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Background and aims: Kehuang (KH) capsule is an herbal medical product approved for the treatment of
liver diseases, including liver injury, in China. However, the mechanism is still unclear. This study aimed
to elucidate the protective effects of KH capsule against carbon tetrachloride (CCl4)-induced acute liver
injury (ALI) in a murine model.
Methods: Mice were randomly divided into control, model (CCl4), CCl4þKH_Low and CCl4þKH_High
group. Liver enzyme levels and histological changes were assessed to evaluate liver injury. Oxidative
stress markers and inflammatory cell infiltration in liver tissues were measured. Additionally, network
pharmacology was employed to explore the potential mechanisms of KH capsule.
Results: KH capsule significantly reduced serum alanine aminotransferase (ALT) and aspartate amino-
transferase (AST) levels, as well as the necrotic area in liver tissue. KH capsule also decreased the infil-
tration of macrophages and neutrophils, thereby inhibiting the expression of interleukin-6 (IL-6), tumor
necrosis factor-alpha (TNF-a), and interleukin-1 beta (IL-1b). Furthermore, KH capsule decreased liver
malondialdehyde (MDA) levels and increased superoxide dismutase (SOD) activity. The number of ter-
minal deoxynucleotidyl transferase (TdT)-mediated dUTP nick-end labeling (TUNEL)-positive cells in
liver tissue was also reduced. The expression of nuclear factor erythroid 2 related factor 2 (Nrf2) and
heme oxygenase-1 (HO-1) proteins was significantly elevated, while the protein expression of cyto-
chrome P450 2E1 (CYP2E1) was significantly reduced. Mass spectrometry identified genistein, galangin,
wogonin, skullcapflavone II, and hispidulin as potential active ingredients of KH capsule. Network
pharmacology analysis revealed enrichment in the mitogen-activated protein kinase (MAPK) and
phosphatidylinositol 3-kinase (PI3K)-protein kinase B (AKT) signaling pathways. Western blot analysis
confirmed that KH capsule suppressed AKT, extracellular signal-regulated kinase (ERK), and p38
signaling.
Conclusions: These findings suggest that KH capsule could exert protective effects against CCl4-induced
ALI, with the inhibition of MAPK and PI3K-AKT signaling pathways playing a crucial role in its mecha-
nism of action.
© 2024 The Third Affiliated Hospital of Sun Yat-sen University. Publishing services by Elsevier B. V. on
behalf of KeAi Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Xuehua Sun), xiaonikong@
m (Xiaojun Zhu).
nd should be considered co-

n Yat-sen University. Publishing se
creativecommons.org/licenses/by-n
1. Introduction

Acute liver injury (ALI) is a key pathological process during
various acute liver diseases, featuring acute inflammatory response.
ALI may develop into acute liver failure and system inflammatory
reaction syndrome, significant contributors to mortality.1 ALI is
typically induced by exposure to drugs, chemicals, or alcohol,
leading to oxidative stress, inflammatory responses, necrosis, and
rvices by Elsevier B. V. on behalf of KeAi Communications Co. Ltd. This is an open
c-nd/4.0/).
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apoptosis.2 Chemical-induced liver injury is a common form of
hepatic damage in clinical settings, frequently resulting in severe
complications and posing substantial risks to human health.3,4

Numerous synthetic chemical medications are currently used to
alleviate liver injury. However, these treatments are associated
with adverse effects, such as gastrointestinal irritation and weight
gain.5 Therefore, the advancement of innovative medications for
liver injury that exhibit high efficacy and lack adverse effects is of
paramount importance.

Kehuang (KH) capsule is an herbal medicinal product formu-
lated from 16 Chinese medicinal herbs and has been approved by
the Chinesse National Medical Products Administration. KH cap-
sules are extensively utilized in clinical settings for the manage-
ment of both acute and chronic liver injuries. The KH capsule
formulation comprises Panax notoginseng, Rhizoma coptidis, Radix
scutellariae, Phellodendron amurense, Rhei Radix et Rhizoma,
Herba Hedyotis Diffusae, Lonicera hypoglauca, Fel serpentis liq-
uidum, Calculus Bovis Artificiosus, Spi gleditsiae, Artificial Musk,
Borneolum syntheticum, Radix Curcumae, Radix Saposhnikoviae
divaricatae, Rhizoma Acori Talarinowii, and Radix Glycyrrhizae,
which are traditionally recognized for their beneficial effects on
liver health. Among these, Panax notoginseng, Rhizoma coptidis,
Radix scutellariae, Phellodendron amurense, Rhei Radix et Rhi-
zoma, Herba Hedyotis Diffusae, Lonicera hypoglauca, Fel serpentis
liquidum, Calculus Bovis Artificiosus, and Artificial Musk have been
demonstrated to possess anti-inflammatory, antioxidant, and anti-
tumor properties.6e11 Spi gleditsiae, Borneolum syntheticum, Radix
Curcumae, and Rhizoma Acori Talarinowii exhibit antibacterial and
anti-inflammatory characteristics.12e15 Radix Glycyrrhizae exhibits
both anti-inflammatory and detoxifying properties.16

Previous clinical studies have demonstrated that KH capsules
effectively alleviate hyperbilirubinemia associated with viral hep-
atitis, cholestatic hepatitis, and chronic hepatitis B.17e19 Although
clinical practice has demonstrated the efficacy of KH capsule in
mitigating liver injury and suppressing acute hepatic inflammation,
the underlying mechanism of action remains unclear.

