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ARTICLE INFO ABSTRACT
Keywords: Mentha spicata is a popular herb used in foods, cosmetics, and medicines. In the present study,
Mentha spicata liquid chromatography-mass spectrometry-based metabolomics analysis and the zebrafish model

Metabolomics
Inflammatory disease
Signaling pathway
Molecular interaction

were used to investigate the potential biomarkers of M. spicata growing in Shanghe County
(Shandong Province, China) and their anti-inflammatory properties. Network pharmacology and
molecular docking were performed to screen the main targets of the characteristic compounds to
understand their mechanisms of action. Nine potential markers including sugars (1,2), poly-
phenolic acids (3-5), and flavonoids (6-9) were identified from the species. The inhibitory effects
on leukocyte migration confirmed that compounds 1 and 3-9 played a positive role in the pro-
tective effect of Shanghe M. spicata (SM) extract against inflammation. Akt (protein kinase B),
EGFR (epidermal growth factor receptor), and MMP9 (matrix metalloproteinase 9) were the core
target proteins of the identified compounds in the anti-inflammatory process. The most significant
Gene Ontology and Kyoto Encyclopedia of Genes and Genomes enrichment terms were response
to abiotic stimulus (Biological Process), carbohydrate derivative binding (Molecular Function),
and pathways in cancer. In docking simulations, 3-p-coumaroylquinic acid (3-PC, 4) and cirsi-
maritin (CN, 7) exhibited the highest potential affinity to the active sites of Akt and EGFR pro-
teins, respectively; additionally, 5-demethylsinensetin (5-DS, 9) and luteolin (LN, 6) were
considered the most suitable ligands for the MMP9 protein. The present study highlighted the use
of SM resources as functional products with health benefits.

1. Introduction

Inflammation, as part of the human immune defense system, is an evolutionarily conserved protection mechanism and a critical
survival strategy. It is induced by various stimuli, including microbial invasion, chemical irritants, physical damage, and immune
responses [1,2]. Inflammation induces the recruitment of different immune cells, and these innate immune cells produce proin-
flammatory cytokines and chemokines that trigger an adaptive immune response. Various inflammatory signaling cascades are
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involved in tissue damage, fibrosis, cell proliferation, etc., and these cascades lead to the development of several diseases such as
atherosclerosis, neurodegenerative diseases, cancer, and diabetes [3]. These diseases are becoming increasingly common in the aging
society. Given this background, an in-depth understanding of the pivotal role of inflammation can enable to develop and use new
therapeutic methods and drugs.

Plants contain a wide range of biologically active molecules of medicinal value and are an important resource of compounds with
therapeutic potential for humans [4]. Mentha spicata Linn., commonly called spearmint, is a perennial herb commercially grown
worldwide. The essential oil extracted from its fresh and dried leaves produces a characteristic smell and is commercially used as an
additive in chewing gum, toothpaste, and cosmetics. In the medical field, M. spicata is used to treat fever, cough, digestive disorders,
asthma, and obesity [5,6]. There is currently a growing interest in the use of nonvolatile extracts of the M. spicata plant as sources of
bioactive compounds and as pharmaceutical ingredients of high-quality medicinal products. In 2004, M. spicata was planted for the
first time in Shanghe, China, and since then, its cultivated area has increased to more than 12000 mu. Because of their unique quality,
the local M. spicata resources have become increasingly popular in domestic and international markets.

Plants show certain changes in their chemical composition depending on the different growth areas. Thus far, there have been no
systematic studies on the chemical constituents of M. spicata species growing in Shanghe County, Shandong Province, China. In the
present study, the metabolomic profile of Shanghe M. spicata (SM) was established using the liquid chromatography-tandem mass
spectrometry (LC-MS/MS) technique to determine the anti-inflammatory compounds present in the plant extract. Network pharma-
cology and molecular docking were used to screen the main targets of the biomarkers, which could enable to understand the mech-
anisms of action of these natural products. Our findings could provide insights into nonvolatile compounds of SM species, which can
serve as new functional ingredients for health-promoting products.

