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Abstract

Consuming vegetables is vital for disease prevention, and Thailand’s diverse vegetable resources are of particular
interest. This study investigated the antioxidant and anti-apoptotic activities of ethanolic extracts from 48 Thai
vegetable species. Antioxidant capacity was evaluated using FRAP and DPPH assays, and total phenolic content
was determined by the Folin-Ciocalteu method. Schinus terebinthifolius (MT) and Caesalpinia mimosoides (KY)
exhibited the highest phenolic content and antioxidant activity and were selected for further study. In RAW 264.7
macrophages exposed to H20, (200 uM), cell viability decreased to approximately 30%, whereas co-treatment
with KY extract (12.5-100 pg/mL) restored viability in a dose-dependent manner, reaching 84.65%, while MT
extract increased viability to approximately 50%. Flow cytometric analysis revealed that H,O- induced apoptosis
in ~90% of cells; MT extract reduced apoptotic cells by up to 20.65%, whereas KY extract produced a modest
reduction (<3.37%). RT-qPCR analysis demonstrated the upregulation of antioxidant-related genes (CAT, SOD1)
and downregulation of pro-apoptotic genes (p53, caspase-9). Trace-element analysis further suggested that
copper, selenium, and zinc may contribute to antioxidant enzyme activity. Collectively, MT and KY extracts
exhibit significant antioxidant and anti-apoptotic effects, supporting their potential as non-toxic natural agents for
mitigating oxidative stress and apoptosis-related conditions.

Keywords: Antioxidant, Anti-apoptosis, Thai vegetables, Schinus terebinthifolius Raddi, Caesalpinia
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1. Introduction

Consuming vegetables has a positive impact on health and helps prevent chronic conditions such as cancer
[1], cardiovascular diseases [2], diabetes [3], Alzheimer’s [4], also age-related decline. Phytochemicals, especially
antioxidants, in vegetables are crucial in reducing oxidative stress and preventing these diseases [5]. Oxidative
stress, caused by an imbalance in cellular redox, is linked to conditions like inflammation, ischemic injury,
atherosclerosis, diabetes, and cancer [6]. ROS, which interfere with cellular operations and trigger apoptotic
pathways, are essential in this process. The organism protects itself from ROS with enzymatic antioxidants like
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catalase (CAT), superoxide dismutase (SOD), and glutathione peroxidase (GPx), which help neutralize ROS [7].
Phytochemicals, including phenolic compounds, help reduce oxidative stress by neutralizing free radicals,
supporting the immune system, and influencing gene expression [8]. In Thailand, various plants used as food and
medicine have been researched for their biological effects. For instance, Schinus terebinthifolius Raddi (Matoom
Saudi; MT) leaf extract shows antioxidant, antimicrobial, antifungal, and anti-mutagenic effects [9]. Various parts
of Caesalpinia mimosoides Lamk. (Kaya; KY) exhibit antioxidants [10], antimicrobial [11], anti-inflammatory
[12], anticancer [13], anti-aging [14], and neuroprotective attributes. While some plants are well-researched, the
antioxidant and anti-apoptotic properties of many Thai vegetables remain largely unexplored. This study aims to
preserve traditional knowledge and enhance the economic and medicinal value of these resources, specifically by
exploring the antioxidant and anti-apoptotic effects of ethanolic extracts from Thai vegetables. These findings
could support new dietary or therapeutic approaches for diseases related to oxidative damage and cell demise.

2. Materials and methods
2.1 Chemicals and reagents

Dulbecco’s Modified Eagle’s Medium-High Glucose (DMEM-HG), fetal bovine serum, penicillin-
streptomycin, and trypsin-EDTA were obtained from Gibco BRL (Grand Island, NY). 3-[4,5-dimethylthiazol-2-
yl]-2,5-diphenyltetrazolium bromide (MTT), propidium iodide (P1), crystal violet, ethidium bromide (EtBr), and
acridine orange (AO) were purchased from Sigma (SigmaAldrich, USA).

