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Nonalcoholic fatty liver disease (NAFLD) has developed into the most common chronic liver disease and
can lead to liver cancer. Our laboratory previously developed a novel prescription for NAFLD, “Eight Zhes
Decoction” (EZD), which has shown good curative effects in clinical practice. However, the pharmaco-
dynamic material basis and mechanism have not yet been revealed. A strategy integrating lipidomics,
network pharmacology and pharmacokinetics was used to reveal the active components and mecha-
nisms of EZD against NAFLD. The histopathological results showed that EZD attenuated the degrees of
collagen deposition and steatosis in the livers of nonalcoholic steatofibrosis model mice. Furthermore,
glycerophospholipid metabolism, arachidonic acid metabolism, glycerolipid metabolism and linoleic acid
metabolism with phospholipase A2 group IVA (PLA2G4A) and cytochrome P450 as the core targets and
12,13-cis-epoxyoctadecenoic acid, 12(S)-hydroxyeicosatetraenoic acid, leukotriene B4, prostaglandin E2,
phosphatidylcholines (PCs) and triacylglycerols (TGs) as the main lipids were found to be involved in the
treatment of NAFLD by EZD. Importantly, naringenin, artemetin, canadine, and bicuculline were iden-
tified as the active ingredients of EZD against NAFLD; in particular, naringenin reduces PC consumption
by inhibiting the expression of PLA2G4A and thus promotes sufficient synthesis of very-low-density
lipoprotein to transport excess TGs in the liver. This research provides valuable data and theoretical
support for the application of EZD against NAFLD.
© 2023 The Authors. Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

continue to rise in the next few decades [2]. More importantly,
NAFLD has evolved into the most common chronic liver disease

Nonalcoholic fatty liver disease (NAFLD) is an acquired meta-
bolic stress liver injury disease, and its pathogenesis is relevant to
type 2 diabetes, obesity, hyperlipidemia, hypertension, and meta-
bolic risk factors. Simple fatty liver disease, nonalcoholic steato-
hepatitis (NASH) and related cirrhosis are some of the different
manifestations and pathological processes of NAFLD. In the absence
of excessive alcohol intake or other chronic liver diseases, more
than 5% of hepatocyte steatosis is considered diagnostic of NAFLD
[1]. The global prevalence of NAFLD reached 29.8% in 2019 and will
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worldwide over the past two decades and poses a serious clinical
burden, economic burden and impact on patients' lives.

The causes of NAFLD mainly include insulin resistance, intes-
tinal flora disorders, abnormal lipid metabolism, and mitochon-
drial dysfunction [3]. One of the core factors causing pathological
effects is the accumulation of toxic lipid substances, which is
mainly caused by abnormal metabolism [4]. These lipotoxic lipids
include diacylglycerols (DGs) [5], ceramides (Cers) [6], lyso-
phosphatidylcholines (LPCs) [7], and excessive cholesterols
(Chos) [8], which contribute to the stress, injury and death of liver
cells and thus further lead to liver fibrosis. Although these lip-
otoxic lipids that promote cellular damage and inflammatory
responses have not been fully defined and their specific mecha-
nisms have not been fully explored, reducing the accumulation of
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these lipids is a reliable method for preventing and controlling
NAFLD.

Currently, the diagnosis and therapy of NAFLD is extremely
limited. An effective method is to control a patient’s weight to some
extent because maintaining a body weight loss 10% can reduce the
risk of liver fibrosis [9]. With the changing disease spectrum, many
patients are now leaner [10,11]. The dysfunction of lipid meta-
bolism in the liver as a result of nutritional imbalance leads to rapid
and massive accumulation of triacylglycerols (TGs) in hepatocytes,
resulting in the development of NAFLD. The drugs currently in
clinical trials include vitamin E, pioglitazone, glucagon like peptide-
1 agonists, peroxisome proliferator-activated receptor-y agonists,
and sodium-dependent glucose transporter 2 inhibitors, but their
clinical use remains limited due to potential side effects and un-
certainty regarding long-term efficacy and safety.

Traditional Chinese medicines (TCMs) have remarkable thera-
peutic effects on NAFLD. Yinchenhao decoction, Shenling Baizhu
powder, Daibuhu decoction, Taohong Siwu decoction, Qianggan
prescription and other TCM prescriptions can significantly reverse
the liver pathological manifestations of NAFLD [12]. However, it is
well known that the ingredients and targets of TCMs in most cases
are quite complicated and difficult to identify. Lipidomics focuses
on the holistic and systematic study of lipid changes in vivo, which
coincides with the holistic view of TCMs. Therefore, this strategy is
widely employed to clarify the mechanism of medicines in modern
Chinese medicine. The key lipid molecules of Shenling Baizhu
powder [13] and Dohongsamul-tang [14] in the treatment of NAFLD
were preliminarily determined as potential therapeutic targets.
Although lipidomics can reflect the changed lipids by TCMs, the
specific ingredients that cause these changes and their upstream
proteins remain unclear. Network pharmacology and pharmaco-
kinetics have been widely used in TCMs because they reveal the
effective ingredients, predict the potential targets of known com-
pounds, and explain the mechanism.

Our research group developed a novel prescription denoted
“Eight Zhes Decoction” (EZD) based on many years of practice in
TCM clinical treatment of NAFLD, and this decoction has achieved
good clinical efficacy against NAFLD [15]. However, the mechanism
of EZD against NAFLD remains unknown and requires further study.
Therefore, the present study used the nonalcoholic steatofibrosis
(NASF) mouse model and combined the techniques of lipidomics,
network pharmacology, and pharmacokinetics to study the active
ingredients and mechanisms of EZD in NAFLD, and the results
provide experimental support and a thorough understanding of the
potential application of EZD against NAFLD in the clinic.

