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A B S T R A C T

The present study aimed to compare three extraction methods for the quantity and identification of phyto
chemicals from Pogostemon benghalensis leaf extract using FTIR and GC–MS, and to evaluate their antibacterial 
and pancreatic lipase (PL) enzyme activity. Ultrasonication-assisted extraction (UAE) was found to be the most 
efficient method for extracting phenols (47.40 mg GAE/g) and flavonoids (31.78 mg RTE/g), suggesting further 
research on UAE techniques for phenol content. GC–MS analysis identified key bioactive compounds such as 
eugenol, hexadecenoic acid, and cis-vaccenic acid in all extraction methods. UAE yielded 50 compounds, 
microwave-assisted extraction (MAE) 39 compounds, and Soxhlet-assisted extraction (SAE) yielded 35 com
pounds. The UAE extract showed significant antibacterial activity and 57 % PL enzyme inhibition at 100 mg/ml, 
comparable to the standard drug orlistat. The extract also exhibited dose-dependent inhibition of alpha-amylase 
and alpha-glucosidase, indicating its potential as an alternative to synthetic drugs. This study provides a 
comparative analysis of extraction methods for P. benghalensis constituents and their anti-obesity effect in vitro.

1. Introduction

Plants have served as the primary source of medicine since ancient 
times. Herbal remedies are in high demand globally due to their cultural 
acceptance and minimal side effects. As a result, the nutraceutical and 
cosmetic industries are developing a wide range of products using plant- 
derived active ingredients or extracts [1]. Extraction is a chemical 
process used to obtain and purify intracellular bioactive chemicals from 
biomass (such as bacteria, plants, and animal cells) [2].

Conventional extraction methods, such as hot water bath, 

maceration, and soxhlet extraction, are commonly used by small–scale 
research and production firms, while non-conventional extraction 
methods such as, ultrasound, microwave, pressurized liquids, enzymatic 
hydrolysis, supercritical fluids, high hydrostatic pressure, and pulsed 
electric fields utilize modern techniques with high energy input and 
processing capacity, leading to enhanced extraction efficiency and 
selectivity [3].

Optimization of the extraction method is a critical phase in the 
preparation of plant products to achieve a high yield of desired chem
icals [4]. Ultrasonication-assisted extraction (UAE), soxhlet-assisted 
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extraction (SAE), and microwave-assisted extraction (MAE) are tradi
tional methods for extracting bioactive components from plant matrices 
using common solvents [5]. These methods have gained popularity due 
to their various advantages over conventional processes, such as 
reduced solvent and energy consumption and increased yield [6]. UAE 
induces additional vibration in plant sample molecules, promoting 
cavitation and faster mass transfer and diffusion, which enhances 
chemical release [[7,8]]. MAE uses electromagnetic waves to facilitate 
solvent entry and improve the yield of bioactive compounds. These 
techniques have been shown to increase the yield of phenolic com
pounds, with antioxidant, antibacterial, and anti-obesity properties 
[[9–11]]. Higher temperatures in the UAE result in more cavitation 
bubbles, improving the efficiency of the extraction process [12]. Dia
betes mellitus (DM) is a metabolic disease characterized by persistent 
hyperglycaemia and abnormalities in carbohydrate, fat, and protein 
metabolism due to insulin action or synthesis [13]. It is a serious illness 
and ranks as the third leading cause of death worldwide [14].

The global prevalence of diabetes is increasing, with type 2 diabetes 
becoming more common despite the availability of numerous synthetic 
anti-diabetic medications. The significant adverse effects associated 
with these treatments highlight the need for safer, more affordable, and 
effective management strategies. One crucial enzyme in glucose meta
bolism is alpha amylase, which breaks down dietary starch into tri
saccharides and disaccharides, converting them into glucose. Alpha 
amylase inhibitors bind to mammalian alpha-amylase to regulate blood 
glucose levels by mitigating excessive starch hydrolysis [15]. Alpha- 
glucosidase, found in the human small intestine, plays a key role in 
converting carbohydrates into glucose. By inhibiting this enzyme, the 
amount of glucose entering the bloodstream can be reduced, offering a 
potential strategy for managing blood sugar levels [16].

Pancreatic lipase (PL) is an essential enzyme involved in the diges
tion of dietary fat. It breaks down dietary triglycerides into mono
glycerides and free unsaturated fats. Orlistat, a medicine produced from 
Streptomyces toxitricini, is a strong inhibitor of gastric, pancreatic, and 
carboxyl ester lipases. Due to this property, it has shown potential as an 
effective treatment for obesity [17]. Natural inhibitors derived from 
various plant sources, such as flavonoids, polyphenols, alkaloids, sapo
nins, and terpenoids can inhibit PL activity and reduce fat absorption 
into the systemic circulation [[18,19]]. Current medications for obesity, 
such as orlistat, have systemic side effects, including breathing diffi
culties, swelling of the face, throat, and tongue, oily stool, gas, stomach 
pain, nausea, vomiting, and diarrhoea [20]. Natural inhibitors offer a 
promising alternative with fewer systemic side effects.

