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Abstract

This study elucidates the antioxidant, anticancer, and antidiabetic properties of various extracts from Brassica 
oleracea var acephala (labeled K-29), specifically hexane (BraH), chloroform (BraC), ethyl acetate (BraE), and 
methanol (BraM) fractions. Antioxidant efficacy was determined through DPPH, ABTS, and FRAP assays, 
demonstrating a polarity-dependent increase in activity. Among the tested extracts, BraM exhibited most 
pronounced antioxidant activity, with IC50 values of 49.32 µg/mL, 60.10 µg/mL, and 67.73 µg/mL in DPPH, ABTS, 
and FRAP assays, respectively, achieving inhibition rates of 92.14%, 90.33%, and 88.35%. BraE displayed moderate 
antioxidant potential (71.25 µg/mL to 97.64 µg/mL), while BraH exhibited the lowest activity (170.88 µg/mL to 
263.29 µg/mL). Antiproliferative activity was assessed against A549 and HeLa cell lines, with BraC showing the 
most potent cytotoxic effects, as reflected by GI50 values of 65.09 µg/mL and 37.00 µg/mL for A549 and HeLa 
cells, respectively. The antidiabetic potential of K-29 was further evaluated via α-amylase and α-glucosidase 
inhibition assays, where the aqueous extract demonstrated the highest inhibition rates of 85.08% and 89.55%, 
respectively, followed by BraM (71.52% and 81.86%), while BraE exhibited minimal inhibitory activity. These 
results underscore the therapeutic promise of Brassica oleracea extracts as potent natural antioxidants, anticancer 
agents, and antidiabetic interventions.
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Resumo

Este estudo elucida as propriedades antioxidantes, anticancerígenas e antidiabéticas de vários extratos de Brassica 
oleracea var. acephala (denominada K-29), especificamente as frações de hexano (BraH), clorofórmio (BraC), 
acetato de etila (BraE) e metanol (BraM). A eficácia antioxidante foi determinada por meio de ensaios DPPH, 
ABTS e FRAP, demonstrando um aumento na atividade dependente da polaridade. Dentre os extratos testados, 
o BraM exibiu a atividade antioxidante mais pronunciada, com valores de IC50 de 49,32 µg/mL, 60,10 µg/mL e 
67,73 µg/mL nos ensaios DPPH, ABTS e FRAP, respectivamente, atingindo taxas de inibição de 92,14%, 90,33% e 
88,35%. O BraE apresentou potencial antioxidante moderado (71,25 µg/mL a 97,64 µg/mL), enquanto o BraH exibiu 
a menor atividade (170,88 µg/mL a 263,29 µg/mL). A atividade antiproliferativa foi avaliada contra as linhagens 
celulares A549 e HeLa, com o BraC apresentando os efeitos citotóxicos mais potentes, refletidos pelos valores 
de GI50 de 65,09 µg/mL e 37,00 µg/mL para as células A549 e HeLa, respectivamente. O potencial antidiabético 
do K-29 foi ainda avaliado por meio de ensaios de inibição da α-amilase e da α-glicosidase, onde o extrato 
aquoso demonstrou as maiores taxas de inibição, de 85,08% e 89,55%, respectivamente, seguido pelo BraM 
(71,52% e 81,86%), enquanto o BraE exibiu atividade inibitória mínima. Esses resultados ressaltam a promessa 
terapêutica dos extratos de Brassica oleracea como potentes antioxidantes naturais, agentes anticancerígenos 
e intervenções antidiabéticas.

Palavras-chave: DPPH, ABTS, FRAP, apoptose, antidiabético, α-amilase, α-glicosidase.
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Cancer, characterized by uncontrolled cellular proliferation 
and evasion of apoptosis, remains one of the foremost causes 
of mortality worldwide (Dandoti 2021; Rahman et al., 2021). 
Phytochemicals have been shown to induce apoptosis and 
inhibit the proliferation of cancer cells, offering a promising 
avenue for the development of novel anticancer therapies 
(Rahman et al., 2021). Extracts from Brassica oleracea have 
demonstrated the ability to target critical cellular pathways 
implicated in tumor progression, including oxidative stress 
reduction, mitochondrial disruption, and the activation of 
apoptotic pathways (Mattosinhos et al., 2022).

Furthermore, the potential of plant-based therapies in 
the management of type 2 diabetes, a metabolic disorder 
associated with impaired glucose regulation, is an area of 
growing interest. Enzyme inhibitors, such as α-amylase and 
α-glucosidase, play a crucial role in managing postprandial 
hyperglycemia by modulating the digestion and absorption 
of carbohydrates (Li et al., 2022). The discovery of natural 
inhibitors for these enzymes in plant extracts holds 
significant potential for developing safer antidiabetic agents 
with fewer side effects than conventional pharmacological 
treatments (Saeedi et al., 2019; Dirir et al., 2022). Brassica 
oleracea var acephala, a cruciferous vegetable, is rich in 
bioactive compounds such as glucosinolates, flavonoids, and 
phenolic compounds, which contribute to its wide-ranging 
biological activities (Le et al., 2020; Ortega-Hernández et al., 
2021; Syed et al., 2023). However, the specific impacts 
of various solvent extracts of B. oleracea var acephala on 
antioxidant, anticancer, and antidiabetic activities remain 
largely unexplored. This study uniquely examines the 
solvent-dependant bioactivities of B. oleracea var acephala 
(K-29), which have not been comprehensively investigated. 
Antioxidant, anticancer, and antidiabetic potential of 
different B. oleracea var acephala (K-29) extracts obtained 
through hexane, chloroform, ethanol, methanol and aqueous 
extractions. By comparing the biological efficacy of extracts 
obtained from different solvents such as hexane, chloroform, 
ethanol, methanol, and aqueous solutions, this research 
seeks to fill a gap in existing knowledge. The findings provide 
valuable insights into the relationship between solvent 
polarity, antioxidant capacity, anticancer efficacy, and enzyme 
inhibition, offering a potential pathway for the development 
of effective therapeutic agents. This research is expected 
to pave the way for the exploitation of K-29 as a source of 
bioactive compounds for novel, eco-friendly treatments for 
chronic diseases, including cancer and diabetes.

