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Glycyrrhizin alleviates renal damage in MRL/lpr
mice by modulating gut microbiota dysbiosis and
regulating the RTK-PKCa axis: insights from
reverse nhetwork pharmacology

Fugang Huang,1? Ke Sun,1® Lijia Diao,® Keda Lu,® Yongsheng Fan*® and
Guanqgun Xie (2 ¢

The present investigation elucidates the therapeutic potential of glycyrrhizin, the predominant triterpene
saponin isolated from Glycyrrhiza glabra (licorice), in the management of systemic lupus erythematosus
(SLE), an autoimmune disorder characterized by multisystemic involvement and therapeutic recalcitrance.
Comprehensive interrogation of multiple disease-specific databases facilitated the identification of crucial
SLE-associated molecular targets and hub genes, with MAPK1, MAPK3, TP53, JUN, and JAK2 demonstrat-
ing the highest degree of network centrality. Subsequent molecular docking simulations and binding
affinity assessments revealed compounds with exceptional complementarity to these pivotal molecular
targets, establishing Glycyrrhiza glabra as a pharmacologically promising botanical source and glycyrrhizin
as its principal bioactive constituent meriting comprehensive mechanistic investigation. Experimental vali-
dation employing the MRL/lpr murine lupus model demonstrated that glycyrrhizin treatment significantly
diminished circulating autoantibody titers and markedly ameliorated the characteristic glomerulonephritis
and tubular interstitial damage associated with lupus nephritis. Concomitant 16S rDNA gene sequencing-
based microbiome profiling revealed that glycyrrhizin administration induced substantial modulation of
the intestinal microbial ecosystem, specifically attenuating the abundance of Ruminococcus genus, a bac-
terial taxon previously implicated in the pathogenesis and exacerbation of lupus nephritis. Transcriptomic
analysis utilizing Gene Expression Omnibus (GEO) repository datasets confirmed glycyrrhizin's profound
regulatory effects on calcium signaling pathways. Mechanistically, glycyrrhizin suppresses renal receptor
tyrosine kinase (RTK)-protein kinase C alpha (PKCa) axis activation, thereby interrupting key inflammatory
and fibrotic signaling cascades. Collectively, these findings provide compelling evidence that glycyrrhizin
confers nephroprotective effects in lupus nephritis through orchestrated dual mechanisms: (1) restoration
of gut microbiota homeostasis, and (2) suppression of the renal RTK-PKCa signaling axis, thereby attenu-
ating inflammatory cascades and preserving renal architectural integrity. These mechanistic insights
advance our understanding of glycyrrhizin's therapeutic potential and establish a robust scientific foun-
dation for its clinical translation in SLE management strategies.

Introduction

Systemic lupus erythematosus (SLE) stands as a paradigmatic
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mediators, synergistically amplified by complement system
dysregulation.” This molecular tempest precipitates ubiquitous

+These authors have contributed equally to this work and share first immune complex deposition, weaving a tapestry of chronic

authorship.

This journal is © The Royal Society of Chemistry 2025

inflammation that manifests through diverse clinical pheno-
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types—from characteristic erythematous eruptions and polyar-
ticular involvement to the devastating nephritis, alopecia, and
serositis that define this protean disease.”> Contemporary
therapeutic arsenals against SLE remain frustratingly
inadequate, plagued by therapeutic ceilings and formidable
toxicity profiles that underscore an urgent imperative for revo-
lutionary interventions. Traditional Chinese Medicine (TCM)
emerges as a beacon of therapeutic promise, wielding its
ancient wisdom through sophisticated multi-target pharmaco-
logical orchestration to combat autoimmune pathology.

Network pharmacology emerges as a revolutionary interdis-
ciplinary paradigm, seamlessly weaving together systems
pharmacology, computational biology, and sophisticated data
mining architectures to illuminate the labyrinthine inter-
actions between bioactive compounds and their molecular
targets.>® Through elegant network topology algorithms, this
cutting-edge approach unveils mechanistic intricacies with un-
precedented clarity, establishing itself as an indispensable
platform for therapeutic discovery and pathway elucidation,
particularly within the enigmatic realm of TCM research. The
present investigation harnesses a meticulously crafted target-
centric strategy, deploying advanced reverse screening method-
ologies to systematically unveil bioactive compounds and their
botanical origins, culminating in an exquisitely optimized
therapeutic selection framework.

Glycyrrhizin (GL), an extraordinary triterpenoid saponin
gracefully extracted from the venerable Glycyrrhiza species, has
captivated scientific attention through its formidable anti-
inflammatory and immunomodulatory prowess. At the mole-
cular epicenter, GL operates as an exquisite antagonist of high
mobility group box 1 (HMGB1), masterfully disrupting the
deleterious molecular liaison between HMGB1 and nucleic
acids.” This sophisticated inhibitory choreography profoundly
neutralizes the aberrant immune tempest triggered by self-
DNA recognition—a cardinal pathogenic cornerstone in SLE
pathogenesis. Groundbreaking investigations employing
lupus-prone murine paradigms have eloquently demonstrated
GL’s capacity to dramatically curtail circulating inflammatory
cytokines, autoantibodies, and HMGB1 concentrations.
Furthermore, GL orchestrates a remarkable suppression of
macrophage hyperactivation while elegantly dismantling
immune complex architecture, thereby achieving profound
amelioration of lupus progression.*” Nevertheless, the intri-
cate molecular choreography underlying GL’s therapeutic vir-
tuosity in SLE demands comprehensive illumination.