In this study, we aimed to clarify the anti-liver injury effect and
investigate the underlying mechanism of KH capsule. We estab-
lished CCl4-induced ALI murine model to observe the effect of KH
capsule and applied integrated network pharmacological analysis
to investigate its key signaling mechanisms.

2. Materials and methods

2.1. Ethical approval

All animal procedures in this study were approved by the
Institutional Animal Care and Use Committee of Shanghai Univer-
sity of Traditional Chinese Medicine (approval No.
PZSHUTCM2409060001). All animal experiments complied with
the ARRIVE guidelines and were carried out in accordance with the
NIH Directive for animal experiments.

2.2. Animals, reagents and treatment

Male C57BL/6 mice (18e20 g) were purchased from the Jiesijie
Research Institute (Shanghai, China). KH capsule was obtained from
Kexing Biopharm Co., Ltd (Jinan, China) and CCl4 was obtained from
Sinopharm Chemical Reagent Co., Ltd (Shanghai, China). The mice
were randomly divided into four groups (n ¼ 8): control group,
model (CCl4) group, CCl4þKH_Low group, and CCl4þKH_High
group. Based on previous studies and clinical using,20 we chose the
doses for the experiment. The normal human dose is considered a
high dose, while half of the normal dose is designated as a low dose.
These doses are then converted to mouse doses using the body
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surface area conversion formula for humans and mice.21 The
CCl4þKH_Low and CCl4þKH_High groups received 0.9 and 1.8 g/kg
of KH capsule, respectively, via intragastric administration daily for
oneweek. The control and CCl4 groups were given equal volumes of
physiological saline. One hour after the final dose, all groups except
the control group were subjected to an intraperitoneal injection of
a CCl4 olive oil mixture (2 mL/kg) for ALI modeling, while the
control group received olive oil only. Mice were euthanized with
sodium pentobarbital 12 h post-injection, followed by sacrifice. For
the analysis of serum active components, the mice were given KH
capsule orally at 0.9 g/kg for three days. Blood samples were
collected from the eyes of the mice 2 h after the last administration
of the drug. Serum samples were collected and centrifuged at
1200 g for 10 min, then stored at �80 �C until subsequent analysis.

2.3. Biochemical assay

Liver injury was assessed by measuring serum levels of aspar-
tate aminotransferase (AST) and alanine aminotransferase (ALT)
using commercial test kits (#C009-2-1 and #C010-2-1, Nanjing
Jiancheng Bioengineering Institute, Nanjing, China), following the
manufacturer’s protocols for each kit.

2.4. Histological staining

Liver samples were obtained from the mice and preserved in 4%
paraformaldehyde for 24 h. These samples were then embedded in
paraffin and sectioned to a thickness of 4 mm. The sections under-
went a series of dewaxing and hydration steps to remove paraffin
and enhance tissue exposure. This process involved sequential
treatments with 100% xylene, 100% ethanol, 95% ethanol, 80%
ethanol, 70% ethanol, and water. Hematoxylin and eosin (HE)
staining was performed using an HE staining kit (#C0105, Beyo-
time, Shanghai, China), alongwithmyeloperoxidase (MPO) staining
from Cell Signaling (Boston, USA). Immunohistochemical (IHC)
analysis included antigen retrieval with EDTA Antigen Retrieval
Solution (#P0085, Beyotime, Shanghai, China) and blocking of
endogenous peroxidase activity with Endogenous Peroxidase
Blocking Buffer (#P0100A, Beyotime, Shanghai, China). Sections
were then incubated overnight with primary antibodies against F4/
80 (Proteintech, Chicago, USA), Nrf2 (CST, Boston, USA) and heme
oxygenase-1 (HO-1) (Servicebio, Wuhan, China). Detection was
carried out using horseradish peroxidase (HRP)-conjugated sec-
ondary antibodies followed by a chromogenic reaction with DAB
(diaminobenzidine) buffer (Beyotime, Shanghai, China). Each
stained section was imaged in three random fields, with at least
three mice per group included in each experimental set. Image
analysis was conducted using ImageJ software (version 1.8.0_322,
Bethesda, USA).

2.5. Liver total SOD and MDA activity assay

Liver samples were dissected into fragments, immersed in PBS,
and homogenized. Total superoxide dismutase (SOD) and malon-
dialdehyde (MDA) levels weremeasured using the Total Superoxide
Dismutase Assay Kit with nitro blue tetrazolium (NBT) (#S0109,
Beyotime, Shanghai, China) and the Lipid Peroxidation MDA Assay
Kit (#S0131, Beyotime, Shanghai, China), following the protocols.

2.6. Real-time qPCR

Total RNA was extracted from liver tissues using the Total RNA
Extraction Kit (#RP4002, Bioteke, Wuxi, China). The RNA was then
reverse transcribed with the HiScript II Q RT SuperMix with gDNA
Wiper (#R222-01, Vazyme, Nanjing, China). Quantitative PCR was
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performed on a QuantStudio 3 PCR Detection System (Thermo
Fisher Scientific, Waltham, USA) using the SYBR Green qPCR Mix
(#Q311-02, Vazyme, Nanjing, China). Gene expression levels were
normalized to b-actin. The primer sequences used for this analysis
are listed in Table 1.