2. Materials and Methods

2.1. Collection and preparation of plant extract

The leaves of B. oleracea var acephala (K-29), locally 
known as khanyari or kale, were collected from the 
greenhouse at SKAUST-Kashmir, India. The leaves were 
thoroughly washed with distilled water (dH2O) and were 
shade-dried. Once completely dried, the leaves were 
finely powdered using a mortar and pestle. A 20 g portion 
of the powdered leaves was sequentially macerated in 
solvents of increasing polarity: hexane, chloroform, ethyl 
acetate, and methanol, along with an aqueous extract. 

1. Introduction

The growing prevalence of oxidative stress-related 
diseases, including cancer and diabetes, has heightened 
interest in plant-derived bioactive compounds due to 
their therapeutic potential and relatively lower side 
effects compared to synthetic drugs (Reddy, 2023; 
Ahmad et al., 2024). Phytochemicals, abundantly present 
in fruits, vegetables, grains, and other plant sources, offer 
benefits beyond basic nutrition. Numerous studies have 
documented the anthelmintic, antifungal, anticancer, 
antibacterial, antiviral, antiprotozoal, and antioxidant 
properties of medicinal plants, primarily attributed to 
their phytochemical composition (Kumar et al., 2023a; 
Liu, 2013; Zhang  et  al., 2015). Among these plants, 
members of the Brassicaceae family, particularly Brassica 
oleracea var acephala, have attracted significant scientific 
interest due to their rich phytochemical content and 
extensive biological activities, including antioxidant, 
anticancer, and antidiabetic effects (Ramirez et al., 2020; 
Syed et al., 2023). The therapeutic efficacy of Brassicaceae 
plants is linked to their bioactive compounds, such as 
polyphenols, terpenoids, flavonoids, steroids, alkaloids, 
cardiac glycosides, tannins, saponins, volatile oils, resins, 
and mucilage (Ullah et al., 2020; Dias et al., 2021).

Oxidative stress, resulting from an imbalance between 
reactive oxygen species (ROS) and the body’s antioxidant 
defense mechanisms, plays a central role in the pathogenesis 
of various chronic diseases, including cancer and diabetes 
(Pizzino et al., 2017; Jomova et al., 2023; Hong et al., 2024). 
ROS, including hydrogen peroxide (H2O2), superoxide (O2

−), 
hydroxyl radicals (OH−), singlet oxygen (O), and alkoxyl 
radicals (RO), are continuously generated during cellular 
metabolic responses to drugs, pathogen invasion, and 
cytokines, as well as mitochondrial oxidative metabolism 
(Ray et al., 2012). These reactive species are implicated in 
oxidative damage to cellular components, such as DNA, 
lipids, and proteins, leading to pathological conditions, 
including DNA damage, lipid peroxidation, protein oxidation, 
and cellular degeneration (Akbari et al., 2022; Kumar et al., 
2023b). Antioxidants play a crucial role in neutralizing 
ROS and protecting cells from oxidative injury (Hong et al., 
2024). Plant-derived antioxidants have been extensively 
validated to mitigate or prevent the detrimental effects of 
these free radicals. Moreover, plant extracts offer a valuable 
source of natural antioxidants, with solvent extraction 
methods greatly influencing their bioactivity and potency 
(Xu et al., 2017; Lourenço et al., 2019; Bitwell et al., 2023). 
Radical scavenging assays, including DPPH, ABTS, and 
FRAP, are commonly employed to assess the antioxidant 
capacity of plant extracts, providing essential insights into 
their efficacy in combating oxidative stress (Bitwell et al., 
2023; Ahmad et al., 2024). Dietary intake of plant-based 
foods, especially those rich in antioxidants like flavonoids 
and phenolic compounds, has been shown to promote a 
balance between oxidants and antioxidants in the body, 
effectively mitigating oxidative damage (Rudrapal et al., 
2022; Sharma et al., 2022).

Beyond their antioxidant capabilities, plant-derived extracts 
are increasingly recognized for their antiproliferative effects 
on malignant cells (Lamba et al., 2024; Ahmad et al., 2024). 
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The mixture was left undisturbed at room temperature 
for 48 h, resulting in following fractions: hexane (BraH, 
4.6%), chloroform (BraC, 7.25%), ethyl acetate (BraE, 3.3%), 
and methanol (BraM, 18.4%). This polarity-based extraction 
facilitated the separation of phytochemicals accordingly 
to their solubility. The resulting solutions were filtered 
through Whatman No. 1 filter paper, and the filtrates were 
concentrated using a rotary evaporator (Buchi Rotavapor 
R-210, Flawil, Switzerland) at 40 °C. The concentrated 
extracts were stored at 4 °C for further analysis.