The gut microbiome constitutes an extraordinarily complex
and dynamic microbial cosmos, exquisitely orchestrating host
physiological harmony through multifaceted regulatory net-
works. The preservation of microbial equilibrium represents a
fundamental prerequisite for immune homeostasis, while its
perturbation unleashes cascading pathological immune aber-
rations. In the SLE milieu, patients exhibit profound gut dys-
biosis—a striking microbial catastrophe characterized by deci-
mated commensal bacterial diversity and the ominous expan-
sion of pathogenic microbial consortia.® This dysbiotic land-
scape devastates intestinal barrier integrity, creating perni-
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cious conduits for bacterial translocation and the systemic
dissemination of microbial antigens, thereby orchestrating a
relentless amplification of inflammatory networks.? The dysre-
gulation of specific microbial taxa exerts profound influence
over immune cell fate determination and functional orchestra-
tion, further exacerbating the immunological chaos character-
istic of SLE.'®'" Moreover, perturbations in microbial metab-
olite profiles—particularly the depletion of short-chain fatty
acids (SCFAs) and bile acid derivatives—have emerged as criti-
cal arbiters of host immune responses, wielding substantial
influence over SLE pathogenetic trajectories.”> GL demon-
strates remarkable capacity to sculpt gut microbiota architec-
ture,"”® potentially modulating these pivotal metabolic path-
ways and contributing to its therapeutic renaissance in SLE.
However, the precise molecular orchestration mediating GL’s
microbiome-centric therapeutic symphony demands rigorous
mechanistic exploration.

This investigation endeavors to illuminate the molecular
pathways underlying GL’s therapeutic magnificence in SLE
through integrated bioinformatics virtuosity and meticulous
in vivo experimental validation, unveiling mechanistic insights
into its multi-target therapeutic mastery.

Materials and methods

Identification and integration of potential herbal targets for
SLE

To acquire relevant target information for SLE, a thorough
search was conducted using the keyword “systemic lupus
erythematosus” across multiple databases: Genecards, OMIM,
Drugbank, and Disgenet."**® The retrieved target data were
then standardized through the UniProt database.'”
Transformed target genes were subsequently imported into
the Traditional Chinese Medicine Systems Pharmacology
(TCMSP) database, where compounds interacting with these
genes were identified retrospectively. These compounds under-
went a rigorous screening process based on pharmacokinetic
parameters (ADME) and Lipinski’s rules."® The selection cri-
teria included oral bioavailability (OB) of >30%, drug-likeness
(DL) score of >0.18, and a drug half-life of >4 hours." The
curated data were then loaded into Cytoscape 3.7.2 software to
construct a target-compound network.”® Following this, the
candidate compounds were aligned with corresponding herbal
networks, facilitating the construction of a target-compound-
herb network using Cytoscape 3.7.2’s merge function module.

Molecular docking

Molecular docking was employed to predict interactions
between target proteins and candidate compounds. The 3D
structures of target proteins were obtained from the Protein
Data Bank (PDB) and meticulously prepared by removing water
molecules, adding hydrogen atoms, and optimizing the struc-
tures using appropriate force fields. Candidate compounds
identified from the TCMSP database underwent optimization
for docking, with their 3D structures generated and geometries

This journal is © The Royal Society of Chemistry 2025
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minimized using suitable algorithms and force fields. The pre-
pared proteins and ligands were then subjected to molecular
docking, wherein ligands were strategically placed into the
binding sites of proteins and their binding affinities evaluated
based on sophisticated scoring functions. Docking scores were
computed to predict binding affinities, where lower scores
indicated stronger predicted interactions. The docking results
were subsequently validated through detailed visual inspection
of binding poses.

Animals and treatments

4-Week-old female MRL/Mp]-Faslpr/J] (MRL/lpr) mice and age-
matched wild-type C57BL/6] female mice were purchased from
Shanghai SLAC Laboratory Animal Co., Ltd (Shanghai, China)
(n = 5 per experimental group). Mice were randomly assigned
into four groups (i.e. normal control group, untreated MRL/lpr
mice, low-dose glycyrrhizin-treated MRL/Ipr mice, or high-dose
glycyrrhizin-treated MRL/lpr  mice). Glycyrrhizin ~ (J&K
Scientific, Shanghai, China), was administered via daily gavage
for 4 weeks, with dosages set at 50 mg kg™" for the low-dose
group and 100 mg kg~ for the high-dose group, as established
in prior studies.”’** Throughout the study, animals had
ad libitum access to food and tap water. Following the 4-week
treatment period, the mice were euthanized using an overdose
of pentobarbital sodium. Blood, feces, and kidney samples
were collected for subsequent analysis. All experimental pro-
cedures adhered to the National Institutes of Health (NIH)
guidelines for Laboratory Animal Care and were overseen and
approved by the Institutional Animal Care and Use Committee
of Zhejiang Chinese Medical University.

Enzyme-linked immunosorbent assay (ELISA)

Adhere meticulously to the protocol provided by the ELISA kit
(Ruixin Biotech, China) to process serum samples and accu-
rately quantify the concentrations of serum antinuclear anti-
bodies (ANA) and anti-dsDNA.

Histopathological analysis

Upon obtaining the kidney tissue samples, they were immedi-
ately fixed in 10% formalin (Servicebio, China). The fixed
tissues were then embedded in paraffin and sectioned into
3-5 pm thick slices using a microtome (Leica RM2235, Leica
Biosystems, Germany). These sections were mounted on glass
slides and dewaxed through sequential washes with xylene and
ethanol (Sinopharm Chemical Reagent Co., China). For histo-
logical examination, sections were stained with hematoxylin
and eosin (H&E; G1120, Solarbio, China) to evaluate general
morphology, periodic acid-Schiff (PAS; G1281, Solarbio, China)
to assess the basement membrane and mesangial matrix, and
Masson’s trichrome to identify fibrosis and collagen depo-
sition (G1340, Solarbio, China). The stained slides were exam-
ined under an optical microscope (Olympus BX53, Japan), and
images were captured for further analysis (DP80, Olympus,
Japan). Image analysis software was utilized to perform quanti-
tative measurements of parameters such as fibrosis extent and
basement membrane thickening, providing a comprehensive
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understanding of the pathological status of the renal tissue. To
quantitatively evaluate Masson’s trichrome and PAS staining,
images were acquired under consistent magnification, illumi-
nation, and exposure settings using a high-resolution auto-
mated imaging system to capture detailed staining features.
Multiple non-overlapping, representative fields were randomly
selected from each slide to comprehensively account for stain-
ing variations and tissue architecture. These regions were
defined and analyzed using Image] (NIH, USA) and Image-Pro
Plus software (Media Cybernetics, USA), with specific analysis
parameters tailored to each staining type: Masson’s trichrome
staining was used to assess collagen and muscle fibers and
PAS staining to evaluate glycogen and mucin. Each slide was
independently reviewed by three blinded evaluators under
standardized conditions to ensure scoring consistency and
minimize bias. In cases of significant discrepancies, a re-evalu-
ation process was conducted. The final data were averaged,
and statistical analyses were performed to compare staining
intensity and positive areas across experimental groups, pro-
viding objective and reproducible data for reliable inter-group
comparisons.

