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Oxidative stress and inflammation induced by ultraviolet (UV) exposure significantly accelerate skin 
aging, necessitating effective bioactive agents to prevent photodamage. This study investigates 
the antioxidant and anti-inflammatory properties of cell extracts from Lavandula angustifolia cell 
suspension cultures, assessing their potential applications in preventing skin aging and mitigating 
inflammation. L. angustifolia cell suspension cultures were established from callus derived from 
lavender stem tissues. Notably, treatment with methyl jasmonate (MJ) significantly enhanced 
secondary metabolite production, as confirmed by gas chromatography-mass spectrometry analysis. 
The MJ-treated lavender cell extract (LC-MJ) improved cell viability and inhibited early apoptosis 
in mouse fibroblasts exposed to ultraviolet B-induced oxidative stress. Additionally, LC-MJ extract 
effectively downregulated inflammatory pathways in lipopolysaccharide-induced RAW 264.7 
macrophages by reducing the secretion of pro-inflammatory cytokines, including TNF-α and IL-6. This 
anti-inflammatory effect was associated with the inhibition of MAPK and NF-κB signaling pathways, 
indicating a protective role in inflammation-related conditions. These observations imply that LC-MJ 
extract could be utilized as a functional bioactive agent in the management of oxidative stress and 
inflammation, particularly in the prevention of skin aging and UV-induced photodamage.
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Plants biosynthesize a wide spectrum of secondary metabolites that function as rich sources of bioactive 
compounds widely utilized in pharmaceuticals, cosmetics, and functional foods for their medicinal and 
therapeutic properties. The growing demand for natural compounds with potent antioxidant and anti-
inflammatory activities has garnered increasing attention in health and biomedical research. These functional 
constituents actively participate in counteracting oxidative stress and inflammation, two major factors implicated 
in various physiological disorders, including skin aging accelerated by UV radiation exposure1. UV radiation 
induces oxidative stress by generating reactive oxygen species (ROS), which lead to oxidative damage of lipids, 
proteins, and nucleic acids2. This process accelerates cellular senescence, increases matrix metalloproteinases 
(MMPs) expression, and degrades collagen and elastin, ultimately promoting premature skin aging and 
inflammation3.

Among botanical sources, L. angustifolia (commonly known as lavender) is widely recognized for its rich 
composition of bioactive metabolites, particularly those with antioxidant, anti-inflammatory, wound-healing, 
neuroprotective, and cognitive-enhancing properties4–7. Notably, rosmarinic acid and linalool have been 
identified as key components involved in oxidative stress reduction, immune modulation, and skin barrier 
protection8,9. Due to its cosmeceutical and pharmaceutical potential, lavender has gained significant interest 
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for functional applications in skin care. While numerous studies have explored the chemical composition and 
pharmacological properties of lavender, research has primarily focused on essential oils derived from its aerial 
parts and flowers10. However, the bioactive composition of essential oils is highly susceptible to environmental 
and processing factors, leading to variations in stability and consistency11. The large-scale production of 
lavender-derived bioactive compounds is often hindered by seasonal variations, geographical limitations, 
and the labor-intensive nature of traditional plant extraction methods12,13. As a promising alternative, plant 
cell suspension cultures combined with elicitation technology offer a controlled and reproducible system for 
optimizing culture conditions, overcoming environmental constraints, and enhancing bioactive metabolite 
production14,15. Among various elicitation techniques, MJ is widely recognized for its ability to stimulate 
key metabolic pathways, significantly increasing the production of target compounds14–16. These advantages 
establish plant cell suspension cultures as a promising platform for meeting the increasing demand for natural 
bioactive compounds in the healthcare, cosmetics, and pharmaceutical industries.

This study aims to develop functional biomaterials from L. angustifolia cell suspension cultures with 
enhanced production of bioactive compounds. Additionally, it explores the molecular mechanisms underlying 
their antioxidant and anti-inflammatory activities, focusing on their potential therapeutic applications in 
photodamage protection.

Although previous studies extensively characterized lavender essential oils, this research utilizing elicitation-
enhanced lavender (L. angustifolia) cell suspension cultures remains limited. Thus, this study proposes a novel, 
reproducible approach to overcome traditional limitations such as seasonal and geographical variations. It was 
hypothesized that MJ elicitation could significantly enhance the production of bioactive metabolites in lavender 
cell cultures, thereby increasing their protective effects against UV-induced oxidative stress and inflammation. 
To hypothesis was examined by assessing the effects of MJ elicitation on metabolite production in L. angustifolia 
cell suspension cultures using GC–MS analysis. The antioxidant and anti-inflammatory activities of lavender 
cell extracts were then evaluated, along with their protective effects against oxidative stress-induced photoaging. 
The findings of this study contribute to the advancement of in vitro cell culture-based functional biomaterial 
production, offering insights into the sustainable production of high-value bioactive compounds with potential 
applications in healthcare, cosmetics, and pharmaceuticals.

Materials and methods
Plant material and compliance statement
Lavandula angustifolia plants were obtained from a commercial horticultural farm (Herbwon, Jeongeup, South 
Korea) and used to induce callus for cell suspension cultures. The plant identity was confirmed based on the 
supplier’s documentation and morphological characteristics. As the material was cultivated and commercially 
obtained, a voucher specimen was not deposited. Instead, the L. angustifolia plant cell line was deposited as a 
patent resource in the Korean Collection for Type Cultures (KCTC) at the Korea Research Institute of Bioscience 
and Biotechnology (KRIBB) under accession number KCTC 15497BP. All experimental procedures involving L. 
angustifolia complied with relevant institutional, national, and international guidelines and legislation.

