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ARTICLE INFO ABSTRACT

Keywords: Hyperuricemia (HUA), recognized as the fourth “high” condition following hypertension, hyperlipidemia, and
Spike la\_/end?r essential oil hyperglycemia, is a metabolic disorder that severely impairs renal function. Spike lavender essential oil (SLEO)
Hyperuricemia exhibits substantial anti-inflammatory and antioxidant activities and can inhibit xanthine oxidase (XOD), sug-

Essential oil composition analysis
Multi-omics analysis
Renal injury

gesting its potential therapeutic potential against HUA. This of this study aimed to analyze the chemical con-
stituents of SLEO with potential efficacy in treating HUA and to explore their mechanisms of action. Gas
chromatography-mass spectrometry (GC-MS) combined with a greedy algorithm identified linalool, p-pinene,
and B-caryophyllene as key active components of SLEO. Through network pharmacology “weight coefficient”
method, the NOD-like signaling pathway emerged as a significant mechanism for SLEO in treating HUA.
Investigating an in vitro uric acid (UA)-induced HK-2 cell model revealed that SLEO effectively inhibited the
production of IL-1f and IL-18 in the supernatant of HK-2 cells compared to the NLRP3 (antagonist MCC950).
Additionally, a HUA rat model demonstrated that SLEO administration significantly reduced hyperuricemia
pathological indicators, such as UA, XOD, and blood urea nitrogen (BUN) levels, with renal histopathological
sections showing a marked reduction in following SLEO treatment. Metabolomics and transcriptomics analyses
further highlighted significant changes in differential metabolites such as arachidonic acid and glycine, as well as
the regulation of differential genes such as pycard and PTGS2 in rats.

Immunohistochemistry, Western blotting, molecular docking and in vitro XOD activity inhibition assays
elucidated the active components mechanisms of SLEO in treating HUA and associated renal inflammation. The
findings concluded that SLEO mitigates HUA and renal inflammation by modulating the arachidonic acid
metabolic pathway and the NF-xB signaling pathway. Moreover, linalool, p-pinene and f-caryophyllene in SLEO
were shown to reduce UA production and lower UA levels in vivo by inhibiting the TLR4/NF-kB/NLRP3 pathway,
thereby alleviating HUA-induced renal injury.

Abbreviations: AA, arachidonic acid; BUN, blood urea nitrogen; BCA, bicinchoninic acid; CTD, Comparative Toxicogenomics Database; CRE, creatinine; CC,
cellular component; ELISA, enzyme-linked immunosorbent assay; GC-MS, Gas chromatography coupled with mass spectrometry; GO, Gene Ontology; HE, hema-
toxylin and eosin; HK-2, human proximaltubular epithelial cell line; IL-1f, Interleukin-1 beta; IL-18, Interleukin-18; KEGG, Kyoto Encyclopedia of Genes and Ge-
nomes; MDA, malonaldehyde; MF, molecular function; NF-kB, nuclear factor-kappa B; NIST20, National Institute of Standards and Technology database; OPLS-DA,
Orthogonal partial least squares discriminant analysis; OB, oral bioavailability; PCA, principal component analysis; PPI, protein-protein interaction; PGE2, prosta-
glandin E2; ROS, reactive oxygen species; SD, Sprague Dawley; SLEO, spike lavender essential oil; S-plot, Scatter Plot; TCA, tricarboxylic acid; TNF-a, tumor necrosis
factor-o; TNF-a, tumor necrosis factor; UA, uric acid; XOD, xanthine oxidase; XDH, Xanthine Dehydrogenase; VIP, variable importance in prediction.
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1. Introduction

Hyperuricemia (HUA) occurs when the body produces excessive uric
acid (UA) or excretes insufficient amounts (Kimura et al., 2021). Diag-
nosis is confirmed by a fasting blood UA level exceeding 420 pmol/L in
men and 360 pmol/L in women on two separate occasions. Approxi-
mately 98 % of UA in the body is present as sodium salts (Jalal 2016),
and prolonged high levels of UA can result in severe inflammatory
kidney damage and potential kidney failure. Current HUA treatments,
such as allopurinol, which inhibits UA production, and benzbromarone,
which promotes UA excretion, often cause adverse effects, including
liver and kidney toxicity, anemia, and bone marrow suppression (Lu
et al., 2019). Moreover, these drugs do not alleviate UA-induced renal
inflammation. Therefore, there is an urgent need for a natural drug with
fewer side effects, greater safety, and precise efficacy in treating HUA.
HUA-induced renal disease frequently involves inflammatory responses
and oxidative stress. Chronic exposure to high UA levels activates the
classical nuclear factor-kappa B (NF-kB) inflammatory signaling
pathway (Liu et al.,, 2017). NF-xB activation occurs through urate
crystals interacting with Toll-like receptors and the stimulation of NOD,
LRR, and pyrin domain-containing protein 3 (NLRP3) inflammasomes
(Jo et al., 2016). NLRP3, a vital inflammatory response component,
works alongside NLRP1, an apoptosis-associated speck-like protein
containing a CARD (ASC), and cysteine protease-74 precursor (Mittal
et al., 2014). Activated NLRP3 inflammasomes promote the production
of mature interleukin-1p (IL-1p), triggering an inflammatory response
(Liu and Liu 2020). Therefore, suppressing the NF-kB/NLRP3 pathway
to mitigate renal inflammation and oxidative stress presents a promising
novel therapy for HUA.

Spike lavender (Lavandula latifolia Med.), a Mediterranean plant
from the Labiatae family, is one of the primary varieties of Provencal
lavender. Its essential oil possesses notable aromatic medicinal proper-
ties. Due to its specific chemical composition, spike lavender essential
oil (SLEO) demonstrates superior anti-inflammatory activity compared
to essential oils from the other two varieties and true lavender (Karaca
et al., 2023). SLEO effectively reduces the release of cellular inflam-
matory factors in rheumatic diseases caused by UA accumulation
(Carrasco et al., 2016). Additionally, SLEO inhibits UA production by
suppressing xanthine oxidase (XOD) activity. Abdelhakim Bouyahya
et al. evaluated SLEO’s in vitro antioxidant activity by measuring its
inhibition of 2,2-diphenyl-1-picrylhydrazyl (DPPH), H,0,, and XOD.
For XOD, the semi-inhibitory concentration of SLEO was 8.89 pg/mL,
compared to 1.24 pg/mL for allopurinol, the standard for comparison
(Hamad Al-Mijalli et al., 2022). Although SLEQO’s potency approxi-
mately 8 times that of allopurinol, it surpasses most natural products.
Consequently, SLEO holds potential as a natural dual-action drug for
treating HUA: reducing UA production by inhibiting XOD activity and
effectively suppressing severe renal inflammation induced by excessive
UA accumulation. However, further investigation into its active in-
gredients and mechanisms of action is necessary.

The traditional unidimensional transcriptomics approach of studying
differential genes to understand mechanisms of action is inadequate for
elucidating the dynamic changes during disease treatment. To address
this, we integrated transcriptomics data with metabolomics to explore
the correlations between changes in gene expression and metabolite
accumulation (Ritchie et al., 2015). In vivo differential metabolomic
data can aid in analyzing the “co-expression” of genes over time, con-
structing a core regulatory network, identifying key candidate genes,
and uncovering the precise mechanisms of drug action during disease
treatment. Current network pharmacology often fails to incorporate the
most critical quantitative relationships regarding drug efficacy, result-
ing in inaccurate predictions of pathways and mechanisms (Li et al.,
2024). This study proposes using the relative absorption of all drug
components, determined by their relative content and oral bioavail-
ability or percutaneous absorption rate, as the weighting value. Using
these weight values, pathways in the network pharmacology were
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annotated according to biological process, cellular component, molec-
ular function, and KEGG enrichment analysis, and then the pathways
were reordered by their importance to identify reliable mechanisms of
drug action (Wang et al., 2022b).

