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Forsythiae Fructus (FF), the fruit of Forsythia suspensa (Thunb.) Vahl. (Lianqiao),

is one of the most fundamental herbs in Traditional Chinese Medicines (TCM),

mainly due to its heat-clearing and detoxifying effects. There are two types of

FF, the greenish fruits that start to ripen (GF) and the yellow fruits that are fully

ripe (RF), called “Qingqiao” and “Laoqiao” referred to the Chinese

Pharmacopoeia, respectively. It undergoes a complex series of changes

during the maturation of FF. However, the clinical uses and preparation of

phytopharmaceuticals of FF have not been distinguished to date. Moreover,

there is limited information on the study of the difference in pharmacological

activity between RF and GF. In this study, a rat model of bile duct ligation (BDL)-

induced cholestasis was used to compare the differences in their effects. RFwas

found to have better results than GF in addressing toxic bile acids (BAs)

accumulation and related pathological conditions caused by BDL. The

underlying mechanism may be related to the interventions of gut

microbiota. The results of the present study suggest that the better

detoxifying effect of RF than GF may be indirectly exerted through the

regulation of gut microbiota and thus the improvement of BAs metabolism.
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Introduction

Forsythia suspensa (Thumb.) Vahl. (Family Oleaceae) is

widely distributed in China, Korea, Japan, and many

European nations (Li et al., 2014). The dried fruit of the

plant, Forsythiae Fructus (FF), named “Lianqiao” in Chinese,

is one of the most recognized traditional Chinese medicines

(TCM) due to its removal effects of heat and toxins (Bao et al.,

2016). It has been used for anti-inflammatory, antioxidant,

antiendotoxin, antimicrobial and antiviral purposes (Lu et al.,

2010; Li and Peng, 2013; Kuo et al., 2014; Lee et al., 2016; Law

et al., 2017). FF is listed as an official drug in Chinese, Korean,

and Japanese Pharmacopoeias (Nishibe, 2002). In addition, FF

has been studied and developed as a dietary supplement for food

and feed considering its nutritional properties (Lu et al., 2010;

Jeong et al., 2021).

According to the maturity level, FF could be classified into

green Forsythiae Fructus (GF, called “Qingqiao” in Chinese) and

ripe Forsythiae Fructus (RF, called “Laoqiao” in Chinese). Both of

them are official sources of FF (Nishibe, 2002; Qu et al., 2008; Xia

et al., 2009). F. suspensa undergoes a complex series of physical

and biochemical changes during the ripening process from GF to

RF. There must be differences between GF and RF in chemical

constituents and biological activities. Studies showed that the

contents of some representative constituents, such as

forsythoside A, phillyrin, and rutin, were significantly higher

in GF than in RF (Bai et al., 2015). In fact, GF is more frequently

selected as a raw material for the production of herbal

preparations containing FF in China. As a result, GF is often

over-harvested, which in turn reduces the supply of RF. However,

RF was preferred for traditional Chinese formula and export

market (Qu et al., 2017). Thus, how to choose between RF and GF

is still an open question, and the clinical applications of the two

have not been distinguished to date. Consequently, evaluating the

differences between RF and GF is both necessary and urgent

(Wang et al., 2018).

In our previous investigations, eight constituents were found

to be different between RF and GF. Furthermore, the antioxidant

activity of GF was higher than that of RF (Jia et al., 2015).

However, in vivo experiments on the comparison of the two have

not been conducted. As a continuing program aimed at

discovering the distinction between RF and GF, an animal

model suitable for the comparative evaluation is urgently needed.

Obstruction of the biliary flow into the duodenum,

accumulation of bile salts in the liver cells and biliary tract are

known as cholestasis. As a result of cholestasis, some pathological

changes occur in the organism. Some of the predominant ones at

early stage include increased bile salt concentrations in plasma

and hepatocyte, and decreased bile acids (BAs) in intestinal

lumen (Sarac et al., 2015). The former causes pruritus,

hepatocellular toxic injury and progressive hepatic

fibrogenesis. While, the latter leads to bacterial proliferation,

disruption of intestinal integrity, bacterial translocation and

endotoxemia (Erenoğlu et al., 2011; Haque and Barritt Iv,

2016). These pathophysiological disturbances associated with

cholestatic liver disease were discovered in both humans and

experimental animals. A well-established experimental animal

model of extrahepatic cholestasis is bile duct ligation (BDL) in

rodents (Gujral et al., 2003; Pavlidis and Pavlidis, 2018).

Inflammation, oxidative stress, elevated endotoxin levels and

intestinal dysbacteriosis are important features of BDL model

(Hong et al., 2007; Wiest et al., 2017; Tan et al., 2018). As a

traditional herbal medicine, FF has effects of antifebrile,

detoxification, detumescence, liver protection and cholagogue

(Nishibe, 2002; Wang et al., 2018). Modern pharmacological

researches also indicated that the extracts or the components of

FF possessed anti-inflammatory, anti-oxidant, anti-bacterial,

anti-endotoxin, and hepatobiliary protective activities (Lu

et al., 2010; Kuo et al., 2014; Bao et al., 2016; Lee et al., 2016;

Wang et al., 2016; Zhao et al., 2017; Qin et al., 2020). Given the

many correspondences between the pathological features of the

BDL model and the pharmacological effects of FF, we attempted

to apply this model to the comparative evaluation of RF and GF.

In our preliminary experiments, RF and GF showed different

trends in their effects on BDL animals. In view of this, more in-

depth research needs to be carried out. The purpose of this study

was to evaluate the similarities and differences of therapeutic

effects between RF and GF, as well as the underlying mechanism.

The study was designed as shown in Figure 1.We hope the results

could provide references for the correct selection and reasonable

application of FF.

Materials and methods

Preparation of herbal extracts

RF and GF samples were collected from Changzhi, Shanxi

province of China, which is considered the main producing area

of FF. The samples were authenticated by L-WZ of Shanxi

University. All voucher specimens were deposited in the

Institute of Molecular Science, Shanxi University, Taiyuan,

China. All samples were ground to a fine powder and sieved

with a bolt (20 meshes). RF and GF power (100 g) were

respectively refluxed with 1,000 ml distilled water for 1 h,

2 times. The twice-extracted decoctions were combined and

concentrated to generate suspensions of RF and GF (1.0 g/ml,

which were relative to the quantity of the dried herbal powder).

Animal treatment

Male Sprague-Dawley rats (180–200 g, 5–6 weeks-of-age,

SPF) were purchased from Si Pei Fu biotech Ltd. (Beijing,

China). Animals were provided chow and water ad libitum,

and maintained in a 12 h light/dark cycle for 1 week prior to
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experimentation. All rats were cared carefully under a

protocol that was in accordance with institutional

guidelines for animal research and was approved by the

Ethics Committee of Changzhi Medical College (NO.

DW2021048). Efforts were made to minimize animal

suffering and reduce the number of animals used in

experimental groups.

A total of 24 rats were randomly divided into four groups

with 6 animals in each: group of Sham operation (Sham Group),

group of bile duct ligation (BDL Group), group of bile duct

ligation treated with RF (BDL_RF Group) and group of bile duct

ligation treated with GF (BDL_GF Group). Under ketamine

anesthesia (100 mg/kg, intramuscular), the rats in BDL,

BDL_RF, and BDL_GF groups underwent common bile duct

FIGURE 1
Research scheme for investigating the differences in detoxifying effects between RF and GF and the potential mechanisms.
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ligation (BDL) as described in our previous research (Li et al.,

2017). Briefly, the common bile duct was doubly ligated by 3/

0 silk thread. Then, the abdominal layers were closed one by one

after common bile duct was cut in the middle of the double

ligation thread. Common bile duct was left without ligation in

rats of the Sham group, and the remaining operations were the

same as in the other groups. One day after BDL surgery, BDL_RF

and BDL_GF groups were administrated (i.g.) 1.35 ml/kg

(calculated according to the recommended dose of Chinese

Pharmacopoeia) RF and GF extraction solution for 3 weeks

respectively. Sham and BDL groups were i.g. administrated

1.35 ml/kg physiological saline. The body weight of each

animal was assessed every day.

Three weeks after surgery, fecal and blood samples were

collected from each rat. The feces were collected and transferred

to sterilized airtight vials and weighted within 30 min, then

immediately snap frozen with liquid nitrogen and stored

in −80°C until use. Blood was centrifuged at 3,000 rpm for

10 min at 4°C to obtain the serum and stored at −20°C for

further testing. Liver tissues were harvested, rinsed in cold

isotonic saline and either fixed with 4% paraformaldehyde or

immediately frozen in liquid nitrogen for further analysis.

Histological assessment of liver

Liver samples of rats were fixed in 10% formalin solution.

Following dehydration in a gradient ascending ethanol, the liver

tissues were cleared in xylene and embedded in paraffin. Then,

the tissues were cut into 5 μm sections and prepared for HE and

Masson staining. The obtained histological slides were examined

under a light microscope (Olympus CH20, Olympus, Japan).

Immunohistochemical and oxidative
stress assessment of liver

For immunohistochemical analysis, liver sections (4-μm

thick) were prepared from paraffin-embedded specimens,

using routine methods. Endogenous peroxidase was

inactivated by treating sections with 3% H2O2 at room

temperature for 15 min. After blocking with goat serum for

1 h, anti-Nrf2 antibody (1: 200, ab31163, Abcam,

United States) was added for incubation at 4°C overnight. The

slides were then incubated with a secondary antibody for 1 h at

room temperature and visualized using DAB reagent. Yellow and

brown staining in the nucleus and cytoplasm were considered

positive. For measurement of oxidative stress indicators,

accurately weighed liver tissue was rapidly homogenized with

cold saline, centrifuged, and the supernatant was taken as the

liver homogenate to be tested. The levels of SOD and MDA in

livers were measured using MDA and SOD assay kits (Nanjing

Jiancheng, China).

Biochemical measurement of serum

Commercial ELISA kits (Shanghai MlBio, China) of ALP,

ALT, AST,γ-GT, IL-1β, IL-6, TNF-α and ET were used to

determine the serum levels of these biochemical indicators

according to the manufacturer’s instructions. TBA, TBIL and

DBIL levels were measured using commercial colorimetric assay

kits (Abcam, United States) in accordance with the instructions.

