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Abstract

Medicinal plants are a major source of numerous therapeutic agents, and the emergence of pathogenic
bacteria has rekindled interest in traditional medicine systems as an alternative approach to overcoming
resistance. The dried plant material of four medicinal plants, namely Terminalia arjuna (bark),
Terminalia bellirica (fruit), Aegle marmelos (leaves), and Bacopa monnieri (leaves), was powdered,
and aqueous extracts were prepared. The antimicrobial activity of the extracts was evaluated against
three clinically important strains: Pseudomonas aeruginosa, Staphylococcus aureus, and Escherichia
coli 385. As E. coli 385 was resistant to the broadest spectrum of antibiotics tested, it was classified
as (MDR multi-drug resistant). E. coli, Bacillus subtilis, Mycobacterium smegmatis (MTTC), and Vibrio
alginolyticus (ATCC) were also assessed using the agar well diffusion method for zones of inhibition and
minimum inhibitory/bactericidal concentration (MIC/MBC). Clinically important strains were found
to be sensitive to the aqueous extract of T. bellerica (19.51 * 0.61 mm) with MICs ranging from 0.31
to 0.62 mg/ml. The MDR strain was also sensitive to Bellirica monnieri (16.10 £ 0.31 mm) aqueous
extract. To determine the potential for a wide range of applications, the antioxidant activities of the
extracts were evaluated using DPPH, ABTS, and FRAP assays. The T. arjuna plant extract exhibited the
highest radical scavenging activity with the lowest EC50 values for DPPH (1.15 + 0.061 mg/ml) and ABTS
(1.02 £ 0.07 mg/ml). The plant extracts were characterized by UV-visible spectroscopy, Fourier-transform
infrared spectroscopy, and LC-MS/MS.
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INTRODUCTION

Antimicrobial resistance is a global health
threat that necessitates the development of novel
therapeutics. The overuse of antibiotics and their
imprudent disposal into the environment have
led to the emergence of antibiotic resistance in
organisms.! The antimicrobial resistance (AMR)
acquired by pathogenic microbes is projected to
reach 10 million by 2050.? Based on the urgency of
new antibiotics, the WHO has listed P. aeruginosa,
E. coli, and S. aureus as critical antibiotic-resistant
priority pathogens.®> Numerous pharmaceuticals
originate from plant extracts and have been the
subject of extensive pharmacological screening.?
Plants contain an array of secondary metabolites
that play crucial roles in their survival and
adaptation to the environment. These compounds
belong to three major classes, namely, alkaloids,
phenols, and terpenoids. Complex mixtures of
these phytocompounds are attractive sources
of bioactive compounds.? The combination of
bioactive compounds from plants and antibiotics
may aid in the development of antimicrobial
resistance against infectious agents. In the search
for new agents, scientists have moved towards
traditionally used plant sources.* Traditional
medicines have been used to treat various
ailments and are recognized as a part of primary
healthcare in different tribal regions of India.
To cure fever, cough, skin lesions, and liver
disorders, many people turn toward the well-
known ayurvedic formulation Triphala, which
holds the plants T. bellirica and T. arjuna as active
ingredients.®> Perilously increasing multidrug
resistance has accelerated the search for and
identification of plant-derived antimicrobials and
antioxidants that protect cells and tissues from
free radical damage. These antioxidants help
ameliorate the consequences of oxidative stress
in various disorders, including nephrotoxicity,
diabetes, Parkinson's disease, cancer, Alzheimer's
disease, and neurodegenerative diseases.® The
Arjuna tree is widely distributed in India, especially
in the Sub-Himalayan and Deccan regions.” The
bark of the arjuna tree is an important constituent
of many Ayurvedic formulations and is known to
have anti-cancer, anti-bacterial, and antioxidant
properties.® Different in vivo and in vitro studies
have established the antitumor, anti-allergic,

anti-fertility, and anti-HIV potential of T. arjuna
bark.>1° Fruits of T. bellirica (Baheda) are used to
treat asthma, piles, cough, diarrhea, and throat
infections.> A. marmelos (Bael) leaves are often
used in Ayurvedic and traditional medicine to
treat edema, vomiting, neurological diseases,
rheumatism, tuberculosis, diabetes, high blood
pressure, and dysentery.'* B. monnieri (Brahmi)
helps to repair injured neurons, generate new
neurons, and restore synaptic activity. Traditional
healers use Brahmi to treat conditions such as
epilepsy and anxiety and boost brain function.
They have also used it to treat UTIs as well as
digestive and skin problems.*? Hence, the objective
of the present work was divided into four parts:
antimicrobial potential of T. arjuna, T. bellirica,
A. marmelos, B. monnieri aqueous extracts
against E. coli, B. subtilis, M. smegmatis, and V.
alginolyticus as representative of gram-negative,
gram-positive, acid fast and opportunistic
pathogenic bacteria, respectively; phytochemical
profiling; chemical characterization, antioxidant
ability of active extracts; and antimicrobial activity
against clinical and drug-resistant isolates. These
results demonstrate the biological applications
of these aqueous extracts against drug-resistant
strains related to different types of infections and
diseases.

