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ABSTRACT: Although Rosmarinus officinalis L. (rosemary) is widely consumed as a prominent source of natural 

antioxidants, its specific bioactive constituents and precise molecular targets against oxidative stress remain elusive. 

This study aimed to identify the core functional ingredients of rosemary and elucidate their underlying protective 

mechanisms. Through an integrated screening strategy combining untargeted metabolomics, spectrum-effect analysis, 

and a component knock-out method, rosmarinic acid (RA) was identified as the pivotal dietary antioxidant. The 

efficacy of RA was validated in hydrogen peroxide (H₂O₂)-challenged HepG2 cells and 2,2'-azobis(2-amidinopropane) 

dihydrochloride (AAPH)-challenged zebrafish models, where RA effectively mitigated oxidative damage by 

suppressing reactive oxygen species (ROS) accumulation and apoptosis. Mechanistically, RA upregulated peroxisome 

proliferator-activated receptor gamma (PPARγ) expression and activated downstream nuclear factor erythroid 

2-related factor 2 (Nrf2)/NAD(P)H quinone dehydrogenase 1 (NQO1) pathway. Concurrently, RA attenuated MAPK1 

and STAT1 phosphorylation and inhibited cleaved-Caspase-3 activation. Crucially, molecular docking (binding 

affinity: -9.038 kcal/mol) and Cellular Thermal Shift Assay (CETSA) confirmed the direct physical binding of RA to 

PPARγ. In conclusion, RA is the core bioactive compound in rosemary that exerts potent cytoprotective effects by 

directly targeting PPARγ to activate the antioxidant Nrf2/NQO1 axis. These findings provide a robust scientific basis 

for utilizing rosemary and RA as functional food ingredients to combat oxidative stress-related pathologies. 

Keywords: Rosmarinus officinalis L., Functional food, Oxidative stress, Rosmarinic acid, Spectrum-effect 

relationship, PPARγ, Nrf2-NQO1 pathway, Dietary antioxidant 

1. Introduction 

Excessive accumulation of reactive oxygen species (ROS) drives oxidative stress, a pathological state 

that precipitates cellular dysfunction and contributes to aging and a spectrum of chronic metabolic and 

neurodegenerative disorders[1-3]. Particularly in the liver, the body's primary metabolic and detoxifying 

organ, oxidative stress acts as a critical driver in the onset and progression of various hepatic pathologies, 
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ranging from non-alcoholic fatty liver disease (NAFLD) to drug-induced liver injury and hepatocellular 

carcinoma[4, 5]. Consequently, mitigating hepatic oxidative damage has emerged as a crucial strategy for the 

prevention of liver-related diseases. In the physiological defense against such environmental and metabolic 

insults, the transcription factor nuclear factor erythroid 2-related factor 2 (Nrf2) plays an indispensable role 

in maintaining cellular redox homeostasis. Crucially, the protective capacity of Nrf2 is intricately regulated 

by upstream signaling cascades, wherein peroxisome proliferator-activated receptor gamma (PPARγ) acts as 

a critical node. Emerging evidence indicates a synergistic interplay between PPARγ and Nrf2; PPARγ 

activation upregulates Nrf2 expression and facilitates its nuclear translocation, thereby forming a robust 

PPARγ-Nrf2 defense axis against cellular oxidative injury[6, 7]. Given the prevalence of adverse effects 

associated with synthetic antioxidants, there is a growing global interest in utilizing safe and effective 

natural antioxidants derived from daily diets and edible plants to mitigate oxidative stress[8, 9]. Consequently, 

identifying key dietary antioxidant constituents from these dual-purpose botanical resources to develop 

functional foods has become a primary research focus in food science and nutrition. 

Rosmarinus officinalis L. (rosemary) is a widely consumed culinary herb and a prominent source of 

natural antioxidants[10]. Extensive research has documented its diverse array of bioactive compounds, 

including rosmarinic acid, carnosic acid, and various flavonoids and phenolic acids, which can efficiently 

neutralize free radicals and mitigate cellular damage[11]. Beyond its fundamental antioxidant capacity, 

rosemary serves a dual role as a natural preservative in the food industry and a health-promoting dietary 

agent for preventing chronic diseases[12]. Specifically, accumulating evidence highlights the potent 

pharmacological efficacy of rosemary extracts and their primary constituent, rosmarinic acid (RA), 

particularly with particular emphasis on their hepatoprotective, anti-inflammatory, and anti-apoptotic 

properties. Recent studies have demonstrated that RA can effectively alleviate hepatic oxidative injury, lipid 

peroxidation, and cellular apoptosis in various experimental models[13, 14]. However, despite its widespread 

application as a food ingredient, the specific phytochemical basis responsible for its health benefits remains 

elusive due to the chemical complexity of its extracts. Furthermore, existing mechanistic studies have 

predominantly relied on phenotypic observations, lacking robust evidence regarding the direct target 

engagement between specific dietary components and their exact molecular targets. 