2.2 Sample preparation and extraction

48 different vegetable varieties were purchased from local markets in Khon Kaen, Thailand in May 2020. The
edible components were cleaned, combined, and dried at 50°C, homogenized in a Waring blender, and crushed
with a mortar and pestle under dimmed light. For 72 h, each 250 g homogenate was extracted using 1000 mL of
70% ethanol at room temperature. Afterward, the mixture was filtered through Whatman filter paper, and the
ethanol was removed using a rotary evaporator under reduced pressure. Extracts were stored in desiccators for
later experiments.

2.3 Determination of total phenolic content

The total phenolic content of the ethanolic vegetable extracts was determined using the Folin-Ciocalteu
spectrophotometric method with minor modifications [15]. Briefly, the dried extracts were first re-dissolved in
DMSO. An aliguot of 200 uL of each extract solution was mixed with 1 mL of 0.2 M Folin-Ciocalteu reagent and
diluted with DMSO. The reaction mixture was incubated at room temperature in the dark for 30 min.
Subsequently, 800 pL of 7% (w/v) sodium carbonate solution was added. Gallic acid was used as the calibration
standard, and the absorbance of the resulting blue complex was measured at 750 nm using a Shimadzu UV mini-
1240 spectrophotometer (Japan). The total phenolic content was expressed as milligrams of gallic acid equivalents
(GAE) per gram of dried extract.

2.4 Ferric reducing antioxidant power (FRAP) assay

The ferric reducing antioxidant power (FRAP) assay was used to measure total antioxidant capacity. 200 mM
iron(111) chloride hexahydrate (FeCls-6H20), 10 mM 2,4,6-tris(2-pyridyl)-1,3,5-triazine (TPTZ) was prepared in
40 mM HCI, and a 300 mM acetate buffer at pH 3.6 was mixed in a ratio of 10:1:1 (v/v) to produce the FRAP
reagent. One milliliter of the vegetable extract was mixed with one milliliter of the FRAP reagent. Following a
five-min period, the absorbance of the reaction mixture was assessed at a wavelength of 593 nm using a Shimadzu
UV mini-1240. A solution of iron (I1) sulfate (FeSO4) was utilized to generate the standard curve. The findings
were reported as pmol Fe (11)/g of dry weight vegetable extract.

2.5 DPPH Radical Scavenging Assay

To evaluate the activity of scavenging free radicals, DPPH spectrophotometric test was used, with
modifications based on the method described by Mensor et al. (2001) [16]. A 0.25 mM DPPH solution was
combined with 20 pL of each dilution of the extracts, using one milliliter of the solution, which had been diluted
in 70% ethanol, followed by gentle mixing. After 10 min with dark condition, the absorbance of the combination
at 540 nm was determined using a Shimadzu UV mini-1240. The radical scavenging activity was represented by
the 50% inhibition concentration (1C50).



2.6 Cell culture

The Protein and Proteomics Research Center for Commercial and Industrial Purposes (ProCCl), Department
of Biochemistry, Faculty of Science, Khon Kaen University, supplied adherent RAW 264.7 macrophage and Vero
cells. Cells were cultivated in T-flasks with DMEM (Gibco) supplemented with 10% fetal bovine serum (FBS,
Gibco) and 1% penicillin-streptomycin at 37°C in a humidified environment with 5% CO..

2.7 Determination of cytotoxicity of vegetable extracts

The MTT assay was utilized to evaluate the cytotoxic impact of vegetable extracts on cells. After being seeded
at a density of 1 x 10° cells/mL in 96-well plates, Vero cells were treated with extracts at concentrations between
50 and 200 pg/mL. Cell viability was assessed using the MTT assay after a 24 h incubation at 37°C in a 5% CO;
environment. 150 pL of MTT solution (0.5 mg/mL) was added to each well, which was then incubated for two
hours. After removing the supernatants, formazan crystals were dissolved in DMSO. At 570 nm, absorbance was
determined with a Varioskan™ LUX multimode microplate reader. The results were presented as averages *
standard deviations from three separate studies, and each test was run in triplicate. The negative controls contained
0.5% DMSO.

