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ARTICLE INFO ABSTRACT

Article history: Xiaohuang Qudan decoction (XHQDD) is a classical traditional Chinese medicine (TCM) for-
Received 23 January 2024 mula widely used in the treatment of cholestatic liver injury. Despite its widespread use, the
Revised 21 April 2024 protective mechanism of XHQDD against cholestatic liver injury remains incompletely under-
Accepted 9 May 2024 stood. The aim of this study was to investigate whether XHQDD mediates its beneficial effects

Available online 20 April 2025 by inhibiting the Janus kinase 2 (JAK2)/signal transducer and activator of transcription 3

(STAT3) pathway and regulating TH17/Treg balance. To this end, the researchers used

ﬁ%om& Sprague-Dawley (SD) rats and established a cholestatic liver injury model by oral administra-
TH17/Treg tion of alpha-naphthylisothiocyanate (ANIT). The experimental group was divided into six
Cholestatic liver injury groups: Control (CON), ANIT, ursodeoxycholic acid (UDCA), XHQDD-low dose (XHQDD-L)
Xiaohuang Qudan decoction group, XHQDD-medium dose (XHQDD-M) group, and XHQDD-high dose (XHQDD-H) groups.
JAK2/STAT3 Then, after 7 d of treatment, various tests were performed to verify the results. Firstly,

UHPLC-MS/MS XHQDD and its drug-containing serum were analyzed by ultra-high performance liquid chro-

matography-mass spectrometry/mass spectrometry (UPLC-MS/MS), and 14 blood-entry
components were identified. Then, bile flow was monitored and found to be significantly re-
duced in the model group, which was significantly reversed in the UDCA and XHQDD groups.
To further assess ANIT-induced liver injury, hematoxylin and eosin (H&E) and Sirius red
staining, alongside transmission electron microscopy (TEM), were employed to observe liver
tissues, revealing hepatocellular injury, cholestasis, and hepatic fibrotic changes. Serum in-
flammatory factors and liver injury indicators were assessed using enzyme-linked immun-
osorbent assay (ELISA), indicating an inflammatory state in ANIT-induced liver injury rats.
The expression levels of JAK2/STAT3-related genes and proteins in liver and intestinal tis-
sues were measured via quantitative reverse transcription polymerase chain reaction (qRT-
PCR), immunohistochemistry, immunofluorescence (IF) staining, and Western blottting (WB)
assays. These studies revealed that the inflammatory state of liver-injured rats was inextric-
ably linked to the inflammatory cascade associated with the JAK2/STAT3 pathway and that
XHQDD may exert anti-inflammatory efficacy by inhibiting the JAK2/STAT3 pathway. Flow
cytometry was used to determine the percentage of T helper 17 (Th17)/regulatory T (Treg)
cells in serum and hepatocytes, and it was further found that XHQDD was able to regulate
Th17/Treg immune homeostasis in liver-injured rats. The findings suggest that XHQDD
markedly alleviates inflammation in ANIT rats, potentially treating cholestasis and liver in-
jury through JAK2 /STAT3 inhibition and Th17/Treg balance regulation.

1. Introduction toxic bile acids (BAs), a consequence of bile stasis, thereby indu-
cing further hepatic damage °. Clinically, patients may present
with symptoms including itching, fatigue, yellowish urine, and
jaundice. Notably, elevations in serum alkaline phosphatase
(ALP) and gamma-glutamyl transferase (GGT) levels often
emerge before the manifestation of these symptoms. Disease pro-
gression may lead to hyperbilirubinemia, which in severe cases
can result in complications such as cirrhosis, liver failure, and
death *. Hepatobiliary disorders primarily characterized by cho-
lestasis, stemming from varied causes, are broadly termed chole-
* Corresponding author. static liver diseases. It is crucial to note that cholestasis can ex-
E-mail address: ptwklqp111@163.com acerbate liver damage.

Cholestasis refers to a pathological condition characterized
by impaired bile formation, secretion, and excretion. This impair-
ment can arise from various factors, either intrinsic or extrinsic
to the liver, leading to an inability of the bile stream to flow ap-
propriately into the duodenum. Instead, bile may enter the blood-
stream '. Cholestatic liver injury results from the accumulation of
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Cholestasis can be categorized into intrahepatic and extra-
hepatic forms, based on the specific site of impaired bile flow *.
Intrahepatic cholestasis may stem from genetic or acquired
factors, including mutations in genes encoding BA transport pro-
teins, immune-mediated destruction of bile ducts, or drug-re-
lated mechanisms °. Conversely, extrahepatic cholestasis often in-
volves a physical obstruction of bile flow within the liver or gall-
bladder, typically caused by gallstones or malignant growths °.
The multifactorial nature of cholestasis renders it a complex con-
dition to study, diagnose, and manage.

The pathophysiology of cholestatic liver injury involves com-
plex interactions between liver cells, bile duct cells, immune cells,
and intricate processes that regulate BA homeostasis . Accumu-
lation of BAs in liver cells leads to oxidative stress, inflammation,
and activation of various signaling pathways, contributing to liv-
er injury *°. Furthermore, the growing understanding of the im-
mune system’s role in cholestasis, particularly the balance
between Th17 and Treg cell populations, highlights the potential
of innovative immunotherapeutic approaches for managing cho-
lestatic liver injury '>'. In patients with primary biliary
cholangitis (PBC), the frequency and absolute counts of Treg cells
are significantly reduced, while the percentage and absolute
counts of Th17 cells are elevated. Th17 and Treg cells play pivotal
roles in the pathogenesis of PBC '“'". The Janus kinase 2
(JAK2)/signal transducer and activator of transcription 3
(STAT3) pathway has been identified as a crucial mechanism in
cholestatic liver injury '> . Activation of the JAK2/STAT3 path-
way in cholestatic patients exacerbates the pro-inflammatory ef-
fects V.

The liver-gut axis is critical in cholestatic liver injury, a com-
mon feature of which is impaired BA excretion and/or enterohep-
atic circulation ', The enterohepatic circulation of BAs efficiently
maintains BA homeostasis to prevent the accumulation of toxic
BAs and to prevent liver inflammation and injury . Interruption
of the enterohepatic circulation of BAs prevents cholestatic liver
and bile duct injury *’. Current medications, including ursodeoxy-
cholic acid and obeticholic acid, play a crucial role in managing
cholestatic conditions, but they often display limited efficacy in
severe cases ~.