MATERIALS AND METHODS

Plants collection and authentication

Different parts of Terminalia arjuna
(Roxb.) Wight & Arn (UHF-Herbarium no 13796),
Terminallia bellirica (Gaertn.) Roxb. (UHF-
Herbarium no 13797), Aegle marmelos (L.) Correa
(UHF-Herbarium no 13799) and Bacopa monnieri
(L.) Pennell (UHF-Herbarium no 13798) were
collected from high altitude Himalayan region of
Chamba, Himachal Pradesh, (India), based on their
use in the Indian system of alternative medicine
by traditional healers. The authentication of these
plant materials was conducted at the Department
of Forest Products, Dr. Y.S. Parmar University of
Horticulture & Forestry, Nauni, Solan, Himachal
Pradesh, India.

Preparation of plants extract
The dried powder of the plant material
was mixed (1:10) with 200 ml of deionized water
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and placed in a rotatory shaker at 150 rpm for 6-7
days to ensure complete extraction, followed by
filtration and centrifugation at 4000 x g for 20 min.
The filtrate was collected and heat evaporated
at 45-50°C.*® For further biological assays, a
crude extract was prepared and stored at -20°C.
Samples were designated as TA (T. arjuna), TB
(T. bellirica), AM (A. marmelos), BM (B. monnieri).
The extract yield was determined using the
following equation*:

Wst. of the crude plant
extract obtained (g)
Wt. of plant powder

used (g)

Percentage (%) yield= x 100

Bacterial cultures and inoculum preparation

The antibacterial potential of the extracts
was initially tested against E. coli (MTCC 1678), B.
subtilis (MTCC 121), M. smegmatis (MTCC 6), V.
alginolyticus (ATCC 17749), P. aeruginosa (MTCC
2297), S. aureus (Lab isolate), and drug-resistant
E. coli 385 (Lab isolate), a kind gift from the Special
Center for Molecular Medicine (JNU), New Delhi.
The test organisms were cultured overnight at 37°C
in Muller Hilton broth (MHB), and the turbidity was
adjusted to 10® CFU/ml using the 0.5 McFarland
standard.

Preparation of stock and working solution

A 200 mg/ml stock solution was prepared
by mixing 2 g of the dried crude extract with 10
ml of ddH,0. From this stock solution 20 mg/ml
working solution were prepared by reconstituting
100 pl of stock solution in 900 pl of ddH,O. Prior
to application, plant extracts and commercially
available antibiotics underwent filtration using a
0.22 um membrane filter.

Antimicrobial activity of extracts

The antimicrobial activity of the aqueous
extracts was evaluated using the agar well diffusion
method, following the guidelines of the CLSI
(Clinical and Laboratory Standards Institute).®®
Sterile Muller-Hilton agar (MHA) plates were
cultured in a standardized microbial culture broth
using sterile cotton swabs. Three wells (6 mm
diameter each) were punched into the MHA using
a sterile borer. 100 ul of plant extract, standard
antibiotic as a positive control, and demineralized

water as a negative control were added to the
respective wells. For diffusion of extracts, plates
were placed in the refrigerator for 30 minutes,
followed by incubation in an upright position at
37°C for 14-16 hours. Antimicrobial activity was
calculated by measuring the inhibition zones
(mm) around the wells, with three replicates
for each treatment. Considering their high
prescription frequency to combat the microbial
agents, antibiotics Chloramphenicol (15 mcg)
and Tetracycline (15 mcg) were used as positive
controls.

Minimum inhibitory (MIC) and bactericidal (MBC)
concentration
Macro broth dilution method

The Minimum Inhibitory Concentration
(MIC) of each extract was determined using the
broth dilution method. Plant extract concentrations
of the plant extracts (20, 10, 5, 2.5, 1.25, 0.625,
and 0.312 mg/ml) were prepared. Mueller-Hinton
broth (MHB; 10 mL) was dispensed into test tubes.
Successive two-fold serial dilutions of the extract
concentrations (100 ul) were mixed with the MHB.
Next, a standardized inoculum (50 pl) of the test
organisms was added to each test tube containing
the MHB-extract suspension. Subsequently, all test
tubes were incubated at 37°C for 14—16 hours. The
MICs was determined as the lowest concentration
that completely inhibited visible growth (indicated
by the absence of turbidity) of the test organisms.

Micro broth dilution assay (96 well plates)

Plant extracts with a positive MIC result
in the macrodilution assay were used to determine
the MIC using the microbroth dilution method. The
assay was performed using MHB as recommended
by the NCCLS (National Committee for Clinical
Laboratory Standards). Briefly, serial dilutions of
plant extracts were prepared in sterile 96 well
plates. The growth controls were prepared by
replacing the extracts with equal volumes of
ddH,0. Sterility controls were prepared using
MHB alone. The plates were incubated at 37°C for
14-16 hours. Turbidity indicates bacterial growth.
Antimicrobial activity was assessed by measuring
the absorbance at 630 nm. The MIC was defined
as the lowest concentration that inhibited growth.
Broth (20 ul) were taken from each well of micro
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titer plate and streaked over MH agar plates to
determine the MBC.

In Vitro Radical Scavenging potential

The free radical-scavenging activity and
reducing power of each extract were determined
using DPPH, ABTS, and FRAP assays. To achieve
different concentrations, plant extract stocks (20
mg/ml) were serially diluted two-fold.®

Freshly prepared DPPH (2,2-Diphenyl-1-
picrylhydrazyl) free radical (0.0045 g dissolved in
few ml methanol) was diluted to achieve 0.98-1.00
absorbance at 517 nm. 150 pl of DPPH working
solution and 50 ul of each different sample
concentration and the standard were mixed
in a 96-well microtiter plate followed by dark
incubation at RT for half an hour. The control well
was prepared by adding 150 pl of DPPH and 50 pl
of methanol. The absorbance was recorded at 517
nm using a UV-visible spectrophotometer.?’

