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Abstract 
Objective:Xianling gubao (XLGB), a widely used Chinese patent medicine for osteoporosis, has garnered significant attention 
due to its potential to cause liver injury. The constituents Psoraleae Fructus (PF, the dried ripe seeds of Psoralea corylifolia L.) and 
Epimedii Folium (EF, the dried leaves of various Epimedium species) present in XLGB have been implicated in causing idiosyncratic 
drug-induced liver injury (IDILI). However, the specific components and mechanisms underlying liver injury related to these tonics 
remain elusive. This study aims to establish that the combination of bavachin (the primary active compound in PF, and icariside II, 
the main active compound in EF) induces IDILI in a tumor necrosis factor-α (TNF-α)-mediated mouse model.

Methods:To assess the impact of bavachin and icariside II on the liver in the presence of TNF-α immune stress, an animal model 
was developed. Liquid chromatography-tandem mass spectrometry (LC-MS/MS) metabolomics technology was employed to 
identify biomarkers associated with TNF-α-induced IDILI and the combination of bavachin and icariside II. Additionally, 16S rRNA 
high-throughput sequencing technology was utilized to explore changes in the species composition and relative abundance 
of gut microbiota. Spearman correlation analysis was conducted to unveil the relationship between gut microbiota and in vivo 
metabolites.

Results:The study observed that the combined administration of bavachin and icariside II induced liver injury in the TNF-α mediated 
susceptibility mouse model of IDILI. Under TNF-α stimulation, there was an elevation in levels in mouse livers following bavachin 
and icariside II administration, while Gly-Tyr, Leu-Gly, and Trp-Ser levels decreased. These differentially expressed metabolites 
associated with liver injury were predominantly enriched in metabolic pathways such as sphingolipid metabolism, sphingolipid 
signaling pathway, and necroptosis. it is noteworthy that the gut of mice with liver injury induced by the bavachin and icariside II 
combination exhibited a significant increase in Bacteroides and Desulfovibrionaceae abundance. Correlation analysis revealed a 
positive association between Bacteroidaceae and Desulfovibrionaceae with methylcarbamoyl PAF and methyl Indole-3-acetate, 
while a negative correlation was observed with Gly-Tyr, Leu-Gly, and Trp-Ser.

Conclusions:These findings demonstrated that the combination of bavachin and icariside II increased the risk of IDILI in vivo, 
providing a promising scientific basis for understanding the component basis of IDILI resulting from the compatibility of EF and PF.
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Graphical abstract: http://links.lww.com/AHM/A97.

Introduction

Xianling gubao (XLGB), an oral preparation extensively 
used in China for bone diseases[1], has demonstrated 
efficacy[2,3] in clinical practice for over two decades. 
However, growing concerns about XLGB-induced liver 

injury have emerged, supported by an increasing num-
ber of reports[4]. In 2016, the China Food and Drug 
Administration (CFDA) emphasized the importance of 
monitoring and addressing adverse reactions related to 
XLGB-induced liver injury. A previous study revealed 
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that while XLGB did not cause liver injury in normal 
rats, it induced noticeable damage in an immune stress 
model[5], highlighting its unique experimental prop-
erties. Despite this, the specific mechanisms linking 
inflammation-mediated immune stress to idiosyncratic 
liver injury caused by XLGB remain unknown and 
require further investigation.

Previous studies showed that tumor necrosis factor-α 
(TNF-α) is a critical factor, indicating that TNF-α-
induced immune stress plays a pivotal role in XLGB-
induced idiosyncratic drug-induced liver injury (IDILI)[5]. 
Investigations into the immunological mechanisms of 
IDILI show that TNF-α, combined with non-steroidal 
anti-inflammatory drugs like diclofenac sodium, acti-
vates the TNF-α-mediated mitogen-activated protein 
kinase/nuclear factor kappa-B (MAPK/NF-κB) signaling 
pathway, releasing numerous inflammatory cytokines[6]. 
Therefore, TNF-α-induced immune stress likely contrib-
utes significantly to the development of XLGB-induced 
IDILI.

Psoraleae Fructus (PF) consists of the dried ripe seeds 
of Psoralea corylifolia L., while Epimedii Folium (EF) 
consists of the dried leaves of various Epimedium spe-
cies[7,8]. These two herbal ingredients, commonly used 
tonics in traditional Chinese medicine (TCM), are often 
combined to treat osteoporosis and found in health 
food products[9,10]. This combination of psoralen and 
epimedium may activate the body’s immune response, 
potentially contributing to XLGB-associated IDILI[11]. 
However, the specific components in PF leading to liver 
injury susceptibility and the immune susceptibility 
components in EF remain unclear, necessitating further 
exploration to understand the mechanisms underlying 
aggravated liver injury resulting from the combination 
of these two components. The main active component 
of PF, bavachin, triggers liver injury by activating the 
NLRP3 inflammasome in a mouse model through lipo-
polysaccharide mediation, highlighting its potential 
role in liver injury[11]. Similarly, icariside II from EF can 
induce idiosyncratic liver injury by enhancing NLRP3 
inflammasome activation, suggesting its potential as 
an immune-susceptible factor contributing to liver 
injury[12].