Xiaohuang-Qudan decoction (XHQDD), a renowned herbal
formula in Traditional Chinese Medicine (TCM) originating from
“Shishimilu (The Secret Book of the Stone Chamber) ” has a long
history of treating liver and gallbladder ailments. The formula
comprises five herbs. According to TCM principles, it is tradition-
ally prescribed for tonifying the spleen, eliminating dampness,
promoting bile secretion, and alleviating jaundice. Artemisiae
Scopariae Herba (Yin-chen) is a commonly used drug for the
treatment of cholestatic diseases. Its pharmacological effects
mainly include hepatoprotective and choleretic properties >, It
has been found that Artemisiae Scopariae Herba can improve
cholestasis by inhibiting the inflammatory factor pathway **.
Plantaginis Semen (Che-qian-zi), Coicis Semen (Yi-yi-ren), and
Poria (Fu-ling) have the effect of strengthening the spleen and in-
ducing dampness in Chinese medicine, and modern research has
shown that their diuretic effect is consistent with the need to "re-
move dampness" in the treatment of jaundice in Chinese medi-
cine **. Cinnamomi Cortex (Rou-gui) is mainly used as a medicin-
al guide in the formula, so that the heat of the liver and gallblad-
der can be discharged from the urine. The above four herbs have
anti-inflammatory “**° and immunomodulatory effects *** in
modern pharmacological studies. In clinical settings, XHQDD has
demonstrated efficacy in mitigating a range of hepatobiliary con-
ditions, encompassing acute and chronic hepatitis, jaundice, and
cholestasis*. Despite its traditional use, contemporary pharma-
cological research focusing on the hepatoprotective capabilities
of XHQDD remains scant. The specific mechanisms underpinning
its hepatoprotective effects, especially in relation to cholestasis,
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are yet to be thoroughly explored and understood. In this study,
our objective is twofold: first, to assess the protective influence of
XHQDD on alpha-naphthylisothiocyanate (ANIT)-induced intra-
hepatic cholestasis in rats, and second, to unravel its potential
therapeutic mechanisms. For the latter, we employ a multifa-
ceted approach, leveraging Serum Pharmaceutical Chemistry, the
JAK2/STAT3 pathway, and the Th17/Treg immune balance.

2. Material and Methods

2.1. Chemicals and reagents

ANIT (N4525), Hematoxylin (H9627), Eosin Y (E4009), and
Direct Red 80 (365548) were obtained from Sigma-Aldrich (Mil-
waukee, USA). Ursodeoxycholic acid (UDCA, H20181059) was
procured from Losan Pharma GmbH (Freiburg, Germany). En-
zyme-lin-linked immunosorbent assay (ELISA) Kkits for rat inter-
leukin (IL)-6 (MM-0190R2), IL-17 (MM-0088R2), IL-10 (MM-
0195R2), IL-23 (MM-0414R2), transforming growth factor (TGF)-
B (MM-20594R2), and tumor necrosis factor (TNF)-a (MM-
0180R2) were sourced from Jiangsu Meimian Industrial Co.
(Yancheng, China). Assay kits for ALP (C003-b), alanine alanine
transaminase (ALT, C001-a), aspartate aminotransferase (AST,
C002-a), and gamma-glutamyltransferase (y-GT, C009-b) were
purchased from Changchun Huili Biotech Co., Ltd. (Changchun,
China). Total bilirubin (TBIL, C019-1), direct bilirubin (DBIL,
C019-2), and total bile acid (TBA, E003-2) kits were obtained
from Nanjing Jiancheng Bioengineering Institute (Nanjing, China).
Phosphorylated STAT3 (p-STAT3) monoclonal antibody (Tyr705,
9145S) and total STAT3 monoclonal antibody (124H6, 9139S)
were acquired from Cell Signaling Technology (Danfoss, USA).
Antibodies against phosphorylated JAK2 (p-JAK2, Tyr931)
(AF3024), JAK2 (AF6022), forkhead box P3 (Foxp3) (AF6544),
retinoic acid-related orphan receptor gamma t (RORyt)
(DF3196), a-smooth muscle actin (a-SMA) (AF1032) and Colla-
gen [ (Col I) (AF7001) were procured from Affinity Bioscience
Ltd. (Changzhou, China). Glyceraldehyde-3-phosphate dehydro-
genase (GAPDH, AB-P-R001)) was sourced from Hangzhou Good-
here Biotechnology Co., Ltd. (Hangzhou, China). CD3 monoclonal
antibody (MA5-16763), CD4 monoclonal antibody (11-0040-81)
and IL-17A monoclonal antibody (12-7177-81) were procured
from Thermo Scientific (Waltham, USA). Foxp3 antibody
(320007) and CD25 antibody (202113) were obtained from Bio-
Legend (San Diego, USA).

2.2. Preparation of XHQDD

The XHQDD is composed of five Chinese medicinal herbs, all
sourced from the General Hospital of the Central Theater Com-
mand (Wuhan, Hubei): Artemisiae Scopariae Herba, Coicis Se-
men, Poria, Plantaginis Semen, and Cinnamomi Cortex. These five
herbal components were mixed in a ratio of 1:9:3:9:0.2, re-
spectively (Supplementary Table 1). The herbs were authentic-
ated by Prof. Chunhui Tao of Hubei University of Chinese Medi-
cine. The traditional decoction method was employed to prepare
the XHQDD. First, the herbs were combined and soaked in water,
with the volume of water being six times the weight of the herbs,
for 1.5 h. Subsequently, the herbs were decocted for 1 h, initially
on a high flame and then on a low flame. The dregs were then
separated and discarded, and the remaining liquid was collected.
This process was repeated, and the resulting filtrates were com-
bined. The combined liquid was then concentrated using a rotary
evaporator, yielding a final drug mass concentration of 0.66
g'mL™, based on the weight of the raw ingredients. Finally, the
concentrated decoction was stored in a refrigerator at 4 °C for fu-
ture use.
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2.3. Preparation of XHQDD medicated serum