Callus induction, and cell suspension cultures
Stem tissues from L. angustifolia were used for callus induction on callus induction medium (referred to as V 
medium) composed of MS basal medium including Gamborg B5 vitamins at a concentration of 4.4 g/L. The V 
medium also contained sucrose 20 g/L, MES monohydrate 0.5 g/L, 2,4-dichlorophenoxyacetic acid 1.5 mg/L, 
α-naphthaleneacetic acid 0.1 mg/L, kinetin 0.25 mg/L, indole-3-acetic acid 0.1 mg/L, and gelrite 4 g/L, with a 
pH adjustment to 5.8; all components were purchased from Duchefa Biochemie (Haarlem, The Netherlands). 
Lavender cell suspension cultures were established in V liquid medium as previously described17. For scale-up 
to a 1-ton bioreactor, suspension cultures were sequentially expanded from 3-L to 20-L lab-scale bioreactors to 
a 1-ton pilot-scale bioreactor based on the previous lab-scale study. After cultivation, the cells were harvested 
and dried using hot air at 45 °C for 24 h, and the resulting dried cells were processed into extraction powder, as 
previously described17.

Sample preparation and GC–MS analysis
Dried lavender cell samples (untreated, LC-CK; MJ-treated, LC-MJ) were extracted using methanol (≥ 99.9%, 
GC grade). Each sample (10 mg) was mixed with 1 mL of methanol and agitated for 1 h. After filtration, the 
extracts were analyzed using a GCMS-QP2010 Plus instrument (Shimadzu Corporation, Kyoto, Japan) with an 
Rxi-5MS capillary column (30 m × 0.25 mm i.d., 0.25 µm film thickness; Restek, USA). The oven temperature 
was initially held at 45 °C for 2 min, then increased to 280 °C at a rate of 4 °C per min, followed by a 5 min final 
hold. Helium (2 mL/min) was used as the carrier gas. Injector and detector temperatures were adjusted to 250 °C 
and 300 °C, respectively, and both interface and ion source were maintained at 300 °C . The detection range 
was m/z 30–800 over an acquisition period of 3 to 65.75 min. The injection volume of 8 µL was used in splitless 
mode (split ratio 0). Compounds were identified by matching spectra against the Wiley 8 library, with matches 
exceeding 85% similarity considered acceptable. This threshold was selected based on previous studies using the 
Wiley library, where 85% similarity has been commonly accepted for tentative compound identification18–20.

Plant and callus extraction
Metabolites were extracted by sonicating 0.3 g of dry weight sample in 10 mL of 80% methanol (v/v) for 30 min 
using an ultrasonic cleaner (WUC-D10H; DAIHAN Scientific, Wonju, Republic of Korea). After centrifuging the 
samples at 11,000 rpm for 10 min, the resulting supernatant was subjected to concentration using an evaporator 
(Hyper Vap HV-300; Hanil Scientific, Gimpo, Korea).
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Cell culture
The mouse skin fibroblast cells (NIH-3T3) and macrophage (RAW 264.7) cell lines were purchased from 
the Korean Cell Line Bank (Seoul, Republic of Korea). Cells were maintained in Dulbecco’s modified Eagle’s 
medium (DMEM; Gibco BRL, NY, USA), containing 10% fetal bovine serum and 1% penicillin/streptomycin 
under a humidified incubator set at 37 °C with 5% CO2. NIH-3T3 fibroblasts were used as a model of UVB-
induced oxidative stress and photodamage, and RAW 264.7 macrophages were used to investigate LPS-induced 
inflammatory responses.

Cell viability
A total of 1 × 104 NIH-3T3 cells per well were seeded into 96-well plates and incubated for 12 h to allow for cell 
attachment. The cells were then treated with LC-CK or LC-MJ extracts at concentrations of 25, 50, or 100 μg/
mL for 24 h. For UVB treatment groups, the cells were first treated with the extracts for 2 h and then exposed 
to UVB irradiation at 25  mJ/cm2 (306  nm) using a UV crosslinker (CL-1000  M, UVP, Upland, CA, USA), 
followed by further incubation for 22 h. RAW 264.7 cells were seeded at a density of 1 × 104 cells per well in 96-
well plates and incubated for 12 h to allow for cell attachment. The cells were then treated simultaneously with 
lipopolysaccharide (LPS; 1 μg/mL) and varying concentrations (25, 50, and 100 μg/mL) of LC-CK or LC-MJ 
extracts for 24 h. Cell viability was evaluated using the Cell Counting Kit-8 (CCK-8; EZ-3000, DoGenBio Co., 
Ltd., Seoul, Republic of Korea). Briefly, 10 μL of the CCK-8 solution was added to each well, and the plate was 
incubated at 37 °C for 2 h. Absorbance was then measured at 450 nm using a microplate reader (SpectraMax iD3, 
Molecular Devices, USA)21. The results were expressed as a percentage relative to the untreated control group. 
The experiment was performed in triplicate.

Cell cycle analysis
NIH-3T3 cells were seeded at a density of 2 × 105 cells per well in 12-well plates and incubated for 12  h to 
allow for attachment. Cells were divided into four groups: untreated control (Con), LC-MJ only, UVB only, 
and UVB + LC-MJ. Cells in the LC-MJ and UVB + LC-MJ groups were treated with LC-MJ extract (100  μg/
mL) for 2 h. Cells in the UVB and UVB + LC-MJ groups were irradiated with UVB (25 mJ/cm2, 306 nm) using 
a UV crosslinker (CL-1000 M, UVP, Upland, CA, USA), followed by further incubation with or without LC-MJ 
for 22 h, totaling 24 h of treatment. After treatment, cells were harvested by trypsinization, washed twice with 
cold phosphate-buffered saline (PBS), and fixed in 70% ethanol at 4  °C overnight. The fixed cells were then 
washed again and stained using FxCycle™ PI/RNase Staining Solution (F10797; Thermo Fisher Scientific, MA, 
USA), following the manufacturer’s instructions and the protocol described by Park et al.22. The stained cells 
were incubated in the dark at room temperature for 30 min. DNA content was analyzed using an Attune™ NxT 
Flow Cytometer (Thermo Fisher Scientific, USA), and cell cycle distribution (G0/G1, S, and G2/M phases) was 
evaluated using FlowJo software (Tree Star Inc., Ashland, OR, USA).