2. Materials and methods
2.1. Chemicals and reagents

Methionine-choline deficient feed (MCD) and control feed
(MCS) were provided by Nantong Trophy Feed Technology Co., Ltd.
(Nantong, China). The EZD consisted of eight genuine medicinal
materials in Zhejiang Province, including Curcumae Radix, Coryd-
alis Rhizoma, Atractylodis Macrocephalae Rhizoma, Fritillariae
Thunbergii Bulbus, Paeoniae Radix Alba, Scrophulariae Radix,
Chrysanthemi Flos, and Ophiopogonis Radix, which were pur-
chased from Ningbo Mingbei Chinese Pharmaceutical Co., Ltd.
(Ningbo, China). The crude drugs were identified by Jun Bao from
the First Affiliated Hospital of Ningbo University. The voucher
specimens were deposited in the abovementioned hospital. The
lipid standards were purchased from Sigma-Aldrich (St. Louis, MO,
USA) or Avanti Polar Lipids (Alabaster, AL, USA). The reagents were
all of high performance liquid chromatography-grade and included
formic acid (FA) from Sigma-Aldrich; tert-butyl methyl ether
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(MTBE), isopropanol (IPA), methanol (MeOH), and acetonitrile
(ACN) from Merck (Darmstadt, Germany); ammonium formate
(AmFA) and dichloromethane (CH»Cl;) from Thermo Fisher Scien-
tific Inc. (Waltham, MA, USA); and carbon tetrachloride (CCly) from
Sinopharm Chemical Reagent Shanghai Co., Ltd. (Shanghai, China).
The primary antibodies were obtained from Boster Biotechnology
and Proteintech (Wuhan, China), and horseradish peroxidase-
conjugated secondary antibody was provided by Cell Signaling
Technology (Boston, MA, USA). Fetal bovine serum (FBS), base
medium, and penicillin-streptomycin solution (P/S) were pur-
chased from Gibco Life Technologies (Grand Island, NE, USA). The
high-fat cell additive (SYSJ-KJOO6) was provided by Xi’an Kun-
chuang Corporation (Xi’an, China). The total TG assay kit was ob-
tained from Nanjing Jiancheng Bioengineering Institute (Nanjing,
China), and oil red O was provided by Beijing Solarbio Science &
Technology Co., Ltd. (Beijing, China). Ultrapure water was obtained
using a Milli-Q system (Millipore, Billerica, MA, USA).

2.2. Animals

C57BL/6] mice (24 + 3 g) were obtained from Jiangsu Jicui
Yaokang Biotechnology Co., Ltd. All animal experiments were
approved by the Experimental Animal Ethics Committee of Ningbo
University (Approval number: SYXK (Zhejiang) 2019—0005).

Three groups, namely normal group (N), NASF model group (6W),
and EZD group (Z), were separated, and each group consisted of 8
mice. The NASF model mice were obtained by feeding an MCD diet
and administering an intraperitoneal injection of 10% CCls-olive oil
solution (2 mL/kg) once a week for 6 weeks. The normal mice were
fed the MCS diet. The EZD dose administered to the mice was con-
verted from the dose used for clinical administration. The daily dose
of EZD for human adults is based on the following amounts of the
crude drugs: Curcumae Radix (12 g), Fritillariae Thunbergii Bulbus
(12 g), Chrysanthemi Flos (12 g), Atractylodis Macrocephalae Rhi-
zoma (15 g), Paeoniae Radix Alba (12 g), Scrophulariae Radix (12 g),
Ophiopogonis Radix (12 g), and Corydalis Rhizoma (9 g). The total
mass of the crude drugs used in the clinic is 96 g, which equates to a
dose of 1.37 (96/70) g/kg body weight. The daily EZD dose for mice
was calculated by converting the body surface area of human adults
(70 kg) to that of mice as follows: 1.37 g/kg x 10 = 13.7 g/lkg = 14 g/
kg (20 mL/kg). EZD was administered to the mice once a day for 4
weeks beginning from the third week of model establishment. The
normal and model groups were administered an equal dose (20 mL/
kg) of saline by gavage. After 6 weeks of feeding, the animals were
fasted for 12 h, and liver tissues were collected after anesthesia.

2.3. Cell experiment

L02 cells were cultured in 1,640 medium containing 10% FBS and
1% P/S at 37 °C and 5% carbon dioxide. The cells were washed twice
with phosphate buffered saline solution and suspended in com-
plete medium containing sodium palmitate (250 uM) and sodium
oleate (500 pM) after reaching 50%—60% confluence. Stock solu-
tions of naringenin, artemetin, canadine, and bicuculline were
prepared with dimethylsulfoxide (DMSO) and then added to the
cell supernatants. The final concentration of DMSO in all the groups
was 0.1%. After 48 h of intervention, oil red O staining was carried
out, and 3% Triton was added to the cells for the extraction of total
intracellular triglycerides for later analysis.

2.4. Sample preparation and extraction
2.4.1. Standard stock solutions

Standard stock solutions (1 mg/mL) of canadine, naringenin,
bicuculine, and artemetin were prepared in MeOH and then diluted
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to the following concentrations for the calibration curve: canadine
(16, 32, 64, 128, and 256 ng/mL), artemetin (16, 32, 64, 128, and
256 ng/mL), naringenin (1, 2, 3, 4, and 5 ng/mL), and bicuculine (4,
8, 16, 32, and 64 ng/mL).