To bridge these knowledge gaps, this study aimed to identify the core functional antioxidant ingredients 

in rosemary and elucidate their precise molecular targets for dietary intervention. Unlike previous research 

that predominantly focused on the general efficacy of crude extracts or lacked direct target validation, this 

study is distinguished by its multidimensional and targeted methodology. We designed an integrated 

food-chemistry screening strategy combining untargeted metabolomics, spectrum-effect relationship 

analysis, and a novel "component knock-out" method to systematically isolate the pivotal dietary bioactive 

compounds. Subsequently, we sought to evaluate the protective efficacy and investigate the underlying 

molecular mechanisms-specifically targeting the peroxisome proliferator-activated receptor gamma 

(PPARγ) and the Nrf2 pathway-using in vitro HepG2 cells and in vivo zebrafish models. Furthermore, a 



Z.H. Liang et al. / Food Science and Human Wellness 16 (2027) 

 

major innovative aspect of our work is the transition from purely phenotypic observations to the 

confirmation of direct target engagement. By utilizing the Cellular Thermal Shift Assay (CETSA) and 

molecular docking, this study provides compelling empirical evidence of direct physical binding between 

the active constituent and PPARγ. Through this comprehensive approach, the objective of this work is to 

provide a robust scientific foundation for the application of rosemary and its core active constituents as 

functional food ingredients to promote human metabolic and cellular health. 

2. Materials and methods 

2.1 Reagents and Plant Materials 

Fresh leaves of Rosmarinus officinalis L. (Rosemary) were collected from 15 distinct regions across 

Henan Province, China, in April 2023. The botanical identification was authenticated by Professor Changqin 

Li from the National R & D Center for Edible Fungus Processing Technology. All samples were air-dried to 

a constant weight and stored as intact leaves in sealed bags, and voucher specimens have been deposited at 

the Herbarium of the National Edible Fungi Processing Technology R&D Center. RA standard 

(purity>98%) used for cell and animal experiments was purchased from Sigma-Aldrich. 

2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) was purchased from Fluka (St. Louis, MO, 

USA). HPLC-grade formic acid (FA, 98%), acetonitrile (ACN, ≥99.9%), and ethanol (≥99.9%) were 

procured from Thermo Fisher Scientific (Waltham, MA, USA). 

2.2 Preparation of Rosemary Ethanol Extract (RO-EE) 

Take 30 g of rosemary leaves and add 15 times the volume of 75% ethanol (w/v). Soak the mixture 

three times, with extraction durations of 48 h, 48 h, and 24 h, respectively. Filter the mixture, combine the 

filtrates, and concentrate under reduced pressure until a viscous consistency is achieved. Freeze-dry the 

mixture to obtain a solid powder (7.727 g), yielding a yield of approximately 25.76%[15, 16]. 

2.3 Non-targeted metabolomics and network pharmacology 

2.3.1 Metabolite extraction 

Weigh 50 mg of sample and place it in a 1°C water bath for ultrasonication for 30 minutes. Then, allow 

it to stand at -20°C for 1 hour. Centrifuge at 4°C and 14,000 rpm for 15 minutes. After centrifugation, take 

600 μL of the supernatant, filter it through a 0.22 μm membrane, and place the filtered sample in a sample 

vial for LC-MS analysis. Take 20 μL from each sample and combine them to form a QC control sample, 

used to evaluate the repeatability and stability of the LC-MS analytical process. 

2.3.2 Non-targeted metabolomics analysis (LC-MS/MS) 

Metabolite separation and detection were performed using a Waters ACQUITY™ 2D UPLC system 

(Waters, Milford, MA, USA) coupled with a Q Exactive™ high-resolution mass spectrometer (Thermo 

Fisher Scientific, Waltham, MA, USA). The untargeted metabolomics analysis and data processing were 

conducted by BGI-Shenzhen (Shenzhen, China). 
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2.3.3 Screening of active components and target prediction 

Potential active ingredients of Rosmarinus officinalis were initially screened using the Traditional 

Chinese Medicine Systems Pharmacology Database and Analysis Platform (TCMSP) [17]and the 

SwissADME database  (http://www.swissadme.ch/). The screening criteria in TCMSP were set as oral 

bioavailability (OB) ≥ 30% and drug-likeness (DL) ≥ 0.18. In SwissADME, candidate compounds were 

required to meet the following conditions: (1) high gastrointestinal (GI) absorption; and (2) compliance with 

at least three of the five drug-likeness rules (Lipinski, Ghose, Veber, Egan, and Muegge). Compounds 

satisfying both TCMSP and SwissADME criteria were selected for further analysis. Subsequently, the 

putative targets of these active ingredients were retrieved from the TCMSP database 

(https://tcmspw.com/tcmsp.php) and predicted using the SwissTargetPrediction web server, with a 

probability threshold of > 0.1. All target protein names were standardized using the UniProt database 

(https://www.uniprot.org/). 

2.3.4 Acquisition of oxidative stress-related targets 

To identify disease-associated targets, the keyword "Oxidative" was used to query multiple databases, 

including GeneCards (https://www.genecards.org/), OMIM (https://omim.org/), TTD 

(http://db.idrblab.net/ttd/), PharmGKB (https://www.pharmgkb.org/), and DrugBank 

(https://go.drugbank.com/). The intersection of results from these databases was compiled as the dataset of 

oxidative stress-related targets. 

2.3.5 Construction and analysis of the PPI network 

The intersection between the targets of active components and the oxidative stress-related targets was 

identified as the potential therapeutic targets of RO-EE against oxidative stress. These overlapping targets 

were imported into the STRING database (https://www.string-db.org/) to construct a protein-protein 

interaction (PPI) network[18]. Topological analysis was then performed based on the interaction data. 

2.3.6 Molecular docking 

Crystal structures of targets (PPARG, CASP3, MAPK1, STAT1) and the ligand (RA) were retrieved 

from the PDB and PubChem databases, respectively. Molecular docking was performed using AutoDock 

Vina, and interactions were visualized using PyMOL and Discovery Studio[19-21]. 