This research investigated the therapeutic effects of SLEO on HUA
and its associated renal injury through in vivo and in vitro analyses. The
study included identifying active components in SLEO, establishing a rat
HUA model, and utilizing UA-induced HK-2 cells. Additionally, metab-
olomics, transcriptomics and “weighted” network pharmacology were
employed to screen and predict the potential molecular mechanisms of
SLEO on HUA. The ultimate goal was to provide a novel therapeutic
approach for the clinical treatment of HUA.

2. Methods
2.1. Materials and reagents

SLEO with a purity of over 95 %, was sourced from Shanghai Polaris
Aroma Pharmaceutical Technology Co., Ltd,. Assay kits for UA, blood
urea nitrogen (BUN), and creatinine (CRE) were obtained from Nanjing
Jianjian Biotechnology Co., Ltd., while ELISA kits for determining tumor
necrosis factor-a(TNF-a), interleukin-1f (IL-1p), and interleukin-6(IL-6),
were acquired from Jiangsu Meimian Industrial Co., Ltd.; Primary an-
tibodies NF-kB-p65, p-NF-kB-p65, and NLRP3 were provided by Abcam
Shanghai Trading Co., Ltd. (Shanghai, China). Antibodies for IKK-p, p-
IKK-p, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) came
from Proteintech Group, Inc. (Wuhan, China). Caspase-1 and XDH an-
tibodies were sourced from Hangzhou HuaAn Biotechnology Co., Ltd.
(Hubei, China). Horseradish peroxidase-conjugated secondary anti-
bodies were obtained from Beyotime Biological Technology Co., Ltd.
(Wuhan, China). The gas chromatography—mass spectrometry (GC-MS)
system (7890GC/5977MS) was purchased from Agilent Technologies
Inc.

2.2. Preliminary evaluation of the efficacy of SLEO in the treatment of
HUA

2.2.1. Replication of the HUA model

Forty-eight specific-pathogen-free Sprague Dawley male rats,
weighing 180 + 20 g, (Provided by Chengdu Dashuo Laboratory Animal
Co. Ltd (Animal License No.: SCXK (Chuan) 2022-080). This study was
approved by the Animal Ethics Committee of Shaanxi University of
Traditional Chinese Medicine (SUCMDL20220703002). The rats were
randomly assigned to six groups of eight rats each, following five days of
acclimatization: blank control, model, positive drug, SLEO low-dose (20
mg/kg), SLEO medium-dose (40 mg/kg), and SLEO high-dose (80 mg/
kg) (Honda et al., 2014). Rats in all groups were gavaged with adenine
(25 mg/kg) and potassium salt of oxonic acid (300 mg/kg) diluted in 0.5
% sodium carboxymethylcellulose solution for 21 days in a row, with the
exception of the blank control group. This was done to create a model of
HUA (Qin et al., 2021). All the groups were administered their corre-
sponding treatments 3 h after the induction of HUA. The blank and
model groups received an aqueous solution of 1 % Tween 80 daily, the
positive drug group received an aqueous solution of 1 % Tween 80
containing allopurinol (—), and the SLEO groups received the respective
dose of SLEO for 21 consecutive days. Each dose of SLEO administered
was configured with 1 % Tween 80 as the solvent. (Fig. 1A).

2.2.2. Serum and tissue sample collection

After the last drug administration for 3 h in each group, the rats were
anesthetized with 1 % pentobarbital sodium solution before being
sacrificed. Blood was collected from each group of rats, and the serum
was centrifuged and stored frozen at —80 °C. Both the kidneys and liver
tissues were extracted and weighed.
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Fig. 1. The serum levels of A. Hyperuricemia Modeling Flowchart, B. UA, C. BUN, D. CRE, E. XOD, F. TNF-q, G. IL-1p, H.IL-18 and I. IL-6 in each group of rats J. Liver
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2.2.3. Measurement of serum indicators of HUA

Serum samples were thawed at room temperature, and the levels of
UA, CRE, BUN, XOD, and inflammatory TNF-a, IL-1p, and IL-6 were
measured using enzyme-linked immunosorbent assay (ELISA) Kkits.
Additionally, XDH protein expression in rat livers of rats was assessed.

2.3. Determination of the active ingredients of SLEO using gas
chromatography-mass spectrometry (GC-MS)

The components of SLEO (Shanghai Polaris Aroma Pharmaceutical
Technology Co.; purity > 95 %) were analyzed and identified using
GC-MS. An HP-5MS capillary column (30 m x 250 pm x 0.25 pm) was
used for chromatography. It was equipped with a high-purity helium
flow rate of 1 mL/min, a 1.5 pL injection volume, and a controlled
heating mode. The temperature was increased from 65 °C to 90 °C at
5 °C/min, kept for 1 min, then elevated to 210 °C at 5 °C/min and
maintained for 1 min. The following parameters applied to the mass
spectrometer: full scan mode, 20-350 atomic mass units, ion source,
electron ionization, electron energy, 70 V, MS quadrupole temperature,
150 °C, solvent delay, 4 min (Lebanov et al., 2021).

First, the GC-MS results were analyzed and retention indices of the
components in SLEO were calculated against the standard spectral
database of the National Institute of Standards and Technology (NIST).
The components were screened based on the match, retention index and
relevant literature. The retention indices of the components of SLEO
were calculated based on the retention indices of the n-alkanes (Beale
et al., 2017). See formula 1, n-hexadecane served as an internal stan-
dard, and a standard solution (0.05 g/mL) was prepared. The relative
content of each component in SLEO was determined using the internal
standard method.

RI = 100Z + (100tR(X) — tR(Z))/(tR(Z+1) — tR(Z) ) @

where tR is the retention time, X is the compound to be analyzed, and Z
and Z+1 are the number of carbon atoms in the two n-alkanes before and
after the compound to be analyzed, respectively, such that tR (Z) < tR
X) < tR (Z+1).

2.4. Network pharmacological predictions

2.4.1. Identification of the targets of SLEO active ingredients and HUA
target

The CAS numbers of the active ingredients in SLEO were entered into
PubChem (https://pubchem.ncbi.nlm.nih.gov/) to obtain their simpli-
fied molecular-input line-entry system notations. The relevant targets of
the active ingredients in SLEO were obtained through the Swis-
sTargetPrediction (https://www.swisstargetprediction.ch/) and Tar-
getNet (https://targetnet.scbdd.com/) databases (Li et al., 2023). HUA
targets were retrieved from GeneCards (https://www.genecards.org/),
Online Mendelian Inheritance in Man (https://www.omim.org/,
OMIM), and Comparative Toxicogenomics Database (https://ctdbase.
org/, CTD).

2.4.2. Constructing a “component-disease-target” interaction network

The overlap between the targets of SLEO active ingredients and HUA
disease targets was obtained using Venny 2.1.0 and imported into the
STRING database (https://cn.string-db.org/) to construct protein—pro-
tein interaction (PPI) networks and to hide relationship line segments
with very low interaction scores. The degrees of PPI were evaluated and
ranked, and the screened target proteins were imported into Cytoscape
3.9.1 to construct a component-disease-target visualization network
(Zhou et al., 2023b).

2.4.3. Establishment of a weighting factor for introducing “ weight
coefficient
Considering the route of administration of SLEO, weighting co-
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efficients were assigned to network pharmacological predictions to
accurately reflect the significance of each key pharmacodynamic
component within the pharmacological mechanism. The weighting co-
efficient for each active ingredient was calculated by multiplying the
probability of its oral bioavailability by its relative content in SLEO
(Wang et al., 2023). The established relationships were as follows:

W; = R; X Pyop) (2)
n

T, = Z 4 3
i=1

P=To+ T+ +T, )

where W; represents the weighting factor for component i in SLEO, R;
represents the relative amount of component i in SLEO, P; (op) represents
the probability of oral bioavailability of component i in SLEO, T; rep-
resents the sum of the scores of component i in SLEO relative to the
corresponding target, and P represents the scores of the participating
pathways.