24.2. EZD

The decoction was prepared using the same protocol as that
used for the conventional Chinese medicine decoction. The herbal
crude slices were mixed, soaked in cold water for 30 min (2—3 cm
above the height of the drug surface) and boiled for 10 min under
high heat and 30 min under low heat, and the liquid was then
poured into a reagent bottle. The dregs of the decoction were then
added to cold water (2—3 c¢cm above the height of the drug surface)
and decocted as described before under high and low heat, and the
liquid was then poured into a reagent bottle. The two decoctions
were mixed together and concentrated to a concentration of 0.70 g/
mL by a rotary evaporator. The mice were orally administered the
resulting drug, simulating the process of clinical patient use,
without freezing, drying or sterilization. In addition, EZD (200 mg/
mL) in MeOH:H,0 (1:1, V/V) solution was prepared to carry out the
quantitative analysis.

2.4.3. Lipid analysis

The liver sample was weighed (20 mg) and homogenized with
steel balls for 20 s. One milliliter of MTBE:MeOH mixed solvent (3:1,
V/V) including internal standards was then added and stirred for
15 min. Subsequently, H>O (200 pL) was added, and the mixture
was stirred again for 1 min. The upper layer (200 pL) was obtained
by centrifugation, and further concentrated and dissolved with
200 pL of ACN:IPA (10:90, V/V) solution for analysis.

2.4.4. Absorbed ingredient analysis

Forty milligrams of liver sample was weighed and homogenized
with a steel ball for 20 s. MeOH (1 mL) was added to extract
compounds. The sample was mixed for 10 min and centrifuged to
obtain the upper layer for vacuum drying. Two hundred microliters
of MeOH:H,0 (1:1, V/V) solution was used to reconstitute the
sample for analysis.

2.5. Histologic assessment

Paraffin sections of liver tissue were prepared for Masson
staining for the observation of tissue collagen hyperplasia. Liver
tissue was frozen and stained with oil red O for the observation of
fatty deposition.

2.6. Lipid and active ingredient detection

Lipid detection: A SCIEX QTRAP liquid chromatography-tandem
mass spectrometry system (Shanghai, China) and a C3g column
(2.1 mm x 100 mm, 2.6 um) at 45 °C were employed to separate
and detect the lipids (Thermo Scientific Inc., San Jose, CA, USA). The
solvent system included ACN:H,O (60:40, V/V; A) and ACN:IPA
(10:90, V:V; B), both with 0.1% FA and 10 mM AmFA. The flow rate
was 0.35 mL/min. Gradient elution was used as follows: 20%—30% B
at 0—2 min, 30%—60% B at 2—4 min, 60%—85% B at 4—9 min, 85%—
90% B at 9—14 min, 90%—95% B at 14—15.5 min, 95% B at
15.5—17.3 min, and 20% B at 17.3—20 min. The injection volume was
set to 2 pL. The optimized mass spectrometry conditions were as
follows: linear ion trap and triple quadruple scan types; ion source
temperature, 500 °C; collision gas, nitrogen (5 psi); curtain gas,
35 psi; ion source gas 1 and 2, 45 and 55 psi; and ion spray voltages,
5,500 V and —4,500 V.

Active ingredient detection: A Waters Xevo G2-XS quadrupole
time of flight mass spectrometry system and Acquity UPLC HSS T3
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column (2.1 mm x 150 mm, 1.7 um) at 40 °C were employed
(Milford, MA, USA). The mobile phases were 0.1% FA:H;0 (V/V) (A)
and ACN (B). Gradient elution was used as follows: 20% B at
0—3 min, 20%—95% B at 3—9 min, 95% B at 9—12 min, and 95%—20%
B at 12.1-14 min. The flow rate and injection volume were 0.3 mL/
min and 5 pL, respectively. The optimized MS conditions were used:
capillary voltages, 2.5 kV (negative) and 3 kV (positive); acquisition
range, 100—1,200 my/z; scan time, 0.1 s; nebulizer and auxiliary gas,
nitrogen (400 °C and 1,000 L/h); and collision energy, 20 or 35 eV.

2.7. Network construction

The TCMSP database was adopted to find the compounds of EZD
based on the criteria with oral bioavailability >30% and drug-
likeness >0.18 [16]. To avoid missing active ingredients, com-
pounds reported in the literature that did not satisfy the standards
but exhibited high activity and/or were found at a high content
were also selected for further study. The structures of all screened
compounds transformed into SDF or canonical SMILES formats
were imported into the Stitch [17], Swiss Target Prediction (STP)
[18], PharmMapper [19], and Similarity Ensemble Approach (SEA)
[20] servers to predict targets in Homo sapiens. Furthermore, the
GeneCards database was used to obtain NAFLD-related targets [21].
Two sets of targets were matched, and the mutual targets were
collected. The DAVID database was adopted for further Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway and Gene
Ontology (GO) enrichment analyses with Homo sapiens as the
condition [22]. The compound-target (C-T) network and
compound-reaction-enzyme-gene (CREG) network were built and
visualized using Cytoscape 3.9.1 [23].

2.8. Molecular docking

The structures of proteins and ligands from the Protein Data
Bank [24] and PubChem [25] databases were introduced into
PyMOL (Version 2.0 Schrodinger, LLC) to remove water molecules.
Docking and the affinity calculation between the ligand and protein
were conducted using AutoDockTools-1.5.6 [26].

