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Comparative analysis of solvent
and advanced extraction
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phytochemical yield and bioactivity
of Matthiola ovatifolia (Boiss.)
Aerial parts
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Hazem S. Elshafie?

This study investigated the influence of different solvents (ethanol, water, DMSO, and acetone) and
extraction methods, conventional solvent extraction (CSE), ultrasound-assisted extraction (UAE),
microwave-assisted extraction (MAE), and ultrasound-microwave-assisted extraction (UMAE), on
the phytochemical composition and biological activities of the extracts prepared from the aerial
parts of Matthiola ovatifolia Boiss. Total phenolics, flavonoids, tannins, alkaloids and saponins were
spectrophotometrically measured. In addition, antioxidant, antibacterial, and cytotoxic activities
against human hepatoma (Hep-G2) and human breast (MCF-7) cancer cells, antidiabetic properties,
and the anti-inflammatory activity were also investigated. The results showed significant differences
in total phenolics, flavonoids, tannins, alkaloids and saponins concentrations among different
extraction methods. The ethanolic extract prepared using the MAE contained the highest total
phenolics (69.6 + 0.3 mg gallic acid equivalent (GAE)/g dry weight), total flavonoids (44.5+0.1 mg
quercetin equivalent (QE)/g dry weight), total tannins (45.3 £+ 0.5 mg catechin/g dry weight), total
alkaloids (71.6 + 0.2 mg atropine equivalent (AE)/g dry weight) and total saponins (285.6 + 0.1 mg escin
equivalent (EE)/g dry weight) as compared to the extracts obtained with the aid of other methods.
The highest antioxidant, antibacterial, cytotoxic, antidiabetic, and anti-inflammatory activities were
also found for the same extract. According to the obtained results, the MAE method was much more
appropriate for the extraction of phytochemicals from the M. ovatifolia.

Keywords Medicinal plant, Bioactive compounds, Phytochemicals, Bio-pharmaceutical properties,
Therapeutic potential, Antibacterial activity

The Matthiola genus, belonging to the Brassicaceae family, includes several species known for their medicinal,
biochemical, and ornamental significance!. These plants are rich in bioactive compounds, making them valuable
in pharmacological and industrial applications. Matthiola species contain a wide range of secondary metabolites,
including flavonoids, alkaloids, glucosinolates, tannins, and essential oils>. These phytochemicals have a major
impact on the human health and are essential for the plant defence. Among them, phenolic compounds and
flavonoids have potent antioxidant properties that scavenge free radicals and reduce the oxidative stress, which
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is connected to a number of chronic diseases'*. Additionally, Matthiola species extracts demonstrated a broad-
spectrum antibacterial activity against both Gram-positive and Gram-negative bacteria, indicating their potential
for the development of plant-based antibiotics and food preservatives'*>. Some Matthiola species also exhibit
cytotoxic effects on the cancer cell lines, possibly as a result of glucosinolates and their hydrolysis byproducts,
such as isothiocyanates, which are investigated for their anticancer properties®’. Regarding the environmental
and agricultural importance, as a member of the Brassicaceae family, Matthiola contributes to the health and
biodiversity of soil®’. Some species were found to have potential applications in the phytoremediation'®. The
choice of the extraction method plays a crucial role in determining the yield, quality, and bioactivity of the
plant-derived compounds!'!. Different techniques influence the efficiency of the phytochemical recovery,
stability, and biological potency, making the selection of an appropriate method essential for research and
industrial applications. In particular, different solvents and techniques (e.g., conventional solvent extraction,
ultrasound-assisted, microwave-assisted) vary in their ability to dissolve and release bioactive compounds'2.
Modern techniques like the microwave-assisted extraction (MAE) and the ultrasound-assisted extraction (UAE)
gained in popularity because of their effectiveness, environmental friendliness, and capacity to preserve the
thermolabile substances. By reducing the temperature and duration of extraction, these techniques increase
the yields of the bioactive compounds with their minimum degradation. For example, the MAE was shown to
reduce the processing time and the solvent consumption while producing higher concentrations of the bioactive
compounds from a variety of plant materials than traditional methods. Similar to this, the UAE improves the
extraction process by creating cavitation bubbles that break down the plant cell walls, allowing the intracellular
compounds to be released and protecting heat-sensitive materials'>!%. The extraction method directly impacts
the antioxidant, antimicrobial, and anti-inflammatory properties of the extract!®.

The primary objective of this study was to systematically evaluate and compare different extraction
methodologies to optimize the recovery of bioactive compounds from the aerial parts of Matthiola ovatifolia
(Boiss.). The purpose of this study was to evaluate the effect of different extraction methods and solvents on
the biological activities of the resulting extracts as well as the yield and composition of the phytochemicals in
these extracts. Our investigation focused on comparing the extraction efficiency of different solvents (ethanol,
acetone, water, and dimethyl sulfoxide [DMSO]) and extraction techniques in obtaining the extracts rich in the
secondary metabolites with the enhanced therapeutic potential. The study specifically quantifies the key bioactive
compounds, including total phenolics, flavonoids, tannins, alkaloids, and saponins. Furthermore, the biological
activities of the extracts were evaluated, focusing on their antioxidant, antibacterial, cytotoxic, antidiabetic, and
anti-inflammatory properties, in order to determine which extraction conditions will maximize the therapeutic
efficacy of the resulting extracts.

Materials and methods
Chemicals and reagents
All chemicals and reagents used in this study were purchased from Sigma-Aldrich (St. Louis, MO, USA).

Plant materials

The aerial parts of M. ovatifolia Boiss. were collected from natural rangelands in Kerman Province, Iran (29°56
N, 56°16’ E). The plant material was taxonomically identified by Dr. Majid Sharifi-Rad, and a voucher specimen
(ZAB, No. 79364) was deposited in the herbarium of the Department of Rangeland and Watershed Management,
University of Zabol, Zabol, Iran. The fresh samples were thoroughly rinsed with tap water and shade-dried at
room temperature for 24-48 h to decrease surface moisture. After drying, the samples were chopped into small
pieces and frozen at —20 °C for 24 h. The frozen samples were lyophilized for 48 h at —50 °C and 0.05 mbar of
pressure using a laboratory freeze-dryer (Model FD-5005-BT, Sanat Pardaz Dena Co., Iran). Using an electric
grinder (Pars Khazar, Tehran, Iran), the lyophilized plant materials were ground into a fine powder and kept in
airtight containers at —20 °C until it was needed.

Methods for extraction of phytochemical compounds

The plant extracts were prepared from the above-prepared plant material and using various extraction methods,
as outlined by Cheng et al., (2023)'°. The conventional solvent extraction (CSE), the microwave-assisted
extraction (MAE), the ultrasound-assisted extraction (UAE), and the ultrasound-microwave-assisted extraction
(UMAE) were carried out using 4 different solvents: ethanol, acetone, water, and DMSO. Each extraction was
conducted at a temperature of 25 °C with a material-to-liquid ratio of 1:30 (g/mL). The specific factors for each
extraction technique, including temperature, duration, and power, were selected according to well-established
literature precedents to guarantee a common ground for the comparative analysis.

