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Abstract: Known for its high nutritional and medicinal value, okra (Abelmoschus esculentus) is com-
monly used for replacing plasma and expanding blood volume in humans. It is a major economic
crop cultivated in tropical and subtropical regions worldwide. The present study aimed to investigate
and evaluate the nutritional properties and prospective applications of the consumable parts of okra.
The total ash content (mineral content), carbohydrate, crude fiber, fat, protein, and moisture fractions
of okra pod aqueous extract were determined. The results show that okra aqueous extract contained
84.670-87.650% moisture, 1.514-1.197% ash, 7.857-8.261% carbohydrate, 2.367-3.410% crude protein,
and 6.781-8.314% crude fiber. Okra was determined to have high nutritional value, with y-tocopherol
and «-tocopherol contents about 2.67 mg/100 g and 1.62 mg/100 g, respectively. High-performance
liquid chromatography (HPLC) was performed to determine the sugars present in okra aqueous ex-
tract. The water-soluble polysaccharide content was 10.22-16.45 g /100 g. The tested aqueous extract
was a rich source of total phenolic compounds in gallic acid equivalents (288.2-3426.2 mg/100 g),
chlorophyll a (3.53 mg/100), chlorophyll b (2.43 mg/100), and carotenoids (1.3 mg/100 g). The
detected minerals were Ca, Mg, Cu, Zn, Fe, K, Na, and Mn. Atomic absorption spectrometry analysis
of these ashed minerals was performed. In addition to the nutritional benefits, okra pods exhibited
antimicrobial, anticancer, and antioxidant properties. The aqueous extract was found to be potentially
active against bacterial strains of Staphylococcus aureus (MIC value = 21.8 mg/mL), Escherichia coli
(MIC value = 18.7 mg/mL), Bacillus cereus (MIC value = 20.7 mg/mL), and Klebsiella pneumoniae
(MIC value = 20.2 mg/mL). Okra aqueous extract exhibited inhibitory activity against x-amylase
(IC50 = 120 pg/mL) and x-glucosidase (IC5yp = 115 pug/mL). The okra extract exhibited high anti-
cancer activity, concentration-dependent and with an ICsj value of about 158.3 mg/mL. The results
indicated that okra pods have nutritional and medicinal properties and, hence, can be used as a
functional food and broad-spectrum nutraceutical supplement.

Keywords: Abelmoschus esculentus; okra; phytochemicals; nutraceutical;, antimicrobial activity;
carotenoids; gallic acid
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1. Introduction

The botanical name of okra is Abelmoschus esculentus, which is derived from the original
Arabic term “Abual-misk”, meaning “Father of Musk and Kaab-el-misk”, a reference to the
musky fragrance of its seeds. It belongs to the family Malvaceae, genus Abelmoschus, species
esculentus, and consists of edible green pods, seeds, and fiber [1]. Okra is a common edible
vegetable valued for its flavor in West Africa, North America, Asia, and Arab countries
and is widely distributed in tropical and subtropical regions. However, its diversity is
richest in South Asia and southwest Pacific regions [2]. In different regions, okra is known
by a few common names, such as ladyfingers, Bamya (in Iraq), and bhindi (in India) [3].
In India, this vegetable is commonly consumed and cultivated, and favorable climatic
conditions have made this region an epicenter of diversity for this crop. It is widely found in
evergreen forests and wastelands and is also grown commercially on farms. Four varieties
of Abelmoschus, including 11 species and three subspecies, are found from the Himalayan
region [4] to the south peninsular region of India [5]. Owing to its notable nutritional value,
okra is considered beneficial as a supplement to improve human nutrition.

The high nutritional value of okra is attributed to its richness in vitamins A, E, and C.
It also contains essential minerals, such as sodium, potassium, magnesium, and calcium,
and trace elements, such as zinc, iron, and nickel, in minor proportions [6]. Okra seeds
contain phenolic compounds, such as flavonoids and catechins, and oligomeric derivatives
and antioxidants [6]. Okra seeds are covered by a hard coat that contains a high percentage
of raw fiber. The seeds also have essential nutrients; for example, they have higher protein
content compared to other plant crops. The seeds are also rich in 0il, carbohydrates, dietary
fiber, vitamins, and minerals [7-9]. The physiological and biological activities of okra,
such as antimicrobial, antioxidant, and anti-inflammatory properties, are attributed to its
phenolic compounds, chlorophyll, and carotene, which promote health and protect the
body from free radical damage [10].

The biological properties of okra are due to the presence of phenolic compounds,
carotenoids, tocopherols, and minerals. Carotenoids are biologically active fat-soluble com-
pounds found in plants and include beta-carotene, lycopene, lutein, and xanthophane [11].
They are yellow, orange, or red, and nearly 600 known carotenoid species are found in
vegetables and fruits. The phenolic compounds present in okra fruits vary; for example,
167.62 mg/100 g are present in Anamika species, 112.27 mg/100 g in the Sinnova type, and
106.26 mg/100 g in Shagun [12]. Analyses of okra revealed relatively high chlorophyll lev-
els of 0.141 mg/100 g in Anamika species and 0.135 mg/100 g in Sadahar species. Another
important component for nutrition is vitamin E and tocopherols. Tocopherols are natural
antioxidants and exist in four forms: «, 3, Y, and 6. 6-Tocopherol is considered the most
important, as it reduces fat adhesion to cell walls, reduces cholesterol in the blood, and
captures cell tissue peroxide radicals [13]. Tocopherols are fat-soluble compounds; they are
unaffected by acids and are resistant to high temperatures in the absence of oxygen. Toco-
pherols are potent reducing agents and, hence, are extensively used as antioxidants. Okra
pods are effective in lowering cholesterol due to their hypocholesterolemic properties [14].

Minerals are essential components of human nutrition and necessary during all growth
stages of the human body. In total, 22 metal elements are needed for the growth and
maintenance of the human body [15]. They contribute to physical and mental well-being,
as they are involved in the formation of bones, teeth, muscles, tissues, blood, and nerve
cells [16]. These elements are also required for the maintenance of acid-base balance,
stimulation of nerve responses, and blood clotting [5]. Calcium, potassium, sodium, and
magnesium are the major elements in okra, whereas iron, nickel, manganese, zinc, and
chlorides are present in lower amounts [11].

