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ABSTRACT: Drug-induced liver injury (DILI) is an adverse drug reaction that results in acute liver failure or even
death in severe cases. Recently, the incidence of DILI caused by Psoraleae Fructus (PF), a widely used tonic in
clinical medicine, has increased. However, no effective method for mitigating hepatotoxicity has been identified.
Glycyrrhizae Radix et Rhizoma (GR) is a functional food with known detoxifying and hepatoprotective properties.
Therefore, this study aimed to investigate the potential effect of GR in mitigating PF-induced hepatotoxicity and to
elucidate the underlying mechanisms. A rat model of lipopolysaccharide (LPS)-induced immune stress was
established to examine the ameliorative effect of GR on PF-induced hepatotoxicity. GR reduced PF-induced increase
in the levels of liver injury markers, downregulated the levels of inflammatory factors and oxidative stress, and
ameliorated pathological changes in liver tissue. Pathway analysis of 37 differentially expressed metabolites following
GR treatment showed that the metabolites were mainly enriched in pathways associated with the NOD-like receptor
pyrin domain-containing protein 3 (NLRP3) inflammasome. In vitro, GR effectively inhibited PF-induced NLRP3
inflammasome activation in LPS-stimulated bone marrow-derived macrophages (BMDMs), providing a novel
therapeutic strategy for managing PF-induced hepatotoxicity and guidance for the rational clinical use of PF.

Keywords: Drug-induced liver injury; Psoraleae Fructus; Glycyrrhizae Radix et Rhizoma; NLRP3 inflammasome;
Metabolomics

1. Introduction

Drug-induced liver injury (DILI), caused by drugs or their metabolites, is a serious global clinical
problem. In the United States, over 50% of reported acute liver failure cases are attributed to DILI!: 2,
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Although traditional Chinese medicines (TCM) are generally regarded as "safe," recent studies have
implicated some TCM in DILI, causing global public concern!®. Cases of liver injury associated with
Psoraleae Fructus (PF)-containing preparations have been documented in China, South Korea, Germany,
and India* 5. Furthermore, the National Center for Adverse Drug Reactions (NCAR) has reported liver
injury associated with PF-containing preparations, including Zhuang gu guan jie pills (ZGW) and Xian ling
gu bao capsules (XLGB). PF, derived from the dried fruit of Psoralea corylifolia L., is used to treat
conditions such as kidney deficiency, impotence, lumbago, cold pain, and osteoporosis, and is a tonic
medicine commonly used in Chinese medicine clinics!® 7. The mechanisms underlying PF-induced liver
injury, including bile acid metabolism, oxidative stress, mitochondrial dysfunction, and suppression of
hepatocyte regeneration, have been extensively investigated™® *). In a previous study, we showed that PF and
its components Psoralidin, Bakuchiol, and Bavachinin cause DILI, possibly by affecting immune
inflammatory responsel” 112, However, research on herbs that can attenuate the toxic effects of PF and
their potential mechanisms remain scarce.

Glycyrrhizae Radix et Rhizoma (GR) is a functional food used as a sweetener and antioxidant. GR is
used as an additive in toothpaste, cosmetics, and other products!'¥). Additionally, its constituents are widely
used in clinical practice because of their multifaceted pharmacological properties, including antitumor,
anti-inflammatory, antiviral, and hepatoprotective properties!'¥. GR is recognized as a functional food
because of its detoxifying power, and is frequently used in the formulation of detoxifying herbs!!> 6],
Notably, the detoxification pathways of GR primarily involve anti-inflammatory actions, enhancement of
toxic substance metabolism, and upregulation of p-glycoprotein expression and function. A previous study
using a neurotoxicity rat model showed that GR mitigated the neurotoxic effects of Semen Strychni through
the HMGB1-associated pathway!!7l. Additionally, co-administration of GR and common Threewingnut root
alleviated Tripterygium wilfordii toxicity by reducing epoxy diterpene ester compounds!'®). Previous studies
have shown that licorice extract can ameliorate Methionine-Choline Deficient (MCD)-induced non-alcoholic
fatty liver disease and improve inflammation in the liver by regulating the cGAS-STING pathway!'].
Moreover, the active ingredients in licorice, Licochalcone B?”) and Echinatin!?!!, are effective in decreasing
the release of inflammatory factors (TNF-a, IL-6, and IL-1f) by affecting NOD-like receptor pyrin
domain-containing protein 3 (NLRP3) inflammasome activation, thereby ameliorating liver inflammation.
Glycyrrhizic acid preparations, such as diammonium glycyrrhizinate!??], have been used to treat chronic
hepatitis and have important clinical applications in hepatic fibrosis and liver injury. Although the
hepatoprotective effect of GR has been demonstrated, it is unclear whether it mitigates PF-induced
hepatotoxic effects.