CSE method

The CSE method based on Bochi et al. (2014)!7 with slight modifications. In brief, 1 g of the lyophilized M.
ovatifolia powder was combined with 30 mL of 4 different solvents: ethanol, acetone, water, and DMSO. The
mixtures were subjected to the magnetic stirring in dark for 1 h to facilitate the extraction process. Following this,
the supernatants were separated by the centrifugation at 10,000xg for 10 min at 4 °C. The collected supernatants
were then concentrated at 40 °C using a rotary evaporator (R-215, Buchi Labortechnik AG, Switzerland) and
stored at — 18 °C for the subsequent analysis.

UAE method

The UAE method was performed using a commercial UAE instrument (CW-2000, XTrust Instruments, Shanghai,
China) following the modified procedure reported by Jiang et al. (2017)'8. In brief, 1 g of the lyophilized M.
ovatifolia powder was mixed with 4 different solvents (as in the Subsection 2.3.1.) at a material-to-liquid ratio
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of 1:30 (g/mL). After vortexing, the resulting mixtures were sonicated for 15 min at an ultrasonic power of 250
W. The resulting extracts were then centrifuged at 10,000xg for 10 min at 4 °C to remove all solid particulates.
The collected supernatants were concentrated at 40 °C using the rotary evaporator and stored at — 18 °C for the
further analysis.

MAE method

The MAE method was carried out following the modified methods described by Dahmoune et al. (2015)
and Castro-Lopez et al. (2017)?°. Briefly, 1 g of the lyophilized M. ovatifolia powder was mixed with 4 different
solvents (as in the Subsection 2.3.1.) at a material-to-liquid ratio of 1:30 (g/mL). The extraction was performed
for 165 s at a microwave power level of 550 W using the microwave-assisted extraction instrument. This method
effectively ruptures the plant cell walls by creating the internal pressure through the rapid volumetric heating.
The resulting mixtures were then centrifuged at 10,000xg for 10 min at 4 °C. The collected supernatants were
concentrated at 40 °C using the rotary evaporator and stored at — 18 °C for the further analysis.

UMAE method

An ultrasound-microwave-assisted extraction (UMAE) instrument was used. Briefly, 1 g of the lyophilized M.
ovatifolia powder was mixed separately with 4 different solvents (as in the Subsection 2.3.1.) at a material-to-
liquid ratio of 1:30 (g/mL). The extraction was performed at a 250 W ultrasound power and a 550 W microwave
power for 165 s. The UMAE process disrupts the plant matrix in a synergistic way by combining the mechanical
effects of the ultrasound cavitation with the volumetric heating of the microwave energy. The resulting mixtures
were centrifuged at 10,000xg at 4 °C, after which the supernatants were collected, concentrated at 40 °C using
the rotary evaporator, and stored at — 18 °C for the further analysis!®.

Phytochemical analysis

Total phenolics content

The total phenolic content (TPC) in various extracts of the aerial parts of M. ovatifolia was quantified using a
spectrophotometric method adapted from Sharifi-Rad et al. (2021)?!. For consistency, all extracts were prepared
at a concentration of 300 pg/mL prior to the analysis. In brief, 0.5 mL of each extract was combined with 2.5 mL
of a 10% Folin-Ciocalteu reagent solution and 2.5 mL of a 7.5% sodium bicarbonate (NaHCO3) solution. The
resulting reaction mixtures were incubated in dark at room temperature for 45 min. The absorbance readings
were subsequently taken at 765 nm using a UV-1800 spectrophotometer (Shimadzu Corporation, Kyoto, Japan).
A calibration curve was constructed using gallic acid as the standard, with concentrations of the working
standard solutions ranging from 10 to 100 pg/mL. The strong linear relationship was approved by a coefficient
of determination (R* of 0.997). The TPC in the samples was expressed as the gallic acid equivalent (GAE), i.e.,
in mg of GAE/g dry weight of a sample. The spectrophotometer was zeroed using a respective procedural blank
solution.

Total flavonoids content

The total flavonoid content (TFC) in various extracts of the aerial parts of M. ovatifolia was determined using
a colorimetric assay based on the method described by Sharifi-Rad et al. (2020)?2. All extracts were prepared at
a uniform concentration of 300 pg/mL for the analysis. Briefly, 0.5 mL of each extract was mixed with 0.1 mL
of a 10% aluminum chloride (AICl;) solution, 0.1 mL of a 1 mol/L potassium acetate solution, and 4.3 mL of
distilled water. The reaction mixtures were then incubated at room temperature for 30 min. The absorbance of
the resulting solutions was measured at 510 nm using the UV-1800 spectrophotometer. A calibration curve was
prepared using quercetin as the standard, with concentrations of the working standard solutions ranging from
10 to 100 pg/mL. The high degree of linearity was approved by a coefficient of determination (R* of 0.994). The
TFC in the samples was expressed as the quercetin equivalents (QE), i.e., in mg of QE/g dry weight of a sample.
The spectrophotometer was zeroed using a respective procedural blank solution.

Total tannins content

The total tannin content (TTC) in various extracts of the aerial parts of the M. ovatifolia was determined using
the method adapted from Sun et al. (1998)%. Briefly, 2 mL of a 4% vanillin solution in methanol and 1.5 mL of
concentrated hydrochloric acid (HCI) were added to 50 pL of the plant extracts (solutions containing 300 pg/
mL of the extract). The reaction mixtures were allowed to stand for 25 min, after which their absorbances were
measured at 500 nm using the UV-Vis spectrophotometer. Catechin served as the standard for the calibration
curve, which was prepared using the working standard solutions containing from 10 to 100 pg/mL of catechin.
The strong linear relationship was approved by a coefficient of determination (R* of 0.994). The TTC in the
samples was expressed as milligrams of the (+)-catechin equivalents per gram of dry weight of a sample (mg of
CE/g dry weight). The spectrophotometer was zeroed using a respective procedural blank solution.

Total alkaloids content

The total alkaloid content (TAC) in various extracts of the aerial parts of M. ovatifolia was determined using a
colorimetric method reported by Ajanal et al. (2012)?*. Briefly, the extracts, prepared at a concentration of 300 pg/
mL, were dissolved in dimethyl sulfoxide (DMSO) and mixed with 1 mL of a 2 mol/L HCl solution. The resulting
mixtures were then filtered and transferred to separating funnels. Subsequently, 5 mL of a phosphate buffer
and 5 mL of a bromocresol green solution were added to each funnel. Such mixtures were vigorously shaken
with chloroform, and the chloroform layers were collected into 10 mL volumetric flasks. The absorbance of the
resulting chloroformic solutions was measured at 470 nm using the UV-1800 spectrophotometer. A standard
calibration curve was prepared using atropine as the standard, where the working standard solutions had
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concentrations of atropine ranging from 10 to 100 pg/mL. The excellent linearity was approved by a coeflicient
of determination (R* of 0.9927). The TAC in the samples was expressed as the atropine equivalents (mg of AE/g
dry weight). The spectrophotometer was zeroed using a respective procedural blank solution.