2.9. Western blotting

Cells (1 x 10%) were collected from different treatment groups,
and 200 pL of radioimmunoprecipitation assay solution was added
for 30 min at 4 °C for cell lysis. An ultrasonic crushing instrument
was then used to administer ultrasound waves for 10 s at 40 W at
intervals of 50 s for a total of 5 cycles. The electrophoresis condi-
tions were maintained at 80 V for 0.5 h followed by 1 h at 120V, and
the transmembrane condition was maintained at 400 mA for
70 min. The membrane was then incubated with 5% skim milk for
2 h with primary antibody overnight and with secondary antibody
the next day. The membrane was cleaned with Tris buffer solution
plus Tween after each incubation. The relative protein expression
content was detected using the enhanced chemiluminescence
luminescence method, and the image was analyzed with Image]
(6.0) software [27].

2.10. Statistical analysis

Principal component analysis (PCA) and orthogonal partial least
squares-discriminant analysis (OPLS-DA) were carried out with R
(www.r-project.org). SPSS 16.0 software (Chicago, IL, USA) was
used for t tests or one-way analysis of variance. P < 0.05 was
considered to indicate significance.
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3. Results
3.1. EZD alleviated the histopathological disorder

A high degree of steatosis was observed in liver tissue of the
NASF model mice by oil red O staining, and the cytoplasm was full
of vacuoles of lipid droplets. Quantification of the oil red O-stained
area was accomplished using the lipid droplet area. The lipid
droplet area was markedly increased in the NASF model group, but
the degree of steatosis and the lipid droplet area of the EZD inter-
vention group were significantly decreased (P < 0.01). Masson
staining can be used to visualize the distribution of collagen fibers
and muscle fibers, and the proportion of the collagen fiber content
can be analyzed semiquantitatively by calculating the collagen
volume fraction (CVF). In the NASF model group, the collagen
deposition of liver tissue was markedly increased, collagen fibers
were found to form a filamentous or even coarse cord-like distri-
bution around the sinusium, the hepatic lobule structure was
disorganized, and fibrous tissue hyperplasia was also observed. EZD
attenuated the degree of collagen deposition. The CVF values were
significantly increased (P < 0.01) and decreased (P < 0.05) by NASF
and EZD intervention, respectively. These results demonstrated
that EZD can effectively alleviate the degree of NASF (Fig. 1).
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3.2. Lipid profiles in liver tissue of EZD-treated NASF model mice

To further identify which lipid biomarkers are responsible for
the effect of EZD against NAFLD, lipid profiling was performed. Prior
to disposing the sample data, the quality control (QC) samples were
subjected to Pearson correlation analysis. The correlation coeffi-
cient r was >0.9973, which indicated high stability and repeat-
ability. The representative total ion chromatogram of the QC sample
and Pearson correlation analysis are presented in Figs. S1—S3.
Thirty-two types of lipids and 1,321 lipids were identified in the
livers of the normal, NASF model and EZD groups, and these
included 291 TGs, 231 phosphatidylethanolamines (PEs), 134
phosphatidylcholines (PCs), and 99 DGs, etc. The total contents of
LPCs, PCs, lysophosphatidylethanolamines (LPEs), TGs, Chos,
sphingomyelins (SMs), coenzyme Qs (CoQs), PEs, DGs, phosphati-
dylserines (PSs), Cers, bile acids (Bas), lysophosphatidylinositols
(LPIs), lysophosphatidylglycerols (LPGs), hexosylceramides (HexC-
ers), lysophosphatidylserines (LPSs), bis (monoacylglycero)phos-
phates (BMPs), cholesteryl esters (CEs), lysophosphatidic acids
(LPAs), eicosanoids, and sitosterol esters were significantly different
between the normal group and the NASF model group (P < 0.05). In
addition, the contents of Bas, Chos, DGs, eicosanoids and TGs were
markedly different between the EZD group and the NASF model
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Fig. 1. Effect of Eight Zhes Decoction (EZD) on liver tissues of nonalcoholic steatofibrosis (NASF) model mice. (A) Histopathological changes in liver tissues of the normal (N), model
(6W) and EZD (Z) groups detected by oil red O and Masson staining. (B) Lipid droplet area (positive area) ratio of liver tissues. (C) Collagen volume fraction (CVF) values of liver

tissue. P < 0.01 vs. the normal group; *P < 0.05 and **P < 0.01 vs. the model group.
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group (P < 0.05), suggesting that significant lipid changes were
induced by NASF model establishment and by the EZD therapy
(Fig. 2A). Furthermore, PCA was carried out to observe the trends
and show the differences between groups (Fig. 2B). A significant
variation was obtained between the normal group and the NASF
model group. Supplementation with EZD returned the lipid profile
to normal to some extent, indicating that EZD can effectively relieve
NASF in mice.

Then, OPLS-DA, a supervised pattern recognition method, was
performed to find potential lipid markers for NAFLD and EZD
treatment and further verify the separation of the lipid profiles
between groups. The three main parameters of R2X, R%Y and Q?
obtained by permutation test model validation were all greater
than 0.5 (Figs. S4 and S5), suggesting the feasibility of the OPLS-DA
model. The score plots showed obvious separation among the
groups (Figs. 3A and B). The parameters used for screening the
candidate lipid biomarkers were set as follows: VIP > 1, P < 0.05
and fold change >2. Finally, 677 lipids with levels significantly
affected by NASF were identified (Fig. 3C). Among them, 488 were
upregulated, and these mainly belonged to 8 major lipid classes,
which included free fatty acids (FFAs), TGs, Cers, DGs, CEs, PSs,
BMPs, and phosphatidylglycerol (PGs), whereas the significantly
downregulated 189 lipids included eicosanoid, LPE, LPC, phospha-
tidylinositol (PI) and PC classes. Similarly, 177 lipids were signifi-
cantly affected by EZD (Fig. 3D), and these included 146 markedly
downregulated lipids and 31 upregulated lipids. Based on the Venn
diagram, 118 lipids (Table S1) showed significant differences be-
tween the normal and NASF model groups and the NASF model and
EZD groups, and the changes in some lipids are shown in a heatmap
(Fig. 3E). Among them, 19 lipids, namely, ursodeoxycholic
acid, taurochenodeoxycholic acid, LPI(18:0/0:0), LPE(17:0/0:0),
PC(18:1_22:5), PI(16:1_18:1), LPC(19:1/0:0), LPI(17:0), LPE(18:2/
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0:0), LPI(19:0), PC(22:6_22:6), LPC(0:0/19:0), carnitine C6-OH,
carnitine C5:1, carnitine C10:2, LPC(0:0/17:0), LPC(16:1/0:0), LPE
(17:1/0:0), and LPE(20:2/0:0), were markedly decreased in the
NASF model group but exhibited marked recovery after EZD ther-
apy. The other 99 lipids were significantly increased in the NASF
model group and recovered after EZD treatment.