2. Materials and methods
2.1. Chemicals and reagents

Stachyose (ST), Sucrose (SU), Chlorogenic acid (CA), Luteolin (LN), Cirsimaritin (CN), Cirsilineol (CL), 5-demethylsinensetin (5-
DS), and ibuprofen were purchased from Shanghai Yuanye Biotechnology Co., Ltd. The 3-p-coumaroylquinic acid (3-PC) and 4-p-cou-
maroylquinic acid (4-PC) were obtained from Baoji Herbest Bio-Tech Co., Ltd. CuSO4 was supplied by Sinopharm Chemical Reagent
Co., Ltd. MS-grade water and acetonitrile were acquired from Watsons Ltd. and Tedia Company Inc., respectively. M. spicata samples
were obtained from Shanghe, Shangdong province (voucher number: swsys23-5) and Bozhou, Anhui province (voucher number:
swsys23-7) and deposited at the Key Laboratory for Drug Screening Technology, Biology Institute, Qilu University of Technology
(Shandong Academy of Sciences).

2.2. Sample preparation

Extracts were obtained from the dried Shanghe M. spicata (SM species) and Bozhou M. spicata (BM species) by adding 0.5 g of the
samples (five batches for each cultivar) to 5 mL methanol and subjecting the solution to ultrasound treatment at 50 °C for 60 min. The
solutions were filtered with 0.22 pm Millipore filters and concentrated to acquire the residues for further determination.

2.3. LC-MS-based metabolomics analysis

The sample solutions (2 mg/mL) were analyzed by the Agilent 1260 HPLC-6530 QTOF analyzer under the following conditions:
Agilent Eclipse XDB-C;g column (4.6 x 250 mm, 5 pm); mobile phase A (water) and mobile phase B (acetonitrile) at 1 mL/min; elution
conditions 10 %-50 % B for 0—15 min, 50 % B for 15—25 min, 50—100 % B for 25—40 min, and 100 % B for 40—45 min; optimized MS
settings of 100-1500 m/z in negative and positive ionization modes; nebulizer pressure 30 psi, gas temperature 350 °C, drying gas flow
rate 10 L/min, and capillary voltage 4000 V. A subset of the LC-MS data was exported into SIMCA-P software for PCA and OPLS-DA.
[VIP] > 2 and p < 0.05 were used to filter multiple components for revealing the potential biomarkers in SM species. Qualitative and
quantitative experiments of these characteristic compounds were further performed based on the comprehensive LC-MS/MS analysis.

2.4. Anti-inflammatory assay in transgenic zebrafish

Three day post-fertilization transgenic zebrafish (Tg: zlyz-EGFP) larvae were used to evaluate the anti-inflammatory activity of
M. spicata extracts and the identified compounds. The experiment was performed using 10 larvae per well in 24-well culture plates and
included control groups, model groups, positive groups (20 pM ibuprofen), and intervention groups (SM and BM extracts at 25, 50, and
100 pg/mL concentrations; ST, CA, 3-PC, 4-PC, LN, CN, CL, and 5-DS at 50 pM concentration). All treatments were applied in triplicate,
and the plates were incubated at 28 °C for 3 h. Subsequently, the zebrafish larvae were treated with 20 pM CuSO4 (except for the
control group) for 1 h, and the inflammatory response was then observed. The number of fluorescent cells that accumulated at the
zebrafish lateral line was counted under a fluorescence microscope (SZX16, Olympus, Tokyo, Japan) to evaluate the effects of each
treatment.
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2.5. Target prediction and pathway analysis

The molecular structures of ST, CA, 3-PC, 4-PC, LN, CN, CL, and 5-DS were downloaded from the PubChem database (http://
pubchem.ncbi.nlm.nih.gov/). The potential targets of the eight compounds were searched using the Swiss Target Prediction Data-
base (http://www.swisstargetprediction.ch/). The inflammatory disease targets were screened using the DisGeNET (http://www.
disgenet.org/) and GeneCards (https://www.genecards.org/) databases with the term “Inflammation.” After obtaining the in-
tersections through a Venn diagram (http://bioinformatics.psb.ugent.be/webtools/Venn/), the candidate targets were inputted to the
STRING database version 12.0 (https://cn.string-db.org/) to acquire the relevant information on protein interactions. A C-T inter-
action network was then constructed using Cytoscape 3.7.1. OmicShare Tools (https://www.omicshare.com/tools) was used for the
GO and KEGG pathway enrichment analyses to determine the therapeutic mechanisms.