2.2. Estimation of total phenolics

The quantification of total phenolics in K-29 was 
conducted according to a modified protocol from Yu et al. 
(2002) using Folin-Ciocalteu assay. Approximately 500 mg 
of finely dried kale leaf powder was homogenized in 
10 mL of 80% ethanol, methanol, and dH2O. The resultant 
homogenate was subjected to centrifugation at 13,000 × g 
for 10 min, and the supernatant was collected. The residue 
was re-extracted with a five-fold volume of the solvent, 
and the pooled supernatants were evaporated to dryness 
for 24 h. The residue was reconstituted in 5 mL of dH2O. 
To estimate total phenolics, 0.1 mL of the kale extract 
was diluted with ddH2O, followed by the addition of 
500 µL of Folin-Ciocalteu reagent (FCR). After a 3 min 
incubation, 2 mL of 20% sodium carbonate solution was 
added, vortexed, and subsequently heated in a water 
bath for 1 min. The absorbance was recorded at 650 nm 
against a blank. Catechol was utilized as the standard, and 
a calibration curve was prepared to ascertain phenolic 
content in the extracts. The experimental assay was 
performed in triplicate.

2.3. Estimation of total flavonoids

The total flavonoid content in K-29 was determined 
following a modified method by (Kim  et  al., 2003). 
Approximately 0.5 g of dried leaf powder was homogenized 
in 10 mL of 80% ethanol, methanol, and ddH2O, followed 
by centrifugation at 10,000 × g for 10 min. The supernatant 
was collected, and extraction was repeated thrice to ensure 
complete extraction, with the final volume adjusted to 
50 mL. For the flavonoid assay, 1.5 mL of each extract was 
mixed with 75 µL of 5% sodium nitrate (NaNO2) solution 
and incubated for 6 min. Subsequently, 150 µL of 10% 
aluminum chloride (AlCl3) was added, followed by a 6 min 
incubation. Then, 500 µL of 1M NaOH was introduced, 
and the total volume was brought to 2.5 mL with ddH2O. 
Absorbance was measured at 510 nm using quercetin as 
the standard. A calibration curve was generated, and the 
total flavonoid content was expressed as milligrams of 
quercetin equivalents (mg QE) per 100 g of dry material.

2.4. DPPH (1,1‐diphenyl‐2‐picrylhydrazyl) assay

The free radical scavenging capacity of the extracts was 
evaluated by the DPPH assay, based on the method by Blois 
(1958) with minor modifications. Briefly, 0.3 mL of extract 
solution (25–800 μg/mL) from BraH, BraC, BraE, and BraM 
was added to 2 mL of 0.1 mM methanolic DPPH solution. 
The mixture was incubated in the dark at 37 °C for 30 min. 
Absorbance was recorded at 517 nm, with a decrease 

indicating enhanced radical scavenging activity. Rutin was 
used as the reference standard. Radical scavenging activity 
(RSA) was calculated using the Formula 1:

( ) control Sample

control

A A
RSA % 100

A
−

= ×  	 (1)

where: A is the absorbance.

2.5. ABTS (2,2-azino-bis-3-ethylbenzothiazoline-6-sulphonic 
acid) assay

The ABTS radical cation decolorization assay was utilized 
to measure antioxidant activity of the extracts (BraH, BraC, 
BraE, and BraM), following the method described by Re et al. 
(1999). ABTS radical cations were generated by reacting 
7 mM ABTS with 2.45 mM potassium persulfate, followed 
by incubation in the dark for 12–16 h at room temperature. 
The ABTS•+ solution was diluted to an absorbance of 0.7 at 
734 nm. A 0.1 mL aliquot of each extract (25–800 μg/mL) 
was mixed with 3.9 mL ABTS•+ solution, and after 6 min 
of incubation, the reduction in absorbance was measured 
at 734 nm. The percentage inhibition was determined 
using the Formula 2:

( ) control Sample

control

A A
Inhibition % 100

A
−

= ×  	 (2)

where: A is the absorbance.

2.6. Ferric reducing‐antioxidant power (FRAP) assay

The ferric reducing antioxidant power (FRAP) assay 
was employed to assess the ability of antioxidants to 
reduce ferric ions (Fe3+) to ferrous ions (Fe2+) under acidic 
conditions (pH 3.6), producing a blue-colored ferrous 
complex. The method followed the protocol described 
by Ou et al. (2002). Briefly, 200 µL of extract at various 
concentrations (25, 50, 100, 200, 400, and 800 µg/mL) was 
mixed with 3 mL of FRAP reagent, composed of 300 mM 
sodium acetate buffer (pH 3.6), 10 mM 2,4,6-tri(2-pyridyl)-
s-triazine (TPTZ) solution, and 20 mM FeCl3·6H2O in a 10:1:1 
ratio. The mixture was incubated at 37 °C for 30 min, and 
the increase in absorbance was recorded at 593 nm. The 
antioxidant activity was expressed as the percentage of 
inhibition, calculated by the following Formula 3:

( ) 593Sample 593control

593control

A A
Inhibition % 100

A
−

= ×  	 (3)

where: A is the absorbance.