The antidiabetic activity of okra was reported by Sabitha and coworkers [9], who
demonstrated the in vitro inhibitory effect of okra peel and seed aqueous extract on
a-glucosidase and a-amylase, indicating that okra peel can help to maintain blood sugar
levels. Because of the potential applications of okra in food and medicine, its cultivation has
increased in recent years [8,9,17]. Abelmoschus is useful in papermaking, fiber production,
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jute substitution, wastewater treatment, and the textile industry [5]. Abelmoschus is also a
reservoir of essential micronutrients that have applications in the fortification process.

In the present study, we aimed to determine the phytochemical and nutritional proper-
ties of Abelmoschus esculentus aqueous extract and its dietary and medicinal applications. We
evaluated these applications both qualitatively and quantitatively. The results of this study
highlight the dietary and pharmacological (antidiabetic, anticancer, and antimicrobial)
importance of okra pods.

2. Materials and Methods
2.1. Chemical, Reagents, and Cell Line

All reagents and chemicals were purchased from Himedia, India. Unless otherwise
specified, all solvents and chemicals were of analytical grade and procured from Merck and
Sigma-Aldrich (St. Louis, MO, USA). Cell lines were purchased from NCCS Pune India, and
all chemicals and media used in cell culture were procured from Himedia (West Chester,
PA, USA).

2.2. Collection and Drying of Okra Pods

Fresh okra pods Abelmoschus esculentus were obtained from the herbarium garden
at Integral University Campus, Lucknow, India in November 2020. The plant specimen
was authenticated by the taxonomist at the Department of Pharmacognosy, Faculty of
Pharmacy, Integral University, Lucknow, U.P,, India, with voucher specimen reference no.
(IU/PHAR/HRB/20/11). The color of the okra pods was green to dark green, and the
average length of pods was nearly 8-10 cm with a pentagonal cross-section containing
numerous seeds. The type of okra used in the study was locally available, namely, Okra—
Komal. After collection, okra pods were washed thoroughly and dried at room temperature
for 72 h. After 72 h, they were dried at 3040 °C until a constant weight was obtained. After
drying, they were ground to powder using an electric blender, sieved using sieve #22, and
stored in an air-tight jar for further use.

2.3. Preparation of Extract

For cold aqueous extraction of okra pods, 300 mL of double-distilled water was added
to 100 g of powdered okra and homogenized at 2000 rpm at 4 °C in a homogenizer (Science-
Tech, Lucknow, India; motor specifications: Prompt-FHP, AC/DC-ACW, S.NO.99085,
RPM-4000, Uttam Electrical Industries, Varansi, Uttar Pradesh, India). The mixture was
filtered through Whatman No. 1 filter paper. The residue was dried at a temperature of
approximately 40 °C to obtain the dried form of okra crude extract. The dried residue of
aqueous extract was stored in a refrigerator for further use.

2.4. Phytochemical Estimations of Okra Pods Extract
2.4.1. Assessment of Moisture, Ash, Crude Protein, Fiber, and Fat Content

The standard procedures described in the Association of Official Analytical Chemists
(AOAC) manual (2005) were followed to evaluate nutrient constituents such as moisture,
ash, protein, fiber, and fat in okra pods. The sample was kept in an oven (Universal,
Gurugram, India) overnight at 100-110 °C and was cooled in a desiccator (Tarson-402020,
Vacuum Desiccator Size 200 mm, India). The weight loss was measured and expressed
as moisture content. To analyze the ash content of okra pods, the sample was subjected
to a temperature of 550 °C in a muffle furnace (Thermotech, Hyderabad, India) to obtain
grayish-white ash. The weight of this ash was measured to determine the ash content
(Method No. 930.05, AOAC 2005). To analyze the crude fiber content of okra pods, the
sample was treated with 1.25% H,SO4, 1.25% NaOH, and 1% HNOj. It was then filtered
and washed with hot water. The residue obtained was dried in an oven at 130 °C. It was
then ignited at 550 °C in a furnace. The weight loss in the ignition was considered to be
crude fiber content. The micro Kjeldahl method was employed to determine the nitrogen
content of the sample, whereas protein content was determined by multiplying the value
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of nitrogen content by 6.25. Total carbohydrate content was calculated using the formula
given below:

100 — (percentage of ash + percentage of total lipid + percentage of protein + percentage
of crude fiber) (AOAC, 2000)

The calorific value was evaluated according to Guil-Guerrero et al., 1998, using the
formula given below:

(Total carbohydrate x 4) + (lipid x 9) + (protein x 4)

The resultant value is expressed in kilocalories. The Soxhlet extraction method was
used to quantify crude fat content. In this method, the extracting agent was petroleum
ether, and the temperature was 60-80 °C, as reported in Method No. 930.09 (AOAC 2005).

2.4.2. Mineral Determination

The ashed sample was dissolved in 100 mL of HNOj3 (2%), and double-distilled water
was added to obtain the final volume. Ca, Mg, Cu, Zn, Fe, Pb, As, Se, Cr, Cd, and Mn were
detected in the ashed sample. Each mineral was separately measured using an Atomic
Absorption Spectrometer (Perkin Elmer, Analyst 800). For phosphorus content, a Spectrum
spectrophotometer (754 PC, Shanghai, China) was used, and the absorbance was measured
at 440 nm.

2.4.3. Determination of Total Phenolic Content

The Folin—Ciocalteu method was employed to estimate the total phenolic content of
okra extract [18]. One gram of okra extract was mixed with 46 mL of double-distilled water
and 1 mL of Folin—Ciocalteu reagent. It was mixed well, and 3 mL of sodium carbonate
(2% solution) was added after 3 min. The solution was shaken intermittently and was kept
stable for 2 h. The absorbance was measured at 760 nm.