The inflammasome, an intracellular multi-protein complex predominantly found in innate immune cells,
responds to external pathogens or endogenous danger signals to initiate inflammatory response!?> 24, A
diverse array of pathogen-associated molecular patterns, including bacteria, viruses, metabolites, and

damage-associated molecular patterns, activate inflammasomes, which consist of sensing proteins (NLRP3,
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AIM2, and NLRP1), adaptor proteins (ASC), and effector proteins (caspase-1)!?>2%. NLRP3 inflammasome
has been extensively studied for its role in innate immunity and inflammation. NLRP3 inflammasome
activation triggers caspase-1-mediated cleavage of the precursor cytokines pro-IL-14 and pro-IL-18, resulting
in the liberation of the mature cytokines IL-18 and IL-18/?7-28], Aberrant inflammasome activation has been
linked to several diseases, including DILI, autoimmune diseases, and metabolic disorders!>>> 3%, Further
research has indicated that targeting inflammasomes is a potential therapeutic strategy for various diseases*"
321, For example, Licorice chalcone B (LicoB) and Echinatin can mitigate DILI by inhibiting inflammasome
activation?® 2!l suggesting that targeting NLRP3 inflammasomes may be a promising approach to ameliorate
DILI.

In this study, we investigated the potential of GR to mitigate PF-induced hepatotoxicity and explored the
underlying mechanisms using a rat model of lipopolysaccharide (LPS)-induced immune stress. Metabolomic
analysis was performed to explore the mechanisms underlying PF-induced changes in rat. Additionally, we
established an inflammasome activation model in bone marrow-derived macrophages (BMDMs) for

validation, providing a theoretical foundation for the safe clinical application of PF.

2. Experimental Section
2.1 Analysis of constituents within the alcoholic extracts of PF and GR

The medicinal materials were crushed, extracted twice with 75% ethanol, concentrated to a certain
volume with a vacuum rotary evaporator, and dried for more than 12 h to obtain the PF and GR alcohol
extracts. Both the PF and GR extracts were prepared by dissolving and diluting in a 20% methanol solution,
ensuring thorough mixing and subsequent filtration. Thereafter, the constituents of the prepared samples
were analyzed using a Waters UPLC system coupled with UltimateXB-C18 column (4.6 mm x 150 mm; 3
um). Acetonitrile served as mobile phase A, and 0.1% (v/v) phosphoric acid solution was used as mobile
phase B. Detection of PF compounds was performed at 246 nm, and GR compounds were detected at 236 nm
for 0-50 min and 375 nm for 50-56 min. Finally, the resulting chromatograms were compared with the PF
and GR reference profiles to determine their compositions.

2.2 Mice

Male Sprague-Dawley (SD) weighing 250-300 g (n = 48; 7-8-week-old) were procured from Beijing
SPF Biotechnology Co., Ltd., and housed in the Laboratory Animal Center of the Fifth Medical Center at the
General Hospital of the Chinese People's Liberation Army. All animal experiments were approved by the Fifth
Medical Center at the General Hospital of the Chinese People's Liberation Army (ethical approval no.:
IACUC-2023-0008). During the study, the rats were housed in a specific-pathogen-free environment under

controlled conditions (room temperature, 22 + 2 °C; relative humidity, 45-55%).
2.3 LPS-induced immune stress model

After a 7-day acclimation period, the rats were divided into six groups based on body weight (n = 8
rats/group): control, LPS, PF, LPS + GR, LPS + PF (LP), and LPS + PF + GR (LPG). After 3 days of GR



Y.J. Xu et al. / Food Science and Human Wellness 15 (2026)

administration via gavage, PF and GR were administered simultaneously to rats in the LPG group at a dose of
3.6 g/kg each, according to the literaturel’”!. After 3 h, LPS was injected into the tail vein of rats in the LPS,
LPS + GR, LPS + PF (LP), and LPS + PF + GR (LPG) groups. In contrast, rats in the control and PF groups
received equivalent volumes of saline solution. After 8 h, the rats were anesthetized using 1% sodium
pentobarbital injection, followed by the collection of venous blood and hepatic tissues. Serum concentrations
of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were measured. Serum IL-14 and
IL-18 levels were determined using relevant enzyme-linked immunosorbent assay (ELISA) kits. Additionally,
serum malondialdehyde (MDA) levels and superoxide dismutase (SOD) and glutathione (GSH) activities
were determined. Histological analysis of hepatic samples was performed using hematoxylin and eosin (H&E)
staining. Moreover, the mRNA levels of IL-1p, IL-18, NLRP3, and caspase-1 in the hepatic tissue were

determined using quantitative polymerase chain reaction (qPCR).
2.4 Liver histological observation