2.7. MTT assay

The cytotoxic potential of K-29 leaf extracts against 
A549 (lung) and HeLa (cervical) cancer cell lines was 
evaluated using the MTT assay (Mickisch  et  al., 1990). 
Cells were cultured in RPMI-1640 and DMEM media, 
supplemented with 20% fetal bovine serum (FBS), 100 U/mL 
penicillin, and 100 µg/mL streptomycin, and incubated 
under a humidified atmosphere with 5% CO2 at 37 °C. 
A549 and HeLa cells were seeded at a density of 8 × 103 
cells/well in 96-well plates and incubated for 24 h. Cells 
were then treated with various extract concentrations 
(31.25–1000 μg/mL) and incubated for another 24 h. 
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Subsequently, 20 µL of MTT solution (5 mg/mL) was added 
and incubated for 3 h to allow formazan crystal formation. 
The supernatant was removed, and 100 µL of DMSO was 
used to dissolve the crystals. Absorbance was measured at 
570 nm. The GI50, defined as the concentration required 
to inhibit cell growth by 50%, was calculated using the 
following Equation 4:

24T CGI50 100
C C

+

− +
−

= ×
−

 	 (4)

where: T24 is the number of treated cells, C+ is the number 
of cells in the positive control, and C− is the number of cells 
in the negative control after 24 h of treatment. DMSO and 
culture medium served as positive and negative controls, 
respectively.

2.8. Gas chromatography-mass spectrometry (GC-MS) analysis

GC-MS analysis of BraC extract was conducted at 
IIIM Jammu, India, using a Thermo Trace 1300GC system 
coupled with a Thermo TSQ8000 Triple Quadrupole Mass 
Spectrometer. The injection volume was set to 0.5 µL, and 
high-purity helium gas (99.999%) was employed as the 
carrier. The chromatographic separation was performed 
on a TG-5MS column (30 m × 0.25 mm, 0.25 µm). The 
GC oven temperature was programmed as follows: an 
initial temperature of 50 °C was maintained for 0.5 min, 
followed by a ramp of 3 °C/min to 115 °C (held for 0 min), 
4 °C/min to 170 °C (held for 0 min), and a rapid increase of 
35 °C/min to 200 °C, which was maintained for 5 min. The 
total run time was approximately 35 min. The ion source 
temperature was set to 280 °C, with the mass range (m/z) 
scanned between 40 and 600. The peak area percentages 
were used to generate an extracted ion chromatogram 
(EIC) response electronically, eliminating the need for 
correction factors. Data acquisition and analysis were 
performed using Winacds software integrated with 
the Aimil Chromatography Data Station. Compound 
identification was carried out by comparing the obtained 
mass spectra and MS values with those available in the 
National Institute of Standards and Technology (NIST) 
2020 database and the Wiley library.

2.9. Morphological assessment of cancerous cells

2.9.1. Nuclear staining with DAPI

The apoptotic potential of the BraC fraction was 
evaluated by examining nuclear morphology in A549 and 
HeLa cells using DAPI (4’,6-diamidino-2-phenylindole) 
staining (Kerrison and Steinke 2010). Cells were cultured 
at a density of 4 × 105 cells/well in 24-well plates. After 
24 h, cells were treated with the IC50 concentration of the 
TdRM-2 extract. Following another 24 h, the cells were 
washed with phosphate-buffered saline (PBS, pH 7.2) and 
fixed with 4% paraformaldehyde for 15-20 min in the dark. 
After a second PBS wash, cells were incubated with DAPI 
(4 μg/mL) for 30 min. After removing excess dye with PBS, 
coverslips were mounted using Fluoromount, and nuclear 
changes were visualized with a Nikon A1R Fluorescence 
Microscope (Nikon Eclipse Ts2, Japan).

2.9.2. Rhodamine 123 (Rh-123) staining

Mitochondrial membrane potential alterations induced 
by the BraC fraction were determined using Rhodamine 
123 (Rh-123) staining, as described by Puja et al. (2020). 
A549 and HeLa cells (4 × 105 cells/well) were seeded in 
24 well plates and treated with the IC50 concentration of 
the TdRM-2 extract for 24 h. Post-treatment, 105 cells/well 
were stained with Rh-123 (Thermo Fisher, USA) for 1 h at 
37 °C in the dark. The mitochondrial membrane potential 
was observed using a Nikon Eclipse Ts2 fluorescence 
microscope at 20X magnification.

2.10. In vitro antidiabetic activity

2.10.1. α-amylase inhibition assay

The α-amylase inhibitory activity of K-29 was assessed 
in vitro following the protocol described by Kunyanga et al. 
(2011). Briefly, the sample was combined with 100 µL of a 
1% starch solution prepared in 0.02 M sodium phosphate 
buffer (pH 6.9) and 1 unit of α-amylase solution, which 
catalyzes the release of 1.9 µL of maltose from starch per 
minute under conditions of pH 6.9 and 25 °C. The mixture 
was incubated at 25 °C for 30 min. Subsequently, 1 mL of 
dinitrosalicylic acid (DNS) reagent was added, and the test 
tubes were placed in a hot water bath for 5 min. The tubes 
were then allowed to cool to room temperature to terminate 
the reaction. The reaction mixture was diluted tenfold 
with dH2O, and absorbance was recorded at 540 nm. The 
inhibitory activity of the sample extracts was compared to 
standard reference drugs, acarbose and voglibiose, which 
served as positive controls. The percentage of α-amylase 
inhibitory activity was calculated using the Formula 5:

( )
( )

Amylase inhibitory activity

(Ac ) (Ac ) As Ab
100

(Ac ) Ac

+ −

+ −

=

− − −
×

−
 	 (5)

here, Ac+ represents the absorbance of the reaction mixture 
with 100% enzyme activity (enzyme present, no sample 
extract), Ac− represents the absorbance of the reaction 
mixture without the enzyme or sample extract, As is 
the absorbance with enzyme and sample extract, and 
Ab represents the blank absorbance (no sample extract).