Twenty male Sprague-Dawley (SD) rats (6 weeks old, weigh-
ing 210 + 10 g) were randomly assigned to two groups. The
dosage of the XHQDD crude drug was determined using the rat-to-
human dosage relationship, calculated as follows: crude drug
dosage per kilogram of rats = adult drug dosage (g)/adult body
weight x 6.3. Rats in the XHQDD group received an oral adminis-
tration of XHQDD decoction (11.23 g-kg™"-d™") twice daily for 5 d,
while rats in the control (CON) group received an equivalent
volume of saline, twice daily for 5 d. The rats were fasted for 12 h
before being sacrificed. Two hours after the final dose, the rats
were anesthetized with sodium pentobarbital (50 mg-kg™"), and
their blood was collected and centrifuged at 3000 r-min™" for
15 min at 4 °C to separate serum. The serum samples were stored
at -80 °C for subsequent analysis.

2.4. Ultra-high performance liquid chromatography-tandem mass
spectrometry (UHPLC-MS/MS) analysis

The components of the XHQDD water extract were analyzed
and identified by UHPLC-MS/MS. The XHQDD water extract was
dissolved in an 80% methanol-water solution and centrifuged at
12 000 r-min”" for 15 min at 4 °C. The supernatant was applied to
UHPLC-MS/MS analysis. XHQDD was performed on a UHPLC sys-
tem (Vanquish, Thermo Fisher Scientific) with a Waters UPLC
BEH Cyg column (1.7 pm, 2.1 mm x 100 mm). The flow rate was
set at 0.5 mL-min”", and the sample injection volume was 5 pL.
The mobile phase consisted of 0.1% formic acid in water (A) and
0.1% formic acid in acetonitrile (B). The elution gradient pro-
gram was as follows: 0-11 min, 85%-25% A; 11-12 min,
25%-2% A; 12-14 min, 2% A; 14-14.1 min, 2%-85% A; 14.1-16
min, 85% A. An Orbitrap Exploris 120 mass spectrometer
coupled with Xcalibur software was used to acquire the MS and
MS/MS data in information-dependent acquisition (IDA) mode.
The mass range scanned was from m/z 100 to 1500, and the top
four ions from each cycle were selected for further MS/MS ana-
lysis. The instrumental parameters were as follows: sheath gas
flow rate, 35 arbitrary units; auxiliary gas flow rate, 15 arbitrary
units; ion transfer tube temperature, 350 °C; vaporizer temperat-
ure, 350 °C; full MS resolution, 60 000; MS/MS resolution,
15 000; collision energy, 16/32/48 in normalized collision en-
ergy (NCE) mode; spray voltage, +4 kV (positive) or -3.8 kV (neg-
ative). The raw data from the mass spectrometry analysis were
processed using XCMS software, which included retention time
correction, peak identification, peak extraction, peak integration,
and peak alignment. The peak information of the compounds was
then searched against an in-house secondary mass spectrometry
database provided by Shanghai BIOTREE Biotech Co., Ltd..

2.5. Animals and treatment

Sixty male SD rats (6 weeks old, weighing 210 + 10 g) were
used in this study, which were purchased from Liaoning Chang-
sheng Biotechnology Co., Ltd. (Liaoning, China), License number:
SCXK 2020-0001. The rats were acclimated for five days to the
controlled environment (23 * 1 °C, 30%-40% relative humidity)
with unrestricted access to food and water. All animal proced-
ures were conducted in accordance with the National Institutes of
Health Guidelines for the Use of Laboratory Animals and ap-
proved by the Animal Ethics Committee of Wuhan Myhalic Bio-
technology Co., Ltd. (No. HLK-20230415-001).

This study was conducted in strict accordance with the re-
commendations of the Guidelines for the Care and Use of Laborat-
ory Animals of the Ministry of Science and Technology of China.
The rats were randomly divided into six groups of 10: Con group,
ANIT group, UDCA group, XHQDD-low dose (XHQDD-L) group,
XHQDD-medium dose (XHQDD-M) group, and XHQDD-high dose

459

Chinese Journal of Natural Medicines 23 (2025) 457-470

(XHQDD-H) group. Each rat in the Con group was given normal
saline for seven consecutive days, and, on the fifth day was given
the vehicle (olive oil) alone. The ANIT group was treated with
normal saline for seven days and received a separate administra-
tion of 60 mg-kg™" ANIT (dissolved in olive oil) on the fifth day.
The UDCA group was treated with UDCA at a dosage of 60
mg-kg™ each day for 7 d, and was administered with 60 mg-kg™
ANIT on the fifth ***°. The XHQDD (L, M, H) groups were given in-
tragastric administrations of XHQDD at doses of 5.62, 11.23, and
22.47 g-kg-d™", respectively for seven consecutive days. On the
fifth day, the rats in the XHQDD groups received 60 mg-kg™" ANIT
(Fig. 1 A). The dosage of the XHQDD crude drug was calculated
using the rat-to-human dosage relationship based on the follow-
ing conversion formula: crude drug dosage per kilogram of rats =
adult drug dosage (g)/adult body weight x 6.3. The dosage of the
XHQDD-M was determined from the clinical application dosa-
ges . The dosage of the XHQDD-L was half of the XHQDD-M, and
the dosage of the XHQDD-H was twice that of the XHQDD-M.

2.6. Determination of bile flow rate

Rats were anesthetized via an intraperitoneal injection of so-
dium pentobarbital at a dosage of 50 mg-kg™". Within a sterile en-
vironment, the liver was exposed, and the common bile duct was
separated. A polyethylene tube was inserted into the common
bile duct to facilitate bile collection. Following the administration,
bile fractions were gathered at 15-minute intervals, spanning
from -15 to 0, 0 to 15, 15 to 30, 30 to 45, 45 to 60, 60 to 75, and
75 to 90 min.