2.4.4. Reordering of enriched pathways based on the “quantitative
efficiency” weighting coefficients

To accurately elucidate the mechanism of action of SLEO in treating
HUA, the enriched signaling pathways identified through KEGG and
Gene Ontology analysis were reordered based on their weighting co-
efficients, calculated using formula (2), (3), and (4).

2.5. Establishment of a model of uric acid-induced HK-2 cells

2.5.1. Cell culture

Human renal tubular epithelial cells (HK-2), obtained from Procell
Life Science & Technology Co., Ltd., were cultured in DMEM with 10 %
fetal bovine serum at 37 °C and 5 % CO». In subsequent experiments,
HK-2 cells were pretreated with SLEO or 10 pM NLRP3 inhibitor
(MCC950, HY-12815, MedChem Express) for 24 h, followed by stimu-
lation with appropriate amounts of UA (Zhou et al., 2023a).

2.5.2. Cell viability assay

The viability of HK-2 cells assessed at varying concentrations of UA
(400, 300, 200, 100, 50, and 25 pg/mL) and SLEO (1, 0.5, 0.25, 0.125,
0.0625 and 0.0375 pL/mL) according to the MTT kit instructions, with
absorbance was measured at 490 nm (Cui et al., 2020). Uric acid sodium
salt (UA, 1198-77-2, MedChem Express) was prepared to a concentra-
tion of 200 pg/mL of soluble UA at the time of prophylaxis, and 10 pM
MCC950 was dissolved in 0.9 % sodium chloride solution.

2.5.3. ELISA assay
Determination of important inflammatory indicators in the super-
natant of each cell group was performed using standard ELISA Kkits.

2.6. Metabolomics analysis

2.6.1. Preparation and analysis of metabolomic samples

Thaw serum stored at —80 °C at room temperature. To 50 pL of
serum, the internal standard seventeen carbonic acid and methanol were
added. The mixture is homogenized and allowed to stand at —20 °C for
10 min, then centrifuged to remove the proteins. The supernatant was
aspirated and freeze-dried. Its lyophilised powder was collected and
dissolved in methoxyaminopyridine solution (15 mg/mL) and then
reacted with methoxyamine hydrochloride for 2 h at 60 °C with stirring.
The reaction was sealed again by adding N,O-bis(trimethylsilyl)tri-
fluoroacetamide, cooled at 4 °C, and centrifuged at 12,000 rpm for 10
min. The supernatant was analyzed by GC-MS. Repeat all the above
steps to prepare quality control samples (Shan et al., 2021).

HP-5MS capillary column (30 m x 250 pm x 0.25 pm) was used for
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chromatography, and it was filled with 1.5 pL of high-purity helium and
flowed at a rate of 1 mL/min. The temperature was ramped up to 260 °C
at 10 °C/min, then to 300 °C at 2 °C/min in the planned ramping mode,
without shunt, after being held at 80 °C for two minutes. Mass spec-
trometer conditions were as follows: full scan mode in the range of
20-450 atomic mass units; ion source, electron ionization; electron en-
ergy, 70 V; MS quadrupole temperature, 150 °C; solvent delay, 5 min
(Chen et al., 2016).

2.6.2. Metabolomics analysis

Serum metabolomics data were analyzed using specialized software,
and standard mass spectra from the NIST 20 database employed to
match the purified mass spectra of the identified metabolites. Com-
pounds with less than 80 matches in the serum were removed, and the
peak area of each sample was used as a variable and normalized for all
samples. The collated data were imported into MetaboAnalyst 5.0
(https://www.metaboanalyst.ca/) for principal component analysis
(PCA) to reveal the distribution of metabolites in the rat serum samples.
An orthogonal partial least squares discriminant analysis (OPLS-DA)
model was constructed using the SIMCA software to visualize the
metabolic changes after SLEO treatment. Screening criteria were set
with a variable importance in projection (VIP) score > 1 and P value <
0.05 were levied as the screening criteria, and the screened metabolites
were considered as differential metabolites, which were imported into
MetaboAnalyst 5.0 for metabolic pathway analysis (Zhu et al., 2023).

2.7. Transcriptomics analysis

2.7.1. RNA-seq sample preparation

Fifteen specific-pathogen-free, adult, male Sprague Dawley rats,
each weighing approximately 200 g, were acclimatized to standard
conditions of temperature (25 + 2 °C) and humidity (60 + 5 %) for 1
week before being randomly assigned to either the blank, model, or
SLEO groups (five rats per group). The HUA model was established as
described earlier, and the SLEO group received 40 mg/kg of SLEO for 21
days. At the end of the treatment, the rats were anesthetized with 1 %
pentobarbital sodium before being sacrificed. Collect their kidney tissue
and freeze it for preservation (Shen et al., 2023).

2.7.2. RNA-seq analysis

RNA-seq libraries were constructed using the Illumina NovaSeq Re-
agent Kit. Total RNA was extracted from rat kidney tissues using Trizol
reagent. Subsequently, mRNA was isolated, fragmented, and primed,
followed by synthesis of the first and second strands of cDNA were
synthesized in a thermal cycler to construct a transcriptome library.
RNA quality was assessed by the RNA integrity number (RIN) using the
Agilent 2100 detector, where higher RIN values indicate better and more
complete RNA. Finally, RNA-seq analysis was conducted using the free
Majorbio Cloud platform (https://www.majorbio.com) (Wang et al.,
2022a).

2.7.3. Weighted gene co-expression network analysis (WGCNA)

WGCNA can identifies highly synergistic gene sets and candidate
biomarkers or therapeutic targets by examining gene set end-
conjugation and gene set-phenotype associations. This method yields
precise gene function enrichment results from transcriptome
sequencing, revealing key hub genes (Kakati et al., 2019).

Differential gene and HUA trait files from transcriptome sequencing
were analyzed using the Majorbio Cloud Platform (https://www.maj
orbio.com) WGCNA panel, excluding genes with expression levels < 2
were screened out. Initially, the weighting coefficient $\beta} gene
correlations within of each sample group of samples were determined
according to the scale-free network principle to construct the gene
clustering tree and divide the gene modules. Subsequently, the gene
module most associated with the trait was identified, based on module-
trait associations and gene enrichment within the module. This
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approach established the gene regulatory network within the module
uncovering the regulatory core genes (hub genes) and the regulatory
relationships among individual genes (Cheng et al., 2022).

2.8. Integration of transcriptomics and metabolomics data

To elucidate the signaling and metabolic changes associated with
SLEO treatment, the differential metabolites identified through metab-
olomics and the differential genes from transcriptomics were analyzed
using the OmicShare tool (https://www.omicshare.com/tools). The
correlations between the two sets of data were analyzed using Spear-
man’s coefficient and a dynamic correlation network diagram were
employed to analyze correlations between the two data sets. Addition-
ally, key targets and differential metabolites identified from tran-
scriptome sequencing were imported into MetScape, a Cytoscape 3.9.1
plug-in, to construct the compound-reaction-enzyme-gene network
(Huang et al., 2023).

2.9. Validation of the mechanism of action of SLEO against HUA

2.9.1. Greedy algorithm to screen possible key components of SLEO for
HUA treatment

For precise identification and screening of key active ingredients in
SLEO for molecular docking studies, the greedy algorithm (Doi and Imai
1999, Gu et al., 2024), was introduced as an innovative tool for drug
ingredient screening. Initially, intersection targets of SLEO and
ingredient-disease relationships were merged and analyzed to map their
correspondence between SLEO and intersection targets. Subsequently,
the greedy algorithm, as detailed in the supplementary material, was
used to identify the set of SLEO bioactive ingredients that cover the
possible targets for HUA treatment. The final screened active ingredients
represent the core components of SLEO for treating HUA, enhancing the
accuracy of molecular docking predictions.

