also shows that DMDD intervention can
help the intestinal flora of mice with liver fibrosis develop to a
healthy level.

DMDD improves bile acid metabolism in
mice with liver fibrosis

The metabolism of bile acids is closely linked to liver fibrosis,
and an abnormal metabolism often indicates that the liver may

FIGURE 7
Mechanism diagram of DMDD regulating intestinal flora and bile acid metabolism in alleviating liver fibrosis.
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undergo pathological changes. To understand the role of DMDD
from the perspective of metabolism, this study used targeted
metabolomics to analyze fecal metabolites. Principal component
analysis (PCA) showed the effect of DMDD on bile acid metabolism,
and the results showed that there was a large separation of bile acid
structures in the CON, MOD, and DMDD groups (Figure 5A). Bile
acid composition analysis showed that 12 kctolca, beta MCA, and
TCA were the top three bile acids in each group (Figure 5B). We
then used partial least squares discriminant analysis (PLS-DA) and
the random forest method to select the characteristic bile acids with
the largest difference and the highest contribution among the
groups. The results showed that Taurochenodeoxycholic acid
(TCDCA), Chenodeoxycholic acid (CDCA), allolca, β-
ursodeoxycholic Acid (beta UDCA), and Lithocholic Acid (LCA)
were the main differential bile acids (Figures 5C,D). Analysis of bile
acid content showed that there were significant differences among
the three groups in beta Ursodeoxycholic acid (UDCA),
Taurochenodeoxycholic acid (TCDCA), CDCA, 6,7-diketolca,
glycodeoxycholicacid (GDCA), and allolca. The level of beta
UDCA in the feces of mice in the MOD group was significantly
higher than that in the CON group, and the levels of TCDCA and
CDCA were significantly lower than those in the CON group. These
changes were partially improved after DMDD intervention
(Figure 5E). In summary, these results showed that there were
significant differences in bile acid metabolism between the CON
and MOD groups and that DMDD intervention could change the
bile acid metabolism of liver fibrosis in the CON group.

To further evaluate the correlation between intestinal flora and
bile acids, intestinal flora with LDA >4 and differentially
metabolized bile acids were selected for analysis. The results
showed that TCDCA was negatively correlated with
Ruminococcus, Parabacteroides, Anaerotruncus, and Bilophila;
CDCA was negatively correlated with Anaerotruncus; and GDCA
was negatively correlated with Ruminococcus, Anaerotruncus, and
Bilophila (Figures 6A,B). Correlation analysis between differential
bile acids and samples showed that CDCA was positively correlated
with the MOD group, while 6,7-diketolca, GDCA, and allolca were
positively correlated with the DMDD group (Figure 6B).

Discussion

At present, treatment for hepatitis virus and other etiologies has
enabled some patients to obtain anti-fibrosis efficacy, but there is no
relevant anti-fibrosis drug on the market (Xu and Liu, 2020). In recent
years, an increasing number of scholars have found that traditional
Chinese medicine has a multi-target comprehensive effect and has
unique advantages and efficacy in inhibiting the progression of liver
fibrosis and reversing liver fibrosis (Jiaorong et al., 2024; Yadong et al.,
2024; Ying et al., 2024). Mining natural products with good anti-liver
fibrosis properties from traditional Chinese medicine has become an
important method for new drug research and development. As a
medicinally valuable plant material, Averrhoa carambola root
contains large amounts of vitamin C, various carbohydrates, organic
acids, polyphenols, and flavonoids. Therefore, Averrhoa carambola
roots have antioxidant and metabolic effects. To better understand
the inhibitory effect of DMDD on liver fibrosis, we first analyzed the
intestinal microbiota and bile acid metabolism. We found that DMDD

helps maintain the balance of bile acid metabolism, thereby restoring
the normal intestinal microbiota. Subsequently, we performed
transcriptome sequencing of liver tissue and discovered that DMDD
may exert its effects by inhibiting the TGF-β/Smad signaling pathway,
which was initially confirmed in subsequent RT-PCR experiments. To
our knowledge, this is the first study to elucidate the improvement in
liver fibrosis from the perspective of the intestinal microbiota and bile
acid metabolism, further confirming that DMDD may be a potential
therapeutic drug for liver fibrosis.