2.4.4. Determination of Chlorophyll and Carotenoids

The chlorophyll and carotenoid content of okra pod extract was determined by the
method of Nagata and Yamashita [19] with some modifications. 150 mg of fine dried
aqueous okra powder extract was mixed with 10 mL of acetone-hexane (4:6) solution for
1 min and filtered using Whatman No. 4 filter paper. The absorbance of the filtrate was
measured at 470, 645, and 663 nm for carotene, chlorophyll b, and chlorophyll a content,
respectively. The assessment of chlorophyll content was based on «-pheophytin, and that of
carotene content was based on lutein. Chlorophyll and carotenoid contents were estimated
using the formulas given below [20]:

Chlorophyll a and b were calculated by the following equations:

[12.7 A (663) —2.63 A (645)]

Chlorophyll a = 1000 X W x 'V
~ [22.9 A (645) —2.63 A (663)]
Chlorophyll b = 1000 X W x 'V

where A is absorbance, W is the weight of the sample, and V is the final extract volume.
Carotenoid was calculated by the following equation:

Carotenoid (mg/kg) = (A470 x 106)/(2000 x 100 x d)

where 613 is molecular absorption (&) of the compound a-pheophytin, 2000 is molecular
absorption (¢) of lutein, and d is cell thickness (1 cm).
a-Carotene and lycopene were calculated by the following equations:
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a-Carotene = 0.216 x A663 — 1.220 x A645 — 0.304 x A505 + 0.452 x A453
Lycopene = —0.0458 x A663 + 0.204 x A645 — 0.304 x A505 + 0.452 x A453

2.4.5. Diphenyl-1-Picrylhydrazyl Assay

DPPH radical scavenging activities of okra pods were determined by the method of
Blois (1958) with some modifications [21]. The working reagent of 0.1 mM DPPH was
prepared in methanol. A 1 mL sample of the aqueous extract was mixed with 2 mL of
prepared DPPH solution and incubated for 30 min at room temperature. After incubation,
absorbance was measured at 517 nm. Synthetic ascorbic acid was used as the reference
antioxidant, and methanol was used as a negative control. The antioxidant capacity for
scavenging DPPH free radicals was determined by the equation given below. The results
are expressed as percentage inhibition [22].

Scavenging activity (%) = (Abgeontrol _ ppssample / ppscontroly o 10

2.4.6. Estimation of Vitamin E (Tocopherol) by High-Performance Liquid Chromatography

The vitamin E content of okra pod extract was estimated by HPLC (Shimadzu-model
HPLC) equipped with an LC-20 AT pump, a SPD-20 A UV /VIS detector, and a 20-11 loop
Rheodyne injector. The okra pod extract, 20 pL of the standard solution, and 25 ppm
vitamin E were loaded using the 20-11 loop Rheodyne injector. The liquid phase was
water/methanol (90:10, v/v) at a rate of 1 mL/min and a wavelength of 294 nm. The
vitamin E content was calculated using the formula given below:

Response factor = Standard size of the surface material AS/Concentration of the
standard material (CS)

Concentration of sample (Cu) = Top size of the sample (Au)/Response factor

2.4.7. Analysis of Sugars by High-Performance Liquid Chromatography

Okra contains reducing and non-reducing sugars. Analysis of sugar content was
performed in triplicate by high-performance liquid chromatography (HPLC). Ultrapure
water—ethanol (100 mL, 80/20, v/v) was used to reflux the requisite amount of dried sample.
It was boiled for 30 min, centrifuged at 6000 rpm for 20 min, and filtered through a 0.45 pm
membrane filter. The sugars were separated by liquid chromatography using a Knauer
(Berlin, Germany) carbohydrate column with a particle size of 5 pm and 250 mm x 4.6 mm
i.d. at 35 °C. The solvents obtained after separation were filtered using a 0.45 pm membrane
filter. An ultrasonic bath (Ultrasonic Cleaner Device, Model HZSH, CSF-1A, Shanghai,
China) was used to obtain the filtrate. Acetonitrile and ultrapure water (75:25% v/v) were
used as the mobile phase with a 1.0 mL/min flow rate. The injection volume was adjusted
to 20 uL. An RI detector (K-230 1, Knauer, Berlin, Germany) was used. The peaks obtained
were scaled with the specific concentrations of three sugars, namely, glucose, sucrose, and
fructose, using external standards.

2.4.8. Gas Chromatography-Mass Spectrometry Analysis of Okra Pod Extract

The gas chromatography—mass spectrometry analysis of okra pod extract was per-
formed using a Shimadzu chromatograph (model GC-MS QP 2010) and capillary col-
umn (Durabond) having a stationary phase (DB-5HT 30 mx) with a phase thickness of
0.319 mm x 0.10 pum. Helium gas was used as the carrier gas at a flow rate of 43.7 cm-s~ 1.
In 1:50 split mode and at an injector temperature of 290 °C, 1 uL of the sample was loaded
using an injector. Initially, the column temperature was 80 °C and was subject to two heat-
ing steps: 10 °C min~! to 150 °C and 6 °C min~! to 230 °C. The column was maintained

at this temperature for 50 min. The temperature of the mass detector and interface was
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250 °C. The m/z ratios at the start and end of the process were 40 and 1000, respectively.
The standards present in a software library (Mass Spectral Database NIST/EPA /NIH) were
used for the characterization. The mass spectra obtained were compared with those of the
standards. The total area of the identified peaks was determined, and the percentages were
measured using the relative area of each peak.

2.5. In Vitro Antidiabetic Activity of Aqueous Extract of Okra Pods

The antidiabetic activity of okra pods was determined by performing amylase activity
inhibition and glucose diffusion inhibition assays.