2.9.2. Molecular docking

The pdb structure files of possible target proteins for HUA treatment,
identified through “weighted” network pharmacology and multi-omics
analysis, were downloaded. Based on GC-MS analysis, “weighted”
network pharmacology predictions, and greedy algorithm screening 2D
structure files of the component compounds in sdf format were also
downloaded. These the structure files were then imported into Discovery
Studio 4.0 and PyMOL software for molecular docking and binding en-
ergy calculations.

2.9.3. Hematoxylin and eosin (HE) staining of renal tissue

Rat left kidney tissues were embedded in paraffin, dehydrated using
an ethanol gradient, fixed in 4 % paraformaldehyde, sliced to a thickness
of 5 pm, stained with HE following standard protocol, and examined
under a light microscope (Nikon (Japan) ECLIPSE 80I) (Li et al., 2022).

2.9.4. Immunohistochemistry

Protein detection in rat kidney tissues was performed using immu-
nohistochemistry. Paraffin-embedded tissues were sectioned into 5-pm
slices, hydrated, incubated in 3 % H305 at room temperature for antigen
retrieval, blocked 30 min, and probed overnight at 4 °C in a humid
chamber with the corresponding primary antibodies targeting IL-1p, p-
NF-xB-p65, and ASC, left at room temperature for 1 h on the following
day, rinsed thrice in phosphate-buffered saline for 3 min each time,
incubated for 60 min at 37 °C with horseradish peroxidase-labeled
secondary antibodies developed for color and sealed for microscopic
observation (Ren et al., 2020).

2.9.5. Western blotting

Proteins extracted from kidney and liver tissues were stored at
—80 °C until analysis. Proteins were separated by electrophoresis and
transferred to a membrane, which was blocked at room temperature for
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70 min. The membrane was then probed overnight at 4 °C with primary
antibodies NF-kB-p65, p-NF-kB-p65, NLRP3 (1:1000; Abcam, ab214185,
Shanghai, China), caspase-1 (1:1000; HUAbio, ET1608-69, Hangzhou,
Zhejiang, China), IKK-p, p-IKK-p, glyceraldehyde 3-phosphate dehy-
drogenase (1:1000; Proteintech, 60004-1-Ig, Wuhan, Hubei, China),
and XDH(1:1000; HUAbio, 55156-1-AP, Wuhan, Hubei, China). After
three washes at room temperature with Tris-buffered saline containing
Tween 20 for 5 min each the membrane was incubated for 50 min at
room temperature with horseradish peroxidase-conjugated secondary
antibody (1:10,000; Beyotime, P0258, Beijing, China). Finally, the
membrane was washed three times with Tris-buffered saline containing
Tween 20 for 5 min each and developed using an enhanced chem-
iluminescence reagent.

2.10. Statistical analysis

All the experimental data were statistically analyzed using GraphPad
Prism 9.4.1 and expressed as the mean + standard deviation. One-way
analysis of variance determined the statistical significance of inter-
group differences, with P<0.05 and P<0.01 considered significant.

3. Results
3.1. Validation of the anti-HUA efficacy of SLEO

3.1.1. UA, CRE, BUN, and XOD levels after SLEO treatment

ELISA results indicated that serum levels of UA, CRE, BUN, and XOD
were significantly elevated in the model group compared with the blank
group (P<0.05), confirming the successful replication of the HUA
model. Compared with the model group, the levels of UA, CRE, BUN,
and XOD were significantly reduced compared to the model group
(Fig. 1B-E). SLEO alleviated HUA by lowering UA levels and inhibiting
XOD activity.

3.1.2. XDH expression and inflammatory factor levels in liver and serum
after SLEO treatment

ELISA results, also showed that the serum levels of TNF-a, IL-1p, IL-6
and IL-18 in HUA rats were significantly different in HUA rats compared
to the blank group (P<0.05). These levels were significantly reduced by
SLEO treatment (P<0.05, Fig. 1F-I). In addition, the liver coefficients of
HUA rats were significantly increased, whereas those of the SLEO high-
dose group and the blank group did not significantly different (Fig. 1J).
Western Blot analysis demonstrated that XDH protein expression was
significantly reduced in the SLEO treatment group (P<0.01) (Fig. 1K).

3.2. Identification of the components of SLEO

Using GC-MS, the ion mass spectrum of SLEO was obtained, which
was characterized in conjunction with retention indices by searching the
NIST library. SLEO was found to contain 16 active ingredients, including
eucalyptol, linalool, pB-pinene, and f-caryophyllene (Fig. 2A and
Table 1). SLEO was found to contain 16 active ingredients, including
eucalyptol, linalool, f-pinene, and p-caryophyllene. Analyzing the con-
tent of active ingredients in SLEO, it was found that f-caryophyllene and
linalool accounted for a large proportion of the content in SLEO (Fig. 2A
and Table 1).

3.3. Network pharmacological prediction

3.3.1. Key target prediction and interaction network construction

A total of 486 SLEO component-related targets and 890 disease tar-
gets were obtained through database queries and data deduplication,
resulting in 74 were intersecting targets (Fig. 2B). The connection de-
grees between targets were obtained from the PPI network (Fig. 2C), and
they were ranked by importing them into Cytoscape 3.9.1. The predic-
tion results indicated that SLEO might treat HUA through four main
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targets, namely, TNF-o, NF-xB, peroxisome proliferator-activated re-
ceptor, and PTGS2 (Fig. 2D). Disease-component network interactions
were visualized using Cytoscape 3.9.1 (Fig. 2E).

3.3.2. Functional enrichment of targets after introducing the “ weight
coefficient ”

The 74 intersecting targets underwent enrichment analysis for
cellular components and molecular functions using R. Weighting co-
efficients were applied to reorder the enriched biological processes and
KEGG pathways. Among the 121 enriched KEGG pathways that were
reordered, the nucleotide-binding oligomerization domain-like (NOD-
like) receptor signaling pathway was promoted from the 27th to the 4th
position after reordering, indicating that SLEO may alleviate HUA via
the NOD-like receptor signaling pathway (Fig. 3A-B). Significant
changes were also observed in the ranking of biological processes post-
reordering (Fig. 3C-D). Notably, the NOD-like receptor signaling
pathway is a classical inflammatory pathway, and HUA is closely linked
to the activation of NLRP3 inflammasomes. The top 10 cellular com-
ponents and molecular functions of the mechanism of action associated
with SLEO treatment of HUA have been enriched using R, as shown in
Fig. 3E-F.

3.4. SLEO attenuates HUA-induced renal inflammation in vitro by
inhibiting NLRP3 inflammasome activation

MTT results that cell viability remained above 90 % at a UA con-
centration of 200 pg/mL, and SLEO (0.125 pL/mL) had minimal impact
on cell viability (Fig. 4A-B). Based on the above, subsequent in vitro
experiments were performed using UA 200 pg/ mL and SLEO 0.125 pL/
mL as the intervention concentrations for the cells. Elisa results showed
that both SLEO and MCC950 had a significant inhibitory effect on in-
flammatory cytokines compared to the control (P<0.001) (Fig. 4C-E).

3.5. Metabolic differentials and metabolic pathways analysis

3.5.1. Serum metabolomics and the screening of differential metabolites

The differential serum metabolites were analyzed using Metab-
oAnalyst 5.0 and identified by subjecting the quality control samples,
the control, model, positive drug, and SLEO treatment groups to PCA.
The SLEO group was considerably separated from the model group in the
PCA scatter plot, indicating that the metabolite content was significantly
altered after treatment and metabolic processes might also be affected or
reversed to some extent (Fig. 6A). We used SIMCA to analyze metabolic
differences between the blank control, model and SLEO groups. The
metabolomes of the blank control and the model groups were well-
separated (R2X [cumulative] = 0.725, R2Y=0.999, Q2 [cumulative]
= 0.956), corroborating the successful establishment of the HUA model
(Fig. 5A). Analysis of metabolic data from model and SLEO groups (R2X
[cumulative] = 0.337, R2Y=0.981, Q2 [cumulative] = 0.85), suggesting
that SLEO significantly altered the metabolic content in the serum of
HUA rats (Fig. 5D). In addition, these results were validated by S-plot
and permutation tests (n = 200) (Fig. 5 B, E). A total of 200 permutation
tests were performed to confirm the validity and applicability of the
OPLS-DA model (Fig. 5C, F). Applying variable importance in projection
score > 1 and P<0.05 in the OPLS-DA model as screening criteria, 12
differential metabolites were identified between the blank control and
the model groups and 18 between the SLEO and the model groups
(Tables 2 and 3).