Enteric metabolomics analysis

Fecal samples were immersed in 0.1% formic acid acetonitrile

3 times their total weight, and then vortexed for 1 min and

ultrasonic-extracted for 10 min. The extracts were centrifuged at

12,000 rpm for 10 min at 4°C. The supernatant was filtered by

0.22 μm ultrafiltration membrane for LC-MS analysis. In

addition, to investigate the stability of instruments and

analytical methods, QC sample was prepared through

combining 50 μL of each analyzed sample, and analyzed per

4 samples during the whole analysis process.

The metabolomics profiling was accomplished using a

UHPLC Q-Exactive Orbitrap mass spectrometer (Thermo

Fisher, United States) equipped with a heated electrospray

ionization (HESI) probe. Acquisition mode, positive and

negative ion switching; scan mode, full scan/dd-MS2; m/z

acquisition range, 100–1,500; positive electrode spray voltage,

3.5 kV; negative electrode spray voltage, 2.5 kV; capillary

temperature, 320°C; probe heater temperature, 300°C; sheath

gas flow rate, 35 arb; auxiliary gas flow rate, 10 arb; resolution

setting, MS full scan 35,000 FWHM and MS/MS 17500 FWHM;

NCE settings, 20, 40, 60 eV.

Chromatography separations were performed on a Waters

ACQUITY UPLC HSS T3 column (2.1 × 100 mm, 1.7 μm,

Waters, United States). Mobile phase A, 0.1% formic acid

water; mobile phase B, acetonitrile; flow rate, 0.2 ml min-1;

injection volume, 5 μL; column temperature, 45°C. The mobile

phase gradient was as follows: 0–2 min, 2% B; 2–3 min, 2–40% B;

3–5 min, 40–43% B; 5–11 min, 43%–50% B; 11–18 min, 50–70%

B; 18–23 min, 70–98% B; 23–24 min, 98% B; 24–24.5 min, 98–2%

B; 24.5–27 min, 2% B.

The LC–MS raw data were exported using an Xcalibur

workstation (Thermo Fisher, United States), and then

imported to Compound Discoverer 3.1 (Thermo Fisher,

United States) to obtain the aligned peak data. The

parameters were set as follows: quality range, 100–1,500; mass

tolerance, 5 ppm; retention time tolerance, 0.2 min; SNR

threshold, 3. All integrated spectra were normalized to their

total areas to eliminate the concentration differences. Then,

metabolite peaks were introduced into Simca-P 13.0 software

(Umetric, Sweden) for PCA and OPLS-DA. The quality of OPLS-

DA model was validated by computing the cross-validation

(double cross validation) parameter Q2. The value of Q2 close
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to 1 indicated an excellent predictability of the model. S-plots

constructed using OPLS-DA were applied to select the potential

variables for differentiation. VIP values presented the impact of

each metabolite in the OPLS-DA model. Metabolite peaks were

then assigned by molecular weights, MS/MS, and elemental

compositions, and interpreted with available biochemical

databases, such as HMDB (http://www.hmdb.ca/), KEGG

(https://www.kegg.jp/), METLIN (http://metlin.scripps.edu/)

and Chemspider (http://www.chemspider.com/).

Microbiota analysis

Fecal genomic DNA was extracted and purified using Fast

DNA SPIN extraction kits (MP Biomedicals, United States).

Agarose gel electrophoresis was performed to assess the

quality of the extracted DNA. The V3-V4 region of bacterial

16S rRNA gene was amplified. AMPure XP Beads (Beckman

Coulter, United States) was used to purify amplicons, followed by

quantification using Quant-iT PicoGreen dsDNA Assay Kit

(Invitrogen, United States). Purified amplicons were mixed in

equal amounts, and 2 × 300-bp pair-end sequencing was

conducted on Illumina MiSeq platform. QIIME (version 1.80)

was employed to process the raw data. High-quality sequences

were clustered into operational taxonomic units (OTUs) at 97%

sequence identity. The sequence with the highest abundance in

each OTU was selected as the representative sequence for that

OTU. Taxonomic classification was carried out by comparing

OUT representative sequences with template sequences from

Greengenes databases. The abundance matrix after removal of

rare OTUs with abundances below 0.001% was used for

subsequent comparative analysis between groups and

visualization. Alpha diversity and taxa summaries were

created through QIIME with sequencing depth and maximum

rarefaction depth. The sequencing datasets are deposited in

NCBI (https://www.ncbi.nlm.nih.gov/sra/PRJNA837391). The

microbial community analysis was performed by Shanghai

Personal Biotechnology Co., Ltd. (Shanghai, China).

Statistical analysis

All the bar plots in this study were generated with Prism

8.0 software (GraphPad, United States). Statistical differences

between groups were analyzed by one-way analysis of variance

(ANOVA) followed by Tukey’s multiple comparisons test.

Differences of microbial data between multiple samples were

assessed by Mann–Whitney U-test. Results are presented as

mean ± SEM. p < 0.05 was considered statistically significant.

Correlations were performed by one-tailed Spearman’s analysis

with 95% confidence interval and heatmaps were constructed

using the GENESCLOUD online platform of Personal

Biotechnology (https://www.genescloud.cn/).

Results

Compared with GF, RF has a stronger
effect on preventing the disease progress
of bile duct ligation-rats

After 21 days, the Sham group gained an average of 71 g of

body weight, while the BDL group lost 3 g of body weight. The

body weight changes of rats in BDL_RF and BDL_GF groups

showed significant differences (p < 0.05, Figure 2A). The

BDL_RF group gained 40 g of body weight, while the

BDL_GF group lost 23 g of body weight. Haematoxylin-

eosin (HE) staining results (Figure 2B) showed that the

Sham group had intact hepatic lobules with a central vein

surrounded by radially arranged hepatocyte cords.

Disorganized hepatic cords and inflammatory cell

infiltration were found in the BDL group, and liver lobules

were segmented, leading to the formation of pseudo-lobules.

Cellular infiltration and liver injury were significantly reduced

in the BDL_RF group. However, there was a slight remission

of liver injury in the BDL_GF group compared to the BDL

group. Liver fibrosis and collagen depositions in liver tissues

were determined by Masson staining (Figure 2B). The Sham

group showed normal liver lobular with central veins. The

BDL group showed extensive collagen deposition and fibrosis.

The fibrotic process was reversed in the BDL_RF

group. Fibrosis remained severe in the BDL_GF group,

although there appeared to be some improvement

compared to the BDL group. All these results suggest that

RF exerted a better disease-modifying effect on BDL rats

compared to GF.

RF better alleviates bile duct ligation-
induced hepatic oxidative stress than GF

Immunohistochemical staining for NF-E2-related factor 2

(Nrf2) of rat livers were shown in Figure 3A. Significantly

increased Nrf2-positive areas in BDL and BDL_GF group did

not counteract persistent liver damage. BDL_RF group

showed both enhanced nuclear localization of Nrf2 and

improvement of liver injury. As shown in Figure 3B, the

levels of liver superoxide dismutase (SOD) were

significantly decreased in BDL group compared to the

Sham group. The SOD levels were elevated in both

BDL_RF (p < 0.05) and BDL_GF (p < 0.05) groups

compared to the BDL group. Compared with the BDL

group, the hepatic malondialdehyde (MDA) levels were

attenuated in BDL_RF (p < 0.05) group. The MDA levels of

BDL_GF group also decreased, but the difference was not

significant (p > 0.05) compared to the BDL group. The

findings indicate that RF better alleviated the oxidative

stress damage to the liver of BDL rats.
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RF better prevents bile duct ligation-
induced deterioration of serum
biochemical indicators than GF

The biochemical analysis results are presented in Figure 4.

Serum levels of 11 indicators were significantly higher in the

BDL group compared to the Sham group (p < 0.05). RF

administration significantly reduced serum levels of alanine

aminotransferase (ALT), γ-glutamyl transpeptidase (γ-GT),
total bile acid (TBA), interleukin-1β (IL-1β), interleukin-6
(IL-6) and endotoxin (ET) compared to the BDL group (p <
0.05). Compared with the BDL group, GF had no significant

effect (p > 0.05) on serum levels of TBA, IL-6 and tumor

necrosis factor-α (TNF-α), and aggravated the deterioration of

the other 8 indicators (p < 0.05). Almost all indicators (10 out

of 11) in the BDL_GF group are higher than those in the

BDL_RF group (p < 0.05), except for TNF-α (p > 0.05). These

results show that RF had an ameliorating effect on the

biochemical changes induced by BDL, while GF had no

effect or made the situation worse.

RF better ameliorates bile duct ligation-
induced enteric metabolic disorder,
especially the decrease in bile acids
metabolism, compared to GF

The intestinal metabolic differences among groups were

characterized using the established UHPLC-Q-Orbitrap MS

untargeted metabolomics approach. Quality control (QC)

samples were analyzed for the validation of repeatability and

stability of analytical methods and instrument. The base peak

intensity (BPI) chromatograms were shown in Supplementary

Figures S1A,B. All QC samples were within twice standard

deviation (SD) in the score map (Supplementary Figure S1C),

92.37% of which variables possessed a relative standard deviation

(RSD) less than 30% (Supplementary Figure S1D). The overall

intestinal metabolic profile could be visualized in the principal

component analysis (PCA) plot (Figure 5A). The tightly clustered

QC samples also reflected the stability of the analytical system and

high quality of obtained data. Compared with the Sham group, the

BDL group showed obvious disorders in enteric metabolism. The

FIGURE 2
Effects of RF and GF on body weight and liver injury of BDL-rats. (A) Body weight changes; (*: p < 0.05, compared with the Sham group; #: p <
0.05, compared with the BDL group; +: p < 0.05, compared with the BDL_RF group, n = 6). (B) Representative histopathological findings of liver
tissues stained with haematoxylin-eosin (HE) (×200 magnification) and Masson (×200 magnification).
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BDL_RF group was close to the Sham group. In contrast, the

BDL_GF and BDL groups were roughly clustered together.