16S rDNA sequencing

DNA extraction from different samples was performed using
the CTAB DNA extraction kit (TIANGEN Biotech, Beijing,
China) according to the manufacturer’s instructions, which is
effective for isolating DNA from trace amounts of sample and
suitable for most bacterial DNA. Nuclear-free water was used
as a blank control, and the total DNA was eluted in 50 pL of
elution buffer and stored at —80 °C until PCR analysis. All PCR
measurements were carried out at LC-Bio Technology Co., Ltd
(Hangzhou, Zhejiang Province, China). The 5 ends of the
primers were tagged with specific barcodes unique to each
sample along with sequencing universal primers. PCR amplifi-
cation was performed in a total reaction volume of 25 pL, con-
taining 25 ng of template DNA, 12.5 pL of PCR Premix
(Vazyme, China), 2.5 pL of each primer, and PCR-grade water
(Vazyme, China) to adjust the volume. The amplification con-
ditions for prokaryotic 16S fragments included an initial dena-
turation at 98 °C for 30 seconds; followed by 32 cycles of dena-
turation at 98 °C for 10 seconds, annealing at 54 °C for 30
seconds, and extension at 72 °C for 45 seconds; and a final
extension at 72 °C for 10 minutes. PCR products were con-
firmed on 2% agarose gel electrophoresis. Throughout the
DNA extraction process, ultrapure water was used as a negative
control to rule out false-positive PCR results. Purification of
the PCR products was performed using AMPure XT beads
(Beckman Coulter Genomics, Danvers, MA, USA), and quantifi-
cation was completed with a Qubit fluorometer (Invitrogen,
USA). Amplicon pools were prepared for sequencing, with
library size and quantity assessed using the Agilent 2100
Bioanalyzer (Agilent, USA) and the Library Quantification Kit
for Illumina (Kapa Biosciences, Woburn, MA, USA), respect-
ively. Sequencing was conducted on the Illumina NovaSeq
PE250 platform according to the manufacturer’s recommen-
dations by LC-Bio Technology Co., Ltd. Paired-end reads were
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assigned to samples based on their unique barcodes and were
processed by removing barcodes and primer sequences. Reads
were merged using FLASH, and quality filtering was conducted
using fqtrim (v0.94) to obtain high-quality clean tags.
Chimeric sequences were filtered using Vsearch (v2.3.4).
Dereplication was performed using DADA2, resulting in the
final feature table and feature sequences.

GEO data validation analysis

The GEOquery package in R was employed to identify and
acquire raw data from lupus nephritis-related datasets
(GSE32592, GSE113342, and GSE112943). Integrity and consist-
ency of the downloaded raw data files were ensured, followed
by data standardization and quality control procedures to
correct for technical variations and ensure comparability
across samples. Differential expression analysis was then con-
ducted to identify genes with significant expression differences
between the blank control and lupus nephritis groups. The
differentially expressed genes from the three datasets were
integrated into a comprehensive gene set representing disease
differential expression. Potential drug targets were identified
by querying the drug target databases SEA, Superpred, and
SwissTargetPrediction using the keyword “glycyrrhizin”, and
the identified targets were consolidated into a cohesive collec-
tion. A comparative analysis was conducted between the
disease-related gene set and the identified drug targets to
screen for overlapping genes. Enrichment analysis was then
performed to identify overrepresented Gene Ontology (GO)
terms and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathways within the differentially expressed genes. Following
the identification of the target pathway, a protein-protein
interaction (PPI) network was constructed using the STRING
database to explore the interactions and functional associ-
ations between the genes.

Immunofluorescence and immunohistochemistry analysis

Kidney tissues were harvested and fixed in 10% neutral
buffered formalin (Servicebio, China). The fixed tissues were
embedded in paraffin and sectioned into 4 pm slices (Leica
RM2235, Leica Biosystems, Germany). Sections were dewaxed,
rehydrated (Sinopharm Chemical Reagent Co., China), and
subjected to antigen retrieval using citrate buffer (pH 6.0;
Beyotime, Shanghai, China). To block endogenous peroxidase
activity, sections were treated with 3% hydrogen peroxide
(Beyotime, Shanghai, China), followed by blocking with 5%
bovine serum albumin (BSA; Sigma-Aldrich, USA). Primary
antibodies against PDGFRa, PDGFRf, KDR (all from Cell
Signaling Technology), and PKCa (UpingBio, China), were
applied to the sections and incubated overnight at 4 °C. After
washing, sections were incubated with biotinylated secondary
antibodies (ZSGB-BIO, Beijing, China) and horseradish peroxi-
dase (HRP)-conjugated streptavidin (ZSGB-BIO, Beijing,
China). Detection was performed using diaminobenzidine
(DAB; ZSGB-BIO, Beijing, China), followed by counterstaining
with hematoxylin (Solarbio, Beijing, China). Sections were
then dehydrated, cleared, and mounted for histological ana-
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lysis. For immunofluorescence, sections were treated with
fluorophore-conjugated secondary antibodies (Thermo Fisher
Scientific, USA), counterstained with DAPI (Beyotime, China),
and imaged using a fluorescence microscope (Olympus BX53,
Olympus, Japan). Quantitative evaluation of immunofluores-
cence and immunohistochemical staining was performed on
tissue sections, with specific regions of interest selected as
described in the histopathological analysis. Different analysis
parameters were applied: immunofluorescence staining was
used to quantify the area and intensity of fluorescence-positive
regions, while immunohistochemistry focused on segmenting
positive areas and measuring their intensity. Consistent evalu-
ation methods were employed to ensure objective and reprodu-
cible data, supporting comparative analysis between experi-
mental groups.