Scavenging activity (%) of the crude
extracts was calculated:

Absorbance (control) - Absorbance

DPPH
scavenging = b k()sampl(e) ol x 100
activity (%) sorbance (contro

where is the control (DPPH + methanol)
and is the sample (DPPH + sample concentration).

ABTS 2, 2'-azino-bis (3-ethylbenzthiazoline
-6-sulphonic acid) stock solution (7 mM) was mixed
with K.S,0, (2.45 mM) in a ratio of 1:1, followed
by incubation in dark for 12 hours at RT. The blue-
green radicals (ABTS*) generated by this reaction
were diluted with methanol to obtain an OD of
0.7 at 734 nm. ABTS* was reduced in the presence
of antioxidant compounds in the extracts. The
sample concentration (50 pl) was mixed with
150 pl of ABTS* working solution, and the control
was prepared by adding 150 pl of ABTS* working
solution with 50 pl of methanol. Absorbance was
recorded at 734 nm.*®

Scavenging activity (%) of the crude
extracts was calculated:

Absorbance (control) - Absorbance

ABTS
scavenging = (sample) x 100
activity (%) Absorbance (control)

The antioxidant activities of the crude
aqueous extracts were evaluated using a reducing
power assay. The FRAP (Ferric reducing antioxidant

power) assay relies on the reduction of Fe* to Fe?*
using a reductant. The binding of Fe? to the ligand
creates a blue complex. Absorbance was recorded
at 593 nm. The presence of antioxidants in the
sample increased the optical density, which may
be related to the reduction of iron.**

Phytochemical analysis of extracts

To identify the different classes of active
chemical constituents, the extracts were subjected
to preliminary phytochemical screening with
minor modifications.?*2?

Estimation of Total Phenolic and Tannin Content

TPC was determined following a
procedure based on Gonzalez-Palma et al. with
slight modifications. In a 96-well microtiter plate,
10 pl of the sample was combined with 80 pl
of dH,O and mixed with 10 pl of the FC reagent
(10%) and 100 pl of Na,CO, (7%). The plates were
then incubated in the dark for 60 min at room
temperature (RT). The absorbance was recorded
using a UV spectrophotometer at 725 nm. Gallic
acid in concentrations ranging from 7.81 to 1000
pg/ml was used as a standard for calibration.

Quantitative analysis of tannins was
conducted using the Folin-Ciocalteu method,
as described by Haile and Kang, with slight
modifications. In this method, 10 pl of the sample
was added to a 96-well microtiter plate containing
40 pl of distilled water, 50 pl of FC phenol reagent,
and 100 pl of a 35% Na,CO, solution. The plates
were shaken and incubated at RT for 30 min.
Absorption readings were recorded at 760 nm,
both for tannic acid standard solutions ranging
from 7.81 to 1000 pg/ml and for the sample.
The amount of total tannic acid was quantified
in milligrams of tannic acid equivalents using the
calibration curve method.”

Chemical characterization

To prepare the extracts for analysis, they
were first centrifuged at 3,000 rpm to remove
any particulate matter, followed by filtration
through a 0.4 um filter. The resulting filtrate was
diluted 1:10 using the same solvent. A UV-visible
spectrophotometer (slit width of 2 mm, 10 mm
cell at RT) was used for the measurements. The
spectrophotometer covered a wavelength range
of 200-1,100 nm, allowing the assessment of
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absorbance and peak values in the visible and UV
light spectra.?

Fourier transform infrared (FTIR) analysis
was used to identify the characteristic functional
groups present in the aqueous extracts. For
this analysis, 1 mg of the dried extract powder
was mixed with 10 mg of dry KBr pellets to
create translucent sample discs. The discs
were then placed in the sample cups within a
diffuse reflectance accessory. The peak values
of the IR spectrum were obtained using an FTIR
spectroscope (scan range from 400 to 4,000 cm™
with a resolution of 4 cm™ Shimadzu, Japan).?*

LC-MS/MS analysis

The aq. Extracts from the four selected
plants were subjected to LC-MS analysis. The
analysis was conducted using a UHPLC system
coupled with a Thermo Fisher-QExactive plus
mass spectrometer in positive ionization mode.
The mass spectrometer was equipped with a
heated electrospray ionization (ESI) source in
a Z-spray configuration. The analytical column

used was a reverse phase syncronis C-18 column
with dimensions of 4.6 x 250 mm and maintained
at a temperature of 30°C. A 10 ul sample was
injected onto the column, and the flow rate was
set at 200 pl/min. A mobile phase consisting of
0.1% formic acid in acetonitrile and 0.1% formic
acid in water in a ratio of 75:25 was used. Data
acquisition and processing were conducted using
Compound Discoverer software, which facilitated
the identification and quantification of the
compounds present in the extracts.