2.4 Spectrum-effect relationship and component knock-out 

2.4.1 HPLC fingerprinting conditions 

Chromatographic separation utilized an RP-18 endcapped column (4.6 × 250 mm, 5 μm) maintained at 

30°C with detection at 280 nm. The mobile phase (0.8 mL/min) consisted of acetonitrile (A) and 0.1% 

aqueous formic acid (B) with the following gradient: 0-30 min, 10%-20% A; 30-70 min, 20%-30% A; 

70-110 min, 30%-40% A; and 110-210 min, 40%-50% A. 

2.4.2 Partial Least Squares (PLS) analysis 
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Fingerprint data were standardized using the Similarity Evaluation System for Chromatographic 

Fingerprint of TCM (2012 Edition). Partial Least Squares Regression (PLSR) was performed via DPS 7.05 

software, correlating peak areas (X) with ABTS scavenging rates (Y) to identify bioactive peaks. 

2.4.3 Preparation of knock-out components 

Using the HPLC protocol above, fractions containing target peaks (high resolution/abundance) and the 

remaining eluate were separately collected, concentrated, and filtered (0.22 μm). These were designated as 

the target-containing sample (Px+) and negative control (Px-), respectively. 

2.4.4 LC-MS/MS identification 

LC separation was performed on a Waters XBridge BEH C18 column (2.1 × 100 mm, 2.5 μm) using 5 

mM aqueous ammonium formate (A) and acetonitrile (B) at 0.25 mL/min. The gradient was: 0-1 min, 5% B; 

1-12 min, 5%-95% B; 12-17 min, 95% B; and 17.1-20 min, 5% B. Mass spectrometry employed an ESI 

source (positive/negative modes) with the following parameters: spray voltage, 5500 V; source temperature, 

400°C; curtain gas, 0.24 MPa; nebulizer/auxiliary gas, 0.34/0.38 MPa. TOF-MS (50-1000 Da) used a 0.15 s 

accumulation time and 80 V declustering potential. IDA-MS/MS operated in high sensitivity mode (0.05 s 

accumulation) with a collision energy of 35 ± 15 eV and dynamic isotope exclusion. 

2.5 Evaluation of antioxidant activity 

The ABTS radical scavenging capacity was determined as previously described[22]. Briefly, samples 

were incubated with ABTS⁺ working solution for 30 min, and absorbance was measured at 405 nm. The 

scavenging rate was calculated as follows: 

𝐴𝐵𝑇𝑆 𝑟𝑎𝑑𝑖𝑐𝑎𝑙 𝑠𝑐𝑎𝑣𝑒𝑛𝑔𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 ሺ%ሻ  

ൌ  ሾ1 െ ሺ𝐴 𝑠𝑎𝑚𝑝𝑙𝑒 െ  𝐴 𝑐𝑜𝑛𝑡𝑟𝑜𝑙ሻ  ൊ  𝐴 𝑐𝑜𝑛𝑡𝑟𝑜𝑙ሿ  ൈ  100% 

where Asample and Acontrol denote the absorbance of the sample and control, respectively. 

2.6 In vitro experiments 

2.6.1 Cell culture 

HepG2 cells were maintained in high-glucose DMEM supplemented with 10% fetal bovine serum 

(FBS) and 1% penicillin-streptomycin at 37°C in a humidified 5% CO2 atmosphere. After reaching the 

logarithmic growth phase, the HepG2 cells were treated with rosmarinic acid, carnosic acid, carnosol, or 

cirsimaritin at gradient concentrations (12.5–200.0 μM) for 24 h. 

2.6.2 Cell viability assay 

Cell viability was determined using the MTT assay following our previously described method[23]. 

Briefly, HepG2 cells were treated with rosmarinic acid, carnosic acid, carnosol, or cirsimaritin at gradient 

concentrations (12.5–200.0 μM) for 24 h. The absorbance was measured at 490 nm (reference: 630 nm). 

2.6.3 Measurement of intracellular ROS 
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Intracellular ROS levels were quantified using the DCFH-DA probe via flow cytometry, strictly 

according to the protocol detailed in our previous study[23]. Cells in the logarithmic growth phase were 

uniformly inoculated into the 6-well cell culture plate, and the experimental groups were set as described in 

Section 2.6.1. After cultivation in the incubator for 24 h, the cells were collected. ROS fluorescent probes 

were then added to the cell culture plate. Then, the culture plate was incubated on ice in the dark for 30 min. 

After washing the cells three times with PBS solution, the cells were harvested via filtration using a 

300-mesh nylon membrane, and examined immediately by flow cytometry. For each sample, 104 cells were 

detected, and the results were analyzed by the CytExpert software. 

2.6.4 Assessment of oxidative stress markers 

After treatment, protein concentration was determined using a BCA kit (Solarbio). The levels of MDA 

and activities of SOD, CAT, and GSH in cell lysates were measured using commercial kits (Nanjing 

Jiancheng Bioengineering Institute, China) following the manufacturer's protocols. 

2.6.5 Cellular Thermal Shift Assay (CETSA) 

The CETSA procedure followed the experimental protocol published in the literature[24, 25]. HepG2 cell 

lysates were prepared by five cycles of rapid freeze-thaw in liquid nitrogen. Lysates were incubated with or 

without cornuside for 2 h, then heated individually at graded temperatures (50-59°C) for 3 min. After 

heating, samples were immediately cooled on ice. Soluble fractions were separated by centrifugation and 

analyzed for CDK2 levels by Western blotting. 