Metabolomics, an innovative omics technology, has 
been widely applied to studying metabolite changes in 
organisms under stress[13,14], providing valuable insights 
into in vivo drug mechanisms[15]. The gut microbiota 
plays a crucial role in liver disease development[16], with 
disruptions in intestinal flora and barrier function lead-
ing to immune escape, impacting the liver. Consequently, 
disturbances in intestinal homeostasis alter immune sta-
tus, resulting in chronic infections, immune insufficiency, 
and sterile liver inflammation due to excessive immune 
responses[17].

This study established a TNF-α immune stress animal 
model to assess the impact of bavachin and icariside II on 
mouse liver. Employing liquid chromatography-tandem 
mass spectrometry (LC-MS/MS) metabolomics and 
multivariate statistical analysis, we identified biomark-
ers associated with TNF-α-induced IDILI and the com-
bination of bavachin and icariside II. Furthermore, 16S 
rRNA high-throughput sequencing identified key gut 

microbiota associated with IDILI induced by the com-
bination of these compounds. These findings provide 
insights into the material basis and mechanism of IDILI 
caused by TCM compounds containing PF and EF, lay-
ing a scientific foundation for their rational clinical use.

Materials and methods

Chemicals and reagents

The mouse recombinant TNF-α (315-01A) was acquired 
from Peprotech Inc. (Rocky Hill, NJ, USA). Bavachin 
(19879-32-4, 99.97%) and icariside II (113558-15-
9, 98.47%) were obtained from Chengdu Pufei De 
Biotech Co., Ltd (Chengdu, China) [Supplementary 
Figure S1, http://links.lww.com/AHM/A98]. Assay 
kits for the detection of plasma alanine aminotrans-
ferase (ALT) and lactate dehydrogenase (LDH) were 
sourced from Shanghai Enzyme-linked Biotechnology 
Co., Ltd. (Shanghai, China). Acetonitrile, Methyl tert-
Butyl Ether (MTBE), formic acid, methanol, ammonium 
formate, and isopropanol (High Performance Liquid 
Chromatography [HPLC] grade) were supplied by 
Thermo Fisher Scientific Inc. (Beijing, China). All other 
reagents and solvents used were of the highest commer-
cially available grade.

Animal handling and experimental design

Male Balb/c mice, aged 6 to 8 weeks and weighing 
18 to 20 g [SCXK (Beijing) 2019-0010], were sourced 
from SPF Biotechnology Co., Ltd. (Beijing, China). 
All mice were given ad libitum access to standard 
food and pure water, and they were kept under a 12 h 
light/12 h dark cycle at a temperature of (25 ± 2)°C 
with moderate humidity. Housing and handling of the 
animals adhered to approved protocols by the Animal 
Experimental Ethics Committee of the National Cancer 
Center (NCC2023A406). The mice were randomly 
divided into eight groups (n = 6 per group): (1) Control 
(C), (2) TNF-α (T), (3) Bavachin (B), (4) Icariside 
II (I), (5) Bavachin + icariside II (BI), (6) TNF-α +  
bavachin (TB), (7) TNF-α + icariside II (TI), and (8) 
TNF-α + bavachin + icariside II (TBI). The entire exper-
imental process is depicted in Figure 1A. Before any 
experiment, the mice were allowed to acclimate to the 
environment for a minimum of 7 d and were subjected 
to a 24-hour fasting period (Figure 1A). A single dose 
of TNF-α (10 μg/kg body weight, dissolved in saline 
water, i.v.) or vehicle (saline water) was administered. 
Two hours post-administration, bavachin (50 mg/kg, dis-
solved in 0.5% CMC-Na, p.o.) and/or icariside II (25 mg/
kg, dissolved in 0.5% CMC-Na, p.o.) or their respective 
vehicle (0.5% CMC-Na, p.o.) were administered. After 
16 h of TNF-α administration, the mice were sacrificed, 
and plasma samples and liver tissues were collected for 
further analysis.

Biochemical and histological examination

After centrifuging at 3,000 rpm for 20 min, ALT and 
LDH activities were measured using the provided 
directions for the assay kits. Liver tissues were fixed 
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with 4% paraformaldehyde and embedded in paraffin. 
Subsequently, 4 μm slices were sectioned from paraffin 
tissue blocks, and liver injury extent was assessed using 
hematoxylin and eosin (H&E) staining.