3.5.2. Differential metabolite screening and metabolic pathway analysis
The results indicated significant alterations in serum metabolite
content of the rats changed after SLEO treatment (Fig. 6B). The differ-
ential metabolites identified between the model and SLEO groups were
imported into MetaboAnalyst 5.0 to determine the metabolic pathways
possibly altered. We discovered that 31 metabolic pathways were
potentially enriched in the SLEO group relative to the model group,
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Table 1
The active ingredients and content of ingredients in SLEO.
NO. Compound name CAS RI relative
content
(mg/g)
1 Bicyclo[3.1.1]heptane,6,6- 018172- 1079.386 0.52
dimethyl-2-methylene-, (15)- 67-3
2 Eucalyptol 000470- 1128.31 2.61
82-6
3 Linalool 000078- 1204.611 5.38
70-6
4 1,7,7-trimethylbicyclo[2.2.1] 000076- 1246.111 1.27
heptan-2-one 22-2
5 endo-Borneol 000507- 1262.825  0.48
70-0
6 3-Cyclohexen-1-ol, 4-methyl-1-(1- 000562- 1272912  1.54
methylethyl)- 74-3
7 3-Cyclohexene-1-methanol,. 007785- 1286.166  2.10
alpha.,.alpha.,4-trimethyl-, (R)- 53-7
8 Butanoic acid, 2-methyl-, hexyl 010032- 1329.5 0.53
ester 15-2
9 1,5-Dimethyl-1-vinyl-4-hexenyl 2- 007149- 1348.378  0.949
aminobenzoate 26-0
10 p-Caryophyllene 000087- 1515.511 6.8
44-5
11 Coumarin 000091- 1529.043 1.29
64-5
12 p-pinene 000495- 1600.352 6.08
61-4
13 y-Muurolene 030021- 1608.044  3.34
74-0
14 Cyclohexene, 4-[(1E)-1,5- 017627- 1636.363 0.53
dimethyl-1,4-hexadien-1-yl]-1- 44-0
methyl-
15 5-Oxatricyclo[8.2.0.04,6] 001139- 1678.321 1.08
dodecane, 4,12,12-trimethyl-9- 30-6
methylene-, (1R,4R,6R,10S)-
16 T-Cadinol 005937- 1734.441 0.05
11-1

among which arginine biosynthesis, glutathione metabolism, arginine
and proline metabolism, D-glutamine and D-glutamate metabolism, and
the metabolism of glycine, serine, and threonine may be the key path-
ways involved in mediating the therapeutic effects of SLEO against HUA
(Fig. 6D). Sankey diagrams illustrated the linkage of individual metab-
olites to the enriched pathways and to denote the type of metabolism
(Fig. 6C). In addition, we also studied and analysed the metabolic
pathways of the blank and model groups as a secondary reference for the
administration group (Fig. 6E-F).

3.6. Differential gene screening, functional enrichment analysis and hub
genes mining

The analysis of 30,560 differential genes was analysed utilized a false
discovery rate < 0.05 and |log2 (fold- change) | > 2 as criteria. (Fig. 7A)
Cluster analysis was used to visualize the similarity between samples
(Fig. 7B). A heatmap comparing the model and the treatment groups
revealed a large difference in gene expression between the two groups
(Fig. 7C). KEGG enrichment analysis identified 85 pathways involving
differential genes, such as including NOD-like receptor signaling,
arachidonic acid metabolism, and NF-kB signaling (Fig. 7F). The mo-
lecular functions mainly enriched in the set of differential genes
included intracellular calcium-activated chloride channel activity,
intracellular chloride channel activity, and kringle domain-binding. The
cellular components mainly enriched in the set of differential genes
included protein-containing complex, extracellular region part and
membrane part. The biological processes mainly enriched in the set of
differential genes included cellular component organization or biogen-
esis, multicellular organismal process, biological regulation (Fig. 7D).
Gene Set Enrichment Analysis linked closely associated genes and
signaling pathways and, visualizing the expression trends of key target
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proteins in the NOD-like receptor signaling pathway, which ranked first
in the functional enrichment analysis (Fig. 7G). Sankey diagrams illus-
trated the chief enriched pathways and key targets (Fig. 7E).

A total of 1,553 differential genes were imported for WGCNA and
1,092 were retained based on TOM value screening. A power value of 9
was determined so that the correlation coefficient between genes was
greater than 0.8 (Fig. 7H). Module hierarchical classification and mod-
ule identification revealed that most genes were enriched in the tur-
quoise module (Fig. 7I). We constructed a visual network to identify hub
genes in the turquoise module. WGCNA indicated that SLEO may likely
treat HUA via the ASC-encoding gene in the turquoise module (Fig. 7J).

3.7. Integrating transcriptomics and metabolomics to uncover key
mechanisms of action of SLEO against HUA

The interactions between genes and metabolites were elucidated to
explore the mechanism of action of SLEO against HUA by integrating
metabolomics and transcriptomics data. Correlations between differ-
ential genes and metabolites and filtered out the “target-metabolite”
combinations with the closest possible interaction (Fig. 8A). Studying
the dynamic network relationships between differential genes and dif-
ferential metabolites revealed that the targets nitric oxide synthase 1
(NOS1), XOD, and ASC were closely related to the differential metabo-
lites in the SLEO group, suggesting that SLEO may impact metabolism
through these targets (Fig. 8B).

An analysis of the compound-response-enzyme-gene network indi-
cated that SLEO may affect the AA pathway in HUA rats, which is highly
correlated with the inflammatory response, through PTGS1 and arach-
idonate 15 lipoxygenase. Additionally, changes in NOS1 expression after
treatment may also be related to the urea synthesis pathway (Fig. 8D).
An in-depth comprehensive analysis of metabolic differential-free and
differential genes using iPath 3.0 (https://pathways.embl.de) revealed
that amino acid metabolism, lipid metabolism, and nucleotide meta-
bolism pathways were significantly enriched after SLEO treatment of
hyperuricemia, and that SLEO influences hyperuricemia by modulating
amino acid metabolic pathways and participating in arachidonic acid
metabolic processes (Fig. 8C).

3.8. Identification of key active ingredients in SLEO and their
corresponding binding targets

3.8.1. Molecular docking results

Sixteen active ingredients of SLEO identified through GC-MS were
analyzed. Using the greedy algorithm, these ingredients that could cover
the 75 intersecting targets by the correspondence between the 16 in-
gredients and the 75 intersecting targets of the ingredients and diseases
predicted by network pharmacology. The active ingredient set includes
11 key active ingredients from SLEO. Among them, linalool, car-
yophyllene and p-pinene play important roles in the treatment of HUA
by SLEO (Fig. 9F and Table S1).

Key target proteins such as TLR4, NLRP3, XOD, ASC, and COX-2
were selected as the key target proteins based on their PPI degree
ranking and the core components of SLEO screened by greedy algorithm.
The active ingredients of SLEO constituted the ligands, while fostama-
tinib, celecoxib, alprazolam, allopurinol, and melphalan were selected
as positive control drugs. The binding scores of linalool to TLR4,
B-caryophyllen to XOD, and f-pinene to NLRP3 were comparable to
those of the positive control drugs to their protein targets, suggesting
that linalool, p-caryophyllene, and p-pinene maybe the key active
components of SLEO for the treatment of HUA and kidney injury
(Fig. 9A-E). Binding fractions of active ingredients to proteins and 2D
binding structural formulae (Fig. S1). The binding scores of the key
active ingredients to the targets are shown in Fig. 9G.