2.7. ELISA and biochemical analyses

The levels of the inflammatory factors IL-6, IL-17, IL-10, IL-
23, TGF-B, and TNF-« in the serum supernatant were determined
using ELISA Kkits, following the manufacturer’s instructions. Ser-
um biochemical parameters, including AST, ALT, ALP, TBIL, DB-
IL, TBAs, and y-GT, were measured using an automatic biochem-
ical analyzer (Chemray 240, Shenzhen, China).

2.8. Histopathologic evaluation

The liver tissue was sectioned into small pieces measuring
0.5 cm x 0.5 cm and completely fixed with a 4% paraformalde-
hyde solution. The samples underwent routine dehydration and
paraffin embedding. Sections from each sample were cut, and his-
topathological analysis was performed using hematoxylin and
eosin (H&E) staining as well as Sirius red staining.

2.9. Immunofluorescence (IF) assay

The liver tissue samples were fixed with 4% paraformalde-
hyde, dehydrated, cleared, embedded in paraffin, sectioned, and
baked. The sections were then dewaxed and underwent antigen
retrieval. The sections were incubated with goat serum for 30
min to block nonspecific binding. Primary antibodies against IL-
10 and IL-17 (1:100 dilution) were added and incubated over-
night (15 h) at 4 °C. Subsequently, the sections were incubated
with CY3-labeled goat anti-rabbit IgG secondary antibody (1:100
dilution) for 1 h. Finally, the cells were counterstained with DAPI
and observed under a fluorescence microscope. The results of the
immunofluorescence analysis were quantified using Image] soft-
ware.

2.10. Quantitative reverse transcription polymerase chain reaction
(qRT-PCR) assay

QRT-PCR was applied to determine the effect of XHQDD on
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Fig. 1 XHQDD attenuates ANIT-induced cholestatic liver injury in vivo. (A) Experimental design protocol. (B-C) 90-Minute bile flow monitoring. (D-]) Serum levels of ALT
(D), AST (E), ALP (F), y-GT (G), TBA (H), D-BIL (I) and T-BIL (J). Data are shown as means = SD (n = 10). P < 0.01 vs Con group; “P < 0.05, P < 0.01 vs ANIT group

JAK2, STAT3, Foxp3, and RORyt expressions in liver tissues. Total
RNA was isolated using Trizol reagent (Invitrogen) and reverse-
transcribed into complementary DNA (cDNA). Real-time PCR was
then performed using SYBR Green Master Mix and the specific
primers listed in Supplementary Table 2. The expression levels
were normalized to the GAPDH control.

2.11. Western blotting (WB) assay

Frozen liver and colon tissues were cut into small pieces and
homogenized in RIPA protein lysis buffer. The homogenate was
placed on ice for 30 min, vortexed 3 times, and centrifuged at
12 000 r-min”" for 5 min at 4 °C. The supernatant was then collec-
ted and the protein concentration was measured with a BCA pro-
tein assay kit. Proteins were separated by SDS-PAGE, transferred
to a PVDF membrane, and immunoblotted. The membranes were
blocked in 5% skim milk for 1 h and washed three times with
PBST for 15 min each. The blotted membranes were incubated
with primary antibodies against JAK2, p-JAK2, STAT3, p-STAT3,
Foxp3, RORyt, and GAPDH (dilution ratio = 1:1000) overnight at
4 °C. PVDF membranes were washed 5 times with PBST for 5 min
each and incubated with secondary antibody (1:5000) for 2 h.
Protein blots were visualized using an electrochemiluminescence
assay. JAK2, p-JAK2, STAT3, p-STAT3, Foxp3, and RORyt were
analyzed, and GAPDH was used as a reference standard for the
amount of samples loaded.

2.12. Immunohistochemistry (IHC)

Colon tissue sections were collected for IHC to determine the
expression levels of p-JAK2 and p-STAT3. The tissue samples un-
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derwent a series of processing steps, including dehydration, par-
affin embedding, sectioning, and deparaffinization, followed by
antigen retrieval. Endogenous peroxidase activity was blocked
using 3% hydrogen peroxide, and the sections were incubated
with goat serum to prevent nonspecific binding. The sections
were then incubated with primary antibodies targeting p-JAK2
and p-STAT3 overnight at 4 °C. Subsequently, the sections were
incubated with a horseradish peroxidase (HRP)-conjugated sec-
ondary antibody against rabbit at 37 °C for 30 min. Visualization
was achieved using 3,3'-diaminobenzidine (DAB) as the chromo-
gen, and the sections were counterstained with Mayer’s hem-
atoxylin. Positive expression, indicated by tan-colored particles,
was observed under an inverted microscope at 400x magnifica-
tion. The immunohistochemical staining in the tissue samples
was quantified using Image] software.

2.13. Flow cytometry analysis

Non-parenchymal liver cells and peripheral blood lympho-
cytes were isolated. Then, the cells were centrifuged and resus-
pended in phosphate-buffered saline (PBS). After centrifugation
and two washes, phorbol 12-myristate 13-acetate (PMA) at a fi-
nal concentration of 25 ng-mL™", ionomycin at a final concentra-
tion of 1 pug-mL™", and brefeldin A at a final concentration of 10
ng-mL™" were added, and the cells were incubated at 37 °C for 4 h.
Subsequently, the following antibodies were added according to
the experimental requirements: CD3 (10 pL/test), CD4 (0.5
pg/test), and CD25 (5 pL/test), and the cells were incubated for
30 min at 4 °C in the dark. After centrifugation and washing the
cells with PBS, 1 mL of membrane-breaking reagent was added,
and the cells were incubated in the dark for 50 min. Then, 1 mL of
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washing reagent was added, and the cells were centrifuged at
2000 rmin”' for 5 min. Antibodies against IL-17A (0.5 ug/test)
and Foxp3 (10 pL/test) were added as required for the experi-
ment. Finally, the cells were centrifuged and resuspended in PBS,
and the data were analyzed using a flow analyzer.

2.14. Statistical analysis

The data were expressed as mean * standard deviation (SD)
and were analyzed using SPSS 20.0 software. When the data fol-
lowed a normal distribution and had equal variances, a one-way
analysis of variance (ANOVA) was employed, followed by Tukey’s
post hoc analysis. Alternatively, the Kruskal-Wallis test was util-
ized. The threshold for statistical significance was set at P < 0.05.
Graphs were produced using GraphPad Prism 8 (GraphPad, San
Diego, CA, USA) was used to generate the graphs.