RESULTS AND DISCUSSION

Yield percentage of extracts

The percentage yields of the extracts
obtained from various plant parts are shown
in Figure 1a. Our study found that The crude
extraction yields were as follows: TB, 14.5%; TA,
10.75%; AM, 8.25%; and BM, 7.5% (w/w). Previous
studies have consistently reported that aqueous
extracts from different plant parts tend to yield
higher amounts than solvent-based extracts

Table 1. Antimicrobial activity of aqueous extracts (20 mg/ml) of selected plants against bacterial strains and lab

isolates

Test organisms

Zone of inhibition (mm)

T. arjuna T. bellirica  A. marmelos B. monnieri
E. coli 13.43+.74 13.91+.35 16.85+.57 11.42+.35
B. subtilis 11.37+.62 14.51+.64 16.09+.60 9.11+.35
M. smegmatis 9.65+.49 12.95+.55 17.60+.31 11.92+.56
V. alginolyticus 8.40+.52 16.20+.31 15.63+.55 8.81+.33
P. aeruginosa 8.95+.56 16.31+.46 13.64+.56 10.90+.32
S. aureus 9.37+.55 17.19+.58 15.67+.58 20.40+.31
E. coli 385 9.42+.50 19.51+.61 10.52+.45 16.10+.31

Table 2. Minimum inhibitory concentration (MIC) and MBC of aqueous extracts of plant parts

Test organisms

Plant extracts (mg/ml)

T. arjuna T. bellirica A. marmelos B. monnieri
MIC MBC MIC MBC MIC MBC MIC MBC
E. coli 2.5 5 1.25 2.5 1.25 2.5 2.5 5
B. subtilis 2.5 5 0.625 0.125 1.25 2.5 2.5 5
M. smegmatis 2.5 5 2.5 5 1.25 2.5 2.5 5
V. alginolyticus 2.5 5 0.625 1.25 1.25 2.5 2.5 5
P. aeruginosa 2.5 5 0.625 1.25 1.25 2.5 2.5 5
S. aureus 5 10 0.312 0.625 1.25 2.5 1.25 2.5
E. coli 385 2.5 5 0.625 1.25 1.25 2.5 2.5 5
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from the same plant.”® This phenomenon can be
attributed to the prolonged incubation time and
the high polarity of water as the extraction solvent.

Antibacterial potential of extracts

The antimicrobial activities of the extracts
against the test organisms displayed varying
degrees of inhibition, as summarized in Table 1.
All four extracts were effective against the tested
organisms, and the zones of inhibition were
qguantified, excluding the diameter of the well.
All extracts demonstrated substantial inhibitory

effects at 20 mg/mL. TA extract showed maximum
inhibition against E. coli (13.43 + 0.74 mm) and
was less effective against V. alginolyticus (8.40 +
0.52 mm). TA extract exhibited the highest level
of inhibition against E. coli (13.43 £ 0.74 mm) but
showed relatively lower effectiveness against
V. alginolyticus (8.40 £+ 0.52 mm). Similarly, it
demonstrated equal inhibitory activity against M.
smegmatis and three clinically significant bacterial
isolates, S. aureus, P. aeruginosa, and E. coli 385.
Previous studies have reported the antibacterial
activity of TA (bark) extracts against various clinical

a) b) & Total Phenolic content
NN by Total Tannin content
AL ) el Temn e
PN PN PN P
N N N N
T 1 ¢+ 1 11711711 0.0= § . § § §
1 2 3 4 5 6 7 8 9 1011 12 13 14 15 TA ™ AM BM
Extract % yield Plant extracts
¢) 1004 d) 100+
-e- TA —=— TBwew AM === BM
804 - 80
Eﬁo- Eﬁﬂ-
2 o] £ o
& g
204 - 20 -
0312 0625 135 25 5 w20 Y PR e v Y I/ 20
Concentration (mg/ml) Concentration (mg/ml)
€) 3.0 | .
Em DPPH
E“‘ 4 B ABTS
5 2.0 ?
- 34
; 1.54 E‘
é 1.04 &Sz-
2
< 0.5+ 14
0. T T L T T T T 0
0312 0625 125 25 5 10 20 TA ™ AM BM
Concentration (mg/ml) Extracts

Figure 1. (a) Extraction yield percentage of aqueous plant extracts, (b) total phenolic and tannin content in extracts,
(c) DPPH percentage inhibition, (d) ABTS percentage inhibition, (e) Reducing power assay (FRAP), and (f) effective
concentration (ECSO) values of T. arjuna, T. bellirica, A. marmelos, and B. monnieri. Value represents the means of
triplicate values and bars represents the standard deviation
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isolates, including ear infections, with inhibition
zones reported for E. coli (15 mm), S. aureus (17
mm), P. aeruginosa (16 mm), and B. subtilis (11
mm).2¢

Another study found that TA bark extract
(both cold and hot) was effective against S. aureus
but lacked inhibitory potential against P. aeruginosa
and E. coli.?” Kumar et al. reported similar
inhibitory potential of TA bark extract against

B. subtilis, E. coli, S. aureus, and P. aeruginosai.®
These findings align with the observations of Gupta
and Kumar, who investigated the antimicrobial
effects of TA against E. coli, P. aeruginosa, and S.
aureus, all of which exhibited high sensitivity to the
chloroform-methanol extract.?® Furthermore, this
antimicrobial effect of TA is consistent with a study
conducted by Jaiswal and Kumar, who assessed the
antimicrobial effect of the ethyl acetate extract of