2.8 Determination of protective effects of vegetable extracts against oxidative damage and cell death

RAW 264.7 cells were seeded at a density of 2 x 10° cells/well in 96-well plates and cultured in high-glucose
DMEM supplemented with 10% fetal bovine serum and 1% antibiotics at 37 °C in a humidified atmosphere
containing 5% CO- for 24 h. Cells were then assigned to three groups: (1) untreated group, cultured in complete
medium; (IT) control group, treated with 200 uM H:0:; and (III) treated group, exposed to 200 uM H:0: in the
presence of various concentrations of vegetable extracts. The concentration of 200 uM H.0- was selected based
on preliminary optimization, as it reliably induces oxidative stress in RAW 264.7 macrophages without causing
excessive cytotoxicity. After 24 h of treatment, cell viability was assessed using the MTT assay. For the anti-
apoptosis experiment, RAW 264.7 cells were seeded at a density of 3 x 10°¢ cells/well in 12-well plates and
cultured for 24 h prior to treatment. Cells were trypsinized, rinsed with 1xPBS, and centrifuged at 2500 rpm
following treatment with H,O; and vegetable extracts. After resuspending the pellets in 200-500 pL of 1x Annexin
V binding buffer, 100 uL aliquots were transferred to tubes for flow cytometry. After adding 1 pL of Annexin V-
FITC and 2 uL of propidium iodide (PI), the samples were incubated in the dark at room temperature for 15 min.
Using BD Accuri C6 software, a flow cytometer (BD Biosciences, San Jose, CA, USA) was employed to analyze
apoptosis.

2.9 Quantitative real-time polymerase chain reaction (RT-qPCR)

The expression of apoptotic proteins (p53, caspase-9) and antioxidant enzymes (SOD, CAT, Gpx1) has been
evaluated by RT-qPCR. Following the cultivation of RAW 264.7 cells and their treatment with H20. and
vegetable extracts, TRIzol® reagent was used to extract the RNA. Using the oligo(dT)18 primer and the RevertAid
First-Strand cDNA Synthesis Kit, cDNA was generated from 1 ug of RNA. RT-qPCR was conducted in triplicate
on a LightCycler® 480 real-time PCR system. Each 20 pL reaction comprised 2 pL. of cDNA, 0.2 uM primers,
and 10 pL of SYBR® Green PCR master solution. To normalize gene expressions, B-actin was chosen. To
determine relative gene expression changes, the AACT technique (Livak and Schmittgen, 2001) was used [17].
To confirm the PCR specificity, a melting curve study was conducted for 15 seconds at 95°C.

2.10 Determination of some trace elements by Inductively coupled plasma-mass spectrometer (ICP-MS)

An ICP-MS Agilent 7500A (Agilent Technologies, USA) was used to determine zinc, copper, and selenium
levels. Briefly, 500 mg of vegetable material was placed in a PTFE digesting vessel and mixed with 7 mL HNO;
and 3 mL H2O,. The vessel was closed and left for 60 min before decomposition in a microwave digestion machine
(Milestone, ETHOSTC). To separate the components that had not dissolved, for 10 min, the samples were
centrifuged at 4000 rpm. After transferring the extract to a volumetric flask, 25 mL of double-distilled water was
added. The same method was used to analyze a certified reference material (GBWO07605 tea sample) and blank
experiments (n = 3).

2.11 Statistical analysis

ANOVA and t-tests were performed to analyze all experimental results, which are presented as the mean +
SD. A p-value of less than 0.05 (*p < 0.05) was considered statistically significant.



