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Abstract: Few researches have explored the production of pharmaceuticals from aquatic plants.
Therefore, this study explored, for the first time, the phytochemical composition and bioactivities
of ten aquatic plants. Aquatic plant shoots from various Nile River canals were collected, dried,
and ground for aqueous extract preparation. Phytochemical composition and antioxidant capacity
were assessed using DPPH assays. Extracts were tested for antiparasitic, antibacterial, anti-biofilm,
and anticancer activities through standard in vitro assays, measuring IC50 values, and evaluating
mechanisms of action, including cell viability and high-content screening assays. The results showed
that the aquatic plants were rich in pharmaceutical compounds. The antioxidant capacity of these
extracts exceeded that of vitamin C. The extracts showed promising antiparasitic activity against
pathogens like Opisthorchis viverrini and Plasmodium falciparum, with IC50 values between 0.7 and
2.5 µg/mL. They also demonstrated low MICs against various pathogenic bacteria, causing DNA
damage, increased plasma membrane permeability, and 90% biofilm inhibition. In terms of anticancer
activity, extracts were effective against a panel of cancer cell lines, with Ludwigia stolonifera exhibiting
the highest efficacy. Its IC50 ranged from 0.5 µg/mL for pancreatic, esophageal, and colon cancer
cells to 1.5 µg/mL for gastric cancer cells. Overall, IC50 values for all extracts were below 6 µg/mL,
showing significant apoptotic activity, increased nuclear intensity, plasma membrane permeability,
mitochondrial membrane permeability, and cytochrome c release, and outperforming doxorubicin.
This study highlights the potential of aquatic plants as sources for new, safe, and effective drugs with
strong antiparasitic, antibacterial, and anticancer properties.

Keywords: apoptosis; biofilm inhibition; bacterial DNA; carcinogenic bacteria; cytochrome c release;
flavonoids; liver flukes; mitochondrial membrane permeability; phenols

1. Introduction

Pathogens continually evolve resistance to existing pharmaceuticals, rendering them
ineffective. Discovering new compounds can provide alternative treatment options to
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combat drug-resistant strains of bacteria, viruses, and parasites [1–3]. In addition, there are
unmet medical needs for various diseases, including cancer, neurodegenerative disorders,
and neglected tropical diseases. Exploring new natural compounds offers the potential to
develop treatments for these conditions, improving global healthcare. Therefore, exploring
new natural, safe pharmaceutical compounds is crucial [4–9].

Natural compounds often have a long history of safe use in traditional medicine.
Studying these compounds can lead to the development of pharmaceuticals with fewer
adverse effects compared to synthetic drugs, which can have detrimental adverse effects on
human health. By harnessing natural compounds, sourced sustainably from plants, fungi,
and marine organisms, we can develop pharmaceuticals with lower environmental im-
pact [10–12]. Earth’s biodiversity is a vast resource for potential pharmaceutical compounds.
Exploring diverse ecosystems allows us to discover novel molecules with therapeutic po-
tential, expanding the pharmacological toolkit available to medical professionals [13–16].
Natural compounds often possess unique chemical structures and biological activities,
providing opportunities for drug discovery and innovation. These compounds may target
disease pathways not addressed by existing pharmaceuticals, leading to breakthrough
treatments [17,18]. The antioxidant activity of plants is the main biological activity that
gives plants medicinal importance [19]. The antioxidant activity of plants is related to
their chemical constituents [20]. Phenols are the most common plant constituents with
antioxidant activity [21].

Aquatic plants have long been recognized as potential sources of pharmaceutical com-
pounds, due to their rich biodiversity and the unique chemical constituents they produce.
Researchers have been exploring aquatic plants for bioactive compounds with medicinal
properties [22–24]. Water hyacinth has been reported to have pharmaceutical components
with promising antioxidant, antimicrobial, and anticancer activity [25–28]. Lotus (Nelumbo
nucifera) is another common aquatic plant that has high biologically active compounds
such as phenols, flavonoids, and alkaloids, which have shown promise for medicinal appli-
cation [29]. Water celery (Oenanthe javanica) produces compounds with anti-inflammatory
properties, which can be useful in the treatment of inflammatory conditions such as arthri-
tis and asthma [30,31]. Water mint (Mentha aquatica) showed promising phytochemical
components with high antioxidant activity and that were efficiently used against skin
cancer [32,33]. Researchers have identified anticancer compounds from watercress (Nas-
turtium officinale) that showed a promising effect in inhibiting the growth of cancer cells
or inducing apoptosis [34,35]. Overall, the diverse array of bioactive compounds found
in aquatic plants offers great potential for the development of novel pharmaceuticals and
therapeutic agents. However, further research is necessary to fully explore and harness the
medicinal properties of these plants [23,36]. From this point of view, we tried in this work
to investigate the phytochemical components and diverse biological activities (antioxidant,
antiparasitic, antibacterial, and anticancer activities) of some aquatic plants. We selected
aquatic plants that have not been thoroughly studied for their phytochemical components
and biological activity (Supplementary data Table S1, Figure S1). Scirpus maritimus is a
perennial, grass-like plant with erect stems and a clump-forming habit, belonging to the
Cyperaceae family. Lemna gibba (Gibbous Duckweed) belongs to the Araceae family and is
a small, free-floating aquatic plant with a single leaf (frond) and a root hanging below. It
often forms dense mats on the surface of still or slow moving freshwater. Ottelia alismoides
(Duck Lettuce) belongs to the Hydrocharitaceae family and is an aquatic plant with sub-
merged or floating leaves. The leaves are broad and often have a distinctive pattern of veins,
and it produces small, white or yellowish flowers. Ruppia maritima (Widgeon Grass) is a
submerged, thread-like aquatic plant with slender stems and narrow leaves, belonging to
the Ruppiaceae family. It is highly tolerant of salinity and often found in brackish or saline
waters. Zannichellia palustris (Horned Pondweed) belongs to the Zannichelliaceae family and
is a submerged aquatic plant with thin, branched stems and narrow, linear leaves. It has
small, inconspicuous flowers. Ludwigia stolonifera, belonging to the Onagraceae family, is a
creeping or trailing perennial plant with small, yellow flowers and green, oval leaves. It
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can grow both submerged and emergent. Alisma plantago-aquatica (Water Plantain) belongs
to the Alismataceae family and is a perennial herb with broad, lance-shaped leaves and
small white or pink flowers arranged in whorls. It grows in shallow water or wet soil.
Damasonium alisma (Starfruit) also belongs to the Alismataceae family and is an annual
or perennial aquatic plant with rosette-forming leaves and star-shaped white flowers. It
produces distinctive star-shaped fruits. Carex divisa (Divided Sedge) belongs to the Cyper-
aceae family and is a perennial sedge with clump-forming, tufted growth and narrow,
grass-like leaves. It produces clusters of small, greenish-brown flower spikes. Leptochloa
fusca (Sprangletop) belongs to the Poaceae family and is a perennial grass with a spreading
growth habit and long, narrow leaves. It produces open, airy flower panicles [37].