Short-chain fatty acid analysis by GC-MS

To quantitatively determine the concentrations of SCFAs,
specifically acetate and butyrate, in serum samples, gas chrom-
atography-mass spectrometry (GC-MS) was employed. Serum
proteins were precipitated using HPLC-grade methanol
(Sigma-Aldrich, USA), followed by acidification with hydro-
chloric acid (37%, Merck, Germany), and extraction with
n-butanol (Sigma-Aldrich, USA) to isolate target metabolites.
The extracts were derivatized using N-tert-butyldimethylsilyl-N-
methyltrifluoroacetamide (MTBSTFA, Sigma-Aldrich, USA) at
60 °C for 30 minutes to enhance volatility and detection sensi-
tivity. The derivatized products were analyzed on an Agilent
7890B gas chromatograph coupled with a 5977B mass selective
detector in selected ion monitoring (SIM) mode.
Quantification was performed using calibration curves pre-
pared with high-purity standards of acetate and butyrate
(=99%, Sigma-Aldrich). The method demonstrated excellent
linearity (R* > 0.99), reproducibility, and recovery, and is suit-
able for high-throughput quantification of SCFAs in serum
matrices.

Serum calcium concentration measurement

Serum Ca®" levels were measured using an Arsenazo Ill-based
assay kit (Nanjing Jiancheng, China). A 10 pL serum sample
was reacted with the reagent at room temperature for 10 min,
and absorbance was read at 650 nm using a microplate reader
(BioTek, USA). Concentrations were calculated from a standard
curve.

Serum LPS level determination

Serum LPS levels were quantified by ELISA using a mouse-
specific kit (CUSABIO, China). Samples were incubated at
37 °C for 90 min in pre-coated plates, followed by washing,
HRP-conjugate addition, and color development. Absorbance
was measured at 450 nm, and concentrations were determined
via standard curves.

Western blot analysis

The kidney samples were lysed in ice-cold RIPA buffer
(Beyotime, China) supplemented with 1% PMSF (Beyotime,

This journal is © The Royal Society of Chemistry 2025
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China) and a protease inhibitor cocktail (Roche, Basel,
Switzerland) for 30 minutes, with intermittent vortexing every
5 minutes to ensure thorough homogenization. Following
lysis, the samples were centrifuged at 12 000g for 10 minutes
at 4 °C, and the supernatant containing the total protein
extract was collected. Protein concentrations were determined
using the BCA Protein Assay Kit (Thermo Fisher Scientific,
USA). Equal amounts of protein (20 pg per sample) were
denatured by boiling at 95 °C for 5 minutes in 5x SDS loading
buffer (Beyotime, China) and then resolved on SDS-PAGE gels
(GenScript, Nanjing, China). Subsequently, proteins were
transferred onto PVDF membranes (Millipore, USA). The mem-
branes were blocked with 5% skim milk (BD Difco, USA) in
TBST at room temperature for 1 hour to prevent nonspecific
binding. Primary antibodies against PDGFRa, PDGFR, KDR
(all from Cell Signaling Technology, USA), and PKCa
(UpingBio, China) were applied, along with a p-actin antibody
(Cell Signaling Technology, USA) as the internal control, and
incubated overnight at 4 °C. The following day, after thorough
washing with TBST, the membranes were incubated with HRP-
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conjugated secondary antibodies (Cell Signaling Technology,
USA). Protein bands were visualized and quantified using the
FluorChem FC3 imaging system (ProteinSimple, USA). Target
proteins levels were normalized to f-actin. Each experiment
was conducted in triplicate to ensure reproducibility.

Statistics

The experimental data are presented as mean + standard devi-
ation (SD). To evaluate the differences between the four experi-
mental groups, a one-way analysis of variance (ANOVA) test was
employed. Statistical significance was determined with a
P-value < 0.05 (¥ <0.05, ** <0.01).

Results

Candidate compound acquisition and target-compound-herb
network construction

In the preliminary phase of drug screening, we conducted a
systematic analysis across multiple disease-specific databases

Affinity of Molecular Docking
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to compile a comprehensive dataset encompassing 1560
potential SLE-related therapeutic targets (Material S1).
Through network topology analysis, we identified 14 hub
genes—including MAPK1, MAPK3, TP53, JUN, and JAK2—that
demonstrated high degree centrality and were considered
pivotal nodes in TCM-SLE therapeutic interactions. Following
standardization of protein nomenclature via the UniProt data-
base, we performed reverse screening against the TCMSP data-
base, which yielded 167 compounds satisfying our predefined
selection criteria (Material S2). These compounds were sub-
sequently classified as key bioactive molecules. To elucidate
the core molecular interactions, we constructed a Target-
Compound network (Fig. 1A), revealing five principal candi-
date compounds: Genistein, Epigallocatechin-3-gallate,
Luteolin, Quercetin, and Resveratrol. Molecular docking ana-
lyses demonstrated moderate to strong binding affinities
between the majority of candidate compounds and their
corresponding hub targets, with the notable exception of
TP53, which exhibited relatively weak binding interactions
(Fig. 1B). To establish the pharmacological context within tra-
ditional Chinese medicine frameworks, we employed reverse
mapping to trace the 167 key compounds to their botanical
origins using the TCMSP database, identifying 473 medicinal
species. Frequency analysis revealed 196 herbs associated with
a minimum of 10 candidate compounds (Material S3).
Subsequently, we constructed a comprehensive Target-
Compound-Herb network to delineate the intricate relation-
ships among therapeutic targets, bioactive compounds, and
their herbal sources (Fig. 1C).

Notably, Licorice (Glycyrrhiza wuralensis) emerged as
the most pharmacologically significant herb within this
network, demonstrating the highest frequency of associ-
ations with both key compounds (n = 41) and target inter-
actions, thereby establishing its central role in the TCM-
based anti-SLE therapeutic landscape®® (Fig. 1D). Among
its bioactive constituents, Glycyrrhizin (GL, Fig. 1E) was
recognized as the predominant compound, characterized by
extensively documented immunomodulatory and anti-
inflammatory properties.> While GL was not initially ranked
among the top candidate compounds based solely on hub-
target affinity analysis, it was prioritized for subsequent
investigation based on two critical rationales: (1) its status
as the primary bioactive constituent of licorice—the most
enriched herb in our compound-herb mapping analysis, and
(2) its high-frequency association with multiple hub targets
through reverse screening. Confirmatory molecular docking
studies demonstrated robust binding affinities between GL
and all prioritized targets except TP53, thereby validating its
therapeutic potential (Fig. 1F).