2.0

a) 1.8
1.6
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1.0
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Figure 2. UV-Vis absorption spectra of (a) T. arjuna (Bark), (b) T. bellirica (fruit), (c) A. marmelos (leaves), (d)
B. monnieri (leaves) aqueous extracts. Fourier transform infrared (FTIR) spectrum (e) shows the presence of amine,
alkanes, carboxylic acid, alcohol and phenol functional groups in aqueous extracts
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TA against six pathogenic microbes.? Numerous
other studies support the results of the current
study_z7,3o,31

The strains of S. aureus, P. aeruginosa,
and E. coli 385 used in this study were susceptible
to TB. The aqueous extract of TB exhibited
significant inhibition of E. coli 385 (19.51 + 0.61
mm), followed closely by BM (16.10 + 0.31 mm),
while TA extract was less effective against E. coli
385. These findings are consistent with the results
of a study conducted by Agil et al, who investigated
the antimicrobial effect of a TB ethanolic extract
against methicillin-sensitive and methicillin-
resistant S. aureus.® Devi et al assessed the
antimicrobial potential of an aqueous extract of
TB in restricting the growth of various microbes,
including E. coliand P. aeruginosa, as well as some
fungal isolates.®* Several other researchers have
examined the antimicrobial properties of TB, and
their findings are consistent with those of the
current study.3+3

As indicated in Table 1, the TB extract
displayed the most potent inhibitory effect against
all the selected bacterial strains compared to the
aqueous extracts of the other plants. Notably, this
study used water for phytochemical extraction and
the aqueous extract exhibited strong inhibitory
effects against the clinical isolates used in this
study, which are known to exhibit high levels of
drug resistance.

BM also effectively inhibited the growth
of the microbes examined in this study. BM
exhibited the largest zone of inhibition against S.
aureus (20.40 + 0.31 mm). Previous studies, such
as that by TA et al., have assessed the antimicrobial
potential of BM against clinical isolates of
pathogenic strains, with the methanolic extract
displaying a more potent inhibitory effect against
K. pneumoniae and S. aureus.*® Haque et al. have
described the inhibitory potential of BM against
multidrug-resistant urinary tract infections (UTI)
and respiratory tract infections (RTI). The diverse
array of phytochemicals found in these extracts
underscores their pharmaceutical significance.?”
Furthermore, Kothari et al., Abhirami et al. and
Ganapathy et al. investigated the antimicrobial
effects of AM against five bacterial and three fungal
strains using various solvents, such as chloroform,
petroleum ether, and ethyl acetate.*®*° The current

findings also confirmed the effectiveness of AM
against multidrug-resistant E. coli 385.

Minimum inhibitory (MIC) and bactericidal (MBC)
concentration

The results of the current study
demonstrated that the water extracts efficiently
inhibited the growth of both the test strains and
laboratory isolates to varying degrees within
the wells. The antimicrobial potential of the
extracts directly correlated with an increase in
extract concentration, as supported by previous
studies.** All microorganisms used in this study
were susceptible to the Minimum Inhibitory
Concentration (MIC) of each plant extract, as
presented in Table 2. The lowest MIC (0.312 mg/I)
and MBC (0.625 mg/ml) values were observed for
TB against S. aureus, with an MIC of (0.625 mg/ml)
against B. subtilis, V. alginolyticus, P. aeruginosa,
and E. coli 385. TB fruit extract has previously been
reported to be effective against drug-resistant P.
aeruginosa and MRSA at very low concentrations,
with MIC values ranging from 0.25 to 0.5 mg/ml.3*

The TA and BM extracts exhibited MIC
values of (2.5 mg/ml) and MBC values of (5.0 mg/
ml) against all tested strains, except S. aureus. In a
previous study, the MIC value of TA bark aqueous
extract was reported to be 25 mg/ml against S.
aureus, 12.5 mg/ml against E. coli and B. subtilis,
and 6.3 mg/ml against P. aeruginosa.® TA displayed
activity at an MIC of (5.0 mg/ml) and an MBC of
(10 mg/ml), while BM exhibited an MIC and MBC
of 1.25 mg/ml and 2.5 mg/ml, respectively, against
S. aureus.

Determination of phytochemical components

Preliminary analysis of the extracts
revealed the presence of phenols, sterols,
coumarins, tannins, and saponins in the selected
plants. Phytochemicals play important roles in the
medicinal properties of plants.

Phenols, which were found in all extracts,
are well-known secondary metabolites with
significant antioxidant potential. They reduce the
risk of cancer, inflammation, and cardiovascular
diseases.*? Coumarins, also identified in the
extracts, exert anti-inflammatory and antioxidant
effects by blocking the generation of ROS (reactive
oxygen species) and downregulating key pathways
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like NF-kB, TNF-a, and MAPKs, which are associated
with inflammation and oxidative stress.** Tannins,
another group of phytochemicals present in
plant extracts, are polyphenolic compounds
with known antioxidant properties. Traditionally,
they have been used to treat a range of health
issues, including gastrointestinal, respiratory,
and skin problems.* Saponins have various
health benefits, including hypocholesterolemic,
immune modulation, and anti-inflammatory
properties, which have led to their use in
traditional pharmaceutical applications.