3. Results
3.1 Total phenolic content and antioxidant activity

We analyzed the total phenolic content and antioxidant activity of fresh vegetable material from 48 species,
with the details summarized in the Supporting Information. The ethanolic extracts showed total phenolic contents
ranging from 19.03 + 0.00 to 421.94 + 0.02 mg GAE/g dry weight. The highest phenolic contents were found in
MT (421.94 + 0.02 mg GAE/g), KY (415.97 + 0.01 mg GAE/g), and E-hin (348.36 + 0.02 mg GAE/g). The FRAP
assay showed values from 13.19 + 0.01 to 1711.82 = 0.02 umol Fe(11)/g dry wt, with MT and KY exhibiting the
highest reducing power. The DPPH radical-scavenging assay revealed 1C50 values ranging from 41.90 + 0.06 to
11301.30 £ 0.21 pg/mL. The strongest radical scavenging capacities were found in MT (41.90 £ 0.06 pg/mL),
Makok (52.40 + 0.02 pg/mL), and KY (66.50 £ 0.08 pg/mL).

3.2 Cytotoxicity of vegetable extracts against Vero cells
The cytotoxicity assay demonstrated the effects of different extracts on Vero cells. MT and KY extracts at all
tested concentrations (50, 100, and 200 pg/mL) maintained cell viability above 90% relative to the untreated

control (Figure 1). No statistically significant differences were observed between treated and control groups (p >
0.05), indicating no apparent cytotoxic effects under the experimental conditions.
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Figure 1 Cytotoxic effects of MT and KY extracts on Vero cells treated at 50, 100, and 200 pg/mL. Data is
presented as mean + SD (n = 3). No significant differences were observed compared with the control (one-way
ANOVA, p > 0.05).

3.3 Protective effects of vegetable extracts against oxidative damage

MT and KY extracts were tested for their ability to shield RAW 264.7 cells from oxidative damage brought
on by H,O,. by treating them with 200 uM H,0O, and extracts ranging from 12.5 pg/mL to 100 pg/mL for 24 h.
The MTT assay (Figure 2) showed that H,O, exposure reduced cell viability from 100% to 30% (p < 0.0001). Co-
incubation with KY extract led to a dose-dependent increase in cell viability, reaching 84.65%. In contrast, MT
extract resulted in approximately 50% cell viability (p < 0.05) compared to KY.
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Figure 2 Effects of MT and KY extracts at various concentrations on H,O»-induced oxidative stress RAW 264.7
cells, assessed using the MTT assay. Bars sharing the same letter are not significantly different (p > 0.05). Data
is presented as mean £ SD (n = 3).

3.3 Anti-apoptosis activity of vegetable extracts in RAW 264.7 cells

Applying the Annexin V-FITC/PI double labeling method and flow cytometry, the anti-apoptotic activity of
MT and KY extracts on RAW 264.7 cells was evaluated. As shown in Figure 3, exposure to H>O: (200 pM)
increased apoptotic cells to approximately 90%. Co-incubation with MT and KY extracts attenuated apoptosis;
MT reduced apoptosis by 11.28% and 20.65% at 25 and 50 pg/mL, respectively, whereas KY caused only minor
reductions (2.57-3.37%). Statistical analysis showed a significant effect for MT at 50 pug/mL (p < 0.05), while
MT at 25 pg/mL and KY at all tested concentrations were not significant (p > 0.05).
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Figure 3 Effects of MT and KY extracts (25 and 50 pg/mL) on H20:-induced apoptosis in RAW 264.7 cells, as
assessed by Annexin V-FITC/PI staining followed by flow cytometry. Data is presented as mean = SD from three
independent experiments. Statistical analysis was performed using one-way ANOVA followed by a post hoc test;
*p < 0.05 vs. H20:-treated control.