Total saponins content

The total saponin content (TSC) in various extracts of the aerial parts of M. ovatifolia was determined using a
modified method described by Vuong et al. (2013)?. Briefly, 0.5 mL of each extract (prepared at a concentration
of 300 pug/mL) was mixed with 0.5 mL of a 8% vanillin solution, followed by the addition of 5 mL of a 72%
sulfuric acid (H,SO,) solution. The resulting mixtures were thoroughly mixed and cooled on ice. Subsequently,
the mixtures were incubated in a water bath at 60 °C for 15 min. After incubation, the mixtures were cooled again
on ice, and their absorbances were measured at 560 nm using the UV-1800 spectrophotometer. A calibration
curve was prepared using escin as the standard, with concentrations of the working standard solutions ranging
from 10 to 100 pg/mL. A strong linear relationship was confirmed by a coefficient of determination (R* of
0.9901). The total saponin content in the samples was expressed as escin equivalents (mg of EE/g dry weight).
The spectrophotometer was zeroed using a respective procedural blank solution.

Antioxidant properties

2,2-Diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity

The DPPH radical scavenging activity of the extracts prepared from the aerial parts of M. ovatifolia was assessed
according to the methodology outlined by Sharifi-Rad et al. (2015)%. In brief, 1 mL of each extract (300 pg/mL)
was combined with 3 mL of a 0.1 mM DPPH solution. The reaction mixtures were then incubated for 30 min
at room temperature in the absence of light. Next, the absorbances of the resulting solutions were measured
at 517 nm using the UV-visible spectrophotometer. Ascorbic acid at an equivalent concentration served as
the standard, while methanol was used as the negative control. The DPPH radical scavenging activity (%) was
calculated using the following formula:

Absorbance control — Absorbance sample < 100

DPPH scavenging activity (%) = Absorbance control

Ferric ion reducing antioxidant power (FRAP) assay

The FRAP assay was performed based on the method described by Benzie and Strain (1996)%” with slight
modifications. The FRAP reagent was made by mixing a 20 mM iron (III) chloride (FeCl,) solution (1 mL) and a
10 mM TPTZ (2,4,6-tripyridyl-S-triazine) solution in 40 mM HCI (1 mL) with a 300 mM sodium acetate buffer
(pH 3.6, 10 mL). All these solutions were then incubated for 10 min at 37 °C in a water bath. The samples of the
prepared plant extracts (20 pL, 300 ug/mL) were mixed with 150 uL of the FRAP reagent solution and allowed
to react for 5 min in dark. Then, the absorbances of the so-prepared samples were acquired at 593 nm. Ascorbic
acid at an equivalent concentration served as the positive control, while methanol was used as the negative
control (blank). The FRAP value (%) was calculated using the following formula:

FARP value (%) = [(As— Ap)/(Ac— Ap)] x 2

where A_ represents the absorbance of the sample, A, represents the absorbance of the blank and A_ represents
the absorbance of the positive control.

ABTS radical scavenging activity

The ABTS radical scavenging activity of various extracts of the aerial parts of M. ovatifolia was expressed as the
percentage inhibition of the ABTS radicals and was determined using the assay described by Ko et al. (2020)%.
The ABTS radical working solution was prepared by adjusting its initial absorbance to 0.70 + 0.01 at 734 nm.
For the assay, 300 pL of each extract (at a concentration of 300 ug/mL) was mixed with 3 mL of the ABTS radical
working solution in a micro cuvette. After 30 min, the absorbances of the resulting mixtures were measured at
734 nm using the spectrophotometer. Ascorbic acid at an equivalent concentration was used as the standard,
while the ABTS radical working solution served as the control. The ABTS radical scavenging activity (%) was
calculated using the following formula:

Absorbance control — Absorbance sample
Absorbance control

DPPH scavenging activity (%) = x 100

Antibacterial activity

The antibacterial activity of various extracts derived from the M. ovatifolia plant material (aerial parts) was
evaluated against both Gram-positive and Gram-negative bacterial strains. The Gram-positive strains included
Bacillus cereus (ATCC 8035) and Staphylococcus aureus (ATCC 25923), while the Gram-negative strains
comprised Shigella flexneri (ATCC 12022) and Escherichia coli (ATCC 25922). All bacterial strains were obtained
from the Iranian Research Organization for Science and Technology (IROST).

Minimum inhibitory concentration

The micro-broth dilution assay was applied to estimate the minimum inhibitory concentration (MIC) for the
different extracts of the M. ovatifolia plant material, when using them on the studied pathogenic microorganisms
as suggested by the Clinical and Laboratory Standards Institute (2012)%. The concentrations of the studied
extracts were varied from 3.12 to 400 pg mL™!. The test was performed using polystyrene 96-well plates.
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Accordingly, 50 uL of the different extracts and 50 pL of the Miiller-Hinton broth were poured into each well.
Then, 50 pL of a given 0.5 McFarland bacteria suspension was added to the wells. The plates were incubated
at 37 °C for 24 h. The pure medium and the medium including the bacteria were considered as the negative
and positive controls, respectively. The lowest concentration of the studied extracts that showed no observable
growth of the tested bacteria were intended as the MIC.

Minimum bactericidal concentration

The minimum bactericidal concentration (MBC) was determined following the assay outlined by the Clinical and
Laboratory Standards Institute (2012)%. Briefly, 50 pL from each well of the broth microdilution test that showed
no visible bacterial growth was subcultured onto the Mueller-Hinton Agar (MHA) plates. These plates were
then incubated at 37 °C for 24 h. The lowest concentrations of the various extracts from the M. ovatifolia plant
material that resulted in no bacterial growth on the agar plates were identified as the MBC. The concentration
that showed the pathogen re-viability after reculturing was considered to have a bacteriostatic effect (MIC),
while the concentration that resulted in no viability was regarded as having a bactericidal effect (MBC).