Pogostemon benghalensis (Burm. f) Kuntze, a herbaceous plant 
belonging to the family Lamiaceae, has been used for medicinal pur
poses for centuries. This plant extract has been reported to have anti
bacterial, antioxidant, anti-inflammatory, and antipyretic properties, 
along with antifungal, antiviral, larvicidal, and anti-cancer effects [21]. 
Preliminary studies have identified bioactive compounds, such as fla
vonoids, phenolics, and terpenoids, in the plant, known for their me
dicinal benefits. These compounds form the basis for exploring the 
plant's therapeutic potential, including its antibacterial and anti-obesity 
effects [22]. Based on the ethnobotanical significance and emerging 
phytochemical profile, this plant was selected for the study.

This study aims to evaluate, via GC–MS profiling the P. benghalensis 
extract to identify its key bioactive compounds and provide a compre
hensive chemical profile. The study also assessed its potential as a 
pancreatic lipase inhibitor for anti-obesity treatments and evaluated its 
antibacterial activity. This research is the first international comparative 
analysis of various extraction techniques, including UAE, MAE, and SAE, 
and the first report on the anti-obesity effects of these extracts in vitro. By 
integrating traditional knowledge with modern analytical techniques, 
this study aims to validate the efficacy of P. benghalensis and support its 
potential applications in developing novel therapeutic agents for anti
bacterial and anti-obesity treatments.

2. Materials and methods

2.1. Collection of plant material

The plant leaves were collected from Kolli Hills (Lat
itude:10◦12′–11◦7′N, Longitude: 76◦–77◦56′E) of Namakkal district, 
Tamil Nadu, India. The identity of the plant was confirmed at the 
Botanical Survey of India (BSI), Southern Regional Circle, Coimbatore, 
India. The voucher specimen (BSI/SRC/5/23/2024-25/Tech./603) has 
been deposited at Bharathidasan University's High-Altitude Plant 
Centre, a part of its Department of Botany. After being washed with tap 
water, the sample was allowed to air dry for 2 weeks under the shade. 
Then the dried leaves were roughly ground in an electric homogenizer 
and collected in an airtight container and stored in a refrigerator until 
further processing.

2.2. Extraction methods

Hydromethanolic solvent (aqueous: methanol at 1:1 ratio) was 
preferred for all the extraction methods as it employs two aqueous sol
vents, which helps in getting a better yield of phytochemicals [23].

2.2.1. Ultrasound-assisted extraction method (UAE)
For the UAE, Hromadkova and Ebringerova [24] protocol was fol

lowed with slight modifications. 250 ml of hydromethanolic solvent was 
used for 10 g of the leaf sample. The extraction was carried out for 20 
min in an ultrasonicator (BRANSON Digital Sonifier, model: 102C (CE), 
EDP: 101-135-066R). Later, the extract was filtered through No. 1 
Whatman filter paper, and the solvent was evaporated using a rotary 
evaporator.

2.2.2. Microwave-assisted extraction method (MAE)
For MAE, 10 g of leaf sample was mixed with 250 ml of the solvent in 

an extraction vessel. The extraction was performed in a microwave oven 
at 400 watts for 10 min (Panasonic NNSM25JB). The solvent was then 
evaporated using a rotary evaporator [25].

2.2.3. Soxhlet-assisted extraction method (SAE)
10 g of leaf samples was extracted using 250 ml hydromethanolic 

solvent for 24 h in 500 ml soxhlet apparatus equipment. Then, the sol
vent was evaporated at decreased pressure using a rotary evaporator 
[26].

2.3. Determination of extraction yield

All the extracts were evaporated in a rotary evaporator at 40 ◦C for 6 
h. The resulting extracts were then stored in the refrigerator until further 
use. The yield of the extracts was calculated by dividing the final weight 
of the extracted material by the initial weight of the leaf powder used for 
extraction and multiplying the result by 100. The yield of the extracts 
was given in percentage [27].

2.4. Quantitative analysis

2.4.1. Determination of total phenolic content
The Folin Ciocalteu reagent was used to assay total phenols with 

minor modifications following previous reports [[28,29]]. Folin Cio
calteu reagent (5 ml, 1,10 diluted with distilled water) and aqueous 
Na2CO3 (4 ml, 1 M) mixture was added to the dilute extract (50, 100, 
150, 200, 250, 300 mg/ml) or gallic acid (standard phenolic compo
nent). After 15 mins, the total phenols were quantified using colorimetry 
at 765 nm. Total phenol levels are expressed in terms of gallic acid 
equivalent.

2.4.2. Determination of total flavonoid content
The total flavonoid content was determined using a colorimetric test 
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with aluminium chloride following Muhongo et al., [30], with some 
modifications. 1 ml (1 mg/ml) crude extract, 4 ml distilled water, and 
0.3 ml of 5 % sodium nitrite were taken in 10 ml volumetric flask for the 
reaction. After 5 mins, 0.30 ml of 10 % aluminium chloride was added. 
Furthermore, after 6 mins of incubation, 2 ml of 1 M sodium hydroxide 
was added to the reaction mixture, and the total volume was promptly 
diluted to 10 ml with distilled water. The same method was used to 
prepare a set of standard rutin solutions (50, 100, 150, 200, 250, 300 g/ 
ml). The absorbance of the test and standard solutions was measured at 
510 nm using a reagent blank.