Glycyrrhizin ameliorated immune levels and renal pathology
in MRL/lpr mice

The therapeutic potential of GL was systematically assessed in
the MRL/lpr murine model of systemic lupus erythematosus
(Fig. 2A). Administration of GL across a spectrum of dosages
elicited remarkable amelioration of immunological dysregula-
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tion, manifested through substantial suppression of patho-
genic autoantibodies, including ANA and anti-dsDNA—cardi-
nal biomarkers of aberrant immune hyperactivation character-
istic of lupus pathogenesis. Particularly noteworthy was the
superior therapeutic response observed in the high-dose
cohort, which demonstrated the most pronounced immuno-
modulatory effects (Fig. 2B).

Histopathological examination of renal architecture pro-
vided compelling corroborative evidence of GL’s therapeutic
efficacy, revealing dose-dependent amelioration of nephritis
pathology characterized by marked attenuation of inflamma-
tory cellular infiltrates, substantial resolution of glomerular
lesions, notable regression of basement membrane thickening,
and  significant mitigation of interstitial fibrosis.
Immunofluorescence microscopy unveiled a striking reduction
in glomerular immune complex deposition following GL inter-
vention (Fig. 2C), with the most dramatic improvements mani-
fested in the high-dose treatment group—findings that exhibi-
ted remarkable concordance with the observed diminution in
circulating autoantibody titers.

Glycyrrhizin modulated the gut microbiota composition in
MRL/Ipr mice

GL has been previously reported to modulate gut microbiota
composition."® Given the recognized contribution of gut dys-
biosis to the immunopathogenesis of SLE, we performed 16S
rDNA high-throughput sequencing of cecal contents from
MRL/Ipr mice across distinct treatment groups to comprehen-
sively delineate microbial structural and compositional
dynamics. Sequencing results revealed 304 shared amplicon
sequence variants (ASVs) and 5344 unique ASVs, with 1813,
1123, 1238, and 1170 uniquely detected in the control, model,
low-dose GL, and high-dose GL groups, respectively (Fig. 3A).
Following data normalization, o- and f-diversity analyses were
conducted. While a-diversity indices showed no statistically
significant differences in species richness or evenness across
groups (Fig. 3B), B-diversity analysis via principal coordinate
analysis (PCoA) demonstrated clear separation between
groups, indicating a marked reshaping of microbial commu-
nity structures (Fig. 3C).

At the phylum level, the microbiota was dominated by
Firmicutes, Bacteroidota, Actinobacteriota, Verrucomicrobiota,
and Proteobacteria (Fig. 3D). The Firmicutes/Bacteroidota
(F/B) ratio was notably decreased in the model group, consist-
ent with a shift toward a proinflammatory microbial pheno-
type previously associated with lupus.”® Interestingly, low-dose
GL administration elevated the F/B ratio, indicating a partial
restoration of microbial homeostasis, whereas high-dose GL
induced a slight but non-significant decline (Fig. 3E), implying
a potential dose-dependent, non-linear modulatory effect.

At the genus level, detailed taxonomic profiling uncovered
profound compositional disturbances in the model group

(Fig. 3F). Genera associated with fiber degradation
(Candidatus Saccharimonas, Eubacterium xylanophilum
group, Robinsoniella), SCFA biosynthesis (Bacteroidales,

Clostridia, Veillonella), and mucosal immune modulation

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Glycyrrhizin ameliorates disease severity in MRL/lpr Mice. (A) Animal experiment flowchart. (B) The levels of serum ANA and anti-dsDNA.
Each group consisted of 5 samples (n = 5 per group). (C) Representative images of H&E, Masson trichrome, and PAS staining from each group (scale
bar: 100 um), along with high-resolution images of mouse IgG immunofluorescence staining (scale bar: 20 pm). In the H&E-stained sections, the fol-
lowing pathological features were annotated: a, infiltration of inflammatory cells; b, glomerular hyperplasia and sclerosis; c, tubular dilatation and
atrophy. In the Masson-stained sections, d, indicates fibrotic collagen deposition; in the PAS-stained sections, e, denotes thickening of the glomeru-
lar basement membranes. Semi-quantitative analyses are provided alongside. Each group contained three biological replicates (n = 3 per group).
Data are presented as the mean + SD. Statistical significance is denoted as *P < 0.05, **P < 0.01 versus the model group.

were significantly diminished (Fig. 3G),
impaired fermentative and immunoregulatory functions.
Conversely, opportunistic or proinflammatory genera includ-
ing Tyzzerella, Dorea, Helicobacter, Anaeroplasma, and
Pseudoflavonifractor were enriched, aligning with microbial
signatures known to potentiate intestinal permeability, meta-
bolic dysregulation, and host immune activation.>>" GL

administration effectively reversed many of these compo-

suggestive of
26-28

This journal is © The Royal Society of Chemistry 2025

sitional aberrations, suggesting robust microbiota-targeted
pharmacological effects. Given the documented association
between Ruminococcus and SLE disease activity and renal
involvement,**** we specifically examined its abundance.
LEfSe analysis (Fig. 3H) and subsequent quantification
revealed a significant elevation of g Ruminococcus and
s_Ruminococcus_unclassified in the model group, which was
dose-dependently attenuated following GL treatment (Fig. 3I
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Fig. 3 Glycyrrhizin modulated the gut microbiota composition. (A) Venn diagram showing the distribution of shared and unique ASVs across
groups. (B) Violin plots illustrating the alpha diversity indices comparison. (C) The PCoA plot displaying the distribution along the first two principal
coordinates (PCoAl and PCoA2). (D) Stacked bar chart displaying the relative abundance of microbial communities at the phylum level across the

different groups. (E) The Firmicutes/Bacteroidota (F/B) ratio in each group.

(F) Stacked bar chart displaying the relative abundance of microbial com-

munities at the genus level. (G) Heatmap showing the hierarchical clustering of the top 30 microbial communities with relative abundance at the
genus level. (H) LEfSe analysis identifying dominant bacterial species. (I and J) The relative abundance of the g_Ruminococcus and
s_Ruminococcus_unclassified. (K) Serum concentrations of acetate, butyrate, and LPS. (L) Presentation of PICRUSt2-based functional predictions.
Each group consisted of 5 samples (n = 5 per group). Data are presented as the mean + SD. Statistical significance is denoted as *P < 0.05, **P < 0.01
versus the model group (N: control; M: model; L: low-dose GL; H: high-dose GL).

and J). This targeted microbial suppression may represent a
mechanistic axis by which GL alleviates lupus severity.