2. Results and Discussion
2.1. Phytochemical Components and Antioxidant Capacity of the Extracts

Aquatic plants have long been recognized as potential sources of pharmaceutical
compounds, due to their rich biodiversity and the unique chemical constituents they
produce [38–40]. The present results showed that the aquatic plants were rich in pharma-
ceutical compounds (Figure 1). Phenols showed to be the most abundant phytochemicals.
Ludwigia stolonifera had the highest content of phytochemical components, followed by
Scirpus maritimus, Lemna gibba, Otellia alismoide, Ruppia maritima, Zannichellia palustris, Carex
divisa, and Leptochloa fusca. The lowest content of phytochemicals was recorded in Al-
isma plantago-aquatica and Damasonium alisma. Aquatic plants contain a diverse array of
secondary metabolites. Each compound plays a specific role in the plant’s ecology and
physiology, contributing to its adaptation to the aquatic environment [41–43]. Phenolic
compounds are common secondary metabolites in aquatic plants. They have antioxidant
properties and can help protect the plant from oxidative stress. Tannins are polyphenol
compounds known for their astringent properties. They are commonly found in various
parts of aquatic plants, including leaves, stems, and roots [44,45]. Tannins can serve as
chemical defenses against herbivores by making plant tissues unpalatable or toxic [46,47].
Some aquatic plants produce alkaloids, nitrogen-containing compounds with various bio-
logical activities. Alkaloids can act as toxins to deter herbivores or inhibit the growth of
competing plants. Saponins are glycosides with foaming properties. They can act as natural
surfactants and have been found in some aquatic plants [48,49]. Saponins play a role in
defense against different stresses [50]. Steroids are a class of lipids with a characteristic
structure consisting of four fused rings. While steroids are more commonly associated
with animals, some aquatic plants also produce steroid compounds. Phytosterols, which
are plant-derived steroids, are important components of cell membranes in aquatic plants.
These compounds help maintain membrane integrity and fluidity, which is crucial for
various cellular processes. Phytosterols also have antioxidant properties, protecting cells
from oxidative damage caused by reactive oxygen species [51–53].

These secondary metabolites are known to contribute to the antioxidant activity of
plant extracts, due to their ability to scavenge free radicals and inhibit oxidative pro-
cesses [54]. The total antioxidant capacity of the prepared extracts was in the same line as
the results of the phytochemical components in extracts, as L. stolonifera had the highest
antioxidant capacity, followed by C. divisa, L. fusca, S. maritimus, L. gibba, O. alismoide, R. mar-
itima, and Z. palustris. The lowest antioxidant capacity was recorded in A. plantago-aquatica
and D. alisma (Figure 2).

This is in the same line as Al-Rowaily et al. [55], who reported that antioxidants in-
creased with increasing phytochemical components of certain geophyte sedges and grasses.
In addition, Alzandi et al. [56] reported a positive correlation between the antioxidant
capacity of a plant extract and its phytochemical component content. Similarly, Kochar
et al. [57] reported that antioxidant capacity was related to the secondary metabolites
content in a plant extract. The increase in secondary metabolite content in a plant extract
correlated with the increase in antioxidant capacity, due to the higher concentration, greater
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diversity, synergistic interactions, efficient free radical scavenging, and enhanced stability
of antioxidants present in the extract [54].
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Figure 1. Phytochemical component content [(A) total phenols (mg/g dry wt), (B) flavonoid, (C) al-
kaloid, (D) steroid, (E) saponin, (F) tannin (µg/g dry wt)] of different aquatic plants extracts. Column
value is the mean of five replicates. The error bars represent standard deviation. Columns followed
with different letters are significantly different according to ANOVA test.
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Figure 2. Antioxidant capacity of different concentrations (50, 100, and 150 mg/mL) of prepared
extracts in comparison with standard (Vitamin C). Column value is the mean of five replicates. The
error bars represent standard deviation. Columns followed with different letters are significantly
different according to ANOVA test.

Interestingly, the antioxidant capacity of all prepared extracts was significantly higher
than that of vitamin C (the standard) (Figure 2). This is because the antioxidant capacity of
plant extracts is often influenced by the combined action of multiple secondary metabolites.
Different classes of secondary metabolites may interact synergistically, enhancing the
overall antioxidant activity beyond what would be expected based on the individual
contributions of each compound [58,59].

2.2. Antiparasitic Activity of the Extracts

Parasitic diseases contribute significantly to the global burden of disease, affecting
millions of people worldwide. The rising problem of parasite resistance to the existing
antiparasitic drugs makes finding new safe antiparasitic agents an urgent need [60]. Plant
extracts and other natural products are promising as effective antiparasitic agents [61,62].
The results in Figure 3 show that aquatics had high antiparasitic activity against Opisthorchis
viverrini, Opisthorchis. felineus, Clonorchis sinensis, Plasmodium falciparum, and Leishmania
donovani with low IC50 (range between 0.7 and 2.5 µg/mL). The lowest antiparasitic activity
was recorded in A. plantago-aquatica and D. alisma with the highest IC50, the other extracts’
antiparasitic activities were not significantly different from each other, but they were
significantly higher than that of A. plantago-aquatica and D. alisma with lower IC50 (range
between 0.3 and 1.7 µg/mL).

This low IC50 showed the effectiveness of the aquatic extracts as antiparasitic agents.
The differences between the studied aquatic plants in their antiparasitic activity is related
to the differences in their phytochemical components, as the extracts lowest in phytochem-
ical content were the lowest in antiparasitic activity. This is in the same line as reported
in Ali and Mishra [63], where differences in the phytochemical components in each ex-
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tract led to different biological activities. The low IC50 of the studied aquatic extracts
gives them promising antiparasitic activity, as it was reported that crude extracts with
IC50 < 20 µg/mL can be considered as antiparasitic agents [64]. The high antiparasitic
activity of the aquatic plants was related to their high content of secondary metabolites
such as phenols, flavonoids, alkaloids, tannins, saponines, and steroids [62]. Similarly,
Ponomarev et al. [65] reported that the anti-Opisthorchis felineus effects of plant-origin
materials were more effective than synthetic drugs. Gupta et al. [60] suggested that the
future of antiparasitic agents is in natural products.
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Figure 3. Antiparasitic activity of different aquatic plant extracts against different parasites [(A) O.
viverrini, (B) O. felineus, (C) C. sinensis, (D) P. falciparum, (E) L. donovani]. The IC50 value, indicating
the concentration needed to inhibit 50% of parasite growth. Crude extracts with IC50 < 20 µg/mL
can be considered as antiparasitic agents [64]. Column value is the mean of five replicates. The error
bars represent standard deviation. Columns followed with different letters are significantly different
according to ANOVA test.
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2.3. Antibacterial Activity of the Extracts

Antibiotic resistance poses a critical challenge to modern medicine, necessitating co-
ordinated efforts across healthcare, research, policy, and public education to mitigate its
impact and preserve the efficacy of existing antibiotics. New natural and effective antibac-
terial agents are greatly needed. Aquatic plants have diverse biological active components,
such as phenols, alkaloids, flavonoids, saponines, and tannins; thus, these plants are a
promising source for safe and effective antibacterial agents [36]. The results in Figure 4 show
the antibacterial activity of different aquatic plant extracts against different pathogenic
bacteria, in terms of their minimum inhibitory concentration (MIC) (µg/mL). The studied
aquatic plants extracts showed a low MIC. Alisma plantago-aquatica and Damasonium alisma
extracts showed the highest MIC. This was from 0.9 µg/mL against Salmonella enterica to
1.8 µg/mL against Bacteroides fragilis. The other studied aquatic plants extracts had an
MIC lower than unity against the different studied pathogenic bacteria. This low MIC of
the extracts makes the studied aquatic plants highly promising antibacterial agents, as it
was reported that plant crude extracts with an MIC lower than 8 µg/mL are outstanding
antibacterial agents [66]. The different MICs of the extracts are related to the differences
in their phytochemicals components. Alzandi et al. [67] reported that plant extracts with
different phytochemical components have different antibacterial activity.