Quantitative analysis of phytochemicals

Using the FC reagent, the total phenolic
content (TPC) of the extracts (TA, TB, AM, and
BM) was calculated (Figure 1b) and expressed as
gallic acid equivalent (GAE). The results indicated
that the extract of AM had the highest TPC with
a value of 1.22 + 0.12 mg/g, followed by TA
(1.17 + 0.23 mg/g), TB (0.66 + 0.20 mg/g), and
BM (0.55 = 0.21 mg/g). Previous studies have
reported much higher concentrations of TPC when
different solvents were used for the extraction
of phytochemicals, as opposed to water. For
example, in the case of TA, TPC values of 96.42,
184.59, and 137.98 mg/g GAE were determined
in the methanolic extracts of the leaves, bark,
and fruits, respectively.* Meena et al. reported
TPC values ranging from 128 to 1228 pg/mL GAE
in the distilled water extract of TA bark, which are
quite similar to the present study. Kumar et al.
found a TPC of 131.9 mg/g GAE in the aqueous
fraction of TA bark extract, whereas Kumar et al.
reported TPC values of 233.64 mg/g GAE in TA
bark and nearly 200 mg/g in the fruit methanolic
extract of TA.® 4647

It is well-established that the phenolic
content in different solvent extracts is generally
higher than that in aqueous extracts.® The high
concentration of phenolic compounds in the plant
extracts indicated their strong radical-scavenging
potential.**>? For example, a 2019 study reported
nearly 60 mg/g GAE in the aqueous extract of TB
fruit.>® The BM contained 67-79 mg/g GAE in the
aqueous extract, whereas the methanolic extract
contained 37-55 mg/g GAE.>* The AM extract to
have 31.6 mg/g GAE.*® The presence of phenols in
AM indicates the antidiabetic potential of plants.

The total tannic acid contents of the

extracts (TA, TB, AM, and BM) ranged from
0.775 to 0.952 mg TAE/g (Figure 1b). TA extract
contained the highest amount of tannins (0.95
+0.22 mg/g), followed by TB (0.89 * 0.16 mg/g),
AM (0.87 + 0.15 mg/g), and BM (0.77 + 0.07
mg/g). The tannin contents reported in previous
studies were often higher than those observed
in the present study. For instance, the fruits of
TB are generally reported to be enriched with
23.60-37.36% tannin content.*® However, the
quantity of phytochemicals in the same plant can
vary owing to environmental factors that vary by
location.*’

Radical scavenging and reducing power of plants
extracts

The antioxidant potential of the extracts
was evaluated using various assays, including
DPPH and ABTS radical scavenging assays as well as
areducing power assay. Antioxidants play a crucial
role in protecting the body from the damage
caused by free radicals by donating hydrogen
atoms or electrons to neutralize these harmful
molecules. In the DPPH assay, antioxidants reduce
DPPH radicals, resulting in a color change from
purple to yellow. The effectiveness of antioxidants
in scavenging DPPH radicals was indicated by their
ability to reduce the absorbance of the radical
solution. The lower the EC, value, the higher the
antioxidant capacity.>®

The results of the present study
demonstrated significant scavenging activity of
all four extracts (Figure 1 c-f). TA extract exhibited
the highest DPPH radical scavenging activity with
the lowest EC_ value (1.14 £0.06 mg/ml), followed
by BM (2.20 + 0.07 mg/ml), AM (2.34 + 0.05
mg/ml), and TB (4.15 £ 0.25 mg/ml) (Figure 1c).
Comparing these results with those of previous
studies, it is evident that the DPPH scavenging
potentials of these extracts vary. For example,
one study reported an IC_; value of 10.3 ug/ml in
the aqueous fraction of TA bark extract. The IC,_
values were generally lower for the other solvent
extracts, indicating their strong DPPH scavenging
potential.®

Another study reported an IC_ value of
13.3 pg/ml in the methanolic fraction of TA bark
extract.* For BM, the ethanolic extract showed an
IC,, value of 90 mg/I for DPPH scavenging ability.>

Similar results were obtained by
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Table 3. Functional groups obtained through IR
spectrum analysis of the aqueous extracts of the plants
used in the present study

Plant Functional Group Wave
number
cm?

T. arjuna O-H stretching 3408
0=C=0 stretching 2336
C=0 stretching 1718
(Carboxylic acid)
C=C stretching 1611
N=0 stretching 1521
N=0 stretching 1444
C-O stretching (Phenol) 1205
C=S stretching 1043
C-H bending (out of plane) 767

T. bellirica O-H stretching 3388
C-H stretching 2932
C-H Vibration (polyols) 1449
C=C stretching 1704
C=0 stretching 1614
C-F stretching 1342
C-0 Vibration(polyols) 1220
C-O stretching 1034

C-H bending (out of plane) 770

A. marmelos O-H stretching 3381
C-H (Alkane) 2932
N-O stretching 1574
O-H bending (Alchol) 1417
N=0 stretching 1268
C-H bending 1163
C-O (Alcohol) 1072
C-N (Amine) 1023
C-H (Aromatic) 888
C=C Bending (Alkene) 768
C-Br 664
B. monnieri  O-H stretching 3400
C=C stretching 1609
C-H bending (Alkane) 1386
C-O stretching (Alcohol) 1080
C-Br 616