Hepatic tissues were fixed in 4% paraformaldehyde solution, dehydrated, embedded in paraffin, and cut
into sections. Therefore, the tissue sections were stained with H&E, according to the manufacturer's

instruction. Finally, pathological changes in the tissue sections were assessed using a microscope.
2.5 Reagents
PF and GR extracts were procured from Shanghai Winherb Medical Technology Co., Ltd. Fetal bovine

serum (FBS; F101-01) was obtained from Vazyme (Nanjing, China). Mouse colony-stimulating factor
(MCSF; HY-P7085), MCC950 (HY-12815A), and Nigerian (HY-12815A) were obtained from
MedChemExpress (MCE, USA). ATP (A2383) was acquired from MilliporeSigma. DMEM (PYG0073) and
mouse IL-18 antibody (EK0433) were provided by BOSTER in Wu Han, China. Caspase-1 antibody (1:1000,
AG-20B-0042-C100) and NLRP3 antibody (1:1000, AG-20B-0014-C100) were purchased from Adipogen
(San Diego, CA, USA). LaminB antibody (1:3000, 66095-1-Ig) was provided by Proteintech (USA). Mouse
IL-14 (1210122) and rat IL-15 (1310122) ELISA kits were provided by Dakewe. ALT (c009-2-1) and AST
(c010-2-1) kits were supplied by Jiancheng Biological Technology Co., Ltd., Nanjing, China. CytoTox 96
non-radioactive cytotoxicity assay kit (G1780) was provided by Promega. Rat IL-18 antibody (EK318) was
purchased from Multisciences (Lianke) Biotech, Co., Ltd. StarScript III All-in-one RT Mix with gDNA
Remover (A230-10), 2xRealStar Fast SYBR qPCR Mix (Low ROX) (A304-10), and StarRuler Color
Prestrained Protein Marker (10-180 kDa) were purchased from GenStar (China). Echinatin (34221-41-5) is
purchased from TagerMol (China).

2.6 Metabolomic profile
2.6.1 Metabolite extractions

Serum samples from the four distinct experimental groups, control (CON), LPS, LPS + PF (LP), and LPS
+ PF + GR (LPG), were collected in 50 pL Eppendorf tubes containing equal parts of methanol and

acetonitrile. Thereafter, the mixture was agitated, ultrasonicated in a cold water-ice bath for 10 min, and stored
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at -40 °C for 60 min. After centrifuging at 12,000 g for 15 min at 4 °C, the supernatant was carefully
transferred to a sample-introduction device for subsequent analysis. Portions of the supernatant from each
group were amalgamated to create a pooled quality control (QC) sample, which was also analyzed. QC

samples were used to monitor the instrument stability and data quality to ensure the reliability of the data.
2.6.2 LC-MS analysis

The compositions of GR and PF were determined utilizing an Orbitrap Exploris 120 mass spectrometer
coupled with a Waters ACQUITY UPLC BEH Amide column (2.1 mm x 50 mm; 1.7 um) for liquid
chromatographic separation. The temperature of the column was kept at 4 °C, and the volume of the sample
injected was 2 pL. Phase A of the mobile phase was a water-based solution containing 25 mM ammonium
acetate and 25 mM ammonia, whereas Phase B consisted of acetonitrile.

An Orbitrap Exploris 120 mass spectrometer was used because of its capacity to obtain MS/MS spectra
through the information-dependent acquisition (IDA) mode, which was regulated using an acquisition
software (Xcalibur, Thermo). In this mode, the acquisition software constantly assessed the full-scan MS
spectrum. The ESI source parameters were configured as follows: a sheath gas flow rate of 50 Arb, an
auxiliary gas flow rate of 15 Arb, a capillary temperature of 320 °C, a full MS resolution of 60000, an MS/MS
resolution of 15000, collision energy set at SNCE 20/30/40, and a spray voltage of 3.8 kV (positive) or -3.4 kV
(negative).