3.3. Candidate compounds and target analysis

A total of 136 candidate compounds of EZD (Table S2) were
collected, and these comprised 11 compounds from Atractylodis
Macrocephalae Rhizoma, 22 from Paeoniae Radix Alba, 17 from
Fritillariae Thunbergii Bulb, 12 from Scrophulariae Radix, 24 from
Chrysanthemi Flos, 14 from Ophiopogonis Radix, 15 from Curcumae
Radix, and 24 from Corydalis Rhizoma. Among these compounds,
kaempferol and catechin are present in both Paeoniae Radix Alba
and Chrysanthemi Flos, and naringenin is present in both Chrys-
anthemi Flos and Curcumae Radix. The targets of these compounds
were predicted using the SEA, STP, Stitch, and PharmMapper
servers. Finally, 281 disease-related targets of EZD were obtained
(Table S3).

3.4. joint pathway analysis of network pharmacology and
lipidomics

A joint pathway analysis was conducted to explore the mecha-
nism of EZD against NAFLD based on 118 differential lipids (Table S1)
and 281 targets (Table S3) using MetaboAnalyst. The results showed
that linoleic acid metabolism, arachidonic acid metabolism, glycer-
olipid metabolism and glycerophospholipid metabolism were highly
enriched (Fig. 4A). Furthermore, a CREG network was constructed
based on the changed lipids (Fig. S6). The above four pathways were
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Fig. 2. Lipidomics analysis of liver tissues. (A) Intensity of different lipid species in the liver of the normal (N), model (6W) and Eight Zhes Decoction (EZD) (Z) groups (n = 8). “ and *
indicate statistically significant differences between the N and 6W groups and the 6W and Z groups (P < 0.05), respectively. (B) Principal component analysis (PCA) score plot of the
hepatic lipid profiles of the normal, model and EZD groups. LPC: lysophosphatidylcholine; FFA: free fatty acid; PC: phosphatidylcholine; LPE: lysophosphatidylethanolamine; TG:
triacylglycerol; Cho: cholesterol; SM: sphingomyelin; CoQ: coenzyme Q; PE: phosphatidylethanolamine; DG: diacylglycerol; LNAPE: N-acyl-lysophosphatidylethanolamine; PS:
phosphatidylserine; Cer: ceramide; PI: phosphatidylinositol; PG: phosphatidylglycerol; BA: bile acid; SPH: sphingosine; LPI: lysophosphatidylinositol; LPG: lysophosphatidylgly-
cerol; CAR: carnitine; HexCer: hexosylceramide; LPS: lysophosphatidylserine; MGDG: monogalactosyldiacylglycerol; MG: monoacylglycerol; BMP: bis (monoacylglycero)phos-
phates; PA: phosphatidic acid; CE: cholesteryl ester; DGDG: digalactosyldiacylglycerol; LPA: lysophosphatidic acid, PMeOH: phosphatidylmethanol; CASE: sitosterol ester.
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Fig. 3. Screening of significantly differential lipids. Orthogonal partial least squares-discriminant analysis (OPLS-DA) score plots and volcano plots of (A, C) the normal (N) versus
model group (6W) and (B, D) the 6W versus Eight Zhes Decoction (EZD) (Z) group. (E) Heatmap analysis of some significantly differential lipids in the normal, model, and EZD
groups. LPI: lysophosphatidylinositol; PC: phosphatidylcholine; PI: phosphatidylinositol; LPC: lysophosphatidylcholine; LPE: lysophosphatidylethanolamine; 13-ox0ODE: 13-keto-
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dihydroxyoctadec-12-enoic acid; 12-HETE: 12(S)-hydroxyeicosatetraenoic acid; 15-HETE: 15(S)-hydroxyeicosatetraenoic acid; 5-HETE: 5-hydroxyeicosatetraenoic acid; 11-HETE:
11-hydroxyeicosatetraenoic acid; LTB4: leukotriene B4; PGE2: prostaglandin E2; PGE1: prostaglandin E1; FFA: free fatty acid; PG: phosphatidylglycerol; PE: phosphatidyletha-

nolamine; CE: cholesteryl ester; DG: diacylglycerol; TG: triacylglycerol.