Nampoothiriet al., who found that the methanolic
extract of TB showed a higher radical scavenging
effect than the aqueous fraction. In the case of
methanolic extract, 1.2 pg/ml IC,  value was
obtained, while in the case of water extract,
2.43 pg/ml IC value was calculated. However,
the antioxidant effect of the hexane extract was
much lower than that of water.®® For the aqueous
extract of TB, 3.5an IC_ value was reported.®' The

methanolic extract of AM exhibited 961.53 pg/
ml IC, value.®” Vardhini et al.* reported that the
aqueous AM exhibited 183.58 an IC, value. The
IC,, of the methanolic fraction of the leaf extract
was 63.52 pg/mL.*

The extract of TA showed the highest
activity for ABTS+ with an EC, (1.02 + 0.079
mg/ml), BM (1.09 = 0.027 mg/ml), AM (1.13 &
0.048 mg/ml) and TB (3.71 £ 0.18 mg/ml) (Figure
1d). In the ABTS assay, 52.6 ug/ml IC value for
the aqueous extract of TB was reported, which
was quite high as compared to solvent extracts,
suggesting the low antioxidant potential of water
extract.® In another study, 10.81 ug/mLIC, value
for the aqueous extract of AM was reported.®?
Similar to the DPPH assay, the antioxidant effect
of the water extract was quite low compared to
that of the other solvent extracts in the ABTS
assay of TA.%® Leaf extract of TB exhibited 11 pg/
mlIC_, value from the aqueous fraction, indicating
a better antioxidant effect as compared to the
result of the present study.®® The inhibition of ABTS
with the water fraction of TA was observed with
an IC, value of 251 pg/ml which was quite low as
compared to ethanolic extract.%®

The extracts of the selected plants
showed significant electron-donating activity in
a concentration-dependent manner by reducing
ferricions to ferrous ions. BM exhibited the highest
reducing power was shown by BM followed by TA,
AM, and TB (Figure 1e). The reducing power of
an antioxidant corresponds to the color change
from yellow to green or blue. A higher absorbance
indicates a higher ferric-reducing power of the
plant extracts. Phenols and tannins in the extracts
act as radical scavengers by donating electrons
and hydrogen. Researchers have reported that
the ethanolic bark extract of TA possesses a strong
potential to reduce Fe2+ compared with the
distilled water extract. Significantly better FRAP
activity was observed in the ethanolic extract
than in the distilled water extract, as reported by
Meena et al.* This difference in reducing potential
may be due to the adequacy of the solvent used
for extraction. Other studies have also reported
higher FRAP activities in alcoholic extracts.®” In
this study, the antioxidant potential of TB was
significantly lower than that of TA. Similar results
were obtained by Ayra et al., where the EC, value
for TA was 232 pg/mL and for TB, it was 265 pg/ml.
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This improved ability to reduce iron may be due
to the high amount of polyphenols with hydroxyl
groups.*®

UV-visible spectroscopy

The qualitative UV-vis profiles of the
plant extracts (TA, TB, AM, and BM) were recorded
to identify chromophores, aromatic rings, and
compounds containing o and n-bonds. Sharp
peaks were observed in the wavelength range of
200-800 nm. The profile showed peaks at 290
and 320 nm with absorptions of 1.3, 1.1, 311.5,
and 370 nm with absorptions of 5.256 and 2.046
for TB, and 280 nm with an absorption of 1.45 for
AM, and 292.5 nm with an absorption of 1.774 for
BM, respectively (Figure 2a, b, ¢, and d).

FTIR

The FTIR spectroscopic analysis confirmed
the presence of various functional groups in
the aqueous extracts of the selected plants, as
indicated by the following groups: O-H, O=C=0,
C=0, C=C, N=0, C-0, C=S, C-H, C-F, C-0, and C-Br
(Figure 2e). The presence of carbonyl, amine, and
other functional groups in the TA extract has been
reported previously.®*° The TB extract exhibited
peaks corresponding to alkanes, carboxylic acids,
and alcohols, as reported by Patil et al.”* The
presence of alcohols, coumarins, tannins, phenols,
and aromatic stretching in AM extracts has been
confirmed by many studies.”>’® The BM extract
contained alcoholic O-H, carbonyl, carboxylic acid,
and aromatic groups.” The groups present in the
selected plants are listed in Table 3.

LC-MS/MS analysis

The present study employed LC-MS/MS
to elucidate the chemical profiles of medicinal
plant extracts. In particular, the aqueous extract
of Aegle marmelos (AM) was found to contain
a twenty two compounds. The compounds
identified in the AM extract are listed in
Table S1, along with their molecular weight,
chemical formula, retention time, and chemical
structure. The notable compounds identified
included levomefolic acid, commonly used
as a folate supplement for food fortification;
triamterene, a phenolic compound used in the
treatment of edema and liver cirrhosis, and as a
diuretic; and balapiravir, an example of a direct-

acting antiviral that targets both structural and
non-structural viral proteins.”>”” Additionally,
Threonicacid, a phenolic acid, was identified for its
potential to inhibit TNF-a, thus potentially offering
benefits in memory preservation. Neosaxitoxin,
which is known for its local anesthetic properties,
and methyldilazine, which exhibits bactericidal
activity against Mycobacterium tuberculosis,
were also detected. Lucanthone and Remoxipride
have emerged as potential antitumor agents with
applications in the treatment of conditions such
as glioblastoma. Gosogliptin, an anti-diabetic
drug, along with Piperoleine B, Altretamine,
Azanidazole, and Bortezomib, displays anti-
inflammatory and anticancer activities.”®%®
Furthermore, Phenothiazine has been recognized
for its antibacterial activity, particularly in the
treatment of tract infections. The analysis also
revealed the presence of compounds such as
2-Phenylaminoadenosine, Lorcainide, Ebastine,
(E)-entacapone, and rivastigmine, each with
distinct pharmacological properties.t”-**