2.6.3 Data analysis

Metabolome data were imported into the Rapid Identification and Analysis of Metabolic Small
Molecules (OSI-SMMS) software to acquire primary and secondary mass spectral data. The data were
normalized using the internal standard method, and the parent and fragment ion data were compared against
the standard library to derive qualitative results. Principal component analysis (PCA) and orthogonal partial
least squares discriminant analysis (OPLS-DA) were performed using the SIMCAV16.0.2 software. Notably,
the corresponding OPLS-DA model was constructed 200 times. Additionally, the R and Q values of the
stochastic models and the permutation test results were determined. Differentially expressed metabolites
between the groups were identified using a z-test with the following thresholds: P < 0.05 and variable
importance in projection (VIP) > 1. Unprocessed data were transformed into the mzXML format using
ProteoWizard software, enabling subsequent identification, extraction, alignment, and integration of peak
data into a curated secondary mass spectral database via the R package XCMS. Hierarchical clustering
analysis was performed using a bioinformatics platform. Visualization and functional elucidation of the
metabolomic data were performed using MetaboAnalyst 5.0. Additionally, Kyoto Encyclopedia of Genes
and Genomes (KEGG) analysis was performed to determine functions and pathways associated with the

metabolites.

2.7 Cell preparation and stimulation
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BMDMs were isolated and cultured according to previous reportsi?!l. After 5 days, the BMDMs were
fully differentiated and used for subsequent experiments. To assess inflammasome activity in vitro, BMDMs
were seeded in a 12-well tissue culture dish (1.2 x 10° cells/well) and incubated overnight. After stimulating
with LPS (500 ng/ml) for 4 h, the cells were treated and incubated with varying concentrations of GR or
MCC950 for 1 h, followed by treatment with varying concentrations of PF or 5 mM ATP and further

incubation. Finally, the culture supernatants and cell lysates were collected for subsequent analyses.
2.8 Determination of lactate dehydrogenase (LDH) release, MDA, SOD, GSH levels

LDH release were determined using a specific kit (promega, USA), according to the manufacturer’s
instructions. MDA levels and SOD and GSH activities were determined using the relevant kits according to

the manufacturer’s instructions.
2.9 ELISA

Serum IL-1/4and IL-18 levels were determined using rat IL-14 and IL-18 ELISA kits, respectively.
2.10 Western blotting

Protein extraction from the samples was performed following previously described procedures.
Thereafter, proteins were separated on 10% or 12% SDS-PAGE gels and transferred to membranes ?°1. After
blocking with a blocking buffer for 1 h, the membranes were incubated with the relevant primary antibodies
overnight at 4 °C, followed by incubation with secondary antibody at room temperature for 1 h. Finally, the

blots were developed using specific reagents.
2.11 Real-time fluorescence quantitative PCR

Rat liver tissue was mixed with Trizol, homogenized, and centrifuged at 12,500 g for 15 min at 4 °C to
collect the supernatant. Total RNA was extracted using an RNA extraction kit and reverse-transcribed to
generate cDNA using a reverse transcription kit. RT-PCR was performed using 2x RealStar Fast SYBR
qPCR Mix, with f-actin as the internal control. The primer sequences are shown below:

p-actin: AGACCTTCAACACCCCAG and CACGATTTCCCTCTCAGC.

IL-1f: TGCTGTCTGACCCATGTGAG and GTCGTTGCTTGTCTCTCCTTG
NLRP3: GTGGAGATCCTAGGTTTCTCTG and CAGGATCTCATTCTCTTGGATC
IL-18: GTGAACCCCAGACCAGACTG and CCTGGAACACGTTTCTGAAAGA
Caspase-1: GAGCTGATGTTGACCTCAGA and CTGTCAGAAGTCTTGTGCTCTG

2.12 Statistical analysis

All statistical analyses were performed using GraphPad 10 software. Significant differences were
determined using unpaired Student’s ¢-test between two groups and one-way analysis of variance (ANOVA)
among multiple groups. Statistical significance was set at p < 0.05.
3. Results

3.1 Determination of PF and GR content
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Ultra-high performance liquid chromatography (UHPLC) was performed to characterize and identify the
major components of PF and GR (Figure 1A and 1B). Notably, PF contained Psoralen, Isopsoralen, Bavachin,
Bavachalcone, Psoralidin, Isobavachalcone, Bavachinin, and Bakuchiol at 3.4, 2.77, 0.85, 0.23, 0.18, 0.73,
2.24, and 12.87%, respectively (Table. 1). Additionally, GR contained Liquiritin apioside, Liquiritin,

Bavachin, Isoliquiritin, Liquiritigenin, Echinatin, Glycyrrhizic acid, Isoliquiritigenin and Licochalcone A at

1.65, 2.02, 0.44, 0.23, 0.08, 0.10, 5.62, 0.03, and 0.19% respectively (Table. 2).