also highly enriched. By matching the enriched targets of four path-
ways in MetaboAnalyst with the genes in CREG network, 10 targets,
namely, phospholipase A2 group IIA (PLA2G2A), cytochrome P450
family 2 subfamily C member 8 (CYP2C8), cytochrome P450 family 3
subfamily A member 4 (CYP3A4), cytochrome P450 family 2 sub-
family C member 9 (CYP2C9), cytochrome P450 family 1 subfamily A
member 2 (CYP1A2), phospholipase A2 group IVA (PLA2G4A),
carboxyl ester lipase (CEL), diacylglycerol O-acyltransferase 1
(DGAT1), acetylcholinesterase (ACHE), and arachidonate 12-
lipoxygenase (ALOX12), were considered core targets, and the me-
tabolites 12,13-cis-epoxyoctadecenoic acid (12,13-EpOME), PCs, DGs,
5-hydroxyeicosatetraenoic acid (5-HETE), TGs, LPCs, 9,10-
epoxyoctadecenoic acid (9,10-EpOME), prostaglandin E2 (PGE2),
12(S)-hydroxyeicosatetraenoic acid (12-HETE), leukotriene B4 (LTB4),
15(S)-hydroxyeicosatetraenoic acid (15-HETE), and PEs were identi-
fied as key metabolites (Table 1). The significant changes in lipids are
presented in Fig. 4B. A schematic of the disturbed lipid pathways
related to NAFLD and EZD treatment is shown in Fig. 4C. Furthermore,
a C-T network was constructed (Fig. 4D). Among the 20 compounds,
acacetin, hesperetin, naringenin, truflex OBP, catechin, apigenin, and
quercetin exhibited a relatively high number of connections with
degree >4, diosmetin, chrysoeriol, luteolin, isorhamnetin, artemetin,
ruscogenin exhibited a relatively high number of connections with
degree = 3, and eriodictyol, cyaniding, kaempferol, picropodophyllin,
canadine, bicuculline, and curcumin exhibited a relatively high
number of connections with degree = 2; thus, these compounds
might be the active substances of EZD against NAFLD.

3.5. Detection of EZD ingredients in EZD and liver tissue

The absorbed ingredients of EZD in liver tissue were detected.
Among 20 candidate compounds, 4 compounds, bicuculline,
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canadine, artemetin, and naringenin were detected in the liver
tissue of the EZD group but not in that of the normal and NASF
model groups by accurate mass and fragment ions compared with
standard compounds. The extracted ion chromatograms and MS?
spectra of the four ingredients are shown in Fig. 5, and detailed
information is listed in Table 2. Furthermore, given the interbatch
variability in the concentrations of active ingredients, a quantitative
analysis of the main active ingredients, including canadine, nar-
ingenin, bicuculine and artemetin, was carried out. The following
regression equations were obtained: y = 111x + 901 (canadine,
? > 099), y = 31x — 475 (artemetin, r* > 0.99), y = 18x — 28
(bicuculine, > > 0.99), and y = 41x — 21 (naringenin, 2 > 0.99). EZD
(200 mg/mL) was prepared for quantitative analysis. The contents
of canadine, artemetin and naringenin in EZD were 132 ng/mlL,
80 ng/mL and 2 ng/mL, respectively. Interestingly, bicuculine was
not detected in EZD at a concentration of 4 g/mL under the analysis
conditions. However, this compound was detected in the liver of
the EZD group at a concentration of approximately 15 ng/mL.
Therefore, we hypothesize that bicuculine may be metabolized
from other ingredients and accumulate in the liver.

3.6. Molecular docking

Four compounds (naringenin, artemetin, canadine and bicu-
culline) screened from the C-T network and identified by ingredient
detection were docked with their corresponding key targets
(PLA2G2A, CYP2C8, CYP3A4, CYP2(C9, CYP1A2, and ALOX12) selected
from MetaboAnalyst and MetScape analysis to evaluate their po-
tential interactions. All of the docking scores were less than —5, and
the main interactions among these ligands and proteins were
hydrogen-bonding interactions (Table 3), which indicated that the
proteins had good binding activity with active ingredients (Figs.
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Fig. 4. Analysis of the main lipids, pathways and core targets. (A) Enrichment plot of pathways. (B) Intensity of the main lipid biomarkers among the three groups. (C) Schematic
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Table 1
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Key pathways, targets and metabolites of Eight Zhes Decoction (EZD) against nonalcoholic fatty liver disease.

Main pathway Core targets

Key metabolites

Linoleic acid metabolism

Arachidonic acid metabolism

Glycerolipid metabolism
Glycerophospholipid metabolism

CEL, DGAT1
PLA2G2A, ACHE

PLA2G2A, CYP2C8, CYP3A4, CYP2C9, CYP1A2, PLA2G4A

PLA2G2A, CYP2CS8, ALOX12, CYP2C9, PLA2G4A

12,13-cis-epoxyoctadecenoic acid, 9,10-epoxyoctadecenoic
acid, phosphatidylcholine

phosphatidylcholine, 12(S)-hydroxyeicosatetraenoic acid,
15(S)-hydroxyeicosatetraenoic acid, 5(S)-
hydroxyeicosatetraenoic acid, leukotriene B4, prostaglandin
E2

1,2-diacyl-sn-glycerol, triglyceride
1-acyl-sn-glycero-3-phosphocholine, phosphatidylcholine,
1,2-diacyl-sn-glycerol, phosphatidylethanolamine

6A—K). Furthermore, the active ingredient-metabolite-target-
pathway network of EZD against NAFLD was constructed (Fig. 6L).

3.7. Validation of the effects of active ingredients against NAFLD
and targets

To further identify the four active ingredients that play a role
against NAFLD and verify the candidate targets that interact with
active ingredients, L02 cells were induced to acquire a high-fat
phenotype to establish a high-fat cell model. Qil red O staining
showed that naringenin, artemetin, and bicuculline significantly
reduced the content of total TGs and the lipid droplet area ratio,
indicating that these compounds reversed intracellular triglyceride
accumulation in the high-fat model group, and canadine had a
similar, albeit not significant, effect (Figs. 7A—C). Naringenin
reduced the protein expression levels of PLA2G4A, ACHE, and DGAT1
in hepatocytes, and canadine significantly inhibited the expression
of ACHE. In addition, the expression of CYP2C8 was decreased
significantly in all treatment groups (Fig. 7D).