3. Results

3.1. Compounds identified in XHQDD and medicated serums

Using an untargeted LC-MS/MS detection and analysis tech-
nique, we identified the chemical constituents of XHQDD drugs
and rat serum infused with these drugs. We employed the Orbit-
rap platform with both positive ion (POS) and negative ion (NEG)
modes. By setting the composite score threshold at > 0. 6, we dis-
covered a total of 669 compounds in XHQDD (Supplementary ma-
terial Figs. 1A and 1B). A total of 14 herbal prototype compounds
were detected in rat drug-containing serum including nicotinic
acid, uracil, 1-isothiocyanato-9-(methylsulfinyl)-nonane, choline,
3-0-Caffeoyl-4-0-methylquinic acid, 1,7-dimethyl-7-(4-methyl-3-
penten-1-yl)bicyclo[2.2.1]heptan-2-ol, ganoderic acid DM, ent-
16a-hydroxy-17-acetoxy-19-kauranal, (8)-11,12,13-trinor-7-
calamenone, sugiol, petroselinic acid, 3,8a-dihydroxy-5-isopro-
pylidene-3,8-dimethyl-2,3,3a,4,5,8a-hexahydro-6(1H)-azu-
lenone, curdione and kukoamine A (Supplementary material Figs.
1C and 1D, Supplementary material Table 3).

3.2. XHQDD improves bile flow and liver injury

Bile flow is a critical index of intrahepatic cholestasis in-
duced by ANIT. As shown in Figs. 1 B and 1C, the bile flow in AN-
IT-induced intrahepatic cholestasis rats decreased significantly
(P < 0.01) when compared with that of the normal group. After
treatment with XHQDD and UDCA, the bile flow of ANIT-induced
intrahepatic cholestasis rats significantly increased in the XHQDD
(L, M, H) group (P < 0.01) and the UDCA group (P < 0.01), re-
spectively.

As previously reported 839 serum ALT, AST, ALP, and y-GT
levels were significantly higher in ANIT-induced cholestatic rats
compared to that of Con rats. However, treatment with XHQDD
effectively reduced these liver damage indices (P < 0.01, Figs.
1D-1G). Serum TBIL, DBIL, and TBA are crucial biomarkers of
cholestasis. ANIT administration markedly increased serum DB-
IL, TBIL, and TBA levels, whereas XHQDD treatment resulted in a
significant reduction in these bile markers in the cholestatic rats
(P <0.01, Figs. 1 H-1]).

3.3. XHQDD alleviates liver pathological injury and liver fibrosis in
ANIT rats

Histological assessments of the liver further indicated ANIT-
induced hepatotoxicity. Liver tissue in the Con group exhibited
normal structure and did not demonstrate any abnormal mor-
phological changes (Fig. 2A). In contrast, the ANIT groups dis-
played greater lipid deposition, increased hepatocyte nuclear
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pyknosis, enlargement of connective tissue around the cells, and
bile duct hyperplasia with inflammatory cell infiltration in the
portal area (Fig. 2B). Comparatively, the pathological changes in
the UDCA group showed marked improvement, with reduced
hepatic cell necrosis and inflammatory infiltration, and morpho-
logy and structure close to normal (Fig. 2C). The liver tissue in the
XHQDD-L group exhibited slight improvement compared to the
model group (Fig. 2D). Similar to the UDCA group, most of the
hepatic cells in the XHQDD-M and XHQDD-H group showed relat-
ively normal morphology and structure (Figs. 2E and 2F), indicat-
ing a dose-dependent therapeutic effect of XHQDD. To evaluate
the severity of liver fibrosis, collagens in liver tissues were ex-
amined by Sirius Red staining. The ANIT group displayed in-
creased collagen deposition, marked steatosis, and hepatocyte
ballooning compared to the Con group (Figs. 3A and 3B). IHC fur-
ther revealed higher expressions of a-SMA and Col I proteins in
the ANIT group compared to the Con group. The mean integrated
optical density (I0D) values indicated that XHQDD decreased the
expression of a-SMA and Col I proteins in a dose-dependent man-
ner (P < 0.01, Figs. 3C-3F). This phenomenon was reversed after
treatment with UDCA and XHQDD, with the effect being more
pronounced in the XHQDD-H group (Figs. 3A-3F). These results
indicate that XHQDD administration mitigates ANIT-induced liv-
er fibrosis in rats.

Moreover, we also observed microstructural changes in the
liver by transmission electron microscopy (TEM). The Con group
showed a normal structure, abundant organelles, and a clear
structure (Fig. 4A). As shown in Fig. 4B, hepatocytes in the ANIT
group exhibited disordered cellular organelles, nuclear chromat-
in aggregation, irregular nuclei, swollen mitochondria, and vacu-
olated cytoplasm. However, these changes were reversed after
treatment with XHQDD and UDCA. Interestingly, the study also
identified the presence of autophagy in liver cells during the
course of XHQDD and UDCA treatment. These findings align with
previous research (Figs. 4C-4F).

3.4. XHQDD inhibits the JAK2/STAT3 pathway and improves liver
inflammation in ANIT rats

Inflammatory cytokines play pivotal roles in the pathogenes-
is of cholestatic liver injury and represent significant therapeutic
targets in both human and animal models of these diseases. To
assess the impact of ANIT on systemic inflammatory cytok-
ines, this study examined the circulating levels of pro-inflammat-
ory and anti-inflammatory cytokines. The serum levels of pro-in-
flammatory cytokines, including IL-6, IL-17A, IL-23, TGF-, and
TNF-a, were significantly increased in the ANIT group compared
with those in the Con group. In contrast, treatment with XHQDD
and UDCA significantly reduced the levels of these pro-inflam-
matory cytokines (P < 0.01, Figs. 5A and 5C-5F). Conversely, the
serum level of the anti-inflammatory cytokine IL-10 was signific-
antly decreased in the ANIT group compared to the Con group,
and XHQDD and UDCA treatment markedly increased the level of
IL-10 (P < 0.01, Fig. 5B). These results indicate that XHQDD and
UDCA can effectively reduce the levels of pro-inflammatory cy-
tokines and increase the level of an anti-inflammatory cytokine,
suggesting their potential therapeutic benefits in the manage-
ment of cholestatic liver injury.