2.7. Enzyme-linked immunosorbent assay (ELISA)

Mouse ELISA Kits (#88-7324 and #88-7064, Thermo Fisher,
Waltham, USA) were used to quantify IL-6 and TNF-a levels in
serum samples, following the manufacturer’s instructions. The
assay involves dispensing samples and standards into a 96-well
plate pre-coated with antibodies specific to mouse IL-6 and TNF-
a, followed by the addition of HRP-conjugated streptavidin. Color
development is induced by adding a substrate solution, and the
reaction is measured at 450 nm. Optical density (OD) values are
converted to concentrations using a standard curve. Each sample is
analyzed in triplicate, and the mean value is used for data
interpretation.

2.8. Western blot

The protein was isolated from liver tissues employing RIPA Lysis
Buffer (#89900, Thermo Fisher, Waltham, USA). The lysate under-
went centrifugation at 13,000 g and 4 �C for 15 min, after which the
supernatant containing proteinwas harvested. The purified protein
was combined with 5 � loading buffer (#P0015, Beyotime,
Shanghai, China) and resolved on 10% or 12.5% SDS-PAGE gels.
Subsequently, the proteins were transferred onto nitrocellulose
membranes, which were then blocked with 5% bovine serum al-
bumin (BSA). The membranes were incubated with primary anti-
bodies overnight at 4 �C, followed by incubation with secondary
antibodies for 1.5 h at room temperature. Three technical repeti-
tions were performed for each sample. The antibodies used
included b-actin (Abgent, San Diego, USA), cytochrome P450 2E1
(CYP2E1; Abcam, Cambridge, UK), extracellular signal-regulated
kinase (ERK; Abcam, Cambridge, UK), p-ERK (Abcam, Cambridge,
UK), c-Jun N-terminal kinase (JNK; Abcam, Cambridge, UK), p-
JNK (Abcam, Cambridge, UK), p38 (Abcam, Cambridge, UK), p-p38
(Abcam, Cambridge, UK), protein kinase B (AKT) (CST, Boston, USA),
p-AKT (Santa Cruz, Santa Cruz, USA), Nrf2 (CST, Boston, USA), and
HO-1 (Servicebio, Wuhan, China).

2.9. Sample preparation and LC-MS/MS analysis

The serum samples were thawed at 4 �C, and 100 mL aliquots
were mixed with 400 mL of cold methanol/acetonitrile (1:1, v/v) to
precipitate proteins. The mixture was centrifuged at 14,000 g for
20 min at 4 �C. The supernatant was then dried using a vacuum
centrifuge. For LC-MS analysis, the dried samples were re-dissolved
in 100 mL of acetonitrile/water (1:1, v/v) solvent.

LC-MS/MS analysis was performed using an ultrahigh perfor-
mance liquid chromatography (UHPLC, 1290 Infinity LC, Agilent
Technologies, Palo Alto, USA) and a quadrupole time-of-flight mass
spectrometer (AB Sciex TripleTOF 6600, Boston, USA) at Shanghai
Table 1
Primers of the genes used for qRT-PCR.

Gene Forward primer sequence (5’e3’) Reverse primer sequence (5’e3’)

IL-6 TCACAGAAGGAGTGGCTAAGGACC ACGCACTAGGTTTGCCGAGTAGAT
TNF-a TAGCCAGGAGGGAGAACAGA TTTTCTGGAGGGAGATGTGG
b-actin GTGCTATGTTGCTCTAGACTTCG ATGCCACAGGATTCCATACC

Abbreviations: IL-6, interleukin-6; qRT-PCR, quantitative real-time polymerase
chain reaction; TNF-a, tumor necrosis factor-alpha.
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Applied Protein Technology Co., Ltd. Samples were separated on a
2.1 mm � 100 mm ACQUITY UPLC BEH 1.7 mm column (Waters)
with a gradient of 85% acetonitrile for 1 min, decreasing to 65% over
11 min, then to 40% in 0.1 min, held for 4 min, and increasing back
to 85% in 0.1 min, followed by 5 min of re-equilibration. ESI con-
ditions were: Ion Source Gas1 and Gas2 at 60, curtain gas at 30,
source temperature at 600 �C, and IonSpray Voltage Floating at
±5500 V. In MS-only mode, data were acquired from 60 to 1000 Da
with a 0.20 s accumulation time per spectrum. In MS/MS mode,
data were acquired from 25 to 1000 Da with a 0.05 s accumulation
time per spectrum. Product ion scans used information-dependent
acquisition (IDA) with a collision energy of 35 V ± 15 eV and a
declustering potential of 60 V (þ) and �60 V (�). Raw data were
converted to MzXML using ProteoWizard’s msConvert and
analyzed with XCMS. Peak picking used centWave m/z ¼ 0.01 mg/
mL and peakwidth ¼ c (10, 60). Peak grouping used bw ¼ 5 and
mzwid ¼ 0.025. CAMERA was used for annotation. Only variables
with >50% nonzero values in one group were retained. Compound
identificationwas based on accurate m/z values (<0.01 mg/mL) and
MS/MS spectra compared to an in-house database. Missing data
were filled using K-Nearest Neighbor, and extreme values were
removed. Data were normalized for consistency.