3.4 Antioxidant gene expression in Raw 264.7 cells quantified by RT-PCR

We investigated how the expression of genes encoding antioxidant enzymes, such as SOD, CAT, and GPx1,
was impacted by vegetable extracts, which are essential for cellular defense against oxidative stress. Co-



incubation of RAW 264.7 cells with MT extract led to upregulation of the SOD1 gene (Figure 4a). In contrast,
KY extract resulted in downregulation of SOD gene expression (Figure 4d). The CAT gene, encoding catalase,
was downregulated by KY extracts at concentrations of 25 and 50 uM (Figure 4e). However, cells exposed to
MT extracts showed significantly higher CAT gene expression (Figure 4b). Additionally, both MT and KY
extract downregulated GPx1 gene expression, which encodes glutathione peroxidase 1 (Figure 4c and 4f).

[
=

Fd
=

e
=

»
=
=

g
=

Relative expression level of SOD1
£ i

Relative expression level of CAT
Relative expression level of GPx1

2

=
e
>

MT25 MT50 MT100 MT25 MT50  MT100 d H0, MT25 MTS0 MT100

H,0,+ H,0,+ H,0, +
extract concentrations (ug/mL) extract concentrations (ug/mL) extract concentrations (ug/mL)

50 d e f

ik

bl
»
B

o

B
|y [
= in

i
e
n

Relative expression level of CAT

0] %HHH

Relative expression level of GPx1

] E
= 0.0 0.0
Untreated H,0, Ky125 KY25 KY50 Untreated H,0, KYI25 KY25 KYs0 0.0
_— —_— Untreated  H,0, Ky12.5 KY25 KY50
0, + WO, + _—
extract concentrations (ug/mlL) extract concentrations (ug/mL) H,0, +

extract concentrations (ug/ml.)

Figure 4 Effect of MT and KY extracts on antioxidant enzyme gene expression in H,O,-treated RAW 264.7 Cells.
RAW 264.7 cells were co-incubated with H,O, (200 uM) and varying concentrations of MT (25-100 pg/mL) or
KY (12.5-50 pg/mL) extracts for 24 h. Gene expression levels of SOD1, CAT, and GPx1 were measured by RT-
gPCR and normalized to p-actin expression. Panels (a-c) show the modulation of SOD1, CAT, and GPxl
expressions in response to MT extract, while panels (d-f) depict the corresponding gene expression changes
following KY extract treatment. *p < 0.05 compared to the H,O,-treated control group.

3.5 Evaluation of apoptosis gene expression in RAW 264.7 cells by RT-PCR

Treatment with MT and KY extracts at concentrations ranging from 12.5 pug/mL to 50 pg/mL led to significant
downregulation of the caspase-9 gene compared to the H,O,-treated group. Treatment with the KY extract

significantly reduced p53 expressions at 50 pg/mL, while the MT extract exhibited a similar significant decrease
at 100 pg/mL.
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Figure 5 Effect of MT and KY extracts on apoptosis-related gene expression in H,O, treated RAW 264.7 Cells.
RAW 264.7 cells were co-incubated with H,O, (200 pM) and various concentrations of MT (25-100 pg/mL) or
KY (12.5-50 pg/mL) extracts for 24 h. Gene expression levels of caspase-9 and p53 were measured by RT-gPCR
and normalized to S-actin expression. Panels (a) and (b) show the modulation of caspase-9 and p53 expressions
in response to MT extract, while panels (c) and (d) depict the corresponding gene expression changes after KY
extract treatment. The mean + SD of three separate studies is used to express the results. *p < 0.05 in comparison
to the control group that received H,0,.
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Figure 5 Effect of MT and KY extracts on apoptosis-related gene expression in H,O; treated RAW 264.7 Cells.
RAW 264.7 cells were co-incubated with H,O, (200 uM) and various concentrations of MT (25-100 pg/mL) or
KY (12.5-50 pug/mL) extracts for 24 h. Gene expression levels of caspase-9 and p53 were measured by RT-qPCR
and normalized to S-actin expression. Panels (a) and (b) show the modulation of caspase-9 and p53 expressions
in response to MT extract, while panels (c) and (d) depict the corresponding gene expression changes after KY
extract treatment. The mean + SD of three separate studies is used to express the results. *p < 0.05 in comparison
to the control group that received H,O,. (Cont.)