The orthogonal partial least squares discriminant analysis

(OPLS-DA) score plot (Figure 5B) showed two separated clusters

between Sham and BDL groups, indicating that BDL led to changes

in the enteric endogenous metabolism in rats. After cross-validation,

the value of Q2 = 0.91 demonstrated this model was robust and not

over-fitted (Figure 5C). Metabolites were screened and identified

based on S-plot (Figure 5D) and Variable importance on projection

(VIP) values (Supplementary Table S1). Metabolites with the value of

VIP >5 were defined as the most significant metabolite markers. In

particular, totally six bile acid metabolites were discovered, and their

identities were temporarily explored by matching retention time

(RT), accurate molecular mass (MW), fragment ions with reference

substances and the metabolites found in on-line databases. To be

specific, the molecular formula of ion at m/z 407.2802 (RT 8.70) was

calculated as C24H39O5 with mass accuracy less than 5 ppm, which

corresponded to the deprotonated molecular ions [M-H]- of β-
Muricholic acid (β-MCA). Ion (RT 8.70) at m/z 453.2862 had

46 Da more than that of [M-H]− of β-MCA, which could be the

ion [M + HCOO]− of β-MCA. The ions at m/z 391.2853 (RT 10.54)

and m/z 437.2911 (RT 10.54) were assigned as [M-H]− and [M +

HCOO]− of Ursodeoxycholic acid (UDCA). The ions at m/z

407.2803 (RT 8.15), m/z 453.2863 (RT 8.15), and m/z

815.5684 (RT 8.15), could be respectively [M-H]−, [M + HCOO]−,

and [2M-H]− of ω-Muricholic acid (ω-MCA). Similarly, the ions at

m/z 391.2858 (RT 10.56), m/z 437.2912 (RT 10.56), and m/z

783.5783 (RT 10.56), could be respectively [M-H]−, [M +

HCOO]−, and [2M-H]− of Hyodeoxycholic acid (HDCA). Ions at

RT 8.77 and RT 15.02 were identified to be an isomer of Cholic acid

(CA isomer) and Deoxycholic acid (DCA). Their related parameters

are listed in Supplementary Table S1. Furthermore, the box plots of

relative contents of the six fecal BAs were demonstrated in Figure 5E.

Compared with the Sham group, the relative intensities of six fecal

BAs, including three primary BAs (β-MCA, CA isomer, UDCA) and

three secondary BAs (ω-MCA, DCA, HDCA) in the BDL group,

were significantly decreased (p < 0.05). All six BAs were significantly

increased in the BDL_RF group compared with the BDL group (p <
0.05). However, there was no significant difference between BDL_GF

group and BDL group.

For the overall profile of the gut
microbiota, RF and GF have both similar
and different effects on bile duct ligation-
rats

The Chao1 and abundance-based coverage estimator (ACE)

mainly reflect the richness of species. While the Shannon and

Simpson index, mainly reflect the diversity of species. As shown

FIGURE 3
Effects of RF and GF on liver oxidative stress of BDL-rats. (A) Representative immunohistochemical staining for NF-E2-related factor 2 (Nrf2)
(×400 magnification) of liver tissues. (B) Superoxide dismutase (SOD) and malondialdehyde (MDA) levels of liver tissues. (*: p < 0.05, compared with
the Sham group; #: p < 0.05, compared with the BDL group; +: p < 0.05, compared with the BDL_RF group, n = 6).
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in Figure 6A, the Chao1 and ACE, as well as the Shannon and

Simpson index, decreased in the BDL group. The four indices were

even lower in the BDL_GF group than in the BDL group. The four

indices in the BDL_RF group showed recovery tendency. However,

none of these differences were significant (p > 0.05). The Simpson

index was higher in the RF group than in the GF group (p < 0.05). As

shown in Figure 6B, at the phylum level, the four groups differed in

their major microbiota composition. There were some similarities

between BDL_RF and BDL_GF groups, such as higher abundance of

Firmicutes and lower abundance of Actinobacteria. The abundance

of Proteobacteria was lower in the BDL_RF group and higher in the

BDL_GF group. In addition, BDL decreased the abundance of the

Bacteroidetes. RF treatment upregulated its abundance, and GF

treatment made it even lower. These in turn reflect the different

effects of RF and GF on the intestinal bacteria of BDL rats. As shown

in Figure 6C, at the family and genus level, the four groups differed in

the composition of the major species. The results in this section

mainly reflect the different trends in the overall profile of gut

FIGURE 4
Effects of RF and GF on serum biochemical indicators of BDL-rats. (A) Serum levels of alkaline phosphatase (ALP), alanine aminotransferase
(ALT), aspartate aminotransferase (AST), and γ-glutamyl transpeptidase (γ-GT). (B) Serum levels of total bile acid (TBA), total bilirubin (TBIL), and direct
bilirubin (DBIL). (C) Serum levels of interleukin-1β (IL-1β), interleukin-6 (IL-6), and tumor necrosis factor-α (TNF-α). (D) Serum levels of endotoxin (ET).
(*: p < 0.05, compared with the Sham group; #: p < 0.05, compared with the BDL group; +: p < 0.05, compared with the BDL_RF group, n = 6).
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microbiota between groups. The effect of BDL on important bacteria

and the interventional role of RF andGF, as well as the relationship of

these bacteria with BAs metabolism and disease progression will be

focused on in the next section.

RF has superior effects than GF on the
regulation of bacteria potentially
associated with bile acids metabolism and
disease progression in bile duct ligation-
rats

After correlation analysis and between-group difference

analysis based on the results of the correlation analysis, a total

of six families and seven genera were screened for close

association with BAs metabolism and disease progression

(Figures 7A–D). As shown in Figure 7A, for instance, the

relative abundance of Lachnospiraceae was positively

correlated with the levels of six enteric BAs and the hepatic

antioxidant index SOD, and negatively correlated with three

serum BA-related indicators, two serum inflammatory

indexes, ET, and the hepatic oxidative stress index MDA. This

implies that the increase of Lachnospiraceae may predict some

recovery of BAs metabolism and improvement in the condition

of BDL-rats. Meanwhile, the relative abundance of

Lachnospiraceae was significantly different among the four

groups. Compared with the Sham group, BDL obviously

reduced the abundance of Lachnospiraceae. The abundance of

FIGURE 5
Effects of RF and GF on enteric metabolism of BDL-rats. (A) Principal component analysis (PCA) score plot of four groups. (B)Orthogonal partial
least squares discriminant analysis (OPLS-DA) score plot of the Sham and BDL groups. (C) Cross-validation of the constructed model. (D)OPLS-DA
S-plot of the Sham and BDL groups. The size of each point was shown according to its value of Variable importance on projection (VIP). (E) Relative
contents variations of bile acidmetabolites. (*: p < 0.05, compared with the Sham group; #: p < 0.05, compared with the BDL group; +: p < 0.05,
compared with the BDL_RF group, n = 6).
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Lachnospiraceae was higher in RF_BDL group (p < 0.05) but

lower in GF_BDL group (p > 0.05), compared to the BDL

group. The relative abundance of Lachnospiraceae in RF_BDL

group was significantly higher than that in GF_BDL group (p <
0.05, Figure 7B). Similarly, the relative abundance of

Enterococcaceae, Micrococcaceae, Christensenellaceae, and

Eubacteriaceae that decreased in the BDL group were

significantly higher in RF_BDL group (p < 0.05) than in

GF_BDL group (Figure 7B). In contrast, BDL increased the

relative abundance of Unclassified_Clostridia, compared to the

Sham group. The relative abundance of Unclassified Clostridia

was lower in RF_BDL group (p < 0.05) but higher in GF_BDL

FIGURE 6
Comparison of gut microbiota profile between the four groups. (A) The Chao1 and abundance-based coverage estimator (ACE), as well as the
Shannon and Simpson index. (+: p < 0.05, GF_BDL compared with the RF_BDL group, n = 6). (B) Phylum level microbiota composition. Data are the
means, mainly showing the top 5 species in relative abundance. (C) Family and genus level microbiota composition. Data are the means, mainly
showing the top 20 species in relative abundance.
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FIGURE 7
Bacteria potentially associated with bile acids metabolism and disease progression. (A,C)Heatmaps of Spearman correlations between bacteria
and enteric bile acids, serum biochemical indicators, and liver oxidative stress at the family and genus levels. The heatmap was created based on data
on bacterial abundance and enteric bile acids, serum biochemical indicators, and liver oxidative stress levels. A Spearman correlation coefficient
close to 1 (>0.6) indicates a strong positive correlation, while a Spearman correlation coefficient close to −1 (<−0.6) indicates a strong negative
correlation. (*: p < 0.05, n = 6). (B,D) Bacteria with intergroup differences in relative abundance among those screened by Spearman correlation
analysis at the family and genus levels. (E) Intergroup differences in the relative abundance of other important bacteria at the family and genus levels.
(*: p < 0.05, compared with the Sham group; #: p < 0.05, compared with the BDL group; +: p < 0.05, compared with the BDL_RF group, n = 6).
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group (p > 0.05), compared to the BDL group (Figure 7B). The

relative abundance of Unclassified_Clostridia in RF_BDL group

was significantly lower than that in GF_BDL group (p < 0.05,

Figure 7B). At the genus level, the relative abundance of Blautia,

Enterococcus, Rothia, Unclassified_Erysipelotrichaceae,

Anaerofustis, Ralstonia, and [Ruminococcus] that declined in

the BDL group were significantly higher in RF_BDL group

(p < 0.05) than in GF_BDL group (Figure 7D). In addition,

intergroup comparisons of eight other important bacteria

(Ruminococcaceae, Erysipelotrichaceae, Bacteroidaceae,

Enterobacteriaceae, Coprococcus, Turicibacter, Streptococcus,

and Bacteroides) are also presented in Figure 7E. These results

indicate that RF better restored bacteria that potentially involved

in BAs metabolism and disease progression in BDL-rats

compared to GF.

Discussion

In this study, a BDL model was used to evaluate two different

harvesting periods of FF (RF &GF). The results showed that BDL

caused a series of pathological, biochemical, enteric metabolic

and gut microbiota changes in rats, and that RF was superior to

GF in reversing these changes. We speculate that these changes

should be interrelated, and that BAs and gut microbiota may be

important and critical links between them. The differences in the

effects of RF and GF on BDL rats and the mechanisms

responsible for such differences are discussed as follows.

