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Abstract

Momordica charantia L. is a medicinal plant rich in bioactive compounds, including steroidal
glycosides, flavonoids, phenolics, triterpenoids, saponins, and polysaccharides, which ex-
hibit antidiabetic, antioxidant, anti-inflammatory, hepatoprotective, and anticancer activi-
ties. This review summarizes its nutritional and phytochemical composition, green extrac-
tion technologies, molecular mechanisms, and industrial applications based on literature
from Google Scholar, PubMed, Scopus, Web of Science, ScienceDirect, and other scientific
databases. Ultrasound-assisted extraction is an efficient and eco-friendly method that pro-
vides higher recovery of bioactive compounds from M. charantia and improved bioavaila-
bility compared with enzyme-assisted, microwave-assisted, and conventional methods. The
phytochemicals of M. charantia regulate oxidative stress, inflammation, lipid peroxidation,
and glucose homeostasis. Studies show that its antidiabetic effects involve improved insulin
sensitivity, enhanced glucose uptake, and inhibition of carbohydrate-digesting enzymes.
These compounds also exhibit antioxidant activity through free radical scavenging and anti-
inflammatory effects via inhibition of the NF-xB and MAPK pathways. M. charantia further
demonstrates anticancer activity by inducing apoptosis, causing cell-cycle arrest, and down-
regulating proliferation pathways in several cancer cell lines, including MCE-7, HCT-116,
HepG2, A549, and PANC-1. Beyond medicinal uses, it is applied in the food industry as a
functional ingredient in products such as yogurt, cookies, pickles, bread, juice, oil, and bev-
erages. Overall, M. charantia shows strong potential for therapeutic applications, including
functional foods and pharmaceutical formulations targeting diabetes, inflammation, liver
diseases, and cancer; however, further studies are needed to confirm its clinical efficacy.

Keywords: Momordica charantia L.; nutritional composition; phytochemistry; advanced
extraction techniques; molecular mechanism; industrial applications
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1. Introduction

In an era where chronic diseases such as cancer, diabetes, obesity, and cardiovascular
disorders are rapidly increasing worldwide, the search for natural remedies that function
as both food and medicine has become increasingly urgent. With the growing demand for
sustainable health solutions, plants that provide both essential nutrition and therapeutic
benefits have attracted significant attention for managing modern health challenges [1,2].
In this context, medicinal foods and edible plants with combined nutritional and pharma-
cological properties have emerged as promising candidates for functional foods,
nutraceuticals, and pharmaceutical development [3]. Momordica charantia L. (M. charantia),
commonly known as bitter gourd, bitter melon, balsam pear, karela, or bitter cucumber,
occupies a prominent place in traditional medical systems across the globe, including
Ayurveda and Unani medicine in the Indian subcontinent, Philippine folk medicine, tra-
ditional Chinese medicine, and the traditional pharmacopoeias of the Caribbean, Latin
America, and sub-Saharan Africa [4,5].

M. charantia originated in the Indian subcontinent, where it subsequently spread across
Asia, Africa, the Caribbean, and South America through ancient trade and colonial routes.
Although initially cultivated as a food crop, its characteristic bitterness and bioactive cucur-
bitane-type triterpenoids facilitated its early adoption in traditional medicinal systems for
the management of metabolic disorders, infectious diseases, and gastrointestinal conditions
[6]. The immature fruit is the most commonly consumed part, while the leaves, vines, roots,
seeds, and fruit juice are also used for the management of diabetes, fever, inflammation,
jaundice, skin disorders, toothache, diarrhea, and infections. The plant is rich in minerals,
vitamins, dietary fiber, and phytochemicals, including phenolics, flavonoids, alkaloids, bio-
active peptides, polysaccharides, cucurbitane-type triterpenoids, steroidal saponins, and
glycosides [7,8]. Charantin, a mixture of steroidal glucosides such as B-sitosterol glucoside
and stigmasterol glucoside, is one of its best-known bioactive compounds due to its hypo-
glycemic, anticancer, anti-inflammatory, and hepatoprotective effects [9,10].

Recent scientific and industrial interest in M. charantia has focused on advanced extrac-
tion technologies, as conventional methods are often time-consuming, solvent-intensive,
and less effective for thermolabile and complex phytochemicals [11,12]. Ultrasound-assisted
extraction (UAE) is an emerging green extraction technique that reduces extraction time,
enhances mass transfer, disrupts plant cell walls via acoustic cavitation, and improves the
yield of phenolics, antioxidants, and charantin [13,14]. Despite these advantages, UAE pre-
sents several limitations, including challenges in scale-up due to non-uniform energy distri-
bution, relatively high energy consumption at the industrial level, equipment costs, and var-
iability in extraction efficiency depending on plant matrix composition, particle size, and
solvent system [15]. Comparative studies have shown that microwave-assisted extraction
often provides faster extraction kinetics and higher yields for intracellular compounds, alt-
hough with a greater risk of thermal degradation if not carefully controlled [16].

In comparison, other advanced techniques remain less explored for M. charantia. En-
zyme-assisted extraction (EAE) is still limited in application but offers mild conditions
and high selectivity [17]. Supercritical fluid extraction (SFE), particularly using CO, pro-
vides highly selective and clean extracts with minimal solvent residues, but its use is lim-
ited by high capital investment and operational complexity [18]. Similarly, pressurized
liquid extraction (PLE) offers efficient and rapid recovery of bioactives under elevated
temperature and pressure [19]. Among the above-mentioned advanced extraction meth-
ods, UAE therefore represents a promising approach for producing standardized bitter
melon extracts for functional food, nutraceutical, and pharmaceutical applications [13].
These extracts contain bioactive compounds such as triterpenoids, saponins, flavonoids,
alkaloids, polypeptides, and glycosidic steroids (e.g., charantin), which contribute to var-
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ious pharmacological activities, including anticancer, anti-inflammatory, antidiabetic, and
hepatoprotective effects [14,20-22].

Preclinical and clinical studies have demonstrated anticancer, anti-inflammatory, an-
tidiabetic, and hepatoprotective properties of M. charantia bioactive compounds [14,21,22].
These compounds modulate key cell-signaling pathways involved in cancer progression
and chronic inflammation, including nuclear factor kappa B (NF-kB), mitogen-activated
protein kinase (MAPK), signal transducer and activator of transcription 3 (STAT3), cy-
clooxygenase-2 (COX-2), 5-lipoxygenase (5-LOX), and phosphatidylinositol 3-kinase/pro-
tein kinase B (PI3K/Akt) pathways [23,24]. Mechanistic studies further show that the an-
ticancer peptide BG-4 isolated from M. charantia induces apoptosis in human colon cancer
cells by reducing the expression of the anti-apoptotic protein Bcl-2, increasing pro-apop-
totic Bax, activating caspase-3, and modulating cell-cycle regulators such as p21 and cy-
clin-dependent kinase 2 (CDK2) [24,25]. The anti-inflammatory activity of M. charantia is
largely mediated through signaling pathways. For example, momordicine I suppresses
pro-inflammatory cytokines and inhibits NF-kB signaling while also reducing tumor
growth and inducing apoptosis in cancer cells [26]. Its antidiabetic effects involve sup-
pression of MAPK and NF-kB signaling in pancreatic cells, stimulation of insulin secre-
tion, improvement of insulin sensitivity, activation of the AMP-activated protein kinase
(AMPK) pathway, and inhibition of key gluconeogenic enzymes such as fructose-1,6-
bisphosphatase and glucose-6phosphatase [27].

Previous reviews on M. charantia have mainly focused on isolated aspects such as its
nutritional composition, phytochemical compounds, or pharmacological activities, rather
than providing a multidisciplinary perspective [4,6,9,28]. These studies have primarily em-
phasized either its disease-specific potential or its phytochemical characterization, with lim-
ited consideration of mechanistic pathways and in vivo and in vitro mechanisms, as well as
industrial applications within a single framework. In contrast, the present review offers a
more comprehensive and updated synthesis by simultaneously integrating nutritional
value, phytochemistry, biological activities, and industrial applications including food and
pharmaceutical applications. In recent years, increasing interest in M. charantia as a func-
tional food ingredient has further expanded research into bioavailability enhancement, pro-
cessing strategies, and delivery systems aimed at improving the stability, palatability, and
shelf life of its bioactive compounds. Accordingly, this review systematically evaluates stud-
ies published between 2007 and 2026, with emphasis on the relationship between phyto-
chemical composition and biological activities including antioxidant, anti-inflammatory,
glucose-homeostasis, anticancer, and hepatoprotective activities mediated through signal-
ing pathways such as MAPK, NF-xB, PI3K/Akt, and AMPK. Overall, this review provides
a more holistic and updated framework for understanding the multifunctional potential of
M. charantia, while also identifying critical research gaps to support its evidence-based use
in functional foods and the development of novel pharmaceutical products.