Annexin V/PI staining
NIH-3T3 cells were seeded at a density of 2 × 105 cells per well in 12-well plates and incubated for 12 h to allow 
cell attachment. For treatment, cells were divided into four groups: untreated control (Con), LC-MJ (100 μg/
mL) only, UVB only, and UVB + LC-MJ. Cells in the LC-MJ and UVB + LC-MJ groups were treated with LC-MJ 
extract (100 μg/mL) for 2 h. Cells in the UVB and UVB + LC-MJ groups were irradiated with UVB (25 mJ/cm2, 
306 nm) using a CL-1000 M UV crosslinker (UVP, Upland, CA, USA), followed by incubation for an additional 
22 h with or without LC-MJ, for a total treatment duration of 24 h. After treatment, cells were harvested by 
trypsinization, washed twice with cold PBS, and stained using the Annexin V/PI Staining Kit (BD Biosciences, 
CA, USA) according to the manufacturer’s instructions. The cells were incubated at room temperature in the 
dark for 15 min. Apoptotic cell populations were analyzed using the Attune™ NxT Flow Cytometer (Thermo 
Fisher Scientific, USA), and data were processed with FlowJo software (Tree Star Inc., Ashland, OR, USA).

Measurement of intracellular ROS levels
Intracellular ROS levels were measured in both NIH-3T3 fibroblasts and RAW 264.7 macrophages using 
CellROX™ Green Reagent (5  μM; Cat. No. C10444, Thermo Fisher Scientific, MA, USA), following the 
manufacturer’s protocol. For UVB-induced oxidative stress, NIH-3T3 cells were seeded at a density of 2 × 105 
cells/well in 12-well plates and incubated for 12  h for cell attachment. Cells were divided into four groups: 
untreated control (Con), LC-MJ only, UVB only, and UVB + LC-MJ. LC-MJ (100 μg/mL) was pre-incubated for 
2 h before UVB exposure (25 mJ/cm2, 306 nm) using a CL-1000 M UV crosslinker (UVP, Upland, CA, USA), 
followed by a 22 h post-irradiation incubation. After treatment, cells were harvested by trypsinization, washed 
twice with cold PBS, and stained with CellROX™ Green Reagent for 30 min at 37 °C in the dark. After staining, 
cells were washed and resuspended in PBS for flow cytometric analysis. For the inflammation-induced ROS 
model, RAW 264.7 cells were seeded at a density of 5 × 105 cells/well in 12-well plates and allowed to adhere for 
12 h. Cells were co-treated with LPS (1 μg/mL) and varying concentrations of LC-MJ (25, 50, and 100 μg/mL) 
for 24 h. After treatment, cells were washed once with pre-warmed PBS, and incubated with CellROX™ Green 
Reagent diluted in serum-free medium for 30 min at 37 °C in the dark. Cells were subsequently washed twice 
with PBS, harvested using a cell scraper, filtered through a 40 μm nylon mesh, and centrifuged. The resulting 
cell suspensions were resuspended in PBS. Flow cytometric analysis was performed using an Attune™ NxT Flow 
Cytometer (Thermo Fisher Scientific, USA), acquiring at least 80,000 events per sample. Data were analyzed 
using FlowJo software (Tree Star Inc., Ashland, OR, USA). To ensure reliable detection of ROS, light exposure 
was minimized throughout the staining and analysis procedures, and all steps were performed within the same 
timeframe to prevent ROS degradation or overoxidation.
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Assessment of mitochondrial membrane potential (MMP), mitochondria mass
NIH-3T3 cells were seeded at a density of 2 × 105 cells per well in 12-well plates and incubated for 12  h to 
allow for attachment. Cells were divided into four groups: untreated control (Con), LC-MJ only, UVB only, and 
UVB + LC-MJ. Cells in the LC-MJ and UVB + LC-MJ groups were treated with LC-MJ extract (100 μg/mL) for 
2 h, followed by UVB irradiation at 25 mJ/cm2 (306 nm) using a CL-1000 M UV crosslinker (UVP, Upland, 
CA, USA). After UVB exposure, cells were further incubated with or without LC-MJ for 22 h, totaling 24 h of 
treatment. After treatment, cells were collected by trypsinization and washed twice with cold phosphate-buffered 
saline (PBS). Mitochondrial membrane potential (MMP) was evaluated using tetramethylrhodamine methyl 
ester perchlorate (TMRM; 5 μM; Cat. No. T668, Thermo Fisher Scientific, MA, USA), and mitochondrial mass 
was assessed using MitoTracker™ Green FM (1 μM; Thermo Fisher Scientific, MA, USA). Cells were incubated 
with the respective dyes at 37 °C for 30 min in the dark. After staining, cells were washed and resuspended in 
PBS. Stained cells were immediately analyzed using an Attune™ NxT Flow Cytometer (Thermo Fisher Scientific, 
USA), and data were processed with FlowJo software (Tree Star Inc., Ashland, OR, USA). A minimum of 80,000 
events was collected per sample. To ensure accuracy, light exposure was minimized during staining and analysis, 
and all samples were processed within the same time window to avoid fluorescence variation.

NO measurement
RAW 264.7 macrophages were seeded at a density of 2 × 105 cells per well in 12-well plates and incubated for 12 h 
to allow for attachment. Cells were then stimulated with lipopolysaccharide (LPS; 1 μg/mL) and simultaneously 
treated with LC-CK or LC-MJ extracts at concentrations of 25, 50, or 100 μg/mL for 24 h, following the same 
protocol used in the cell viability assay. After treatment, 100 μL of the culture supernatant was collected from 
each well and transferred to a 96-well plate. An equal volume (100 μL) of Griess reagent (Cat. No. G4410; Sigma-
Aldrich, MO, USA) was added to each well, and the plate was incubated at room temperature for 10 min in the 
dark. The absorbance was measured at 540 nm using a Multiskan SkyHigh microplate reader (A51119500C, 
Thermo Fisher Scientific, USA). Nitric oxide production was indirectly assessed by detecting nitrite (NO₂⁻), the 
stable end product of NO. The amount of NO production was expressed as a percentage relative to the untreated 
control group (set as 100%), based on absorbance values. A standard curve was not generated, and results reflect 
relative changes in NO production.