3.8.2. Preliminary validation of molecular docking results
The molecular docking results were preliminarily verified by in vitro
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determination of the contents of the key factors in the relevant mecha-
nism of action (Khalaf et al., 2022). First, the maximum administered
dose of the three active ingredients was determined by the MTT, which
yielded a cell survival rate of > 90 % at linalool (80 pM), p-pinene (10
pM) and p-stigmasterol (80 pM), shown in Fig. 10A-C. Two active
components of SLEO, linalool and p-caryophyllene, exhibit strong
binding properties with TLR4 and COX-2 on the NF-kB signaling
pathway. To preliminarily verify this finding, classical inflammatory
factors TNF-a and IL-6, downstream of NF-xB (Fu et al., 2023), were
measured in cell supernatant after in vitro UA-induced HK-2 modeling
and administration of linalool and p-caryophyllene (Wei et al., 2023). In
vitro experiments with linalool and p-caryophyllene significantly
reduced TNF-a and IL-6 levels (p < 0.05) are shown in Fig. 10G-H,
suggesting that these components in SLEO may block the NF-«xB pathway
by binding to TLR4 and COX-2 targets. Additionally, B-pinene and
pB-caryophyllene were closely linked to the activation of NLRP3 inflam-
masomes. The activation of NLRP3 inflammasomes leads to increased
levels of inflammatory factors, such as IL-1f and IL-18, exacerbating
kidney injury (Ozenver and Efferth 2021). In vitro experiments
demonstrated that the administration of p-pinene and p-caryophyllene
significantly reduced IL-1p and IL-18 levels (p < 0.05), shown in
Fig. 10E-F. The study also provides preliminary validation of the mo-
lecular docking results through XOD in vitro activity inhibition assays,
shown in Fig. 10D.
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3.9. Validation of key target proteins and the therapeutic mechanism of
SLEO against HUA

3.9.1. HE staining of renal tissues

HE-stained sections of renal tissues revealed prominent infiltration of
inflammatory cells (green arrows) in the tissues of the model group,
while a small number of renal tubular epithelial cells appeared to be
sparsely edematous and detached (yellow arrows). In contrast, the renal
tissues of rats in the SLEO group showed a significant reduction in in-
flammatory cell infiltration, including a significant improvement in
pathological features in the renal tissues of the high-dose group
(Fig. 11).

3.9.2. Immunohistochemistry

The expression of the inflammation-related proteins ASC, IL-1p, and
p-NF-kB-p65 was higher in the renal tissues of rats in the model group
compared with those in the blank group (P<0.05), but it was lower in
the renal tissues of rats in the SLEO group compared with those in the
model group (P<0.01) (Fig. 12A-D).

3.9.3. Western blotting

Since we have established that SLEO alleviates HUA by modulating
the NF-kB/NLRP3 pathway, we investigated the changes in protein
expression in this pathway after SLEO administration. The protein
expression of TLR4, p-IKKB/IKKB, p-P65/P65, NLRP3, and caspase-1
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Fig. 5. SIMCA Analysis of Metabolic Differentials. A. OPLS-DA of the blank control and model groups. B. OPLS-DA of the model and SLEO groups. C. S-plot of the
control and model groups. D. S-plot of the model and SLEO groups. E. Stability experiments on the blank control and model groups. F. Stability experiments on the

model and SLEO groups.

was significantly increased in the renal tissues of the model group
compared with those of the control group. SLEO treatment decreased the
expression of these proteins in a dose-dependent manner (Fig. 12E-J).
The results of Western blotting indicated that SLEO could inhibit the
release of inflammatory factors mediated by NF-xB/NLRP3, thereby
mitigating renal inflammation.
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4. Discussion

During the development of HUA, XOD promotes the overproduction
of UA in the body, leading to the formation of urate crystals (Pan et al.,
2020), These crystals are highly pro-inflammatory, inducing local
inflammation that can eventually cause rheumatoid arthritis (Zamudio-
Cuevas et al., 2015).Besides the joints, urate crystals were shown to be
deposited in large numbers in other tissues (Ahmad et al., 2021), with
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Fig. 6. A. Plot of PCA scores for the five groups based on their serum metabolic profiles. Blue represents the control group, green represents the model group, red
represents the positive group, orange represents the SLEO group, and purple represents the quality control group B. Heatmap of metabolic differences between the
model and SLEO groups C. Sankey diagram depicting the functional enrichment of differential metabolites of the control and model groups. D. Functional enrichment
of differential metabolites of the control and model groups. E. Sankey diagram depicting the functional enrichment of differential metabolites of the model and SLEO
groups. F. Functional enrichment of differential metabolites of the model and SLEO groups.
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Table 2 Table 3
Differential metabolites between the blank and model groups. Differential metabolites between model and SLEO administration groups.
CAS. Metabolites RT P. Value VvIP Trend CAS. Metabolites RT P. Value VvIP Trend
(min) (min)
002582- Myo-Inositol 18.2234  0.000829  1.32082 Down 000473-08-  Coumarin 16.6367  0.020515 1.05398  Up
79-8 5
005630- Glycine 9.1839 0.016574 1.10441 Down 000544-76- Hexadecane 11.0878 0.020189 1.05541 Down
82-0 3
006787- Glycerol 8.7319 1.45E-07 1.53657 Down 006787-10- Glycerol 8.7319 1.96E-06 1.5033 Up
10-6 6
007364- L-Proline 9.0298 0.000226 1.38299 Up 007364-47- L-Proline 9.0204 0.003614 1.23805 Down
47-8 8
007364- L-Phenylalanine 13.2613  0.042012  1.0086 Up 007364-51-  L-Phenylalanine 13.2613 2.01E-06 1.51441 Down
51-4 4
007536~ Tyrosine 16.0597 0.003133 1.2806 Down 007537-02- L-Threonine 10.2994 0.001793 1.28998 Down
83-6 2
015985- L-Glutamic acid 13.1651  5.19E-05  1.4398 Up 015985-07-  L-Glutamic acid 13.1651  4.87E-06  1.5071 Down
07-6 6
017596- Lactic Acid 5.6066 0.00027 1.36949 UP 018603-17- Myristic acid 15.5404 0.007628 1.23577 Up
96-2 3
018297- Urea 8.3376  0.024103  1.01096 Down 024595-70-  L-Ornithine 13.0784  0.001307 1.36257 Down
63-7 8
024595- L-Ornithine 13.0783 1.08E-06 1.51554 UP 027844-07- L-Alanine 6.2124 0.001863 1.28225 Down
70-8 1
027844- L-Alanine 6.2124 0.00385 1.20967 19) 4 031038-11- Phosphoric acid 14.8576 0.004212 1.23107 Down
07-1 6
030274- Proline 12.0207 0.000687 1.33449 Down 038191-87- Glyceric acid 9.5397 0.010126 1.16263 Down
77-2 6
031038- Phosphoric acid 14.8576 0.000222 1.36643 UP 038191-88- Threonic acid 12.3477 2.39E-07 1.54739 Up
11-6 7
038191- Glyceric acid 9.5397  0.005464  1.1673 Down 055133-94-  3-Hydroxybutyric 7.049 4.70E-05  1.46577 Up
87-6 3 acid
038191- Threonic acid 12.3477 0.001457 1.28665 Down 055255-77- Ureidopropionic 10.7704 0.010418 1.46577 Down
88-7 1 acid
053925- Probucol 12.2419  0.000168  1.38953 Down 055429-07-  L-Lysine 16.4443  0.005543  1.20996 Down
65-8 7
055133- 3-Hydroxybutyric 7.049 9.82E-05 1.41549 Down 055520-89- Palmitic Acid 17.5022 0.001545 1.3343 Down
94-3 acid 3
055429- L-Lysine 16.4441 0.002199 1.24191 UP 055556-70- L-Ornithine 15.3865 7.51E-05 1.44497 Down
07-7 2
055520- Palmitic Acid 17.5022  0.00292 1.23373  UP 060022-87-  Glutaric acid 12.6266  4.02E-05  1.47224 Down
89-3 9
055520- Dodecanoic acid 13.4055 5.03E-05 1.46441 Down 060615-84- Urea 7.395 2.74E-07 1.53615 Down
95-1 1
055556~ L-Ornithine 15.3865 0.000148 1.41828 19) 4 1079394- Niacinamide 11.4438 5.20E-06 1.50691 Up
70-2 06-1
056259- Linoleic acid 19.0216  0.010085 1.1119 UP 1206693- Palmitelaidic acid 17.3098  0.011256 1.11349 Down
07-5 35-7
060022- Glutaric acid 12.6265 0.002864 1.24869 UP 959080-51- Aminomalonic acid 11.3765 0.009303 1.12768 Down
87-9 4
060615- Urea 7.395 2.85E-07  1.52964 UP
84-1
070125- L-Serine 8.4723  0.000805  1.31397 Down determined by GC-MS, such as linalool, p-pinene, and caryophyllene,
11?;(;‘126 Arachidonic acid 100502 0029044 112911 U may play a key antagonistic role in the pathogenesis of HUA.
- racnidonic acl X . . . .
180 P The NF-kB/NLRP3 axis exacerbates HUA and promotes renal failure.
1010333-  L-Ornithine 14.6557  0.000307  1.3631 Down In this study, “weight coefficient ” network pharmacology predicted that
14-1 monochlorohydrate/ SLEO ameliorated HUA via the NOD-like receptor signaling pathway.
ornithine RNA-seq analysis further revealed that the expression of NOD-like re-
10:53;31" L-Tryptophan 191562 1.838-05  1.47432  Down ceptor signaling and NF-kB signaling was significantly altered after
1079394-  Niacinamide 11.4438  1.02E-05  1.4743 Down SLEO treatment. We successfully established an HUA model and found
06-1 that the levels of IL-1p, IL-6, and TNF-o were elevated in the sera of HUA
959048- L-Homoserine 13.7708  0.011169  1.1342 Up rats. The expression of NLRP3, ASC, and caspase-1 was also enhanced in
956;3)':0 Ami Jonic acid 113765 342807 152448 D the renal tissues of HUA rats. The classical NLRP3 inflammasome can be
- minomalonic acl . X = . own o N .
514 activated through two pathways (Aachoui et al., 2013). One mode is NF-