2. Search Methodology

The literature was searched in peer-reviewed journals on M. charantia regarding its nu-
tritional composition, advanced extraction techniques, phytochemistry, molecular mecha-
nisms, and applications in the food and pharmaceutical industries. Data were collected from
PubMed/MEDLINE, Scopus, ScienceDirect, Web of Science, Embase, Google Scholar, and
the Cochrane Library. Peer-reviewed original research articles including preclinical, in vivo,
in vitro studies, systematic reviews, meta-analyses, and book chapters published between
January 2007 and April 2026 were included. The search strategy used MeSH terms and Bool-
ean operators with keywords such as “Momordica charantia,” OR “bitter melon,” OR “bitter
gourd,” OR “karela,” OR “nutritional composition,” OR “phytochemicals,” OR “bioactive
compounds,” OR “extraction methods,” OR “ultrasound-assisted extraction, “OR “super-
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critical fluid extraction,” OR “anticancer,” OR “antidiabetic,” OR “anti-inflammatory,” OR
“hepatoprotective,” OR “antioxidant,” OR “NF-kB,” OR “AMPK,”OR “molecular mecha-
nisms,” OR “functional food,” OR “nutraceutical,” and “pharmacological activity.” This
structured approach was adapted across databases with appropriate syntax modifications
to maintain sensitivity and reproducibility.

All retrieved records were imported into a reference management system and
screened in two stages based on predefined inclusion and exclusion criteria. First, titles
and abstracts were screened to remove duplicates, records without full-text access, letters
to the editor, and studies unrelated to M. charantia or outside the selected time frame
(2007-2026). Second, the full texts of potentially relevant studies were evaluated for eligi-
bility. Included studies reported (i) nutritional and/or phytochemical profiles of M. char-
antia parts (fruit, seeds, leaves, or pulp), (ii) extraction, isolation, or characterization of
bioactive compounds, (iii) in vitro, in vivo, or clinical pharmacological effects with mecha-
nistic or pathway-based evidence, or (iv) food industry or nutraceutical applications. In
total, 170 peer-reviewed publications were included, covering nutritional characteriza-
tion, phytochemical profiling, advanced extraction methods, biological mechanisms, and
industrial applications of M. charantia as shown in Figure 1.

Records removed before screening:

Records identified from PubMed/MED-
LINE, Scopus, Web of Science, Embase, Sci-
ence Direct, Google Scholar, and the

® Duplicate records removed (n=1126)

» o Ineligible record identified by automa-
tion tools (n=32)

Chchuene Liboy: {peiall) ® Records removed for other reasons
(n=19)
l Records excluded (n=3212)
Records screened (title and ol * Outside 2007-2026 (n=813)
abstracts) (n=3635) o Letters and no full text (n=648)
o Insufficient data on M. charantia (n=1751)

Articles excluded (n=253)
Full text article accessed (n=423) | ———| ® No mechanistic or pathway-level evidence
(n=78)

papnpuj

e Lack of relevant outcomes (n=58)

e Non-peer reviewed papers (n=89)

e  Methodological issues (n=29)

Total studies included (n=170)

Figure 1. Literature search and study selection process.
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3. Nutritional Composition and Antioxidant Potential of Different Parts

Different parts of M. charantia, including leaves, seeds, fruits, and pulp, are rich in
proteins, fats, carbohydrates, and essential minerals. The nutritional and phytochemical
composition of these parts is summarized in Table 1. The seeds exhibit the highest nutri-
tional value, containing crude protein (14.30%), crude fat (20.57%), ash (2.90%), fiber
(2.44%), and carbohydrates (51.29%) [29]. They are also rich in iron (371.50 mg/100 g),
magnesium (205.10 mg/100 g), vitamin C (88 mg/100 g), and B-complex vitamins [30]. Seed
proteins exhibit a balanced amino acid profile, dominated by lysine, glutamic acid, and
aspartic acid [31]. However, their application is constrained by antinutritional factors, in-
cluding cyanide, saponins, and tannins [26], while the bioactive constituents of the seeds
remain inadequately characterized due to limited GC-MS and HPLC-based qualitative
and quantitative analyses [29,31].

In contrast, the pulp contains lower levels of protein and fat [32] but is rich in vitamin
C, essential amino acids, calcium, and iron [33-35]. The pulp contains a wide range of
phenolic compounds, including chlorogenic acid, rutin, and kaempferol, which contribute
to its antioxidant potential (ABTS: 11.80 umol/g) [34,35]. Nevertheless, its nutritional sig-
nificance is constrained by low protein content (2.86%) and weak DPPH radical scaveng-
ing activity, which may reduce mineral bioavailability [32,34,35]. Leaves show the strong-
est antioxidant properties and are rich in essential micronutrients, particularly calcium
(239.65 mg/100 g), vitamin B12 (5.35 mg/100 g), iron (30.30 mg/100 g), zinc (3.88 mg/100
g), and copper (1.12 mg/100 g) [36-38]. They also contain vitamins C, A, and E, as well as
folic acid and cobalamin, along with amino acids mainly represented by glutamic and
aspartic acids [38,39]. Despite these advantages, their high moisture content (91.9%) and
high bitterness may restrict direct consumption [36].

Whole fruits provide a pronounced phytochemical spectrum, including momordico-
sides, carotenoids, and divers fatty acids [40—42]. The whole fruit provides a balanced
composition of carbohydrates (57.56 g/100 g), protein (20.36 g/100 g), and fiber (8.41 g/100
g) [40], along with substantial amounts of calcium (612.42 mg/100 g) and potassium
(413.02 mg/100 g). It also contains vitamins such as a-tocopherol (42.93 ug/g) and vitamin
C (122.7 ppm) [41,42], and essential amino acids predominantly glutamic acid (124 mg/g)
and lysine (98.7 mg/g) [43]. The calcium concentration in whole fruits (612.42 mg/100 g)
and leaves (239.64 mg/100 g) can provide a meaningful proportion of the recommended
daily calcium intake for adults, thereby supporting their role as mineral rich dietary in-
gredients [44]. Likewise, the reported levels of vitamin C and potassium compare favora-
bly with those of several widely consumed fruits and vegetables, reinforcing the nutri-
tional relevance of M. charantia in promoting antioxidant defense and electrolyte balance
[45]. In addition, the protein content of seeds (14.30%) is notably higher than that of most
edible fruits, highlighting their potential application in the development of nutrient-dense
functional foods and plant-based nutraceutical products [29]. Overall, seeds appear most
suitable for protein and mineral enriched nutraceuticals, leaves for antioxidant-based
pharmaceutical applications, pulp for functional food formulations, and whole fruit for
industrial extraction of bioactive compounds.
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Table 1. Nutritional composition and phytochemical composition of different parts of M. charantia.
Proximat -
Plant Parts r;:)(:irtl:o: ﬁ;;n Minerals [mg/100 g] Vitamins [mg/100 g] Amino Acids [mg/g] Antioxidant Activity Bioactive Compounds References
Cystine: 22.3; aspartic
acid: 93.8; threonine:
Moisture content: 25.2; serine: 55.0; glu-
8.50; ash content: Iron: 371.50; magne- Vitamin C: 88; thia- tamic acid: 96.0; proline:
2.90; - sium: 205.10; phos- ine: 0.181, ribofla- 54.4; glycine: 44.9; ala-
.90 crude pro- sium: 205.10; phos ml.ne 0.18 r.1bo. a 5. glycine . 9; ala DPPH: 60.45%, FRAP: . . .
Seed tein: 14.30; crude  phorus: 17.10; so- vin: 0.326; niacin:  nine: 51.2; valine: 42.2; 113.85 ue/e, TPC: 17 Alkaloids, flavonoids, tannins, sapo- [25,29-31]
fiber: 2.44; crude  dium: 11.42; cal- 1.110; pantothenic isoleucine: 30.8; leucine: ’ ;gg & y ’ nins, cyanide !
fat: 20.57; carbo-  cium: 8.90; potas-  acid: 0.063; vitamin 64.9; tyrosine: 59.4; phe- H&&
hydrate content: sium: 5.27 B6: 0.806; folate: 128 nylalanine: 40.2; methio-
51.29 nine: 27.6; histidine:
72.8; lysine: 101; argi-
nine: 45.6
Asparagine: 8.6; threo-
nine: 3.8; serine: 5.3; TPC: 21.04 ug/g, TFC:
. proline: 6.8; glycine: 9.1,  150.94; TTC: 145  Oxalic acid, succinic acid, malic acid,
. Calcium: 74.90; mag- . . e .
Moisture: 7.10; nesium: 52.59: iron: alanine: 9.9; valine: 7.3; mg/g, DPPH: 0.75%, citric acids, 3-carotene, catechin,
ash: 4.45; fat: 1.34; R ’ . . methionine: 0.8; isoleu- ABTS: 11.80 pmol/g,  chlorogenic acid, p-coumaric acid,
Pul .30; : 3.88; - :1.2 2—
wp fiber: 3.86; pro- 30.30; zinc: 3.88; cop Vitamin C > cine: 4.8; leucine: 7.6; FRAP: 10.84 umol/g, epicatechin, ferulic acid, kaempferol, [32-35]
. per: 1.12; manga- . . . . . .
tein: 2.86 tryptophan: 1.8; phenyl- polyphenols: 1.91  naringenin, caffeic acid, gallic acid,
nese: 0.95 . L. . . . . .
alanine: 4.1; histidine: ~ g/100 g, flavonoids: rutin, chrysin, apigenin
2.3; lysine: 5.8; arginine: ~ 20.75 mg/100 g
4.2
Arginine: 58.5; lysine:
Crude protein: Calcium: 239.65; so- Vitamin C: 1.35; 53.0; Ve.ﬂme: 49'9.; phe- . . . . .
2.13; crude fat: . . . nylalanine: 43.4; isoleu- Gallic acid, tannic acid, (+)-catechin,
dium: 40.40; potas- vitamin A: 0.18; . . FRAP: 433 umol/g, . . . . .
Leaves 0.61; ash content: sium: 67.22- iron: vitamin E: 0.18- cine: 39.9; threonine: TPC: 474 mg GAE/ caffeic acid, p-coumaric acid, benzoic [33,36-40]
0.89; moisture T ) P 29.4; histidine: 21.1; ty- ) 5 & acid, polyphenols, flavonoids, alka- !