2.6. Molecular docking assay

Based on the results of the C-T network analysis, Akt, EGFR, and MMP9 proteins were regarded as candidate targets to predict the
mechanisms of the compounds involved in the anti-inflammatory processes by using a molecular docking assay. The 3D structures of
ST, CA, 3-PC, 4-PC, LN, CN, CL, and 5-DS were stored as Protein Data Bank (PDB) files, and the structural data for the human proteins
Akt (0.98 [o\, 1UNQ), EGFR (1.90 i\, 3W2S), and MMP9 (2.50 A, 1L6J) were acquired from the PDB (https://www.rcsb.org/). AutoDock
Tools was used in the docking run based on the genetic algorithm, and each ligand was docked into the active sites of the macro-
molecules by using default parameters [7]. The best binding modes for ligand-protein complexes were analyzed and visualized using

PyMol package.

2.7. Statistical analysis

ANOVA tests for the biological assays were performed using an online tool (OmicShare Tools, https://www.omicshare.com/tools),
and differences with a p-value of <0.05 were considered statistically significant.

3. Results
3.1. Metabolic profiling and biomarkers for M. spicata

To reveal the biomarkers of SM species, an LC-MS-based approach was used to capture the metabolomics profile of the plant.
Figs. S1 and S2 show the LC-MS chromatograms of the samples. By using an R-based software package, 619 and 1527 primary
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Fig. 1. Metabolic profiling of the LC-MS spectra of SM and BM extracts in negative modes. (A) PCA score plots, (B) OPLS-DA score plots, (C)
validation plots of the model, and (D) coefficient-coded loading plots (6 potential biomarkers corresponding to the compounds in Table 1).
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metabolites were detected in the negative and positive modes, respectively. In the principal component analysis model, the samples
were divided into two blocks, which indicated the separation profile between the SM and BM groups (Fig. 1A and 2A). The R2X (Cum:
0.755 and 0.774) and Q2 (Cum: 0.495 and 0.618) values in the negative and positive modes, respectively, demonstrated the good
description and prediction ability of the model. The orthogonal partial least squares-discriminant analysis (OPLS-DA) score plots
confirmed a significant separation between the two groups (Fig. 1B and 2B). All the permuted R2 (Cum) and Q2 (Cum) values to the left
were lower than the original point to the right, and all the regression lines of the Q2 (cum) points showed a negative intercept (Fig. 1C
and 2C), thus signifying that the models were valid without overfitting [8]. Based on the overview of the loading plots (Fig. 1D and 2D),
nine potential markers were found to contribute the most to cluster and discrimination in SM species. These characteristic compounds
were identified as stachyose (ST, 1), sucrose (SU, 2), chlorogenic acid (CA, 3), 3-p-coumaroylquinic acid (3-PC, 4), 4-p-coumaroyl-
quinic acid (4-PC, 5), luteolin (LN, 6), cirsimaritin (CN, 7), cirsilineol (CL, 8), and 5-demethylsinensetin (5-DS, 9) (Table 1 and
Figs. $3-512) [9-16]. All compound contents were determined using single-point calibration in the LC-MS analysis. In accordance with
the preceding analysis, the compounds were predominantly accumulated within the SM extracts, exhibiting notably higher concen-
trations for ST (79.8 + 3.8 pg/mg), SU (75.9 + 3.0 pg/mg), CL (57.9 + 3.1 pg/mg), and 5-DS (55.9 + 1.6 pg/mg), respectively.

3.2. Anti-inflammatory activity of M. spicata

The immune system of zebrafish shows a high similarity to that of humans, which offers the possibility to study inflammatory
responses in vivo and facilitates the development of anti-inflammatory agents [17]. Following neuronal damage under CuSO4-induced
conditions, the leukocytes were highly distributed in the zebrafish lateral line location, thus indicating the activation of inflammatory
responses. The inflammatory cell migration was significantly suppressed by SM extracts at 50 and 100 pg/mL concentrations (p <
0.01), and a concentration-dependent decrease in the cell number was observed at the test doses (Fig. 3 and Table S1). Similarly, the
inhibitory effects of cell migration were observed in the BM group at 50 and 100 pg/mL concentrations (p < 0.01). Compared to the SM
group, the BM group showed a slightly higher level of inflammatory cell count in the right area. The results revealed that the
nonvolatile compounds in M. spicata extracts possessed potent anti-inflammatory activity and that SM achieved better functional
efficiency.