To functionally validate the physiological relevance of these
microbiota shifts, we quantified serum levels of two major
SCFAs—acetic acid and butyric acid—as well as lipopolysac-
charide (LPS), a marker of gut-derived endotoxemia (Fig. 3K).
In the model group, both SCFAs were markedly reduced,
reflecting compromised microbial fermentation -capacity,
while LPS levels were significantly elevated, indicating

7724 | Food Funct, 2025,16, 7717-7733

increased intestinal permeability and systemic inflammatory
burden. GL treatment restored SCFA concentrations and sig-
nificantly suppressed LPS levels in a dose-dependent manner.
Complementing these biochemical findings, PICRUSt2-
based metagenomic prediction exposed pronounced, group-
specific enrichment of several functional pathways (Fig. 3L).
Most notably, the calcium-signaling pathway—a nexus pre-
viously implicated in lupus nephritis pathogenesis—was pre-
ferentially enriched. In addition, pathways involved in lipopo-

This journal is © The Royal Society of Chemistry 2025
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lysaccharide biosynthesis, amino-acid and lipid metabolism,
and DNA repair/recombination were dysregulated in diseased
mice but shifted following GL administration.

Collectively, these results demonstrate that GL exerts a
nuanced, dose-responsive regulatory influence on the gut
microbial ecosystem in MRL/Ipr mice. By restoring taxonomic
equilibrium, enhancing SCFA output, and curbing endotoxe-
mia, GL contributes to the re-establishment of intestinal and
systemic immune homeostasis.

Lupus Nephritis

feguiaion © down + no-sintcance © up

Locu2i7s
NIR30E

100 Lupus Nephritis

siatect

MIR320A 8507
o8,

MIR632

* log2 (Fold Change)

View Article Online

Paper

Investigation on molecular mechanisms of glycyrrhizin in LN
treatment based on GEO database

Given the pronounced intergroup heterogeneity in
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Investigation on molecular mechanisms of glycyrrhizin in LN treatment based on GEO database. (A) Volcano plot displaying the integrated

distribution of DEGs. Red dots represent upregulated genes, while blue dots represent downregulated genes. (B) Intersection between integrated
DEGs and GL-associated targets. (C and D) KEGG and GO enrichment analyses. (E) Detailed calcium signaling pathway map. The protein highlighted
in red indicates increased expression in the model group. (F) Serum concentrations of Ca®*. (G) PPl network of genes identified in calcium signaling
pathway. (H) The expression levels of key DEGs after integration. (I) The expression levels of key DEGs from individual datasets. Data are presented as
the mean + SD. Statistical significance is denoted as *P < 0.05, **P < 0.01 versus the model group (N: control; M: model; L: low-dose GL; H: high-
dose GL).
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three LN-associated datasets (GSE32592, GSE113342, and
GSE112943) procured from the Gene Expression Omnibus
(GEO) repository (Fig. 4A). Concurrently, GL-associated mole-
cular targets were systematically curated from the SEA,
SuperPred, and SwissTargetPrediction platforms. Bioinformatic
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cross-interrogation of these repositories unveiled 93 convergent
genetic loci, delineating a cohort of GL targets putatively impli-
cated in LN pathogenesis (Fig. 4B). Ensuing pathway enrich-
ment analyses via KEGG and GO frameworks of the convergent
genetic entities revealed conspicuous enrichment within the
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Fig. 5 Glycyrrhizin suppressed the renal RTK-PKC axis activation. (A) Molecular docking interactions between glycyrrhizin and key targets (PDGFR,
KDR, and PKCa). (B) Western blot analysis with corresponding quantification. Each group consisted of 3 samples (n = 3 per group). (C)
Representative fluorescence staining images of PDGFRa and KDR across groups (scale bar: 20 um), along with detailed immunohistochemistry
images of PDGFRp and PKCa (scale bar: 100 pm), supplemented by comprehensive semi-quantitative analysis. Each group consisted of 3 samples (n
= 3 per group). Data are presented as the mean + SD. Statistical significance is denoted as *P < 0.05, **P < 0.01 versus the model group.
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calcium signaling pathway (Fig. 4C-E). Remarkably, this finding
corroborated the functional inferences extrapolated from 16S
rDNA-based microbiotal analysis (see Fig. 3L), thus substantiat-
ing that the calcium signaling axis may constitute a convergent
mechanistic nexus bridging intestinal dysbiosis and nephro-
pathological manifestations.

To corroborate this postulate, we quantified circulating
calcium concentrations across experimental cohorts. Notably,
serum calcium levels were profoundly perturbed in the patho-
logical group relative to controls and were systematically recon-
stituted following GL intervention (Fig. 4F), intimating that
microbiota-orchestrated perturbations may modulate systemic
calcium equilibrium. These observations substantiate the
proposition that calcium ions may function as a molecular
conduit linking intestinal microbiotal alterations with down-
stream renal signaling cascades. A comprehensive mechanistic
blueprint of the calcium signaling architecture was sub-
sequently reconstructed, incorporating transcriptomic signa-
tures to annotate pathway constituents. Notably, the PLCy sig-
naling module exhibited conspicuous activation, wherein
receptor tyrosine kinases (RTKs) including PDGFRA, PDGFRB,
and KDR demonstrated marked upregulation and orchestrated
downstream PKC activation (Fig. 4E). Protein-protein inter-
action (PPI) network analysis further delineated PDGFRA,
PDGFRB, KDR, and PKCA as cardinal nodes (Fig. 4G), substan-
tiating their putative roles as principal effectors within this sig-
naling framework. Transcriptomic profiles validated pro-
nounced upregulation of calcium signaling-associated genes
within the pathological cohor. Particularly, PDGFRA, PDGFRB,
KDR, and PKCA exhibited distinctive yet convergent transcrip-
tomic signatures indicative of their mechanistic engagement
(Fig. 4H and I).