4.98; zinc: 24.5; cop-
per: 4.96

vitamin B12: 5.35;

content: 91.9; car- folic acid: 20.60

bohydrate: 7.40

rosine: 20.0; methionine:

11.7; glycine: 40.4; ala-
nine: 39.4; serine: 31.8;

DPPH: 9.72 mg/mL

loids
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proline: 30.4; cysteine:

9.1

Folate: 0.0724; so-
dium: 521.71; cal-
cium: 612.42; potas-
sium: 413.02; mag-

Moisture: 3.88;

ash: 5.22; crude

protein: 20.36;
crude fiber: 8.41;

Fruit

Cystine: 16.5; aspartic

acid: 78.0; threonine:

17.4; serine: 43.5; glu-
tamic acid: 124; proline:
49.7; glycine: 39.9; ala-

a-tocopherol: 042, nine: 46.7; valine: 36.7;

FRAP: 9.41 umol/g,

Lauric acid, myristic acid, pentade-
cylic acid, palmitoleic acid, palmitic
acid, margaric acid, linoleic acid, lino-
lenic acid, oleic acid, stearic acid, non-
adecylic acid, arachidic acid, erucic
acid, behenic acid, tricosylic acid, lig-
noceric acid, saturated fatty acids,
monounsaturated fatty acids, polyun-

saturated fatty acids, total lipids,
Vitamin C: 1.22 isoleucine: 30.7: leucine: TPC: 224 mg GAE/g, momordicosides A, momordicosides [41-43,46-48]
nesium: 421.76; o T " DPPH: 27.6 mg/mL L, momordicosides K, 38,7p,25-trihy-
carbohydrate: phosphorus: 421.73; 60.5; tyrosine: 44.7; phe-
57.56 ' Y
manganese: 4.61

nylalanine: 34.5; methio-
nine: 23.6; histidine:
40.9; lysine: 98.7; argi-
nine: 80.8

droxycucurbita-5,23(E)-dien-19-al,

momordicine I, gallic acid, tannic

acid, (+)-catechin, caffeic acid (1.62
mg/L), p-coumaric,, oxalate, saponins,
alkaloids, phylate, tannin, cyanogenic
glycosides, neoxanthin, violaxanthin,
lutein, zeaxanthin, a-carotene, 3-caro-

tene, total carotenoids
Abbreviations used: ABTS, 2,2"-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid); DPPH, 2,2-diphenyl-1-picrylhydrazyl; FRAP, ferric reducing antioxidant power;
TFC, total flavonoid content; TPC, total phenolic content; TTC, total tannin content.
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4. Phytochemistry

Different parts of M. charantia show distinct antioxidant capacities. The seeds exhibit
notable free radical-scavenging activity, with DPPH inhibition of 60.45%, ferric reducing
antioxidant power (FRAP) of 113.85 ug/g, and total phenolic content (TPC) of 17-29 ug/g
[46,47]. In comparison, the pulp shows lower DPPH activity (0.75%) but still demonstrates
antioxidant potential through TPC (21.04 ug/g), ABTS (11.80 umol/g), and FRAP (10.84
umol/g) [34]. Among all plant parts, the leaves display the strongest antioxidant capacity,
with very high FRAP (433 umol/g) and TPC (474 mg GAE/g) [39]. The fruit is also an
important dietary antioxidant source, with TPC of 224 mg GAE/g, FRAP of 9.41 umol/g,
and DPPH activity of 27.6 mg/mL [47]. Seeds contain major phytochemicals such as alka-
loids (14.41 mg/100 g), flavonoids (12.09 mg/100 g), tannins (6.20 mg/100 g), and saponins
(3.42 mg/100 g) [29], which contribute to strong radical-scavenging activity. The pulp is
rich in organic acids, including malic acid (800.29 mg/kg) and oxalic acid (255.47 mg/kg),
as well as polyphenols (1.91 g/100 g) and bioactive compounds such as [3-carotene,
naringenin, catechin, ferulic acid, and chlorogenic acid [32,34,35], supporting its antioxi-
dant and metabolic effects.

The leaves are particularly rich in phenolic acids such as gallic acid (95.8 mg/L) and
caffeic acid (7.77 mg/L), along with flavonoids and alkaloids [36,47], which contribute to
their high antioxidant activity. The fruit contains a diverse range of bioactive compounds,
including carotenoids ([3-carotene 42.74 ug/g; lutein 193.33 ug/g), essential fatty acids
(PUFA 54.64%), and pharmacologically active cucurbitane-type triterpenoids such as
momordicosides and momordicine I [41]. In addition, phenolic compounds (e.g., gallic
acid 202 mg/L) and secondary metabolites such as saponins and tannins further contribute
to its therapeutic potential [40,47]. It is generally suggested that the antioxidant activity
follows the order leaves > seeds > fruit > pulp, but this ranking should be taken with cau-
tion. The number and interactions of bioactive compounds, extraction solvents, sample
preparation methods, and analytical techniques used (such as DPPH, ABTS, and FRAP
assays) have significant effects on antioxidant capacity [34,35,42,47]. Moreover, the ob-
served data were collected from different independent studies with varying experimental
conditions, rather than from a direct comparison of all plant parts. The chemical structures
of phytochemicals, steroidal glycosides, and fatty acids present in the seeds, pulp, juice,
and leaves of M. charantia are shown in Figure 2.

https://doi.org/10.3390/antiox15070839
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Figure 2. Chemical structures of phytochemicals, steroidal glycosides, and fatty acids present in
seeds, pulp, juice, and leaves of M. charantia [29,32,34,36,40-42,47,48].

5. Advance Extraction Techniques to Improve Yield of
Bioactive Compounds

Modern extraction methods for M. charantia have proven to be more efficient than
conventional techniques, providing higher yields and recovery of bioactive compounds
while significantly reducing extraction time. Among these methods, ultrasound-assisted
extraction (UAE) is one of the fastest and most efficient, typically requiring only 5-30 min
under optimized conditions (150-300 W ultrasound power, 30-90% ethanol). UAE yields
33.42-37.72% extract, with strong antioxidant activity (TPC 18.73 mg GAE/g; DPPH inhi-
bition 66.93%) and high charantin content (28.56 mg/g extract) [49,50]. Optimization stud-
ies have reported even higher extract quality, with TPC of 847.91 mg GAE/100 g, FRAP of
148.76 mg AAE/g extract, and moderate antioxidant activity (DPPH IC50 119.08 pg/mL)
in approximately 13 min [51]. Similarly, UAE using water as a solvent produced high pol-
yphenol yields (104.5 mg GAE/g) and antioxidant activity (69.9%) within 12 min [52].
These findings highlight UAE as a rapid and efficient green extraction method that pre-

https://doi.org/10.3390/antiox15070839



Antioxidants 2026, 15, 839

10 of 36

serves thermolabile bioactive compounds and improves extract quality. In contrast, con-
ventional methods such as hot reflux and Soxhlet extraction are more time- and energy-
intensive, requiring longer extraction periods (about 6 h at 150 °C for hot reflux and 150
min for Soxhlet) with lower or inconsistent recovery of bioactive compounds [51,53]. Alt-
hough Soxhlet extraction can produce a high overall yield (97.51%), the concentration of
bioactives, including charantin, remains relatively low (0.24 mg/g), possibly due to ther-
mal degradation or non-selective extraction. Pressurized liquid extraction (PLE) achieves
similarly high yields (96.05%) under controlled conditions of high temperature (120 °C)
and pressure (10 MPa), but charantin recovery is moderate (0.126 mg/g) [54]. Green tech-
nologies such as supercritical fluid extraction (SFE) with CO:z offer high selectivity and
purity but relatively low yields (1.924%), despite increased charantin content (0.7817
mg/g) [54].