2.10.2. α-glucosidase inhibition assay

The α-glucosidase inhibitory activity of K-29 was 
determined based on the method outlined by Balan et al. 
(2017). A reaction mixture containing 200 µL of the leaf 
extract and 200 µL of 0.1 M phosphate buffer (pH 6.9) with 
α-glucosidase solution (1 unit/mL) was pre-incubated 
at 25 °C for a few minutes. After pre-incubation, 100 µL 
of 5 mM p-nitrophenyl-α-D-glucopyranoside solution 
prepared in 0.1 M phosphate buffer (pH 6.9) was added 
to initiate the reaction. The reaction was stopped by the 
immediate addition of 0.1 M sodium carbonate, followed 
by a tenfold dilution of the reaction mixture with dH2O. 
The absorbance of the sample extract was measured at 
405 nm and compared to standard reference drugs, acarbose 
and voglibiose. The α-glucosidase inhibitory activity was 
calculated using the following Formula 6:
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( )
glucosidase inhibitory activity

(Ac ) (Ac ) As Ab
100

(Ac ) (Ac )

+ −

+ −

α − =

− − −
×

−
 	 (6)

here, Ac+ represents the absorbance of the reaction mixture 
with 100% enzyme activity (enzyme present, no sample 
extract), Ac− represents the absorbance of the reaction 
mixture without the enzyme or sample extract, As is 
the absorbance with enzyme and sample extract, and 
Ab represents the blank absorbance (no sample extract).

3. Results

3.1. Antioxidant activity

The antioxidant capacities of various extracts (BraH, 
BraC, BraE, and BraM) were assessed through DPPH, 
ABTS, and FRAP radical scavenging assays, as illustrated 
in Figure  1A-C. The hexane extract (BraH) exhibited 
relatively low antioxidant potential, with IC50 values 
of 263.29 μg/mL, 170.88 μg/mL, and 258 μg/mL in the 
DPPH, ABTS, and FRAP assays, respectively. In contrast, 
BraC displayed a modest improvement in antioxidant 
activity, with IC50 values of 188.12 μg/mL, 108.86 μg/mL, 
and 147.91 μg/mL in the DPPH, ABTS, and FRAP assays, 
respectively. A moderate level of antioxidant activity was 
observed in BraE, evidenced by IC50 values of 71.25 μg/mL, 
88.35 μg/mL, and 97.64 μg/mL across the DPPH, ABTS, and 
FRAP assays. However, BraM demonstrated significantly 
elevated antioxidant activity, with inhibition rates of 
92.14% (IC50=49.32 μg/mL), 90.33% (IC50=60.10 μg/mL), 
and 88.35% (IC50=67.73 μg/mL) in the DPPH, ABTS, and 
FRAP assays, respectively (Figure 1A-C) The fractionation 
process, designed to partition phytochemicals based on 
polarity, revealed a positive correlation between antioxidant 
activity and extract polarity, with results suggesting that 
antioxidant efficacy is also concentration-dependent.

3.2. Anticancer activity

The in vitro antiproliferative potential of K-29 extracts 
(BraH, BraC, BraE, and BraM) was evaluated across a 

concentration gradient (31.25-1000 μg/mL) against 
A549 (human lung carcinoma) and HeLa (human cervical 
carcinoma) cell lines (Table 1). The antiproliferative activity 
was observed to increase in a concentration-dependent 
manner. Among the tested extracts, BraC exhibited the 
most pronounced antiproliferative effect, with GI50 values 
of 65.09 μg/mL and 37.00 μg/mL against A549 and HeLa 
cells, respectively, and an overall GI50 of 48.66 μg/mL, 
followed by BraE (132.34 μg/mL and 104.41 μg/mL) and 
BraH (161.50 μg/mL and 159.75 μg/mL). Conversely, BraM 
demonstrated the lowest antiproliferative activity, with 
GI50 values of 243.59 μg/mL for A549 cells (Figure 2A) 
and 203.73 μg/mL for HeLa cells (Figure 2B).

3.3. Gas chromatography-mass spectrometry (GC-MS) analysis

GC-MS analysis revealed the presence of various semi-
polar organic compounds and volatile oil constituents, 
with the chromatogram depicted in Figure 3. The crude 
ethyl acetate extract (TrDE) exhibited the elution of 40 
distinct constituents within a 20-min retention time, 
belonging to diverse chemical classes, including sterols, 
fatty acid derivatives, glycerol derivatives, phenolics, 
alcohols, alkanes, alkenes, esters, and sesquiterpenoids, 
as summarized in Table 2.

Notably, several compounds were present in relatively 
high concentrations, including 2,4-Di-tert-butylphenol 
(9.28%), Stigmasta-7,25-dien-3-ol, (3.β.,5.α.)- (7.25%), 

Figure 1. Antioxidant activity of Brassica oleracea (K-29) extracts BraH, BraC, BraE, and BraM. (A) DPPH radical scavenging assay 
(B) ABTS radical scavenging assay and (C) FRAP scavenging assay. Error bars are representative of ± SE. Different letters denote significant 
difference (P ≤ 0.05) between different fractions at different concentrations.

Table 1. GI50 values of different extracts fractions of Brassica oleracea 
var acephala (K-29) against, HeLa and A-549 cancer cell lines.