Differences in antibacterial activity against different pathogenic bacteria are related
to the different mechanisms through which the antibacterial agent can kill bacterial cells.
Antibacterial agents can disturb bacterial cell wall synthesis and plasma membrane perme-
ability. In addition, antibacterial agents can destroy the protein and nucleic acid of bacterial
cells [68]. The prepared extracts of aquatic plants showed antibacterial activity through
the destruction of DNA (the negative value of the changes in DNA clarified that the DNA
in the treated bacterial isolates was lower than that in the non-treated isolates, and this
indicated that there had been destruction of the DNA) and an increase in plasma membrane
permeability (Figure 5). The results showed that the Ludwigia stolonifera extract was the
most effective antibacterial agent and the most effective in the destruction of DNA and
in increasing the bacterial membrane permeability. The effect of L. stolonifera extract on
DNA change and electrolyte leakage was followed by S. maritimus, O. alismoide, L. gibba,
R.maritimac, and Z. palustris. Similarly, Shawky et al. [69] reported the promising antibacte-
rial activity of the genus Ludwigia. The lowest effect was recorded in A. plantago-aquatica
and D. alisma. The change in DNA had a positive value that indicated that there was
replication in the DNA and no effective destruction in the DNA, as the treated isolates
had a DNA content higher than that of the non-treated isolates. In addition, these two
extracts showed the lowest electrolyte leakage, which means the lowest adverse effect on
the bacterial plasma membrane permeability. The differences in the effects between the
studied extracts was due to their different phytochemical components [67].

Bacteroides fragilis, Fusobacterium nucleatum, Helicobacter pylori, Porphyromonas gingi-
valis, Neisseria gonorrhoeae, and Salmonella enterica are considered carcinogenic bacteria,
as persistence infection without control is highly related to gastrointestinal cancer [70].
These bacterial species are known for their ability to form biofilms, which enables them
to persist in the infection site, causing serious health problems. Thus, it is important that
antibacterial agents show biofilm inhibition activity [71]. The studied aquatic plants extract
showed the ability to inhibit the formation of bacterial biofilm. The ability of the extracts to
inhibit the bacterial biofilm formation was related to their phytochemical components, as
the highest phytochemical components (Ludwigia stolonifera extract) showed the highest
biofilm inhibition ability, with an inhibition percentage more than 90%. On the other hand,
the lowest phytochemical components (Alisma plantago-aquatica, and Damasonium alisma
extracts) showed the lowest biofilm inhibition ability, with an inhibition percentage from
60 to 80% (Figure 6). Similarly, Pallavi et al. [72] reported that the anti-biofilm and anti-
adherence potential of plant extracts depends on their phytochemical components and
active components, which inhibit the secretion of the bacterial extracellular components
used in bacterial biofilm formation. Phenols have the ability to inhibit biofilm formation



Plants 2024, 13, 2148 8 of 25

through disruption of the expression of the genes involved in virulence and adherence [73].
Sehgal et al. [74] reported that extracts with hydrolyzed tannins (low tannin content) could
not inhibit bacterial biofilm formation, but extracts with high tannin content had the ability
to inhibit 90% of bacterial biofilm formation.
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Figure 4. Antibacterial activity of different aquatic plant extracts against different pathogenic bacteria
expressed as MIC, which is the lowest concentration of the assayed agent that inhibits microbial
growth. [(A) Bacteroides fragilis, (B) Helicobacter pylori, (C) Fusobacterium nucleatum, (D) Porphyromonas
gingivalis, (E) Salmonella enterica, (F) Neisseria gonorrhoeae]. Plant crude extracts with MIC lower than
8 µg/mL are outstanding antibacterial agents [62]. Column value is the mean of five replicates.
The error bars represent standard deviation. Columns followed by different letters are significantly
different according to ANOVA test.
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Figure 5. Change in DNA and electrolyte leakage (%) in bacterial species [(A) Bacteroides fragilis,
(B) Helicobacter pylori, (C) Fusobacterium nucleatum, (D) Porphyromonas gingivalis, (E) Salmonella enterica,
(F) Neisseria gonorrhoeae] after treatment, with MIC of each extract. The negative value of the changes
in DNA clarified that the DNA in the treated bacterial isolates was lower than that in the non-treated
isolates, indicating that there was destruction of DNA. Column value is the mean of five replicates.
The error bars represent standard deviation. Columns followed by different letters are significantly
different according to ANOVA test.



Plants 2024, 13, 2148 10 of 25Plants 2024, 13, x FOR PEER REVIEW 11 of 28 
 

 

 

Figure 6. Biofilm inhibition (%) in bacterial species [(A) Bacteroides fragilis, (B) Helicobacter pylori, (C) 

Fusobacterium nucleatum, (D) Porphyromonas gingivalis, (E) Salmonella enterica, (F) Neisseria gonor-

rhoeae], after treatment, with MIC of each extract. Column value is the mean of five replicates. The 

Figure 6. Biofilm inhibition (%) in bacterial species [(A) Bacteroides fragilis, (B) Helicobacter pylori,
(C) Fusobacterium nucleatum, (D) Porphyromonas gingivalis, (E) Salmonella enterica, (F) Neisseria gon-
orrhoeae], after treatment, with MIC of each extract. Column value is the mean of five replicates.
The error bars represent standard deviation. Columns followed by different letters are significantly
different according to ANOVA test.
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2.4. Anticancer Activity of the Extracts

Cancer is a significant global health problem that poses severe challenges to healthcare
systems worldwide. It is characterized by the uncontrolled growth and spread of abnor-
mal cells, which can invade and damage surrounding tissues and organs [75]. Cancer is
one of the leading causes of death globally. According to the World Health Organization
(WHO), there were approximately 19.3 million new cases and 10 million cancer deaths
in 2020 [76]. The most common cancers include breast, lung, and the different gastroin-
testinal cancers [77]. Finding new safe effective anticancer agents has become an urgent
need [76]. The results in Figure 7 show that the studied aquatic plants extract showed
promising anticancer activity against the different cancer cell lines tested. The highest
anticancer activity was recorded in the L. stolonifera extract, with the lowest IC50 range
from 0.5 µg/mL against pancreatic cancer cell line (AsPC-1), esophagus cancer cell line
(KYSE-410), and colon cancer cell line (HCT116) to 1.5 µg/mL against gasteric cancer cell
line (ClS-145). The lowest anticancer activity was in D. alisma with the highest IC50, which
ranged from 2.25 µg/mL against esophagus cancer cell line (KYSE-410) to 5.5 µg/mL
against gasteric cancer cell line (ClS-145). In general, the IC50 of the prepared extracts was
lower than 6 µg/mL against the different cancer cell lines. This low IC50 is considered
very promising for anticancer agents, as the American National Cancer Institute (NCI)
guidelines reported that a crude extract can be considered an anticancer agent when its IC50
is less than 30 µg/mL [78]. Similarly, Jamaludin et al. [79] reported the effective anticancer
activity of certain marine sponges with an IC50 lower than 30 µg/mL. The difference in the
anticancer activity between the extracts was related to the difference in their phytochemical
components. Huang et al. [80] reported a relationship between the anticancer activity of
plant extracts and their phytochemical compositions.