Cytotoxic activity

The human breast adenocarcinoma (MCEF-7, ATCC" HTB-22") and human hepatocellular carcinoma (Hep-G2,
ATCC HB-8065™) cell lines were obtained from the American Type Culture Collection (ATCC, Rockville, MD,
USA). The cells were cultured in the Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with a 10%
fetal bovine serum (FBS) and a 1% antibiotic solution, and maintained at 37 °C in a humidified incubator with
5% CO,. The cytotoxicity of the M. ovatifolia extracts was evaluated using the standard crystal violet staining
method?®. Briefly, MCF-7 and Hep-G2 cells were seeded separately in the 96-well plates. Once the cells reached
a 70% confluence, the medium was discarded, and the solutions containing various extracts (300 ug/mL) were
added. The plates were then incubated at 37 °C for 48 h. To the assess cell viability, a 2% (v/v) crystal violet
solution in methanol was added to each well, followed by 200 uL of a glacial acetic acid solution. The mixture was
thoroughly mixed, and absorbance was measured at 595 nm using a microplate reader (BioTek EL 800, USA).
Vinblastine sulfate served as the standard anticancer drug.

Anti-diabetic activity

a-amylase inhibitory assay

The pancreatic porcine a-amylase inhibition assay was conducted following the methods described by Sudha
etal. (2011)*! and Parmar and Rupasinghe (2015)%%. The studied plant extracts, the enzyme, and soluble starch
were dissolved in a 20 mM sodium phosphate buffer containing 6 mM NaCl (pH 6.9). In a test tube, 250 pL
of pancreatic porcine a-amylase (1 U/mL, dissolved in the buffer at pH 6.9) and 100 pL of each extract (at a
concentration of 300 pg/mL) were combined. The mixture was pre-incubated at 37 °C for 15 min, after which
250 pL of a 0.5% starch solution was added. The mixture was vortexed and incubated again at 37 °C for 15 min.
One mL of the dinitrosalicylic acid (DNS) color reagent was added to stop the process. After 5 min in a boiling
water bath, the tubes were allowed to cool to room temperature before being diluted. Two hundred microliters
of each reaction mixture were transferred to a 96-well clear plate, and the absorbance was measured at 540
nm using a FLUOstar OPTIMA plate reader. The control (a-amylase at 1 U/mL, no inhibitor) represented the
100% enzyme activity. The extract controls excluded the enzyme to correct for the color interference. Acarbose,
a known a-amylase inhibitor, served as the positive control. Inhibition percentages were calculated using the
standard formula.

Inhibition (%) = 100 x (Ac — As) / Ac
Where Ay is the absorbance of the sample and A, is the absorbance of the control.

a-glucosidase inhibitory assay

The a-glucosidase inhibitory assay was adapted from Li et al. (2010)*® with modifications. Briefly, various plant
extracts were prepared in a 10 mM potassium phosphate buffer (pH 6.8). In a 96-well microplate, a reaction
mixture containing 20 uL of each extract (300 pg/mL), 20 pL of a a-glucosidase solution (0.5 U/mL), and 60
uL of the 10 mM potassium phosphate buffer (pH 6.8) was pre-incubated at 37 °C for 15 min. Then, 20 pL of a
5 mM p-nitrophenol-a-D-glucopyranoside substrate solution was added, and the mixture was incubated at 37
°C. After 15 min, 80 pL of a “stop” solution (200 mM sodium carbonate) was added, and the absorbance was
acquired at 405 nm using a microplate reader. The positive control contained the enzyme and the substrate
without the inhibitor. The inhibition percentages were calculated similarly to the a-amylase assay, with acarbose
as the standard inhibitor for comparison.

Anti-inflammatory activity

Human red blood cell membrane assay

To evaluate the anti-inflammatory activity of the extracts of the M. ovatifolia plant material, the Human Red
Blood Cell (HRBC) membrane stabilization assay was performed following a standard protocol*. Blood samples
were collected from healthy, random volunteers and mixed with the Alsever’s solution.The mixture was then
centrifuged at 4000 rpm for 15 min. The resulting pellet was washed with a 0.85% iso-saline solution, and a 10%
cell suspension was prepared using iso-saline as the working blood solution. Next, 1 mL of each extract (300 g/
mL) was taken and treated with 2 mL of a 0.36% hyposaline solution, 1 mL of a phosphate buffer (0.15 M), and
finally, 0.5 mL of the working blood solution was added. Diclofenac sodium (as a standard drug) at the same
concentration was used as the positive control. In the control setup, 2 mL of distilled water was used instead
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of saline. The prepared mixtures were incubated at 37 °C for 30 min and then centrifuged at 4000 rpm for 15
min. The supernatants were discarded, and the hemoglobin concentration was measured at 560 nm using a UV-
visible spectrophotometer. The percentage of the membrane stabilization (protection) was calculated using the
following equation:

ABTS radical scavenging activity (% ) = Absorbance ;gn;frsl z Abstorlzance sample % 100
sorbance contro

Statistical analysis

The experiments were performed at least 3 times to ensure the accuracy and the reliability of the results. The
statistical analysis was carried out by the SPSS software (version 11.5, IBM Corporation, Armonk, NY, USA). The
one-way analysis of variance (ANOVA), then the post-hoc comparisons were conducted by the Duncan multiple
range test to evaluate the statistically significant variations among the groups. The results were expressed as
mean values + standard deviations (SD), and the significant differences were presented at p <0.05.

Results and discussion

Phytochemical analysis

The results on the phytochemical analysis (TPC, TEC, TTC, TAC, TSC) of various extracts of M. ovatifolia,
as prepared from the aerial parts of this plant, were given in Table 1. They showed that there were significant
differences (p <0.05) in the TPC, the TFC, the TTC, the TAC and the TSC achieved among various extracts of
M. ovatifolia. The ethanolic extract achieved using the MAE method consistently yielded the highest content
for all investigated phytochemicals, with the values of 69.6 mg GAE/g DW for phenolics, 44.5 mg QE/g DW for
flavonoids, 45.3 mg CE/g DW for tannins, 71.6 mg AE/g DW for alkaloids, and 285.6 mg EE/g DW for saponins.
Conversely, the water extract obtained using the CSE method generally represented the lowest values among
these categories, specifically: 26.3 mg GAE/g DW (phenolics), 24.5 mg QE/g DW (flavonoids), 22.6 mg CE/g
DW (tannins), 35.4 mg AE/g DW (alkaloids), and 224.1 mg EE/g DW (saponins).

Various letters indicate statistically significant differences (p < 0.05).

These results highlighted the critical interaction between the solvent polarity, the extraction mechanism, and
the chemical nature of target compounds in determining the extraction efficiency. The observed differences in
recovery of the studied phytochemicals were mainly attributed to two interrelated factors: the polarity of the
extraction solvent and the mechanism of the extraction method.