Extracts GI50 µg/mL

MTT assay A-549 HeLa

BraH 161.50 159.75

BraC 65.09 37.00

BraE 132.34 104.41

BraM 243.59 203.73
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13-Docosenamide, (Z)- (6.19%), Hexadecanoic acid, methyl 
ester (5.41%), 9-Octadecenoic acid, methyl ester, (E)- (5.33%), 
1-Dodecanol (5.30%), and 2-Propenoic acid, tridecyl ester 
(4.18%). The concentrations of the remaining compounds 
ranged from 0.93% to 2.88%.

3.4. Cytomorphological changes in A-549 and HeLa cancer cells

Given the remarkable anticancer potential exhibited 
by the BraC fraction, an in-depth exploration of its 
cytomorphological effects was conducted. Treatment 
of A549 and HeLa cells with BraC induced significant 
morphological alterations, which were assessed via 
fluorescence microscopy. Notably, DAPI staining revealed 
a significantly higher occurrence of cells exhibiting 
intensely fluorescent, condensed, and fragmented 
nuclei—morphological hallmarks of apoptotic cell death 
(Figure  4B)— in the treated group compared with the 
uniformly and homogeneously stained nuclei observed 

in the untreated control cells (Figure 4A). This nuclear 
morphology is a definitive indicator of apoptosis. To 
further elucidate the apoptotic mechanisms, changes in 
mitochondrial membrane potential—a key feature of intrinsic 
apoptosis—were investigated using Rhodamine-123, a 
voltage-sensitive, mitochondria-targeting fluorophore. The 
analysis revealed a pronounced reduction in mitochondrial 
membrane potential in BraC-treated cells (Figure  4D), 
contrasting sharply with the uniform staining pattern 
maintained in the control group (Figure  4C). The loss 
of mitochondrial membrane integrity underscores the 
activation of the intrinsic apoptotic pathway. Together, these 
findings suggest that the BraC fraction exerts its cytotoxic 
effects by promoting apoptotic pathways, evidenced by 
nuclear condensation, fragmentation, and the collapse 
of mitochondrial membrane potential. Such apoptotic 
signatures highlight BraC’s potential as a therapeutic agent 
targeting cancer cell viability.

Figure 2. Cytotoxic potential of BraH, BraC, BraE and BraM extracts against (A) A-549 and (B) HeLa cancer cell lines, after 24 h treatment. 
Values are represented in mean ± SD (p ≤ 0.05). Data labels with different letters represents significance differences among different 
concentrations.

Figure 3. GC-MS analysis of bioactive compounds present in Brassica oleracea (K-29) BraC extract.
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Table 2. GC−MS qualitative analysis of bioactive compounds present in Brassica oleracea (K-29) BraC extract.

Peak R. Time Area% Formula Name Nature

1 4.566 1.14 C4H10O3 1,2-Propanediol,3-methoxy- Glycerol ether

2 5.751 2.73 C5H10O4 1,2,3-Propanetriol,1-acetate Ester

3 6.653 1.44 C12H26 Dodecane Alkane

4 7.196 1.44 C7H12O5 Glycerol 1,2-diacetate Alcohol

5 8.469 1.2 C15H30 1-Pentadecene Alkene

6 8.535 2.87 C14H30 Tetradecane Alkane

7 9.204 5.3 C12H26O 1-Dodecanol Fatty alcohol

8 9.557 9.28 C14H22O 2,4-Di-tert-butylphenol Alkyl benzene

9 10.16 2.1 C17H34 1-Heptadecene Alkene

10 10.215 1.86 C16H34 Hexadecane Alkane

11 10.27 0.96 C16H30O4 2,2,4-Trimethyl-1,3-pentanediol diisobutyrate Diester

12 10.946 4.18 C16H30O2 2-Propenoic acid,tridecyl ester Fatty acid, ester

13 11.132 1.03 C15H30O Pentadecanal- Fatty aldehyde

14 11.677 2.23 C19H38 1-Nonadecene Alkene

15 12.07 1.74 C18H36O 2-Pentadecanone,6,10,14-trimethyl- Ketone

16 12.609 5.41 C17H34O2 Hexadecanoic acid,methyl ester Fatty acid, ester

17 12.689 0.93 C17H24O3 7,9-Di-tert-butyl-1-oxaspiro(4,5)deca-6,9-diene-2,8-dione Cyclic Ketone

18 12.797 1.51 C18H28O3 Benzenepropanoic acid, 3,5-bis(1,1- dimethylethyl)-4-hydroxy-,methyl ester Ester

19 12.892 0.94 C22H38O4 Glutaric acid,isobutyl tridec-2-ynyl ester Ester

20 13.053 2.03 C26H52 1-Hexacosene Hydrocarbon

21 13.327 1.79 C10H14O2 Bicyclo[2.2.1]heptane-2,5-dione,1,7,7-trimethyl- Monoterpenoid

22 13.656 1.32 C19H40O n-Nonadecanol-1 Fatty alcohol

23 13.765 5.33 C19H36O2 9-Octadecenoic acid,methyl ester,(E)- Fatty acid

24 13.907 2.05 C19H38O2 Methyl stearate Fatty acid

25 14.089 1.79 C20H36O4 Bis(2-ethylhexyl) maleate Ester

26 14.306 1.92 C24H50O Docosyl ethyl ether Ether

27 14.531 2.08 C20H36O4 2-Butenedioic acid (E)-, bis(2-ethylhexyl) ester Fatty acid ester