Collectively, these data substantiate that GL may orchestrate
gut-renal crosstalk through reconstitution of microbiota-
derived metabolites and normalization of systemic calcium
signaling cascades.

Glycyrrhizin suppressed the renal RTK-PKC axis activation

Therefore, we interrogated the expression profiles of cardinal
proteins implicated in the RTK-PKC signaling axis, as deli-
neated in this investigation, within renal parenchyma.
According to molecular docking simulations, GL demonstrated
pronounced binding affinities with PDGFR, KDR, and PKCua
(Fig. 5A). Western blot analysis unveiled conspicuous upregula-
tion of PDGFRa, PDGFRp, and KDR within the groups, which
was dose-dependently attenuated following GL intervention,
with the high-dose regimen exhibiting superior therapeutic
efficacy. Concurrently, the downstream effector PKCa mani-
fested elevated expression within the pathological group,
which was substantially normalized upon GL administration
(Fig. 5B). Immunofluorescence and histochemical analyses
corroborated these observations, delineating a concordant
expression pattern (Fig. 5C). These data illuminate GL’s
capacity to orchestrate therapeutic modulation of LN patho-
genesis through targeted intervention at critical nodes within
the calcium signaling cascade, particularly via suppression of

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

PDGFRa, PDGFRf, and KDR within the RTK pathway, along-
side their downstream effector PKCa.

Discussion

Accumulating evidence underscores that the integration of
TCM in SLE management has witnessed remarkable thera-
peutic advancement, with network pharmacology method-
ologies providing an unprecedented framework for identifying
efficacious therapeutic entities. In this investigation, disease-
associated molecular targets including MAPK1, MAPK3, TP53,
JUN, and JAK2 were delineated as cardinal mediators in SLE
pathogenesis. Specifically, MAPK1 and MAPK3 orchestrate T
cell subset differentiation and clonal expansion, thereby
amplifying systemic inflammatory cascades and representing
putative biomarkers for LN.***% Polymorphic variants and
aberrant expression of TP53 are intrinsically linked to excessive
keratinocyte proliferation, epidermal atrophy, and widespread
apoptotic events characteristic of discoid lupus erythematosus
(DLE).?>*?*® JUN exhibits pronounced overexpression in SLE
patient T cells following inflammatory stimulation, precipitat-
ing splenic tyrosine kinase (SYK) upregulation and T cell recep-
tor activation, thereby facilitating lymphocytic infiltration and
inflammatory amplification.’” Furthermore, JAK2 primarily
orchestrates inflammation and organ-specific pathological
remodeling through downstream STAT protein activation,
heightening T cell responsiveness to pro-inflammatory
mediators.*®*° Diverging from conventional network pharma-
cological paradigms, this study employed reverse-engineering
strategies to identify candidate compounds targeting these
pivotal disease mediators, subsequently validating molecular
interactions through computational docking analyses to ascer-
tain binding propensities. Comprehensive exploration of phy-
tochemical origins revealed licorice (Gancao) as an exception-
ally promising therapeutic entity. GL, the principal bioactive
constituent of licorice, demonstrated substantial pharmaco-
logical potential, corroborated not only by precedent experi-
mental evidence but also through confirmed interactions with
SLE-associated targets exhibiting favorable binding character-
istics. These findings provide robust theoretical underpinnings
for GL’s broad-spectrum regulatory capabilities, substantiating
its selection as the primary compound for subsequent experi-
mental validation and highlighting its therapeutic potential in
SLE management.

In vivo validation further substantiated GL’s therapeutic
efficacy in MRL/Ipr murine models. GL administration elicited
significant attenuation of ANA and anti-dsDNA antibody con-
centrations, thereby ameliorating immunological dysregula-
tion. Notably, GL markedly suppressed inflammatory cellular
infiltration and glomerular pathological alterations within
renal parenchyma. This investigation represents the first sys-
tematic demonstration of GL’s dose-dependent therapeutic
effects across varying concentrations, with high-dose regimens
exhibiting particularly pronounced improvements in nephro-
pathological parameters. Moreover, GL remarkably diminished
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immune complex deposition within glomerular structures,
concordant with its suppressive effects on autoimmune
responses, thus reinforcing its therapeutic potential in SLE
management.

Gut microbiotal exploration provides profound mechanistic
insights into GL’s systemic therapeutic effects in SLE. This
study identified pronounced enrichment of Ruminococcus genus
within the pathological cohort’s intestinal microbiota. GL
administration across varying dosages demonstrated significant
modulation of Ruminococcus abundance, with notable reduction
in relative prevalence. At refined taxonomic resolution, we
identified unclassified bacterial species exhibiting similar per-
turbation patterns. This observation is particularly intriguing
given prior research indicating that while Ruminococcaceae

family generally exhibits diminished abundance in SLE
patients’ gut microbiota,**** Ruminococcus genus, especially
Ruminococcus  gnavus (R gnavus), demonstrates marked

increased relative abundance.”® R. gnavus has been implicated
in cross-reactivity with native DNA, triggering anti-dsDNA anti-
body production—a pathognomonic hallmark of SLE pathol-
ogy.** Furthermore, this species confirmes prominent associ-
ation with renal impairment, with over 50% of active LN
patients exhibiting R. gnavus expansion during disease exacer-
bation periods.*® R. gnavus abundance alterations modulate
immunoglobulin levels (IgG, IgM, IgA), contributing to intesti-
nal barrier disruption, as evidenced by elevated fecal calprotec-
tin, serum soluble CD14, and alpha-1-acid glycoprotein concen-
trations in SLE patients.” Notably, under specific clinical con-
ditions—particularly when SLEDAI scores exceed threshold
values of 8—conserved R. gnavus proteases exhibit pronounced
reactivity with serum IgG antibodies, inducing robust strain-
specific antibody responses.®” In landmark investigations by
Gregg J. Silverman and colleagues, a highly reactive R. gnavus
subtype, RG2, was characterized, demonstrating significant
reactivity in SLE patients, particularly those with nephritis, with
RG2-specific antibody levels correlating closely with SLEDAI
scores, autoantibody titers, serum complement levels, and
inflammatory cytokine profiles.>*> Additionally, R. gnavus
modulates T cell responses, particularly affecting regulatory T
cell (Treg) populations,*® and exhibits distinctive immunophe-
notypic regulation of B cell superantigen activity.*® In lupus-
prone murine models, including MRL/Ipr and PIL mice—both
recapitulating key human SLE features—R. gnavus relative abun-
dance is similarly elevated,***” mirroring genus-level obser-
vations in this study. Although this investigation did not delin-
eate specific Ruminococcus subtype abundances, genus-level
alterations observed indicate trends closely aligned with lupus
pathogenesis and associated nephropathological complications.
These findings suggest GL may exert therapeutic efficacy in SLE
through gut microbiotal modulation, via Ruminococcus genus
compositional alterations, thus modulating immune responses
and ameliorating renal pathology.