2.5.1. Amylase Inhibition Assay

Aqueous extracts of okra pods with four concentrations of 25, 50, 75, and 100 mg/mL
were prepared using double-distilled water. The aqueous extract (500 uL) was mixed with
the same quantity of 0.02 M sodium phosphate buffer (pH 6.9) and 0.006 M sodium chloride,
followed by the addition of 0.5 mg/mL a-amylase solution and incubation at 25 °C for
10 min. Subsequently, 1% starch solution was prepared in 0.02 M sodium phosphate
buffer (pH 6.9) and 0.006 M sodium chloride in four different tubes. The solution (500 pL)
was added to each tube at an interval of 5 s. This reaction mixture was incubated for
10 min. To terminate this reaction, 1 mL of 3,5-dinitrosalicylic acid reagent was added.
All tubes containing the reaction mixture were incubated in a water bath for 5 min. They
were then cooled to room temperature. The reaction mixture was diluted with 10 mL of
double-distilled water. The absorbance was measured at 540 nm [23]. The % inhibition was
calculated using the formula given below:

% inhibition = (Absontrol — Apsextract / Apgeontroly w100

2.5.2. Glucose Diffusion Inhibition Assay

The dialysis membrane (Dialysis Membrane-70, approximate capacity of 2.41 mL/cm)
containing okra pod aqueous extract and glucose solution (0.2 mM in 0.15 M sodium
chloride) was kept in a beaker containing 40 mL of 0.15 M sodium chloride and 10 mL of
double-distilled water. The beaker was kept in an orbital shaker at room temperature, and
the diffusion of glucose into the external solution was measured. The assay was performed
in triplicate [7].

2.6. Anticancer Activity of Okra Pod Extract against HepG2 Cells

The human liver cell line HepG2 (hepatocellular carcinoma) and normal rat kidney
(NRK) cells were obtained from the National Centre for Cell Sciences, Pune, India. Dul-
becco’s Modified Eagle Medium (DMEM) and DMEM-F12 supplemented with 10% fetal
bovine serum and 1% antimicrobial cocktail containing antibiotics, specifically strepto-
mycin (10 mg), penicillin (10,000 units), and amphotericin (25 mg), were used. The cells
were separately cultured in these media at 37 °C in a CO, humidified incubator and grown
as a monolayer in 75 cm? tissue culture flasks.

2.6.1. Determination of Cell Viability by 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl
Tetrazolium Bromide Assay

A stock solution of the extract with a concentration of 8 mg/mL was prepared
in double-distilled water. The stock solution was diluted to obtain dilutions of
0.005-0.4 mg/mL. The effect of the extract on the human tumor cell line HepG2 and
normal NRK cells was evaluated. The cells were grown in 96-well plates to obtain a final
cell density of 5000 cells/well. These cells were left for 24 h to allow their attachment. After
24 h, the cells were treated with the extract, incubated again for 24 h, and assessed for
cytotoxicity. The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide assay was
performed to quantify the cytotoxicity of okra pod extract in human HepG2 and NRK cell
lines [24]. The absorbance was measured at 570 nm. The untreated cell lines (controls) were
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used to determine the live-cell percentage (%). The half-maximal inhibitory concentration
(ICs50) values were computed using the Origin 6.0 Professional software.

2.6.2. Morphological Analysis by Phase-Contrast Microscopy

Variations in cell morphology were noted when HepG2 and NRK cells were treated
with the okra pod extract at ICsy concentration for 48 h [25]. The morphology of treated
cells was compared with that of untreated cells. The morphological changes in treated
cells were visualized using an inverted phase-contrast microscope (Labomed, Los Angeles,
CA, USA).

2.6.3. Nuclear Condensation Detection by 4,6-Diamidino-2-phenylindole Staining

The apoptotic effect of okra extract at IC5y concentration on the HepG2 cell line was
analyzed. The fluorescent nuclear dye 4,6-diamidino-2-phenylindole (DAPI) was used at a
concentration (300 nm). Cellular internalization and chromatin interaction were assessed
by DAPI staining. Okra extract-treated and DAPI-stained HepG2 cells were incubated
for 24 h at 37 °C, and untreated and DAPI dye-stained cells were used as the controls.
The stained cells were visualized using an inverted Nikon ECLIPSE Ti-S fluorescence
magnifying instrument from Japan.

2.6.4. Quantification of Intracellular Reactive Oxygen Species

The dichloro-dihydro-fluorescein diacetate assay was performed to measure the level
of reactive oxygen species (ROS) in the HepG2 cell line treated with okra pod extract
at ICsy concentration [26]. The working concentration of ROS is 10 pM. A fluorescence
microscope (Nikon ECLIPSE Ti-S, Tokyo, Japan) and multiwall smaller-scale plate reader
(Synergy H1 Hybrid Multi-Mode Microplate Reader, BioTek, Winooski, VT, USA) were
used to detect fluorescence. The excitation and emission wavelengths were 485 nm and
528 nm, respectively. The change in fluorescence intensity of treated cells was measured by
comparing it with the untreated cells.

2.7. Antimicrobial Activity of Okra Pod Extract

The antibacterial activity of okra pod extract was primarily assessed using the disc
diffusion method [19,27]. The microdilution method was used to determine the mini-
mum inhibitory concentration required to inhibit 50% growth of organisms (MICsg) of the
extract [17]. Strains of Staphylococcus aureus (NICM 2079), Escherichia coli (ATCC 25923),
Bacillus cereus (NCIM 2156), and Klebsiella pneumoniae (NCIM 2957) in the midlogarithmic
stage were used. The cells were treated with 10 mM sodium phosphate buffer (SPB) at
pH 7.4 and diluted to 2 x 105 colony-forming units (CFUs)/mL in SPB with 0.03% Luria—
Bertani (LB) broth. Different concentrations of okra extract varying from 5 to 35 mg/mL
were added to a bacterial inoculum of 5 x 10* CFU/well and diluted in 96-well microtiter
plates with 50 pL of LB medium. This setup was incubated overnight at 37 °C. The MICs
of okra pod extract was determined by using the formula listed below:

MICsy = ( AControl ) « 100

A Ttreatement

2.8. Statistical Analysis

The analysis of variance and Tukey’s honestly significant difference tests were per-
formed using SPSS Statistics Software Version 20 (IBM, New York, NY, USA). The data are
expressed as mean values and standard deviations (SD) of three repeated readings of the
samples and concentrations. A p-value of <0.05 was considered statistically significant.
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3. Results
3.1. Proximate Nutritional Composition

Okra is a staple food and an established component of a complete diet in various
parts of the world. The results show that the okra fruit had dietary fiber content of
6.781-8.314 g /100 g, moisture content of 84.67-87.65 g/100 g, fat content of 0.066-0.1 g/100 g,
carbohydrate content of 7.857-8.261 g/100 g, and protein content of 2.367-3.41 g/100 g,
and its calorific value was 51.258 kcal/100 g. Table 1 presents the proximate nutritional
composition of okra pods.