2.5. Fourier-transform infrared spectroscopy (FTIR) analysis

The FTIR spectrum was recorded to comprehend and identify the 
functional groups. The FTIR spectrum was measured between 400 and 
4000 cm− 1 using the three different extracts in a PerkinElmer Spectrum 
(version 0.03.09) instrument.

2.6. Gas chromatography-mass spectrometry (GC–MS)

The Clarus 680 GC instrument was employed for the investigation, 
which used a fused silica column packed with Elite5MS (5 % biphenyl, 
95 % dimethylpolysiloxane, 30 m, 0.25 mm ID, 250 m df) to separate the 
components using helium as a carrier gas at a constant flow rate of 1 ml/ 
min. During the chromatographic run, the injector temperature was set 
to 260 ◦C. The oven temperature was as follows for the 1 μl extract 
sample injected into the instrument: 60 ◦C for 2 mins, then 300 ◦C at a 
ramp rate of 10 ◦C per min for 6 mins. The mass detector had the 
following parameters: transfer line temperature of 230 ◦C, ion source 
temperature of 230 ◦C, ionization mode electron impact set at 70 eV, 
scan period of 0.2 s, and scan interval of 0.1 s. The fragments range from 
40 to 600 Da. The components' spectra were compared to a database of 
known component spectra included in the GC-MS NIST (2008) library.

2.7. Antibacterial activity

A modified technique was used to study the antibacterial activity, 
adopted from the previous studies by Brinda et al. [31] and Vaghasiya 
et al. [32]. The typical disc diffusion method was used to work with 
human pathogenic bacteria such as Salmonella typhi (MTCC 733) and 
Staphylococcus aureus (MTCC 7443). Luria Bertani (LB) broth/agar me
dium was utilized to cultivate the bacteria. Fresh inoculum cultures 
(100 μl each) were dispensed onto LB agar plates overnight. To each 
plate, a sterile 5 mm paper disc loaded with 100 μl, 200 μl, and 300 μl of 
hydromethanolic leaf extracts and streptomycin (positive control) or 
kanamycin (negative control) discs were introduced. All the plates were 
kept at 37 ◦C in an incubator overnight. The diameter of the clear zone 
surrounding the disc was used to estimate the zone of inhibition.

2.8. In vitro pancreatic lipase enzyme assay

The study sought to assess the activity of PLs by assessing the rate of 
oleic acid release from an emulsified P. benghalensis leaf extract. This 
assay followed the procedure of Vadivelu et al., [33] with minor mod
ifications. To generate the substrate emulsion, 15 mmol/L sesame oil 
was sonicated for 5 mins in a solution comprising 1 mmol/L NaCl, 1 
mmol/L CaCl2, 10 mg bovine serum albumin/ml, and phosphate buffer 
solution (pH 8.0). After sonication, the substrate emulsion was incu
bated with 50 μl of porcine pancreatic lipase and varying doses of 
P. benghalensis leaf extract (20, 40, 60, 80, 100 μg/ml) for 30 mins at 
37 ◦C. Following the 30-mins incubation period, 3 ml of chloroform and 
n-heptane mixture (1,1, v/v) was added and extraction was done by 
shaking. After that, a dose-dependent inhibition effect was observed 
using a calorimeter.

2.9. In vitro anti-diabetic activity

2.9.1. Alpha-amylase inhibitory method
Firstly, test tubes were taken, and different concentrations (20, 40, 

60, 80, 100 μl) of hydromethanol leaf extract were mixed with 250 μl of 
0.02 M buffer solution (sodium phosphate), and α-amylase. 0.02 M of 1 
% starch solution was taken in a buffer solution (phosphate) (pH 6.9). 
This reaction was terminated by the addition of 500 μl of DNS (dini
trosalicylic acid) reagent. For five mins, these test tubes were submerged 
in boiling water. After that, the mixture was allowed to cool to room 
temperature. Finally, 5 ml of distilled water was added to dilute the 
reaction. At 540 nm, the absorbance was measured using a spectro
photometer [34]. The percentage of α-amylase inhibition activity was 
calculated as follows: 

Percentage inhibition =

[

Abs control–
Abs Ethanol extract

ABS control

]

×100 

2.9.2. Alpha-glucosidase inhibitory method
The method to determine the effects of the ethanolic extract on 

α-glucosidase was followed as described by Li et al. The solution of p- 
NPG (nitrophenyl glucopyranoside) was prepared in a buffered solution 
(phosphate-20), and pre-incubation was performed with 50 μl of 
different concentrations. α-glucosidase (100 μg/ml) (pH 6.9) was added 
to the solutions containing different concentrations (20–100 μg/ml) of 
hydromethanol leaf extract. The mixture was at this stage incubated at 
37 ◦C for 10 mins. This process is stopped by adding 2 ml of sodium 
carbonate (0.1 M). The effects on α-glucosidase activity were measured 
by the intensity of yellow colour at 450 nm [[35,36]].

2.10. Statistical analysis

All the results are expressed as mean ± S.D. Statistically, all the data 
were compared using one-way analysis of variance (ANOVA) followed 
by Duncan's multiple range test (DMRT) using SPSS software version 
26.26, and p-values <0.05 are considered statistically significant.