BDL causes hepatic and intestinal impairment and loss of

appetite in experimental animals. In the present study, RF

restored the normal trend of weight gain in BDL rats, which

was in contrast to the continuous weight loss caused by GF. The

repair of liver tissue and attenuation of cellular infiltration by RF

in BDL rats were observed. RF also alleviated collagen deposition

and fibrosis in the liver caused by BDL. The effect of RF in

restoring body weight in BDL rats may be partly related to its

improvement in liver physiological function.

Impaired hepatic bile flow induced by BDL can lead to

excessive accumulation of toxic BAs in hepatocytes, causing

hepatic cholestasis and liver injury. Nrf2 is a regulator of

hepatic detoxification and antioxidant mechanisms. Therefore,

the activation of Nrf2 is considered to be useful for prevention or

treatment of cholestatic liver injury (Shin et al., 2013). The

activated Nrf2 in BDL group confirmed the spontaneous

response to oxidative stress. The beneficial antioxidant effects

of FF through activation of Nrf2 have been recently found in

animal models of inflammatory liver injury (Zhao et al., 2017)

and melanoma (Bao et al., 2016). In this study, RF and GF

elevated the levels of SOD, one of the Nrf2 targets in liver.

However, RF and GF have different effects on nuclear

localization of Nrf2, MDA, and liver injury. Nrf2 half-life is

around 13–20 min. In oxidative stress and in the presence of

antioxidant molecules, the half-life of Nrf2 is duplicated

(Dinkova-Kostova et al., 2001). Thus, we speculate that RF

may have more antioxidant components entering the

circulation and liver than GF, resulting in a longer half-life

and enhanced nuclear localization of Nrf2, which in turn

exerts better antioxidant and hepatoprotective effects.

Additional experiments are warranted.

The increase in serum transaminases and TBA, TBIL, DBIL

caused by BDL seems to reflect the toxic effects of regurgitated

BAs to the liver. For these indicators of liver function and bile

acid circulation, RF provided some improvement, while GFmade

the situation worse. The significant difference in the effect of RF

and GF on these indicators suggests that they do not behave

consistently in response to hepatocellular injury (reflected by

ALT and AST), biliary epithelial cell injury (reflected by ALP and

γ-GT) and bile acid imbalance (reflected by TBA, TBIL and

DBIL) caused by BDL. The liver, located at the gateway of the

portal blood flow draining the gastrointestinal tract, is

strategically and uniquely positioned as the final barrier to

prevent gut bacteria and bacterial products, such as ET, from

entering the systemic blood stream. Therefore, the increase in

serum ET caused by BDL indicates not only a deficiency of the

hepatic barrier function, but also implies a disturbance of the gut

microbiota. Similar to the aforementioned indicators, RF reduced

ET levels, while GF exacerbates the ET elevation. It has been

reported that IL-6 is the best marker of tissue inflammation and

injury (Hu et al., 2020). Due to ET stimulation, Kupffer cells

secrete a large number of active mediators, including cytokines

such as IL-1β, IL-6, TNF-α, and reactive oxygen species (ROS).

This also results in elevated hepatic function markers, eventually

triggering the liver damage (Sato et al., 2016; Xie et al., 2019; Zou

et al., 2020). In this study, serum IL-1β and IL-6 were increased in
BDL rats and were reduced by RF. However, GF failed to bring

down these cytokines. Overall, in our study, cholestasis caused by

BDL left the rats in a worse condition, as evidenced by lower body

weight, structural damage to liver tissue and impaired liver

function. For these pathological changes, the beneficial effects

of RF, rather than GF, may be generated by reducing ET, hepatic

oxidative stress and systemic inflammation.

As a result of BDL, the natural flux of BAs from the liver to

the gut is impaired, causing not only an accumulation of toxic

BAs in the liver, but also a deficiency of BAs in the intestine

(Alaish et al., 2013). Therefore, on the one hand, bacterial

overgrowth and increased intestinal permeability occur in

BDL due to the decreased antibacterial and intestinal

protective function of BAs (De Minicis et al., 2014). This

promotes the translocation of bacteria and bacterial products,

such as ET, from the permeable gut into the liver via the porta

circulation, exacerbating hepatic inflammation and fibrosis

(Konturek et al., 2018). On the flip side, BAs and other

enteric metabolites are also modified and transformed by

intestinal bacteria. Thus, the interaction between these

metabolites and gut microbiota links the intestine closely to

the liver and plays a key role in the cholestatic disease process
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(Schnabl, 2013). Changes in enteric metabolites and intestinal

bacteria caused by BDL, as well as the effects of RF and GF

administration were designed in the study. Metabolomics

analysis showed that RF ameliorated the overall metabolic

disorder caused by BDL in rats. However, GF had no

significant effect. In particular, BDL induced a significant

decrease in the level of major enteric BAs. This indicates that

BDL intercepts the bile flow secreted from the liver to the

intestine. In other words, reduced levels of bile acid-related

metabolites may also be primarily involved in shaping the

enteric metabolic profile in the pathological state of BDL-

induced cholestasis. To some extent, fecal BAs reflect both the

level of intestinal BAs and the amount of BAs excreted through

the stool. In rodents, β-MCA is the main primary BA, while ω-
MCA and HDCA account for the most in secondary BAs (de

Aguiar Vallim et al., 2013; Li and Chiang, 2015; Lin et al., 2020).

In terms of the BA pool, elevated enteric BAs (β-MCA, CA

isomer, UDCA, ω-MCA, DCA, HDCA) after RF intervention in

BDL rats could promote the excretion of BAs by fecal loss. It

would also reasonably be expected to result in a relaxation of

circulating toxic BAs accumulation. From the perspective of the

intestine itself, increased levels of enteric bile acids will play a

beneficial role in protecting resident bacteria, inhibiting

opportunistic pathogenic bacteria, and restoring the gut

microecology.

The metabolism of primary and secondary BAs in the gut is

regulated by the enzymes of specific bacteria. This creates an

interactive relationship between BAs and intestinal bacteria. It is

worth exploring whether the alteration of BAs by BDL is

accompanied by an alteration of intestinal bacteria. It is also

intriguing whether the restorative effect of RF on BA disorders is

associated with its effect on intestinal bacteria. Of course, it is

especially crucial to clarify how the improvement of BAs

metabolism and the regulation of gut microbiota contribute to

the recovery of the pathological condition caused by BDL. Unlike

GF, RF showed a tendency to elevate the reduction in flora

richness and diversity caused by BDL. At the phylum level, GF

elevated the average abundance of Proteobacteria, which

contains many pathogens. While, RF and GF increased and

decreased the average abundance of Bacteroidetes, which is

closely related to BAs metabolism, respectively. At the family

and genus level, the present study also showed that RF and GF

interventions had different effects on the altered flora

composition due to BDL. However, these results only reflect

different trends in the overall profile of the microbiota.

To investigate whether the effects of BDL, RF and GF on gut

microbiota were associated with BAs metabolism and disease

progression, Spearman’s correlation analysis and between-group

difference analysis were successively performed. The results

indicated that Lachnospiraceae, for instance, was related to

increased levels of major fecal BAs and decreased levels

of three serum bile acid-related indicators. Dysregulation of

BAs metabolism is a key hallmark of cholestatic disease. A

shrinking enteric BA leads to increases in microbes with

potent pro-inflammatory molecules coupled with harmful

metabolites such as ET, which in turn add to the burden of

liver damage (Ridlon et al., 2013). The recovery of BAs

metabolism means, to some extent, the improvement of

cholestasis. In the present study, we also observed that

Lachnospiraceae was associated with an increase in hepatic

antioxidant marker and a decrease in hepatic oxidative stress

level, two serum inflammatory markers and ET level. This

implies that the increase of Lachnospiraceae may predict

enhancement of BAs metabolism and remission in the

condition of BDL rats. Thus, Lachnospiraceae may be a

beneficial family for the improvement of BDL-induced

cholestatic disease. BA formation is mediated exclusively by

gut microbiota via deconjugation (the first step of BAs

metabolism, removal of glycine or taurine from conjugated

BAs to obtain primary BAs), dehydroxylation (the second step

of BAs metabolism, removal of a hydroxyl group from primary

BAs to produce secondary BAs) and other reactions. The

dehydroxylation appears restricted to a limited number of

intestinal anaerobes in the order of Clostridiales, including

Lachnospiraceae, Ruminococcaceae and Blautia (Ridlon et al.,

2006; Ridlon et al., 2013). Lachnospiraceae and Blautia are also

ranked among the bacterial strains hold bile salt hydrolase (BSH)

genes, catalyzing the deconjugation transformation (Song et al.,

2019). These findings suggest the usefulness of Lachnospiraceae

for the critical two-step conversion of intestinal BAs. Therefore,

our results indicate that promoting the production of intestinal

BAs and excretion of fecal BAs by upregulating the abundance of

bacteria such as Lachnospiraceae may be one of the mechanisms

by which RF alleviated cholestasis in BDL rats. It is worth noting

that Lachnospiraceae and Ruminococcaceae are also butyrate

producing bacteria. Butyrate, as a representative short-chain fatty

acid (SCFA), has various protective effects on the innate and

adaptive immune systems, increasing anti-bacterial peptides and

suppressing inflammatory cytokine (Qin et al., 2014; Fukui,

2017). In short, these RF-boosted bacteria, which promote

BAs metabolism and maintain intestinal health, can be

defined as “good” bacteria for BDL-induced cholestasis.

The other four families obtained from the screening,

Enterococcaceae, Micrococcaceae, Christensenellaceae, and

Eubacteriaceae, were affected by BDL, RF, and GF in a similar

way to Lachnospiraceae. Among them, Enterococcaceae is a

family rich in strains with BSH activity (Song et al., 2019).

Micrococcaceae (Shao et al., 2020) and Eubacteriaceae

(Nagano and Yano, 2020) are SCFAs producing bacteria.