Anticancer agents affect cancer cells through multiple mechanisms, often targeting
specific cellular structures and functions. Thus, to evaluate the mechanism by which the
prepared extracts destroyed the cancer cells, we evaluated the change in nuclear intensity,
plasma membrane permeability, mitochondrial membrane permeability, and cytochrome
C release as a response to the different IC50 levels of the prepared extract and 1 mM dox-
orubicin (positive control) for comparison of their effectiveness. The results in Figure 8
show that nuclear intensity increased under treatment with the aquatic plant extracts or
doxorubicin. However, the treatment with aquatic plant extracts caused a higher increase
in cancer cell nuclear intensity than doxorubicin. Changes in nuclear intensity revealed a
change in the nucleic acids and chromatin, which disturbed the cell cycle [81]. Anticancer
agents can alter nuclear intensity by inducing DNA damage, disrupting the cell cycle, and
promoting apoptosis. Many anticancer agents cause DNA breaks or cross-links, or interfere
with DNA replication and transcription. This leads to increased nuclear intensity, due to
DNA condensation during apoptosis [82,83]. Changes in plasma membrane permeability
are a hallmark of apoptosis and can be triggered by various anticancer agents [84,85].
The studied aquatic plant extracts increased the plasma membrane permeability of the
cancer cells more than doxorubicin (Figure 9). Anticancer agents can activate apoptotic
pathways, leading to externalization of phosphatidylserine and increased membrane per-
meability [86,87]. At higher concentrations, some anticancer drugs may induce necrosis,
causing loss of membrane integrity and uncontrolled release of cellular contents [88,89].

Mitochondrial membrane permeability (MMP) is an indicator for apoptosis [90]. An
MMP dye was used to assess the functionality of active mitochondria, as it accumulates
in organelles that maintain inner membrane potential. The measurement of MMP was
based on the mean intensity of the dye within the mitochondria; a lower fluorescence
intensity indicated a greater negative impact on mitochondrial function and an increase
in the MMP [91]. The studied aquatic plant extracts significantly increased the MMP
of the different cancer cells (Figure 10). Many anticancer agents increase mitochondrial
membrane permeability, leading to mitochondrial dysfunction and apoptosis. Anticancer
agents promote the release of pro-apoptotic proteins that permeabilize the outer mitochon-
drial membrane [92,93]. Increasing MMP leads to cytochrome c release. The release of
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cytochrome c from mitochondria into the cytosol is a critical step in the intrinsic apoptotic
pathway, often induced by anticancer agents [94]. The results in Figure 11 clarify the
significant increase in cytochrome c release after treatment with the prepared aquatic plant
extracts and doxorubicin, but the cytochrome c release was the highest in the case of aquatic
plant extract treatment. Once in the cytosol, cytochrome c binds to Apaf-1, leading to
the formation of apoptosome and activation of caspase-9, which subsequently activates
caspase-3 and other executioner caspases, triggering a cascade of proteolytic events that
lead to the orderly dismantling of the cell. This cascade ensures that apoptosis proceeds
efficiently, allowing for the removal of damaged or unwanted cells without eliciting an
inflammatory response [95–98].
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Figure 7. Anticancer activity of different aquatic plant extracts on different human cancer cell
lines. (A) Gasteric cancer (CLS-145), (B) Pancreatic cancer (AsPC-1), (C) Liver cancer (HepG2),
(D) Esophagus cancer (KYSE-410), (E) Breast cancer (MCF-7), (F) Colon cancer (HCT116). The
American National Cancer Institute (NCI) guidelines reported that a crude extract can be considered
an anticancer agent when its IC50 is less than 30 µg/mL [74]. Column value is the mean of five
replicates. The error bars represent standard deviation. Columns followed by different letters are
significantly different according to ANOVA test.
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Figure 8. Effect of IC50 of different aquatic plant extracts and Doxo 1 mM on nuclear intensity of
different human cancer cells. (A) Gasteric cancer (CLS-145), (B) Pancreatic cancer (AsPC-1), (C) Liver
cancer (HepG2), (D) Esophagus cancer (KYSE-410), (E) Breast cancer (MCF-7), (F) Colon cancer
(HCT116). Nuclear intensity refers to the mean fluorescence intensity measured within the nuclear
region of cells stained with Hoechst 33258 (λ ex = 352 nm, λ_em = 461 nm). Visualization was
conducted using a Cellomics ArrayScan HCS reader (Thermo Scientific, Waltham, MA, USA), and
quantification of fluorescence intensity was performed using a Cell Health Profiling bioapplication
module. The relationship between nuclear intensity and average fluorescence intensity is directly
proportional, providing insights into the distribution and localization of the fluorescent marker
within the cells. Column value is the mean of five replicates. The error bars represent standard
deviation. Columns followed by different letters are significantly different according to ANOVA test.
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Figure 9. Effect of IC50 of different aquatic plant extracts and Doxo 1 mM on plasma membrane perme-
ability of different human cancer cells. (A) Gasteric cancer (CLS-145), (B) Pancreatic cancer (AsPC-1),
(C) Liver cancer (HepG2), (D) Esophagus cancer (KYSE-410), (E) Breast cancer (MCF-7), (F) Colon
cancer (HCT116). Plasma membrane permeability refers to the ability of the plasma membrane to
allow certain molecules or ions to pass through it by diffusion or active transport mechanisms. The
average fluorescence intensity is used as an indicator of plasma membrane permeability. When the
plasma membrane becomes more permeable, there is an increased influx or efflux of fluorescent dyes
(cell permeability dye (Excitation 491/Emission 509), leading to changes in the average fluorescence
intensity measured within the cells. Column value is the mean of five replicates. The error bars
represent standard deviation. Columns followed with different letters are significantly different
according to ANOVA test.
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Figure 10. Effect of IC50 of different aquatic plant extracts and Doxo 1 mM on mitochondrial
membrane permeability (MMP) of different human cancer cells. (A) Gasteric cancer (CLS-145),
(B) Pancreatic cancer (AsPC-1), (C) Liver cancer (HepG2), (D) Esophagus cancer (KYSE-410), (E) Breast
cancer (MCF-7), (F) Colon cancer (HCT116). MPP measurement was based on the mean intensity
of MMP dye (Excitation 552/Emission 576) penetrating the mitochondria; the lower the fluorescent
intensity, the higher the effect against the mitochondria. Column value is the mean of five replicates.
The error bars represent standard deviation. Columns followed by different letters are significantly
different according to ANOVA test.
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Figure 11. Effect of IC50 of different aquatic plant extracts and Doxo 1 mM cytocrome c release
in different human cancer cells. (A) Gasteric cancer (CLS-145), (B) Pancreatic cancer (AsPC-1),
(C) Liver cancer (HepG2), (D) Esophagus cancer (KYSE-410), (E) Breast cancer (MCF-7), (F) Colon
cancer (HCT116). Cytochrome c release from the mitochondria into the cytosol is a key event in
the apoptotic pathway. In our study, we quantified cytochrome c release by measuring the average
fluorescence intensity of a cytochrome c-specific fluorescent probe. Visualization was conducted using
a Cellomics ArrayScan HCS reader (Thermo Scientific), and quantification of fluorescence intensity
was performed using a Cell Health Profiling bioapplication module. When cytochrome c is released
from the mitochondria, it binds to the fluorescent probe, resulting in an increase in fluorescence
intensity. Column value is the mean of five replicates. The error bars represent standard deviation.
Columns followed with different letters are significantly different according to ANOVA test.
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Interestingly, the plant crude extracts possessed a considerably higher activity than
the pure standard bioactive compound (Doxorubicin). Crude extracts can sometimes be
more effective than pure standard anticancer agents. This can be due to the presence of
a mixture of compounds in the crude extracts that can work together synergistically to
enhance the overall anticancer effect [99]. These compounds may act on different targets
or pathways, providing a broader and more effective response. While pure compounds
typically target a specific molecule or pathway, crude extracts may affect multiple targets
simultaneously. This can be beneficial in cancer treatment, where multiple pathways are
often dysregulated [100]. Cancer cells can develop resistance to single-agent therapies over
time. The complex mixture of compounds in crude extracts may reduce the likelihood of
the development of resistance [101,102].