2.10. Network pharmacology

The active ingredients and targets of the drugs were collected as
follows: The SMILES, InChI, and SDF structures of the compounds
were obtained from the PubChem database (https://pubchem.ncbi.
nlm.nih.gov/). These structures were imported into SuperPred,
TargetNet, and SwissTargetPrediction for target prediction. The
identified targets were then summarized and refined using the
UniProt database. This process resulted in the final list of compound
targets. The screening of drug and disease-related targets was
conducted as follows: disease-related targets were extracted from
GeneCards, DisGeNET, and CTD databases using the keyword
“Acute Liver Injury” with specific score thresholds (GeneCards
Score�50, DisGeNET Score�0.1, CTD Score�300). The gene names
of these targets were standardized using the UniProt database.
Overlapping targets among these databases were identified and
visualized with a Venn diagram. The intersection of these targets
with those derived from compound analysis (as described in sec-
tion 2.11) was computed in R to determine the common targets,
which were then considered relevant for drug treatment of ALI for
subsequent analysis.

The drug-compound-target-disease network was constructed
and analyzed as follows: The mapping of KH capsule active in-
gredients to their targets was integrated into Cytoscape (version
3.9.1, California, USA) to create a drug-compound-target-disease
network diagram. In this network, nodes represent compounds
and targets, while edges denote interactions between them. The
Network Analyzer plugin was used to assess the network’s topo-
logical characteristics and calculate node degrees. Additionally, a
protein-protein interaction (PPI) network diagramwas constructed
using the STRING database, focusing on the overlapping targets of
KH capsule in ALI. The confidence threshold was set to �0.95 to
define protein interactions. This data was then imported into
Cytoscape, where non-intersecting isolated targets were removed,
and the network topology was analyzed. Core targets were iden-
tified by evaluating topological degree values (CC/BC/degree) and
further refined using theMCC algorithm from the CytoHubb plugin.

The core genes linked to KH capsule and ALI were subjected to
gene ontology (GO) functional enrichment analysis and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway enrichment
analysis via the R clusterProfiler 4.6.2 package. For the GO analysis,
bar graphs were generated to illustrate the top 20 biological
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processes with a P-value below 0.05. In the KEGG analysis, bubble
graphs were utilized to visualize the top 30 signaling pathways,
also with a P-value less than 0.05. Drug-Compound-Target-
Pathway-Disease Network Construction and Analysis. To explore
the potential mechanisms of drug action, a “drug-compound-
target-pathway-disease” network was constructed. This network
highlights central pathways, critical targets, and active ingredients,
elucidating their interconnections and synergistic interactions.

2.11. Molecular docking

The critical compounds were subjected to docking with the
primary target molecules. The three-dimensional structures of the
key active compounds in the drugs were sourced from the Pub-
Chem database, while the 3D structures of the core target proteins
were obtained from the Protein Data Bank (https://www.rcsb.org/).
The target proteins underwent preliminary processing using
PyMOL (version 2.6.0, DeLano Scientific LLC, California, USA) to
eliminate solvent molecules, followed by hydrogenation and
charging via AutoDock Tools (version 1.5.7, San Diego, USA). Sub-
sequently, both the target proteins and active compounds were
formatted into “pdbqt” files, with suitable grid positions and di-
mensions established. Docking of the compounds and targets was
executed using Autodock Vina (version 1.2.2, San Diego, USA), and
the results were visualized using PyMOL software.

2.12. Statistical analysis

Statistical analysis was conducted using GraphPad Prism
(version 9.5.1, GraphPad Software, San Diego, USA). The data were
expressed as means ± standard deviation (SD). Differences among
groups were compared by one-way analysis of variance (ANOVA). If
a statistically significant change was found (P < 0.05), a post hoc
comparison was performed using Fisher’s LSD test.

3. Results

3.1. Kehuang capsule ameliorated CCl4-induced liver dysfunction in
mice

CCl4 was used to establish an experimental model of ALI. The
animal experiment designwas illustrated in Fig. 1A. Serum levels of
alanine aminotransferase (ALT) and aspartate aminotransferase
(AST) were significantly elevated in the CCl4 group, indicating
successful induction of ALI. Treatment with KH capsule resulted in a
significant reduction in ALT and AST levels (Fig. 1B and C). Regional
liver necrosis is a characteristic histological feature observed in
CCl4-induced ALI. Hepatic HE staining showed necrotic areas with
shrunken and irregularly shaped hepatocytes surrounding the he-
patic sinusoids (indicated by the dashed area), confirming the
successful induction of ALI in the CCl4 group. Both doses of KH
capsule reduced these necrotic areas and alleviated histological
alterations, demonstrating its protective effect against CCl4-
induced liver injury (Fig. 1D and E). Moreover, the CCl4-treated
group exhibited a substantial increase in TUNEL-positive cells,
which was significantly mitigated by KH capsule administration
(Fig. 1F). Collectively, KH capsule treatment markedly alleviated
CCl4-induced hepatic impairment.