3.3. Anti-inflammatory activity of the characteristic compounds of SM

To determine the role of SM biomarkers in inflammation development, we studied their effects on leukocyte migration by using
CuSOy4-treated transgenic zebrafish embryos. Considering the liability of potential toxicity [18], the concentration of 50 pM was chosen
as the treatment dose for the compounds. As shown in Fig. 4 and Table S2, these compounds effectively inhibited the migration of
inflammatory cells to the lateral line location. A remarkable finding was that the anti-inflammatory activity of 3-PC (4) was slightly
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Fig. 2. Metabolic profiling of the LC-MS spectra of SM and BM extracts in positive modes. (A) PCA score plots, (B) OPLS-DA score plots, (C)
validation plots of the model, and (D) coefficient-coded loading plots (3 potential biomarkers corresponding to the compounds in Table 1).
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Table 1
Nine potential markers in the Shanghe M. spicata (SM).
Compounds RT ESI-MS (m/2) MS/MS VIP p Metabolites Content in SM References
(min) (m/z) extract (ug/mg)

1 2.17 701.1862 665 [M—H] " 383, 341, 2.6 —0.07490  Stachyose 79.8 +3.8 [91
[M+Cl]™ 179

2 2.25 377.0963 341 [M—H] ", 179, 119, 7.4 —0.32867 Sucrose 75.9 + 3.0 [10]
[M+Cl]~ 113, 101

3 2.42 353.0980 191 [quinic acid-H] ", 3.6 —0.15709  Chlorogenic acid 40.1 £ 2.1 [11]
[M—H]™ 173, 135

4 2.43 337.1027 163 [p-coumaric acid- 5.3 —0.23156  3-p-Coumaroylquinic 22.3+1.3 [12]
[M—H] H]™ acid

5 3.34 337.1027 173 [quinic 3.1 —0.13748  4-p-Coumaroylquinic 36.1 +2.4 [12]
[M—H]~ acid-H,0-H]~ acid

6 14.30 285.0500 [M — 133 2.8 —0.12478  Luteolin 19.6 + 0.7 [13]
H]™

7 19.84 315.0863 300, 272, 168 10.4 —0.29108 Cirsimaritin 47.4 + 1.8 [14]
[M+H]*

8 22.14 345.0967 330, 315, 312, 240 8.6 —0.23787  Cirsilineol 57.9 £3.1 [15]
[M+H]*

9 24.93 359.1112 344, 326, 298 21.7  —0.52759  5-Demethylsinensetin 55.9 + 1.6 [16]
[M+H]*
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Fig. 3. SM and BM extracts inhibit CuSO4-induced inflammatory responses in transgenic zebrafish (**p < 0.01, compared to the model group).

better than that of other compounds, because of the least number of migrated leukocytes. All the treatment groups showed significant
results (p < 0.01), which suggested that the eight compounds from SM extracts played a positive role in alleviating inflammatory
symptoms.

3.4. Compound-target interaction network analysis

Network pharmacology was used to reveal the possible mechanisms of the compounds. Inflammatory-related targets, screened
using GeneCards and DisGeNET, were intersected with 190 protein targets of the characteristic compounds and then inputted to the
STRING database version 12.0 (https://string-db.org/) to construct a ligand-protein interaction network. The network comprised 47
nodes and 365 edges with eight compounds and 39 targets. As shown in Fig. 5 and Table S3, AKT1 (Degree: 33), EGFR (Degree: 30),
and MMP9 (Degree: 30) were the most highly connected targets, thus suggesting that they had an important role in the network
functionality and were recognized as the hubs in the interaction network. Additionally, CL (8) and 5-DS (9) had the most therapeutic
targets (Degree: 18), followed by 4-PC (5), LN (6), 3-PC (4), CN (7), CA (3), and ST (1). The results suggested that these compounds
with different structural types provided multifunctional efficacy against the inflammatory process.
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3.5. Enrichment analysis of molecular targets