In addition to extraction efficiency, several economic and operational factors must be
considered for the practical application of these extraction technologies. UAE is generally
associated with moderate equipment costs, low energy consumption, short processing
times, and relatively simple operation, making it attractive for industrial-scale production
of food and nutraceutical ingredients [50]. However, conventional extraction techniques
like Soxhlet and hot reflux extraction are more energy-intensive, time-consuming, and
solvent-intensive, resulting in significant operational costs and environmental impact
[53,54]. PLE has significantly higher extraction yields but involves more capital invest-
ment and technical expertise to operate the high-pressure equipment [54]. Similarly, SFE
provides solvent-free extracts and excellent selectivity; however, its widespread applica-
tion is often limited by high equipment costs, complex operation, and stringent process
control requirements [55]. In terms of regulatory acceptability, processes that use food-
grade solvents like water and ethanol are generally preferred over those that use organic
solvents like acetone or dichloromethane for food, nutraceutical and pharmaceutical ap-
plications [56]. EAE and MAE are two alternative methods that have been found to sig-
nificantly improve extraction efficiency, reduce solvent use and enhance the recovery of
bioactive compounds [16,17], but no study has been found that reported the use of EAE
and MAE for the extraction of bioactive constituents from M. charantia. Hence, further
research on these methods is recommended as a viable approach for sustainable and scal-
able extraction of M. charantia extracts. Overall, although PLE and SFE have been shown
to extract compounds more effectively, UAE appears to be the most promising method
for the large-scale utilization of M. charantia bioactives in terms of extraction efficiency,
cost-effectiveness, scalability, environmental compatibility, and regulatory compliance
[51]. The impact of different green extraction techniques on the yield of bioactive com-
pounds is summarized in Table 2.

Table 2. Advanced extraction techniques and impact on the yield of bioactive compounds.

Extraction . Extract . Refer-
Method Solvent Used Conditions Yield Extract Properties ences
Ultrasound-as- Ultrasonic power: 150-300 TPC: 18.73 mg GAE/g, DPPH:

sisted extrac-  Ethanol (30-90%) W, extraction time: 5-30  33.42%  66.93%, charantin: 28.56 mg/g ex-  [49]

tion

min tract

Ultrasound-as-

sisted extrac- Ethanol or distilled

Extraction time: 1 i
xiraction time: 15 min, TPC: 18.73 mg GAE/g, charantin:

. o frequency: 20 kHz, ultra-  37.72% ) [50]
tion (probe water (60% v/v) sonic intensity: 270 W 28.56 mg/g, TFC: 8.29 mg NE/g
type)
Ultrasound-as- o Acoustic intensity: 85 o TPC: 847.91 mg GAE/100 g,
sisted extract a0l 0000 vy o Guty cycle:0.83 8% DPPH: ICk: 119.08 pg/mL, FRAP: U
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sl extraction time: 13.2 148.76 mg AAE/g, charantin: 5.83
min mg/g

Ultrasound-as-

Aqueous extract

Temperature: 68.4 °C, Polyphenols: 104.5 mg GAE/g,

sisted extrac-  (0.25 g/mL bitter . . NN protein: 46.2 mg/1000 mL, DPPH:  [52]
. . time: 12 min
tion gourd to water ratio) 69.9%
Aqueous ethanol . . .
T ture: 150 °C, time: 10.23 DPPH £ dical :
Hotreflux  (50% Ethanol in500 — Pe@ “rZ hSO C time o 0/5 0 ) ;‘;e r;gzxjfggengmg 53]
mL water) 8oV 8 78 &

Pressurized lig-

uid extraction

Acetone, dichloro- Temperature: 120 °C, pres-
methane, ethanol, sure: 10 MPa, time: 40 96.05% Charantin: 0.126 + 0.018 mg/g [54]

water

min, solvent 40 mL

Soxhlet extrac-

Temperature: 78.5 °C,
Pressure: 10 MPa, time:

4 o, 1.
ton Ethanolic extract 150 min, and solvent: 200 97.51% Charantin: 0.24 mg/g [54]
mL
tical
supercritical g oy ith ethanol Time: 2.5 h 1.924% Charantin: (0.7817 mg/g) [55]
fluid extraction
Ultrasound-as Methanol: Water
. (80:20, v/v, solid to Temperature: 46 °C, time: .
51sted. extrac solvent ratio of 1:26 120 min 3.18 mg/g Charantin: 3.12 mg/g [57]
tion
w/v)

Ultrasonic-as-

Aqueous ethanolic

Extraction time (20, 40, 60

TPC: 0.95+0.11 AE/1 TFC:
min), temperature (30, 45, C:0.95+0.11 g GAE/100 g, TFC

0.32+0.03 g QE/100 g, FRAP:

. _ o i lori - 28%
sisted extrac solvent 60 °C), induced calorimet-  28% 9 1 109 00 ymol Fe(ll) eqfg, !
tion ric power (38.50, 53.25, DPPH: 22.0 mg/mlL
68.00 W) e
hlet extrac- 1
Sox tioix rac Methanolic extract Temperature: 70 °C > IEgg/?)S NN [59]

Abbreviations used: DPPH, 2,2-diphenyl-1-picrylhydrazyl; FRAP, ferric reducing antioxidant
power; NE, naringin equivalents; NN, not known; QE, quercitrin equivalents; TFC, total flavonoid

content; TPC, total phenolic content.

6. Therapeutic Potential and Molecular Mechanism of
M. charantia Activity
6.1. Anticancer Mechanisms

Bioactive compounds from M. charantia, particularly charantin, MAP30, and a-
momorcharin, exhibit anticancer activity by inducing apoptosis through the activation of
caspases-3, -8, and -9, altering mitochondrial membrane potential, and regulating pro-
and anti-apoptotic proteins [60]. They also inhibit cell proliferation by causing cell-cycle
arrest at the Go/G1 or S phase through downregulation of cyclins (Cyclin D, Cyclin A) and
cyclin-dependent kinases, while suppressing oncogenic signaling pathways such as
PIBK/Akt/mTOR and MAPK [61].

Previously published review papers on bitter melon extracts have shown broad an-
ticancer activity across various cancer types by inducing apoptosis, inhibiting cell prolif-
eration and angiogenesis, and modulating cancer-related signaling pathways [20,61].
These effects are largely attributed to its diverse bioactive compounds, particularly
triterpenoids, peptides, and phenolic acids, which suppress tumor growth and metastasis
[62]. These compounds further disrupt cancer cell metabolism, including glycolysis and
lipogenesis, induce autophagy, and inhibit tumor progression, metastasis-associated pro-
teins and key transcription factors, resulting in multi-targeted anticancer effects [63].
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At the cellular and molecular levels, recent studies have identified several gene tar-
gets and signaling pathways involved in the anticancer effects of M. charantia. MAP30, a
ribosome-inactivating protein, suppresses bladder cancer progression by inhibiting cen-
tromere protein A (CENPA), thereby reducing proliferation, promoting apoptosis, and
limiting tumor growth [62]. Similarly, a-momorcharin (a-MMC) induces cell death in
lung cancer cells by activating the TNF-mediated caspase cascade, inhibiting NF-«xB and
MAPK signaling, and causing cell-cycle arrest at the Go/G1 and S phases [63]. Extracellular
vesicle-like particles derived from M. charantia trigger both apoptosis and ferroptosis in
cervical cancer cells by blocking the Bcl-2/Bax/Akt signaling axis and inducing iron-de-
pendent lipid peroxidation through GPX4 inhibition, representing a regulated form of cell
death [64].

Another important mechanism involves metabolic reprogramming. Momordicine-I
suppresses glycolysis and lipogenesis in head and neck cancer by downregulating key
metabolic enzymes (GLUT1, HK1, FASN), activating the AMPK pathway, and inhibiting
mTOR signaling [65]. These metabolic disruptions counter the Warburg effect, depriving
tumor cells of energy and promoting apoptosis. M. charantia extracts also inhibit mela-
noma growth by downregulating PAX3 and the PI3K/Akt/mTOR pathway, thereby re-
ducing tumor invasiveness and metastasis [66].

Beyond its direct anticancer effects, bitter melon may act synergistically with conven-
tional therapies. Co-administration of M. charantia extract with rosuvastatin enhanced an-
ticancer activity against HepG2 liver cancer cells by promoting apoptosis, increasing oxi-
dative stress, disrupting cholesterol metabolism, and modulating drug pharmacokinetics
[67]. In prostate cancer cells, M. charantia and other medicinal plants show significant cy-
totoxicity through reactive oxygen species generation, androgen receptor inhibition,
apoptosis induction, and cell-cycle arrest [66]. Moreover, M. charantia functions as a mul-
tifunctional anticancer agent targeting several cancer hallmarks, including metabolic re-
programming, oxidative stress, apoptosis, ferroptosis, and oncogenic signaling pathways
[63-66]. Its ability to modulate diverse molecular targets, together with advances in deliv-
ery systems, highlights its translational potential for future cancer therapies. However,
further clinical trials and genetic validation studies are needed to confirm its efficacy and
safety in humans, despite promising preclinical evidence.

6.1.1. Liver Cancer

M. charantia exhibits anticancer activity against hepatocellular carcinoma (HCC)
through multiple mechanisms, including apoptosis induction, metabolic disruption, anti-
inflammatory effects, and suppression of carcinogenic processes [68]. A key mechanism
is the activation of mitochondria-mediated apoptosis, where bioactive compounds such
as MAP30 and a-momorcharin regulate caspase cascades, alter mitochondrial membrane
potential, and trigger intrinsic apoptotic signaling in liver cancer cells [69]. Ribonuclease
MC2 also shows antitumor activity by degrading RNA, inhibiting protein synthesis, and
inducing caspase-dependent apoptosis in hepatoma models both in vitro and in vivo [70].