3. Materials and Methods
3.1. Aquatic Plants Extract Preparation

Shoot systems of Scirpus maritimus, Lemna gibba, Otellia alismoide, Ruppia maritima,
Zannichellia palustris, Ludwigia stolonifera, Alisma plantago-aquatica, Damasonium alisma, Carex
divisa, and Leptochloa fusca were collected from various branched canals of the Nile River
in Egypt, Sharqia Governorate (30.7◦ N 31.63◦ E), in the period from January 2023 to June
2023. Plants were identified according to the local people and Zahran [37]. After drying,
the shoot systems were finely ground, and aqueous extracts were prepared following the
method of Naguib and Tantawy [103]. The ground powder (100 g) was extracted in 50 mL
dist. water for 24 h on an orbital shaker (100 rpm) at 30 ◦C. After incubation, the mixture
was filtrated through Whitman filter paper No. 1, the filtrate was dried, and designated as
the plant extracts.

3.2. Phytochemical Components and Antioxidant Capacity of the Extracts

The antioxidant capacity and phytochemical composition of the extracts were evalu-
ated through various assays.

The total antioxidant capacity of different concentrations (50, 100, and 150 mg/mL)
of prepared extracts was determined in comparison with a standard (Vitamin C) using a
DPPH radical scavenging assay, following Blois [104]. The reaction mixture consisted of
1.6 mL of prepared extract (with different concentrations) and 2.4 mL of 0.1 mM DPPH,
shaken well and incubated in the dark at room temperature for 30 min. Absorbance was
measured at 517 nm after incubation. The percentage of DPPH radical scavenging activity
was calculated using the following equation:

%DPPH Radical Scavenging Activity = (Ac − As)/Ac × 100

where Ac is the absorbance of the control and As is the absorbance of the sample.
Phytochemical components including tannins, saponins, steroids, alkaloids, flavonoids,

and phenols were quantified following methods described by Harbourne [105] with adjust-
ments by Trease and Evans [106] for tannin, saponin, steroid, and alkaloid contents. Total
flavonoid content was measured as per Pallab et al. [107], using an aluminum chloride
colorimetric assay, while total phenol content was determined according to Julkunen-
Tiitto [108].

Tannin content was measured by adding 0.3 mL of 0.1 N FeCl3 in 0.1 N HCl (3 mL)
to 2 mL of plant extracts, along with 0.3 mL of 0.0008 M potassium ferricyanide. The
absorbance was recorded at 720 nm, and tannin concentration was calculated using a
standard curve.

Steroid content was measured by adding cholesterol color reagent to plant extracts
and incubating the mixture for 35 min at room temperature. Absorbance was recorded at
550 nm, and steroid concentration was determined using a cholesterol standard curve.

Saponin content was measured by evaporating 0.5 mL of plant extract to dryness, then
adding a fresh solution of vanillin acetic acid and perchloric acid. After incubation, the



Plants 2024, 13, 2148 18 of 25

absorbance was recorded at 550 nm, and saponin concentration was determined using a
sapogenin standard curve.

Alkaloid content was measured by adding 60% H2SO4 to the plant extract and incu-
bating the mixture at room temperature for 3 h. Absorbance was recorded at 565 nm, and
alkaloid concentration was calculated using an atropine standard curve.

Total flavonoid content was measured by incubating the plant extract with a sodium
nitrite solution, followed by the addition of aluminum chloride and NaOH. Absorbance
was recorded at 510 nm, and total flavonoid content was calculated using a quercetin
standard curve.

Total phenol content was measured by mixing the plant extract with Folin–Ciocalteu
reagent and Na2CO3. After incubation, absorbance was recorded at 725 nm, and phenol
concentration was determined using a pyrogallol standard curve.

3.3. Antiparasitic Activity

Adult worms of Opisthorchis viverrini, Opisthorchis felineus, and Clonorchis sinensis were
cultured at 37 ◦C for 24 h in RPMI 1640 medium containing 1% glucose, 0.1 mg/mL strepto-
mycin, and penicillin, within a CO2 incubator. To calculate the IC50, various concentrations
of extracts were introduced into the medium, and both treated and untreated cultures
were then cultured for an additional 24 h. The viability of the worms was examined under
an inverted microscope, and IC50 values were determined using a dose–response curve
according to the method described by Pakharukova et al. [109].

Different concentrations of extracts were assessed for their antimalarial activity in vitro
against the chloroquine-resistant FCB1 strain of Plasmodium falciparum, with the IC50 being
determined as a measure of activity [110]. In a standard in vitro assay for antimalarial
activity, Plasmodium falciparum cultures were synchronized and incubated with various
concentrations of plant extracts or compounds in a 96-well plate at 37 ◦C for 48 h. Parasite
growth was assessed using microscopy to determine parasitemia. The percentage inhibition
of parasite growth was calculated by comparing treated samples to controls, and the
IC50 value, indicating the concentration needed to inhibit 50% of parasite growth, was
determined to evaluate the efficacy of the test samples.

Regarding leishmanicidal activity in vitro, Leishmania donovani was employed, and
the antileishmanial screening followed the protocol outlined by Mbongo et al. [111]. In an
in vitro assay for leishmanicidal activity, Leishmania donovani were cultured with various
concentrations of plant extracts and incubated in a 96-well plate at 26 ◦C for 72 h. Parasite
viability was assessed using direct counting under a microscope after staining. The percent-
age inhibition of parasite growth was calculated by comparing treated samples to controls;
and the IC50 value, indicating the concentration needed to inhibit 50% of parasite growth,
was determined to evaluate the efficacy of the test samples.

3.4. Antibacterial Activity
3.4.1. Pathogenic Bacterial Strains

Pathogenic Gram negative bacteria Bacteroides fragilis (ATCC 29762), Fusobacterium
nucleatum (ATCC 25586), Helicobacter pylori (ATCC 51407), Porphyromonas gingivalis (ATCC
33277), Neisseria gonorrhoeae (ATCC 43070), and Salmonella enterica (ATCC 14028) were
obtained from the American Type Culture Collection (Manassas, VA, USA).