Measurement of cytokines
RAW 264.7 macrophages were seeded at a density of 1 × 10⁶ cells per 100 mm dish and incubated for 12 h to 
allow attachment. The cells were then treated with lipopolysaccharide (LPS, 1 μg/mL) in the absence or presence 
of LC-MJ extract (100 μg/mL) for 24 h. After treatment, the culture medium was collected and centrifuged to 
remove cellular debris. The concentrations of tumor necrosis factor (TNF)-α and interleukin (IL)-6 in the culture 
supernatants were measured using enzyme-linked immunosorbent assay (ELISA) kits (TNF-α: DY410-05; IL-6: 
DY406-05; R&D Systems, Inc., Minneapolis, MN, USA), following the manufacturer’s protocols. Absorbance 
was measured at 450 nm using a microplate reader, and cytokine levels were calculated from the standard curves 
provided in each kit.

Western blot analysis
RAW 264.7 macrophages were seeded at a density of 1 × 10⁷ cells per dish in 100  mm culture dishes and 
incubated for 12  h to allow for attachment. Cells were then stimulated with lipopolysaccharide (LPS; 1  μg/
mL) and simultaneously treated with LC-MJ (100 μg/mL) for 24 h. After treatment, cells were washed twice 
with cold phosphate-buffered saline (PBS) and lysed using RIPA buffer (Thermo Fisher Scientific, MA, USA) 
supplemented with protease and phosphatase inhibitor cocktail (Cat. No. 78440, Thermo Fisher Scientific). 
Cell lysates were incubated on ice for 30  min and centrifuged at 14,000 × g for 15  min at 4  °C. The protein 
concentration of the supernatant was measured using a BCA protein assay kit (Cat. No. 23225, Thermo Fisher 
Scientific). Equal amounts of protein (30 μg) were separated by SDS-PAGE using 10% polyacrylamide gels and 
transferred onto PVDF membranes (Immun-Blot®, 0.2 μm; Cat. No. 1620177, Bio-Rad Laboratories, Hercules, 
CA, USA). Membranes were blocked with 5% non-fat dry milk in TBS-T for 1  h at room temperature and 
incubated overnight at 4  °C with the following primary antibodies (all diluted 1:1,000): COX-2 (#12,282), 
iNOS (#13,120), p-p65 (#3033), p65 (#8242), p-p38 (#4511), p38 (#8690), p-JNK (#4668), JNK (#9252), p-ERK 
(#4370), and ERK (#4695), all from Cell Signaling Technology (Danvers, MA, USA). β-actin (1:1,000; sc-47778) 
was used as the loading control and obtained from Santa Cruz Biotechnology (Dallas, TX, USA). After three 
washes with TBS-T, membranes were incubated for 1 h at room temperature with HRP-conjugated secondary 
antibodies: anti-rabbit IgG (1:5000; #7074, Cell Signaling Technology) or anti-mouse IgG (1:5000; sc-2005, Santa 
Cruz Biotechnology). Protein bands were visualized using an enhanced chemiluminescence (ECL) detection kit 
(Cat. No. 32106, Thermo Fisher Scientific), and images were acquired using a FUSION FX imaging system, 
Evo-6 series (Vilber Lourmat, Collégien, France). Band intensities were quantified using ImageJ software (NIH, 
Bethesda, MD, USA). The immunoblotting procedure was based on the protocol described by Kim et al.23, with 
appropriate modifications.

Statistical analysis
Triplicate measurements from independently repeated experiments were statistically analyzed using GraphPad 
Prism version 8.0 (GraphPad Software, San Diego, CA, USA) to ensure the reliability and reproducibility of the 
data. For statistical evaluation, one-way ANOVA followed by Tukey’s post hoc test or an unpaired Student’s t-test 
was applied, depending on the comparison. Results are shown as mean with standard deviations (mean ± SD).
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Results
GC–MS analysis of lavender cell extracts from lavender cell suspension cultures
The GC–MS profiles of methanol extracts (LC-CK and LC-MJ) from lavender cell suspension cultures reveal 
distinct metabolic compositions in both extracts (Fig. 1A). Figure 1B shows the peak list significantly altered by 
MJ treatment, highlighting 11 noticeable changes in peak area percentage (%) in the LC-MJ extract, indicating 
variations in peak intensity relative to LC-CK control. The peak area percentage of each identified compound 
in the LC-MJ extract was calculated based on its proportion of the total peak area (100%) of the 11 compounds 
(Fig. 1B). Compound identification was confirmed by spectral comparison with a mass spectral reference library. 
The identified compounds in the LC-MJ extract are classified into five categories: phenolic metabolism, Maillard 
reaction products (MRPs), lipid and fatty acid metabolism, amino acid and nitrogen metabolism, and steroid-
related metabolism (Table S2). Among them, two compounds, 2,3-dihydro-3,5-dihydroxy-6-methyl-4H-pyran-
4-one (DDMP) and 2-hydroxy-4-methylbenzaldehyde (HMB), exhibited high peak area percentage ratios of 
39.47% and 20.51%, respectively. These compounds were rarely found in plant extracts but are notable for their 
significant potential. Notably, the relative peak intensity of DDMP and HMB in the LC-MJ extract increased 
approximately 3.44-fold and 10.30-fold, respectively, compared with LC-CK (Fig. 1C). While these compounds 
were barely detected in the LC-CK extract, their production was markedly enhanced in LC-MJ following MJ 
treatment.

Protective effects of LC-MJ extract against UVB-induced oxidative damage in mouse 
fibroblasts
Our previous report demonstrated that LC-MJ extract exhibits significant antioxidant activity17. Given its 
strong antioxidant potential, this extract has emerged as a promising candidate for anti-photoaging applications. 
To further evaluate the effects of LC-CK and LC-MJ extracts derived from lavender cell cultures on mouse 
fibroblasts, each sample was administered at varying concentrations, and cell viability was assessed 24 h post-