Based on bioinformatics analysis utilizing GEO database
resources, we further interrogated potential mechanisms under-
lying GL’s therapeutic effects on LN. Our findings revealed that
calcium signaling pathways, identified through enrichment ana-
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lysis, corroborate gut microbiotal functional predictions.
Refined mechanistic illustration suggests GL may modulate the
RTK-PKCa axis, contributing to its therapeutic efficacy. The RTK
family comprises an extensive and diverse group of receptor
enzymes initiating signal transduction upon activation. In our
study, PDGFRa and PDGFRf, both PDGFR family tyrosine
kinase members, were identified. Pathological PDGFR signaling
activation predominantly drives excessive fibroblast prolifer-
ation and collagen overproduction, promoting fibrotic disease
progression.*®*® KDR (VEGFR2), a VEGFR family subtype, was
also identified; its hyperactivation precipitates aberrant angio-
genesis, resulting in glomerular capillary lesions and glomeru-
losclerosis, while increasing vascular permeability and disrupt-
ing glomerular filtration barriers.>*>> Additionally, excessive
VEGFR activation correlates with renal fibrosis progression.>*>*
In our study, PDGFRa, PDGFRf, and VEGFR2 expression levels
were substantially elevated in both glomerular and tubular com-
partments within the pathological cohort, with GL treatment
effectively suppressing this upregulation, confirming GL’s
capacity to inhibit pathological RTK activation. RTK activation
triggers PLCy pathway activation, leading to phosphatidyl-
inositol 4,5-bisphosphate (PIP2) hydrolysis into inositol trispho-
sphate (IP3) and diacylglycerol (DAG). IP3 subsequently facili-
tates calcium ion release from endoplasmic reticulum stores,
which, in concert with DAG, activates PKC.>®> PKC, a critical
serine/threonine kinase, can potentiate angiotensin II (Ang II)
effects in glomerular compartments, causing vascular smooth
muscle contraction and altering local hemodynamic para-
meters, ultimately resulting in increased glomerular filtration
rate (GFR) and proteinuria onset.***” Moreover, PKC activation
upregulates vascular endothelial growth factor (VEGF)
expression,>® exacerbating vascular permeability and disrupting
tubule-glomerular feedback mechanisms, further aggravating
pathological progression. In renal tubular compartments, PKC
activation induces pro-inflammatory cytokine expression, modu-
lates TGF-f signaling, promotes extracellular matrix (ECM) pro-
duction, and inhibits matrix metalloproteinase (MMP) activity,
thereby impairing ECM remodeling and accelerating renal
fibrosis.>®*®* PKCa, identified in this study, represents one of
the most extensively expressed and comprehensively studied
conventional PKC subfamily members.®>%® In the model group,
PKCa expression was markedly elevated in both glomerular and
tubular compartments, whereas GL treatment suppressed this
pathological activation. Thus, our study validates GL’s regulat-
ory role on the RTK-PKCa axis, particularly through significant
downregulation of key targets following dose-dependent GL
treatment, providing novel mechanistic insights into GL’s thera-
peutic potential.

The glycyrrhizin dosing paradigm employed in this investi-
gation (50 and 100 mg kg™ ') represents a meticulously cali-
brated therapeutic window that harmonizes with established
efficacious ranges documented across diverse murine inflam-
matory models.®*®” Through rigorous application of the FDA-
endorsed body surface area conversion methodology (K, factor
approach), our dosing architecture translates to a human equi-
valent dose of 4.1-8.1 mg kg™ day™, yielding a daily thera-
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Fig. 6 Diagram illustrating a proposed mechanism by which glycyrrhizin alleviates renal damage in MRL/lpr mice by modulating gut microbiota dys-

biosis and regulating the RTK-PKCau axis.

peutic range of 246-486 mg for a standard 60 kg adult. This
dosing framework demonstrates remarkable congruence with
internationally recognized safety benchmarks, residing comfor-
tably within the 500 mg day " threshold established by both the
World Health Organization and European Food Safety Authority
as the upper boundary for minimizing glycyrrhizin-associated
adverse manifestations, including electrolyte dysregulation and
cardiovascular perturbations.®®®® Our findings thus orchestrate
a compelling translational narrative, whereby therapeutic
efficacy converges seamlessly with established safety margins,
creating an optimal foundation for clinical advancement. This
sophisticated dosing strategy exemplifies the paradigmatic
balance between pharmacological potency and patient safety,
positioning glycyrrhizin as an exceptionally promising thera-
peutic candidate for chronic inflammatory disorders such as
SLE, with unprecedented potential for seamless bench-to-
bedside translation.

Conclusion

In synthesis, this investigation, through comprehensive multi-
dimensional and multilayered analytical approaches, has sub-

This journal is © The Royal Society of Chemistry 2025

stantively augmented experimental validation rigor and pio-
neered elucidation of glycyrrhizin’s therapeutic paradigm in
SLE and its nephropathological sequelae. The findings sub-
stantiate that glycyrrhizin may orchestrate its therapeutic
efficacy through systematic modulation of intestinal microbio-
tal architecture, thereby regulating the RTK-PKCa signaling
axis within calcium-mediated pathways, culminating in pro-
found amelioration of renal pathological deterioration (Fig. 6).
These discoveries furnish compelling experimental substantia-
tion positioning glycyrrhizin as a promising therapeutic entity
for SLE management, particularly in lupus nephritis interven-
tion, and establish a robust conceptual framework for advan-
cing more efficacious therapeutic paradigms in future clinical
applications.
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