the collecting ducts of the kidneys being the most susceptible to damage
(Khanna et al., 2020). The crystals can adhere to the renal tubular
epithelium and stimulate the release of inflammatory mediators from
inflammatory vesicles within the epithelial cells (Su et al., 2020),
leading to the rupture of the tubular wall and the escape of the crystals
into the interstitium, which results in chronic interstitial inflammation
and aggravates kidney damage (Cameron and Simmonds 1981). The
anti-inflammatory and antioxidant active components in SLEO as
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kB-mediated activation, which mainly relies on the binding of pathogen-
associated and damage-associated molecular patterns to pattern recog-
nition receptors (Boaru et al., 2015) and the consequent upregulation of
NLRP3 and pro-IL-1§ genes, eventually priming the NLRP3 inflamma-
some into a state where it can be activated (Zhong et al., 2016). IL-1p isa
cytokine associated with inflammatory immune responses (Joosten
et al., 2013). During NLRP3 inflammasome activation, caspase-1 will
prompt the conversion of pro-IL-1f into mature IL-1p for extracellular
secretion (McGettrick and O’Neill 2013). The other mode of NLRP3
inflammasome activation is transcription-independent. NF-xkB can be
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Fig. 7. Transcriptome and WGCNA sequencing results A. Volcano plots of differential genes between the model and blank groups, showing both up- and down-
regulated genes B. PCA clustering plot of transcriptome sequencing samples demonstrates correlation between the samples C. Heatmap of differential gene clustering
across groups. Analysis of gene clustering in each group of samples D. GO enrichment of BP, CC, and MF in the set of differential genes after the administration of
SLEO E. Sankey diagrams show the major pathways through which SLEO might act and the key targets within them. F. The main KEGG pathways enriched in the set
of differential genes between the model and the SLEO groups. G. GSEA of the NOD-like receptor signaling pathway. H. The soft threshold was set at 9, where the

green horizontal line indicates the correlation coefficient of 0.8 I. Correlation analysis between traits and modules J. Mining of hub genes in the turquoise module
visualization network.

14



P. Zhou et al. Arabian Journal of Chemistry 17 (2024) 105897

Correlation heatmap

T | I T L

I glutamate, aspartate and asparagine \‘
] (S e i H
i S '
h 1
PR 1 :
Avachidonic aci b ¢ 1
1 Arachidonic acid @ H
' metabolism g s 1
1 1
1 1
1 1
1 1
1 1
1 1
. H
:.,HWM 1
I 1
I 1
1 1
1 7
1
\

Fig. 8. A. Dynamic correlation network map for differential metabolites and differential genes. B. Heatmap depicting the correlations between differential me-
tabolites and differential genes. C. Integrated transcriptome and metabolome analysis in iPath 3.0. D. Compound-reaction-enzyme-gene network diagram.

15



P. Zhou et al. Arabian Journal of Chemistry 17 (2024) 105897

Mﬂmm
F 0P VAL 4-Carvomenthenol
AcE 7 e
PIKICG y ¥ / SELE gamma-Muurolene
FABP2 XY f cYPe
PTGS2 x HSPBOAAT alpha-Bisabolene
& 7 Butanoic acid .
e, SIEPh. —y== +)-alpha-Terpineol
e . 17} \ bempesie @ (+)-alp| P
<o\ / } — .beta.-Bisabolene
- - oumann .\ L o Micolons
- Vis = ¢ A . .beta.-pinene
sHEo Y PPARG
J ‘ X Eucalyptol
cYPacy e o ANEAL PERY1
“beta -Bisabolena AN gt Aol ¥ "
RXRA B s * A X < NP3 .tau.-Cadinol
oRD2 R | X A X %' HMGCR Butanoic acid
- N /N v Linalool
Oy . 1 5 Oimetiyh1-vinyt4-hexenyt
MABIEY 1)1 5 mathyt 1 dehexadiont-yi-1-molfyk U Roamipabenzoste v Anthranilic acid
N Mm;&mw g Caryophyllene
@ e ey :.‘l (IRARGR108) o Caryophyllene oxide
SLE2246 - Eualypiol ALDH2
PPMIE 1 \CAM1 Isoborneol
PTPNZ2 A ESR1 i Camphor
NOS3 I CYP11B2

ADHIB.

i AR >

Fig. 9. Molecular docking results. A. Docking results of p-pinene and NLRP3 (left); positive drug indomethacin and NLRP3(right) B. Docking results of -caryophyllen
and COX-2(left); positive drug celecoxib and COX-2 (right) C. Docking results of p-caryophyllen and ASC (left); positive drug melphalan(right) and ASC D. Docking
results of linalool and TLR4(left); positive drug alprazolam and TLR4 (right) E. Docking results of f-caryophyllen and XOD (left); positive drug allopurinol and XOD

(right) F. Plot of key components in 11 SLEO screened by the greedy algorithm in relation to the target network. G The binding scores of the key active ingredients to
the targets.