2.7 In vivo zebrafish experiments 

2.7.1 Zebrafish maintenance and drug treatment 

Zebrafish (wild-type AB) maintenance and embryo collection were strictly conducted according to our 

previous protocol[26]. Crucially, all animal care and experimental procedures specific to this study were 

officially approved by the Institutional Animal Care and Use Committee (IACUC) of Animal Experiment 

Center of Henan University. Healthy larvae at 3 days post-fertilization (dpf) were randomly divided into six 

groups (n = 30): Control, Model (12.5 mM AAPH), Positive (Vitamin C, 50 μM), and treatment groups 

(Low, Medium, High). Drug administration was performed via co-treatment with AAPH for 18 h as 

previously described. 

2.7.2. Determination of ROS and cell death 

The levels of intracellular ROS and cell death were evaluated using DCFH-DA and Acridine Orange 

(AO) staining, respectively. The staining procedures, image acquisition, and fluorescence quantification 

using ImageJ software were performed following the detailed methods described in our previous study[26]. 

2.8 Quantitative Real-Time PCR (qRT-PCR) 

Quantitative real-time PCR was performed as previously described with minor modifications[27]. 

Quantitative PCR was performed on a Quant Studio 3 system (Applied Biosystems, USA) to determine 

mRNA expression levels of PPARG、DPP4、PRSS1、MAPK1、Caspase 3、STAT1、CDKN1A、
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PTGS2、ESR1、ERK、STAT1b、nrf2、nqo1、cat、sod、gpx1, using β-actin as the internal control. The 

primer sequences used in this study are listed in Table S1. 

2.9 Western Blot 

The Western blot procedure followed a previously published protocol from our laboratory[28, 29]. Total 

protein was extracted from cells using RIPA lysis buffer and quantified with a bicinchoninic acid (BCA) 

assay kit (Solarbio, China). Proteins were separated by SDS-PAGE, transferred to PVDF membranes, 

blocked with 5% non-fat milk, and incubated with primary antibodies followed by horseradish peroxidase 

(HRP)-conjugated secondary antibodies. Protein bands were detected using an enhanced chemiluminescence 

(ECL) kit and visualized with a chemiluminescence imaging system. Band intensities were quantified by 

densitometry, normalized to β-actin as loading control, and expressed relative to the control group. 

2.10 Statistical Analysis 

Statistical analysis was performed using GraphPad Prism 8.0 (GraphPad Software, San Diego, CA, 

USA). Data are expressed as mean ± standard deviation (SD). Prior to assessing statistical significance, the 

data were tested for normality using the Shapiro-Wilk test and for homogeneity of variances using Levene's 

test. For data meeting these assumptions, multiple group comparisons were analyzed using one-way analysis 

of variance (ANOVA) followed by Tukey's post-hoc test. If the assumptions of normal distribution or 

homogeneity of variances were not met, the non-parametric Kruskal-Wallis test followed by Dunn’s 

multiple comparisons test was employed. A P-value < 0.05 was considered statistically significant. 

Significance levels are denoted as follows: */# P < 0.05, **/## P < 0.01, ***/### P < 0.001, and ****/#### 

P < 0.0001. 

3. Results 

3.1 Identification of bioactive components and prediction of therapeutic targets based on untargeted 

metabolomics and network pharmacology 

To elucidate the key antioxidant constituents of rosemary and their corresponding molecular targets, we 

first conducted an untargeted metabolomics analysis. Using strict identification criteria (Match score > 85 

and identification level > 2), a total of 266 chemical components were identified from RO-EE, including 157 

in positive ion mode and 109 in negative ion mode. Based on the screening criteria described in Section 

2.3.3, 45 high-quality active ingredients were filtered out, which were predicted to target 379 unique 

proteins (Fig. 1A). As detailed in Table S2, these bioactive compounds were predominantly classified as 

fatty acyls and terpenoids. 

Subsequently, to map the therapeutic mechanism, 7,884 targets related to oxidative stress were 

retrieved from five public databases (GeneCards, OMIM, PharmGKB, TTD, and DrugBank) after removing 

duplicates (Fig. 1B). The intersection of drug targets and disease targets yielded 338 common targets, which 

were regarded as the potential therapeutic targets of RO-EE against oxidative stress (Fig. 1C). These 

overlapping targets and the active components were imported into Cytoscape 3.8.0 to construct a 
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"Component-Target" regulatory network (Fig. 1D). Topological analysis identified 23 main targets with a 

Degree value ≥ 5 (Fig. 1E). The number of compounds corresponding to these proteins indicates that targets 

interacting with multiple active ingredients are likely the primary drivers of the antioxidant effects.  

To further narrow down the core mediators, the overlapping targets were mapped into the STRING 

database to construct a protein-protein interaction (PPI) network. Based on topological analysis, targets 

meeting the criteria of "BC, CC, EC, LAC, and NC > median" and "DC > 2 × median" were selected as key 

hubs. Consequently, 22 core targets were identified, including HSP90AB1, STAT1, HSP90AA1, CDK1, 

ESR1, CASP3, PTK2, IL6, ERBB2, TP53, CDK2, STAT3, CDKN1A, EP300, BCL2, MDM2, CDK4, 

CCND1, BCL2L1, MAPK1, EGFR, and AKT1 (Fig. 1F). Further analysis of the number of compounds 

corresponding to targets within this core network (Fig. 1G) indicates that multi-compound targeting is the 

core mechanism underlying rosemary's antioxidant activity. 