Table 1 Determination of Psoraleae Fructus

Component Content HPLC type Detection Column Velocity of Standard source
(%) wavelength temperature flow
Psoralen 3.40 Ultimate XB-C18 246nm 30°C 0.6ml/min Chengdu pufeide control
4.6*150mm 3pum pin technology co., Itd
Isopsoralen 2.77 Ultimate XB-C18 246nm 30°C 0.6ml/min Chengdu pufeide control
4.6*150mm 3pum pin technology co., Itd
Bavachin 0.85 Ultimate XB-C18 246nm 30°C 0.6ml/min Chengdu pufeide control
4.6*150mm 3pum pin technology co., Itd
Bavachalcone 0.23 Ultimate XB-C18 246nm 30°C 0.6ml/min Chengdu pufeide control
4.6*150mm 3pum pin technology co., Itd
Psoralidin 0.18 Ultimate XB-C18 246nm 30°C 0.6ml/min Chengdu pufeide control
4.6*150mm 3pum pin technology co., Itd
Isobavachalcone 0.73 Ultimate XB-C18 246nm 30°C 0.6ml/min Chengdu pufeide control
4.6*150mm 3pum pin technology co., Itd
Bavachinin 2.24 Ultimate XB-C18 246nm 30°C 0.6ml/min Chengdu pufeide control
4.6*150mm 3pum pin technology co., Itd
Bakuchiol 12.87 Ultimate XB-C18 246nm 30°C 0.6ml/min Chengdu pufeide control
4.6*150mm 3pum pin technology co., Itd
Table 2 Determination of Glycyrrhizae Radix et Rhizoma
Compone  Content HPLC type Detection Column Velocity Standard source
nt (%) wavelength (nm)  temperature of flow
Liquiritin 1.65 Ultimate 0-50min, 236nm; 30°C 0.6ml/min  Chengdu pufeide control
apioside XB-C18 50-56min, 375nm pin technology co., Itd
4.6*150mm 3pum
Liquiritin 2.02 Ultimate 0-50min, 236nm; 30°C 0.6ml/min  Chengdu pufeide control
XB-C18 50-56min, 375nm pin technology co., Itd
4.6*150mm 3pum
Isoliquiriti 0.44 Ultimate 0-50min, 236nm; 30°C 0.6ml/min  Chengdu pufeide control
n XB-C18 50-56min, 375nm pin technology co., Itd
4.6*150mm 3pum
Liquiritige 0.08 Ultimate 0-50min, 236nm; 30°C 0.6ml/min  Chengdu pufeide control
nin XB-C18 50-56min, 375nm pin technology co., Itd
4.6*150mm 3pum
Echinatin 0.10 Ultimate 0-50min, 236nm; 30°C 0.6ml/min  Chengdu pufeide control
XB-C18 50-56min, 375nm pin technology co., Itd
4.6*150mm 3pum
Glycyrrhiz 5.62 Ultimate 0-50min, 236nm; 30°C 0.6ml/min  Chengdu pufeide control
ic acid XB-C18 50-56min, 375nm pin technology co., Itd
4.6*150mm 3pum
Isoliquiriti 0.03 Ultimate 0-50min, 236nm; 30°C 0.6ml/min  Chengdu pufeide control
genin XB-C18 50-56min, 375nm pin technology co., Itd
4.6*150mm 3pm
Licochalc 0.19 Ultimate 0-50min, 236nm; 30°C 0.6ml/min  Chengdu pufeide control
one A XB-C18 50-56min, 375nm pin technology co., Itd

4.6*150mm 3um
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Figure 1. Levels of major components in PF and GR.
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3.2 GR ameliorated PF-induced DILI in rats

To investigate whether GR can mitigate PF-induced liver injury, we established a rat model of immune
stress using LPS, a common inducer of DILI. GR (3.6 g/kg) was administered to rats for 3 days via oral
gavage. On the final day, GR and PF were co-administered before injecting LPS via the tail vein (Figure 2A).
Serum ALT and AST levels were measured to assess liver injury (Figure 2B and C). Notably, there were no
significant differences in serum ALT and AST levels between the PF, LPS, and LPS+GR groups, indicating
that LPS, PF, and LPS + GR treatment did not induce liver injury in rats under normal conditions. In contrast,
serum ALT and AST levels were markedly elevated in the LPS+PF group, indicating that the combination of
LPS and PF may induce liver injury in immune-stressed rats. However, GR treatment significantly
downregulated the serum levels of these liver injury indicators, suggesting that GR may mitigate PF-induced
liver injury. Additionally, we examined the levels of the oxidative stress markers MDA, SOD, and GSH.
Importantly, GR treatment alleviated PF-induced increase in MDA levels and reversed PF-induced decrease
in SOD and GSH activities (Figure 2D-F). Additionally, we examined the expression of inflammatory factors
in the hepatic tissue of the rats using qPCR. Although PF treatment significantly upregulated IL-6 mRNA
expression in the hepatic tissue of LPS-stimulated rats, GR administration effectively reduced the
inflammatory response (Figure 2G).
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Figure 2. Pretreatment with GR effectively mitigated liver injury caused by PF in rats.