To explore the mechanism by which XHQDD inhibits the liv-
er inflammatory response in the rat ANIT-induced cholestatic liv-
er injury model, we evaluated the mRNA expression of JAK2 and
STATS3, as well as the protein levels of JAK2, p-JAK2, STAT3, and
p-STAT3 in liver tissues, using qRT-PCR and WB assays. In liver
tissues, JAK2 and STAT3 mRNA levels in the ANIT group were
higher than those in the Con group. XHQDD and UDCA inhibited
the expressions of JAK2 and STAT3 mRNA significantly (P < 0.01,
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Fig. 2 HE stained liver sections. Observed at 100x and 200x, respectively. Scale bar = 100 pum.

Figs. 5G and 5H). The WB results also showed that XHQDD and
UDCA reduced the protein levels of p-JAK2 and p-STAT3 (P <
0.01), while the total protein levels of JAK2 and STAT3 were not
changed (P > 0.05, Figs. 5 I and 5]). Furthermore, XHQDD re-
duced the levels of p-JAK2 and p-STAT3 proteins in a dose-de-
pendent manner (Figs. 5K-5M). Based on these findings, we spec-
ulate that XHQDD may reduce the inflammatory response of the

liver by inhibiting the activation of the JAK2/STAT3

UDCA

Collagen I

signaling pathway.

IF analysis was employed to evaluate the expressions of IL-
10 and IL-17 in each liver tissue sample (Figs. 6A and 6B). The
results showed that the expression of IL-10 was significantly de-
creased, and the expression of IL-17 increased in the ANIT group
compared with those in the Con group (P < 0.01). Furthermore,
the data revealed that XHQDD and UDCA could reverse this ob-
served phenomenon (Figs. 6C and 6D).
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Fig. 3 XHQDD improves hepatic fibrosis manifestations in ANIT rats. (A-B) Sirius red-stained liver sections. Observed at 100x and 200x, respectively. Scale bar = 100 pm.
(C-D)Representative images of a-SMA and Collagen I protein expression in liver tissues were obtained using IHC (50 pm). (E-F) The results show the mean 10D of a-SMA
and Collagen I proteins stained by IHC. Data are shown as means * SD (n = 10). "P < 0.01 vs Con group; **P < 0.01 vs ANIT group.

3.5. XHQDD inhibits JAK2/STAT3 pathway in liver tissues

The role of the liver-gut axis in liver diseases is widely ac-
knowledged and has recently garnered significant research in-
terest *” *'. BAs regulate intestinal immunity and enhance liver-
gut circulation **. Consequently, we conducted a study to investig-
ate the impact of XHQDD on the intestine in cholestatic liver in-
jury, carrying out immunohistochemical analysis of p-JAK2 and p-
STAT3 in colon tissues. The findings indicate that p-JAK2 and p-
STAT3 protein expression was higher in the ANIT group com-
pared to the Con group. The average integrated optical density
(IOD) values indicate that XHQDD reduces the quantities of p-
JAK2 and p-STAT3 proteins in a dose-dependent manner (P <
0.01, Figs. 7A-7D). The aforementioned trend was also identified
in p-JAK2 and p-STAT3 proteins by WB (P < 0.01, Figs. 7G-7I).
Furthermore, the transcription factor RORytwas notably in-

Con ANIT UDCA

Fig. 4 Transmission electron microscopy observation of liver ultrastructure.
Scale bar = 1 pm

creased in the ANIT cohort, while Foxp3 was significantly de-
creased, compared to the Con cohort. This pattern was then re-
versed by XHQDD in a dose-dependent manner (P < 0.01, Figs.
7E-7G).

3.6. XHQDD rescued Th17/Treg imbalance in serum and liver

This study aimed to determine if the XHQDD treatment had
beneficial effects linked to the equilibrium of Th17 and Treg cells.
The methodology involved measuring the percentages of Th17
cells (CD4'IL-17A") and Treg cells (CD4'CD25 Foxp3*) in the CD4
population of liver and serum using flow cytometry. The findings
demonstrated a significant increase in the percentage of Th17
cells and a decrease in the percentage of Treg cells in both liver
and serum in the ANIT group compared to the Con group (P <
0.01). The Th17/Treg ratio showed the same trend. Interestingly,
treatment with XHQDD and UDCA mitigated this alteration (P <
0.01, Figs. 8A-8C, Figs. 9A-9E). The treatment effect of the UDCA
group was significantly better than that of the low-dose XHQDD
group, although UDCA and high doses of XHQDD exhibited com-
parable treatment effects.

The hepatic mRNA and protein expression levels of RORyt
and FoxP3 were scrutinized through qRT-PCR and WB analysis.
The findings demonstrated that RORyt mRNA and protein levels
were markedly increased in the ANIT group compared to the con-
trol group (Figs. 8D, 8E, and 8H). In contrast, FoxP3 mRNA and
protein levels were significantly downregulated (Figs. 8D, 8F, and
8G). Following treatment with XHQDD and UDCA, reductions in
mRNA and protein levels of RORyt were observed, while expres-
sions of FoxP3 mRNA and protein levels were enhanced in ANIT
rats (P < 0.01, P < 0.05). However, there was no significant differ-
ence in mRNA and protein expression levels of FoxP3, as well as
RORyt mRNA expressions, between the XHQDD-L group and the
ANIT group (P > 0.05).