Fig. 1.  GC–MS analysis of methanol extracts from lavender cell suspension cultures. (A) GC–MS 
chromatograms of LC-CK and LC-MJ extracts, highlighting distinct metabolite differences. (B) Peak list of 
11 major identified compounds with significant changes in the LC-CK and LC-MJ extracts. The peak area 
percentage of each identified compound in LC-CK and LC-MJ extracts were determined by calculating 
the ratio of its peak area to the total peak area (100%) of the 11 major peaks in the mass spectrum. (C) 
Comparison of relative peak intensity for the two major compounds (DDMP and HMB) between LC-CK and 
LC-MJ extracts.
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treatment (Fig. 2). The results indicated that both LC-CK and LC-MJ extracts enhanced cell viability. Notably, 
at a concentration of 100 μg/mL, LC-MJ (116.92 ± 3.33%) resulted in markedly higher cell viability than LC-CK 
(130.778 ± 1.07%) (Fig. 2A). To investigate the protective effects against UV-induced stress, mouse fibroblasts 
were exposed to 25 mJ/cm2 of UVB radiation while simultaneously being treated with each extract. At 24 h post-
UVB exposure, Both LC-CK and LC-MJ extracts significantly improved cell viability compared with the UVB-
exposed control group. LC-CK exhibited a significant protective effect at 50 µg/mL and 100 µg/mL, with cell 
viabilities of (116.86 ± 3.26%) and (114.61 ± 4.06%), respectively. In contrast, LC-MJ showed significant effects 
at all tested concentrations—25, 50, and 100 µg/mL—with corresponding cell viabilities of (116.296 ± 4.55%), 
(121.43 ± 7.05%), and (126.54 ± 2.46%). Notably, LC-MJ demonstrated a more pronounced protective effect 
overall (Fig. 2B). These findings suggest that both LC-CK and LC-MJ extracts confer protective effects against 

Fig. 2.  Effect of LC-MJ extract on UVB-induced cytotoxicity, cell cycle distribution, and apoptosis in NIH-3T3 
fibroblast cells. (A, B) Cell viability was assessed using a colorimetric assay after UVB exposure (25 mJ/cm2) 
and treatment with various concentrations of LC-MJ extract (25, 50, 100 μg/mL). (C, D) Cell cycle distribution 
was analyzed by flow cytometry following propidium iodide (PI) staining. NIH-3T3 fibroblast cells were 
treated with or without LC-MJ extract (100 g/ml) for 24 h, exposed to UVB (25 mJ/cm2), and subsequently 
stained with PI for DNA content analysis. (E, F) Apoptosis was evaluated using Annexin V-FITC/PI double 
staining and flow cytometry analysis. Cells were categorized into four quadrants: Q1 (Annexin V − /PI + ; 
necrotic cells), Q2 (Annexin V + /PI + ; late apoptotic/secondary necrotic cells), Q3 (Annexin V + /PI − ; early 
apoptotic cells), and Q4 (Annexin V − /PI − ; viable cells). Con, non-UVB-exposed cells. All data are presented 
as mean ± SD. *, p < 0.05; **, p < 0.01; ***, p < 0.001; #, p < 0.05; ##, p < 0.01 compared with LC-CK group.
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UVB exposure in mouse fibroblasts, with LC-MJ exhibiting superior efficacy. This prompted further investigation 
into the cellular protective mechanisms of LC-MJ extract.

Cell cycle analysis was conducted to assess UVB-induced cell cycle arrest and damage. In non-UVB-
exposed cells, LC-MJ treatment did not significantly alter the cell cycle distribution compared to the control 
(G0/G1: 70.2 ± 0.5%, S: 16.9 ± 0.25%, M: 3.7 ± 0.16%), closely resembling the untreated control group (G0/
G1: 71.2 ± 0.78%, S: 16.3 ± 0.35%, M: 3.4 ± 0.07%). However, UVB exposure markedly disrupted cell cycle 
progression, increasing S and M phase populations (S: 20.4 ± 0.15%, M: 23.7 ± 0.60%) and reducing the G0/G1 
population to 40.4 ± 0.36%. Treatment with LC-MJ following UVB exposure significantly mitigated these effects, 
partially restoring the G0/G1 phase to 51.6 ± 1.88% while reducing S and M phase populations to 18.1 ± 0.1% 
and 15.1 ± 1.39%, respectively. This protective trend was further confirmed through Annexin V/propidium 
iodide (PI) double staining, which revealed that LC-MJ extract decreased Annexin V-positive cells in UVB-
exposed fibroblasts. Specifically, UVB irradiation markedly increased the percentage of early apoptotic cells to 
18.51 ± 0.18%, compared to 3.4 ± 0.22% in the control. However, treatment with LC-MJ extract reduced early 
apoptosis in UVB-exposed cells to 4.94 ± 0.05%, indicating protection against early apoptosis induced by UVB 
radiation (Fig. 2E, F).

Antioxidant effect of LC-MJ extract against UVB-induced oxidative stress
Previous studies have confirmed that UVB irradiation increases reactive oxygen species (ROS) in fibroblast 
cells24. To evaluate the antioxidant potential of LC-MJ extract in mitigating intracellular ROS generation, 
CellROX Green reagent was employed, and total ROS levels were quantified via flow cytometry (Fig. 3). Under 

Fig. 3.  Effect of LC-MJ extract on UVB-induced mitochondrial dysfunction and ROS production in NIH-
3T3 fibroblast cells. (A, B) Intracellular ROS levels were measured using CellROX Green staining. Cells 
were treated with LC-MJ extract (100 μg/ml) for 24 h, exposed to UVB (25 mJ/cm2), and stained with 
CellROX Green reagent for 30 min. Fluorescence intensity was quantified using flow cytometry to assess ROS 
accumulation. (C, D) Mitochondrial membrane potential (MMP) was evaluated using tetramethylrhodamine 
methyl ester perchlorate (TMRM) staining. Following LC-MJ extract treatment (100 μg/ml) and UVB (25 mJ/
cm2) exposure, cells were stained with TMRM for 30 min. The red/green fluorescence ratio was analyzed to 
assess UVB-induced MMP disruption and its prevention by LC-MJ extract. (E, F) Mitochondrial mass was 
assessed using MitoTracker Green staining. Fluorescence intensity was measured to evaluate mitochondrial 
accumulation following UVB exposure and its restorative effects by LC-MJ extract. All Data are presented as 
mean ± SD (n = 3). ***, p < 0.001 compared with the UVB group; N.S, no significant difference.
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normal conditions, intracellular ROS levels were 9.45 ± 3.03%, and treatment with LC-MJ extract alone did not 
significantly alter ROS levels (11.97 ± 2.73%). However, UVB exposure alone resulted in a significant increase 
in ROS levels to 38.76 ± 3.88%. Notably, when LC-MJ extract was co-treated with UVB, ROS accumulation was 
effectively reduced to 20.2 ± 3.02%, suggesting its intracellular antioxidant activity (Fig. 3A, B).