Table 1. Proximate nutrient content of okra pods.

. - Content
S.No. Nutrient Composition (/100 g)
1 Moisture 84.67-87.65
2 Total ash 1.514-1.197
3 Crude protein 2.367-3.41
4 Total fat 0.066-0.1
5 Total carbohydrate 7.857-8.261
6 Dietary fiber 6.781-8.314
7 Energy (kcal /100 g) 51.258

3.2. Proximate Mineral Composition

The proximate mineral composition of okra pods is presented in Table 2. Vital con-
stituents of human nutrition include both macroelements and microelements. Okra is
nutritionally rich because it contains abundant minerals [28]. Mineral composition analy-
sis showed that the most abundant mineral in okra was potassium (330-350 mg/100 g),
followed by calcium (260-270 mg/100 g). The microelements detected in okra were zinc
(1.8-2.2mg/100 g), iron (1.5-1.7 mg/100 g), copper (0.48-0.5 mg/100 g), and manganese
(0.12-0.15mg/100 g).

Table 2. Proximate mineral content of okra pods.

S.No. Mineral Composition (n?;ﬁt&;l ;)

1 Iron 1.5-1.7

2 Copper 0.48-0.5
3 Manganese 0.12-0.15
4 Zinc 1.8-2.2

5 Magnesium 100-104
6 Calcium 260-270
7 Sodium 120-130
8 Potassium 330-350

3.3. Determination of Phenolic Compounds

The total phenolic content of okra pod extract was 4.75 mg/g. The phenolic com-
pounds in okra seeds and podless flours were reported previously [19] and exhibited total
phenolic content values (gallic acid equivalents) ranging from 288.2 to 3426.2 mg/100 g. Be-
cause reducing sugars are abundant in vegetable extracts, they can reduce Folin—Ciocalteu
reagent, resulting in exaggerated values of total phenolic content [27].

3.4. Estimation of Chlorophyll and Carotenoid Content

Naturally occurring plant pigments, including chlorophylls and carotenoids, are
commonly found in organic food components. The a-carotene and lycopene contents
of okra were 0.83 mg/100 g and 0.55 mg/100 g, respectively. Although chlorophyll is
not a nutritional compound, it is responsible for the green color of vegetables, indicates
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senescence to consumers through its oxidation effects, and contributes to the healing
of wounds and inflammation [27]. The chlorophyll a and chlorophyll b contents were
determined to be 3.53 mg/100 and 2.43 mg/100 g, respectively.

3.5. Antioxidant Potential of Okra

Free radicals are reduced by hydrogen atoms or electrons donated by antioxidants or
free radical scavengers. DPPH is a stable free radical and was used to quantify the free
radical scavenging activity by okra pods in this study. The DPPH radical scavenging assay
showed that okra exhibits antioxidant potential, and the ICs5, value was 1.05 mg/mL.

3.6. Estimation of Vitamin E (Tocopherol) Content

Okra contains a high amount of tocopherol, which is involved in growth and bone
synthesis. The major tocopherol found in okra was y-tocopherol (2.67 mg/100 g), followed
by a-tocopherol (1.62 mg/100 g) (Figure 1).

[AU]

Absorption

_ F:\1 - Detector 02

12.07
14.17

15 20 25
Time [min.]

Figure 1. HPLC chromatogram representing the tocopherol content in the aqueous extract of
okra pods.

3.7. Determination of Sugar Content

The principal sugar detected in the pods was sucrose (Peak 3) with a concentration of
105-115mg/100 g. The other two sugars detected were fructose and glucose (Peaks 1 and 2)
with concentrations of 33-35 and 28-32 mg/100 g, respectively.

The carbohydrate constituents of okra are affected by reaping conditions, soil charac-
teristics, climatic conditions, and the genotype of the plant. The sugar content of okra pods
is presented in Figure 2 and Table 3.

3.8. GC-MS Analysis of Okra Pods

GC-MS analysis of okra extract was performed, and a total of 35 compounds were
detected. The detected compounds accounted for 91.63% of the total (Figure 3).

The percentage of compounds identified in okra pods is presented in Table 4. The
compound profiles showed the presence of non-terpene derivatives (37.53%). Quantitative
analysis of compounds indicated that oxygenated monoterpenes, sesquiterpene hydro-
carbons, phenylpropanoids, and monoterpene hydrocarbons were present in moderate
amounts of 21.1%, 10.5%, 10.3%, and 8.5%, respectively. Apocarotenes were present in small
amounts (3.7%). The main constituents of okra pods were (E)-anethole (6.7%), limonene
(6.65%), B-caryophyllene (5.2%), decanal (4.45%), and carvone (4.35%). The chemical
structure of the main compounds is listed in Figure 4.
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Figure 2. Reducing sugars (fructose, glucose, and saccharose as Peaks 1, 2, and 3, respectively)
detected in the aqueous extract of okra pods by high-performance liquid chromatography.

Table 3. Composition of sugars in okra pods.

S.No. Soluble Sugars Content mg/100 g
1 Fructose 33-35
2 Glucose 28-32
3 Sucrose 105-115
4 Total sugars 166-182
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Figure 3. GC-MS chromatogram representing the bioactive constituents of aqueous extract of
okra pods.
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Table 4. GC-MS identification of phytoconstituents in Okra extract.