3.6 Trace elements evaluation by ICP-MS

MT and KY were analyzed for trace elements by ICP-MS, including copper, zinc and selenium, which are the
cofactors of antioxidant enzymes. The copper content of MT and KY extracts were 1.054 mg/kg and 0.665 mg/kg,
respectively as shown in Table 1. The selenium content was higher in the MT extract (4.606 mg/kg) compared to
the KY extract (0.551 mg/kg). In contrast, the zinc content in the MT extract was 0.326 mg/kg, while the KY
extract displayed a much higher zinc content of 8.267 mg/kg.

Table 1 Trace element composition of MT and KY extracts

Element (mg/kg)

Vegetables

Copper Selenium Zinc
MT 1.054 4.606 0.326
KY 0.665 0.551 8.267
4. Discussion

Vegetable extracts have long been used for pharmacological purposes. Phenolic compounds from vegetables
exhibit antioxidant activity, reduce lipid peroxidation, and DNA damage [18]. Additionally, they suppress
inflammation by controlling pro-inflammatory chemicals such as leukocyte adhesion, cytokine (TNF-a), and
nitric oxide (NO) synthesis [19]. Excessive levels of NO and TNF-a can lead to cell death and tissue damage [20].
Numerous biological functions, such as anti-inflammatory, anti-cancer, antibacterial, and antioxidant qualities,
are linked to these compounds. For instance, significant antibacterial efficacy against Escherichia coli and
Staphylococcus aureus was demonstrated using MT leaf extract [9], Meanwhile, the viability of cervical cancer
cells was decreased by the methanolic extract of KY in a way that was dependent on both time and dose [13].
Crude methanolic extract of Limnophila aromatica exhibited antimicrobial activity [9, 21], and Polygonum
odoratum leaf extract showed potent anti-inflammatory and antioxidant effects [22]. Careya arborea Roxb leaf
extract demonstrated anticancer activity against MCF-7 cells [23]. The total phenolic content and antioxidant
activity of some local Thai vegetables (Supporting informaion), with KY and MT extracts having the highest
phenolic content. Daduang et al. (2011) also reported high phenolic content, ferric-reducing antioxidant power,
and low IC50 for DPPH in MT and KY ethanolic extracts [10]. Cytotoxicity tests on Vero cells showed that MT
and KY extracts at concentrations of 50, 100, and 200 pg/mL were non-toxic (Figure 1). Therefore, MT and KY
were selected for further investigation. In this study, we investigated the protective effects of MT and K extracts
against H,O,-induced apoptosis in RAW 264.7 cells (Figure 2). H,O, at 200 uM significantly increased non-
viable cells to 39.4%. This is consistent with Payoungkiattikun et al. (2020) [24], who showed the dose-dependent
effects of H20O, on apoptosis in RAW 264.7 cells. Co-incubation with MT extracts (25 and 50 pg/mL) reduced
apoptosis by 11.28% and 20.65%, respectively. KY extract (25 and 50 pg/mL) also reduced apoptosis (Figure 3).
Previous studies, such as those by Tangsaengvit et al. (2013) [25] and Rocha et al. (2018) [26], reported that
antioxidant-rich plant extracts protect against oxidative stress-induced apoptosis by scavenging ROS and
enhancing antioxidant activity. Our study supports this, as MT and KY extracts, shown in Supporting information,



exhibit high antioxidant activity, which may mitigate H.O,-induced ROS damage by directly scavenging ROS,
boosting antioxidant defenses, or modulating related signaling pathways. Phytochemicals and antioxidant
enzymes like SODs, CAT, and GPx play key roles in detoxifying H20 and protecting cells from oxidative damage.
SOD1(Cu/Zn-SOD) is found primarily in the cytoplasm of mammals, SOD2 (Mn-SOD) is localized in
mitochondria, and SOD3 is predominantly expressed in extracellular spaces and certain tissues such as lung and
kidney, reflecting distinct tissue-specific roles of these antioxidant enzymes [27]. These enzymes convert
superoxide into oxygen and H,O>, defending cells against ROS. Reduced SOD levels or mutations impairing their
function can cause significant phenotypic effects. CAT and GPx1 neutralize H;O- by converting it into water and
oxygen [28].