3.2. Kehuang capsule reduced liver oxidative in CCl4-induced liver
injury in mice

SOD activity serves as an indicator of the body’s capacity to
neutralize oxygen radicals, whereas MDA concentration mirrors
cellular damage induced by free radicals. In the context of ALI,
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oxidative stress plays a pivotal role, with reactive oxygen species
(ROS) contributing to cellular damage and inflammation. KH
capsule treatment significantly decreased oxidative damage
markers, resulting in higher SOD and lower MDA levels compared
to the CCl4 group (Fig. 2A and B). These findings indicate that KH
capsule effectively mitigates oxidative stress and cellular damage.
Furthermore, KH capsule markedly increased the expression of
Nrf2 and HO-1, while concurrently reducing the expression of
CYP2E1 (Fig. 2CeF). Changes in Nrf2 and HO-1 were also observed
in the results of immunohistochemical staining (Fig. 2GeI). Nrf2 is a
key transcription factor regulating antioxidant genes, including
HO-1, which degrades heme into antioxidants biliverdin and bili-
rubin, and anti-inflammatory carbon monoxide. CYP2E1 in hepa-
tocytes metabolizes CCl4 to trichloromethyl radicals, which
subsequently induce lipid peroxidation and result in oxidative
stress. The upregulation of Nrf2 and HO-1 suggests an enhanced
cellular antioxidant response, underscoring the potential of KH
capsules in mitigating oxidative stress-induced liver injuries
through the activation of the Nrf2/HO-1 pathway.

3.3. Kehuang capsule inhibited the liver inflammatory response

CCl4 induces significant infiltration of macrophages and neu-
trophils, which are crucial for the inflammatory response. Macro-
phages (F4/80þ) contribute to early and persistent inflammatory
activation in the liver injury, while neutrophils (MPOþ) release ROS
and enzymes that exacerbate early tissue damage. Immunohisto-
chemical staining showed a marked increase in F4/80þ and
MPOþ cells after CCl4 treatment (Fig. 3AeC). KH capsule signifi-
cantly reduced this infiltration, indicating its anti-inflammatory
effect. KH capsule also suppressed the expression of pro-
inflammatory cytokines IL-1b, TNF-a, and IL-6 mRNA in the liver
(Fig. 3DeF) and lowered serum levels of IL-6 and TNF-a (Fig. 3G and
H). This decrease in cytokine levels underscores the role of KH
capsule in alleviating inflammation and liver injury caused by CCl4.

3.4. Identification of the components and potential target of
Kehuang capsule

The UHPLC-MS/MS analysis is shown in Supplemental Fig. 1. A
total of 40 compounds in the drug-containing serum, as detailed in
Supplemental Table 1. The valid information of the compounds was
retrieved by PubChem database, and the potential targets of the
active ingredients of the compounds were predicted by SuperPred
(probability �0.7), TargetNet (probability �0.7), and Swis-
sTargetPrediction (probability >0) databases, and after deleting the
target duplicates, a total of 795 compound targets were obtained
(Fig. 4A).

3.5. Target network of Kehuang capsule on ALI

The CTD (score �350), GeneCards (score �50), and DisGeNET
(score �0.2) databases were queried to identify disease-associated
outcomes, with results filtered according to the specified thresh-
olds. This process identified 751 disease targets, which were sub-
sequently consolidated by aggregating canonical gene names and
eliminating redundancy. These disease-related targets were then
intersected with the 795 targets linked to the active ingredients of
the KH. Following the integration of these datasets, 154 overlapping
targets were identified as potential therapeutic targets for the
compounds in relation to the disease. The retrieval of disease tar-
gets is shown in Fig. 4B, while the intersection of compound and
disease targets is depicted in Fig. 4C.

The compound-target-disease network illustrated in Fig. 4D
consists of 195 nodes and 1531 edges, where the edges represent

https://www.rcsb.org/


Fig. 1. KH capsule treatment ameliorates CCl4-induced liver dysfunction in mice. (A) Experimental design. (BeC) The changes in serum ALT and AST levels (n � 4). (DeF) The
visual inspection and quantification of necrotic areas in liver section by HE staining (n ¼ 3) and TUNEL-staining (n ¼ 4) and quantification of positive area in the liver section. Data
are expressed as means ± standard deviation. **P < 0.01, ***P < 0.001. Original magnification, �100.cale bar ¼ 100 mm. Abbreviations: ALT, alanine aminotransferase; AST, aspartate
aminotransferase; CCl4, carbon tetrachloride; HE, hematoxylin and eosin; i.g, intragastric injection; i.p, intraperitoneal injection; KH, Kehuang; TUNEL, terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling.
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Fig. 2. KH capsule treatment reduced liver oxidative in CCl4-induced liver injury in mice. The levels of (A)MDA and (B) SOD after CCl4 treatment (n � 4). The statistical graphs of
protein expression of (C) Nrf2 (n ¼ 3), (D) HO-1 (n ¼ 3), and (E) CYP2E1 (n ¼ 3). (F) The protein expression of Nrf2, HO-1 and CYP2E1. (G) IHC staining of Nrf2 and HO-1 in the liver
(Scale bar ¼ 100 mm). (H) Quantification of Nrf2 (þ) area (n ¼ 3). (I) Quantification of HO-1 (þ) area (n ¼ 3). Data are expressed as means ± standard deviation. *P < 0.05, **P < 0.01,
***P < 0.001. Abbreviations: CCl4, carbon tetrachloride; CYP2E1, cytochrome P450 2E1; HO-1, heme oxygenase-1; IHC, immunohistochemical; KH, Kehuang; MDA, malondialde-
hyde; Nrf2, nuclear factor erythroid 2 related factor 2; SOD, superoxide dismutase.
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Fig. 3. KH capsule inhibited the liver inflammatory response in CCl4-induced liver injury in mice. (A) Representative images of the IHC staining of F4/80 and MPO in the liver
(Scale bar ¼ 100 mm). (BeC) The quantification of F4/80 (þ) and MPO (þ) area (n ¼ 4). (DeF) The IL-6, TNF-a and IL-1bmRNA level (n � 3). (GeH) The serum level of IL-6 and TNF-a
(n � 4). Data are expressed as means ± standard deviation. *P < 0.05, **P < 0.01, ***P < 0.001. Abbreviations: CCl4, carbon tetrachloride; IHC, immunohistochemical; IL, interleukin;
KH, Kehuang; MPO, myeloperoxidase; TNF-a, tumor necrosis factor-alpha.
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Fig. 4. Network pharmacology analysis of Kehuang capsule in the treatment of ALI. (A) Venn diagram of the intersection of targets between different databases. (B) Venn
diagram of disease targets in different databases. (C) Venn diagram of the intersection of compound and disease targets. (D) Network diagram of compound-target-disease. (E)
Histogram of the ordering of the degree values of the top 20 major components. (F) Diagram of STRING interaction. (G) Diagram of PPI interaction network. (H) GO enrichment