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses were performed to
further reveal the biological function of the targets (Fig. 6). The top enriched biological processes (BP) included the following cate-
gories: response to abiotic stimulus, response to oxygen-containing compound, positive regulation of cell communication, and immune
system process. The top enriched molecular functions (MF) were carbohydrate derivative binding, heparin binding, glycosamino-
glycan binding, identical protein binding, etc. Carbohydrate derivative binding, with the most significant p-value (p = 7.10 x 1071,
plays a role in the localization of leukocytes to the inflammatory regions, and the compounds that can inhibit the binding events are
regarded as candidates for developing anti-inflammatory agents [19]. The results of the KEGG analysis indicated that the pathways in
cancer (14 genes) and lipid and atherosclerosis (10 genes) were the main enriched pathways. Inflammation is a consequence of
carcinogenesis and a driver of tumorigenesis and has been recognized as an important hallmark of cancer [20]. Recent studies have
revealed that the inflammatory microenvironment plays a critical role in the development of many diseases. The drugs that suppress
inflammation and induce microenvironmental remodeling are considered a promising agent with therapeutic and preventive effects
[21]. The other KEGG pathways were associated with the AGE-RAGE signaling pathway in diabetic complications (seven genes), the
relaxin signaling pathway (seven genes), the estrogen signaling pathway (seven genes), the HIF-1 signaling pathway (six genes), etc.

3.6. Molecular interaction studies

The principal compounds involved in SM species were used to dock with the predicted proteins for elucidating the ligand-receptor
interactions. The output docking poses and scores are visualized and tabulated in Fig. 7 and S13and Tables S4-S6. CA (3), 3-PC (4), LN
(6), and 5-DS (9) were found to interact strongly with the active pocket of the Akt receptor. The 3-PC (4) exhibited the lowest binding
free energy (AGyp: 5.34 kcal/mol) and formed 10 hydrogen bonds (one with Asn-54, one with Asn-53, two with Lys-14, one with Arg-
86, one with Arg-25, two with Arg-23, one with Glu-17, and one with Tyr-18), which indicated the highest potential affinity with the
binding site. LN (6), 5-DS (9), and CA (3) were also docked deeply within the pocket region of Akt, and their binding free energies
(—4.88, —4.53, and —4.38 kcal/mol, respectively) and hydrogen bonds (nine, six, and eight, respectively) were generated.

Based on the docking results, it was predicted that CN (7) was the most effective molecule with a strong binding affinity to the EGFR
protein. This compound had the lowest binding energy value of —7.27 kcal/mol and yielded six hydrogen bond interactions (one with
Gln-791, four with Met-793, and one with Asp-800). LN (6) and CL (8) also demonstrated high affinity toward EGFR with the binding
energy values of —6.9 and —6.12 kcal/mol and six and three hydrogen bonds in the ligand-receptor complexes, respectively. In the
MMP9 docking analysis, 5-DS (9) showed the binding energy value of —6.69 kcal/mol and five hydrogen bonds (one with Leu-243, one
with Arg-249, two with Ala-189, and one with Leu-188), and LN (6) exhibited the binding energy value of —6.68 kcal/mol and nine
hydrogen bonds (one with Tyr-245, one with Pro-246, one with Leu-188, two with Ala-189, one with His-236, one with His-226, and
two with Ala-191). These compounds were considered the most suitable ligands for the protein against inflammatory diseases. CN (7)
and 3-PC (4) were also found to penetrate deep into the protein domain target with the binding energy values ranging from —6.46 to
—5.74 kcal/mol. The docking simulations revealed that 5-DS (9), LN (6), CN (7), and 3-PC (4) appeared to have good docking in-
teractions with the active site of MMP9.

Biological processes (BP)
Immune system process 17.28 Top 20 of KEGG Enrichment

Lipid and atherosclerosis{ [ ]
Positive regulation of cell communication 18.29 Pathways in cancer [ ]
Proteoglycans in cancer )
AGE-RAGE signaling pathway in diabetic complications: [ ]
Bladder cancer °
Relaxin signaling pathway [ ]
Estrogen signaling pathway °
°
.

Response to oxygen-containing compound 18.71

Response to abiotic stimulus 20.06

Toxoplasmosis {
i 2 i 16 a8 B = HIF-1 signaling pathway
Chemical carcinogenesis - receptor activation { [ )

EGFR tyrosine kinase inhibitor resistance { .