Bioactive compounds of M. charantia modulate key oncogenic signaling pathways.
Cucurbitane-type triterpenoids exhibit cytotoxic effects by regulating cellular pathways
that control cell growth and survival, thereby inhibiting hepatoma cell proliferation
[71,72]. Bitter melon also suppresses inflammatory and metabolic signaling pathways
such as NF-kB and JNK, which are closely associated with hepatocarcinogenesis, reducing
tumor-promoting inflammation and increasing oxidative stress and thereby contributing
to hepatoma cell death [73]. Bitter melon extracts further regulate lipid metabolism and
lipid peroxidation in chemically induced liver cancer models, suggesting a role in control-
ling oxidative damage and tumor development [74]. These effects support the chemopre-
ventive potential of M. charantia, as it modulates several hallmarks of hepatocarcinogene-
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sis, including proliferation, inflammation, and genomic instability [75]. Additionally, its
antiviral activity against hepatitis B virus may indirectly reduce liver cancer risk by limit-
ing virus-associated carcinogenesis [76]. However, a-momorcharin (a-MMC) can also ex-
hibit cytotoxic effects on normal liver cells through activation of the JNK pathway, indi-
cating a narrow therapeutic index and the need for controlled dosing strategies [77,78].
Overall, M. charantia represents a promising candidate for liver cancer prevention and
therapeutic strategies due to its combined effects on apoptosis induction, metabolic repro-
gramming, anti-inflammatory signaling, and chemoprevention.

6.1.2. Colorectal Cancer

M. charantia has shown anticancer potential against colorectal cancer through multi-
ple interconnected mechanisms, including apoptosis induction, anti-inflammatory effects,
and chemoprevention. BG-4 significantly suppresses human colon cancer cell growth by
inducing cell death through activation of the caspase pathway and disruption of cellular
homeostasis [21]. Bitter gourd extracts also trigger mitochondria-dependent apoptosis,
characterized by loss of mitochondrial membrane potential, cytochrome c release, and ac-
tivation of caspase-3 and caspase-9, leading to programmed cancer cell death [79].

Network pharmacology analyses indicate that various M. charantia phytochemicals
interact with key proteins and signaling pathways involved in cancer, supporting a multi-
targeted mechanism that regulates cell proliferation, apoptosis, and survival pathways
during colorectal tumor progression [80]. Bitter gourd also exerts anti-inflammatory and
cytotoxic effects by inhibiting upstream regulators such as TAK1, thereby suppressing
pro-inflammatory cascades associated with colorectal carcinogenesis [81]. In addition, its
anticlastogenic activity helps prevent DNA damage and chromosomal abnormalities, re-
ducing mutation rates and cancer development [75]. In this regard, M. charantia targets
several hallmarks of colorectal cancer, including uncontrolled proliferation, resistance to
apoptosis, chronic inflammation, and genomic instability, highlighting its potential as a
chemopreventive and therapeutic agent.

6.1.3. Breast Cancer

M. charantia displays activity against breast cancer through a multi-targeted ap-
proach affecting cell proliferation, apoptosis, metabolism, and lipid signaling. Bitter
melon extracts suppress breast cancer cell growth by regulating cell-cycle genes, leading
to cell-cycle arrest and apoptosis through caspase-dependent pathways [82]. They can also
induce lethal oxidative stress in carcinogenic breast cells by disrupting cellular energy
metabolism and increasing reactive oxygen species (ROS) production [83].

At the molecular level, ribonucleases such as RNase MC2 and ribosome-inactivating
proteins (e.g., a-momorcharin) contribute to anticancer activity by inhibiting protein syn-
thesis, activating MAPK signaling, and inducing caspase-dependent apoptosis [67,84].
Cucurbitane-type triterpenoids further promote apoptosis and autophagy through acti-
vation of peroxisome proliferator-activated receptor gamma (PPAR-y), thereby inhibiting
tumor growth [85,86]. Another tumor-suppressive mechanism disrupts cholesterol ester-
ification, which is crucial for the rapid proliferation of triple-negative breast cancer cells
[87].

Bitter melon also shows chemopreventive and adjuvant therapeutic potential. Its
phytochemicals modulate oncogenic pathways involved in proliferation, apoptosis, and
inflammation, supporting its role as a multi-target anticancer agent [88,89]. Extracellular
vesicles derived from bitter melon enhance anticancer effects by delivering bioactive mol-
ecules that inhibit tumor proliferation and survival signaling [90]. Additionally, M. char-
antia may improve therapeutic efficacy by increasing the intracellular accumulation of
drugs such as paclitaxel in breast cancer cells [91]. In animal models, it also regulates lipid
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metabolism, improving lipid profiles and reducing the risk of mammary tumors [92,93].
However, a-momorcharin has a relatively narrow therapeutic index, and strategies such
as pegylation may help reduce toxicity while maintaining efficacy [94,95]. Overall, M.
charantia represents a promising candidate for breast cancer prevention and adjunct ther-
apy by targeting key cancer hallmarks, including uncontrolled proliferation, metabolic
reprogramming, resistance to cell death, and altered lipid metabolism. The anticancer
properties of bioactive compounds, including charantin, a-momorcharin, and MAP30
(Momordica anti-HIV protein of 30 kDa) from M. charantia, through multiple molecular
mechanisms in different cancers, are shown in Figure 3.
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Figure 3. Anticancer properties of bioactive compounds including charantin, a-momorcharin, and
MAP30 (Momordica anti-HIV protein of 30 kDa) of M. charantia through multiple molecular mech-
anisms. These compounds inhibit protein synthesis and induce RNA degradation through M. char-
antia ribonuclease (RNase MC2) activity, suppressing cancer cells in liver cancer. They activate
apoptosis by increasing BAX (BCL-2-Associated X Protein) and decreasing BCL-2 (B-cell lymphoma
2), disrupting mitochondrial membrane potential and activating caspase-3, caspase-8, and caspase-
9, resulting in programmed cancer cell death. M. charantia induces cell-cycle arrest by downregulat-
ing Cyclin D, Cyclin A/E, Cyclin A/B, CDK1, CDK2, and CDK4/6 (cyclin-dependent kinases), pre-
venting RB (retinoblastoma protein) phosphorylation and suppressing E2F transcription factor-me-
diated cell proliferation. It also inhibits major oncogenic signaling pathways including PI3K (phos-
phoinositide 3-kinase), AKT (protein kinase B), MAPK (mitogen-activated protein kinase), and
mTOR (mammalian target of rapamycin), reducing tumor growth and survival in pancreatic cancer.
They suppress KRAS (Kirsten rat sarcoma viral oncogene homolog)-mediated oncogenesis by inter-
fering with GDP (guanosine diphosphate)/GTP (guanosine triphosphate) exchange regulated by
GEF (guanine nucleotide exchange factor) and GAP (GTPase-activating protein), inhibiting pancre-
atic ductal adenocarcinoma progression. Inhibition of TAK1 (transforming growth factor-f3 acti-
vated kinase 1) and TAB1/2/3 (TAK1-binding proteins 1, 2, and 3) downregulate colorectal carcino-
genesis. Extracellular vesicle-like particles promote ferroptosis through ROS (reactive oxygen spe-

cies) accumulation, Fe?*-dependent lipid peroxidation, and membrane rupture in cervical cancer
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and activation of PPAR-y (peroxisome proliferator-activated receptor gamma) stimulates autoph-
agy, inhibit breast cancer [60,63-67,79,84-87].

6.1.4. Lung Cancer

M. charantia shows significant anticancer activity against human A549 lung cancer
cells through multiple mechanisms. A major pathway involves apoptosis induced by ROS,
which cause mitochondrial dysfunction, loss of mitochondrial membrane potential, and
activation of apoptotic signaling pathways [83,96]. Oxidative stress damages cellular com-
ponents and activates caspase-dependent cascades that promote programmed cell death
[97]. Ribosome-inactivating proteins such as a-momorcharin (a-MMC) and MAP30 fur-
ther enhance apoptosis and cell-cycle arrest through caspase activation and tumor necro-
sis factor (TNF)-related signaling pathways [98,99]. In addition to apoptotic mechanisms,
M. charantia can induce non-apoptotic cell death by disrupting cellular energy metabo-
lism, impairing mitochondrial respiration and ATP synthesis, and increasing oxidative
stress [83]. This dual action highlights its potential to target cancer cells that develop re-
sistance to apoptosis-based therapies.

M. charantia extracts also demonstrate anti-migratory and anti-invasive effects in
lung cancer cells, suggesting a metastasis-preventive role through modulation of path-
ways involved in cytoskeletal organization, cell adhesion, and extracellular matrix degra-
dation [99,100]. In summary, the anticancer effects of M. charantia in lung cancer involve
ROS-mediated oxidative stress, mitochondrial damage, caspase-dependent apoptosis,
metabolic disruption, and inhibition of tumor progression and metastasis. Despite prom-
ising experimental evidence, further in vivo and clinical studies are required to confirm
its efficacy and safety in lung cancer prevention and therapy.