Histological analysis of the liver tissue was performed using H&E staining (Figure 2H). Microscopic
examination of liver sections revealed that hepatocyte structure was intact in the control group. Additionally,
no significant pathological changes or hepatocyte necrosis were observed in the LPS, PF, and LPS + GR
groups. In contrast, hepatocyte steatosis, nuclear aggregation, nuclear fragmentation, and nucleolysis were
observed in the LPS+PF group. However, GR treatment significantly reversed these pathological changes in

the liver. Collectively, these findings suggest that GR ameliorates PF-induced liver injury.

3.3 GR affects the serum profiles of rats with PF-induced DILI
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Considering the crucial role of serum in maintaining metabolic homeostasis, metabolome analysis was
performed on serum samples from rats in four groups (CON, LPS, LP, and LPG) to examine metabolic
changes. As shown in a PCA score plot, samples in the four groups formed distinct clusters (Figure 3A-B),
indicating considerable alterations in the metabolic profiles of the rats. Notably, the scores of the QC samples
in the positive and negative ion modes were more clustered in the projection of the score matrix, confirming
the stability and reliability of the instrument during the sample onboarding process. Additionally, the
OPLS-DA model effectively distinguished between the LP and LPG groups in both the ESI+ and ESI- models
(Figure 3C-D). As shown in Figure 3E-F, the scatter plots revealed the distribution of distinct metabolites,

indicating changes in the levels of the metabolites among different groups.
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Figure 3. Multivariate statistical analysis results(n = 6).

Radar plots demonstrated that GR significantly reversed the abundance of L-tryptophan, L-glutamate,
and L-glutamine (Figure 4A). Additionally, we determined differentially expressed metabolites between the
groups based on the VIP (VIP > 1 and p < 0.05). Notably, GR treatment significantly downregulated 22
metabolites and significantly upregulated 15 metabolites (Figure 4B). All the differentially expressed
metabolites are listed in Supplementary Table 1. Additionally, the metabolic profile of the LPG-treated group
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closely resembled that of the LPS group, suggesting that GR significantly mitigated PF-induced DILI. KEGG
pathway analysis was performed to determined metabolic pathways associated with the differentially
expressed metabolites using MetaboAnalyst 5.0. As illustrated in the bubble plots (Figure 4C), several key
metabolic pathways, including pantothenate and CoA biosynthesis, arginine biosynthesis, glycerolipid
metabolism, glutamate metabolism, and pyrimidine metabolism were predominantly enriched by metabolites
such as glutamine, nervonic acid, fatty acids, histidine, L-tryptophan, N-acetylmannosamine, and L-valine.
Collectively, these findings suggest that GR ameliorates PF-induced DILI through multiple metabolic
pathways in rats. Accordingly, the biochemical pathways regulated by PF-induced DILI and GR treatment are
depicted in Figure 8.
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3.4 PF triggers NLRP3 inflammasome activation

The NLRP3 inflammasome is activated by various external stimuli including Nigericin, ATP, and
Si02** 34 To determine whether PF-induced DILI is associated with the inflammasome, we exposed
BMDMs to LPS for 4 h, followed by the application of MCC950, an NLRP3 inflammasome inhibitor, for 1 h,
and PF and ATP for 1 h. As shown in Figure SA, MCC950 significantly inhibited PF-induced caspase-1
activation and suppressed IL-1p levels, LDH release, and IL-18 levels (Figure 5B—D). Overall, these results

confirm that PF directly activates the NLRP3 inflammasome.
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Figure 5. PF promoted NLRP3 inflammasome activation and GR suppressed the activation of the NLRP3 inflammasome in
LPS-primed BMDMs.
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3.5 GR inhibits NLRP3 inflammasome activation

To investigate the effect of GR-induced NLRP3 inflammasome activation, LPS-pretreated BMDMs
were treated with GR treatment for 1 h, and then incubated with nigericin for 1 h. GR effectively inhibited
ATP-induced activation of NLRP3 inflammasome in a dose-dependent manner (Figure SE-H), leading to a
progressive decrease in caspase-1 maturation, IL-14 and IL-18 secretion, and LDH release. Additionally, we
examined whether GR can inhibit NLRP3 inflammasome activation induced by various NLRP3
inflammasome agonists, including nigericin, SiO2, and poly(I:C). GR effectively inhibited caspase-1

maturation and suppressed the agonist-induced increase in IL-14 and IL-18 levels (Figure 51-K).
3.6 GR inhibits PF-induced NLRP3 inflammasome activation