3. Results and discussion

3.1. 3.1. Extract yield of different extraction methods

The efficiency and effectiveness of the extraction process are 
generally influenced by various factors, such as solvent properties, 
temperature, particle size, pH, extraction duration, agitation, solvent-to- 
solute ratio, feed material characteristics, and environmental consider
ations [19]. Ultrasonic–assisted extraction (UAE) is a recognized novel, 
efficient, and environmentally friendly technique that preserves the 
integrity of sensitive compounds while remaining cost-effective and 
sustainable compared to traditional methods [37]. In this study, the UAE 
method yielded the highest extraction efficiency while using the 
hydromethanolic solvent (Table 1).

The characteristics of the UAE extraction process, such as mass 
transfer intensification, solvent penetration into plant material, and cell 

Table 1 
Effect of different extraction methods on the yield of P.benghalensis leaf sample 
(g/100 g of DW).*

Solvent Extraction methods Extraction of yield (100 
g)

Hydromethanol 
(1:1)

Ultrasound-assisted 
extraction

45.5 ± 0.45a

Microwave-assisted 
extraction

41 ± 0.86b

Soxhlet-assisted extraction 40.9 ± 0.95b

* Values are presented as mean ± standard deviation (n = 3); the mean in the 
rows bearing different superscripts are significantly different.
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rupture facilitation by ultrasonics, contributed to the maximum yield 
[38,39]. Ultrasonic and microwave extraction methods are preferred for 
their energy efficiency, environmental friendliness, and production of 
high-quality extracts at a reasonable cost compared to the use of tradi
tional methods like soxhlet and maceration [[40,41]]. The rationale for 
using 400 W in MAE is supported by earlier optimization studies 
showing that phenolic and antioxidant yields generally peak at this 
power level, while higher powers often lead to reduced yields due to 
thermal degradation. Previous optimization trials further confirmed that 
lower microwave powers resulted in insufficient extraction efficiency, 
whereas higher powers increased the risk of compound degradation 
[[42,43]]. Therefore, 400 W was selected for our study as it could pro
vide the best balance between extraction efficiency and compound sta
bility, ensuring consistent and reproducible results.

Aqueous solvents are considered green solvents and a viable alter
native to typical organic solvents due to their non-toxic nature, low cost, 
and polarity, water besides their dielectric constant. The dielectric 
constant of water (78.5 at room temperature) decreases as the temper
ature rises, impacting the extraction yield significantly [44]. The po
larity of the solvent significantly impacts yield, as demonstrated by 
numerous studies [45]. An ideal extraction technique should be user- 
friendly, safe, scalable, affordable, and suitable for industrial use. In 
this study, the UAE method displayed the highest yield compared to 
other methods, marking the first report on P. benghalensis extraction 
using this technique.

3.2. Quantitative analysis of phytoconstituents

In the current study, all the extracts from UAE, MAE, and SAE of 
P. benghalensis were used to assess the total phenolic and flavonoid 
contents. Compared to all other extraction methods, the leaf extract 
from UAE had the highest phenol content (47.40 mg GAE/g) and 
flavonoid content (31.78 mg RTE/g), followed by MAE, in which the 
total phenol and flavonoid contents were 22.73 mg GAE/g. and 15.89 
mg RTE/g, respectively (Table 2). The extract from SAE had a relatively 
similar phenolic content as that of MAE, while the flavonoid content was 
considerably low. Sharifi-Rad et al. [46] reported that phenolic com
pounds can inhibit free radicals and inactive metals, scavenge oxygen, 
and decompose peroxides in biological systems, the processes through 
which they can reduce the risk of oxidative stress, aging, and other 
related diseases. Since both conventional and non-conventional 
methods have extracted the above-mentioned bioactive compounds, 
recent reports on Moringa oleifera and Spondias purpurea have revealed a 
similar higher content from UAE compared to other extraction methods 
[[47,48]].

3.3. Fourier-transform infrared spectroscopy (FTIR)

FTIR plays an important role in identifying the functional groups 
present in plant samples. It is an analytical method where infrared light 
is used to scan and identify the organic, polymeric, and inorganic ma
terials that have many compounds with different bonds (C–C, C––C, 
C≡C, C–O, C––O, O–H and N–H) [49]. In the present study, the 
functional groups in the three different extracts of P. benghalensis were 
analyzed and presented (Fig. 1, supplementary Tables 1 to 3). In the UAE 
method, 13 characteristic peaks were present, among which the major 
five peaks were observed at 3332.04 cm-1 (N–H stretch), 1598.53 cm− 1 

(C–C stretch), 1066.17 cm− 1 (C–N stretch), 2354.23 cm− 1 (–C–––C– 
stretch) and 2926.99 cm− 1 (C–H stretch) alongside four minor peaks at 
1395.53 cm− 1 (C–H stretch), 3777.88 cm− 1 (O–H stretch), 3695.34 
cm− 1 (O–H stretch free hydroxyl) and 1722.43 cm− 1 (C––O stretch). 
The diversity of peaks suggests that cavitation enhanced solvent pene
tration, liberating a wide range of polar and thermo-sensitive com
pounds such as phenolics, flavonoids, and carboxylic acids [50]. The 
MAE showed a total of 5 peaks, where the major peaks were observed at 
1020.31 cm− 1 (C–N stretch), 3327.11 cm− 1 (O–H stretch), and 