16



P. Zhou et al.

A 150

os}
y QO

00 -

2
g
s
2

50

w
2
Cell Viability ( %)

Cell Viability ( %)
Cell Viability ( %

0 0 0
400 300 200 100 80 60 70 400 300 200 100 80 60 70

Concentration of linalool (nM) Concentration of B-pincne (1M)

E 200 G 5
e

g EISU TJ
g S s .. E
= 2100 2
@ ® 3
5 7 =
- = z >
= = 50 =

+ va - + + +
p-pinene - - + -

vA - + +
p-pinene - - + -

B-caryophyllene — - - + B-caryophyllene — - - +

Concentration of B-caryophyllene (nM)

UA -

linalool  _

p-caryophyllene _

Arabian Journal of Chemistry 17 (2024) 105897

Allopurinol
1C5q=0.56:0.06 pM

p-caryophyllene
1C5y=0.890.07 pM

1
Inhibition of XOD(%)

T
200 100 90 80 70 60 50 0.0 05 1.0 15

H

IL-6(pg/mL)

UA -+ + o+
-+ - linalool _  _ 4
p-caryophyllene - - -

Fig. 10. A Determination of the maximum administered dose of linalool by the MTT. B Determination of the maximum administered dose of p-pinene by the MTT. C
Determination of the maximum administered dose of p-caryophyllene by the MTT. D Experimental results of XOD inhibition by p-caryophyllene. E Effects of
B-caryophyllene and p-pinene on IL-1p in NLRP3 inflammasome activation. F Effects of p-caryophyllene and p-pinene on IL-18 in NLRP3 inflammasome activation. G
Effect of linalool and p-caryophyllene on TNF-a content on the NF-kB pathway. H Effect of linalool and p-caryophyllene on IL-6 content on the NF-kB pathway.
(*P<0.05, **P<0.01, ***P<0.001vs. Model group., **P<0.01, **#P<0.001, *#*##P<0.0001 vs. Control group.).

activated via TLR, inducing NLRP3 phosphorylation on S194, which
triggers the assembly of inflammatory vesicles (Tannahill and O’Neill
2011). TLR4 is a pattern recognition receptor (Zhang et al., 2022) that
binds TIR-domain-containing adaptor protein and recruits myeloid dif-
ferentiation primary response protein 88 to trigger a signaling cascade
that includes IkB phosphorylation and NF-kB-mediated inflammation
when the organism is injured (Li et al., 2021). NF-kB enters the nucleus
and stimulates the expression of many proinflammatory mediators, such
as cyclooxygenase-2 (COX-2), IL-1p, IL-6, inducible NOS, and TNF-«
(van Loo and Beyaert 2011). However, in the present study, in vitro uric
acid induced HK-2 cells, and I found that both the SLEO administration
group and the NLRP inhibitor (MCC950) group significantly inhibited
the production of IL-1p and IL-18.SLEO had the same effect as MCC950.
In addition, the serum levels of IL-1p, IL-6, TNF-o and IL-18 as well as the
expression levels of NLRP3, ASC, caspase-1 and TLR4 in renal tissues
were significantly reduced in the rats administered with SLEO.

The AA pathway is closely related to the therapeutic mechanism of
SLEO against HUA. AA, a major component of cell membrane lipids, is
mainly metabolized via three enzymatic pathways: COX, lipoxygenase
(LOX), and cytochrome P450 (CYP450) (Zhang et al., 2023). Through
these enzymatic pathways, AA can trigger severe inflammatory re-
sponses. In the kidney, the main metabolites produced by AA are pros-
taglandins, thromboxanes, leukotrienes, and hydroxyeicosatetraenoic
acids (HETEs) (Wang et al., 2019), all of which contribute to impairing
renal function. In the late stage of HUA, crystals deposited in the renal
tubules increase intratubular pressure and intrarenal vascular resistance
while decreasing renal blood flow, which ultimately reduces the
glomerular filtration rate and causes acute renal failure (Ejaz et al.,
2012). LOX and CYP450 in the AA metabolic pathway were reported to
be closely related to renal blood flow and glomerular filtration rate (Imig
and Khan 2015). 20-HETE is generated through the CYP450-catalyzed
o-hydroxylation of AA, which is also mediated by CYP1A, CYP4All,
and CYP4F in P450 metabolism (Hoff et al., 2011). LOXs metabolize AA
into leukotrienes, HETEs, and lipotoxins. Leukotrienes generated by 15-
LOX promote renal inflammation. Leukotrienes B4 and D4 cause a
decrease in glomerular filtration rate and aggravate tubulointerstitial
injury (Surh et al., 2001). AA is released from cell membranes when they
are subjected to external stimuli, especially inflammatory responses, and
COX2 converts free arachidonic acid in vivo into PGE; (Breyer and Harris
2001), which stimulates the release of inflammatory factors from renal
tubular epithelial cells and promotes the production of ROS by acting on
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E-prostanoids, thereby enhancing inflammation as well as oxidative
stress in renal tissues (Wu 2005). In addition, COX2 is an important
proinflammatory factor downstream of the NF-kB signaling pathway.
According to genomic and lipidomic analyses, COX1 and COX2 function
in a coordinated manner during the inflammatory response, and the two
COX isoforms exhibit differential reciprocity in maintaining the ability
to synthesize prostaglandins in the context of inflammation (Li et al.,
2018). In the present study, SLEO alleviated the renal inflammatory
response during HUA mostly by inhibiting the transcriptional activity of
NF-kB, downregulating COX2, and modulating the AA metabolic
pathway.

Amino acid metabolism changed significantly following SLEO
treatment. The integration of RNA-seq and serum metabolomic data
revealed significant changes in arginine and proline metabolism. L-
arginine is a substrate for inducible NOS and is also essential for the
biosynthesis of proteins and other amino acids. By converting arginine
to ornithine and urea in the urea cycle, arginase competes with inducible
NOS for the same substrate (Cinelli et al., 2020). Inducible NOS is an
important mediator of immune activation and inflammation (Anavi and
Tirosh 2020). Recent studies have implicated NF-kB in the regulation of
iNOS expression. L-glutamate, a major metabolite in the tricarboxylic
acid cycle of energy metabolism and a precursor for urate synthesis,
inhibits the glutamate—cystine reverse transport system (Shen et al.,
2021), which significantly attenuates the intracellular glutathione con-
tent, stimulates ROS production, and induces oxidative stress in the
organism. In the present study, L-glutamate levels were higher in the
serum of HUA rats compared with the blank control rats.

Molecular docking results indicated high binding activities for
linalool with TLR4, f-caryophyllene with XOD, and p-pinene with
NLRP3. Moreover, the expression levels of key proteins in the NOD-like
receptor signaling and NF-kB signaling pathways were reduced in the
renal tissues of SLEO-administered rats, and the serum levels of XOD,
UA, CRE, and BUN were also attenuated. Therefore, we concluded that
SLEO treats HUA and alleviates renal inflammation through multitarget
regulation of the TLR4/NF-kB/NLRP3 signaling axis (Fig. 13).

5. Conclusion
This study revealed that SLEO significantly inhibited XOD activity in

HUA rats and uric acid-induced HK-2 cells, reduced uric acid produc-
tion, lowered the levels of inflammatory factors such as IL-1p, TNF-a and
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Fig. 11. HE staining of rat kidney tissues after treatment of hyperuricemia with SLEO. Renal tissues in the model group had more severe infiltration of inflammatory
factors compared with those in the control group, while the renal histopathology of rats in the high-dose group was significantly improved by SLEO treatment.

IL-6, and alleviated the HUA-induced renal inflammatory injury. The
mechanism of action may be as follows: the three active components of
SLEO, B-pinene, linalool and p-caryophyllene, inhibit the expression of
proteins such as NLRP3, ASC, IKKB, TLR4, NF-kB-p65, and caspase-1,
etc., and inhibit the expression of these proteins through the TLR4/
NF-kB/NLRP3 signaling axis, purine metabolism pathway, and purine
metabolism pathway. axis, purine metabolism pathway, and arach-
idonic acid pathway to treat hyperuricemia and alleviate its induced
renal inflammation. The study concluded that SLEO can be used as a safe
and efficacious natural medicine for the treatment of hyperuricemia.
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