First, the polarity of the solvent plays a very important role in its ability to dissolve and extract special
compounds from the plant matrix. The plant secondary metabolites usually show an extended range of
polarities®®. The phenolic compounds (including many tannins and flavonoids) and alkaloids, although their
exact structures are diverse, often have moderate polarities due to their aromatic rings, nitrogen atoms, and
hydroxyl groups®. Saponins, which are characterized by non-polar aglycone (sapogenin) and polar sugar chains,
also have varying degrees of polarity due to their type and number of sugar moieties®”*%. The results of Do et al.
(2014), who highlighted ethanol versatility in extracting various phytochemicals due to its ability to effectively
interact with compounds of diverse polarities, also support the idea that ethanol, as an organic solvent with
moderate polarity at 25 °C, has a favorable balance that leads to the effective dissolution of a wide range of
compounds, from relatively polar phenolics to less polar saponins and alkaloids*. Conversely, water is a highly
polar solvent at 25 °C that is very effective on highly polar compounds, but less effective for the compounds with
significant lipophilic properties®®. These reasons explain why the water extract obtained using the CSE method

TPC (mg GAE/g DW) | TFC(mg QE/g DW) | TTC (mg catechin/g DW) | TAC (mg atropine/g DW) | TSC (mg escin/g DW)
Ethanol | 44.2+0.1J 346+03" 37.4+0.1f 54.3+0.48 251.5+0.47
Water | 26.3+£0.4° 245403 ™ 22.6+0.3! 35.4+02™ 224.1+03"
oE DMSO | 32.4+03™ 30.3+0.5% 283402k 41.3+0.1" 232.5+£02™
Acetone | 37.6+0.2™ 3224047 31.2+40.17 4834027 246.2+0.1!
Ethanol | 57.3+0.2° 3954024 40.2+0.24 62.6+0.34 264.6+0.5 8
Water | 32.5£0.4™ 28.7+0.5! 32.8+0.6' 445404k 232.6+£02™
UAE DMSO |453+0.1" 3424030 363+028 4934021 248.3+0.1 %
Acetone | 51.2£0.3P 38.6+0.1°¢ 38.7+0.5°¢ 56.8+0.1° 257.3+0.4"
Ethanol | 69.6+0.3° 445+0.12 453+0.52 71.6+0.2° 285.6+0.1°
Water | 42.3£0.2% 3534048 37.4+0.1° 56.3+0.3f 267.2+0.3°
MAE DMSO | 58.6+0.4°¢ 384+03°¢ 39.7+0.34 61.2+04°¢ 275.4+0.24
Acetone | 67.2£0.2° 42.1£02° 435+04° 67.4+0.2°¢ 280.7+0.5°
Ethanol | 65.2+0.1°¢ 42.6+02° 43.6+02° 68.4+0.6° 279.6+0.3 ¢
UMAE Water | 38.4+0.3! 3324031 356+0.3" 50.2+£0.5" 25324021
DMSO | 52.5+0.2¢ 36.7+0.1° 38.240.4°¢ 56.5+0.2f 264.340.18
Acetone | 61.6+0.4 ¢ 40.2+0.5°¢ 41.4+0.1°¢ 62.3+0.44 271.4+0.4°

Table 1. The total phenols (TPC), total flavonoids (TFC), total tannins (TTC), total alkaloids (TAC), and total
saponins (TSC) concentrations in the extracts prepared from the aerial parts of M. ovatifolia.
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showed the lowest concentrations of all phytochemicals examined in this work, as many of these compounds in
the M. ovatifolia plant material were probably not optimally soluble in water alone.

Secondly, the extraction method significantly affects the transfer efficiency of compounds from the plant
material to the solvent. The CSE method is primarily concerned with the simple diffusion and solubility, and
often requires higher temperatures and longer extraction times to obtain the adequate extraction yields. This
process is limited by the slow diffusion of the compounds through the intact plant cell walls***’. In contrast, the
MAE method provides the significant benefits that specifically address these drawbacks. By using the microwave
energy, the MAE method directly interacts with the polar molecules in the plant matrix and solvent. A rapid
volumetric heating brought on by this interaction normally causes the internal pressure to build up inside the
plant cells. The quick heating breaks down the cell walls, which makes it easier for the intracellular components
to be released and speeds up their diffusion into the solvent®”. Despite possibly having similar extraction times,
the ethanolic extract obtained with the aid of the MAE method produced noticeably higher concentrations of all
target phytochemicals than the water extract obtained with the CSE method, which could be explained by the
improved mass transfer kinetics and the increased cell permeability under the microwave irradiation. An ideal
environment for the maximum recovery of different groups of compounds from the M. ovatifolia plant material
was achieved by the disruptive, accelerated extraction mechanism of the MAE method in conjunction with the
suitable polarity of ethanol. In conclusion, the synergistic effect of solvent polarity and the extraction method
was directly responsible for the notable variations in the extraction yields of phytochemicals. The disruptive and
kinetic benefits of the microwave assistance, combined with a wide range of secondary metabolites willingly
soluble in ethanol, made it incredibly effective. These results highlighted how crucial it is to maximize the recovery
of the valuable bioactive compounds from the plant materials for a possible use in cosmetics, nutraceuticals, and
pharmaceuticals by optimizing the extraction parameters.

The colorimetric assays used in this investigation have inherent limitations, even though they offered a
thorough summary of the overall phytochemical content and biological activities. These techniques measure
large classes of compounds (like total phenolics, and flavonoids) rather than single, targeted compounds, so they
are semi-quantitative and non-specific. As a result, the correlations drawn between the chemical compounds
and the measured biological activities, like antibacterial and antioxidant effects, should be considered as general
trends rather than precise, compound-specific relationships. Future research should concentrate on separating
and describing the distinct bioactive compounds to improve the scientific knowledge. This can be obtained by
using more specific and advanced analytical techniques like high-performance liquid chromatography (HPLC)
along with nuclear magnetic resonance (NMR) spectroscopy or mass spectrometry (MS). These techniques
would make it possible to precisely measure the active components and establish a stronger link between them
and their special biological activities.

Antioxidant properties

DPPH radical scavenging activity

Figure 1 provides a summary of the DPPH radical scavenging activity of the M. ovatifolia extracts, emphasizing
the impact of the solvent type and the extraction method on the antioxidant potential of these extracts. The
highest radical scavenging activity was consistently produced by the MAE method out of all extraction methods
used, especially when ethanol was applied as the extraction solvent (71.8% inhibition). This was most likely
caused by the quick and even heating that the microwave energy produces, which presumably promoted the
efficient cell disruption and increased the release of the intracellular antioxidant substances like phenolic acids
and flavonoids®”-*%. Additionally, the extracts obtained with the UMAE method showed a significant antioxidant
activity, particularly with ethanol (66.3%) and acetone (58.2%), ranking as the second one only to the MAE
method. This suggested that the ultrasound-induced cavitation and the microwave energy together facilitated
the effective release of the phytochemicals. An important factor in determining the extraction efficiency was the
solvent polarity. In every method, ethanol performed better than other solvents, with acetone, DMSO, and water
coming in the second and the third, respectively. Ethanol under the use of the MAE method reached a 71.8%
score, while the water-based extracts had the lowest DPPH scavenging values, reaching a maximum of 51.3%.
This pattern illustrated how well ethanol extracts the medium-polarity antioxidant molecules*!. Regardless of
the solvent type, the extracts produced using the CSE method showed the lowest antioxidant activities. For
example, in the absence of the physical support (such as ultrasounds or microwaves), the ethanolic extract
prepared with the aid of the CSE method only demonstrated a 56.5% inhibition, suggesting a rather limited cell
wall disruption and compound diffusion. Considering the scavenging level, the ethanolic extracts obtained with
the MAE and UMAE methods were relatively close to the positive control, i.e., ascorbic acid (83.6%, but none
of the extracts were able to match it. These results implied that M. ovatifolia may be a powerful natural source of
the antioxidant agents when extracted under the optimal conditions. The general pattern, as illustrated in Fig. 1,
makes it evident that the advanced extraction methods, in particular the MAE method and the UMAE method,
when paired with ethanol as the solvent, can produce noticeably greater antioxidant capacities than the CSE
method and less efficient solvents.