Liver metabolomics analysis

Liver tissues, weighing approximately 20 mg, were 
homogenized with a steel ball for 20 seconds, followed 
by centrifugation at 3,000 rpm for 30 seconds at 4°C. 
The resulting mixture was combined with a 1 mL solu-
tion containing MTBE:methanol (3:1, v/v) and an inter-
nal standard mixture, whirling for 15 min. Next, 200 µL 
of water was added, and the mixture was whirled for 
1 min before being centrifuged at 12,000 rpm for 10 min 
at 4°C. A 200 µL supernatant was extracted, concen-
trated until dry, and then dissolved in a 200 μL mixture 
of acetonitrile and isopropanol (1:1, v/v), whirling for 
3 min and centrifuging (12,000 rpm, 3 min, and 4°C). 
The sample extracts were analyzed using an LC-ESI-MS/
MS system (UPLC [SCIEX ExionLC AD, USA], and MS 

[SCIEX QTRAP 6500+, USA]) with the following condi-
tions: UPLC column - Waters ACQUITY UPLC HSS T3 
C18 (1.8 µm, 2.1 mm × 100 mm); column temperature, 
40°C; flow rate, 0.4 mL/min; injection volume, 2 μL; 
solvent system, water (0.1% formic acid): acetonitrile 
(0.1% formic acid); gradient program, 95:5 V/V at 0 min, 
10:90 V/V at 11.0 min, 10:90 V/V at 12.0 min, 95:5 V/V 
at 12.1 min, 95:5 V/V at 14.0 min. Linear ion trap (LIT) 
and triple quadrupole (QQQ) scans were acquired using 
a triple quadrupole-LIT mass spectrometer (QTRAP), 
QTRAP® LC-MS/MS System, equipped with an ESI 
Turbo Ion-Spray interface, operating in positive and 
negative ion mode and controlled by Analyst 1.6.3 soft-
ware (Sciex). The ESI source operation parameters were 
as follows: source temperature 500°C; ion spray voltage 
(IS) 5,500 V (positive), −4,500 V (negative); ion source 
gas I (GSI), gas II (GSII), curtain gas (CUR) set at 55, 
60, and 25.0 psi, respectively; collision gas (CAD) set to 
high. Instrument tuning and mass calibration were per-
formed using 10 and 100 μmol/L polypropylene glycol 
solutions in QQQ and LIT modes, respectively. A specific 

Figure 1.  Effects of bavachin and/or icariside II administration on hepatic injury parameters with or without TNF-α prestimulation. (A) Schematic 
presentation of the experimental procedure to assess hepatotoxicity induced by bavachin + icariside II + TNF-α. (B) Levels of plasma ALT and LDH 
in mice treated with bavachin and/or icariside II with or without TNF-α pretreatment (n = 6), *P < 0.05 versus N, **P < 0.01 versus N, #P < 0.05 
versus T, ##P < 0.01 versus T. (C) Representative pictures of liver tissue sections stained with H&E, analyzed by IHC (200×). ALT: alanine aminotrans-
ferase; B: Bavachin; BI: Bavachin + icariside II; C: Control; H&E: Hematoxylin and eosin; I: Icariside II; IHC: Immunohistochemistry; LDH: Lactate 
dehydrogenase; T: TNF-α; TB: TNF-α + bavachin; TBI: TNF-α + bavachin + icariside II; TI: TNF-α + icariside II; TNF-α: Tumor necrosis factor-α.
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set of multiple reaction monitoring (MRM) transitions 
were monitored for each period based on the eluted 
metabolites. Different groups were compared using 
OrthogonalPartialLeast Squares-DiscriminantAnalysis 
(OPLS-DA), permutation test, and S-plot analysis con-
ducted with SIMCA Software. Differential metabolites 
were screened based on variable importance in projec-
tion (VIP) scores >1 and P value < 0.05 (Student t test). 
Other relative metabolism analysis was conducted and 
analyzed at Wuhan Metware Biotechnology Co., Ltd 
(Wuhan, China).

16S rRNA sequencing

An average of six fecal samples were collected from 
each group, and total microbial DNA was extracted 
using the E.Z.N.A.® soil DNA kit according to the pro-
vided instructions. DNA quality and concentration were 
assessed through 1.0% agarose gel electrophoresis and 
a NanoDrop® ND-2000 spectrophotometer (Thermo 
Scientific, USA). Polymerase chain reaction (PCR) ampli-
fication of the V3 to V4 variable region of bacterial 16S 
rRNA was carried out with 338F and 806R primers. The 
resulting amplification products were purified, pooled, 
and paired for sequencing on the Illumina MiSeq PE300 
platform, following standard operating procedures. 
DADA2 denoised sequences, referred to as amplicon 
sequence variants (ASVs), were obtained. Taxonomic 
assignment of ASVs utilized the Naive Bayes consensus 
taxonomy classifier in Qiime2 and the SILVA 16S rRNA 
database (v138). Data analysis and processing were con-
ducted using the Majorbio Cloud Platform (http://www.
majorbio.com).