It has been previously reported that UVB-induced oxidative stress disrupts mitochondrial integrity by causing 
excessive polarization in skin cells25. Supporting these results, our data showed that LC-MJ extract did not 
significantly affect mitochondrial membrane potential (MMP) under normal conditions (Control: 40.2 ± 0.88%, 
LC-MJ: 37.4 ± 4.75%). However, it effectively attenuated UVB-induced mitochondrial hyperpolarization (UVB: 
46.8 ± 1.4%, UVB + LC-MJ: 35.1 ± 1.2%) (Fig.  3C, D). Furthermore, UVB exposure induced mitochondrial 
fusion as a compensatory mechanism for cellular damage, leading to an increase in mitochondrial mass, as 
observed through MitoTracker Green staining. In UVB-exposed groups, mitochondrial mass was significantly 
elevated (UVB: 56.8 ± 2.7%) compared with the control group (30.26 ± 7.67%). However, treatment with LC-MJ 
extract attenuated this UVB-induced increase in mitochondrial mass (UVB + LC-MJ: 41.1 ± 0.81%). Notably, 
LC-MJ extract suppressed mitochondrial fusion, thereby preventing excessive mitochondrial accumulation. 
Meanwhile, treatment with LC-MJ extract alone did not significantly alter mitochondrial mass compared with 
the control group (LC-MJ: 29.93 ± 14.09%), indicating that it does not affect mitochondrial dynamics under 
normal conditions (Fig. 3E, F).

Inhibitory effect of LC-MJ extract on LPS-induced pro-inflammatory cytokine and 
NO production without cytotoxicity
The effect of LC-MJ extract on NO generation in LPS-stimulated RAW 264.7 cells was investigated to elucidate 
its anti-inflammatory mechanism (Fig. 4). First, the cytotoxicity of LC-CK and LC-MJ extracts (25, 50, 100 μg/
mL) was assessed. None of the extracts exhibited cytotoxic effects on RAW 264.7 cells (Fig. 4A). LPS (1 μg/
mL) stimulation markedly increased NO production in the culture supernatant compared to the unstimulated 
control group (Con: 100.00 ± 1.16% vs. LPS: 177.33 ± 7.37%). Co-treatment with LC-MJ extract significantly and 
dose-dependently attenuated this elevation, reducing NO levels to 149.64 ± 3.88% (25 µg/mL), 139.33 ± 2.27% 
(50 µg/mL), and 115.08 ± 7.43% (100 µg/mL). In contrast, LC-CK extract at the same concentrations resulted in 
comparatively higher NO levels: 172.84 ± 1.38% (25 µg/mL), 167.11 ± 0.86% (50 µg/mL), and 154.51 ± 13.25% 
(100 µg/mL). These findings demonstrate that LC-MJ exhibits superior NO inhibitory activity relative to LC-CK, 
highlighting its potent anti-inflammatory potential (Fig. 4B). Additionally, LPS stimulation led to a significant 
elevation in intracellular ROS levels in RAW 264.7 cells compared to the untreated control (Con: 9.86 ± 2.68% vs. 
LPS: 52.67 ± 2.90%). Treatment with LC-MJ extract effectively suppressed this ROS increase in a concentration-
dependent manner, reducing levels to 44.57 ± 10.87% at 25 µg/mL, 37.33 ± 0.85% at 50 µg/mL, and 29.87 ± 2.47% 
at 100 µg/mL (Fig. 4C). Based on these findings, a fixed concentration of 100 μg/mL was used in all subsequent 
experiments. Notably, LC-MJ extract did not significantly affect the secretion of pro-inflammatory cytokines in 
unstimulated RAW 264.7 cells (IL-6: 1.52 ± 0.20 pg/mL; TNF-α: 1.92 ± 1.24 pg/mL vs. control IL-6: 1.74 ± 0.17 pg/
mL; TNF-α: 1.08 ± 1.06 pg/mL). However, LC-MJ treatment markedly suppressed the LPS-induced elevation in 
cytokine secretion. Specifically, LPS stimulation increased IL-6 and TNF-α levels to 98.57 ± 1.65  pg/mL and 
203.58 ± 3.89  pg/mL, respectively, whereas co-treatment with LC-MJ reduced these levels to 61.08 ± 2.64  pg/
mL (IL-6) and 86.75 ± 5.30 pg/mL (TNF-α). These results strongly suggest that LC-MJ extract plays a crucial 
role in modulating LPS-induced inflammatory responses by suppressing pro-inflammatory cytokine and NO 
production (Fig. 4D, E).

LC-MJ extract suppresses pro-inflammatory mediators by inhibiting MAPK and NF-
κB signaling pathways
Mitogen-activated protein kinases (MAPKs) and nuclear factor kappa B (NF-κB, p65) are critical intracellular 
signaling pathways that regulate the expression of pro-inflammatory mediators (iNOS, COX-2). To determine 
whether the anti-inflammatory effects of LC-MJ extract are mediated through these signaling pathways, the 
activation of MAPKs (p38, JNK, ERK) and the phosphorylation of the NF-κB p65 were examined (Fig. 5A–C). 
Treatment with LC-MJ extract alone did not alter the basal expression and phosphorylation levels of MAPKs 
and NF-κB in RAW 264.7 cells. However, upon LPS stimulation, it effectively reduced the phosphorylation of 
MAPKs, including p38, JNK, and ERK (Fig. 5A). Moreover, LC-MJ extract significantly inhibited LPS-induced 
phosphorylation of p65, thereby suppressing the expression of key inflammatory mediators, including iNOS and 
COX-2 (Fig. 5B–D).

These findings suggest that LC-MJ extract mitigates the LPS-induced pro-inflammatory responses in RAW 
264.7 cells by modulating the MAPK and NF-κB signaling pathways. Thus, LC-MJ extract may serve as a 
potential anti-inflammatory agent by targeting these key intracellular pathways.