Changes in the gut microbiota change with the progression of liver
fibrosis, and dysbiosis of the gut microbiota can also aggravate liver
fibrosis (Zhiming et al., 2020; Sujie et al., 2022). Parabacteroides is one
of the core flora in the human intestine andmainly plays lipid-lowering,
anti-inflammatory, and anti-tumor roles (Jessica et al., 2021). Studies
have found that the levels of Parabacteroides in the feces of patients
with clinical liver fibrosis and mouse liver fibrosis models are
significantly reduced; therefore, it is presumed that Parabacteroides
supplementation can resist the development of liver fibrosis (Foreman
and Bouffet, 1999; Loomba et al., 2017). Bilophila spp. are opportunistic
pathogens. The negative impact of its increased abundance on intestinal
inflammation has been confirmed, and it is closely related to systemic
inflammatory diseases and rectal cancer (Suzanne et al., 2012; Xuan
et al., 2022). Bilophila wadsworthia is the most studied Bilophila, which
synergizes with a high-fat diet to promote a higher inflammatory
response, intestinal barrier dysfunction, and abnormal bile acid
metabolism, resulting in higher abnormal glucose metabolism and
hepatic lipogenesis (Keneko et al., 1993). Ruminococcus had a certain
degree of heterogeneity. Some studies have shown that Ruminococcus is
beneficial to health, but others have also shown that Ruminococcus
promotes intestinal permeability and liver inflammation (Png et al.,
2010; Sartor, 2011; Melissa et al., 2014). A study evaluating the
association between gut microbiota dysbiosis and severe
nonalcoholic fatty liver disease found that the accumulation of
Ruminococcus was associated with the fibrosis stage (Jérôme et al.,
2015). These studies showed that increasing beneficial flora could help
improve liver fibrosis. Several studies have shown that curcumin,
ursolic acid, and other traditional Chinese medicine monomers
target the regulation of intestinal flora and metabolites, maintenance
of intestinal microecological stability, inhibition of liver inflammation,
and protection of hepatocytes, thereby improving liver fibrosis (Sizhe
et al., 2020; Cheng et al., 2021; Ke et al., 2022; Yang et al., 2022).
Therefore, this study explored the microbiome characteristics of mouse
intestinal contents. After comparative analysis, we found that compared
with the model group, DMDD significantly increased the abundance of
Anaerotruncus, Parabacteroides, and Bilophila and significantly
reduced the abundance of Ruminococcus. Our findings indicate that
DMDD treatment has a positive effect on optimizing the intestinal flora
structure in patients with liver fibrosis, which is expected to alleviate or
even reverse the process of liver fibrosis.

To study changes in intestinal bile acids during the progression
of liver fibrosis, we determined the bile acid profile in the intestine.
The results showed that the bile acid profiles of the mice in each
group were significantly different. The main finding was that the
intestinal beta UDCA of mice in the liver fibrosis group was
significantly increased, while TCDCA and CDCA were
significantly decreased. This situation improved after DMDD
treatment. β-UDCA can be isomerized by intestinal and liver
enzymes to produce UDCA. UDCA has cholagogic, anti-
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apoptotic, anti-proliferative, and immune system-regulating effects,
and has been widely used in the treatment of various chronic liver
diseases and Parkinson’s disease (Gideon et al., 2018; Wanfu et al.,
2022; Thomas et al., 2023). TCDCA is one of the main components
of bile acids. It induces apoptosis through the TGR5 and PKC/JNK
signaling pathways, regulates the expression of immune factors, and
plays an important role in the immune response (Yuji et al., 2003; Xu
et al., 2016). Recent research shows that TCDCA mediates the
cAMP-PKA-CREB signaling pathway to exert anti-inflammatory
and immunomodulatory effects (You-Chao et al., 2020). The current
study shows that CDCA has a protective effect against pancreatitis
and intestinal injury, contributing to the activation of intestinal stem
cells, promoting the regeneration of intestinal epithelial cells, and
regulating the composition of the intestinal immune cell population
(Haojun et al., 2016; Baiqiang et al., 2018; Clarissa et al., 2020;
Giovanni et al., 2020). We further analyzed the key genes involved in
liver bile acid metabolism, and the results showed that DMDD
upregulated the mRNA expression of CYP7A1, FXR, BSEP, and
NTCP in liver tissue. These results suggest that DMDD alleviates
bile acid accumulation and liver injury caused by liver fibrosis by
maintaining the balance of bile acids in the intestinal hepatic axis.