Statistical analysis

The data were analyzed using GraphPad Prism 9.0 soft-
ware and are presented as mean ± standard deviation 
(SD). The one-way analysis of variance (ANOVA) was 
used to evaluate the significance among the three groups. 
The t test was utilized for comparisons between two 
groups. Statistical significance was set at P < 0.05, signi-
fying a significant difference, and P < 0.01, indicating a 
highly significant difference.

Results

The co-administration of bavachin and icariside II 
exacerbates hepatotoxicity under TNF-α-mediated 
immunological stress conditions

The hepatotoxicity of bavachin and/or icariside II in 
vivo was demonstrated through the administration of 
recombinant TNF-α. In Figure 1B, mice in the T group 
exhibited unchanged plasma ALT and LDH activi-
ties compared with the control group, indicating no 
hepatic injury from this TNF-α dose alone (P > 0.05). 
Treatment with isolated bavachin or icariside II alone or 
in combination did not significantly elevate plasma ALT 
and LDH activities compared with the C or T groups 
(P > 0.05). Moreover, TNF-α-exposed mice treated with 
icariside II alone did not show a significant difference 
in plasma ALT and LDH activities compared with both 

the C and T groups (P > 0.05). However, TNF-α-exposed 
mice treated with bavachin alone exhibited a significant 
difference compared with both the C and T groups 
(P < 0.05). Co-administration of bavachin and icar-
iside II under TNF-α prestimulation led to a substantial 
increase in ALT and LDH activities compared with all 
other treatment groups in mice (P < 0.01). Additionally, 
co-exposure to TNF-α, bavachin, and icariside II resulted 
in pathological changes, including inflammatory cell 
infiltration in portal areas, loss of central vein intima, 
and hepatocyte focal necrosis (Figure 1C). Inflammatory 
cell infiltration in portal areas was also observed in the 
BI group. These changes were either not observed or only 
minimally present in the C, T, B, I, BI, or TI group. In 
summary, the combination of bavachin and icariside II 
induces hepatic injury in the TNF-α-mediated suscepti-
bility mouse model.

Effects of bavachin combined with icariside II on liver 
metabolome under TNF-α-mediated immunological stress 
conditions

To explore variations in metabolites across the C, T, 
TB, TI, and TBI groups, we utilized OPLS-DA for com-
prehensive classification and discriminant analysis. The 
OPLS-DA scores clearly demonstrated the distinction 
between the C and T groups in both positive ion mode 
(Figure 2A) and negative ion mode [Supplementary 
Figure S2A, http://links.lww.com/AHM/A98]. Model 
parameters derived in positive ion mode (C vs. T group: 
R2X = 0.563, R2Y = 0.9999, and Q2 = 0.783) under-
scored the model’s high interpretability and predictive 
capability. A random permutation test (n = 200) sub-
stantiated the model’s effectiveness, with the left side 
of the positive ion R2 and Q2 values for the C and T 
groups consistently lower, affirming non-overfitting and 
robust predictive ability (Figure 2B). Identification of 
differential metabolites relied on a VIP value of ≥1.0 
and a significant P value (P < 0.05) from a Student t test 
(Figure 2C). To gain deeper insights into the relevant 
metabolic pathways in the TNF-α-mediated susceptibil-
ity mouse model of IDILI, we integrated identified differ-
ential metabolites into the Kyoto Encyclopedia of Genes 
and Genomes (KEGG) database for pathway analysis. 
The results unveiled the involvement of these metabo-
lites in glycerophospholipid (GP) metabolism, choline 
metabolism in cancer, and glycine, serine, and threonine 
metabolism (Figure 2D), signifying dysregulation in mul-
tiple pathways associated with the TNF-α-mediated sus-
ceptibility mouse model’s progression. Similar distinct 
patterns emerged in the TB and TBI groups, as well as 
the TI and TBI groups, with evident separation in both 
positive ion mode (Figure 3A and D) and negative ion 
mode [Supplementary Figure S2B and C, http://links.
lww.com/AHM/A98]. Model parameters in positive ion 
mode (TB vs. TBI group: R2X = 0.44, R2Y = 0.982, and 
Q2 = 0.296; TI vs. TBI group: R2X = 0.542, R2Y = 0.98, 
and Q2 = 0.632) underscored the OPLS-DA model’s high 
interpretability and predictive capability. The random 
permutation test (n = 200) further validated the model’s 
effectiveness, with consistent lower left-side positive ion 
R2 and Q2 values for the TB and TBI groups, as well as 
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the TI and TBI groups (Figure 3B and E). Metabolites 
with VIP ≥ 1.0 and P value <0.05 were considered differ-
ential metabolites (Figure 3C and F). To identify variables 
associated with liver injury influenced by the synergistic 
effect of susceptibility factors and drugs, we conducted 
a Venn diagram analysis on the differential metabolites 
in the N, T, TB, TI, and TBI groups. By comparing dif-
ferential variables between the TB and TBI groups with 
those between the TI and TBI groups and combining 
them with the differential variables between the C and T 
groups, we identified 32 exclusive differential variables 
between the TB, TI, and TBI groups [Figure 3G and H, 
Supplementary Table S1, http://links.lww.com/AHM/
A98]. This exclusivity suggests that these variables are 
uniquely influenced by the synergistic effect of TNF-α 
and drugs, making them potential variables associated 
with liver injury. To further unveil the relevant metabolic 
pathways in drug-induced liver injury, we incorporated 
the 32 differential metabolites into the KEGG database 
and conducted pathway analysis. The results pointed 
to the involvement of these metabolites in sphingolipid 
metabolism, sphingolipid signaling pathway, necroptosis, 
and apoptosis, indicating the dysregulation of multiple 
pathways in the progression of liver injury (Figure 3I).