Christensenellaceae, a family that is highly heritable and shows

compelling associations with host health, appeared to be depleted

in conditions associated with inflammation (Waters and Ley,

2019). Unclassified_Clostridia is the only possible “bad” family in

the screened species. Its relative abundance was elevated by BDL

and GF and pulled down by RF. In a previous study, an increase

of Clostridium was found in mice at day 7 after BDL. They
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postulated that increased abundance of Clostridium may

contribute to the overall progression of liver disease by

promoting Lipopolysaccharide (LPS) induced liver injury and

inflammation (Cabrera-Rubio et al., 2019). Since no definite

family or genus has been obtained, further work on bacterial

identification and functional exploration is needed. At the genus

level, Blautia, Enterococcus and Rothia, belong to the first three

families screened at the family level, Lachnospiraceae,

Enterococcaceae and Micrococcaceae, respectively. These

genera and the families to which they belong are essentially

similar in function and intergroup variation trends. The role of

Blautia has been previously described (Ridlon et al., 2006; Ridlon

et al., 2013; Song et al., 2019), while the latter two are both

overwhelmingly dominant species in their respective families.

Consistent with these three bacteria, the relative abundances of

the other four genera obtained from the screening,

i.e., Unclassified_Erysipelotrichaceae, Anaerofustis, Ralstonia

and [Ruminococcus], were all significantly higher in the RF

group than in the GF group. A study of Crohn’s disease

found Erysipelotrichaceae among the predominant taxa within

the secondary BA-dominant assemblages (Connors et al., 2020).

Anaerofustis, a fibrolytic bacteria, could be involved in the

fermentation of carbohydrates and glucose metabolism. A

study of inflammatory bowel disease (IBD) identified an

enrichment of Anaerofustis in the control group (Masoodi

et al., 2020). The decreased body weight in the BDL and GF

groups in our study may be related to the depletion of such

digestive bacteria in the pathological state. Ralstonia is the best

studied genus with respect to polyhydroxyalkanoates (PHAs)

accumulation (Pötter et al., 2002). PHAs, the polymers of β-
hydroxy SCFAs, can be degraded in the gastrointestinal tract of

mammals and result in SCFAs release. Therefore, PHAs could

beneficially affect the host–microbe interaction in the gut in a

way similar to SCFAs (Defoirdt et al., 2009). Ruminococcus

species with BSH, oxidation and epimerization activities are

extensively involved in BAs metabolism and have beneficial

effects in promoting host intestinal homeostasis (Chen et al.,

2018; Jia et al., 2018; Connors et al., 2020; Vega-Magaña et al.,

2020). The different effects of RF and GF on these bacteria imply

that, in addition to BA-metabolizing bacteria, the improvement

of RF in BDL rats is also related to its ability to promote the

growth of other beneficial and protective bacteria in the intestine.

There are species that did not stand out in the two-step

screening. One of the reasons could be their discrete data.

However, considering their important functions found in

previous studies and their close relationship with the bacteria

obtained from the screening in this study, their intergroup

differences were also analyzed and shown. Ruminococcaceae

and Coprococcus, similar to Lachnospiraceae, are both BA-

dehydroxylating and SCFAs producing bacteria (Ridlon et al.,

2013; Qin et al., 2014; Fukui, 2017; Connors et al., 2020). The

positive relationship of Erysipelotrichaceae with secondary BAs

has been described (Connors et al., 2020). Studies have also found

a positive correlation between Turicibacter and both secondary

and primary BAs (Chen et al., 2018; Kemis et al., 2019). In

addition, several minor secondary BAs were positively associated

with BSH producing genera Streptococcus (Ridlon et al., 2013;

Chen et al., 2018; Huang et al., 2019; Connors et al., 2020).

Bacteroidaceae and Enterobacteriaceae are two representative

families with high relative abundance. The prevalence of BSH

activity in Bacteroidaceae species reflects the wide distribution of

BSH genes in gut microbiota. This is quite different from the

narrow distribution of bacteria that catalyze the production of

secondary BAs. In other words, for the conversion of conjugated

BAs to primary BAs, these BSH producers are interchangeable

with each other (Ridlon et al., 2006; Song et al., 2019). As

demonstrated in Figure 7, even RF failed to have a remedy for

the decline in Bacteroidaceae (including its major genus

Bacteroides) caused by BDL. In contrast, Enterococcaceae

(including its major genus Enterococcus), which also has a

large number of BSH strains, improved substantially after RF

administration and surpassed the Sham group. Almost all strains

in Bacteroides and Enterococcus contain BSH protein sequences

(Song et al., 2019). When considered in terms of BAs metabolic

homeostasis, we speculated that this could be an alternative

compensatory measure taken by the organism through

intestinal bacteria under bile restriction stress. In pathological

conditions, this potential defense mechanism requires

pharmacological intervention to be amplified and realized. It

remains unknown what the other consequences of the RF-

induced increase in the alternative bacteria will be, other than

our concern about the restoration of BAs metabolism. The roles

and exact mechanisms involved are fascinating.

Enterobacteriaceae, on the other hand, contains a large

number of conditional pathogenic and pro-inflammatory

members. Previous studies have shown that gut microbiome

changes or dysbiosis in patients with chronic liver disease are

often accompanied by a decrease in BA-dehydroxylating bacteria

and an increase in pathogenic Gram-negative bacteria,

particularly Enterobacteriaceae (Shao et al., 2021). In a study

on hepatic encephalopathy, a positive correlation was found

between Enterobacteriaceae, endotoxemia inflammation and

oxidative stress indicators (Ridlon et al., 2013). The expansion

of Enterobacteriaceae is hypothesized to initiate or exacerbate the

overactive immune response and the ensuing tissue damage

characteristic of disease (Connors et al., 2020). In the current

study, Enterobacteriaceae, referred to as LPS releasing and ET

producing bacteria, tended to be enriched in the GF group. This

trend is consistent with the previously mentioned case of

Proteobacteria to which it belongs. These “bad” bacteria may

worsen the vicious cycle characterized by gut dysbiosis, metabolic

imbalance and organ injuries, resulting in a poor prognosis of GF

administration.

The above results of BDL modeling, FF intervention,

difference comparisons, and stepwise screening in our study

indicate that the dynamic interactions between intestinal BAs
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metabolism and gut microbiota were closely associated with

disease changes. A picture is now starting to emerge

regarding the liver-BA-microbiome-gut axis in BDL-

induced cholestatic disease. BDL caused a decrease in both

intestinal primary and secondary BA levels, accompanied by

depletion of the associated BA-metabolizing bacteria. These

changes are firstly a consequence of the disease and secondly

act as irritants to further aggravate the severity of the disease.

In addition, protective SCFAs producing bacteria and

destructive ET producing bacteria may also be involved in

disease progression. Some of the bacteria obtained from

screening that appear to be very beneficial for disease

recovery combine two types of functions: intestinal BAs

metabolism and gut protection. The restorative effect of

RF may be due precisely to the capture of these so-called

key bacteria, which accelerate BAs metabolism and enhance

intestinal protection by adjusting these core bacteria to

detoxify and alleviate the disease. We focused specifically

on two groups of BA-metabolizing bacteria: secondary BA

producing bacteria and primary BA producing bacteria. The

former group of bacteria, which has a narrow distribution

and thus a relatively more important role, is at greater risk of

depletion after being affected by disease. This type of bacteria

was better recovered by RF. For the latter group of bacteria,

which is widely distributed, RF responded mainly through

alternative bacteria. GF did not show similar effects and had

a tendency to encourage the reproduction of certain

conditionally pathogenic bacteria.

Cholestasis is a pathologic condition characterized by

impairment or cessation of the bile flow with consequent liver

damage. Accumulation of toxic BAs is central to the pathogenesis

of cholestatic disease. Therefore, reducing BAs overload is a

therapeutic goal for the management of cholestasis. This goal

could be achieved by strategies such as inhibition of BAs

reabsorption from intestine. Recent studies suggest that gut

microbiota play an important role in the pathophysiology of

cholestatic disease and targeting microbiota may offer novel

treatment options for this disease (Liu et al., 2020). In the

present study, administration of RF increased the abundance

of primary BA producing bacteria and secondary BA producing

bacteria of BDL-rats. Their deconjugating and dehydroxylating

effects accelerated fecal excretion of BAs, because deconjugated

and dehydroxylated BAs are less hydrophilic and therefore are

less likely to be reabsorbed. To some extent, more fecal BAs

excretion relieved the body from toxic BAs accumulation. The

putative detoxifying effects and potential mechanisms of RF on

BDL-rats are illustrated in Figure 8.

As a well-known herb for clearing heat and detoxifying,

the heat-clearing effects of FF have been studied extensively.

These studies seem to show that GF has a stronger heat-

clearing effect than RF (Nishibe, 2002; Dong et al., 2017; Wang

et al., 2018). FF is the main ingredient of Forsythiae

honeysuckle (Lian-Hua-Qing-Wen) prescription

recommended in the TCM treatment protocol of COVID-

19 in China (Liang et al., 2021). The better heat-clearing

ability of GF (mainly based on the anti-inflammatory

FIGURE 8
Detoxifying effects of RF on BDL-rats and the potential mechanisms involving bile acids metabolism and gut microbiota.
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properties) might explain the more frequent uses of GF in

these TCM prescriptions (Nishibe, 2002; Dong et al., 2017;

Wang et al., 2018). However, in this study, the detoxifying

effect on BDL-induced accumulation of toxic BAs appeared to

be better in RF than in GF. We assume that the direct and

strong anti-inflammatory and anti-pathogenic effects of GF

may be suitable for clearing heat against Fei (roughly lung and

respiratory tract, Upper Jiao as referred to in TCM theory)

infections. Nevertheless, severe heat-clearing effect of GF may

cause deficiency and coldness of the Pi (roughly corresponds

to the spleen) and Wei (roughly corresponds to the stomach),

when used in middle and lower Jiao and result in poor

prognosis. In this study, the weakness of the body such as

loss of appetite, indigestion, disruption of normal

enterohepatic circulation, and imbalance of gut microbiota

caused by BDL may amplify the bitter, cold, and violent

characteristics of GF. This could become a disadvantage of

GF and be detrimental to treatment. While the indirect and

gentle gut microbiota regulating and detoxifying effects of RF

are more useful for the conveyance and dispersion treatment

of hepatobiliary diseases. Corresponding in-depth

experiments need to be designed and conducted in the future.