3.4.2. Determination the Minimal Inhibitory Concentration (MIC) of Each Extract against
Different Pathogenic Bacteria

The MIC of dried extracts was evaluated through a broth dilution assay. Extracts
were dissolved, serially diluted in brain heart infusion broth, inoculated with bacteria,
and incubated. Following incubation, turbidity was assessed at OD 600 nm. MIC was the
lowest concentration of the studied extract that inhibited the microbial growth [112].
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3.4.3. Antibacterial Mechanism
Determination of Bacterial Cell Membrane Permeability

Permeability changes were expressed as the percentage of relative electric conductiv-
ity [113]. After culturing for 12 h at 37 ◦C, bacteria were centrifuged at 1500× g for 10 min.
Cells were washed with 5% glucose until their electric conductivities approximated that of
5% glucose, defining them as isotonic bacteria. The electric conductivities of the prepared
aquatic extracts were evaluated after adding 5% glucose and the MIC of each extract (des-
ignated as A). Isotonic bacteria were then incubated with the MIC of each extract at 37 ◦C
for 12 h, after which, conductivities were measured and recorded (designated as B). For
reference, the conductivity of bacteria in 5% glucose was treated for 5 s in boiling water and
noted as (C). The relative electric conductivity was calculated using the following equation:

Relative electric conductivity (%) =
B − A

C
× 100

Determination of Changes in Bacterial DNA Content

Bacterial suspension with OD600 nm = 2.0 was treated with the MIC of extracts at 37 ◦C
for 12 h, and bacterial precipitation was obtained by refrigerated centrifugation (10,000× g,
1 min). Bacterial genomic DNA extraction kits (Tian Gen Biotech Co., Ltd., Beijing, China)
were utilized to determine intracellular DNA content. The change in bacterial DNA content
was calculated using the following equation:

Change in DNA (%) =
DNA in the treated isolate − DNA in the untreated isolate

DNA in the untreated isolate
× 100

3.4.4. Anti-Biofilm Activity

The effectiveness of aquatic extracts in inhibiting biofilm formation was evaluated
using the crystal violet staining technique. Biofilms cultivated in 96-well flat-bottom
polystyrene plates were exposed to the MIC of the extracts and incubated at 37 ◦C for 24 h.
Following incubation, each plate was rinsed with distilled water to remove any planktonic
cells and air-dried. Subsequently, 125 µL of 0.1% crystal violet dye was added to stain the
adherent biofilm. The biofilm was dissolved by adding 130 µL of 30% acetic acid, and the
absorbance of each plate was measured at 550 nm using a Microplate absorbance reader to
assess biofilm inhibition [114].

3.5. Anticancer Activity
3.5.1. Cell Viability Assay

Various cancer cell lines (gastric cancer cell line (CLS-145), pancreatic cancer cell
line (AsPC-1), liver cancer cell line (HepG2), colon cancer cell line (HCT116), esophagus
cancer cell line (KYSE-410), and breast cancer cell line (MCF-7) from Cell Line Service
(Eppelheim, Germany) were obtained and cultured. The 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2H-tetrazolium bromide (MTT) method was employed for cell viability assays.
In this assay, cells were incubated with the yellow tetrazolium salt (MTT). Viable cells
with active metabolism reduced MTT to purple formazan crystals. After incubation, the
formazan crystals were solubilized using DMSO. The absorbance of the solution was then
measured at 570 nm using a spectrophotometer. The intensity of the color correlated
with the number of viable cells, allowing for the determination of the cell viability and
cytotoxicity of test compounds.

3.5.2. High-Content Screening Assay

A high-content screening (HCS) assay was conducted to assess toxicity on the different
studied cancer cells, examining various parameters such as nuclear intensity, membrane
permeability, mitochondria membrane permeability, and cytochrome c. Cancer cells (105)
were seeded in twelve-well plates and incubated at 37 ◦C with 5% CO2 for 24 h. Subse-
quently, cells were treated with IC50 concentrations of different prepared extracts, alongside
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untreated cells (negative control) and cells treated with 1 mM doxorubicin (positive control).
After another 24 h incubation period, MMP dye (Excitation 552/Emission 576) and cell
permeability dye (Excitation 491/Emission 509) were applied to living cells, followed by
a 1 h incubation. Fixation (4% formaldehyde, 15 min) and permeabilization (0.1% Triton
X-100 in PBS) were then carried out, followed by blocking with 3% bovine serum albumin
and incubation with cytochrome c primary mouse antibody for 1 h. Samples were washed
three times with wash buffer I (1:6 PBS), followed by addition of goat anti-mouse secondary
antibodies conjugated with DyLightTM 649. Cells were rinsed with wash buffer II (1:6 PBS
with 1% Tween-20) and stained with Hoechst 33258 (λ ex = 352 nm, λ_em = 461 nm) to
visualize nuclei. Visualization was conducted using a Cellomics ArrayScan HCS reader
(Thermo Scientific). Quantification of the fluorescence intensity of each dye, to examine
parameters such as nuclear intensity, membrane permeability, mitochondria membrane
permeability, and cytochrome c, was performed using a Cell health profiling bioapplication
module [115].

Nuclear intensity was determined as the mean fluorescence intensity measured within
the nuclear region of cells stained with Hoechst 33258. The relationship between nuclear
intensity and average fluorescence intensity is directly proportional, i.e., an increase in
nuclear intensity leads to an increase in fluorescence intensity. This provided insights into
the distribution and localization of the fluorescent marker within the cells.

Plasma membrane permeability refers to the ability of the plasma membrane to allow
certain molecules or ions to pass through it by diffusion or active transport mechanisms.
The average fluorescence intensity is used as an indicator of plasma membrane permeability.
When the plasma membrane becomes more permeable, there is an increased influx or efflux
of fluorescent dyes (cell permeability dye (Excitation 491/Emission 509), leading to changes
in the average fluorescence intensity measured within the cells.

MPP measurement was based on the mean intensity of MMP dye penetrating the mito-
chondria; the lower the fluorescent intensity, the higher the effect against the mitochondria.

Cytochrome c release from the mitochondria into the cytosol is a key event in the apop-
totic pathway. In our study, we quantified cytochrome c release by measuring the average
fluorescence intensity of a cytochrome c-specific fluorescent probe. When cytochrome c is
released from the mitochondria, it binds to the fluorescent probe, resulting in an increase in
fluorescence intensity.

3.6. Statistical Analysis

Data analysis was conducted using SPSS software (version 14), with results expressed
as mean ± SD. An ANOVA test was used for comparing mean values.