4. Discussion

TCM, which is mainly characterized by holistic concepts and
evidence-based treatment, has accumulated rich experience in
cholestatic liver injury and embodies great therapeutic potent-
jals ****. XHQDD is a classic TCM formula for the treatment of
jaundice, and its pharmacological mechanism has not been previ-
ously studied. This study employs low, medium, and high doses
of XHQDD groups to investigate its mechanism in cholestatic liv-
er injury treatment. The chemical composition of compound
Chinese medicines forms the foundation of their efficacy. Analyz-
ing the chemical and serum composition of Chinese medicine
compounds aims to uncover their active ingredients and mechan-
isms of action, holding significant implications for the application
and promotion of TCM. LC-MS/MS was used to determine the
composition of XHQDD and the composition of drug-containing
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serum. The study results identified 14 prodrug components of
XHQDD. Choline *, sugiol *°, petroselinic acid “/, curdione “*, and
kukoamine A *’ have been found to have anti-inflammatory ef-
fects, with some components also exhibiting inhibitory effects on
the JAK/STAT pathway °**". Choline deficiency has been linked to
cholestasis and abnormal liver function *%, but this can be correc-
ted through choline supplementation. Additionally, choline, sugi-
ol, curdione, and kukoamine A *° have been shown to have pro-
tective effects against liver injury.

Cholestasis is an impairment in bile secretion flow due to in-
tra- and extrahepatic causes. This study found that ANIT-induced
cholestatic liver injury in rats exhibited a decrease in bile flow,
suggesting the presence of cholestasis, which was ameliorated by
XHQDD. Pathological staining revealed lipid-like deposits, nodu-
lar tissue hyperplasia, and inflammatory cell infiltration in the
liver tissues of ANIT-treated rats, indicating concurrent hepato-
cellular damage with cholestasis. In contrast, XHQDD treatment
mitigated this pathological damage.

ALP activity increases in all forms of cholestasis ** *’. The
combined elevation of ALP and gamma-glutamyl transferase (y-
GT) can indicate obstructive or cholestatic liver disease, where
bile is not properly transported from the liver due to bile duct ob-
struction ***°, ALT and AST, predominantly found in the liver, are
cytosolic and mitochondrial enzymes, respectively. They become
elevated when hepatocellular damage occurs, releasing these en-
zymes into circulation *’. Another feature of cholestatic liver dis-
ease is elevated serum BA levels *'. Elevated serum levels of TBIL
and DBIL serve as crucial markers for assessing the severity of
liver injury ***. Our findings are consistent with previous stud-
ies that ANIT-induced hepatic injury in rats resulted in signific-
antly elevated serum AST, ALT, y-GT, ALP, TBA, TBIL, and DBIL
levels, further suggesting the development of cholestasis. XHQDD
treatment effectively mitigated these changes in a dose-depend-
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ent manner.

Cholestasis, a condition characterized by impaired bile pro-
duction, leads to the accumulation of toxic bile constituents, such
as bile salts. If left untreated, cholestasis can progress to liver
fibrosis and cirrhosis, potentially resulting in liver failure * .
ANIT is a commonly used chemical in models of cholestasis and
liver fibrosis. Consistent with previous studies ®, the present in-
vestigation revealed hepatic fibrosis manifestations in ANIT-
treated rats, as demonstrated by Sirius red staining. Moreover,
immunohistochemical analysis indicated increased expression of
Col I and a-SMA proteins. This trend was significantly amelior-
ated in the XHQDD and UDCA groups, with the XHQDD-H group
exhibiting a comparable performance to the UDCA group.

Recent studies have demonstrated the significance of the
JAK2/STAT3 signaling pathway in liver injury ¢, and have indic-
ated that downregulating this pathway reduces inflammation as-
sociated with liver injury *. The cascade initiates with the bind-
ing of ligands, predominantly cytokines like IL-6, to their respect-
ive cell surface receptors, such as the IL-6R/gp130 complex *.
This binding event prompts the autophosphorylation of JAK2 as-
sociated with the intracellular domain of these receptors. Activ-
ated JAK2 subsequently phosphorylates specific tyrosine residues
on the receptor, creating docking sites for STAT3. STAT3, upon
recognizing and binding to these phosphorylated tyrosine
residues, becomes a substrate for JAK2. This interaction leads to
the phosphorylation of STAT3 at its Tyr705 residue, initiating its
dimerization. Once dimerized, STAT3 translocates to the nucleus,
where it binds to specific DNA response elements, inducing tran-
scription of target genes involved in cell survival, proliferation,
inflammation, and fibrosis, all of which are processes that are
dysregulated in cholestatic liver injury '>’’. Our study discovered
that the JAK2/STAT3 inflammatory pathway was activated in AN-
IT-induced cholestatic rats. In the liver, the expression of JAK2
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Fig. 5 Expression of inflammatory factors and the JAK2/STAT3 pathway. (A) IL-6. (B) IL-10. (C) IL-17. (D) IL-23. (E) TGF-B. (F) TNF-a. (G) JAK2 mRNA expression. (H)
STAT3 mRNA expression. (I) JAK2 protein expression. (J) STAT3 protein expression. (K) Protein bands. (L) p-JAK2 protein expression. (M) p-STAT3 protein expression. Data
are shown as means + SD (n = 10). P < 0.01 vs Con group; *P < 0.05, **P < 0.01 vs ANIT group.
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and STAT3 genes, along with phosphorylated proteins, was signi-
ficantly elevated, and serum levels of inflammatory factors were
markedly increased. XHQDD treatment led to reduced levels of in-
flammatory factors and substantial inhibition of the JAK2/STAT3
pathway. These findings suggest that XHQDD may mitigate chole-
static inflammatory injury by suppressing the JAK2/STAT3 path-
way.

Clinical studies have shown that intrahepatic cholestasis is
closely related to intestinal injury ’*. Cholestatic liver disease is
characterized by dysbiosis of the intestinal flora and excess toxic
hepatic BA ". The gut-liver axis theory proposes a close relation-
ship between the gut and liver, mediated by BA, which plays a
crucial role in linking the two organs. Disruption of BA transport
and homeostasis in vivo contributes to the development of chole-
static disease and affects intestinal injury *. Inflammation is an
important factor in the gut-liver axis "*. Protein expression of the
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JAK2/STAT3 pathway in intestinal tissues was detected by qPCR,
WB, and immunohistochemistry, and the results were found to
be consistent with those shown in liver tissues. This suggests that
XHQDD may exert its efficacy by inhibiting the JAK2/STAT3 path-
way.