To confirm the effect of GR on PF-induced inflammation, we investigated whether GR inhibits
PF-induced activation of the NLRP3 inflammasome. LPS-primed BMDMs were incubated with GR for 1 h,
followed by PF for 1 h (Figure 6A-D). Although PF treatment alone induced caspase-1 (p20) maturation and
increased IL-14, LDH, and IL-18 levels, GR co-treated treatment reversed these effects. Overall, these results
indicate that GR may inhibit PF-induced activation of the NLRP3 inflammasome. Echinatin, a constituent of
the GR, has been shown to inhibit NLRP3 inflammasome activation. Therefore, we investigated whether
Echinatin inhibits PF-induced NLRP3 inflammasome activation. Cells incubated with Echinatin for 1 h were
treated with PF (Figure 6E-J). Echinatin pretreatment inhibited PF-induced caspase-1 p20 expression and
downregulated LDH release, IL-15, and IL-18 levels. Overall, these results provide additional evidence that

GR suppresses PF-induced inflammasome activation.
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Figure 6. GR blocked PF-induced inflammasome activation.

To further verify that GR attenuates PF-induced liver injury via inhibition of NLRP3 inflammasome, we
examined the serum levels of IL-1f and IL-18. IL-1/ concentration was significantly higher in the LPS+PF
group compared to the LPS group. In contrast, IL-1/ levels were significantly lower in the LPS+PF+GR group
than in the LPS+PF group, and a similar trend was observed for IL-8 (Figure 7A—B). Additionally, we
examine the mRNA levels of IL-14, IL-18, NLRP3, and caspase-1 in rat liver tissue. Although IL-14, IL-18,
NLRP3, and caspase-1 mRNA expression was significantly upregulated in the LPS+PF group compared with
those in the control group, GR treatment significantly downregulated the inflammatory factors (Figure 7C—F).
Overall, these results indicate that GR ameliorates LPS- and PF-induced liver injury via inhibition of NLRP3

inflammasome, which was consistent with the results of the metabolomic analysis.
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Figure 7. GR ameliorates PF-induced DILI and modulates NLRP3 inflammasome.
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4. Discussion

DILI accounts for a significant proportion of non-viral liver diseases and is highly prevalent, representing
a major cause of preclinical and clinical drug termination *>3¢, Recently, PF-induced liver injury has raised

37 Research findings indicate that ALT and AST are common indicators of liver

considerable concerns
pathologies. Long-term oxidative stress, coupled with hepatic inflammatory responses, are defining
characteristics of DILI 8, Our study showed that the medicinal herb GR effectively mitigated PF-induced
DILI in a rat model of immune stress. Additionally, rats in the LPS and PF groups showed a marked increase
in the serum levels of the hepatic damage indicators ALT and AST. Moreover, LPS and PF treatment
markedly upregulated the levels of the inflammatory cytokines IL-6 and MDA and significantly
downregulated SOD and GSH activities. Notably, GR co-treatment effectively reversed PF-induced
alterations in the levels of these indicators, suggesting that GR mitigated PF-induced liver injury.

Metabolic disorders represent significant pathophysiological alterations in the pathogenesis of liver
injury®® 491, Metabolomic analysis provides insight on complex pathophysiological processes of DILI 1), In
this study, metabolomic analysis of rats serum samples from the four groups revealed significant differences
in the metabolite profiles before and after drug administration. Among the identified metabolites, 37 were
significantly modulated following GR treatment. KEGG analysis showed that glutamine, nervonic acid, fatty
acid, histidine, L-tryptophan, N-acetylmannosamine, and L-valine were significantly enriched in the
following metabolic pathways: arginine biosynthesis; glycerolipid, pyrimidine, beta-alanine, and pantothenate
metabolism; CoA biosynthesis; and alanine, aspartate, and glutamate metabolism pathways. Importantly,
these pathways and metabolites may be central to the mechanism by which GR ameliorates PF-induced DILI.
Glutaminase inhibition suppresses the anaerobic conversion of glutamine to the tricarboxylic acid cycle and
amino acid synthesis, promotes mitochondrial autophagy, and inhibits the accumulation of intracellular
reactive oxygen species (ROS), ultimately preventing the activation of NLRP3 inflammasomes in microglial
cells during Alzheimer's disease!*”). Fatty acids ameliorate NASH by promoting the release of mitochondrial
DNA, which induces the release of ROS, thereby activating the NLRP3 inflammasome in mouse Kupffer
cellsi!. Danyu Tongwei granules significantly reduced valine, leucine, and isoleucine synthesis, thereby
inhibiting myocardial infarction by suppressing isoproterenol-induced NLRP3 inflammasome activation in
rats¥]. Collectively, these findings suggest that the metabolites and NLRP3 inflammasome activation are
inextricably linked. Therefore, we hypothesized that GR-mediated amelioration of PF-induced DILI is
associated with NLRP3 inflammasome.