Molecular functions (MF)

1 °
Identical protein binding 7.99 Fluid shear stress and atherosclerosis I 0.003

Pathway

Coronavirus disease - COVID-19 °
IL-17 signaling pathway [
Glycosaminoglycan binding 8.80 Prostate cancer .
MicroRNAs in cancer L]
Heparin binding 10.12 PI3K-Akt signaling pathway L ]
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Kaposi sarcoma-associated herpesvirus infection L
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Fig. 6. GO and KEGG analyses reveal pathways associated with the targets from the candidate-target network.
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Fig. 7. Potential interactions between the ligands and receptors in docking simulations.
4. Discussion

Preliminary phytochemical analysis has shown that M. spicata had a rich content of volatile essential oils. Many of these volatile
compounds, such as carvone and limonene, are widely used in foods, cosmetics, and health and pharmaceutical products. The
nonvolatile fraction of M. spicata also contained many classes of components with beneficial effects on human health and could be used
for medical purposes [22]. By using the LC-MS based metabolomics-driven approach, nine potential markers were discovered from
Shanghe M. spicata (SM) and identified as ST (1), SU (2), CA (3), 3-PC (4), 4-PC (5), LN (6), CN (7), CL (8), and 5-DS (9). The present
study highlighted the structural diversity of natural molecules in M. spicata and provided further motivation for their subsequent
utilization.

Because of their anti-inflammatory properties, polyphenols and flavonoids are valued as crucial regulators of various diseases [23,
24]. Stachyose can also function as an effective agent to prevent and treat inflammatory diseases [25]. In the present study, by using
the in vivo zebrafish model, we confirmed that compounds 1 and 3-9 were the active constituents of SM extracts that inhibited
leukocyte migration and played a role in inducing positive responses to alleviate the inflammatory symptoms. We attempted to
elucidate the molecular mechanisms of the compounds involved in the anti-inflammatory process through network pharmacology and
in-depth analyses of molecular docking. Carbohydrate derivative binding, heparin binding, glycosaminoglycan binding, etc. were
annotated as the top GO MFs; moreover, pathways in cancer, lipid and atherosclerosis, the AGE-RAGE signaling pathway in diabetic
complications, the relaxin signaling pathway, etc. were indicated as the top enriched KEGG pathways. Based on the accumulated
evidence, these signaling pathways played a crucial role in modulating inflammatory microenvironments, thus preventing the
occurrence and development of diseases [19,26].

Akt (protein kinase B), a serine-threonine kinase, functions as a key signaling node in MAPK, PI3K-Akt, T-cell receptor, and m-TOR
signaling pathways. Once activated, Akt phosphorylates a variety of proteins, regulates innate immune responses, and induces an
inflammatory response. Several studies have reported the critical role of Akt in immune cell differentiation, proliferation, and
migration and suggested that various naturally occurring anti-inflammatory agents acted by suppressing the Akt signaling pathway
[27,28]. EGFR (epidermal growth factor receptor) belongs to the tyrosine kinase receptor family, and the Akt pathway is one of its
downstream effectors. The activated EGFR subsequently stimulates the Akt pathway, leading to inflammation initiation and pro-
gression. Following targeting and binding to EGFR, the inhibitors of EGFR decreased the levels of activated EGFR, reduced the pro-
duction of inflammatory mediators, and contributed to the anti-inflammatory effect [29]. MMPs (Matrix metalloproteinases) are
zinc-dependent endopeptidases that cleave extracellular matrix proteins, which can modulate the outcome of various physiological
and pathological processes. MMP9 is a widely studied member of MMPs and is an important regulatory molecule in inflammation.
Recent findings have indicated that MMP9 mediated leukocyte migration, and the use of its inhibitors led to the development of new
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therapies for acute and chronic inflammation [30]. On the basis of these results, we speculate that our characteristic markers func-
tioned as ligands with effective binding to Akt, EGFR, and MMP9. The interactions between the compounds and the proteins inac-
tivated the signaling pathways involved in inflammation and induced the anti-inflammatory effect.

5. Conclusions

M. spicata is a medicinal plant widely cultivated worldwide. In the present study, the metabolomics-based profiling of the bioactive
compounds of Shanghe M. spicata (SM) was performed with the LC-MS technique in both negative and positive modes. ST, SU, CA, 3-
PC, 4-PC, LN, CN, CL, and 5-DS were identified as the nine biomarker components of the SM species. The compounds were also found to
play a positive role in the protective effect of the SM extract against inflammation. The molecular target analysis revealed that the
identified biomarkers effectively bound to Akt, EGFR, and MMP9 proteins to block the downstream signaling pathways related to
inflammation, leading to the anti-inflammatory activity. Our findings provided insights into the utilization of the bioactive compo-
nents of SM species for developing health-promoting products.
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