28 14.942 1.27 C19H36O3 Glycidyl palmitate Fatty acid ester

29 15.109 1.11 C20H40O Eicosanal- Aldehyde

30 16.226 0.93 C21H42O Henicosanal Aldehyde

31 16.528 2.67 C31H50Br2O2 22,23-Dibromo stigmasterol acetate Sterol

32 17.228 7.25 C29H48O Stigmasta-7,25-dien-3-ol,(3.β.,5.α.)- Steroid

33 17.369 3.13 C27H42O Cholesta-4,6-dien-3-one Cholestanoid

34 17.564 6.19 C22H43NO 13-Docosenamide, (Z)- Fatty amide

35 17.675 1.5 C17H26O2 cis-Valerenyl acetate Sesquiterpenoid

36 17.821 2.14 C29H46 24-Norursa-3,12-diene Triterpene

37 18.095 2.88 C28H48O gamma-Ergostenol Sterol

38 18.541 1.93 C30H50O α-Amyrin Triterpenoid

39 18.693 1.26 C27H42O Cholesta-3,5-dien-7-one Cholestanoid

40 19.872 1.16 C27H44O Cholesta-4,6-dien-3-ol,(3.β.)- Cholestanoid
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3.5. Antidiabetic potential

The evaluation of the antidiabetic activity of K-29, as 
determined by its inhibitory effects on α-amylase, revealed 
substantial variation across different solvent extractions. 
The aqueous extract of K-29 exhibited the most pronounced 
α-amylase inhibitory activity, achieving a significant 
inhibition rate of 85.08%. This effect was markedly higher 
compared to the inhibition observed with ethanolic 
(69.57%) and methanolic (71.52%) extracts, underscoring 
the enhanced efficacy of the aqueous solvent in retaining 
bioactive compounds responsible for antidiabetic effects 
(Figure 5).

Similarly, the inhibitory activity against α-glucosidase, 
another critical enzyme in carbohydrate metabolism, 
showed significant variation depending on the solvent 

used for extraction. The aqueous extract once again 
demonstrated superior activity, inhibiting α-glucosidase by 
89.55%, followed by the ethanolic (83.44%) and methanolic 
(81.86%) extracts (Figure 5). The higher potency observed in 
the aqueous extract suggests the presence of water-soluble 
phytoconstituents that are highly effective in modulating 
carbohydrate digestion and absorption pathways, which 
are crucial in managing postprandial hyperglycemia. 
These findings indicate that the aqueous extract of K-29 
retains a more potent and bioactive phytochemical profile 
compared to its ethanol and methanol counterparts. The 
superior inhibition of both α-amylase and α-glucosidase 
suggests that K-29 could be a promising candidate for the 
development of natural antidiabetic therapies, particularly 
in its aqueous form.

Figure 4. BraC-induced cytomorphological alterations associated with apoptosis induction detected using fluorescence microscopy. 
(A) DAPI control; (B) DAPI treated with GI50 of BraC showing apoptotic nuclei; (C) Rhodamine 123 control; (D) Rhodamine 123 treated 
with GI50 of BraC showing disruption of mitochondrial membrane potential.
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4. Discussion

The pursuit of functional foods that provide health 
benefits, especially those fortified with bioactive 
compounds exhibiting strong antioxidant activity, is 
increasingly vital in disease prevention (Sorrenti et al., 
2023). As consumer preferences shift toward minimally 
processed foods with fewer synthetic additives, the 
extraction of phytoconstituents rich in antioxidants from 
natural sources becomes even more imperative (Itam et al., 
2021; López-Pedrouso  et  al., 2022). The antioxidant 
potency of compounds is often gauged by their IC50 values: 
compounds exhibiting IC50 values less than 50 µg/mL are 
classified as having very strong antioxidant activity, those 
between 50 and 100 µg/mL as strong, 101-150 µg/mL as 
moderate, and above 150 µg/mL as weak (Itam et al., 2021). 
Our findings reveal that K-29 demonstrates exceptional 
antioxidant capabilities, positioning it as a potential 
dietary supplement for bolstering the immune system and 
mitigating diseases such as diabetes, obesity, cardiovascular 
conditions, and certain cancers.

Research extensively supports the premise that the 
consumption of fruits and vegetables with elevated 
polyphenol levels and significant antioxidant properties 
correlates with a reduced risk of cancer. This is largely 
attributed to the bioactive constituents within these foods, 
which possess anticancer activities both in vitro and in 
vivo (Pandey and Rizvi, 2009; Ali et al., 2024). Our study 
identified that K-29 is abundant in phenolic compounds 
and exhibits noteworthy antioxidant capacity, likely due 
to its rich polyphenolic content. These compounds may 
act as cancer-preventive agents by inhibiting the onset 
of carcinogenesis and impeding the proliferation and 
progression of malignant cells. Specifically, the BraC 
compound was found to suppress the growth of A549 and 
HeLa cancer cells in a dose-dependent manner, signifying 
the substantial anticancer potential of K-29 in combating 
various malignancies.

Fluorescence microscopy has emerged as a powerful tool 
in detecting apoptosis through the morphological evaluation 
of cells. The application of fluorescent dyes that bind to 

specific cellular organelles allows for the visualization of 
critical changes associated with programmed cell death 
(Banfalvi, 2017). DAPI and rhodamine 123, in particular, 
are invaluable for identifying nuclear fragmentation, 
disruption of nuclear membrane integrity, and alterations in 
mitochondrial membrane potential (Hughes and Mehmet, 
2003; Ahmad et al., 2024, 2025). These markers reveal 
distinctive apoptotic characteristics, enabling real-time 
monitoring and quantification of cell death processes, thus 
offering profound insights into the underlying mechanisms 
of apoptosis.