Moreover, we analyzed the trend of relative con-
tent changes in differential metabolites associated with 
liver injury. We identified metabolites with a significant 
upward or downward trend in the TBI group compared 
with the other four groups (C, T, TB, and TI groups). 
The results, presented in Figure 4, demonstrated that, in 
contrast to the other groups, 17 of the 32 differential 

metabolites exhibited significant increases or decreases 
in the TBI group (P < 0.5). The TBI group displayed 
significant upregulation of 12 differential metabolites, 
including methylcarbamyl PAF, Xanthine, (S)-Leucic 
acid, among others. Conversely, the TBI group exhibited 
significant downregulation of five differential metabo-
lites, such as Pro-Gln, Leu-Gly, Gly-Tyr, among others.

Impact of the combination of bavachin and icariside II on gut 
microbiota diversity and composition under TNF-α-mediated 
immunological stress conditions

To further elucidate the mechanism of liver injury 
induced by the combination of bavachin and icariside 
II in the presence of TNF-α, we conducted 16S rRNA 
gene sequencing to investigate variations in the compo-
sition of gut microbiota among experimental mice. The 
dynamics of species abundance and community evenness 
were unveiled through rank-abundance curves, where 
the width symbolized species richness, and smooth-
ness denoted evenness in the sample. Remarkably, our 
study illuminated distinct differences in rank-abundance 
curves among groups, particularly with the TBI group 
exhibiting the shortest width horizontally. This observa-
tion underscores the significant impact of administering 
bavachin and icariside II on the species richness of gut 
microbiota in mice (Figure 5A).

To further investigate the microbial landscape, we 
employed principal coordinate analysis (PCoA) and 
non-metric multidimensional scaling (NMDS). These 
analyses brought forth significant differences in the 

Figure 2.  Changes in metabolic levels of control and TNF-α exposure in mouse liver. (A) OPLS-DA score plots of the C and T groups in mouse liver 
in ESI + mode. (B) Evaluation of the OPLS-DA models through response permutation tests in ESI + mode (n = 200). (C) S-score plots constructed 
from supervised OPLS analysis of liver in ESI + mode. (D) KEGG enrichment analysis of differentially expressed metabolites between the C and T 
groups, showing the top 20 pathways with lipid pathway enrichment. C: Control; ESI: Electrosprayionization; KEGG: Kyoto Encyclopedia of Genes 
and Genomes; OPLS-DA: OrthogonalPartialLeast Squares-DiscriminantAnalysis; T: TNF-α; TNF-α: Tumor necrosis factor-α.
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composition of intestinal microbial communities 
between the normal group and each intervention group 
(P = 0.001). Notably, the TBI group exhibited a greater 
dissimilarity from the normal group compared with the 
T, TB, or TI groups (Figure 5B and C). In summary, the 
administration of bavachin and icariside II resulted in a 
significant alteration in the composition of the intestinal 
microflora in mice.