Discussion
This study demonstrates that the LC-MJ extract obtained from lavender cell suspension cultures exhibits strong 
antioxidant and anti-inflammatory properties, highlighting its potential for preventing skin aging and mitigating 
inflammation. The use of NIH-3T3 fibroblasts and RAW 264.7 macrophages provided physiologically relevant 
models to assess the photoprotective and anti-inflammatory potential of the LC-MJ extract, respectively. While 
most studies on lavender have focused on essential oils extracted from its above-ground parts and flowers10, 
our study underscores the promise of lavender cell suspension cultures in producing standardized, metabolite-
rich extracts, offering a significant advantage for industrial applications and therapeutic development. Previous 
studies have demonstrated that plant-derived bioactive compounds, particularly flavonoids and phenolic 
compounds, are key contributors to the reduction of oxidative stress and the regulation of inflammatory 
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responses26,27. Specifically, numerous studies indicate that polyphenolic compounds can inhibit the expression 
of pro-inflammatory cytokines such as TNF-α, IL-6, and IL-1β, while concurrently enhancing endogenous 
antioxidant defense mechanisms28. As shown in our GC–MS analysis, MJ elicitation in lavender cell suspension 
cultures (LC-MJ extract) significantly increased the biosynthesis of key phenolic compounds, including HMB, 
MVP, and DTBP, all of which are known to have antioxidant and anti-inflammatory activities (Table S1). For 
instance, HMB in Decalepis arayalpathra, an aromatic medicinal plant, exhibited strong antioxidant activity 
and induced apoptosis in breast cancer cells by promoting the accumulation of ROS, mitochondrial membrane 
depolarization, and cell cycle arrest29. Additionally, MVP displays anti-inflammatory and anticancer properties, 
particularly in pancreatic cancer models30–32. DTBP is a phenolic compound with antioxidant properties, 
contributing to cellular protection33,34.

In addition to polyphenols, Maillard reaction products (MRPs) were also enhanced by MJ elicitation, with 
DDMP being the most abundant MRP detected in the LC-MJ extract. DDMP has been shown to exhibit strong 
free radical scavenging activity and effectively reduce oxidative stress in cells35. According to prior findings, 
17.5 μM DDMP achieved an 81.1% radical scavenging rate, surpassing the commonly used synthetic antioxidant 
butylated hydroxytoluene, which had a scavenging rate of 58.4%36. Moreover, DDMP has demonstrated anti-
inflammatory, antibacterial, antifungal, and anticancer properties37,38, indicating its potential for diverse 
biomedical applications. These results suggest that the LC-MJ extract possesses anti-inflammatory potential 
by suppressing pro-inflammatory cytokines and inhibiting MAPK and NF-κB signaling pathways, which play 
central roles in inflammation. Although these findings highlight promising bioactivity, they are limited to in vitro 
models, and further in vivo validation is required to establish clinical relevance. Another notable MRP, maltol, 
has also been reported to exhibit strong antioxidant and anti-inflammatory effects, particularly in alcohol-

Fig. 4.  Effect of LC-MJ extract on LPS-induced inflammatory responses in RAW 264.7 cells. (A) Cell viability 
was assessed using a colorimetric assay after treating RAW 264.7 cells with LPS (1 μg/mL) in the presence or 
absence of LC-CK or LC-MJ extract (25, 50, 100 μg/mL) for 24 h. (B) NO production was measured using the 
Griess reagent assay. RAW 264.7 cells were treated with LPS (1 μg/mL) and various concentrations of LC-MJ 
extract for 24 h, and NO levels were quantified from culture supernatants. (C) Intracellular ROS levels were 
determined using the Griess reagent. Cells were treated with LPS (1 μg/mL) and LC-MJ for 24 h, followed by 
fluorescence intensity measurement via flow cytometry. (D, E) Pro-inflammatory cytokine levels of IL-6 and 
TNF-α were determined using ELISA. Supernatants from RAW 264.7 cells treated with LPS (1 μg/mL) and 
LC-MJ for 24 h were collected, and cytokine concentrations were quantified. Data are presented as mean ± SD. 
*, p < 0.05; **, p < 0.01; ***, p < 0.001 vs. LPS group; ###, p < 0.001 vs. LC-CK group.
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induced oxidative stress and osteoarthritis models39,40. Notably, maltol modulates key signaling pathways such 
as COX-2, iNOS, NF-κB, and PI3K/AKT, suggesting that the LC-MJ extract shares a similar anti-inflammatory 
mechanism, as demonstrated in its anti-inflammatory experiments (Fig. 5). Although GC–MS analysis showed 
a notable increase in several metabolites after MJ treatment, this study did not perform precise quantification 
or functional assays for individual compounds. While previous studies support the activities of DDMP, HMB, 
and revealed metabolites, their specific roles in the observed bioeffects require further investigation. DDMP and 
HMB were markedly enriched in the LC-MJ extract, and both compounds are known for their antioxidant and 
anti-inflammatory potential. However, their precise contribution to the observed biological effects remains to 
be clarified, as this study did not include assays using the purified compounds. Future investigations employing 
individual metabolite treatments will help identify the key active components of LC-MJ. Furthermore, our 
previous research demonstrated that MJ elicitation leads to increased production of rosmarinic acid (RA) in 
lavender cell suspension cultures17, suggesting that RA may also contribute to the bioactive properties of LC-
MJ extract. In our previous work, the reproducibility of MJ elicitation was established at the lab scale through 
repeated cultures, and its feasibility was further demonstrated in a 1-ton pilot-scale system. The extracts 
obtained from that pilot-scale culture were utilized in the present study for biological evaluations. Although 
the large-scale cultivation was performed only once due to operational constraints, RA contents of the extracts 
were quantified (Table S1) and confirmed to exhibit the expected MJ-dependent enrichment, consistent with 
the trends repeatedly observed in lab-scale cultures. These results indicate that the pilot-scale extracts employed 
here were both representative and reliable, thereby validating the functional analyses conducted in this study. 
Moreover, evaluating the toxicity profile of bioactive extracts is essential to ensure their safety for pharmaceutical 
and cosmetic applications. As shown in Table S2, MJ treatment in lavender cell suspension cultures not only 
enhanced the biosynthesis of various bioactive metabolites but also reduced the levels of 5-HMF, a potentially 
carcinogenic compound41. This suggests that the LC-MJ extract, with its lower 5-HMF content, possesses 
greater pharmacological value and therapeutic potential compared with LC-CK. These findings suggest that 
the diverse bioactive metabolites present in the LC-MJ extract may play a crucial role in its antioxidant and 
anti-inflammatory properties, reinforcing its potential applications in the pharmaceutical, cosmetic, and food 
industries. Although LC-MJ extract showed no cytotoxicity in vitro, further irritation or sensitization tests will 
be necessary to ensure its safety for cosmetic use. Importantly, the present results validate our initial hypothesis 
that MJ elicitation can effectively promote the synthesis of bioactive compounds in lavender cell suspension 
cultures, ultimately increasing their effectiveness against oxidative stress and inflammation. Unlike conventional 