 
Fig. 1. Screening of bioactive ingredients and prediction of therapeutic targets using metabolomics and network 

pharmacology. (A) Target Screening Workflow. (B) Venn diagram of targets related to oxidative stress retrieved from 
public databases. (C) Venn diagram showing the intersection between Rosmarinus officinalis L. extract (RO-EE) potential 
targets and oxidative stress-related targets. (D) The "Component-Target" network of RO-EE. (E) Analysis of compound 
numbers targeting major targets based on degree values ≥5. (F) Protein-Protein Interaction (PPI) network of core targets 

constructed via the STRING database. (G) Analysis of compound numbers acting on core network nodes. 

3.2 Screening of antioxidant material basis via spectrum-effect relationship analysis and HPLC "knock-out" 

strategy 

To profile the phytochemical landscape and evaluate the compositional consistency of dietary rosemary 

extracts, HPLC fingerprints of 15 batches were established, revealing 17 common peaks (P1–P17) (Fig. 2A).  
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Chemometric analyses, including Hierarchical Cluster Analysis (HCA) and Principal Component Analysis 

(PCA), classified these batches into four distinct clusters based on peak areas (Fig. S1A, B), indicating 

intrinsic quantitative variations in the chemical composition among the samples. In the ABTS radical 

scavenging assay, batch S10 exhibited the most potent antioxidant capacity (lowest IC50 value) and was 

thus selected as the representative matrix for in-depth food-chemistry analysis (Fig. 2B, C). To decipher the 

material basis responsible for this efficacy, a Partial Least Squares-Discriminant Analysis (PLS-DA) model 

was constructed to correlate the chromatographic peaks with the antioxidant phenotypes. As depicted in Fig. 

2D, peaks P3, P4, P5, P6, P9, P10, P12, P15, and P17 exhibited a strong positive correlation (R > 0.1) with 

the ABTS scavenging capacity, highlighting their potential roles as the primary functional contributors. 

 
Fig. 2. Identification of core dietary antioxidants in Rosmarinus officinalis L. utilizing an integrated spectrum-effect 
relationship and component knock-out strategy. (A) Representative HPLC chromatograms of 15 batches of rosemary 

extracts and the generated reference fingerprint (R). (B) Evaluation of ABTS radical scavenging capacity across the 15 
batches of rosemary samples. (C) Calculated IC₅₀ values representing the varied antioxidant efficacy of the 15 batches. (D) 
Partial Least Squares Regression (PLSR) analysis illustrating the correlation between common chromatographic peaks and 

ABTS radical scavenging activity. (E) Representative MS/MS fragmentation spectrum for the structural elucidation of 
rosmarinic acid (RA). (F) Comparison of ABTS scavenging rates among the original extract, specific component knock-out 
fractions, and negative controls to validate individual functional contributions. (G) Venn diagram detailing the intersection 
between the analytically validated knock-out compounds and the bioactive candidates predicted via network pharmacology. 

(H) Final prioritization of the key dietary bioactive constituents and their corresponding molecular targets. 

To definitively identify these functional constituents and validate their exact contributions, a novel 

"component knock-out" strategy was applied to sequentially isolate the high-resolution peaks (R > 1.5). By 

cross-referencing MS/MS fragmentation patterns with existing analytical databases, the knock-out peaks 

were structurally elucidated as oxolinic acid (P4), rosmarinic acid (P5), carnosic acid (P6), morusin (P9), 

S1 S2 S3 S4 S5 S6 S7 S8 S9
S10 S11 S12 S13 S14 S15

0

2

4

6

8

A B

C D

A
B

T
S

 s
ca

ve
in

g 
ab

ili
tie

s 
(%

)

P1 P2 P3 P4 P5 P6 P7 P8 P9
P10 P11 P12 P13 P14 P15 P16 P17

C
o

rr
e

la
tio

n
 c

oe
ff

ic
ie

nt

E

Rosmarinic acid (P5)

F

P1P2
P4

P3

P5 P6

P7P8 P9

P10
P11P12

P13
P14

P15
P16 P17

S1
S2
S3
S4
S5
S6
S7
S8
S9
S10
S11
S12
S13
S14
S15
R

3201601701801902002102202302402502602702802903003100
2000
4000
6000
8000

10000
12000 161.0238

179.0344
197.0455

Mass/Charge.Da

In
te

ns
ity

,c
ps

TargetsComponds

PRSS1、CASP3、PTGS2、DPP4、

PPARG、CDKN1A、STAT1、ESR1、

MAPK1

Rosmarinic

acid

ACHECarnosol

NCOA1、PTGS1、DPP4、NOS2、

HSP90AA1、NCOA2
Cirsimaritin

PPARG、CYP19A1、BCL2
Carnosic

acid

419 4

DiseaseDrug

519 3

DiseaseDrug

G

H



Z.H. Liang et al. / Food Science and Human Wellness 16 (2027) 

 

cirsimaritin (P10), isorhamnetin (P11), carnosol (P14), and cortisone (P16) (Fig. 2E, 3). Subsequent 

verification assays demonstrated that the selective physical removal of P4, P5, P9, and P10 significantly 

attenuated the overall antioxidant activity of the extract, strongly implying their synergistic nutritional 

efficacy within the food matrix (Fig. 2F). Conversely, P16 demonstrated a potential antagonistic effect, 

which corroborated the statistical predictions from the spectrum-effect relationship model. Finally, rather 

than simply identifying traditional quality markers, we intersected these validated knock-out compounds 

with the critical therapeutic targets predicted via network pharmacology to pinpoint the precise molecular 

effectors (Fig. 2G). This integrated multi-omics approach successfully prioritized four core dietary bioactive 

compounds and their corresponding interaction networks: rosmarinic acid (targeting PRSS1, CASP3, 

PTGS2, DPP4, PPARG, CDKN1A, STAT1, ESR1, and MAPK1), carnosic acid (PPARG, CYP19A1, and 

BCL2), carnosol (ACHE), and cirsimaritin (NCOA1, PTGS1, DPP4, NOS2, HSP90AA1, and NCOA2) 

(Fig. 2H). 