For a deeper exploration of species composition at 
the phylum and genus levels, we conducted statistical 
analyses on the proportions of sequences at these levels 
relative to the total number of sequences in each sam-
ple, based on absolute abundance and annotation infor-
mation. The gut microbiota composition at the phylum 
level revealed a distinct classification trend across the 
five groups, with notable differences in Firmicutes and 
Bacteroidota among the N, T, TB, TI, and TBI groups 
(Figure 5D and E). Dominant species at the genus level, 
such as norank_f_Muribaculaceae, g_Lachnospiraceae_
NK4A136_group, and unclassified_f_Lachnospiraceae, 
were elucidated in the five mouse groups (Figure 5F 
and G). The Kruskal-Wallis H test was used to eval-
uate the significance of species abundance differences, 
with Bacteroides exhibiting higher abundance in the 
TBI group (P < 0.05). Moreover, the abundance of 
norank_f_Desulfovibrionaceae significantly increased 

following the administration of bavachin and icariside 
II in combination with TNF-α (P < 0.01). Furthermore, 
the abundance of Candidatus_Saccharimonas was sig-
nificantly lower in the combination treatment group 
compared with the other four groups (P < 0.05) 
(Figure 6A).

Linear discriminant analysis (LDA) effect size (LEfSe) 
is a valuable tool in identifying specific species character-
istics that delineate differences among multiple sample 
groups. We employed LEfSe with an LDA threshold of 
4 to determine the key bacterial genera influencing liver 
injury in mice treated with the combination of bavachin 
and icariside II with TNF-α. The analysis unveiled five 
genera exhibiting significant differences: g_Bacteroides, 
g_norank_f_Desulfovibrionaceae, g_Parabacteroides, 
g_Bilophila, and g_unclassified_f_Rikenellaceae 
(Figure 6B).

Correlations between differential metabolites and differential 
gut microbiota in mice with liver injury

To investigate the potential relationship between liver 
injury-induced metabolic changes and gut microbi-
ota, we conducted a Spearman correlation analysis 
between 17 differential metabolites identified in liver 
metabolomics and 5 differential bacteria identified 

Figure 3.  Metabolic changes in liver injury caused by the synergistic effect of TNF-α and bavachin + icariside II in mouse liver. (A), (D) OPLS-DA 
score plots of the TB and TBI groups, the TI and TBI groups in mouse liver in ESI + mode. (B), (E) Evaluation of the OPLS-DA models through 
response permutation tests in ESI + mode (n = 200). (C), (F) S-score plots constructed from supervised OPLS analysis of liver in ESI + mode. (G) 
Venn diagram of differentially expressed metabolites identified between the C versus T groups, the TB versus TBI groups, and the TI versus TBI 
groups. (H) Cluster heat map of differential metabolites. The horizontal axis represents the sample name, the vertical axis represents the differen-
tial metabolite information, the Group indicates the grouping, and the different colors represent different values obtained after standardization of 
relative contents (red represents high content, green represents low content). (I) KEGG enrichment analysis of differentially expressed metabolites 
between the C versus T groups, the TB versus TBI groups, and the TI versus TBI groups, showing the top 20 pathways with lipid pathway enrich-
ment. C: Control; ESI: Electrosprayionization; KEGG: Kyoto Encyclopedia of Genes and Genomes; OPLS-DA: OrthogonalPartialLeast Squares-
DiscriminantAnalysis; T: TNF-α; TB: TNF-α + bavachin; TBI: TNF-α + bavachin + icariside II; TI: TNF-α + icariside II; TNF-α: Tumor necrosis factor-α.

D
ow

nloaded from
 http://journals.lw

w
.com

/ahm
 by B

hD
M

f5eP
H

K
av1zE

oum
1tQ

fN
4a+

kJLhE
Z

gbsIH
o4X

M
i0hC

yw
C

X
1A

W
n

Y
Q

p/IlQ
rH

D
3i3D

0O
dR

yi7T
vS

F
l4C

f3V
C

1y0abggQ
Z

X
dgG

j2M
w

lZ
LeI=

 on 07/25/2024



228

Cao et al.  •  Volume 4  •  Number 2  •  2024� www.ahmedjournal.com

through LDA analysis, Figure 7 presents noteworthy 
associations. Methylcarbamyl PAF positively correlated 
with Bacteroides, norank_f_Desulfovibrionaceae, 
Parabacteroides, and g_unclassified_f_Rikenellaceae. 
Trp-Ser exhibited a negative correlation with Bacteroides 
and Parabacteroides. Phosphatidylcholine (PC) 
(O-1:0/O-16:0) demonstrated a positive correlation with 
unclassified_f_Rikenellaceae. Methyl indole-3-acetate 
showed a positive correlation with Bacteroides, 
Parabacteroides, and Bilophila. Leu-Gly revealed a neg-
ative correlation with Bacteroides and Parabacteroides. 
Finally, Gly-Tyr exhibited a negative correlation 

with Bacteroides, norank_f_Desulfovibrionaceae, 
Parabacteroides, and g_unclassified_f_Rikenellaceae.