6.1.5. Pancreatic Cancer

M. charantia shows strong anticancer potential against pancreatic cancer through
multiple complementary molecular mechanisms. Extracts and juice of M. charantia
demonstrate significant anti-tumor activity across different cultivars, suggesting similar
bioactivity regardless of geographic origin [101]. A key mechanism involves targeting
both bulk tumor cells and pancreatic cancer stem cells, thereby reducing tumor formation,
progression, and recurrence [102]. Cancer stem cells are major contributors to therapy
resistance and disease relapse. M. charantia also suppresses oncogenic signaling pathways,
including KRAS mutations that play a central role in pancreatic tumorigenesis, indicating
its ability to interfere with critical genetic drivers of cancer development [103]. Its
anticancer effects include induction of apoptosis, inhibition of cell proliferation, and
disruption of metabolic pathways required for cancer cell survival. Cucurbitane-type
triterpenoids contribute to these cytotoxic effects and may also provide protection against
oxidative stress in pancreatic cells [72]. In addition, bitter melon can help overcome
chemoresistance to gemcitabine, a standard chemotherapeutic drug for pancreatic cancer,
by modulating drug-resistance pathways, suppressing survival signaling, and increasing
drug sensitivity [104,105]. This suggests potential use as an adjuvant therapy to enhance
chemotherapy efficacy and that M. charantia exerts multifaceted anticancer effects in
pancreatic cancer, including tumor growth inhibition, targeting of cancer stem cells,
modulation of KRAS-related pathways, induction of apoptosis, metabolic disruption, and
reversal of chemoresistance [23]. Although promising, further clinical studies are needed
to confirm its efficacy and safety in humans. The anticancer effects of M. charantia against
specific cancer cell lines and their underlying molecular mechanisms are summarized in
Table 3.
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Table 3. Targeted mechanisms and potential benefits of M. charantia against specific cancer cell lines.

Cancer Type  Cell Line Model Dose/ICso Targeted Mechanism  Potential Benefits Reference
. 1.25, 2.50, 5.00, Suppressed prolifera-
Bladder cancer D= 0007 and Invitrolln o 500 00, 40,00, + CENP-A/1P2L P16, tiorFl’,pmigrati(r))n, tumor [61]
T24 vivo apoptosis, senescence L
and 60.00 ug/mL growth in vivo
Reduced proliferation,
In vitro/In | PCNA, Cyclin D1, p- migration, induced
Cervical cancer HeLa, C33A . ICs0: 59-68 ug/mL Akt; 1 Bax; ferroptosis apoptosis, ferroptosis, [63]
vivo s
(GPX4) inhibited tumor
growth
| GLUT1, HK1, PFKP, Reduced tumor metab-
Head and neck In vitro/In » LDHA; | FASN, olism, induced autoph-
cancer HNC vivo Not specified SREBPl;lAMPKT, agy, apoptosis, de}? 591
mTOR] creased tumor size
Melanoma B16 In vivo Oral extract | PAX3, | AKT/mTOR, Reduced prohfera.tlon, [64]
| BCL-2 lung metastasis
f RCOa iijii‘gl/{;) L Induced apoptosis, G1
Liver cancer =~ SK-Hep-1  In vitro Not specified . .' arrest, mitochondrial [62]
mitochondrial .
. dysfunction
apoptosis
. . .. Moderate anti-inflam-
Multiple can- MCE-7, Hep- ) 01 joyopgo v Moderate eytotoxicity o, o weak antipro- [106]
cers G2, WiDr via triterpenoids . . .
liferative activity
T ROS, | PARP-1, Reduced proliferation,
Liver cancer =~ HCCLM3  Invitro Dose-dependent Caspase-3; cell-cycle induced apoptosis and [107]
arrest GO0/G1 arrest
1 Antioxidant en-  Strong antiprolifera-
Oral cancer KB In vitro Not specified zymes, | mutant p53 tive, antioxidant activ- [108]
signaling ity
Breast, liver, MCEF-7, Hep- Cytotoxic triterpenoids Significant cytotoxicity
’ ’ ¢ Invitro  ICso: ~14-20 uM ) S and anti-inflammatory [109]
colon G2 (kuguacin derivatives)
effects
In vitro/In | NLRP3, 1+ ROS-medi- Enhanced chemother-
Oral cancer OoscC vivo Not specified ated apoptosis; re-  apy (5-FU), reduced [110]
duces drug resistance drug resistance
inhibit PANC cell pro-
liferation and induce
cell death; suppress
PANC tumor growth,
Decreased the total cell proliferation, induce
Pancreatic can- PANC-1 In vitro/In Saponins rich frac- number, induce strong apoptosis, restrict ca- [(101]
cer vivo  tions (5%, 10%, 15%) cell death in PANC-1 pillary tube formation
cells by human umbilical
vein endothelial cells,
decrease angiogenesis
in PANC tumor xeno-
grafts
Decrease in cell viabil-
ity, ROS-mediated
apoptosis, inhibition of
. Increased the caspase- tumor cell prolifera-
Lung cancer A549 Invivo/ln — 1Cx: 17.3 £ 0.01 3/7 activity by 1.6}—)fold, tion, accelerzftion of the [96]

vitro Hg/mL ROS activity by 5-fold  rate of tumor cell

death, and/or induc-
tion of tumor cell dif-
ferentiation
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Multiple cancer

MCE-7, HEp-

Anti-infl, t Moderat ti-inflam-
Mice  Lyophilized powder nti-inflammatory oderate anti-inflam:

2, HepG2, NO inhibition), k matory, k antipro- 111
cell lines ' €P model (1%, 2%, 10%) (NO inhibi 1(,)?) weak ma‘ory, weax antpro (1]
WiDr cytotoxicity liferative activity
4-nitroquinoline 1- Antioxidant activity, L

oxide (50 pg/mL), tumor suppressor gene Strong antiprolifera-
1 i KB cell: In vi ! ti tioxidant activ- 112
Oral carcinoma cells n vivo BME (30% o/, 600 modulation (p53, TGE- ive, an lo;(tl ant activ [112]

y

mg/mouse) B)

Abbreviations used: ACSL4, acyl-CoA synthetase long chain family member 4; AKT/mTOR, protein
kinase B/mammalian target of rapamycin; AMPK, AMP-activated protein kinase; Bax, Bcl-2-associ-
ated X protein; BC cells, bladder cancer cells; BCL-2/Bcl-2, B-cell lymphoma 2; CENP-A, centromere
protein A; FASN, fatty acid synthase; GLUT1, glucose transporter type 1; GPX4, glutathione perox-
idase 4; HCCLM3, human hepatocellular carcinoma cell line; HK1, hexokinase 1; HNC cells, head
and neck cancer cells; ICso, half maximal inhibitory concentration; LDHA, lactate dehydrogenase A;
mTOR, mammalian target of rapamycin; NLRP3, NOD-like receptor family pyrin domain contain-
ing 3; OSCC, oral squamous cell carcinoma; PARP-1, poly ADP-ribose polymerase-1; PAX3, paired
box 3; p-Akt, phosphorylated protein kinase B; PCNA, proliferating cell nuclear antigen; PFKP,
phosphofructokinase; ROS, reactive oxygen species; SREBP1, sterol regulatory element binding pro-

tein 1. 1, expression or concentration upregulated; | expression or concentration downregulated.

6.2. Hepatoprotective Mechanisms

The hepatoprotective effects of M. charantia are mainly mediated through antioxidant
activity, improved hepatic lipid metabolism, and regulation of inflammatory pathways
[113]. Bitter melon bioactives enhance endogenous antioxidant defenses by increasing su-
peroxide dismutase (SOD), catalase (CAT), and glutathione (GSH) levels, thereby reduc-
ing lipid peroxidation (MDA) and protecting hepatocyte integrity [114]. They also regu-
late hepatic lipid homeostasis by suppressing de novo lipogenesis through down regula-
tion of SREBP-1c, ACC, and FASN, while promoting (3-oxidation via AMPK activation
[115].

These compounds further inhibit hepatic inflammation by blocking NF-«B signaling
and reducing pro-inflammatory cytokines including TNF-a, IL-6. Consequently, hepatic
injury is attenuated, leading to improvements in liver function markers such as ALT, AST,
ALP [116,117]. Beyond their anti-inflammatory effects, cucurbitane-type triterpenoids
help to prevent hepatic fibrosis by modulating TGF signaling pathways, thereby limiting
extracellular matrix deposition and fibrotic progression [72,115]. The anti-fibrotic activity
of these compounds may also contribute to the prevention of hepatocarcinogenesis. Fur-
thermore, activation of metabolic regulators including PPAR-a, AMPK, and SIRT1, en-
hances fatty acid oxidation, improves mitochondrial function, and restores cellular energy
balance in the liver [115]. These metabolic adaptations reduce hepatic lipid accumulation
and slow the progression of fatty liver disease, thereby reinforcing the overall hepatopro-
tective effect of M. charantia [85,116].