 
Fig. 3. Chemical structure of components extracted from Rosmarinus officinalis L.. The MS/MS fragmentation pathway 

and the MS/MS spectrum of (A) Oxquinic acid, (B) Carnosic acid, (C) Morin, (D) Cirsimaritin, (E) Isorhamnetin, (F) 
Carnosol, (G) Cortisone. 
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3.3 Evaluation of antioxidant efficacy and selection of the lead compound in HepG2 cells 

To determine the safe dosage range, the cytotoxicity of the four candidate compounds (rosmarinic acid, 

carnosic acid, carnosol, and cirsimaritin) was first assessed using the MTT assay. As shown in Fig. 4A-D, 

none of the compounds exhibited significant cytotoxicity at concentrations up to 12.5 μM. Consequently, 

concentrations of 3.125, 6.25, and 12.5 μM were selected for subsequent bioactivity assays. Intracellular 

ROS levels were quantified to screen for the most potent antioxidant. Compared with the H2O2-induced 

model group, treatment with rosmarinic acid (RA), carnosic acid, and cirsimaritin significantly 

dose-dependently downregulated ROS generation (P < 0.001) (Fig. 4E-H). However, carnosol failed to 

show significant ROS scavenging activity in this cellular model. Further evaluation of oxidative stress 

markers (CAT, GSH, SOD, and MDA) confirmed the protective effects of the effective candidates. 

Consistent with the ROS results, RA, carnosic acid, and cirsimaritin effectively reversed H2O2-induced 

oxidative damage by restoring the activities of antioxidant enzymes (CAT, GSH, SOD) and reducing lipid 

peroxidation (MDA) (Fig. 4I-T). Notably, RA exhibited the superior antioxidant capacity among the 

candidates. Particularly at the highest tested concentration of 12.5 μM, RA treatment resulted in the most 

pronounced reduction in MDA content and excellent enzymatic recovery compared to the other groups. 

Based on these comprehensive in vitro findings, RA was designated as the lead compound for subsequent 

mechanistic studies. 

 
Fig. 4. Evaluation of antioxidant efficacy of candidate compounds in H₂O₂-induced HepG2 cells. (A-D) Cytotoxicity of 

Rosmarinic acid (RA), Carnosic acid, Carnosol, and Cirsimaritin on HepG2 cells determined by MTT assay. (E-H) 
Intracellular ROS levels detected by DCFH-DA staining and flow cytometry. (I-K) Effects of candidates on CAT activity. 

(L-N) Effects on GSH levels. (O-Q) Effects on MDA activity. (R-T) Effects on SOD content. 
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3.4 In vivo protective effects of RA against AAPH-induced oxidative stress in zebrafish 

To validate the antioxidant efficacy of RA in vivo, an AAPH-induced zebrafish model was established 

following the experimental protocol depicted in Fig. 5A. Phenotypic analysis revealed that AAPH exposure 

triggered severe oxidative stress, characterized by significantly elevated ROS fluorescence and increased 

cell death compared to the control group. Notably, intervention with Vitamin C (positive control) and RA (at 

low, medium, and high doses) effectively mitigated these pathological changes, showing a significant 

reduction in both ROS accumulation (Fig. 5B) and cell mortality (Fig. 5C). At the transcriptional level, the 

impact of RA on the endogenous antioxidant defense system was evaluated. Compared with the model 

group, RA treatment significantly upregulated the mRNA expression levels of superoxide dismutase (sod), 

catalase (cat), and glutathione peroxidase (gpx) (P < 0.05) (Fig. 5D-F). These results confirm that RA exerts 

its protective effects in vivo by enhancing the expression of key antioxidant enzymes. 

 
Fig. 5. In vivo protective effects of RA against AAPH-induced oxidative stress in zebrafish larvae. (A) Schematic diagram 

of the experimental protocol in zebrafish. (B) Representative fluorescence images of ROS generation. (C) Phenotypic 
observation of cell death in zebrafish larvae. (D-F) Relative mRNA expression levels of antioxidant enzymes (sod, cat, and 

gpx) determined by RT-qPCR. 

3.5 Experimental validation of core targets at transcriptional and translational levels 

To unravel the molecular mechanism, we examined the transcriptional response of predicted targets. 

Interestingly, the RT-qPCR results showed that H2O2 exposure led to a significant downregulation of 

PPARγ, MAPK1, STAT1, and CASP3 mRNA levels compared to the control group (Fig. 6A-D), which might 

suggest a suppression of transcriptional machinery or specific pathway inhibition under severe oxidative 

stress. RA treatment significantly restored the expression of these genes, bringing them closer to the levels 

of the control group. However, mRNA levels do not always linearly correlate with protein function, 

especially for enzymes regulated by post-translational modification. Therefore, Western blot analysis was 

performed. As shown in Fig. 6E-H, at the protein level, RA effectively upregulated PPARγ. Crucially, 

despite the mRNA recovery, RA treatment significantly suppressed the phosphorylation of MAPK1 and 

STAT1, and inhibited the cleavage of Caspase-3. Furthermore, the mRNA expression of these core targets 
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was validated in vivo using the zebrafish model. As illustrated in Fig. 6I-L, compared with the model group, 

RA intervention significantly upregulated the expression of pparg, mapk1, stat1, and casp3. Collectively, 

these findings provide robust evidence that RA alleviates oxidative stress by modulating the 

PPARγ-mediated signaling pathway, involving the regulation of MAPK1, STAT1, and Caspase-3. 