Q. Ni, J. Lin, W. Huang et al. Liver Research 8 (2024) 269e281
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Table 2
Core targets-core compounds and their docking binding energy with AKT1 and
MAPK1.

Compounds Binding energy (kcal/mol)

AKT1 MAPK1

Skullcapflavone II �7.54 �6.52
Genistein �7.90 �7.37
Galangin �7.99 �7.84
Hispidulin �7.90 �7.10
Wogonin �7.62 �7.81

Abbreviations: AKT, protein kinase B; MAPK, mitogen-activated protein kinase.
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the targeting relationships between compounds and targets. This
network includes 40 compounds that interact with 154 targets,
which, to a certain extent, elucidates the mechanism of traditional
Chinese medicine (TCM) through the interplay of various active
ingredients on shared targets and the multifaceted influence of a
single active ingredient on multiple targets. The topological char-
acteristics of the network were evaluated using the Network
Analyzer plugin. In the network graph, node size is proportional to
the degree value, with larger degree values indicating a more
central role for the node within the network. The top 20 major
ingredients were ranked based on their degree values, as shown in
Fig. 4E. The analysis identified genistein, galangin, wogonin, skull-
capflavone II, and hispidulin as predominant active ingredients. The
network graph employs different shapes to differentiate between
drugs, compounds, and targets, while varying color shades denote
the degree weight magnitude within the network. The STRING
database was used to import and analyze the interactions of 154
compounds targeted for disease treatment, revealing protein-
protein interactions (PPI) and STRING network connections
(Fig. 4F). This networkwas subsequently processed using Cytoscape
software, resulting in the graph depicted in Fig. 4G. Comprising 134
nodes and 496 edges, the graph illustrates the associations among
these targets, with isolated targets lacking intersections being
excluded. Prominent targets identified as pivotal for the thera-
peutic efficacy of KH capsule in treating ALI include TP53, AKT1,
STAT3, HSP90AA1, JUN, ESR1, and MAPK1.

3.6. GO functional enrichment analysis and KEGG pathway analysis

Using the R package clusterProfiler, we conducted GO enrich-
ment analysis on 154 overlapping targets associated with disease
treatment by compounds. The top 15 significant (P < 0.05) GO
terms for biological processes (BPs), molecular functions (MFs), and
cellular components (CCs) were identified and visualized in bar
plots (Fig. 4H). In these plots, the vertical axis represents each GO
term, and the horizontal axis indicates the number of enriched
targets. BP terms primarily included cellular responses to chemical
stress and oxidative stress. MF terms were characterized by nuclear
receptor activity, ligand-activated transcription factor activity, and
protein serine/threonine/tyrosine kinase activity. CC terms
encompassed vesicle lumen, secretory granule lumen, and cyto-
plasmic vesicle lumen. KEGG pathway enrichment analysis of the
targets revealed 178 enriched signaling pathways. We focused on
the top 30 pathways with P < 0.05 and visualized them using
bubble diagrams (Fig. 4I). The enriched pathways primarily
involved lipid and atherosclerosis, AGE-RAGE signaling pathway in
diabetic complications, hepatitis B, PI3K-AKT signaling pathway,
HIF-1 signaling pathway, apoptosis, endocrine resistance, PD-L1
expression and PD-1 checkpoint, and MAPK signaling pathway.
These pathways exhibited synergistic interactions in disease
treatment. Given that KH capsule inhibits inflammation and
oxidative stress in ALI mice, we propose that the regulation of
MAPK and PI3K-AKT signaling pathways is a key mechanism of KH
capsule.