2941.20 cm-1 (C–H stretch). Minor peaks were observed at 2831.07 
cm− 1 (C–H stretch) and 1449.05 cm− 1 (C–H bend). This narrower 
spectrum indicates selective extraction of stable polar compounds, while 
the absence of certain carbonyl and aromatic signals suggests possible 
degradation of thermo-labile groups under microwave heating [51]. The 
SAE revealed the presence of 10 functional groups, where 3 major peaks 
were observed at 1597.67 cm− 1 (C–C stretch (in-ring), 1047.80 cm− 1 

(C–N stretch), and 3326.92 cm− 1 (O–H stretch). Also, 4 minor peaks 
were observed at 672.22 cm− 1 (C–Br stretch), 814.87 cm− 1 (C–Cl 
stretch), and 1262.57 cm− 1 (C–H wag (–CH2X)). As per the analysis, 
halogen-related stretches (C–Br, C–Cl) and CH2 wagging vibrations 
were not observed in either UAE or MAE. This reflects broader recovery 
of non-polar and halogenated constituents, consistent with the solvent's 
ability to dissolve diverse phytochemicals [52,53]. The comparative 
FTIR analysis demonstrates that the extraction method significantly 
influences the chemical composition of P. benghalensis extracts. UAE 
maximized phytochemical diversity by recovering both polar and 
thermo-sensitive compounds. MAE was more selective for stable polar 
groups but limited in diversity, and SAE displayed a wider range of non- 
polar and halogenated compounds. These findings highlight that UAE is 
the best suited method for broad phytochemical profiling, MAE for rapid 
recovery of stable polar constituents, and SAE for conventional extrac
tion of both polar and non-polar groups. The functional groups observed 

Table 2 
Total phenol and flavonoid contents of P. benghalensis leaf hydromethanolic 
extracts obtained from UAE, MAE, and SAE.*

Method Concentration (mg/ 
ml)

Total 
phenols 
(mg GAE/ 
g)

Total 
flavonoids 
(mg RTE/g)

Ultrasound-assisted 
extraction (UAE)

50 12.15 ±
0.03f 10.82 ± 0.05f

100
19.86 ±
0.08e 13.79 ± 0.03e

150
27.25 ±
0.02d

17.56 ±
0.06d

200 33.78 ±
0.09c 22.23 ± 0.28c

250 40.14 ±
0.07b

26.55 ±
0.09b

300
47.40 ±
0.02a

31.78 ±
0.07a

Microwave-assisted 
extraction (MAE)

50
5.42 ±
0.02f 5.54 ± 0.01f

100 8.83 ±
0.03e 7.42 ± 0.05e

150 12.77 ±
0.04d 9.05 ± 0.14d

200
16.25 ±
0.02c 12.00 ± 0.09c

250
20.13 ±
0.09b

14.77 ±
0.07b

300 22.73 ±
0.05a

15.89 ±
0.12a

Soxhlet-assisted extraction 
(SAE)

50 6.33 ±
0.01f 2.81 ± 0.03e

100
10.60 ±
0.09e 3.46 ± 0.06e

150
13.43 ±
0.04d 5.13 ± 0.16d

200 17.25 ±
0.02c 6.61 ± 0.07c

250
21.02 ±
0.01b 8.60 ± 0.09b

300
23.60 ±
0.04a

10.47 ±
0.00a

* Values are presented as mean ± standard deviation (n = 3); the mean in the 
rows bearing different superscripts is significantly different.

U. Sandhiya et al.                                                                                                                                                                                                                              Results in Chemistry 20 (2026) 103007 

4 



from different extraction methods of P. benghalensis, including alcohols, 
phenols, aromatic amines, carboxylic acids, alkanes, ketones, aliphatic 
amines, and nitriles, are likely responsible for a broad range of phar
macological activities. Among the compounds under consideration, 
phenolic compounds characterized by hydroxyl and aromatic moieties 
have been extensively studied and are known to exhibit strong antiox
idant, anti-microbial, anti-inflammatory, and anti-cancer properties 
[54]. Ketones and ketone-derived compounds, such as β-aminoketones, 
have been reported to possess vasodilatory, cardioprotective, and 
metabolic regulatory effects [55]. Additionally, plant extracts enriched 
with these functional groups have demonstrated radical-scavenging, 
enzyme-inhibitory, and antimicrobial activities in various in vitro 
studies [56]. Therefore, the diverse FTIR profiles observed in our ex
tracts indicate that the biological activities measured, such as antioxi
dant, antimicrobial, and cytoprotective effects are likely attributable to 
the combined action of multiple bioactive constituents, potentially 
acting synergistically.