In the case of Bacopa monnieri (BM)
extract, LC-MS/MS analysis unveiled the
presence of 10 compounds (Table S2). Among
these, Aminolevulinic acid, which is recognized
for its role in treating actinic keratosis, and
propicillin, an antibacterial agent, are noteworthy.
Promethazine, an antihistamine, and Ciclazindol,
an antidepressant and anorectic drug, were
also identified. Morclofone, with its antitussive
properties, and Pexacerfont, used in the treatment
of alcoholism and anxiety disorders, were present.
Tenofovir, known for its antiviral activity, and
avenanthramides D, which exhibits antineoplastic
properties, were detected.’>*”

LC-MS/MS analysis of Terminalia
arjuna (TA) extract revealed the presence of five
compounds (Table S3). Notably, Thiethylperazine
(TEP), known for its anti-nausea properties, was
among the identified compounds. TEP is currently
undergoing clinical trials (phase 2) for potential
applications in Alzheimer's Disease treatment.
Additionally, the extract contains compounds such
as oxyphenonium, which is used to treat visceral
spasms, and octinoxate, a sunscreen ingredient.
Altretamine, which is known for its antineoplastic
properties, was also detected.®®* (https://
pubchem.ncbi.nlm.nih.gov/compound/5749).

In the case of Terminalia bellirica
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(TB) extract, LC-MS/MS analysis identified
approximately nine compounds (Table S4). Notably,
Tiletamine, an anesthetic and anticonvulsant
agent, and (E)-progabide, which are used to treat
epilepsy, were among the identified compounds.
Tetraphenylphosphonium, which has potential as
an antineoplastic agent, and bergenin, which is
known for its antifungal and antiviral properties,
were also detected. Cyproterone, recognized
for its anti-cancer properties, further expands
the potential therapeutic applications of TB
extract.00-105

The use of herbal products for
disease control is an innovative alternative to
antimicrobial therapies. This approach offers a
non-toxic and environmentally friendly means
of managing drug-resistant diseases.®® Owing
to the rapid development of resistance against
chemotherapeutic drugs (mainly antibiotics), it has
become vital to consider any substitute and efficient
therapies such as herbs.®” This study explored
the potential of herbal products as antibacterial
agents against resistant and susceptible bacteria.
These findings support the significant role of plant
extracts in the treatment of bacterial infections.
The active extracts identified in this study offer
valuable insights into the development of new
compounds that exhibit enhanced activity and
effectiveness against both resistant (MDR, XDR,
and PDR) and susceptible bacteria responsible for
different infections, surpassing the capabilities of
currently available antibiotic agents. The aqueous
extracts, namely TA, TB, AM, and BM, exhibited
significant antimicrobial activity against various
clinically important bacterial strains, including
multidrug-resistant Escherichia coli 385. In
particular, the TB extract demonstrated high
inhibitory activity against E. coli. The minimum
inhibitory concentrations (MIC) and minimum
bactericidal concentrations (MBC) of these extracts
were determined to determine their efficacy
against drug-resistant strains. Furthermore,
qualitative analysis of these extracts using UV-
visible spectroscopy revealed the presence of
chromophores and compounds containing various
chemical bonds. FTIR spectroscopy confirmed
the presence of functional groups that may have
contributed to the medicinal properties of the
extracts. LC-MS/MS analysis provided insights

into the chemical composition of the extracts,
identifying various compounds with potential
therapeutic applications. These findings highlight
the promising antimicrobial and antioxidant
properties of these aqueous plant extracts
and suggest their potential utility in medicinal
and pharmaceutical applications. Further in
silico analyses of the retrieved compounds are
warranted to explore the specific bioactive
components and their mechanisms of action.

CONCLUSION

Currently, cutting-edge methods in
biotechnology, genomics, proteomics, and
metabolomics are used to study medicinal
plants, leading to the development of novel
natural antimicrobials. Therefore, there is a need
to develop integrated technologies that can
simultaneously identify active chemical mixtures,
characterize the nature of their interactions, and
elucidate their probable mechanisms of action.
The combination of these evaluation methods
with developments in instrument automation
will provide significant opportunities to utilize the
variety of bioactive chemicals found in medicinal
plants in the search for new antimicrobial
medications.

The study findings demonstrate the
ability of the examined medicinal plants to
inhibit the growth of drug-resistant bacteria.
These plants have the potential to serve as
organic reservoirs of antioxidants. Additional
refinement and separation of biologically active
substances in these botanical extracts would
enable determination of the mode of operation
and potential candidate compounds for the
advancement of novel pharmaceuticals. Priority
should be given to conducting studies that focus
on the mechanisms of action, interactions with
antibiotics or other medicinal plants or substances,
and pharmacokinetic and pharmacodynamic
profiles of the extracts. The present study is
expected to provide valuable insights into the key
problems encountered in this field. These insights
will aid in the development of more efficient,
successful, and direct techniques to expedite the
utilization of new therapeutic medicinal plants
against resistant strains.
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