Discussion

In recent years, growing apprehension has arisen over 
IDILI associated with TCM, particularly the use of tradi-
tional non-toxic Chinese medicine. Clinical prescriptions 
commonly incorporate both PF and EF, both classified as 
traditional tonic Chinese medicines. Concerns have been 
raised, supported by reports indicating that the combina-
tion of PF and EF may lead to IDILI[2,11]. Specifically, the 

Figure 4.  Violin plot showing the significant difference in metabolites. The x-axis represents the grouping, and the y-axis represents the relative 
content of differential metabolites (original peak area). *P < 0.05 versus TBI, **P < 0.01 versus TBI. TBI: TNF-α + bavachin + icariside II.
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primary active components of PF and EF, bavachin, and 
icariside II, respectively, have been implicated in IDILI. 
However, it remains unclear whether the concurrent use 
of bavachin and icariside II exacerbates hepatotoxicity 
and the underlying mechanism. Our study provides evi-
dence that the combination of bavachin and icariside II 
indeed intensifies hepatotoxicity by influencing metabo-
lites and gut microbiota[12,18]. Therefore, the combination 
of bavachin and icariside II emerges as a pivotal factor 
contributing to the aggravation of liver injury when PF 
and EF are employed together.

The intricate interconnection between metabolism 
and immunity is vital for the normal functioning of the 
body, with the metabolic state of immune cells playing 
a pivotal role in determining their functionality[19]. This 
study delves into the potential susceptibility mechanism 
of drug-induced liver injury from a metabolic perspec-
tive. Despite the absence of liver injury phenotypes 
induced by the immune stress susceptibility factor (TNF-
α) in mice, our experimental results, obtained through 
metabolomics analysis, revealed significant alterations in 
281 variables. Pathway enrichment analysis highlighted 

Figure 5.  Changes in gut microbiota among the C, T, TB, TI, and TBI groups. (A) Rank-abundance curves. (B), (C) PCoA plots and NMDS of 
β-diversity at the ASV level. (D), (F) Relative abundance of bacterial communities at the phylum level and genus level. (E), (G) Community Circos 
diagram at the phylum level and genus level. ASV: Amplicon sequence variant; C: Control; NMDS: Non-metric multidimensional scaling; PCoA: 
Principal coordinate analysis; T: TNF-α; TB: TNF-α + bavachin; TBI: TNF-α + bavachin + icariside II; TI: TNF-α + icariside II.
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specific metabolic characteristics distinguishing the sus-
ceptible group (T group) from the control group (C 
group). Notably, glycophospholipid metabolism, cho-
line metabolism in cancer, and glycine, serine, and thre-
onine metabolism emerged as primary pathways. This 
unique state of metabolic reprogramming may serve as 
a crucial internal mechanism mediating the susceptibil-
ity factors of drug-induced liver injury. In particular, GP 

metabolism, recognized as characterizing the phenotype 
of drug-induced liver injury[20], showed a significant ele-
vation in lysophosphatidylcholine (LPC) levels in the T 
group. LPC, a key pro-inflammatory lipid metabolite, 
plays a pivotal role in the inflammatory response[21]. The 
accumulation of LPC can lead to mitochondrial dysfunc-
tion and induce hepatocyte apoptosis[22,23]. Additionally, 
the increase in phosphocholine content in the T group, 

Figure 6.  Analysis of species differences among the C, T, TB, TI, and TBI groups. (A) LDA discriminant histogram. LDA score threshold above 4. 
(B) Box plot of differential gut microbiota in the TBI group. C: Control; LDA: Linear discriminant analysis; LEfSe: Linear discriminant analysis effect 
size; T: TNF-α; TB: TNF-α + bavachin; TBI: TNF-α + bavachin + icariside II; TI: TNF-α + icariside II.