Ferric reducing antioxidant power (FRAP) assay

The ability of antioxidants to donate electrons or convert the Fe** (ferric) ions into the Fe** (ferrous) ions was
measured by the Ferric Reducing Antioxidant Power (FRAP) assay. The FRAP assay is a useful indicator of the
total reducing power rather than the free radical scavenging alone because it is primarily governed by the single
electron transfer (SET) mechanisms, as opposed to the hydrogen atom transfer (HAT)-based DPPH assay?”42.
Figure 2 illustrates that extracts produced by the MAE method had the highest FRAP values, especially when
ethanol (57.4%) and acetone (55.3%) were utilized. This was likely because the MAE method could increase the

release of the reducing agents like tannins and phenolic acids by disrupting the cell wall and heating the interior
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Fig. 1. The DPPH radical scavenging activity (n=3) of various extracts prepared from the aerial parts of M.
ovatifolia. The extract concentration is 300 pg/mL. Various letters indicate statistically significant differences
based on the Duncan’s test (p <0.05).

quickly®”. These substances were most likely the primary contributors to the FRAP values because they are
efficient electron donors*’. The results achieved for the extracts obtained with the UMAE method were similar
to those achieved with the MAE method, with ethanol (55.8%) and acetone (52.7%), once more demonstrating
the strong reducing power. According to Chemat et al. (2017) this implied that the extraction of the redox-
active compounds could benefit from the synergistic effects of the microwave heating and the ultrasound-
induced cavitation®*. It is interesting to note that the DMSO-based extracts performed noticeably better in the
FRAP assay than in the DPPH assay. According to Apak et al. (2016), DMSO could be especially useful for
extracting some polar and high molecular weight antioxidants with the electron-donating properties, such as
complex flavonoids and hydrolyzable tannins, that are more responsive to FRAP than to DPPH*2. Among all
the extraction methods, water extracts produced the lowest FRAP values; in particular, those obtained with the
CSE method produced the FRAP values of only 28.7%. The limited solubility of many powerful reducing agents
in water, including flavonoids and polyphenols, particularly those with a moderate to low polarity, might be the
cause of this. According to earlier research, polyphenolic compounds are typically more soluble and extractable
in organic solvents with the intermediate polarity than in water*>. As a positive control, ascorbic acid was
used and it showed a FRAP value of 73.6%, which is a standard for the highest level of the antioxidant capacity.
Although none of the extracts were able to achieve this level, the ethanol-based MAE and UMAE extracts came
very close, indicating that, when extracted under ideal circumstances, M. ovatifolia has the potential to be a
source of the antioxidants that donate the electrons. These results demonstrated that compounds with the high
redox potential, such as phenolic acids, flavonols, and condensed tannins, are especially sensitive to FRAP. This
also showed that the MAE method improves the extraction efficiency of these compounds.

ABTS radical scavenging activity
The ABTS assay is a flexible technique for evaluating both the hydrophilic and lipophilic antioxidant compounds.
It assesses the capacity of antioxidants to quench the ABTSe* radical cation and functions via both the electron
transfer (ET) and the hydrogen atom transfer (HAT) mechanisms. This allows the ABTS assay to better detect
the antioxidant activity than the more lipophilic DPPH assay or the FRAP assay, which is exclusively based on
the ET*%%.

According to Fig. 3, ethanol-based extracts had the highest ABTS scavenging activity of any solvents applied
when using the MAE method, with the highest value being 71.6%. This was most likely because the MAE method
could extract a wide variety of antioxidants, including polar and non-polar compounds, many of which have the
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Fig. 2. Ferric reducing antioxidant power (FRAP) (n=3) of various extracts prepared from the aerial parts of
M. ovatifolia. The extract concentration is 300 ug/mL. Various letters indicate statistically significant differences
based on the Duncan’s test (p <0.05).

capacity to interact with the ABTS* radical through dual mechanisms*’. Additionally, the extract prepared using
the UMAE method showed a strong activity, especially with ethanol (67.3%) and acetone (62.5%), confirming
the synergistic effect of the microwave heating and the ultrasonic cavitation in enhancing the mass transfer and
compound release from the plant matrix. Curiously, DMSO extracts achieved under the use of the MAE method
yielded 67.8%, which was significantly higher than the results in the FRAP and DPPH tests. This showed that
some mid-polar bioactives that were more sensitive to the ABTS*" scavenging but less detectable by DPPH or
FRAP, like glycosylated flavonoids and sulfur-containing compounds, might be dissolved by DMSO as well*.
The ABTS activity of water-based extracts, which performed poorly in the FRAP and DPPH tests, was relatively
improved; for instance, under the use of the MAE method and the UMAE method, the water extracts scored
57.3 and 56.9%, respectively. This suggested that ABTS was more sensitive to the hydrophilic antioxidants, such
as phenolic acids, ascorbic acid analogs, and specific glycosides, many of which are soluble in aqueous solutions
and active against the ABTS" radical®. As it was expected, ascorbic acid had the highest ABTS value (90.6%),
indicating that the method was sensitive to both the fat- and the water-soluble antioxidants. The ethanolic
extract obtained with the MAE method was the plant extract that came closest to this reference, indicating that
it could be a source of the multifunctional antioxidants.