3.4. Gas chromatography-mass spectrometry (GC–MS)

The GC–MS analysis has been used to examine the bioactive com
pounds present in the plant extract and determine the reproducibility, 
dynamic range, and universal mass of the bioactive compounds with a 
small molecular weight [57]. The GC–MS analysis of P. benghalensis leaf 
hydromethanolic extract revealed eugenol, hexadecenoic acid and cis- 
vaccenic acid as the major compounds from UAE, MAE, and SAE- 
assisted methods, respectively (Fig. 2). All these compounds showed 
corresponding functional groups in the FTIR spectrum. In the UAE 
method, a total of 50 phytocompounds were identified, with eugenol 
(9.72 %) being the major compound (supplementary Table 4). Eugenol 

is a phenolic compound known for its diverse pharmacological proper
ties. It is predominantly found in fragrant and therapeutic plants, such as 
clove (Syzygium aromaticum), cinnamon (Cinnamomum spp.), and basil 
(Ocimum basilium) [58,59]. These two studies have reported that 
eugenol can be readily isolated by adding bases, which form eugenolate 
compounds that dissolve in water, allowing for its recovery by the 
introduction of an acid.

Several studies have shown the biological properties of eugenol 
beyond its antimicrobial and anticancer effects, with additional benefits 
such as herbicidal activity, making it a valuable compound in both 
medicine and agriculture [60,61]. Other significant compounds identi
fied in the UAE-extract include hexadecenoic acid (6.84 %), 1,3,5- 
Triazine-2,4,6-triamine, N (5.99 %), benzenepropanoic acid (5.76 %), 
octadecanoic acid (5.69 %), and coumarin (4.59 %).

MAE-extract revealed the presence of 39 phytocompounds with the 
major compounds being hexadecanoic acid (14.93 %), octadecanoic 
acid (9.13 %), and pentacosane (8.39 %) (Supplementary Table 5). 
Common compounds such as phenol (0.13 %), glycerin (0.23 %), 
propanal (0.54 %), were also detected. As per soxhlet extraction, a total 
of 35 phytocompounds were identified, with cis-vaccenic acid (29.94 %) 
being the major compound besides 3-tetradecene (10.808 %) and n- 
hexadecanoic acid (8.81 %) (supplementary Table 6).

The common compounds identified across all three extraction 
methods include hexadecanoic acid, octadecane, and n-hexadecenoic 
acid. These compounds have been widely documented in the literature 
for their therapeutic properties and are traditionally used to treat 
various ailments. The findings of the present study highlight 
P. benghalensis as a potential source of bioactive compounds, offering 
valuable insights for future research and applications.

With regard to their biological applications, hexadecenoic acid has 

Fig. 1. The FTIR spectrum of P. benghalensis leaf hydromethanolic extracts obtained from (a) UAE, (b) MAE and (c) SAE methods.
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Fig. 2. Phytoconstituents of the hydromethanolic leaves extract of P. benghalensis (a) Ultrasound-assisted extraction method; (b) Microwave-assisted extraction 
method; (c) Soxhlet-assisted extraction method.
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also been shown to possess antibacterial activity. Siswadi et al. reported 
that n-hexadecenoic acid exhibits a range of biological properties, 
including antioxidant, 5-alpha-reductase inhibition, and anti- 
fibrinolytic effects. In addition, it also demonstrates haemolytic, anti
microbial, and hypocholesterolemic activities. Moreover, This com
pound functions as a nematicide and pesticide, possesses antiandrogenic 
effects, and can be used as a flavoring agent [62]. Furthermore, it has 
been noted for its antioxidant and anticancer properties [63]. Yang et al. 
reported that, Octodecane has been shown to demonstrate considerable 
antimicrobial activity against a broad spectrum of microbial pathogens 
[64].

Also, coumarin has been reported to demonstrate antifungal, anti- 
inflammatory, antitumor, and antibacterial activities. It may also 
possess anti-obesity or hypolipidemic properties. Supporting studies 
have also reported the antihyperlipidemic activity of this compound 
[65,66]. This suggests that these compounds of the leaf could be 
responsible for the anti-obesity properties of the plant. In addition, 
benzo propanoic acid has been reported for its neuroinflammatory ac
tivity [67]. There are many phenolic compounds found in plants, veg
etables, and fruits that have been reported for their antioxidant activity 
[68]. They play a very important and essential role in neuroprotective 
potential, antimicrobial, anti-inflammatory, and antioxidant effects, and 
as well as treatment of diseases such as obesity, certain types of cancer 
and diabetes [69]. cis-Vaccenic acid is an omega-7 fatty acid renowned 
for its antibacterial and hypolipidemic properties in rats [70]. Naph
thalene is a compound with high biological activity. Previous literature 
have reported anticancer activity as well as anti-inflammatory, anti
bacterial, anticandidal, cytotoxic, antimicrobial and antioxidant activ
ities besides VEGFR-2 inhibition and anti-platelet aggregation effects of 
the phytoconstituent [71,72]. Most of the chemical compounds identi
fied from the leaves of P. benghalensis have been recorded to aid in curing 
several ailments both in traditional medicines and scientific research. 
Hence, the present study reveals the potential source of bioactive com
pounds and the suitable extraction methodology for the plant. However, 
it is advisable to identify and isolate individual components before 
conducting further research on their biological activity.