3.7. Molecular docking analysis revealed the potential target of
Kehuang capsule

Network pharmacology has established the significance of the
MAPK and PI3K-AKT signaling pathways in the therapeutic efficacy
of KH capsule. To further elucidate the interaction between the KH
analysis. (I) KEGG pathway. Abbreviations: AKT, protein kinase B; GO, gene ontology; HIF
phatidylinositol 3-kinase; PPI, protein-protein interaction.
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capsule’s constituents and these pathways, molecular docking
studies were conducted. The top five ingredients were docked
against AKT1 and MAPK1, with the resulting docking energies
summarized in Table 2. A binding energy below �5 kcal/mol is
indicative of a strong interaction between the active components
and the target proteins. The results of the molecular docking are
visually represented in Fig. 5, accompanied by annotations.
3.8. Kehuang capsule reduced inflammation via MAPK and PI3K-
AKT signaling pathways in CCl4-induced ALI

To elucidate the mechanism underlying the anti-inflammatory
effects of KH capsule, we investigated the alterations in the MAPK
and PI3K-AKT signaling pathways using Western blot analysis. The
PI3K-AKT pathway is essential for cell survival and proliferation,
and its dysregulation is frequently linked to heightened inflam-
mation and oxidative stress. Likewise, the MAPK pathway,
comprising ERK, JNK, and p38, is pivotal in modulating inflamma-
tory responses and cell apoptosis.

Our findings demonstrated that KH capsule significantly
inhibited the phosphorylation of AKT, ERK, and p38 (Fig. 6AeE). The
suppression of AKT phosphorylation suggests a reduction in in-
flammatory signaling and oxidative stress, which in turn enhances
cell survival and mitigates liver damage. The inhibition of ERK and
p38 phosphorylation indicates a downregulation of the inflam-
matory response and apoptotic signaling pathways, both of which
are pivotal in alleviating liver injury. These results suggest that the
inhibition of MAPK and PI3K-AKT signaling pathways is a critical
mechanism through which KH capsule ameliorates CCl4-induced
ALI.
4. Discussion

Network pharmacology, adept at elucidating multi-component,
multi-target, and multi-pathway interactions, is particularly well-
suited for understanding the mechanisms underlying TCM.22

Additionally, pharmacological analysis of serum offers crucial in-
sights into the in vivo transformations of herbal medicines. This
study integrated network pharmacology and serum pharmacology
to identify the active constituents, predicted targets, and potential
mechanisms of action of KH capsule, validated through a mouse
model. UHPLC analysis identified 40 compounds. Compound-
target-disease network analysis suggested that genistein, gal-
angin, wogonin, skullcapflavone II, and hispidulin might be the
primary active ingredients. Genistein has been shown to alleviate
acetaldehyde-induced oxidative stress and liver damage by reac-
tivating the hepatic NRF2-HO-1 signaling pathway.23 Galangin ex-
hibits hepatoprotective effects in rats bymitigating oxidative stress,
, hypoxia-inducible factor 1; KEGG, Encyclopedia of Gene and Genomics; PI3K, phos-



Fig. 5. Molecular docking models of Kehuang capsule with possible core anti-acute liver injury targets. AKT1 with (A) Skullcapflavone II, (B) Genistein, (C) Galangin, (D)
Hispidulin, (E) Wogonin. MAPK1 with (F) Skullcapflavone II, (G) Genistein, (H) Galangin, (I) Hispidulin, (J) Wogonin. Abbreviations: AKT, protein kinase B; MAPK, mitogen-activated
protein kinase.

Fig. 6. KH capsule reduced inflammation via MAPK and PI3K-AKT signaling pathways in CCl4-induced ALI. (A) The protein expression of ERK, P38, JNK, and AKT were detected
using Western blotting analysis. (BeE) Statistical graphs of relative protein expression of ERK, P38, JNK, and AKT. Data are expressed as means ± standard deviation (n ¼ 3).
*P < 0.05, **P < 0.01, ***P < 0.001. Abbreviations: AKT, protein kinase B; CCl4, carbon tetrachloride; ERK, extracellular signal-regulated kinase; JNK, c-Jun N-terminal kinase; KH,
Kehuang.
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inflammation, and apoptosis.24 Wogonin has been demonstrated to
therapeutically intervene in acetaminophen (APAP)-induced liver
injury in mice by suppressing macrophage inflammatory responses
through the inhibition of the PI3K-AKT signaling pathway.25

Skullcapflavone II has been associated with antioxidant activities,
while hispidulin is recognized as a natural anticancer compound.26

KEGG pathway analysis demonstrated significant enrichment of the
MAPK and PI3K-AKT signaling pathways, which are crucial in liver
injury.27,28 Activation of the MAPK signaling pathway enhances
early inflammatory responses, resulting in elevated expression of
pro-inflammatory cytokines including IL-6, IL-1b, and TNF-a, which
subsequently promote apoptosis in cells.29 During ALI, the activa-
tion of PI3K-AKT signaling pathway is implicated in the production
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of inflammatory factors and hepatocyte apoptosis.30 These network
pharmacology predictions were corroborated using the CCl4-
induced ALI model in mice.

Current research indicates that ALI induced by CCl4 exhibits
symptoms strikingly similar to those seen in human liver
injury,31e35 including hepatocyte necrosis, inflammatory re-
sponses, and oxidative stress. These features render the CCl4-
induced ALI model highly valuable for mimicking human liver
injury, thereby making it widely utilized in the development and
study of ALI models. Our results demonstrate that KH capsule
effectively alleviates CCl4-induced ALI. Treatment with KH capsule
significantly reduced the elevated serum aminotransferase activ-
ities, protected hepatocytes, and preserved their structural
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integrity in mice exposed to CCl4. Histological analysis using F4/80
staining revealed amarked increase in livermacrophage infiltration
12 h post-CCl4 injection, whichwasmitigated by pretreatment with
KH capsule. An increase in liver macrophage count is a well-
recognized hallmark of liver injury.36 In the context of ALI, the
influx of peripheral monocytes can differentiate into macrophages,
resulting in a significant increase in the number of macrophages
within the liver.37,38 Our findings provide evidence that KH capsule
exerts a suppressive effect on hepatic inflammatory infiltration.