4. Discussion

The continuing increase in the incidence of NAFLD seriously
influences people’s health and imposes a growing clinical and
economic burden on many countries. However, there has been a
lack of consensus on drugs to treat NAFLD until now. In recent
years, many TCMs have been shown to prevent and treat NAFLD.
EZD is a clinically used Chinese herbal prescription that has been
used in our hospital for many years without clinical adverse events,
and only a small minority of patients exhibit mild gastrointestinal
reactions [15]. Our clinical practice has also confirmed that EZD has
good therapeutic effects in NAFLD patients [15]. This study also
showed that EZD can reverse hepatic steatosis and fibrosis in NASF
model mice, reinforcing our previous observation that EZD can
improve NAFLD. However, the specific mechanism and the active
ingredients remain unclear. The present study combined lip-
idomics, network pharmacology and pharmacokinetics strategies
to further explore the bioactive ingredients and therapeutic
mechanism of EZD in NAFLD.

Metabolic disorders and toxic lipid hoarding products are
considered the core links in the development of NAFLD [6].
Therefore, lipidomics is often used to link lipid disorders with
pathological changes in the liver in NAFLD. It has been reported that
Babao Dan [28], Shenling Baizhu San [13], saikosaponins A and D
[29], Dohongsamul-tang [14], Highland Barley B Glucan [30] and
other Chinese herbs can improve the pathological manifestations
and change some types of liver lipids in NAFLD. Therefore, lip-
idomics and network pharmacology approaches were applied to
depict the lipid profile and mechanism of EZD against NAFLD in our
study. The lipid profiles were significantly disturbed in NASF model
mice and recovered after EZD intervention. Network pharmacology
showed that EZD ingredients act on multiple targets of NAFLD. By
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integrating the lipidomics pathway and the target pathways pre-
dicted by network pharmacology, glycerophospholipid meta-
bolism, arachidonic acid metabolism, glycerolipid metabolism and
linoleic acid metabolism were found to be significantly changed by
NAFLD development and EZD intervention. The key metabolites are
12,13-EpOME, PCs, DGs, TGs, LPCs, 9,10-EpOME, 12-HETE, LTB4,
5-HETE, PGE2, 15-HETE, and PEs, and the core targets are PLA2G2A,
CYP2C8, CYP3A4, CYP2C9, CYP1A2, PLA2G4A, CEL, DGAT1, ACHE, and
ALOX12.

The hepatic accumulation of TGs has been considered the
beginning of the development of NAFLD. Several studies have
revealed elevated TG levels in patients with NAFLD [31,32].
Hence, several studies on the use of TGs as biomarkers for NAFLD
have been performed [33,34]. The present study also showed an
increase in most TGs in the liver tissue of NASF mice, and EZD
effectively reduced the accumulation of TGs in liver tissue to
alleviate NAFLD. Glycerophospholipids can also be targets of
protein signaling molecules and play an essential role in the
physiological process of cells. Glycerophospholipids include PS,
PC, PI, PE, and PG. PC is known as the only phospholipid that
affects lipoprotein assembly and secretion. After synthesis in the
liver, TGs bond with lipoproteins and phospholipids to generate
very-low-density lipoprotein (VLDL) and are further transported
to the blood. Therefore, VLDL secretion in blood is highly regu-
lated by the level of PC, and dysfunction of VLDL secretion results
in the accumulation of liver TGs [35]. Our results demonstrated a
decreased PC level in the livers of NASF mice. When the PC
content is insufficient, sufficient VLDL cannot be synthesized to
transport TG in the liver, resulting in excessive liver lipid depo-
sition. However, EZD restored the level of PCs, suggesting that
EZD plays a role by regulating the dynamic balance between PC
and TG in the liver.

PC can be converted to arachidonic acid (AA) by phospholipase
A2 (PLA2), which is widespread in the human body. AA can be
further oxidized to generate oxidized AA by lipoxygenases,
cyclooxygenases and CYP450. Puri et al. studied the circulating
levels of oxidative AA in healthy, steatotic and NASH patients and
found that the levels of lipoxygenase (LOX) metabolites, including
15-HETE, 8(S)-hydroxyeicosatetraenoic acid (8-HETE) and 5-
HETE, were elevated [36]. Barr et al. noted increases in a series
of metabolites (HETEs) in NASH patients [37]. Our results also
showed that 5-HETE, 12-HETE and 15-HETE were significantly
increased in the livers of NASF model mice, found that EZD
intervention mitigated this disorder, and identified ALOX12 as the
core target of EZD in NAFLD. Another important LOX metabolite is
LTB4, a proinflammatory cytokine and a hallmark of liver
inflammation [38]. Liu et al. also reported that LTB4/LTB4 receptor
1 (Ltb4r1) promotes hepatocyte adipogenesis through activation
of PKA-IRE1«-XBP1s. Therefore, Ltb4r1 might be a potential target
in NAFLD [39]. PGE2, a cyclooxygenase (COX) metabolite of AA, is
significantly involved in abnormal lipid metabolism by inhibiting
fatty acid oxidation, lipolysis and VLDL synthesis during liver lipid
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Table 2

Journal of Pharmaceutical Analysis 13 (2023) 1058—1069

Four active ingredients detected in liver tissue of mouse administrated of Eight Zhes Decoction (EZD).