Fig. 5.  Effect of LC-MJ extract on LPS-induced MAPK and NF-κB signaling pathways in RAW 264.7 cells. 
(A) Western blot analysis of the MAPK pathway: The expression levels of phosphorylated and total forms of 
p38, JNK, and ERK were analyzed in cells treated with LPS (1 μg/mL) with or without LC-MJ extract. Actin 
was used as a loading control. (B) Western blot analysis of inflammatory markers: The expression levels of 
COX-2 and iNOS, key inflammatory mediators, were assessed in LPS-stimulated cells with or without LC-MJ 
extract. (C) Western blot analysis of NF-κB signaling: The protein levels of phosphorylated and total p65 were 
examined in LPS-treated cells with or without LC-MJ extract. (D) Densitometric analysis of Western blot 
bands was performed to quantify the relative protein expression levels. Results are expressed as fold changes 
relative to the control group. Data are presented as mean ± SD (n = 3). ***, p < 0.001 vs. LPS group; N.S, no 
significant difference.
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extraction methods, the utilization of plant cell suspension cultures combined with elicitation presents an 
innovative, scalable, and consistent strategy, ideal for industrial-scale production and therapeutic applications.

Oxidative stress, primarily caused by free radicals, is a key factor contributing to premature aging42. 
Antioxidants help neutralize free radicals, diminishing the appearance of wrinkles, fine lines, and various signs 
of skin aging. Additionally, they strengthen the skin’s natural defense mechanisms to maintain elasticity and 
resilience43,44. Meanwhile, inflammation is closely associated with a range of dermatological disorders such as 
acne, eczema, and psoriasis45,46. Anti-inflammatory compounds help alleviate redness, irritation, and swelling, 
which are common symptoms of various dermatological conditions. By modulating inflammatory pathways, 
these compounds promote skin barrier function and tissue regeneration, leading to a healthier complexion and 
improved skin integrity47,48. Therefore, the antioxidant and anti-inflammatory properties of the LC-MJ extract 
are expected to play a crucial role in protecting the skin from oxidative stress, reducing inflammation, and 
promoting overall skin health. Furthermore, the dual antioxidant and anti-inflammatory activities exhibited 
by the LC-MJ extract suggest broader therapeutic potential beyond dermatological applications. The brain, due 
to its high oxygen consumption and rich lipid composition, is particularly susceptible to oxidative stress—a 
key factor linked to the underlying mechanisms of disorders such as Alzheimer’s and Parkinson’s diseases49. 
Antioxidant activity plays a pivotal role in neuroprotection by counteracting oxidative stress, thereby reducing 
neuronal damage and degeneration. It has been shown in prior research that the lavender extracts possess potent 
antioxidant and neuroprotective properties5,50–53. These findings collectively support the hypothesis that the LC-
MJ extract may hold promise as a therapeutic candidate for the prevention or treatment of neurodegenerative 
diseases. Therefore, further research are needed to investigate the neuroprotective potential of the LC-MJ extract, 
particularly in elucidating its mechanisms of action and efficacy in relevant in vitro and in vivo models.

UVB exposure is well known to induce excessive ROS production in fibroblasts, disrupting cellular 
homeostasis and accelerating skin damage44,54. In the present study, the LC-MJ extract effectively prevented 
UVB-induced early apoptosis in fibroblasts while suppressing free radical generation and mitochondrial 
dysfunction. Specifically, it inhibited mitochondrial hyperpolarization and prevented abnormal increases in 
mitochondrial mass, both of which are key contributors to UV-induced skin aging. These findings suggest 
that the LC-MJ extract may serve as a natural strategy for protecting against UV-induced skin damage, with 
potential applications in preventing photoaging and managing oxidative stress-related skin disorders. Despite 
the promising results, this study has several limitations that warrant further investigation. First, although the 
LC-MJ extract exhibited significant antioxidant and anti-inflammatory activities in vitro, its efficacy and safety 
must be verified through further in vivo studies and clinical trials. Second, while key bioactive compounds 
were identified, the precise molecular mechanisms underlying their biological effects require additional 
clarification through mechanistic studies. Third, this study primarily focused on specific metabolites; therefore, 
comprehensive metabolomic and transcriptomic analyses are needed to fully elucidate the biosynthetic pathways 
activated by methyl jasmonate elicitation. Lastly, for industrial application, further optimization of large-scale 
culture conditions and extraction processes is essential to ensure production consistency and scalability. These 
areas of research should be addressed in future studies to fully realize the therapeutic and commercial potential 
of LC-MJ extract.

Conclusions
This study demonstrates that MJ elicitation enhances the biosynthesis of diverse bioactive metabolites in lavender 
cell suspension cultures, thereby improving their antioxidant and anti-inflammatory potential. The findings 
support the therapeutic applications of LC-MJ extract in the pharmaceutical and cosmeceutical industries 
while also highlighting the feasibility of plant cell suspension cultures as a sustainable and scalable platform for 
functional biomaterial production. Prospective studies could concentrate on elucidating the specific molecular 
mechanisms of these bioactive metabolites and conducting clinical evaluations to validate their therapeutic 
potential.

Data availability
Data will be made available on request.
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