Antibacterial activity

The antibacterial activity of extracts from the aerial part of M. ovatifolia was examined against 4 pathogenic
bacteria: two Gram-positive (Bacillus cereus, Staphylococcus aureus) and two Gram-negative (Escherichia coli,
Shigella flexneri) strains. Table 2 summarizes the MIC and the MBC values for the extracts made with various
solvents and the extraction methods. The antibacterial activity of the extracts obtained using the MAE method
was greatly increased, especially when ethanol and acetone were used as solvents. The strong inhibitory capacity
against the Gram-positive bacteria was demonstrated by the lowest MIC values of 3.12 pug/mL for the ethanolic
extracts obtained via the MAE method against S. aureus and 6.25 ug/mL against B. cereus. Using the same
solvents, these MIC values were roughly 4-8 times lower than those obtained using the UAE method and the
CSE method, suggesting that the MAE method significantly increased the extraction efficiency of the bioactive
phytoconstituents. For the Gram-positive strains, the corresponding MBC values for the ethanolic extracts
obtained using the MAE method varied from 6.25 to 12.5 pug/mL, indicating the strong bactericidal activity
at relatively low concentrations. In contrast to the Gram-positive strains, the Gram-negative bacteria showed
the noticeably higher MIC and MBC values. In particular, when exposed to the ethanolic extracts made by the
MAE method, E. Coli and S. flexneri displayed the MICs between 12.5 and 25 pg/mL and the MBCs between
25 and 50 pg/mL. The presence of an outer membrane in the Gram-negative bacteria, which acts as a strong
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Fig. 3. The ABTS radical scavenging activity (n=3) of various extracts prepared from the aerial parts of M.
ovatifolia. The extract concentration is 300 ug/mL. Various letters indicate statistically significant differences
based on the Duncan’s test (p <0.05).

Gram -ve bacteria Gram + ve bacteria
Escherichia coli Shigella flexneri Bacillus cereus Staphylococcus aureus
MIC (pg/mL) | MBC(ug/mL) | MIC (ug/mL) | MBC(pg/mL) | MIC (ug/mL) | MBC(ug/mL) | MIC (ug/mL) | MBC(ug/mL)
Ethanol | 100 200 50 100 25 50 12.5 25
CSE Acetone | 100 200 50 100 25 50 12.5 25
DMSO | 200 400 100 200 50 100 25 50
‘Water 200 400 100 200 50 100 25 50
Ethanol | 100 200 50 100 25 50 12.5 25
Acetone | 100 200 50 100 25 50 12.5 25
UAE DMSO | 200 400 100 200 50 100 25 50
Water 200 400 100 200 50 100 25 50
Ethanol |25 50 12.5 25 6.25 12.5 3.12 6.25
Acetone | 25 50 12.5 25 6.25 12.5 3.12 6.25
MAE
DMSO |50 100 25 50 12.5 25 6.25 12.5
Water 50 100 25 50 12.5 25 6.25 12.5
Ethanol | 50 100 25 50 12.5 25 6.25 12.5
UMAE Acetone | 50 100 25 50 12.5 25 6.25 12.5
DMSO | 100 200 50 100 25 50 12.5 25
Water 100 200 50 100 25 50 12.5 25

Table 2. The antibacterial activity of the M. ovatifolia extracts.

permeability barrier that restricts the penetration of many antimicrobial compounds, especially those with
the hydrophobic properties, is consistent with this decreased susceptibility*®. Furthermore, the plant extracts
made with DMSO, and water showed a relatively low antibacterial efficacy in comparison to all other extraction
solvents. This was probably because important non-polar bioactive components like flavonoids and alkaloids
are less soluble in these solvents®. The antibacterial activity of the extracts obtained with the UMAE method
was moderate, with the MIC and MBC values typically falling between those achieved for the extracts prepared
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Fig. 4. The cytotoxic activity of the M. ovatifolia extracts toward the human cancer cell lines. Various letters
indicate statistically significant differences based on the Duncan’s test (p <0.05).

using the UAE method and the MAE method. Although marginally less effective than in the case of the extracts
obtained with the MAE method, the extracts obtained with the UMAE method demonstrated the encouraging
antibacterial properties. Even though the UAE method the CSE method were simpler and easier to use, their
lower effectiveness in extracting the strong antibacterial compounds from the M. ovatifolia plant material was
demonstrated by the higher MIC values achieved for the extracts obtained with these extraction methods, which
ranged from 12.5 to 25 pg/mL for the Gram-positive bacteria and up to 100 ug/mL for the Gram-negative
bacteria. As noted in the Sect. 3.1, the higher content of the phytochemicals in the extracts obtained using
the MAE method, particularly of phenolics, flavonoids, and alkaloids, well correlated with their superior
antibacterial potency. The ability of these classes of compounds to cause the oxidative stress in the microbial
cells, disrupt the bacterial membranes, and inhibit the vital enzymes is well-established!*2. According to Daglia
(2012), the phenolic hydroxyl groups have the ability to create hydrogen bonds with the membrane proteins and
bacterial enzymes, jeopardizing both the structural integrity and the metabolic functions®>. In conclusion, it is
evident from the results that the type of the solvent and the extraction method are important factors in terms of
the antibacterial activity of the resulting plant extracts. The MAE with ethanol produced the extracts with the
highest amount of the bioactive compounds and the strongest antibacterial effects among the extracts obtained
with other tested methods, particularly against the significant Gram-positive bacteria like Staphylococcus aureus.
These results were consistent with the recent studies that also showed that the MAE method is dependable and
effective in extracting the plant compounds with a potent biological activity®*>>.

Cytotoxic activity

As shown in Fig. 4A and B, the type of the solvent and the extraction method significantly affected the cytotoxic
response when the extracts prepared from the aerial parts of M. ovatifolia were tested against the MCEF-
7 (human breast adenocarcinoma) and HepG2 (human liver carcinoma) cell lines using the MTT assay. The
most significant cytotoxic effect of all treatments was demonstrated by the MAE method with ethanol, which
decreased the viability of MCF-7 and HepG2 cells to 58.3% and 68.2%, respectively. Acetone extracts prepared by
the MAE method came in the second, with the 69.1% viability in HepG2 and 66.5% in MCF-7. These effects were
significantly greater than those of other extraction methods (p < 0.05), despite being moderate when compared
to vinblastine (positive control, 12.7% in MCF-7, and 14.1% in HepG2). A higher cell viability (often above
85-90%) was demonstrated by the extracts made using the CSE and UAE methods, particularly when water or
DMSO were taken as solvents. These solvents probably extracted fewer hydrophobic bioactive molecules with
known pro-apoptotic and anti-proliferative properties, like alkaloids and flavonoids®®. The decreased cytotoxic
activity of water extracts may be explained by the fact that water is less effective at solubilizing these compounds
because of its high polarity®’. The improved performance of the extracts prepared by the MAE methods aligned

Scientific Reports |

(2025) 15:39978 | https://doi.org/10.1038/s41598-025-23565-z nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

120 B
100 2 be od b,
= - f e
h = g

S i : =1
< 80 ‘ k I =
>
= m [ |m
=2 — —
S
2 60
)
(]
o~
Q
S 40
=

20 - n

0 I
CSE UAE MAE UMAE Vinblastine
M Ethanol @mWater ODMSO DOAcetone

Fig. 4. (continued)

in agreement with the earlier research showing that the breakdown of the plant cell walls and the faster solvent
penetration through the MAE enhance the release of various phytochemicals®”*8. Additionally, the hypothesis
that M. ovatifolia contains active secondary metabolites with the potential anticancer activity was supported by
the moderate cytotoxicity seen here, though more fractionation and mechanism-based researches are required.