Compounds Abundance/ Chemical Molecular
Values Formula Weight (g/mol)
4-Hydroxy-d-methyl-2-pentanone 834; 3.45
o-Pinene 939; 1.85 CioHig 136.23
(E)-2-Heptanal 959; 0.67 C;H,0 112.17
Benzaldehyde 961; 0.47 C7HgO 106.12
1-Octn-3-o0l 978;2.95 CgH140 128.21
3-Pinene 980; 0.85 C1oHis 136.23
6-Methyl-5-hepten-2-one 984;2.32 CgHy140 126.20
Limonene 1030; 6.65 CioHig 136.24
(E)-3-Octen-1-o0l 1059; 3.94 CgH160 128.21
(E)-2-Octen-1-o0l 1068; 4.22 CgH;40 128.21
1-Octanol 1072; 3.85 CgH150 130.23
n-Undecane 1098; 0.55 C11Hpg 156.31
Linalool 1098; 1.4 C10H150 154.25
Nonanal 1102; 3.25 Cy9H;50 142.23
cis-p-Menth-2-en-1-ol 1120; 1.45 C1oH150 154.24
Camphor 1142;3.23 C10H160 152.23
Menthol 1172;1.3 C1oHpO 156.27
a-Terpineol 1184;0.75 C10H180 154.25
cis-Dihydrocarvone 1193; 0.42 C10H160 152.23
n-Dodecane 1197;2.35 C12Hog 170.33
Decanal 1204; 4.45 C10Hp0O 156.2
-Cyclocitral 1219; 1.55 C1oH160 152.23
Exo-fenchyl acetate 1228;2.05 C12H00, 196.29
Carvone 1241;4.35 C10H140 150.22
(E)-Anethole 1283; 6.7 C1oH120 148.20
n-Tridecane 1297;1.85 C13Hog 184.37
a~-Cubebene 1349,‘ 1.55 C15H24 204.35
Eugenol 1356; 4.05 C10H120, 164.2
n-Tetradecane 1395; 1.95 C14Hjz 198.39
-Caryophyllene 1017;5.2 Ci5Hoy 204.36
2,5-Dimethoxy-p-cymene 1419;1.43 C1pHi80; 194.27
A8,9-Dehydro-4-hydroxythymol ]
dimethyl ether 1442;4.15 C12H1607 192.26
A8,9-Dehydro-4-hydroxythymol 1457;2.48 C10H120, 164.20
y-Muurolene 1476; 1.6 Cq5Hpy 204.35
3,4-Dehydro-p-ionone 1781;2.35 Ci13H»O 194.31
Class of Compounds Percentage
Monoterpene hydrocarbons 8.50
Oxygenated monoterpenes 21.10
Sesquiterpene hydrocarbons 10.50
Phenylpropanoids 10.30
Apocarotenes 3.70
Non-terpene derivatives 37.53
Total identified (%) 91.63

3.9. a-Amylase Inhibition and Glucose Diffusion Inhibition Activity

Okra exhibited inhibitory activity against «-amylase (ICsp = 120 pg/mL) and
a-glucosidase (ICsg = 115 ug/mL). The high inhibitory potential of okra might be due
to the synergic effect of its polysaccharides and flavonoids. This finding contradicts the
results of Yuang et al., who attributed the high inhibitory potential of okra only to polysac-
charides [17]. Flavonoids inhibit glucose transporters and consequently inhibit o-amylase
and «-glucosidase activities.
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Figure 4. Chemical structure of the main five constituents identified in Okra extract. (1) carvone;
(2) B-caryophyllene; (3) decanal; (4) (E)-anethole; and (5) limonene.

3.10. In Vitro Anticancer Activity of Okra Extract

The anticancer activity of okra extract was analyzed in vitro against the HepG2 cell
line. The okra extract exhibited high anticancer activity, with an ICsy value of 158.3 mg/mL.
The anticancer effect was dose-dependent. Okra extract was nontoxic to NRK cells up to a
concentration of 500 mg/mL (Figure 5).

100 —

4

IC = 158.3mg/mL
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o 50 100 150 zo0 z50 300 aso 400

Concentration mg/mL

Figure 5. The dose-dependent cytotoxic effect of okra extract against HepG2 cells. All tests were
performed in triplicate, and data are expressed as mean =+ standard deviation.

3.10.1. Morphological Changes in HepG2 Cells

Phase-contrast microscopy showed morphological changes in HepG2 cells treated
with okra extract at the ICsy concentration (Figure 6). No notable morphological changes
were observed in control (untreated) cells after incubation for 48 h, and they remained
uniformly distributed (Figure 6A). However, after 48 h of incubation, HepG2 cells treated
with okra extract showed a shrunken cell morphology and were irregular, necrotic, and
detached from the well surface. Some cells had an intact (unblemished) plasma membrane.
This indicated that the cells had initiated apoptosis.

3.10.2. Analysis of Morphological and Nuclear Structural Changes

Incubation of HepG2 cells with okra extract inhibited the enzyme thymidylate syn-
thase, which is involved in the nucleic acid synthesis. The effect of okra extract on nucleic
acids led to considerable morphological and nuclear structural changes in HepG2 cells.
Increased cell membrane penetrability and condensed chromatin were observed in okra
extract-treated cells stained with DAPI (Figure 7B) compared to untreated cells (Figure 7A),
indicating the apoptotic effect of okra extract. The condensation of the nucleus confirms the
cytotoxic effect of okra extract. A graph of the fluorescence intensity, which was estimated
by Image-] software, is given below and the graph was plotted with the help of Origin 6.0
Professional software (Figure 7C).
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Figure 6. Images depicting the morphological changes in (A) untreated control cells and
(B) HepG2 cells treated with okra extract at IC5y concentration at 20X magnification under phase-
contrast microscopy.
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Figure 7. Images depicting the apoptotic effect of okra extract on DAPI-stained HepG2 cells at 20X
magnification under a phase-contrast microscope. (A) Untreated HepG2 cells stained with DAPI;
(B) okra extract-treated HepG2 cells; (C) fluorescence intensity graph.