Ingredient re (min) Experimental m/z Theoretical m/z Error (ppm) Product ions Formula Identification

1 2.24 368.1138 (+) 368.1134 1.1 307.0610,277.0509,190.0864 C20H17NOg Bicuculline

2 4.83 340.1549 (+) 340.1549 0 176.0709 C0H21NO4 Canadine

3 5.93 271.0601 (—) 271.0606 1.8 177.0177,151.0022,119.0490 Ci5H1205 Naringenin

4 7.68 389.1255 (+) 389.1236 49 373.0927,331.0824,313.0717,184.0737 Ca0H2008 Artemetin
Table 3 accumulation [40]. In addition, PGE2 can promote de novo lipo-

Docking information of active ingredients and targets of Eight Zhes Decoction

genesis and accelerate hepatic steatosis [41,42]. Therefore, the

(EZD). limitation of the PGE2 pathway can be considered an effective
Term Binding energy ~ Mode of  Target point treatment for NAFLD. EZD was used as a treatment for NAFLD by
(keal/mol) action inhibiting the generation of LTB4 and PGE2, which was found to
PLA2G2A-Naringenin ~ —7.60 H bond LYS-62 be upregulated in NASF mice in our study. In addition, 12,13-
CYP3A4-Naringenin -8.15 Hbond  LYS-476, VAL-490 EpOME and 9,10-EpOME produced by reactions catalyzed by
g{gig’:l‘:r';gg‘:l':l :g:ig :Eggg ﬁi%fgﬁ:;’:;;g CYP450 were also upregulated in NASF model mice, and their
PLA2G2A-Artemetin  —6.50 Hbond  LYS-62, LYS-115 levels were recovered by EZD treatment.
THR-61 Network pharmacology is widely used to systematically and
CYP2C8-Artemetin -6.09 H bond GLN-214 comprehensively study the effect of drugs on disease based on a
ALOX12-Artemetin —5.25 Hbond  CY5-559 “disease-gene-target-drug” network. However, independent online
CYP3A4-Canadine —-8.63 H bond THR-224 . . . .
CYP1A2-Canadine _5.97 H bond LYS-167 pharmacological studies are highly dependent on public databases
CYP3A4-Bicuculline _7.46 H bond LEU-477 and lack data support from actual experiments. Therefore, a strat-
CYP2C9-Bicuculline -6.91 H bond ASN-107, ASN-217 egy integrating lipidomics, network pharmacology and pharma-

cokinetics was applied. Four ingredients, naringenin, artemetin,
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Fig. 7. Validation of the effects of active ingredients and targets. (A) Oil red O staining of L02 cells in the normal, model, bicuculline, naringenin, artemetin, and canadine groups. (B)
Lipid droplet area ratio of L02 cell. (C) Relative content of total triacylglycerols of LO2 cells. ( ) Expression of CYP1A2, CYP2C8, PLA2G4A, ACHE, CEL, and DGAT1 proteins in L02 cells

ok

belonging to the normal, model, bicuculline, naringenin, artemetin, and canadine groups. "P < 0.05 and **"P < 0.001 vs. the model group; ns: no significant difference.

canadine, and bicuculline, were identified as the core ingredients
against NAFLD, and their corresponding core targets, PLA2G2A,
CYP2C8, CYP3A4, CYP2C9, CYP1A2, and ALOX12, were further vali-
dated by molecular docking. High affinity among the four in-
gredients and these targets was observed. In addition, cell
experiments based on a high-fat model and western blotting were
investigated to verify the four active ingredients and potential
targets. Naringenin, artemetin, and bicuculline significantly
reversed intracellular TG accumulation in the high-fat model
group, and canadine had a similar but nonsignificant effect. Nar-
ingenin can reduce the expression levels of PLA2G4A, indicating
that naringenin could reduce PC consumption by inhibiting the
expression of PLA2G4A and thus promotes sufficient VLDL synthesis
to transport excess TG in the liver. Currently, several clinical trials
have investigated naringenin against NAFLD and have demon-
strated that naringenin can decrease liver lipid deposition but has
no reverse effect on liver injury indices [43,44]. In this study, the
chemical ingredients of EZD were considered, but the composition
of the decoction is complicated. EZD has many other components,
such as carbohydrates, minerals and proteins, which might also
have an effect on NAFLD, but this potential effect needs further
analysis. In addition, the present study performed a preliminary
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investigation of the mechanism, and in-depth studies, such as ex-
periments using knockout mouse to clarify the targets, and studies
using clinical sample, are needed.

5. Conclusion

In summary, a strategy integrating lipidomics, network phar-
macology and pharmacokinetics was employed to elucidate the
active ingredients, targets and pathways of EZD against NAFLD.
Glycerophospholipid metabolism, arachidonic acid metabolism,
glycerolipid metabolism and linoleic acid metabolism were found
to be involved in the treatment effects of EZD, and 12,13-EpOME,
PCs, DGs, TGs, LPCs, 9,10-EpOME, 12-HETE, LTB4, 5-HETE, PGE2, 15-
HETE and PEs were identified as the key metabolites. Importantly,
we identified naringenin, artemetin, canadine, and bicuculline as
the active compounds of EZD against NAFLD; in particular, nar-
ingenin reduces PC consumption by inhibiting the expression of
PLA2G4A and promotes sufficient VLDL synthesis to transport
excess TG in the liver. An in-depth and systematic study is needed
to verify the current results. This research provides valuable data
and theoretical support for the application of EZD against NAFLD as
well as a novel paradigm for elucidating the effective ingredients of
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