Charantin-rich extracts exhibit strong antioxidant activity, reducing oxidative stress
and lipid peroxidation and thereby protecting hepatocytes from chemical and carcino-
genic injury [117,118]. Bitter melon supplementation has also been shown to slow fibrosis
progression, oxidative stress, and microenvironmental alterations in chemically induced
liver injury and carcinogenesis models, indicating its potential to prevent liver damage
and inhibit hepatocellular carcinoma development [92,115]. In hepatotoxicity models, M.
charantia suppresses apoptosis-related signaling, including caspase-9 activation, and de-
creases inflammatory cytokines such as IL-1{3, promoting liver regeneration [119]. Char-
antin further regulates lipid metabolism, reducing hepatic steatosis by improving choles-
terol and triglyceride homeostasis and limiting fatty acid accumulation in the liver
[120,121]. Bitter melon supplementation has also been shown to slow fibrosis progression,
oxidative stress, and microenvironmental alterations in chemically induced liver injury
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and carcinogenesis models, indicating its potential to prevent liver damage and inhibit
hepatocellular carcinoma development [115,117]. Additionally, it protects against alcohol-
and toxin-induced liver injury by counteracting oxidative stress and inflammatory pro-
cesses [122]. Therefore, charantin and related cucurbitane-type compounds act through
multiple mechanisms, including enhanced antioxidant defense, inhibition of inflamma-
tory signaling, regulation of lipid metabolism, and anti-fibrotic activity, making them
promising natural agents for liver protection and prevention of liver disease progression.
The hepatoprotective mechanisms of bioactive compounds of M. charantia are illustrated
in Figure 4.
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Figure 4. Hepatoprotective mechanisms of M. charantia involve interconnected antioxidant, anti-
inflammatory, lipid-regulating, and mitochondrial protective effects. The plant enhances endoge-
nous antioxidant enzymes —superoxide dismutase (SOD), catalase (CAT), and reduced glutathione
(GSH)—which scavenge reactive oxygen species (ROS), reduce lipid peroxidation, and protect
hepatocyte membrane integrity. M. charantia regulates lipid metabolism primarily through activa-
tion of AMP-activated protein kinase (AMPK). AMPK inhibits acetyl-CoA carboxylase (ACC), re-
ducing conversion of acetyl-CoA to malonyl-CoA and suppressing fatty acid synthesis, while up-
regulating carnitine palmitoyltransferase-1 (CPT-1)-mediated (-oxidation in mitochondria. This
improves mitochondrial function, maintains cellular energy balance, and reduces hepatic lipid ac-
cumulation. It also suppresses lipogenic regulators such as sterol regulatory element-binding pro-
tein-1 (SREBP-1), fatty acid synthase (FASN), mechanistic target of rapamycin complex 1
(mTORC1), carbohydrate-responsive element-binding protein (ChREBP), and citrate carrier (CiC),
thereby limiting lipogenesis. Increased glucose transporter-5 (GLUT5) activity and modulation of
insulin and ammonia metabolism further support metabolic homeostasis. Additionally, M. charantia
activates sirtuin-1 (SIRT1) and peroxisome proliferator-activated receptor-a (PPAR-a), promoting
[-oxidation and preventing fatty liver progression. Its anti-inflammatory effects involve inhibition
of toll-like receptor (TLR)-mediated nuclear factor kappa-B (NF-kB) signaling by suppressing in-
hibitor of NF-«xB kinase subunits (IKKa, IKK, IKKY), preventing degradation of inhibitor of «B
(IxB), and blocking activation of NF-kB p50/p65 (c-Rel) complexes. Bitter melon also inhibits pro-
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inflammatory signaling pathways such as NF-kB and JNK, which reduces cytokine-mediated liver
injury and fibrosis [5,72,82,113-122].

6.3. Antimicrobial Mechanisms

The antimicrobial activity of M. charantia is mainly mediated through disruption of
microbial cell membranes, leading to leakage of cellular contents and inhibition of micro-
bial growth [123]. Bioactive compounds interact with membrane lipids and proteins, caus-
ing structural damage and increased permeability. They also inhibit nucleic acid and pro-
tein synthesis as well as essential enzymatic activities in bacteria and fungi. In addition,
these compounds interfere with quorum sensing, reducing biofilm formation and viru-
lence in a broad range of Gram-positive and Gram-negative bacteria and some fungal
pathogens [124]. Cucurbitane-type triterpenoids are key contributors to the antimicrobial
activity of M. charantia. Charantin and other phytochemicals exhibit broad-spectrum an-
timicrobial effects by disrupting microbial membrane integrity, inhibiting essential meta-
bolic pathways, and inducing oxidative stress in microbial cells [25,125]. Bitter gourd ex-
tracts can also enhance ROS generation, leading to lipid peroxidation, protein denatura-
tion, and microbial cell death [126]. Furthermore, M. charantia bioactive compounds may
overcome microbial resistance by inhibiting efflux pumps and increasing intracellular ac-
cumulation of antimicrobial agents [127]. Polysaccharides and proteins in the plant can
further enhance antimicrobial effects by supporting immune responses and inhibiting mi-
crobial adhesion and growth [128]. Overall, charantin acts through multiple mechanisms,
including membrane disruption, oxidative damage, and interference with microbial sur-
vival pathways, highlighting its potential as a natural antimicrobial agent.

6.4. Antidiabetic Mechanisms

The antidiabetic effects of M. charantia involve multiple mechanisms, including stim-
ulation of insulin secretion, enhanced GLUT-4 translocation in muscle and adipose tis-
sues, and improved insulin sensitivity through AMPK activation [113,116]. Bioactive com-
pounds such as charantin inhibit hepatic gluconeogenic enzymes, reducing hepatic glu-
cose production and regulating key enzymes involved in glycolysis and glycogenesis
[129]. M. charantia further modulates incretin hormones such as GLP-1, delays carbohy-
drate absorption by inhibiting a-glucosidase and a-amylase, and reduces oxidative stress
and inflammation associated with insulin resistance [130].

M. charantia has shown beneficial effects on glycemic control, insulin sensitivity, and
metabolic homeostasis in both experimental and clinical studies. Clinical trials and meta-
analyses report reductions in fasting blood glucose, HbAlc, and insulin resistance, alt-
hough outcomes vary depending on dosage, preparation, and study design [129-132]. Its
hypoglycemic effects involve multiple pathways, including activation of AMP-activated
protein kinase (AMPK), insulin receptor substrate-1 (IRS-1), PI3K, and Akt signaling,
which enhance glucose uptake and utilization, particularly through increased GLUT4
translocation in peripheral tissues [128]. M. charantia also improves pancreatic 3-cell func-
tion by stimulating insulin secretion and protecting these cells from oxidative stress and
apoptosis [133,134]. Additionally, it reduces intestinal glucose absorption by inhibiting o-
glucosidase and a-amylase enzymes [135,136].

Polysaccharides and triterpenoids from the plant further modulate gut microbiota
composition, decrease systemic inflammation, and enhance antioxidant defenses via the
Nrf2 pathway [137-139]. Emerging evidence also suggests protective effects against dia-
betes-related complications, including retinopathy, neurodegeneration and reproductive
dysfunction, through anti-inflammatory, anti-apoptotic and neuroprotective mechanisms
[140,141]. However, long-term use may cause cytotoxic or reproductive effects, highlight-
ing the need for standardized dosing and quality control [75,136]. The multi-targeted ac-
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tions of M. charantia, including metabolic regulation, enzyme inhibition, antioxidant ac-
tivity, and signaling modulation, support its potential as a complementary therapy for
type 2 diabetes management [142,143]. The antidiabetic mechanisms and molecular tar-
gets of M. charantia are illustrated in Figure 5.
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Figure 5. M. charantia exhibits antidiabetic activity through multiple mechanisms, including stimu-
lation of insulin secretion, improved insulin signaling, enhanced glucose uptake, antioxidant de-
fense, modulation of gut microbiota, and regulation of hepatic glucose metabolism. It stimulates
pancreatic 3-cells, increasing insulin secretion, while interactions among «a-, -, and d-cells help
maintain glucose homeostasis. Released insulin binds to insulin receptors on target cells and acti-
vates intracellular pathways such as mitogen-activated protein kinase (MAPK), insulin receptor
substrate-1 (IRS-1), and phosphoinositide 3-kinase (PI3K). Activation of the IRS-1/PI3K pathway
promotes translocation of glucose transporter type 4 (GLUT4) vesicles from the Golgi apparatus to
the plasma membrane, increasing glucose uptake in muscle and adipose tissues and reducing insu-
lin resistance. M. charantia also enhances antioxidant defenses through its polysaccharides and ter-
penoids, reducing oxidative stress and systemic inflammation, thereby improving insulin sensitiv-
ity. In addition, it modulates gut microbiota composition to support metabolic balance and anti-
inflammatory responses. The plant further regulates carbohydrate metabolism by suppressing he-
patic gluconeogenesis and gluconeogenic enzymes, reducing hepatic glucose production, and mod-
ulating glycolysis, glycogenolysis, glycogenesis, and acetyl-coenzyme A (acetyl-CoA) metabolism
[75,115,116,128-143].