3.5. Antibacterial activity

Microbial infections are one of the leading causes of death and illness 
worldwide. Sharifi-Rad et al. have reported that gram-negative bacteria 
possess robust cell walls, predominantly made up of lipopolysaccha
rides, which contribute to their higher resistance to many antibacterial 
treatments [73]. On the other hand, gram-positive bacteria have uni
form cell walls that lack phospholipids. It has been reported that plant 
extracts exhibit hydrophobic characteristics, whereas the outer mem
branes of gram-negative bacteria contain some hydrophilic porins. 
Consequently, the diffusion of plant extract compounds into gram- 
negative bacteria is impeded. Herbal medicines are widely employed 
in rural communities where medications are scarce or impossible to 
obtain. In westernized countries, herbalism is commonly utilized as an 
alternative or supplement to prescription medicine [74]. Bacterial 
contamination also causes agony among affected persons, reducing their 
productivity [75,76].

Previous literatures have reported that the P. benghalensis aerial 

portions have antibacterial activity properties against Bacillus subtilis 
and Staphylococcus aureus [77]. Culture medium is composed of water 
and nutrients that provide a vital source of energy for bacterial growth 
and maintenance [78]. The current research evaluated the antibacterial 
activity of P. benghalensis leaf hydromethanolic extract derived using 
different extraction methods against two bacterial strains grown on 
nutrient agar media. The results obtained using the disc diffusion 
method revealed a dose-dependent inhibitory activity of all the extracts 
(Table 3 and Fig. 3). The extract from UAE showed the highest zone of 
inhibition against Staphylococcus aureus (18 mm) and Salmonella typhi 
(11 mm) at 300 μl. The hydromethanolic leaf extract showed antibac
terial activity against the both gram-positive and gram-negative bacteria 
after extraction using all the extraction methods. The enhanced anti
bacterial activity of P. benghalensis leaf extracted using UAE method over 
other extraction methods could possibly be credited mainly to the major 
phenolic compound eugenol. The role of eugenol in altering the 
permeability of bacterial membrane and ATPase inhibition activity 
presumed by Gill and Holly [79] and Jeyakumar and Lawrence [80] may 
be responsible for the positive effect in the study. Obesity-associated 
comorbidities such as diabetes and inflammation are due to an 
impaired immune system, leading to hospitalization, nosocomial infec
tion, and bacteria-infested urinary tract infections [81,82]. 

Table 3 
Antibacterial activity of P. benghalensis leaf extract obtained from different extraction methods by disc method.

Extraction methods Pathogens

Staphylococcus aureus Salmonella typhi

100 μl 200 μl 300 μl Antibiotic Disc (mm) 
Standard

100 μl 200 μl 300 μl Antibiotic Disc (mm) Standard

Ultrasound-assisted extractions 10 14 18 23 7 10 11 23
Microwave-assisted extractions 5 7 8 23 6 9 8 22
Soxhlet assisted extraction 5 8 9 24 6 10 10 23

Fig. 3. Antibacterial activity of P. benghalensis leaf extract.
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Staphylococcus aureus is a frequent bacterial pathogen causing infections 
in humans, causing various clinical signs. Both community and hospital- 
acquired infections are common, and treating them is difficult due to the 
rise in multidrug-resistant strains such as MRSA (Methicillin-resistant 
Staphylococcus aureus), which can cause a variety of potentially deadly 
diseases [83]. Numerous researches have looked into the relationship 
between particular bacterial species and human obesity at the species 
level. In both pregnant women and children, a correlation between 
S. aureus and being overweight has been shown [84]. Therefore, the use 
of this extract is a viable therapeutic strategy for thwarting and treating 
obesity and related diseases or in combination with existing drugs.

3.6. In vitro pancreatic lipase enzyme assay

The PL enzyme activity was performed with UAE extract based on its 
highest phenol, and flavonoid content, and antibacterial activity 
(Fig. 4). The phenolic compounds are plant secondary metabolites 
responsible for a wide range of bioactivities, as it may act on the en
zyme's active site, inhibiting and blocking lipid binding [85]. A dose- 
dependent inhibitory effect was observed in the current study. At 100 
mg/ml dosage, the extract showed 57 % inhibition, roughly equivalent 
to the activity of the standard drug, orlistat which displayed 62.3 % 
inhibition. The IC50 value of the UAE hydromethanolic leaf extract was 
86.2 μg/ml, which indicates its solid inhibitory potential.

Previous works of literature on Lamiaceae members such as Orig
anum onites, Salvia sclarea (leaves) and S. sclarea (flowers) had a similar 
inhibitory effect on pancreatic lipase enzyme [86]. However, this is the 
first report of inhibiting the PL enzyme activity of P. benghalensis leaf 
extract using a hydromethanolic solvent. Previous reports stand support 
for the effectiveness of phenolic compounds identified in the present 
study obtained using UAE extract, suggesting their possible role in the 
observed PL enzyme inhibitory activity [87]. Eugenol compound can 
donate H+ to a free radical. As an active compound in cloves (89 %), it 
offers a wide range of health benefits, such as reducing the risk of dia
betes, relieving stress, and acting as an antimicrobial agent [88,89]. 
Mnafgui et al. have also reported the considerable effect of eugenol in 
reducing pancreatic lipase enzyme activity along with pancreatic a- 
amylase and angiotensin-converting enzyme activity in diabetic rats 
[90]. The study did also record an increase of high-density lipoprotein- 
cholesterol and restoration of transaminases, alkaline phosphatase, 
creatine phosphokinase and gamma-glutamyl transpeptidase activities, 
total bilirubin, creatinine, urea, and uric acid levels.