 
Fig. 6. Experimental validation of the core therapeutic targets at transcriptional and translational levels. (A-D) Relative 

mRNA expression of PPARG, MAPK1, STAT1, and CASP3 in HepG2 cells treated with H₂O₂ and RA. (E-H) 
Representative Western blot bands and quantitative analysis of PPARγ, p-MAPK1/MAPK1, p-STAT1/STAT1, and 

Cleaved-Caspase-3/Caspase-3 in HepG2 cells. (I-L) Validation of mRNA expression levels (pparg, mapk1, stat1, and 
casp3) in the zebrafish model. 
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3.6 RA alleviates oxidative stress by binding to PPARγ and activating the Nrf2-NQO1 signaling axis 

To elucidate the molecular interactions, molecular docking was performed to predict the binding 

affinity of RA with PPARγ, MAPK1, STAT1, and Caspase-3. As visualized in Fig. 7A-D, RA exhibited the 

strongest binding affinity to PPARγ (-9.038 kcal/mol) compared to other targets (Fig. 7E), forming stable 

hydrogen bonds with key residues such as SER-189 and LYS-367. To validate this direct interaction, 

CETSA was conducted. As shown in Fig. 7F, RA treatment remarkably enhanced the thermal stability of 

PPARγ protein in the temperature range of 49-69°C comparde to the DMSO control, confirming the direct 

target engagement between RA and PPARγ. Given that PPARγ activation can trigger the Nrf2 antioxidant 

pathway, we further investigated the downstream effectors. At the transcriptional level, RT-qPCR results 

indicated that the mRNA expression of Nrf2 and NQO1 was significantly suppressed in the model group. 

However, RA intervention effectively reversed this downregulation (Fig. 7G, H). Furthermore, Western blot 

analysis was employed to assess the protein levels of Total-Nrf2, Nuclear-Nrf2, and NQO1. As shown in 

Fig. 7I-K, oxidative stress compromised the antioxidant defense, evidenced by reduced levels of these 

proteins. Notably, RA treatment significantly upregulated the expression of Total-Nrf2 and NQO1. More 

importantly, RA markedly promoted the accumulation of Nuclear-Nrf2, suggesting that RA facilitates the 

nuclear translocation of Nrf2. Collectively, these findings demonstrate that RA specifically binds to PPARγ 

to promote Nrf2 nuclear translocation and NQO1 expression, thereby mitigating oxidative stress. 

 
Fig. 7. Elucidation of the molecular mechanism: RA directly binds to PPARγ to activate the Nrf2 signaling axis. (A-D) 

Molecular docking simulations of RA with PPARγ, MAPK1, STAT1, and Caspase-3. (E) Comparison of binding energies. 
(F) Cellular Thermal Shift Assay (CETSA) confirming the direct physical binding and thermal stabilization of PPARγ by 

RA in living cells. (G-H) Relative mRNA expression of nrf2 and nqo1 in zebrafish. (I-K) Western blot analysis of 
Total-Nrf2, Nuclear-Nrf2, and NQO1 protein expression in HepG2 cells. 
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4. Discussion 

Oxidative stress is widely recognized as a central driver in the pathogenesis of various chronic 

metabolic disorders, prompting an urgent demand for potent natural antioxidants suitable for dietary 

intervention[30, 31]. Despite the widespread consumption of rosemary as a prominent culinary herb and 

natural food preservative, the specific molecular link between its complex phytochemical profile and its 

health-promoting antioxidant properties remains poorly understood[32, 33]. Conventional bioassay-guided 

isolation methods are typically labor-intensive and often fail to capture the synergistic nutritional 

interactions present within complex food matrices[34]. To overcome these limitations, this research employed 

a multi-dimensional food-chemistry framework that merges untargeted metabolomics, network 

pharmacology, spectrum-effect modeling, and a novel "component knock-out" strategy. Unlike standard 

methodologies, our protocol extensively characterizes the dietary phytochemicals of rosemary via 

metabolomics before integrating these data with precision nutritional targets predicted by network 

pharmacology. This ensures that the identified bioactive candidates are stable and predominant constituents 

of the botanical matrix, irrespective of geographical variations. Furthermore, while prior computational 

analyses have broadly associated the antioxidant effects of rosemary to generic targets like TNF, CTNNB1, 

JUN, MTOR, and SIRT1 [35], the specific PPARγ-Nrf2/NQO1 axis elucidated in this study highlights a 

distinct dietary intervention pathway, underscoring the innovation of our integrated approach. Crucially, the 

"knock-out" method allowed for an accurate evaluation of the functional contributions of individual 

components within the intact food matrix. The successful establishment of this targeted component-deletion 

model and the subsequent identification of core dietary bioactive compounds offer a valuable 

methodological paradigm for investigating the nutritional material basis of other complex functional foods 

and dietary supplements. 