In our study, KY extract downregulated SOD gene expression (Figure 4d), while MT extract upregulated it
(Figure 4a), suggesting differing regulatory effects of these extracts on SOD gene expression. KY extract,
particularly at 25 and 50 uM, downregulated CAT gene expression (Figure 4e), suggesting it may reduce catalase
production, whereas MT extract significantly increased CAT gene expression (Figure 4b), indicating its potential
to enhance catalase production. The regulation of CAT gene expression by KY and MT extracts could affect
cellular antioxidant defense. Both MT (Figure 4c) and KY (Figure 4f) extract downregulated GPx1 gene
expression, indicating a shared impact on this important antioxidant enzyme. The downregulation of SOD and
CAT by KY extract despite improved cell viability is consistent with a “sparing effect,” in which potent
antioxidants directly scavenge reactive oxygen species and reduce the need for transcriptional induction of
endogenous antioxidant enzymes [29]. In addition, the involvement of glutathione peroxidase—dependent redox
regulation, which requires selenium as an essential cofactor, may explain the observed modulation of GPx1
expression [30]. These findings have implications for dietary or therapeutic strategies targeting oxidative stress-
related conditions.

We examined the molecular processes that underlie the actions of extracts of MT and KY. Caspase-9, involved
in the intrinsic apoptotic pathway, was significantly downregulated after treatment with MT and KY extracts (25-
50 pg/mL), suggesting inhibition of the mitochondrial apoptotic pathway. Kim et al. (2018) proposed that plant
extracts may reduce apoptosis by modulating key apoptotic mediators [31]. p53, a tumor suppressor gene,
regulates cell-cycle progression and apoptosis in response to stress. The significant downregulation of p53 after
treatment with 50 pg/mL of KY and 100 pg/mL of MT extracts indicates a reduction in cellular stress responses,
suggesting potential protective effects against oxidative damage. Antioxidant enzymes protect cells by
neutralizing free radicals and combating oxidative stress, and they require essential cofactors including copper
(Cu), zinc (Zn), manganese (Mn), and selenium (Se), which are critical for their catalytic activity during redox
reactions [32]. Table 1 shows the mineral content of MT extract: copper (1.054 mg/kg), zinc (0.326 mg/kg), and
selenium (4.606 mg/kg), suggesting a role in enhancing antioxidant enzyme activity. KY extract has slightly lower
copper content (0.665 mg/kg) but higher zinc content (8.267 mg/kg) and moderate selenium (0.551 mg/kg),
indicating its potential to support antioxidant functions and contribute to cellular protection against oxidative
stress. Notably, copper and zinc serve as cofactors for superoxide dismutase, while selenium is essential for
glutathione peroxidase activity, collectively strengthening enzymatic antioxidant defenses and maintaining redox
homeostasis [33].

5. Conclusion

Among 48 species of Thai vegetable extracts, MT and KY extracts showed high total phenolic content,
antioxidant activity, and significant anti-apoptotic effects on H,O,-induced oxidative stress in RAW 264.7 cells.
Both extracts enhanced cell viability and reduced apoptosis. Gene expression analysis suggested modulation of
key antioxidant genes, providing insight into their antioxidant mechanisms. Additionally, downregulation of pro-
apoptotic genes indicated potential protection against cellular apoptosis. Trace-element analysis revealed
variations in copper, selenium, and zinc content, which may support antioxidant enzyme activity.
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