3.10.3. Production of Reactive Oxygen Species

Increased intracellular ROS were observed in okra extract-treated HepG2 cells com-
pared with untreated cells (Figure 8A), which exhibited lower fluorescence than okra
extract-treated HepG2 cells (Figure 8B). The generated ROS disturbed the compactness or
structure of the plasma membrane, whereas no disorganization was observed in untreated
cells, and their plasma membranes remained intact. Cytotoxicity due to oxidative pressure
and apoptosis might have produced ROS. A graph of the fluorescence intensity, which was
estimated by Image-J software, is given below and the graph was plotted with the help of
Origin 6.0 Professional software (Figure 8C).

3.11. Antimicrobial Activity of Okra Extract

The present study assessed the antimicrobial activity of okra extract. Okra extract
exhibited microbicidal activity against multiple pathogenic micro-organisms (Figure 9), indi-
cating its broad-spectrum nature. The ICs values obtained were 21.8 mg/mL for S. aureus,
18.7 mg/mL for E. coli, 20.7 mg/mL for B. cereus, and 20.2 mg/mL for K. pneumoniae.
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Figure 8. Images depict DCFDA-stained HepG2 cells after 48 h at 20X magnification under a
phase-contrast microscope. (A) DCFDA experimental control; (B) okra extract-treated HepG2 cells;
(C) fluorescence intensity graphs.
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Figure 9. Graph showing antibacterial potential of okra extract against S. aureus (21.8 mg/mL),
E. coli (18.7 mg/mL), B. cereus (20.7 mg/mL), and K. pneumoniae (20.2 mg/mL). The experiment was
performed in triplicate, and the results are expressed as mean =+ standard deviation.

4. Discussion

Okra is an edible vegetable crop that is commonly consumed and readily available
in local markets. The present study evaluated the nutritional composition and the antimi-
crobial, antioxidant, and cytotoxic potential of okra pods. The nutritional composition of
fresh okra is 90% water, 2% protein, and fiber, and it is rich in fat, pectin, hemicellulose,
alpha-cellulose, and lignin. Okra is also rich in vitamins and minerals, such as calcium, iron,
magnesium, phosphorus, potassium, and zinc [1]. The okra analyzed in the present study
had significant dietary fiber, moisture, carbohydrate, and protein content. The calorific
value was 51.258 kcal/100 g. The results of our study indicate that this plant species is
potentially as nutritious as other species.

Spineless and dwarf long green varieties have higher protein contents than that of
okra [29]. Okra pods were determined to have a lower calorific value than quinoa from
Brazil and Chile because of their low carbohydrate, fat, and protein contents [30]. The
moisture, fiber, protein, and fat contents of some Amaranthus species are similar to those
of okra pods. These nutrient fractions have several benefits for human health. Insoluble
dietary fiber contributes to the normal function of the intestinal tract and the prevention
of gastrointestinal disorders. Gut micro-organisms can utilize soluble dietary fiber and
regulate lipid metabolism in humans, contributing to the hypocholesterolemic properties
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of dietary fiber. Okra also has hypolipidemic properties, which potentially make it effective
in controlling genetic metabolic disorders, including hyperlipidemia [31]. Because okra has
higher crude fiber content than quinoa and Amaranthus, it could be a potential alternative
to other nutrient sources in the daily diet. Micronutrients, including zinc, iron, copper,
magnesium, calcium, sodium, potassium, and manganese, which play important roles
in human diet and health, were also detected in okra. A comparative study showed
proximate composition values of 8.1-8.9%, 8.4-9.0%, 14.3-15.3%, 1.4-2.1%, 16.9-18.2%, and
47.1-49.4% for moisture, ash, crude protein, crude fat, crude fiber, and carbohydrate content,
respectively, and the mineral content values were 7.6-8.7 mg/100 g, 35.7-41.2 mg/100 g,
26.5-28.1 mg/100 g, 93.2-95.8 mg/100 g, 1.6-1.8 mg/100 g, and 5.2-5.7 mg/100 g for
sodium, magnesium, potassium, calcium, iron, and zinc, respectively [32].

Phenolic compounds are considered major bioactive molecules in okra pods, as re-
ported previously [19,33]. In the present study, total phenolic content (gallic acid equiva-
lents) ranged from 288.2 to 3426.2 mg/100 g. The reducing sugars in okra reduce Folin—-
Ciocalteu reagent, resulting in exaggerated values of total phenolic content [27]. The plant
matric flavonoids, including quercetin and kaempferol, are attached to sugar moieties.
These flavonoid glycosides have many broad-spectrum biological activities, including an-
timicrobial, antioxidant, and antiproliferative properties [34]. Other compounds estimated
in okra include chlorophyll and carotenoids, the values of which were higher than those in
other okra genotypes, such as Lassithi, Pylaea, and Veloudo. Though chlorophyll is not a
nutritional compound, it is responsible for the green color of vegetables, indicates senes-
cence to consumers through oxidation effects, and contributes to the healing of wounds
and inflammation [27]. The obtained values of chlorophyll a and b were equivalent to
those reported in other studies. Okra is rich in vitamin E and tocopherols, which were
estimated in our study using HPLC. Tocopherols are natural antioxidants, and vitamin E is
an important component of nutrition. Four types of tocopherols are recognized, «, 3, Y,
and §; the most important of which is «-tocopherol, as it reduces fat adhesion to the cell
wall and reduces the amount of cholesterol in the blood by capturing peroxide radicals
in cell tissues [13]. The GC-MS analysis showed the presence of 35 compounds in okra
pods. The main constituents were (E)-anethole (6.7%), limonene (6.65%), B-caryophyllene
(5.2%), decanal (4.45%), and carvone (4.35%). The main constituents found in okra pods
have been studied previously for their antimicrobial and cytotoxic activities. Anethole
has been analyzed for its antimicrobial, antifungal, anti-inflammatory, mutagenic, and
cytotoxic activities [35,36]. Limonene exhibits antibacterial and cytotoxic activities [37].
Similarly, 3-caryophyllene also possesses antibacterial, antioxidant, anti-inflammatory, and
anticarcinogenic activities [36].