Oroojan et al. have reported that glucose homeostasis is crucial in 
regulating insulin secretion whereas phenolic compounds have been 
shown to enhance glucose–stimulated insulin secretion (GSIS). It is ex
pected that phenolics-rich UAE extract might have conferred the lipase 
inhibitory activity and can be used as supplementary therapy with 

orlistat for effective anti-obesity effect [91].

3.7. In vitro anti-diabetic inhibitory assay

Alpha-amylase, along with another intestinal glycosidase, plays a 
key role in starch hydrolysis into simple sugars like glucose, enabling its 
absorption by the body. This enzyme primarily targets 1,4-connected 
polysaccharides such as starch inter-linked by alpha-1,4 glycosidic 
bonds [92,93], which are subsequently broken down into glucose by 
α-glucosidase for absorption through the intestinal epithelium. Inhibi
tion of these enzymes can slow the release of glucose into the blood
stream, helping to prevent rapid postprandial spikes in blood sugar 
levels [94,95]. Inhibiting alpha-glucosidase and alpha-amylase, the two 
essential enzymes in carbohydrate digestion, is a well-established 
strategy for managing blood glucose levels in individuals with type 2 
diabetes and those at risk of developing the condition. This approach 
significantly reduces post-meal spikes in blood glucose [96]. Addition
ally, the FDA-approved medication acarbose can be used to treat type 2 
diabetes by modifying blood glucose levels via blocking alpha-amylase 
[97]. Voglibose, Acarbose, Metformin, and Miglitol are the most 
widely used alpha-glucosidase inhibitors [98–100]. Previous literature 
has reported that the methanol extract of P. benghalensis aerial part ex
hibits (IC50 value 106.3) alpha-amylase inhibitory activity in compari
son to the standard acarbose [101]. Therefore, the doses for the current 
study were selected based on standard protocols to ensure measurable 
inhibition without substrate saturation based on a previous report 
[102].

The hydromethanolic extract of P. benghalensis leaves exhibited a 
dose-dependent inhibition of alpha-amylase and alpha-glucosidase, with 
mean inhibition rates of 56.32 % and 43.72 % at extract concentrations 
of 20, 40, 60, 80, and 100 μg/ml. In comparison, acarbose showed IC₅₀ 
values of 42.18 μg/ml for alpha-amylase and 23.51 μg/ml for alpha- 
glucosidase. The extract demonstrated a stronger inhibitory effect 
against alpha-amylase than alpha-glucosidase. These current results 
indicate that the hydromethanolic leaf extract possesses significant in 
vitro alpha-amylase and alpha-glucosidase inhibitory activity (Tables 4 
& 5).

The UAE-assisted hydromethanolic extract may act as a better alpha- 
amylase and alpha-glucosidase inhibitor, and can be considered as an 
alternative for the existing synthetic drugs like acarbose. Our in vitro 
studies demonstrated appreciable alpha-amylase and alpha-glucosidase 
inhibition activities. Further experiments at the preclinical level are 
warranted on animal models to confirm the anti-obesity activity and the 
effects on glycemic index.

Fig. 4. In vitro PL enzyme inhibition activity of P. benghalensis leaf hydromethanolic extract and standard drug (Orlistat). All values are presented as mean ± standard 
deviation (n = 3) and the statistical significance has been mentioned as alphabets in superscripts.
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4. Conclusions

This study evaluated various extraction methods (UAE, MAE, and 
SAE) to extract bioactive compounds from the leaves of P. benghalensis. 
Among the methods tested, UAE showed the highest extraction effi
ciency and yielded extracts with significant biological effects. It was also 
shown to possess higher phenolic and flavonoid contents, and has been 
proven to be the most effective method for extracting bioactive com
pounds. The FTIR analysis confirmed the presence of functional groups, 
corresponding to the major compounds, and GC–MS identified diverse 
bioactive compounds, mainly in the UAE extract. All the extracts 
exhibited significant antibacterial activity against S. aureus and S. typhi. 
The UAE leaf extract was found to be having effective inhibitory activity 
on pancreatic lipase (PL), enzyme, owing to its higher phenolic content, 
and also significant inhibitory activity on alpha-amylase and alpha- 
glucosidase. The UAE-assisted hydromethanolic extract may act as a 
better alpha-amylase and alpha-glucosidase inhibitor, and could serve as 
an alternative to existing synthetic drugs like acarbose for inhibiting 
alpha-amylase and alpha-glucosidase.

All these findings suggest that the UAE is an optimal method for 
extracting phenolic and flavonoid bioactive compounds from 
P. benghalensis leaves. This research not only advances our under
standing of the chemical properties of P. benghalensis but also opens up 
opportunities for utilizing its derivatives and suggests potential appli
cations in anti-obesity treatments and other medicinal uses. This attempt 
can consequently lead to bridging applications, integrating modern 
scientific knowledge with traditional practices. The limitations of the 
current study pertain to the shortage of in vivo experiments besides the 
isolation and biological effects of the major compounds present in all 
three extracts identified in this study. Further, we intend to conduct the 
anti-obesity and anti-diabetic effects of the extracts and the mechanisms 
involved through studies in the future.
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