It has been shown that the accumulation of BAs in the liver in
cholestatic diseases causes a complex inflammatory immune re-
sponse "> ’°. A key mechanism in this immune response involves
Th17 and Treg cells ”. Inflammatory factors upregulate RORyt,
which induces Th17 phenotype and IL-17 production °. Recent
studies have highlighted the role of IL-17 in liver injury ", partic-
ularly in biliary atresia and primary biliary cirrhosis *. Elevated
IL-17 levels exacerbate neutrophil recruitment and activation in
the liver, perpetuating bile duct damage and cholestasis *". Con-
versely, Treg cells, characterized by the expression of the tran-

scription factor Foxp3, act as suppressors of immune responses.
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Fig. 6 IL-10 and IL-17 protein expression. (A) Immunofluorescence graph of IL-10. (B) Immunofluorescence graph of IL-17. (C) IL-10 positive area. (D) IL-17 positive area.
Data are shown as means + SD (n = 10). “P < 0.01 vs Con group; “*P < 0.01 vs ANIT group.
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Fig. 9 Serum Th17/Treg flow analysis. (A-B) Percentage of Th17 cells. (C) Th17/Treg ratio. (D-E) Percentage of Treg cells. Data are shown as means  SD (n = 10). "P <

0.01 vs Con group; **P < 0.01 vs ANIT group.

They produce anti-inflammatory cytokines like IL-10 and TGF-,
while Treg cells alleviate liver injury depending on the secretion
of IL-10 and TGF-B “. In cholestatic liver injury, the balance
between Th17 and Treg cells is frequently disrupted. Studies
have shown that, in conditions like primary biliary cholangitis
(PBC), there’s an increase in the Th17/Treg ratio, indicating a
shift towards a more pro-inflammatory state '>“*. Notably, BAs
themselves can influence this Th17/Treg balance *’. However, in
pathological cholestasis, the BA composition is altered, which
might disrupt this protective shift towards Treg cell dominance *.
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Our study confirms this phenomenon. We assessed the
Th17/Treg cell counts in the liver and serum of ANIT rats, reveal-
ing a disruption in Th17/Treg homeostasis in the presence of
cholestasis. This imbalance was characterized by a significantly
higher proportion of Th17 cells promoting inflammation and a
markedly lower proportion of Treg cells. Additionally, the Th17
and Treg transcription factors RORyt and Foxp3 proteins exhib-
ited corresponding changes. XHQDD was able to reverse this
change and restore the Th17/Treg balance in a dose-dependent
manner, with a more significant effect observed in the XHQDD-H



Z Tan et al.

group compared to the XHQDD-L group.

The JAK2/STAT3 signaling pathway plays a critical role in in-
fluencing the Th17/Treg immune balance, a pivotal factor in the
inflammatory environment of cholestatic liver injury *. Specific-
ally, activation of the JAK2/STAT3 pathway promotes the secre-
tion of pro-inflammatory cytokines, such as IL-17, from Th17
cells. This occurs when stimulation of the JAK2/STAT3 pathway
leads to the translocation of STAT3 to the nucleus, which in turn
upregulates the transcription of the RORyt gene *, thereby en-
hancing Th17 cell proliferation and amplifying the pro-inflam-
matory response in cholestasis. Conversely, a hyperactivated
JAK2/STAT3 pathway can impede the expression of FoxP3, a
master regulator for Treg cells, diminishing the Treg population
and their suppressive functions ¥’. Furthermore, in cholestatic liv-
er injury scenarios, the accumulation of BAs can further exacer-
bate the JAK2/STATS3 signaling. Elevated BAs have been shown to
potentiate IL-6 production *, a key activator of the JAK2/STAT3
pathway *, which can accentuate the Th17/Treg imbalance by
bolstering Th17 differentiation while suppressing Treg cell func-
tion *’.

Autophagy, a cellular process by which cells degrade and re-
cycle damaged organelles and proteins, has been increasingly re-
cognized as a key player in liver disease, and the activation of
autophagy is protective against acute liver injury °"*. In chole-
static liver injury, autophagy is induced as a protective response
to counteract the hepatocellular damage caused by the accumula-
tion of BAs. BAs can induce endoplasmic reticulum (ER) stress
and mitochondrial damage, potentially resulting in cell death if
left unaddressed. Autophagy is stimulated in an effort to elimin-
ate these damaged organelles and alleviate the harmful effects of
BAS ‘13,‘14.

Furthermore, emerging evidence suggests that autophagy
can modulate inflammatory responses in acute liver injury .
Autophagy regulates the release of pro-inflammatory cytokines,
influencing the liver’s immune milieu, with potential cascading
effects on cholestatic liver disease progression *°. The interaction
between autophagy and cholestasis was not explored in depth in
this study. Interestingly, autophagy was observed following
XHQDD treatment in our study, as confirmed by TEM. Further
validation of autophagy’s protective role against cholestatic liver
injury is warranted, necessitating additional studies. This
provides a new therapeutic mechanism for XHQDD against chole-
static liver injury and points the way to the next step. The cur-
rent study was limited by the lack of intervention with a
JAK2/STAT3 pathway inhibitor. It is important to note that the
herbal compound XHQDD has a multi-component and multi-tar-
get nature, and, therefore, the JAK2/STAT3 pathway may be just
one of the mechanisms by which XHQDD exerts its effects in the
treatment of cholestatic liver injury. Further research is required
to identify the effective components of XHQDD for subsequent in-
vestigation.

5. Conclusion

This study presents compelling evidence demonstrating that
the TCM formulation XHQDD can alleviate cholestatic liver injury.
The findings indicate that XHQDD reverses disturbances in hepat-
ic enzyme, bile acid, and bilirubin homeostasis while also inhibit-
ing inflammatory factors through modulation of the JAK2/STAT3
signaling cascade. Additionally, XHQDD exhibits a dose-depend-
ent efficacy in regulating the Th17/Treg cell imbalance. To our
knowledge, this study represents the first comprehensive elucid-
ation of the pharmacological mechanism of the clinically estab-
lished TCM formulation XHQDD, examining it from molecular,
cellular, and animal-based perspectives, as well as considering
the influences on inflammation and immune phenotypes. These
insights pave the way for a deeper understanding of the pharma-
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cology of TCM formulations.
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