Bile acids are closely related to the intestinal flora. After the
primary conjugated bile acids enter the intestinal lumen, they are
metabolized into secondary bile acids by intestinal flora. Secondary bile
acids are reabsorbed in the terminal ileum and returned to the liver via
the portal vein system to complete gut-liver axiscirculation (Sama et al.,
2013; Annika et al., 2016). It can be seen that the change in the bile acid
profile affects the abundance of intestinal flora, and the change of
intestinal flora also leads to the change of the bile acid profile (Wei et al.,
2017). Bile acids such as beta-UDCA, TCDCA, and CDCA play crucial
regulatory roles in the gut-liver axis. They maintain the health of the
intestine and liver by influencing bile acid metabolism, gut microbiota,
and intestinal permeability. However, the specific mechanisms and
effects of 6,7-diketoLCA, GDCA, and alloLCA within the gut-liver axis
remain to be further explored. Therefore, it is necessary to strengthen
research on the roles of these substances in the gut-liver axis in future
studies to gain a more comprehensive understanding of their
importance in maintaining human health (Wei et al., 2017). The
data from this study showed that the differential bacteria were
closely related to intestinal TCDCA, CDCA, and GDCA. We
speculate that DMDD promotes the expression of bile acid
transport genes in the liver by regulating the intestinal flora
(especially Ruminococcus and Parabacteroides), thereby maintaining
the balance of bile acid reabsorption and metabolism.

TGF-β is currently recognized as a profibrotic cytokine. When an
injury occurs, TGF in the fibrotic environment- β, which stimulates
downstream smad2/3 activation, targets downstream genes, and
initiates the expression and secretion of extracellular matrix
component genes (Erine et al., 2021). At present, a variety of TGFs
have been developed as- β/ Inhibitors of Smad signal transduction, used
to block fibrosis (Kelly et al., 2017; Andrea Hermina et al., 2018).
Therefore, targeting the TGF-β/Smad signaling pathway may be a
promising strategy to block or even reverse liver fibrosis. In the present
study, after DMDD treatment, hepatic TGF-β, Smad2, and Smad3were
significantly downregulated, and COL1A1, α-SMA, and TIMP1 were
key genes in liver fibrosis. It was preliminarily confirmed that DMDD
inhibits TGF-β/Smad signal transduction, thereby playing an
antifibrotic role. In summary, DMDD promotes the production of

secondary bile acids (such as TCDCA) by modulating the gut
microbiota (e.g., increasing Parabacteroides), which in turn activates
FXR signaling in hepatocytes through the gut-liver axis, thereby
inhibiting the TGF-β/Smad pathway.

DMDD can inhibit hepatic stellate cell activation and TGF-β
pathway overactivation by up-regulating the expression of tight
junction protein, reducing endotoxemia, and reducing enteric
harmful substances entering the liver through the portal vein, thus
ultimately alleviating fibrosis (Figure 7). This mechanism works
synergically with the intestinal microbiota-bile acid metabolic axis
tomediate themulti-target efficacy of DMDD.Our study bears certain
limitations. Firstly, the number of mice used per group in this research
is relatively small, albeit sufficient for preliminary exploratory
experiments. Future studies will aim to increase the sample size to
validate the robustness of our findings. Secondly, we did not opt for
bile samples for bile acid sequencing. Given that the intestine serves as
a crucial site for bile acid metabolism, intestinal samples offer a
comprehensive reflection of the various bile acid components and
their metabolic states. In contrast, while bile samples do contain bile
acids, they may not fully capture the metabolic landscape of bile acids
in the intestine due to challenges in sample collection and limitations
in their representativeness.

Conclusion

In summary, this study revealed that DMDD can regulate the
TGF-β/Smad signaling pathway and repair the intestinal flora and
bile acid metabolic balance to alleviate liver fibrosis. Therefore,
DMDD may be a naturally active substance for the treatment of
liver fibrosis.
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