The study also highlights the antidiabetic potential of K-29 
extracts, which exhibited marked differences in α-amylase 
and α-glucosidase inhibitory activities across various solvent 
extractions. The aqueous extract displayed the highest 
α-amylase inhibition (85.08%), significantly outperforming the 
ethanolic (69.57%) and methanolic (71.52%) extracts. Similarly, 
the aqueous extract demonstrated superior α-glucosidase 
inhibition (89.55%) compared to the ethanolic (83.44%) and 
methanolic (81.86%) extracts, emphasizing the solvent-specific 
efficacy of K-29 extracts in mitigating diabetes.

The superior antidiabetic activity observed in the 
aqueous extract concurs with existing literature, which 
posits that water-based extractions often preserve a more 
comprehensive range of bioactive compounds compared 
to organic solvents (Gopčević et al., 2019; Tran et al., 2020; 
Rahman et al., 2022; Maharaj et al., 2022). For example, 
Mohamed et al. (2022) demonstrated that aqueous extracts 
of Cyperus rotundus exhibited enhanced antidiabetic activity 
compared to ethyl acetate and ethanol extracts, likely 
due to the higher solubility of polar phytochemicals and 
phenolic compounds in water. Likewise, our findings are 
consistent with those of Gopčević et al. (2022), who noted 
that aqueous extracts of Satureja kitaibelii were enriched 
with flavonoids and phenolic compounds, both recognized 
for their inhibitory effects on α-amylase and α-glucosidase. 
The relatively diminished antidiabetic efficacy of ethanolic 
and methanolic extracts can be ascribed to the selective 
solubility of certain bioactive compounds in these solvents 
(Gopčević et al., 2022; Mohamed et al., 2022). Since water 
is a more effective solvent for extracting polar compounds, 
including phenolic acids and flavonoids, the aqueous extract 
exhibited a higher concentration of active compounds and 
thus greater inhibitory potency (Gopčević et al., 2019, 2022).

These findings suggest that the aqueous extract of 
K-29 may serve as a more potent therapeutic option for 
diabetes management, given its superior enzyme inhibitory 
activity. This is consistent with previous studies underscoring 
the efficacy of aqueous plant extracts in treating diabetes 
(Gopčević et al., 2022; Mohamed et al., 2022). The substantial 
inhibition of both α-amylase and α-glucosidase by K-29 
aqueous extract emphasizes its potential as a natural 
antidiabetic agent, warranting further research into its 
specific bioactive compounds and their mechanisms of 
action. Given the superior antidiabetic activity observed in 
the aqueous extract compared to ethanolic and methanolic 
extracts, the selection of solvent emerges as a crucial factor 
in optimizing bioactive compound extraction. Future studies 
should aim to isolate and identify these compounds to further 
elucidate their role in glucose metabolism and explore their 
potential clinical applications in diabetes management.

Figure 5. Inhibitory effects of methanolic, ethanolic, and aqueous 
leaf extracts of Brassica oleracea on α-amylase and α-glucosidase 
activities.
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Despite these promising findings, our study has 
certain limitations. The study was conducted in vitro, 
and the bioavailability and pharmacokinetics of the 
identified bioactive compounds in vivo remain to 
be explored. Additionally, potential synergistic or 
antagonistic interactions between the compounds were 
not assessed, which may influence the overall bioactivity. 
Future research should focus on in vivo studies and 
clinical trials to validate these findings and determine 
the safety, efficacy, and optimal dosage of K-29 extracts 
in disease management.

5. Conclusion

This study underscores the robust antioxidant, 
anticancer, and antidiabetic properties of Brassica 
oleracea (K-29) extracts across various solvent fractions. 
Among the evaluated fractions, BraM exhibited the 
most potent antioxidant capacity, as demonstrated 
by its superior radical scavenging activities in DPPH, 
ABTS, and FRAP assays. This suggests that the polarity 
of phytoconstituents is instrumental in influencing 
the antioxidant efficiency of K-29 extracts, with polar 
fractions exhibiting enhanced activity. Regarding 
anticancer activity, the BraC fraction displayed the most 
pronounced antiproliferative effects against A549 and 
HeLa cancer cell lines. Detailed cytomorphological 
analyses further revealed that BraC induces significant 
apoptotic events, such as nuclear condensation, DNA 
fragmentation, and the dissipation of mitochondrial 
membrane potential, establishing its potential as a pro-
apoptotic agent. These findings suggest that BraC may 
modulate key signaling pathways involved in cancer cell 
proliferation and apoptosis, underscoring its potential 
therapeutic utility in oncological treatments.

In the context of antidiabetic potential, K-29 
demonstrated notable α-amylase and α-glucosidase 
inhibitory activities, with the aqueous fraction exhibiting 
the highest efficacy. This implies that K-29 extracts may 
play a role in managing postprandial hyperglycemia, 
supporting their use as natural antidiabetic agents.

Future studies should prioritize the identification 
and isolation of bioactive compounds within the BraC 
and BraM fractions to elucidate the precise molecular 
mechanisms driving their antioxidant, anticancer, and 
antidiabetic activities. Additionally, in vivo studies are 
necessary to further validate the therapeutic efficacy 
and safety of these extracts, followed by clinical trials to 
evaluate their potential as adjunct therapies. Exploring 
the synergistic interactions between K-29 extracts and 
conventional chemotherapeutic or antidiabetic agents 
could also pave the way for novel combination therapies 
in the management of cancer and diabetes.
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