In fact, the use of FF for hepatobiliary diseases is also

available in ancient TCM books. Zhang Zhong-Jing’s herbal

prescriptions are considered to be the classic and are still used

as the guidelines for TCM clinical work nowadays. In Shang-

Han Lun (Treatise on Exogenous Febrile Diseases, written

around 210 AD in the Han Dynasty), he recorded the

treatment of jaundice with Ma-Huang Lian-Qiao Chi-Xiao-

Dou Tang (Ephedra Forsythiae Adzuki-bean decoction)

(Xiong, 2000). However, since ancient times, it has not

been conclusive whether GF or RF should be used for this

prescription. Our research suggests that RF may be a good

choice. In terms of TCM theory, RF is also closer to the

medicinal properties and odor of Forsythiae root as chosen

in the original Shang-Han Lun. This seems to be a remote echo

and mutual corroboration of ancient TCM experience and

modern pharmacological experiments.

The intestinal tract is the primary site of interaction

between bile acid metabolites and bacteria. The interaction

between the two profoundly affects the host, and the physio-

pathological state of the host in turn affects the intestinal

environment. This triangular relationship is very interesting

in hepatobiliary diseases, reflecting the fact that the disease

progression is not a single, static but a multiple and dynamic

process. The host, flora, as well as their co-metabolites, are

equally indispensable. This holistic concept is similar to the

view of TCM, according to which treatment with herbs or

combinations of herbs does not act on a single target, but on a

multi-actor collection. The elements of this collection are

always interacting and dynamically changing in a multi-

dimensional space-time.

Conclusion

In the face of BDL-induced cholestasis, RF and GF

showed different effects. BAs and gut microbiota may be

the main players in this process and are essential for

improvement of the condition, but should not be the

whole picture. The causes and progression of cholestasis

are complex. In addition to toxic BAs, pathologically

elevated and accumulated other endogenous substances

may also cause toxic damage to the organism. In-depth

studies to more comprehensively assess the detoxifying

effects of FF (RF and GF) and explore the intrinsic

mechanisms will open up new perspectives for the

medicinal research of FF.

At the end, we are aware of the limitations of the present

study. Firstly, the pathological manifestations of the animals

were related to the duration of the BDL model. A long period

of time may result in more deaths in the model groups of

animals, whereas if not enough time has elapsed, changes in

the flora have not yet occurred significantly. We chose 3 weeks

based on our pre-experimental experience, therefore, the time

factor cannot be ignored when comparing with other relevant

BDL studies. Second of all, the administration of FF in this

study was converted from the recommended oral dose in

humans, and the high, medium and low doses were not

designed for the time being. Finally, this paper focuses on

the possibility that FF (RF) may alleviate cholestasis by

modulating the gut microbiota to alter the BA profile to

reduce its reabsorption and increase its excretion. It is

important to note that the BA profile is influenced by de

novo BA synthesis and the feedback regulatory pathway. The

complex interactions that occur between nuclear receptors, G

protein-coupled receptors and BA molecules in the pathway

(de Aguiar Vallim et al., 2013; Liu et al., 2020; Shao et al.,

2021) are not addressed at this time. Whether FF acts directly

or indirectly on these enzymes of BA synthesis, receptors, and

relevant transporters is a work in progress and is expected to

follow.

To our knowledge, there are few studies comparing the in

vivo detoxifying effects of the two types of FF, of which those

involving the gut microbiota have not been reported. Such

comparative studies are urgently needed and have strong

theoretical and practical implications. We hope this is a

promising exploration and a good start.

Data availability statement

The datasets presented in this study can be found in online

repositories. The names of the repository/repositories and

accession number(s) can be found below: https://www.ncbi.

nlm.nih.gov/, PRJNA837391.

Frontiers in Pharmacology frontiersin.org16

Wang et al. 10.3389/fphar.2022.987695

https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.987695


Ethics statement

The animal study was reviewed and approved by the Ethics

Committee of Changzhi Medical College.

Author contributions

TW executed the experiments and drafted the manuscript. X-JL

executed the experiments and wrote a small part of the manuscript.

L-HQ and XL contributed to the data analysis and figures

preparation. H-HX, JG, and S-FL assisted with experiments and

data collection. X-JL and L-WZ conceived and designed the

experiments. L-WZ was responsible for the overall direction of

the project and for the edits to the manuscript.

Funding

This research was funded by Shanxi Provincial Key Research

and Development Project (201603D3114015) and Natural

Science Foundation of Shanxi Province (201801D121362).

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fphar.

2022.987695/full#supplementary-material

References

Alaish, S. M., Smith, A. D., Timmons, J., Greenspon, J., Eyvazzadeh, D., Murphy,
E., et al. (2013). Gut microbiota, tight junction protein expression, intestinal
resistance, bacterial translocation and mortality following cholestasis depend on
the genetic background of the host. Gut Microbes 4 (4), 292–305. doi:10.4161/gmic.
24706

Bai, Y., Li, J., Liu, W., Jiao, X. C., He, J., Liu, J., et al. (2015). Pharmacokinetic of
5 components after oral administration of Fructus Forsythiae by HPLC-MS/MS and
the effects of harvest time and administration times. J. Chromatogr. B Anal. Technol.
Biomed. Life Sci. 993, 36–46. doi:10.1016/j.jchromb.2015.04.041

Bao, J. L., Ding, R. B., Zou, L. D., Zhang, C., Wang, K., Liu, F., et al. (2016).
Forsythiae fructus inhibits B16 melanoma growth involving MAPKs/Nrf2/HO-
1 mediated anti-oxidation and anti-inflammation. Am. J. Chin. Med. 44 (5),
1043–1061. doi:10.1142/S0192415X16500580

Cabrera-Rubio, R., Patterson, A. M., Cotter, P. D., and Beraza, N. (2019).
Cholestasis induced by bile duct ligation promotes changes in the intestinal
microbiome in mice. Sci. Rep. 9 (1), 12324–12410. doi:10.1038/s41598-019-
48784-z

Chen, T. L., You, Y. J., Xie, G. X., Zheng, X. J., Zhao, A. H., Liu, J. J., et al. (2018).
Strategy for an association study of the intestinal microbiome and brain
metabolome across the lifespan of rats. Anal. Chem. 90 (4), 2475–2483. doi:10.
1021/acs.analchem.7b02859

Connors, J., Dunn, K. A., Allott, J., Bandsma, R., Rashid, M., Otley, A. R., et al.
(2020). The relationship between fecal bile acids and microbiome community
structure in pediatric Crohn’s disease. ISME J. 14 (3), 702–713. doi:10.1038/s41396-
019-0560-3

de Aguiar Vallim, T. Q., Tarling, E. J., and Edwards, P. A. (2013). Pleiotropic roles
of bile acids in metabolism. Cell Metab. 17 (5), 657–669. doi:10.1016/j.cmet.2013.
03.013

De Minicis, S., Rychlicki, C., Agostinelli, L., Saccomanno, S., Candelaresi, C.,
Trozzi, L., et al. (2014). Dysbiosis contributes to fibrogenesis in the course of chronic
liver injury in mice. Hepatology 59 (5), 1738–1749. doi:10.1002/hep.26695

Defoirdt, T., Boon, N., Sorgeloos, P., Verstraete, W., and Bossier, P. (2009). Short-
chain fatty acids and poly-β-hydroxyalkanoates:(New) Biocontrol agents for a
sustainable animal production. Biotechnol. Adv. 27 (6), 680–685. doi:10.1016/j.
biotechadv.2009.04.026

Dinkova-Kostova, A. T., Massiah, M. A., Bozak, R. E., Hicks, R. J., and Talalay, P.
(2001). Potency of Michael reaction acceptors as inducers of enzymes that protect

against carcinogenesis depends on their reactivity with sulfhydryl groups. Proc.
Natl. Acad. Sci. U. S. A. 98 (6), 3404–3409. doi:10.1073/pnas.051632198

Dong, Z. L., Lu, X. Y., Tong, X. L., Dong, Y. Q., Tang, L., and Liu, M. H. (2017).
Forsythiae fructus: a review on its phytochemistry, quality control, pharmacology
and pharmacokinetics. Molecules 22 (9), 1466. doi:10.3390/molecules22091466

Erenoğlu, C., Kanter, M., Aksu, B., Sağıroğlu, T., Ayvaz, S., Aktaş, C., et al. (2011).
Protective effect of curcumin on liver damage induced by biliary obstruction in rats.
Balk. Med. J. 2011 (4), 352–357. doi:10.5174/tutfd.2010.04312.1

Fukui, H. (2017). Gut microbiome-based therapeutics in liver cirrhosis: basic
consideration for the next step. J. Clin. Transl. Hepatol. 5 (3), 249–260. doi:10.
14218/JCTH.2017.00008

Gujral, J. S., Farhood, A., Bajt, M. L., and Jaeschke, H. (2003). Neutrophils
aggravate acute liver injury during obstructive cholestasis in bile duct-ligated mice.
Hepatology 38 (2), 355–363. doi:10.1053/jhep.2003.50341

Haque, T. R., and Barritt Iv, A. S. (2016). Intestinal microbiota in liver disease.
Best. Pract. Res. Clin. Gastroenterol. 30 (1), 133–142. doi:10.1016/j.bpg.2016.02.004

Hong, J. Y., Sato, E. F., Hiramoto, K., Nishikawa,M., and Inoue,M. (2007).Mechanism
of liver injury during obstructive jaundice: role of nitric oxide, splenic cytokines, and
intestinal flora. J. Clin. Biochem. Nutr. 40 (3), 184–193. doi:10.3164/jcbn.40.184

Hu, Z. H., Kong, Y. Y., Ren, J. J., Huang, T. J., Wang, Y. Q., and Liu, L. X. (2020).
Kidney and lung tissue modifications after BDL-induced liver injury in mice are
associated with increased expression of IGFBPrP1 and activation of the NF-κB
inflammation pathway. Int. J. Clin. Exp. Pathol. 13 (2), 192–202.