Anti-diabetic activity

The antidiabetic potential of the studied extracts prepared from the aerial part of M. ovatifolia was assessed by
evaluating their inhibitory activities against the enzymes a-amylase and a-glucosidase. Both enzymes are crucial
for the digestion of carbohydrates and the control of postprandial hyperglycemia, which makes them targets for
the type 2 diabetes treatment®**°.

a-amylase inhibitory assay

Among all the extracts, the ethanolic extract obtained through the MAE method had the highest a-amylase
inhibitory activity (75.4%), with the ethanolic extract obtained using the UMAE method came in the second
(72.5%). These values indicate a significant inhibition even though they are below the reference standard
acarbose (97.5%). Water-based extracts, on the other hand, consistently displayed a lower inhibition across
all the extraction methods; the CSE-water extract, for example, only showed a 44.2% inhibition (Fig. 5). This
result was consistent with the previous research demonstrating that ethanol efficiently extracts the flavonoid
and phenolic compounds that function as the a-amylase inhibitors®!. Higher concentrations of the bioactive
components likely resulted from the enhanced cell wall disruption and improved compound release when the
MAE method was used®.

a-glucosidase inhibitory assay

The a-glucosidase inhibition assay showed a similar pattern to the a-amylase inhibitory assay (Fig. 6). The
ethanolic extract obtained using the MAE method showed the highest inhibition (68.3%); other sophisticated
extraction methods (UMAE and UAE) also demonstrated a significant activity. Acarbose, a common medication,
showed an 85.4% inhibition. Because of its intermediate polarity, which allows it to solubilize both the hydrophilic
and moderately lipophilic phytochemicals, ethanol once again demonstrated its superiority as a solvent®. These
results demonstrated how the phenolic-rich plant extracts can be used as the natural supplements or substitutes
for traditional antidiabetic medications because they can inhibit the key enzymes involved in the digestion of
carbohydrates®.
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Fig. 5. The in vitro anti-diabetic (a-Amylase Inhibitory Assay) evaluation of various extracts of M. ovatifolia.
Various letters indicate statistically significant differences based on the Duncan’s test (p <0.05).

Anti-inflammatory activity

Human red blood cell membrane assay

The Human Red Blood Cell (HRBC) membrane stabilization method, a highly regarded in vitro model for
assessing the capacity of compounds to protect erythrocyte membranes from the hemolysis under the hypotonic
stress, was used to evaluate the anti-inflammatory potential of extracts from the aerial parts of M. ovatifolia.
The idea behind this model is that the substances that stabilize the lysosomal membranes can also stabilize
red blood cell membranes, making it an indirect indicator of the anti-inflammatory activity®>¢. The findings
showed that the capacity of the membrane stabilization varied significantly amongst the extraction methods and
solvents applied (Fig. 7). The highest anti-inflammatory activity was shown by the ethanolic extracts, especially
those made using the MAE method, which inhibited the hemolysis by 65.3%. The ethanolic extract prepared
using the UMAE method (63.4%) came in the second. Overall, water-based extracts demonstrated the least
rate of activity; the CSE-water extract only showed a 30.4% inhibition. The reference anti-inflammatory drug,
diclofenac sodium, had the greatest membrane stabilization effect, at 87.2%. A number of the ethanol-based
extracts showed a significant activity, indicating the presence of bioactive compounds with anti-inflammatory
properties, even though none of them were able to match the level of inhibition shown by diclofenac sodium. A
high concentration of flavonoids, phenolic compounds, and other secondary metabolites with anti-inflammatory
properties in ethanolic extracts is probably what gives them their superior performance®”. These substances
can decrease the cell lysis by stabilizing the cell membranes and preventing the release of the inflammatory
mediators®®®. The bioactivity of the plant extracts was further increased by advanced extraction methods like
the MAE and the UMAE, which likely increase the mass transfer and break down the plant cell walls, leading to
a higher yield of the active compounds®?. These results concured with the earlier research showing that the MAE
and the UAE greatly improve the bioactivity and the extraction efficiency of the extracts from the medicinal
plants”’. According to these results, M. ovatifolia has the encouraging anti-inflammatory properties, particularly
when ethanol is used as the solvent and such sophisticated methods like MAE are applied. The human red
blood cell (HRBC) membrane stabilization assay is a non-specific and comparatively indirect technique,
despite offering a helpful initial indication of the anti-inflammatory potential of the extracts. This test primarily
assesses the ability of compounds to stabilize the erythrocyte membranes, which is a broad indicator of the
anti-inflammatory activities, but it does not provide the insight into the specific inflammatory pathways or
mechanisms involved. Future research should use more specific in vitro models, such as the inhibition of pro-
inflammatory cytokines, the COX/LOX activity, or the nitric oxide production in macrophages, to supplement
this assay and draw more reliable and mechanistic conclusions.
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Fig. 6. The in vitro anti-diabetic (a-Glucosidase Inhibitory Assay) evaluation of various extracts of M.
ovatifolia. Various letters indicate statistically significant differences based on the Duncan’s test (p < 0.05).

Conclusions

The present study demonstrated that the choice of the solvent and the extraction method significantly influences
the phytochemical composition and biological activities of the extracts prepared from the aerial part of M.
ovatifolia. Among the tested methods, the microwave-assisted extraction (MAE) using ethanol yielded the
highest concentrations of total phenolics, flavonoids, tannins, alkaloids, and saponins, correlating with the
superior antioxidant, antibacterial, cytotoxic, antidiabetic, and anti-inflammatory activities. The ethanolic extract
prepared by using the MAE method exhibited the strongest DPPH and ABTS radical scavenging capacity, the
highest ferric ion reducing power, and notable inhibitory effects against a-amylase and a-glucosidase, suggesting
its potential antidiabetic applications. Additionally, its significant antibacterial activity, particularly against
Gram-positive bacteria, and the potent cytotoxicity against Hep-G2 and MCF-7 cancer cell lines highlight its
therapeutic potential. The anti-inflammatory properties, evidenced by the RBC membrane stabilization, further
support its medicinal value. These findings suggest that the MAE method with ethanol is the most efficient
one for extracting various bioactive compounds from M. ovatifolia, making it a promising candidate for
pharmaceutical and nutraceutical applications. Future research should focus on isolating and characterizing the
active constituents responsible for these effects and evaluating their mechanisms of action in vivo.
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Fig. 7. The anti-inflammatory activity of various extracts of M. ovatifolia. Various letters indicate statistically
significant differences based on the Duncan’s test (p <0.05).
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