Our integrated food-chemistry screening strategy highlighted rosmarinic acid (RA), carnosic acid, 

carnosol, and cirsimaritin as the primary dietary bioactive candidates. Among these, RA demonstrated a 

robust and potent antioxidant potency in the HepG2 cellular model. A notable divergence was observed 

regarding carnosol: while it exhibited robust radical scavenging potential in the chemical ABTS assay and 

showed a positive correlation in the spectrum-effect analysis, it failed to elicit a significant reduction in 

intracellular ROS levels. This discrepancy highlights a critical paradigm in nutritional research: intrinsic 

chemical redox capacity does not inevitably translate to physiological efficacy. This limitation is frequently 

attributable to restricted cellular uptake, poor membrane permeability, or extensive presystemic metabolism 

- common challenge in nutritional interventions[36]. Such findings emphasize the critical need to 

cross-validate chemical assays with biological models for a holistic assessment of dietary antioxidants. 

Consequently, by accurately quantifying the functional contribution of individual compounds within the 

intact dietary matrix, RA was designated as the principal functional compound, a status further corroborated 

by its robust protective activity in the in vivo zebrafish model, bridging the translational gap between 

chemical composition and in vivo efficacy. 
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A pivotal discovery of this investigation is the elucidation of the molecular mechanisms driving RA’s 

health-promoting effects. The antioxidant activity and pleiotropic targets of RA have been previously 

documented; for instance, it mitigates toxin-induced oxidative tissue damage and cellular stress via diverse 

signaling cascades[37, 38]. While initial network pharmacology identified a broad array of potential targets, 

our experimental verification specifically focused on the PPARγ-Nrf2 axis. By employing CETSA-a robust 

biophysical assay for validating target engagement in physiological environments-we provided compelling 

empirical evidence that RA directly binds to the PPARγ protein and enhances its thermal stability. This 

experimental confirmation significantly provides a critical advantage over above studies relying exclusively 

on in silico docking predictions. Although PPARγ is classically characterized as a master regulator of lipid 

metabolism, accumulating evidence underscores its critical function in cellular redox homeostasis[39, 40]. Our 

data demonstrated that dietary RA intervention effectively restored PPARγ expression, which had been 

suppressed by oxidative stress. Furthermore, we confirmed that RA facilitates the nuclear translocation of 

Nrf2, subsequently upregulating the transcription of downstream antioxidant defense enzymes (NQO1, 

SOD, and CAT). Given that PPARγ acts as an upstream modulator of Nrf2, our findings strongly suggest 

that RA-activated PPARγ orchestrates a potent antioxidant response by transcriptionally regulating Nrf2. 

This identifies the "RA-PPARγ-Nrf2" signaling cascade as the primary molecular mechanism underlying its 

dietary efficacy. 

Oxidative stress is intricately linked to cellular apoptosis and inflammatory responses[41]. Interestingly, 

our multi-level molecular analysis revealed a divergent transcriptional and post-translational response to the 

intervention. We found that severe H₂O₂-induced oxidative damage suppressed the mRNA expression of 

MAPK1, STAT1, and CASP3. However, RA treatment restored the expression of these genes to 

near-normal levels. This phenomenon likely reflects a global restoration of cellular transcriptional 

homeostasis following oxidative insult. Crucially, although mRNA levels recovered, our Western blot data 

confirmed that the functional protein levels exhibited a distinct, protective trend: RA treatment significantly 

reduced the phosphorylation of MAPK1 and STAT1, and effectively inhibited the activation of 

cleaved-Caspase-3. This uncoupling of mRNA and active protein expression provides profound mechanistic 

insight: the anti-apoptotic and anti-inflammatory efficacy of RA is primarily governed by modulating 

post-translational modifications (phosphorylation and cleavage cascades) rather than relying solely on 

transcriptional suppression. Related studies indicate that PPARγ acts upstream of STAT1 to inhibit its 

activity, thereby reducing inflammatory cascades[42]. Concurrently, the MAPK/ERK pathway is often 

triggered by ROS to propagate pro-apoptotic signals[43, 44]. By mapping these specific post-translational 

interventions, our study systematically explains how RA not only neutralizes the upstream oxidative 

inducers but also robustly blocks the downstream pathological consequences. This comprehensive 

mechanism elegantly explains the significant reduction in cellular apoptosis and ROS accumulation 

observed in our in vivo zebrafish model. 
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In summary, this study elucidates the dietary antioxidant material basis of rosemary by integrating 

spectrum-effect analysis with a novel component knock-out strategy. We definitively established RA as the 

primary functional ingredient. Mechanistically, RA operates not merely as a passive chemical scavenger but 

as a specific nutritional modulator that directly binds to PPARγ. This binding subsequently activates the 

Nrf2-NQO1 antioxidant pathway and suppresses MAPK/STAT/Caspase-3 apoptotic signaling to 

comprehensively mitigate oxidative stress (Fig. 8). These findings provide a novel, robust molecular 

foundation for the application of rosemary extracts and RA as high-value functional food ingredients and 

dietary supplements for health promotion. 

 
Fig. 8. Schematic representation of the proposed molecular mechanism of RA from Rosmarinus officinalis L.. 

5. Conclusion 

In summary, this study successfully established a screening strategy combining metabolomics, 

spectrum-effect analysis, and a novel "component knock-out" method. Through this approach, we identified 

RA as the primary antioxidant Q-marker of rosemary. Our experiments in HepG2 cells and zebrafish 

confirmed that RA effectively reduces oxidative damage. Most importantly, we revealed the molecular 

mechanism: RA exerts its protective effect by directly binding to PPARγ and subsequently activating the 

Nrf2-NQO1 pathway. This work not only clarifies the material basis of rosemary but also provides a 

scientific basis for its potential use in treating oxidative stress-related diseases. 
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