Huang, F. J., Zheng, X. J., Ma, X. H., Jiang, R. Q., Zhou, W. Y., Zhou, S. P., et al.
(2019). Theabrownin from Pu-erh tea attenuates hypercholesterolemia via
modulation of gut microbiota and bile acid metabolism. Nat. Commun. 10 (1),
4971–5017. doi:10.1038/s41467-019-12896-x

Jeong, Y. H., Hwang, Y., Kim, T. I., Oh, Y., and Ma, J. Y. (2021). Forsythia fruit
prevents fulminant hepatitis in mice and ameliorates inflammation in murine
macrophages. Nutrients 13 (8), 2901. doi:10.3390/nu13082901

Jia, J. P., Zhang, F. S., Li, Z. Y., Qin, X. M., and Zhang, L. W. (2015). Comparison
of fruits of Forsythia suspensa at two different maturation stages by NMR-based
metabolomics. Molecules 20 (6), 10065–10081. doi:10.3390/molecules200610065

Jia, W., Xie, G. X., and Jia, W. P. (2018). Bile acid–microbiota crosstalk in
gastrointestinal inflammation and carcinogenesis. Nat. Rev. Gastroenterol. Hepatol.
15 (2), 111–128. doi:10.1038/nrgastro.2017.119

Frontiers in Pharmacology frontiersin.org17

Wang et al. 10.3389/fphar.2022.987695

https://www.frontiersin.org/articles/10.3389/fphar.2022.987695/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2022.987695/full#supplementary-material
https://doi.org/10.4161/gmic.24706
https://doi.org/10.4161/gmic.24706
https://doi.org/10.1016/j.jchromb.2015.04.041
https://doi.org/10.1142/S0192415X16500580
https://doi.org/10.1038/s41598-019-48784-z
https://doi.org/10.1038/s41598-019-48784-z
https://doi.org/10.1021/acs.analchem.7b02859
https://doi.org/10.1021/acs.analchem.7b02859
https://doi.org/10.1038/s41396-019-0560-3
https://doi.org/10.1038/s41396-019-0560-3
https://doi.org/10.1016/j.cmet.2013.03.013
https://doi.org/10.1016/j.cmet.2013.03.013
https://doi.org/10.1002/hep.26695
https://doi.org/10.1016/j.biotechadv.2009.04.026
https://doi.org/10.1016/j.biotechadv.2009.04.026
https://doi.org/10.1073/pnas.051632198
https://doi.org/10.3390/molecules22091466
https://doi.org/10.5174/tutfd.2010.04312.1
https://doi.org/10.14218/JCTH.2017.00008
https://doi.org/10.14218/JCTH.2017.00008
https://doi.org/10.1053/jhep.2003.50341
https://doi.org/10.1016/j.bpg.2016.02.004
https://doi.org/10.3164/jcbn.40.184
https://doi.org/10.1038/s41467-019-12896-x
https://doi.org/10.3390/nu13082901
https://doi.org/10.3390/molecules200610065
https://doi.org/10.1038/nrgastro.2017.119
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.987695


Kemis, J. H., Linke, V., Barrett, K. L., Boehm, F. J., Traeger, L. L., Keller, M. P.,
et al. (2019). Genetic determinants of gut microbiota composition and bile acid
profiles in mice. PLoS Genet. 15 (8), e1008073. doi:10.1371/journal.pgen.1008073

Konturek, P. C., Harsch, I. A., Konturek, K., Schink, M., Konturek, T., Neurath,
M. F., et al. (2018). Gut–liver axis: how do gut bacteria influence the liver?Med. Sci.
6 (3), 79. doi:10.3390/medsci6030079

Kuo, P. C., Chen, G. F., Yang, M. L., Lin, Y. H., and Peng, C. C. (2014). Chemical
constituents from the fruits of Forsythia suspensa and their antimicrobial activity.
Biomed. Res. Int. 2014, 304830. doi:10.1155/2014/304830

Law, A. H., Yang, C. L., Lau, A. S., and Chan, G. C. (2017). Antiviral effect of
forsythoside a from Forsythia suspensa (Thunb.) Vahl fruit against influenza A
virus through reduction of viral M1 protein. J. Ethnopharmacol. 209, 236–247.
doi:10.1016/j.jep.2017.07.015

Lee, S. E., Lim, C. Y., Kim, H. W., and Cho, S. (2016). A study of the anti-
inflammatory effects of the ethyl acetate fraction of the methanol extract of
forsythiae fructus. Afr. J. Tradit. Complement. Altern. Med. 13 (5), 102–113.
doi:10.21010/ajtcam.v13i5.14

Li, T. G., and Chiang, J. Y. (2015). Bile acids as metabolic regulators. Curr. Opin.
Gastroenterol. 31 (2), 159–165. doi:10.1097/MOG.0000000000000156

Li, T., and Peng, T. (2013). Traditional Chinese herbal medicine as a source of
molecules with antiviral activity. Antivir. Res. 97 (1), 1–9. doi:10.1016/j.antiviral.
2012.10.006

Li, C., Dai, Y., Duan, Y. H., Liu, M. L., and Yao, X. S. (2014). A new lignan
glycoside from Forsythia suspensa. Chin. J. Nat. Med. 12 (9), 697–699. doi:10.1016/
S1875-5364(14)60107-2

Li, X. J., Chen, Y. X., Chang, Y. L., Li, S. F., Zhao, Z. F., and Zhang, H. Y. (2017).
CXCR2 is involved in pulmonary intravascular macrophage accumulation and
angiogenesis in a rat model of hepatopulmonary syndrome. Clin. Sci. 131 (2),
159–168. doi:10.1042/CS20160593

Liang, C. Y., Hui, N., Liu, Y. Z., Qiao, G. P., Li, J., Tian, L., et al. (2021). Insights
into forsythia honeysuckle (lianhuaqingwen) capsules: a Chinese herbal medicine
repurposed for COVID-19 pandemic. Phytomed. Plus. 1 (2), 100027. doi:10.1016/j.
phyplu.2021.100027

Lin, M., Chen, X., Wang, Z., Wang, D. M., and Zhang, J. L. (2020). Global
profiling and identification of bile acids by multi-dimensional data mining to reveal
a way of eliminating abnormal bile acids. Anal. Chim. Acta 1132, 74–82. doi:10.
1016/j.aca.2020.07.067

Liu, Y. H., Chen, K. F., Li, F. Y., Gu, Z. L., Liu, Q., He, L. Q., et al. (2020). Probiotic
Lactobacillus rhamnosus GG prevents liver fibrosis through inhibiting hepatic bile
acid synthesis and enhancing bile acid excretion in mice. Hepatology 71 (6),
2050–2066. doi:10.1002/hep.30975

Lu, T., Piao, X. L., Zhang, Q., Wang, D., Piao, X. S., and Kim, S. W. (2010).
Protective effects of Forsythia suspensa extract against oxidative stress induced by
diquat in rats. Food Chem. Toxicol. 48 (2), 764–770. doi:10.1016/j.fct.2009.12.018

Masoodi, I., Alshanqeeti, A. S., Alyamani, E. J., Allehibi, A. A., Alqutub, A. N.,
Alsayari, K. N., et al. (2020). Microbial dysbiosis in irritable bowel syndrome: a
single-center metagenomic study in Saudi Arabia. JGH Open 4 (4), 649–655. doi:10.
1002/jgh3.12313

Nagano, T., and Yano, H. (2020). Effect of dietary cellulose nanofiber and exercise
on obesity and gut microbiota in mice fed a high-fat-diet. Biosci. Biotechnol.
Biochem. 84 (3), 613–620. doi:10.1080/09168451.2019.1690975

Nishibe, S. (2002). The plant origins of herbal medicines and their quality
evaluation. Yakugaku Zasshi 122 (6), 363–379. doi:10.1248/yakushi.122.363

Pavlidis, E. T., and Pavlidis, T. E. (2018). Pathophysiological consequences of
obstructive jaundice and perioperative management. Hepatobiliary Pancreat. Dis.
Int. 17 (1), 17–21. doi:10.1016/j.hbpd.2018.01.008

Pötter, M., Madkour, M. H., Mayer, F., and Steinbüchel, A. (2002). Regulation of
phasin expression and polyhydroxyalkanoate (PHA) granule formation in
Ralstonia eutropha H16. Microbiology 148 (8), 2413–2426. doi:10.1099/
00221287-148-8-2413

Qin, N., Yang, F. L., Li, A., Prifti, E., Chen, Y. F., Shao, L., et al. (2014). Alterations
of the human gut microbiome in liver cirrhosis. Nature 513 (7516), 59–64. doi:10.
1038/nature13568

Qin, H., Zhang, L. L., Xiong, X. L., Jiang, Z. X., Xiao, C. P., Zhang, L. L., et al.
(2020). Li-Dan-He-Ji improves infantile cholestasis hepatopathy through inhibiting
calcium-sensing receptor-mediated hepatocyte apoptosis. Front. Pharmacol. 11,
156. doi:10.3389/fphar.2020.00156

Qu, H. H., Li, B. X., Li, X., Tu, G. Z., Lü, J., and Sun, W. J. (2008). Qualitative and
quantitative analyses of three bioactive compounds in different parts of Forsythia
suspensa by high-performance liquid chromatography-electrospray ionization-
mass spectrometry. Microchem. J. 89 (2), 159–164. doi:10.1016/j.microc.2008.
02.002

Qu, J. L., Yan, X. J., Li, C. Y., Wen, J., Lu, C. N., Ren, J. G., et al. (2017).
Comparative evaluation of raw and ripe fruits of Forsythia suspensa by HPLC–ESI-
MS/MS analysis and anti-microbial assay. J. Chromatogr. Sci. 55 (4), 451–458.
doi:10.1093/chromsci/bmw203

Ridlon, J. M., Kang, D. J., and Hylemon, P. B. (2006). Bile salt biotransformations
by human intestinal bacteria. J. Lipid Res. 47 (2), 241–259. doi:10.1194/jlr.R500013-
JLR200