4. Conclusions

Aquatic plants are a rich source of pharmaceutical compounds such as phenols, tan-
nins, saponins, alkaloids, and flavonoids. Among the studied plants, Ludwigia stolonifera
exhibited the highest levels of phytochemicals, followed by Scirpus maritimus, Lemna gibba,
Ottelia alismoides, Ruppia maritima, Zannichellia palustris, Carex divisa, and Leptochloa fusca.
The lowest levels were found in Alisma plantago-aquatica and Damasonium alisma. Ex-
tracts from these plants’ shoots showed significant antioxidant, antibacterial, antiparasitic,
and anticancer activities, surpassing the antioxidant capacity of vitamin C. The extracts
had IC50 values for antiparasitic activity ranging from 0.7 to 2.5 µg/mL and demonstrated
low minimum inhibitory concentrations (MIC) against various pathogenic bacteria, causing
DNA damage, increased plasma membrane permeability, and 90% biofilm inhibition. They
were also effective against a range of cancer cell lines, with IC50 values below 6 µg/mL,
indicating significant apoptotic activity, increased nuclear intensity, plasma membrane
permeability, mitochondrial membrane permeability, and cytochrome c release, and outper-
forming doxorubicin. This study underscores the potential of aquatic plants as sources of
new, safe, and effective drugs with strong antiparasitic, antibacterial, and anticancer proper-
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ties. Future research should focus on identifying specific pharmaceutical compounds in each
plant and conducting in vivo studies to compare these extracts with standard medications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants13152148/s1, Figure S1: Studied aquatic plants; Table S1:
English name, scientific name, classification, and plant morphological characters.
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E. Design and In Vitro Activity of Furcellaran/Chitosan Multilayer Microcapsules for the Delivery of Glutathione and Empty
Model Multilayer Microcapsules Based on Polysaccharides. Materials 2024, 17, 2047. [CrossRef] [PubMed]

87. Dye, S.; Mondal, A.; Aash, A.; Mukherjee, R.; Kolay, S.; Murmu, N.; Murmu, N.; Giri, B.; Molla, M.R. Poly-β-thioester-Based Cross-
Linked Nanocarrier for Cancer Cell Selectivity over Normal Cells and Cellular Apoptosis by Triggered Release of Parthenolide,
an Anticancer Drug. ACS Appl. Bio Mater. 2024, 7, 1214–1228. [CrossRef]

88. Narayanaswamy, V.; Rah, B.; Al-Omari, I.A.; Kamzin, A.S.; Khurshid, H.; Muhammad, J.S.; Obaidat, I.M.; Issa, B. Evaluation of
Antiproliferative Properties of CoMnZn-Fe2O4 Ferrite Nanoparticles in Colorectal Cancer Cells. Pharmaceuticals 2024, 17, 327.
[CrossRef]

89. Wendlocha, D.; Kubina, R.; Krzykawski, K.; Mielczarek-Palacz, A. Selected Flavonols Targeting Cell Death Pathways in Cancer
Therapy: The Latest Achievements in Research on Apoptosis, Autophagy, Necroptosis, Pyroptosis, Ferroptosis, and Cuproptosis.
Nutrients 2024, 16, 1201. [CrossRef] [PubMed]

90. Xu, Q.; Zhang, H.; Qin, H.; Wang, H.; Wang, H. Norcantharidin Sensitizes Colorectal Cancer Cells to Radiotherapy via Reactive
Oxygen Species–DRP1-Mediated Mitochondrial Damage. Antioxidants 2024, 13, 347. [CrossRef] [PubMed]

91. Xiao, Y.; Wan, J.; Gao, X.; Wei, Y.; Fang, J.; Shen, B. Versatile Fluorescence Lifetime-Based Copper Probe to Quantify Mitochondrial
Membrane Potential and Reveal Its Interaction with Protein Aggregation. Anal. Chem. 2024, 96, 6493–6500. [CrossRef] [PubMed]

92. Kang, M.-J.; Moon, D.-O.; Park, J.-Y.; Kim, N.; Lee, S.H.; Ryu, H.W.; Huh, Y.H.; Lee, H.-S.; Kim, M.-O. Rotundifuran Induces
Ferroptotic Cell Death and Mitochondria Permeability Transition in Lung Cancer Cells. Biomedicines 2024, 12, 576. [CrossRef]
[PubMed]

93. Su, L.; Xu, J.; Lu, C.; Gao, K.; Hu, Y.; Xue, C.; Yan, X. Nano-flow cytometry unveils mitochondrial permeability transition process
and multi-pathway cell death induction for cancer therapy. Cell Death Discov. 2024, 10, 176. [CrossRef] [PubMed]

https://doi.org/10.21608/erurj.2023.210583.1024
https://doi.org/10.3390/pathogens13010093
https://doi.org/10.3389/fmicb.2024.1333274
https://doi.org/10.1016/j.micpath.2023.106514
https://doi.org/10.1128/AAC.00251-20
https://doi.org/10.1016/j.bcab.2024.103045
https://doi.org/10.3390/cancers16061117
https://doi.org/10.3322/caac.21834
https://doi.org/10.1007/978-3-031-50977-3_2
https://doi.org/10.37231/ajmb.2024.8.1.648
https://doi.org/10.55230/mabjournal.v52i2.2559
https://doi.org/10.3390/plants13020290
https://doi.org/10.3390/ijms25063183
https://doi.org/10.1016/j.biopha.2024.116663
https://doi.org/10.1038/s41598-024-53843-1
https://www.ncbi.nlm.nih.gov/pubmed/38369538
https://doi.org/10.3390/cells13090772
https://www.ncbi.nlm.nih.gov/pubmed/38727308
https://doi.org/10.3390/molecules29061320
https://doi.org/10.3390/ma17092047
https://www.ncbi.nlm.nih.gov/pubmed/38730854
https://doi.org/10.1021/acsabm.3c01121
https://doi.org/10.3390/ph17030327
https://doi.org/10.3390/nu16081201
https://www.ncbi.nlm.nih.gov/pubmed/38674891
https://doi.org/10.3390/antiox13030347
https://www.ncbi.nlm.nih.gov/pubmed/38539880
https://doi.org/10.1021/acs.analchem.4c00909
https://www.ncbi.nlm.nih.gov/pubmed/38595323
https://doi.org/10.3390/biomedicines12030576
https://www.ncbi.nlm.nih.gov/pubmed/38540189
https://doi.org/10.1038/s41420-024-01947-y
https://www.ncbi.nlm.nih.gov/pubmed/38622121


Plants 2024, 13, 2148 25 of 25

94. Zong, Y.; Li, H.; Liao, P.; Chen, L.; Pan, Y.; Zheng, Y.; Zhang, C.; Liu, D.; Zheng, M.; Gao, J. Mitochondrial dysfunction: Mechanisms
and advances in therapy. Signal Transduct. Target. Ther. 2024, 9, 124. [CrossRef] [PubMed]

95. Arumugam, G.; Alagar Yadav, S. Synergistic inhibitory actions of resveratrol, epigallocatechin-3-gallate, and diallyl trisulfide
against skin cancer cell line A431 through mitochondrial caspase dependent pathway: A combinational drug approach. Med.
Oncol. 2024, 41, 64. [CrossRef]

96. Morse, P.T.; Arroum, T.; Wan, J.; Pham, L.; Vaishnav, A.; Bell, J.; Pavelich, L.; Malek, M.H.; Sanderson, T.H.; Edwards, B.F.P.; et al.
Phosphorylations and Acetylations of Cytochrome c Control Mitochondrial Respiration, Mitochondrial Membrane Potential,
Energy, ROS, and Apoptosis. Cells 2024, 13, 493. [CrossRef]

97. Nwaechefu, O.; Adeoye, B.; Lateef, I.; Olorunsogo, O. Cajanus cajan induces mitochondrial-mediated apoptosis via caspase
activation and cytochrome c release. Comp. Clin. Pathol. 2024, 33, 207–222. [CrossRef]

98. Zhou, Z.; Arroum, T.; Luo, X.; Kang, R.; Lee, Y.J.; Tang, D.; Hüttemann, M.; Song, X. Diverse functions of cytochrome c in cell
death and disease. Cell Death Differ. 2024, 31, 387–404. [CrossRef]