Among nutritional components, phenolic and bioactive compounds are responsible
for the biological activities of okra. Okra has also been reported as a remedy for diabetic
patients. Around 5% of the global population suffers from diabetes mellitus; however, all
therapies have secondary effects. The disease is caused by faulty communication between
insulin action and its secretion. This results in high blood glucose levels that damage blood
vessels and impair body functions over time. The progressive weakening of body cells is
a hallmark of the disease. Type 2 diabetes is a metabolic disorder in which the affected
person is insulin-resistant and requires a combination of medications for dyslipidemia and
arterial hypertension [38]. A conventional approach to treating diabetes mellitus or type 2
diabetes is reducing postprandial glucose levels. This can be achieved by slowing glucose
absorption by targeting the activity of hydrolyzing enzymes associated with carbohydrates.
Hydrolyzing enzymes, including o-amylase and a-glucosidase, naturally reside in the
brush borders of the small intestine. The enzymes are required to absorb and break down
oligosaccharides, polysaccharides, and disaccharides into monosaccharides [8,39,40]. Okra
contains polysaccharides, which have several roles [35]. Okra exhibited inhibitory activity
against a-amylase (IC5p = 120 ng/mL) and a-glucosidase (IC5p = 115 pg/mL). The high
inhibitory potential of okra might be because of the synergic effect of its polysaccharides
and flavonoids. This finding contradicts the results of Yuang et al., who attributed the
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high inhibitory potential of okra only to polysaccharides [35]. Flavonoids inhibit glucose
transporters and consequently inhibit x-amylase and «-glucosidase activities. A recent
study reported that the inhibitory potential of okra is associated with the units of hydroxyl
groups on the flavonoid backbone’s B ring. An interlinkage is formed between the hydrogen
bonds of the hydroxyl group of ring A at positions R6 and R7 and the polyphenol ligands
of ring B at positions R40 and R50 and attachment sites of the catalytic portion. The
interlinkage is also formed by the conjugated 7-system, which maintains the interaction
between active sites [39].

The antioxidant potential was determined by the widely used DPPH method. The
antioxidant potential of okra is due to the presence of vitamin E and tocopherols. To-
copherols reduce oxidation and work as natural antioxidants and prevent low-density
lipoprotein (LDL) oxidation in coronary arteries, which leads to atherosclerosis and heart
attacks; thus, tocopherols have protective effects against heart attacks. Tocopherols protect
cells from the effects of free radicals [1,14]. The phenolic content in okra is responsible
for its antioxidant properties. Many studies have correlated total phenolic content with
antioxidant potential in okra pods, as phenolic compounds have hydroxyl groups that
donate protons to free radicals to scavenge them; DPPH values of EC50 = 1.03 mg/mL were
previously reported [28]. In other studies, okra extract prepared in methanol, ethyl acetate,
and n-hexane showed varying DPPH antioxidant activity, with ICsq values of 35.21 ug/mL,
181.09 pug/mL, and 104.06 ug/mL, respectively. This variation is due to the presence of
active compounds such as quercetin, catechin, and vitamin E, which are more soluble in
methanol than other solvent systems [27].

Okra showed potent antimicrobial activity against common pathogenic micro-
organisms that frequently cause nosocomial infections: S. aureus, E. coli, B. cereus, and
K. pneumoniae. Several researchers have shown the antimicrobial activity of okra against
different pathogenic strains. One of the studies showed antimicrobial activity in both
lyophilized and freshwater extracts of okra pods against R. opacus, Mycobacterium sp.,
M. aurum, S. aureus, E. coli, and Xanthobacter Py2; these effects were attributed to the pres-
ence of lipids, namely, palmitic and stearic acids [41]. Seed extracts exhibited antimicrobial
properties against Listeria monocytogenes, Salmonella enteritidis, and S. typhimurium [42].

Cancer is one of the global leading causes of death. Despite advances in drug de-
velopment, there is a need to develop new plant-derived medicines. Such plant-derived
agents include vinca alkaloids and taxanes [43,44]. Flavonoids and phenols in okra flowers
have antitumor effects on colorectal cancer cells both in vitro and in vivo, antiproliferative
effects, and strong antioxidant potency. Flavonoids induced the activation of p53 and
suppressed mitochondrial functions in colorectal tumor cells, resulting in apoptosis and
inhibiting autophagy [45]. The anticancer effect of okra extracts was studied in vitro in
several cell lines. One flavonoid in okra is Hyperin, also known as quercetin-3-O-f3-D-
galactoside. It is reported to have anticancer potential in gastric cancer cells (CHI) by
producing antiproliferative, antimigratory, and anti-invasive effects and results in apopto-
sis by blocking the Wnt/ 3-catenin signal pathway [46]. Flavonoids in okra extracts were
observed to exert cytotoxic effects in breast cancer cells (MCF-7), hepatoma cells (HepG2),
and human cervical cancer (HeLa) cells in a dose-dependent manner [47]. Lectins from
okra caused caspase-mediated downstream signaling in MCF7 cells and normal fibrob-
lasts (CCD-1059 SK) 42 [48]. In the present study, the okra extract was observed to exert
anticancer effects against the HepG2 cell line in a dose-dependent manner. When treated
with okra extract, the cells underwent morphological changes and apoptosis and contained
intracellular ROS.

5. Conclusions

Okra (Abelmoschus esculentus) is high in fiber, and our investigations revealed that
it also contains significant quantities of proteins and carbohydrates, as well as minerals,
such as Ca, Mg, Cu, Zn, Fe, K, Na, and Mn. Our results indicate that the aqueous extract
of okra exhibited potent antimicrobial activity against common bacterial strains that are
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responsible for nosocomial infections. The antioxidant activity measured in the DPPH
assay demonstrated promising results, and morphological changes and ROS generation in
HepG2 cells suggest potential anticancer activity. These biological activities are due to the
presence of tocopherols and other bioactive compounds detected in the aqueous extract of
okra. Therefore, on the basis of key findings of this research, the aforementioned vegetable
is effective as a nutritional supplement for cancer patients. However, before its proper
application as an additional supplement in the treatment of cancer patients, further in vivo
investigations are required.
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