Ridlon, J. M., Alves, J. M., Hylemon, P. B., and Bajaj, J. S. (2013). Cirrhosis, bile
acids and gut microbiota: unraveling a complex relationship. Gut microbes 4 (5),
382–387. doi:10.4161/gmic.25723

Sarac, F., Salman, T., Gun, F., Celik, A., Gurler, N., Abbasoglu, S. D., et al. (2015).
Effect of probiotic supplementation on bacterial translocation in common bile duct
obstruction. Pediatr. Surg. Int. 31 (2), 155–161. doi:10.1007/s00383-014-3643-2

Sato, K., Hall, C., Glaser, S., Francis, H., Meng, F., and Alpini, G. (2016).
Pathogenesis of Kupffer cells in cholestatic liver injury. Am. J. Pathol. 186 (9),
2238–2247. doi:10.1016/j.ajpath.2016.06.003

Schnabl, B. (2013). Linking intestinal homeostasis and liver disease. Curr. Opin.
Gastroenterol. 29 (3), 264–270. doi:10.1097/MOG.0b013e32835ff948

Shao, H. Q., Zhang, C. Y., Wang, C. H., and Tan, Z. J. (2020). Intestinal mucosal
bacterial diversity of antibiotic-associated diarrhea (AAD) mice treated with
Debaryomyces hansenii and Qiweibaizhu powder. 3 Biotech. 10 (9), 392–411.
doi:10.1007/s13205-020-02383-2

Shao, J. W., Ge, T. T., Chen, S. Z., Wang, G., Yang, Q., Huang, C. H., et al. (2021).
Role of bile acids in liver diseases mediated by the gut microbiome. World
J. Gastroenterol. 27 (22), 3010–3021. doi:10.3748/wjg.v27.i22.3010

Shin, S. M., Yang, J. H., and Ki, S. H. (2013). Role of the Nrf2-ARE pathway in
liver diseases. Oxid. Med. Cell. Longev. 2013, 763257. doi:10.1155/2013/763257

Song, Z. W., Cai, Y. Y., Lao, X. Z., Wang, X., Lin, X. X., Cui, Y. Y., et al. (2019).
Taxonomic profiling and populational patterns of bacterial bile salt hydrolase
(BSH) genes based on worldwide human gut microbiome.Microbiome 7 (1), 9–16.
doi:10.1186/s40168-019-0628-3

Tan, M. A., Kang, J. H., She, S. F., Cao, M., Li, Q., Wu, H. B., et al. (2018). Effects of
yinzhihuang injection on oxidative stress and FXR gene expression in cholestatic
hepatitis rats. J. Guangzhou Univ. Tradit. Chin. Med. 35 (3), 466–470. doi:10.13359/
j.cnki.gzxbtcm.2018.03.019

Vega-Magaña, N., Galiana, A., Jave-Suárez, L. F., Garcia-Benavides, L., Del Toro-
Arreola, S., Andrade-Villanueva, J. F., et al. (2020). Microbiome alterations are
related to an imbalance of immune response and bacterial translocation in BDL-
rats. Iran. J. Basic Med. Sci. 23 (2), 178–185. doi:10.22038/IJBMS.2019.36487.8753

Wang, Y., Zhao, H. F., Lin, C. X., Ren, J., and Zhang, S. Z. (2016). Forsythiaside A
exhibits anti-inflammatory effects in LPS-stimulated BV2 microglia cells through
activation of Nrf2/HO-1 signaling pathway. Neurochem. Res. 41 (4), 659–665.
doi:10.1007/s11064-015-1731-x

Wang, Z. Y., Xia, Q., Liu, X., Liu, W. X., Huang, W. Z., Mei, X., et al. (2018).
Phytochemistry, pharmacology, quality control and future research of forsythia
suspensa (thunb.) Vahl: A review. J. Ethnopharmacol. 210, 318–339. doi:10.1016/j.
jep.2017.08.040

Waters, J. L., and Ley, R. E. (2019). The human gut bacteria Christensenellaceae
are widespread, heritable, and associated with health. BMC Biol. 17 (1), 83–11.
doi:10.1186/s12915-019-0699-4

Wiest, R., Albillos, A., Trauner, M., Bajaj, J. S., and Jalan, R. (2017). Targeting the
gut-liver axis in liver disease. J. Hepatol. 67 (5), 1084–1103. doi:10.1016/j.jhep.2017.
05.007

Xia, Y. G., Yang, B. Y., Wang, Q. H., Liang, J., Wei, Y. H., Yu, H. D., et al. (2009).
Quantitative analysis and chromatographic fingerprinting for the quality evaluation
of Forsythia suspensa extract by HPLC coupled with photodiode array detector.
J. Sep. Sci. 32 (23-24), 4113–4125. doi:10.1002/jssc.200900488

Xie, Y. Y., Guo, C. Y., Liu, Y., Shi, L. Y., and Yu, J. S. (2019). Dexmedetomidine
activates the PI3K/Akt pathway to inhibit hepatocyte apoptosis in rats with
obstructive jaundice. Exp. Ther. Med. 18 (6), 4461–4466. doi:10.3892/etm.2019.
8085

Xiong, M. Q. (2000). Advanced serial books of traditional Chinese medicine:
Treatise on exogenous febrile disease. Beijing: People’s Medical Publishing House,
522–530.

Zhao, P. F., Piao, X. S., Pan, L., Zeng, Z. K., Li, Q. Y., Xu, X., et al. (2017). Forsythia
suspensa extract attenuates lipopolysaccharide-induced inflammatory liver injury
in rats via promoting antioxidant defense mechanisms. Anim. Sci. J. 88 (6),
873–881. doi:10.1111/asj.12717

Zou, Y. T., Li, S. Y., Xu, B. L., Guo, H. Y., Zhang, S. C., and Cai, Y. (2020).
Inhibition of Proprotein Convertase Subtilisin/Kexin type 9 ameliorates liver
fibrosis via mitigation of intestinal Endotoxemia. Inflammation 43 (1), 251–263.
doi:10.1007/s10753-019-01114-x

Frontiers in Pharmacology frontiersin.org18

Wang et al. 10.3389/fphar.2022.987695

https://doi.org/10.1371/journal.pgen.1008073
https://doi.org/10.3390/medsci6030079
https://doi.org/10.1155/2014/304830
https://doi.org/10.1016/j.jep.2017.07.015
https://doi.org/10.21010/ajtcam.v13i5.14
https://doi.org/10.1097/MOG.0000000000000156
https://doi.org/10.1016/j.antiviral.2012.10.006
https://doi.org/10.1016/j.antiviral.2012.10.006
https://doi.org/10.1016/S1875-5364(14)60107-2
https://doi.org/10.1016/S1875-5364(14)60107-2
https://doi.org/10.1042/CS20160593
https://doi.org/10.1016/j.phyplu.2021.100027
https://doi.org/10.1016/j.phyplu.2021.100027
https://doi.org/10.1016/j.aca.2020.07.067
https://doi.org/10.1016/j.aca.2020.07.067
https://doi.org/10.1002/hep.30975
https://doi.org/10.1016/j.fct.2009.12.018
https://doi.org/10.1002/jgh3.12313
https://doi.org/10.1002/jgh3.12313
https://doi.org/10.1080/09168451.2019.1690975
https://doi.org/10.1248/yakushi.122.363
https://doi.org/10.1016/j.hbpd.2018.01.008
https://doi.org/10.1099/00221287-148-8-2413
https://doi.org/10.1099/00221287-148-8-2413
https://doi.org/10.1038/nature13568
https://doi.org/10.1038/nature13568
https://doi.org/10.3389/fphar.2020.00156
https://doi.org/10.1016/j.microc.2008.02.002
https://doi.org/10.1016/j.microc.2008.02.002
https://doi.org/10.1093/chromsci/bmw203
https://doi.org/10.1194/jlr.R500013-JLR200
https://doi.org/10.1194/jlr.R500013-JLR200
https://doi.org/10.4161/gmic.25723
https://doi.org/10.1007/s00383-014-3643-2
https://doi.org/10.1016/j.ajpath.2016.06.003
https://doi.org/10.1097/MOG.0b013e32835ff948
https://doi.org/10.1007/s13205-020-02383-2
https://doi.org/10.3748/wjg.v27.i22.3010
https://doi.org/10.1155/2013/763257
https://doi.org/10.1186/s40168-019-0628-3
https://doi.org/10.13359/j.cnki.gzxbtcm.2018.03.019
https://doi.org/10.13359/j.cnki.gzxbtcm.2018.03.019
https://doi.org/10.22038/IJBMS.2019.36487.8753
https://doi.org/10.1007/s11064-015-1731-x
https://doi.org/10.1016/j.jep.2017.08.040
https://doi.org/10.1016/j.jep.2017.08.040
https://doi.org/10.1186/s12915-019-0699-4
https://doi.org/10.1016/j.jhep.2017.05.007
https://doi.org/10.1016/j.jhep.2017.05.007
https://doi.org/10.1002/jssc.200900488
https://doi.org/10.3892/etm.2019.8085
https://doi.org/10.3892/etm.2019.8085
https://doi.org/10.1111/asj.12717
https://doi.org/10.1007/s10753-019-01114-x
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.987695

	Better detoxifying effect of ripe forsythiae fructus over green forsythiae fructus and the potential mechanisms involving b ...
	Introduction
	Materials and methods
	Preparation of herbal extracts
	Animal treatment
	Histological assessment of liver
	Immunohistochemical and oxidative stress assessment of liver
	Biochemical measurement of serum
	Enteric metabolomics analysis
	Microbiota analysis
	Statistical analysis

	Results
	Compared with GF, RF has a stronger effect on preventing the disease progress of bile duct ligation-rats
	RF better alleviates bile duct ligation-induced hepatic oxidative stress than GF
	RF better prevents bile duct ligation-induced deterioration of serum biochemical indicators than GF
	RF better ameliorates bile duct ligation-induced enteric metabolic disorder, especially the decrease in bile acids metaboli ...
	For the overall profile of the gut microbiota, RF and GF have both similar and different effects on bile duct ligation-rats
	RF has superior effects than GF on the regulation of bacteria potentially associated with bile acids metabolism and disease ...

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