Liver injury is marked by the infiltration of macrophages and a
significant increase in pro-inflammatory cytokines, including TNF-a
and IL-6. This inflammatory response exacerbates hepatocyte
damage and cell death through elevated cytokine levels and the
production of ROS by inflammatory cells.39 The inflammatory
response elicited by CCl4 is primarily mediated by the over-
production of pro-inflammatory cytokines such as IL-6, IL-1b, and
TNF-a.33 Our results demonstrate that serum levels of pro-
inflammatory cytokines were significantly elevated in mice
treated with CCl4, but this elevation was mitigated by KH capsule
administration. These findings highlight the role of KH capsule
pretreatment in attenuating macrophage infiltration and
decreasing pro-inflammatory cytokine production, thereby modu-
lating liver inflammation.

Hepatotoxicity induced by CCl4 exposure is primarily driven by
oxidative stress-mediated liver injury.40 This is commonly marked
by abnormal levels of MDA and a decrease in SOD activity, indi-
cating impaired antioxidant defense.41 The administration of KH
capsule resulted in a reduction of MDA and an increase in SOD,
indicating that the KH capsule can alleviate CCl4-induced oxidative
stress. Additionally, CCl4-induced ALI is known to trigger extensive
hepatocyte apoptosis.42 The TUNEL assay revealed a marked
reduction in TUNEL-positive cells in the livers of KH capsule-treated
mice, suggesting that KH capsule effectively mitigates hepatocyte
apoptosis and thereby ameliorates liver injury.

Nrf2 is a key redox regulator that activates the gene expression
of multiple antioxidant enzymes, effectively scavenging harmful
free radicals and reducing oxidative damage to cell structure and
function.43 Previous research has demonstrated that activating Nrf2
can effectivelymitigate liver damage.44,45 Our findings indicate that
exposure to CCl4 significantly decreased Nrf2 expression in the
liver, a reduction that was ameliorated by pretreatment with KH
capsule. Additionally, CCl4 exposure led to a decrease in HO-1
expression, which was also reversed by KH capsule administra-
tion. HO-1 has been shown to exert a protective effect in various
experimental models of inflammation and oxidative damage,46 and
is thought to safeguard liver cells from damage induced by ALI and
other etiologies.47 Hepatotoxicity induced by CCl4 is mediated by
CYP2E1, which metabolizes CCl4 into trichloromethyl radicals,
leading to liver injury.48 Our results indicate that KH decreases the
expression of CYP2E1. These results suggest that KH capsule can
alleviate hepatic oxidative stress by enhancing the Nrf2 and HO-1-
mediated antioxidant defense mechanism.

The MAPK signaling pathway, comprising the ERK, JNK, and p38
subfamilies,49,50 is pivotal in the phosphorylation of inflammatory
mediators, leading to liver inflammation. This pathway is impli-
cated in oxidative stress and inflammation, with excessive activa-
tion resulting in cellular damage.51e53 During the process of ALI
induced by CCl4, the MAPK signaling pathway is significantly acti-
vated.54 CCl4 is metabolized in the liver into free radical substances,
such as CCl3 and CCl3OO, which attack polyunsaturated fatty acids
on the membranes of hepatocytes and mitochondria, triggering
lipid peroxidation reactions, leading to membrane damage and
increased permeability.55 In this process, key molecules in the
MAPK signaling pathway, such as ERK, JNK, and p38, are activated
and participate in regulating cellular oxidative stress, the release of
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inflammatory factors TNF-a and IL-6, and apoptosis in hepatocytes.
In our study, CCl4 treatment significantly elevated the expression of
ERK, JNK, and p38, which could be reduced by KH capsule. This
suggests that KH capsule mitigates CCl4-induced MAPK signaling
activation. Additionally, the initiation and progression of hepatic
damage have been linked to the PI3K-AKT pathway. KH capsule
decreased the phosphorylation level of AKT. This indicates that KH
capsule may be through the PI3K-AKT pathway to alleviate CCl4-
induced liver damage.

In summary, KH capsule demonstrated the inhibition of liver
necrosis, as well as a reduction in inflammation and oxidative stress
in mice, potentially through the suppression of the MAPK and AKT
pathways, thereby reversing the majority of pathological alter-
ations associated with CCl4-induced liver injury. These results lay a
solid groundwork for the potential clinical application of KH
capsule in ALI. However, this study has certain limitations, as it only
utilized one ALI model without verification at the cellular level.
Regarding the relevance of KH capsule pretreatment, we
acknowledge that routine use of KH capsule before hepatotoxin
exposure may not reflect a common clinical scenario. However,
pretreatment models can be used to assess potential protective
effects.56,57 In real-world applications, KH capsule could be bene-
ficial in scenarios where there is a known risk of hepatotoxin
exposure, such as occupational settings or chronic exposure to
environmental toxins.

5. Conclusions

In this study, we found that KH capsule could mitigate CCl4-
induced ALI. We suggest that KH capsule possess anti-
inflammatory and antioxidant effects. The protective effect of KH
capsule is potentiallymediated by the suppression of theMAPK and
PI3K-AKT signaling pathways.
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