Figure 7.  Correlation heatmap showing the relationship between 17 significant difference metabolites and 2 gut microbiota in the TBI group. TBI: 
TNF-α + bavachin + icariside II.
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associated with inflammatory stress, serves as an endog-
enous biomarker for cancer[24]. Despite the absence of 
apparent inflammatory reactions and liver injury phe-
notypes resulting from immune stress susceptibility fac-
tors, the altered metabolic state shifts the body’s immune 
function towards a pro-inflammatory state, increasing 
susceptibility to drug-induced liver injury. This under-
scores the synergistic effect between susceptibility factors 
and drugs in causing liver injury. Expanding on immune 
stress susceptibility factors, the combination of bavachin 
and icariside II leads to significant increases in plasma 
levels of ALT and LDH, along with extensive infiltration 
of inflammatory immune cells and reactions in liver tis-
sue. Further analysis of the metabolomic characteristics 
of the liver injury phenotype reveals significant changes in 
the metabolic profile of the TBI group compared with the 
TB and TI groups. Importantly, these changes differ from 
those caused by susceptibility factors alone. To eliminate 
the sole influence of TNF-ɑ on the body, we subtracted the  
differing variables between the N and T groups from 
the common differing variables of the TB versus TBI 
and TI versus TBI groups. This approach allowed us to 
identify 32 variables associated with liver injury under 
the synergistic effect of susceptibility factors and drugs. 
The TBI group exhibited the highest content of GP com-
pounds, including Lysophosphatidylethanolamine (LPE)
(22:5/0:0) and PC(O-1:0/O-16:0), suggesting their role 
as the material basis for exacerbating liver injury under 
conditions of immune stress. Furthermore, metabolite 
identification and pathway enrichment analysis demon-
strated that the metabolomic characteristics of liver 
injury induced by bavachin and icariside II primarily 
involve changes in metabolic pathways such as sphin-
golipid metabolism, sphingolipid signaling pathway, 
necroptosis, and apoptosis. Increasing evidence supports 
the notion that sphingolipid metabolism and the subse-
quent disruption of sphingolipid homeostasis play a key 
role in hepatocyte death and contribute to the onset and 
progression of various liver diseases, including viral hep-
atitis, ischemia-reperfusion injury, and steatohepatitis, 
among others[25–27].

The interplay among the liver, gastrointestinal tract, 
and intestinal microbial community is encapsulated 
in the gut-liver axis[28]. Recent studies link diseases 
like non-alcoholic fatty liver disease and alcoholic 
liver disease to changes in the gut microbiota’s struc-
ture and function. Dysbiosis in the intestinal com-
mensal community can trigger immune responses, 
including those affecting the host liver[29]. In this study, 
16S rRNA gene sequencing was used to analyze micro-
bial community abundance and intergroup differences, 
identifying five distinct bacteria at the genus level 
in the TBI group mice: g_Bacteroides, g_norank_f_
Desulfovibrionaceae, g_Parabacteroides, g__Bilophila, 
and g_unclassified_f_Rikenellaceae. These findings 
suggest a crucial role of these bacteria in liver injury 
induced by the combination of bavachin and icariside 
II under immune stress. Notably, g_Bacteroides and 
g_norank_f_Desulfovibrionaceae were more abun-
dant in the TBI group, with g_Bacteroides, generally 
considered beneficial, closely associated with liver dis-
ease development[30,31]. Studies indicate a significant 

increase in g_Bacteroides abundance in non-alcoholic 
steatohepatitis patients[32]. Conversely, g_norank_f_
Desulfovibrionaceae, an opportunistic pathogen linked 
to inflammation, was highly abundant in conditions like 
non-alcoholic steatohepatitis, liver-associated liver can-
cer, and colitis[33–35]. Thus, the combination of bavachin 
and icariside II under immune stress conditions leads 
to liver injury by disrupting the intestinal flora balance, 
favoring harmful bacteria.

Microbial flora and metabolic correlation analysis 
unveiled the relationship between key intestinal flora and 
potential metabolites associated with liver injury at the 
genus level. Methylcarbamyl PAF and indole-3-acetate 
exhibited positive correlations with both Bacteroides and 
Desulfovibrionaceae, while Gly-Tyr, Leu-Gly, and Trp-
Ser showed negative correlations with Bacteroidaceae 
and Desulfovibrionaceae. Platelet-activating factor (PAF), 
a lipid mediator, can induce platelet activation[36]. PAF 
binding to its receptor triggers cascade reactions, leading 
to oxidative stress, inflammatory response, and liver cell 
damage through multiple pathways[37,38]. Indole-3-acetate, 
closely associated with Bifidobacterium and Bacteroides[39], 
requires further investigation to understand its relationship 
with inflammation or liver injury. The liver’s vital role in 
amino acid metabolism influences various diseases, includ-
ing liver injury, cardiovascular disease, and diabetes[40–42]. 
Gly is an amino acid that benefits the liver by protect-
ing liver cells and reducing damage[43–45]. Consistent with 
previous reports, the levels of Gly, Leu-Gly, and Trp-Ser 
decreased in the TBI group in this study.

Conclusion

Our study showed an elevated risk of IDILI in vivo 
with the combined use of bavachin and icariside II. 
Metabolomics and 16S rRNA sequencing analysis 
unveiled their impact on lipid, amino acid, and various 
metabolic pathways. These compounds also influenced 
the abundance of gut microbiota in Bacteroidaceae 
and Desulfovibrionaceae, culminating in liver injury. 
Therefore, our findings point to bavachin and icariside 
II as potential contributors to the aggravation of IDILI 
when combined with PF and EF, emerging as crucial 
factors in its development.
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