Inflammasome activation triggers an inflammatory response closely linked to DILI**. In this study, we
established an LPS-induced NLRP3 inflammasome model to elucidate the mechanism by which GR
attenuates PF-induced hepatotoxicity. PF directly induced NLRP3 inflammasome activation, resulting in
caspase-1 activation and increased IL-1/4, IL-18 levels, and LDH release. However, GR treatment effectively
inhibited NLRP3 inflammasome activation in a dose-dependent manner. GR and PF co-treatment

significantly inhibited PF-induced inflammasome and caspase-1 activation and inhibited PF-induced increase
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in IL-14 and IL-18 levels. Mechanistically, GR attenuated PF-induced DILI by inhibiting inflammasome
activation. Additionally, Echinatin, the active component of GR, exhibited a similar inhibitory effect on
PF-induced NLRP3 inflammasome activation. Our study provide additional evidence to support the use of GR
for the treatment of PF-induced DILI.

In a rat model, we observed that GR treatment significantly attenuated LPS + PF-induced increased in
serum IL-14 and IL-18 levels. However, GR treatment significantly inhibited PF-induced upregulation of the
mRNA expression of key components of the NLRP3 inflammasome pathway (IL-1p, IL-18, NLRP3, and
caspase-1) in the liver tissue of the rats. Collectively, these findings confirm that GR alleviates PF-induced
liver injury by inhibiting NLRP3 inflammasome activation, indicating the potential of GR in ameliorating
PF-induced DILI.

Previous studies have shown that GR exhibits diverse therapeutic effects, including antitumor,
anti-inflammatory, antibacterial, antiviral, neuroprotective, and hepatoprotective properties''®.. Notably, GR
has the unique ability to act as a flavor enhancer, similar to candy and beverage additives'*!. As an effective
measure to prevent potential PF-induced hepatotoxicity, the consumption of foods containing GR before
ingesting PF-containing drugs is recommended. However, PF and GR co-administration should be
considered on a case-by-case basis. Although some studies have suggested that the inflammasome pathway
plays a protective role in tumorigenesis, the expression of all NLRP3 inflammasome components are either
absent or markedly reduced in human hepatocellular carcinoma. This deficiency is strongly associated with
an advanced disease stage and poor pathological differentiation’l. Therefore, when PF is used as an
anti-HCC, it may not be necessary to co-administer GR.

Despite the promising findings, this study has several limitations. Additional experiments, including
immunofluorescence and immunohistochemistry, are necessary to confirm whether GR ameliorates DILI by
inhibiting PF-induced NLRP3 inflammasome activation. Additionally, the ability of GR to ameliorate PF
hepatotoxicity has only been demonstrated in rat models, both in vivo and in vitro, with no corresponding
clinical evidence.

Future studies should aim to conduct comprehensive preclinical toxicity evaluations and dose
optimization experiments to better understand the safety profile of GR and PF co-administration. Considering
that our current findings were based solely on rat models, it is crucial to recognize the potential differences in
drug metabolism and immune responses between animals and humans. These interspecies differences could
significantly influence both the efficacy and safety of GR, as human liver enzyme systems and immune
regulation often differ from those of rodents. Therefore, translational studies using human liver organoids or
humanized animal models may provide clinically relevant insights. Furthermore, well-designed clinical trials
are essential to validate the hepatoprotective effects of GR in human populations, determine optimal dosing
strategies, and assess potential herb-drug interactions in patients receiving PF therapy. Exploring these
avenues will not only enhance the translational potential of our findings but facilitate the clinical application

of GR in the prevention and treatment of PF-induced DILI.
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5. Conclusion

In this study, we elucidated the potential mechanism by which GR prevents and treats PF-induced DILI.
Our findings indicate that GR significantly mitigates PF-induced liver injury by inhibiting PF-induced NLRP3
inflammasome activation (Fig. 8). Conclusively, this study offers a novel therapeutic strategy for managing
PF-induced hepatotoxicity, providing a scientific foundation for reducing the safety risks of potentially toxic

Chinese medicinal herbs.
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Figure 8. GR ameliorated DILI caused by PF and modulated the NLRP3 inflammasome metabolic network.
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