99. Pezzani, R.; Salehi, B.; Vitalini, S.; Iriti, M.; Zuñiga, F.A.; Sharifi-Rad, J.; Martorell, M.; Martins, N. Synergistic Effects of Plant
Derivatives and Conventional Chemotherapeutic Agents: An Update on the Cancer Perspective. Medicina 2019, 55, 110. [CrossRef]
[PubMed]

100. Herranz-López, M.; Losada-Echeberría, M.; Barrajón-Catalán, E. The Multitarget Activity of Natural Extracts on Cancer: Synergy
and Xenohormesis. Medicines 2019, 6, 6. [CrossRef] [PubMed]

101. Lovitt, C.J.; Shelper, T.B.; Avery, V.M. Doxorubicin resistance in breast cancer cells is mediated by extracellular matrix proteins.
BMC Cancer 2018, 18, 41. [CrossRef] [PubMed]

102. Jin, H.; Wang, L.; Bernards, R. Rational combinations of targeted cancer therapies: Background, advances and challenges. Nat.
Rev. Drug Discov. 2023, 22, 213–234. [CrossRef] [PubMed]

103. Naguib, D.M.; Tantawy, A.A. Anticancer effect of some fruits peels aqueous extracts. Orient. Pharm. Exp. Med. 2019, 19, 415–420.
[CrossRef]

104. Blois, M. Antioxidant determinations by the use of a stable free radical. Nature 1958, 181, 1199–1200. [CrossRef]
105. Harbourne, J.B. Phytochemical Methods: A Guide to Modern Technology of Plant Analysis, 2nd ed.; Chapman and Hall: New York, NY,

USA, 1973; pp. 88–185. ISBN 978-0-412-57260-9.
106. Trease, G.E.; Evans, W.C. Phenols and phenolic glycosides. In Trease and Evans Pharmacology and Bikere; Tindall: London, UK, 1996;

pp. 832–836.
107. Pallab, K.; Tapan, B.; Tapas, P.; Ramenc, K. Estimation of total flavonoids content (TPC) and antioxidant activities of methanolic

whole plant extract of Biophytum sensitivum Linn. J. Drug Deliv. Ther. 2013, 3, 33–37. Available online: https://pdfs.semanticscholar.
org/33e0/a651949abde7f11a31509b4e5906fb1512d7.pdf (accessed on 1 June 2023).

108. Julkunen-Tiitto, R. Phenolic constituents in the leaves of northern willows: Methods for the analysis of certain phenolics. J. Agric.
Food Chem. 1985, 33, 213–217. [CrossRef]

109. Pakharukova, M.Y.; Samsonov, V.A.; Serbina, E.A.; Mordvinov, V.A. A study of tribendimidine effects in vitro and in vivo on the
liver fluke Opisthorchis felineus. Parasit. Vectors 2019, 12, 23. [CrossRef]

110. Akendengue, B.; Ngou-Milama, E.; Roblot, F.; Laurens, A.; Hocquemiller, R.; Grellier, P.; Frappier, F. Antiplasmodial activity of
Uvaria klaineana. Planta Med. 2002, 68, 167–169. [CrossRef]

111. Mbongo, N.; Loiseau, P.; Lawrence, F.; Bories, C.; Craciunescu, D.G.; Robert-Gero, M. In vitro sensitivity of Leishmania donovani to
organometallic derivatives of pentamidine. Parasitol. Res. 1997, 83, 515–517. [CrossRef] [PubMed]

112. Bhattacharyya, T.; Sharma, A.; Akhterc, J.; Pathania, R. The small molecule IITR08027 restores the antibacterial activity of
fluoro-quinolones against multidrug-resistant Acinetobacter baumannii by efflux inhibition. Int. J. Antimicrob. Agents 2017, 50,
219–226. [CrossRef] [PubMed]

113. Diao, W.-R.; Hu, Q.-P.; Zhang, H.; Xu, J.-G. Chemical composition, antibacterial activity and mechanism of action of essential oil
from seeds of fennel (Foeniculum vulgare Mill.). Food Control 2014, 35, 109–116. [CrossRef]

114. Sandasi, M.; Leonard, C.M.; Viljoen, A.M. The in vitro antibiofilm activity of selected culinary herbs and medicinal plants against
Listeria monocytogenes. Lett. Appl. Microbiol. 2010, 50, 30–35. [CrossRef]

115. Byrne, F.; Prina-Mello, A.; Whelan, A.; Mohamed, B.M.; Davies, A.; Gun’ko, Y.K.; Coey, J.M.D.; Volkov, Y. High content analysis of
the biocompatibility of nickel nanowires. J. Magn. Magn. Mater. 2009, 321, 1341–1345. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/s41392-024-01839-8
https://www.ncbi.nlm.nih.gov/pubmed/38744846
https://doi.org/10.1007/s12032-023-02292-3
https://doi.org/10.3390/cells13060493
https://doi.org/10.1007/s00580-023-03541-7
https://doi.org/10.1038/s41418-024-01284-8
https://doi.org/10.3390/medicina55040110
https://www.ncbi.nlm.nih.gov/pubmed/30999703
https://doi.org/10.3390/medicines6010006
https://www.ncbi.nlm.nih.gov/pubmed/30597909
https://doi.org/10.1186/s12885-017-3953-6
https://www.ncbi.nlm.nih.gov/pubmed/29304770
https://doi.org/10.1038/s41573-022-00615-z
https://www.ncbi.nlm.nih.gov/pubmed/36509911
https://doi.org/10.1007/s13596-019-00398-6
https://doi.org/10.1038/1811199a0
https://pdfs.semanticscholar.org/33e0/a651949abde7f11a31509b4e5906fb1512d7.pdf
https://pdfs.semanticscholar.org/33e0/a651949abde7f11a31509b4e5906fb1512d7.pdf
https://doi.org/10.1021/jf00062a013
https://doi.org/10.1186/s13071-019-3288-z
https://doi.org/10.1055/s-2002-20245
https://doi.org/10.1007/s004360050290
https://www.ncbi.nlm.nih.gov/pubmed/9197403
https://doi.org/10.1016/j.ijantimicag.2017.03.005
https://www.ncbi.nlm.nih.gov/pubmed/28533185
https://doi.org/10.1016/j.foodcont.2013.06.056
https://doi.org/10.1111/j.1472-765X.2009.02747.x
https://doi.org/10.1016/j.jmmm.2009.02.035

	Introduction 
	Results and Discussion 
	Phytochemical Components and Antioxidant Capacity of the Extracts 
	Antiparasitic Activity of the Extracts 
	Antibacterial Activity of the Extracts 
	Anticancer Activity of the Extracts 

	Materials and Methods 
	Aquatic Plants Extract Preparation 
	Phytochemical Components and Antioxidant Capacity of the Extracts 
	Antiparasitic Activity 
	Antibacterial Activity 
	Pathogenic Bacterial Strains 
	Determination the Minimal Inhibitory Concentration (MIC) of Each Extract against Different Pathogenic Bacteria 
	Antibacterial Mechanism 
	Anti-Biofilm Activity 

	Anticancer Activity 
	Cell Viability Assay 
	High-Content Screening Assay 

	Statistical Analysis 

	Conclusions 
	References