6.5. Antioxidant Potential

The antioxidant activity of M. charantia is largely attributed to its high content of phe-
nolics, flavonoids, carotenoids, and bioactive peptides, which scavenge reactive oxygen
species (ROS) and reactive nitrogen species (RNS). M. charantia further exerts antioxidant
effects by neutralizing ROS, inhibiting lipid peroxidation, and strengthening endogenous
antioxidant systems such as SOD, CAT, and GPx [144]. They also activate the Nrf2/ARE
signaling pathway, promoting the expression of antioxidant and detoxifying genes and
thereby reducing oxidative damage to lipids, proteins, and DNA associated with chronic
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diseases [139,140]. Different plant parts, including fruits, seeds, and leaves, show strong
free radical scavenging and reducing capacity due to their high phenolic and phytochem-
ical content [144]. Processing methods such as microwave heating can modify and some-
times enhance the bioavailability and activity of these antioxidant compounds by altering
phenolic and carotenoid profiles [145].

Its bioactive compounds also prevent protein denaturation and oxidative damage to
biomolecules, contributing to anti-inflammatory and cytoprotective effects [146,147].
Emerging approaches, including M. charantia-derived extracellular vesicles, can deliver
antioxidant molecules and regulatory factors to target tissues, thereby reducing oxidative
stress and improving intestinal health in conditions such as ulcerative colitis [148,149].

Green synthesis of zinc oxide nanoparticles using M. charantia extracts has also been
reported to enhance antioxidant and antimicrobial properties, indicating synergistic ef-
fects between plant phytochemicals and nanomaterials [150]. Additionally, elicitation
strategies, such as treatment with plant hormones or signaling compounds, can increase
the accumulation of antioxidant phytochemicals, further enhancing the plant’s medicinal
value [151]. Overall, the antioxidant effects of M. charantia involve direct radical scaveng-
ing, modulation of antioxidant enzymes, protection of biomolecules, and emerging deliv-
ery technologies that support its therapeutic and nutraceutical applications.

6.6. Anti-Inflammatory Mechanisms

The anti-inflammatory activity of M. charantia is mainly mediated through inhibition
of key signaling pathways, particularly NF-kB and MAPK, resulting in reduced levels of
pro-inflammatory cytokines such as TNF-a, IL-1§3, and IL-6 [27,60,62,99,124]. Its bioactive
compounds also suppress transcription factors involved in inflammatory gene expression
and inhibit the production of inflammatory mediators, including prostaglandins and ni-
tric oxide, by downregulating COX-2 and iNOS enzymes [78,109]. In addition, M. charantia
promotes the production of anti-inflammatory cytokines such as IL-10, contributing to
immune homeostasis. It also influences macrophage activation and polarization, thereby
reducing chronic inflammation associated with metabolic and degenerative diseases
[148].

M. charantia exhibits a broad range of pharmacological activities due to bioactive
compounds such as triterpenoids, polysaccharides, peptides, and phenolics, which act
through multiple interconnected molecular mechanisms [9,10]. It shows strong immuno-
modulatory and anti-inflammatory effects by inhibiting pro-inflammatory cytokines
(TNF-a, IL-6), promoting anti-inflammatory mediators, suppressing NF-xB and MAPK
signaling, and regulating macrophage polarization [148]. Its antidiabetic activity involves
activation of the AMPK pathway, enhanced GLUT4 translocation, inhibition of carbohy-
drate-digesting enzymes, and protection of pancreatic {3-cells from oxidative stress,
thereby improving glucose homeostasis [109,140]. M. charantia also demonstrates anti-
cancer properties by inducing caspase-mediated apoptosis, causing cell-cycle arrest, and
inhibiting the PI3K/Akt pathway, particularly through cucurbitane-type triterpenoids
[109].

Additionally, extracellular vesicles derived from M. charantia may support gastroin-
testinal health and treatment of ulcerative colitis by modulating gut microbiota, restoring
intestinal barrier integrity, and reducing inflammation [149]. Its antioxidant activity is
linked to the activation of the Nrf2/ARE pathway, which enhances endogenous antioxi-
dant enzymes and reduces oxidative stress [147,152]. The plant also shows cardiovascular
protective effects by improving nitric oxide bioavailability, reducing vascular inflamma-
tion, and regulating lipid metabolism, as well as neuroprotective effects through inhibi-
tion of B-amyloid aggregation and neuroinflammation [22,140]. In sum, the therapeutic
potential of M. charantia arises from its multi-target actions involving metabolic regula-
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tion, immune modulation, antioxidant defense, and cellular signaling pathways, support-
ing its application in nutraceutical and pharmaceutical development [137,152]. The anti-
oxidant and anti-inflammatory mechanisms and molecular targets of M. charantia are il-
lustrated in Figure 6.
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Figure 6. M. charantia exhibits antioxidant and anti-inflammatory activities through the synergistic
action of phenolics, flavonoids, and bioactive peptides that scavenge reactive oxygen species (ROS)
and reactive nitrogen species (RNS). These compounds donate electrons to stabilize free radicals,
thereby reducing oxidative stress and strengthening cellular antioxidant defenses. They activate nu-
clear factor erythroid 2-related factor 2 (Nrf2), promoting its nuclear translocation and binding with
small musculoaponeurotic fibrosarcoma protein (sMaf) to antioxidant response element (ARE) se-
quences, which stimulates the expression of detoxifying and antioxidant genes. This activation in-
creases endogenous antioxidant enzymes, including superoxide dismutase (SOD), catalase (CAT),
and reduced glutathione (GSH), thereby limiting lipid peroxidation, protein degradation, DNA
damage, and overall oxidative injury. M. charantia also suppresses inflammatory signaling by inhib-
iting toll-like receptor (TLR)-mediated activation of nuclear factor kappa-B (NF-«B). It blocks inhib-
itor of NF-kB kinase subunits (IKKa, IKKf, IKKY), preventing phosphorylation and degradation of
inhibitor of kB (IxkB) and inhibiting translocation of NF-kB p50/p65 (c-Rel) complexes. This reduces
the expression of pro-inflammatory cytokines such as tumor necrosis factor-a (TNF-a), interferon-
Y (IFN-y), interleukin-1f3 (IL-1p), interleukin-6 (IL-6), and interleukin-8 (IL-8). In parallel, it en-
hances interleukin-10 (IL-10) production and activates signal transducer and activator of transcrip-
tion 1 and 3 (STAT1 and STAT3), promoting regulatory T-cell (Treg) responses while suppressing
T helper 1 (Thl) and T helper 17 (Th17)-mediated inflammation. Together, these mechanisms main-
tain immune homeostasis, regulate macrophage activation, and reduce chronic inflammation and

oxidative tissue injury [139-152].

7. Industrial Applications
7.1. Applications in Food Industries

The food industry plays an important role in improving food security, public health,
and the development of innovative products to meet the nutritional needs of growing
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populations. Fortification with vegetable powders or extracts is an effective strategy to
enhance the nutritional value of foods by enriching them with minerals, vitamins, bioac-
tive compounds, and dietary fiber [153]. Such ingredients also support the development
of functional and value-added foods with additional health benefits.

Incorporation of bitter gourd seed powder (BGSP) into biscuits at different levels (0%,
5%, 10%, 15%, and 20%) as a substitute for refined wheat flour significantly improved
protein, fiber, mineral, total phenolic, and flavonoid contents. However, BGSP reduced
biscuit spread ratio, thickness, and diameter, with 5% BGSP showing the highest sensory
acceptability [154].

Fortification of whole-wheat cookies with bitter gourd (BG) powder also lowered the
glycemic index and improved serum glucose levels in healthy adults. BG powder (1-3%
w/w) significantly increased antioxidant activity (DPPH, FRAP), total phenolic content
(TPC), and inhibition of a-amylase and a-glucosidase (p < 0.05). Cookies containing 1%
BG powder showed the best sensory acceptance [155]. Bitter melon juice (BM]) added to
yogurt (0-5%) increased acidity and fermentation time while lowering pH. Although an-
tioxidant capacity increased, total phenolic content (TPC), total flavonoid content (TFC),
and total chlorophyll levels were not significantly improved with higher BMJ levels [156].
Mixed pickles prepared from bitter gourd and bottle gourd with spices have also been
reported to help improve blood glucose levels in diabetic patients [157].

Bread fortified with bitter gourd powder showed improved nutritional composition,
including higher moisture, carbohydrates, protein, fat, fiber, ash, and minerals such as
calcium, iron, zinc, and magnesium, with an energy value of 242.82 kcal/100 g [158]. A
functional beverage containing bitter gourd, lemon, and amla was also developed and
evaluated for over two months. During storage, total soluble solids, titratable acidity, and
ascorbic acid decreased, while pH increased. The most acceptable formulation contained
6% bitter gourd, 4% lemon, and 3% amla, suggesting potential for commercial functional
beverages [159].

Bitter gourd seed flour has also been developed with the following composition:
moisture (8.50%), ash (2.90%), protein (14.30%), fiber (2.44%), fat (20.57%), and carbohy-
drates (51.29%). It is rich in iron (371.50 mg/100 g), magnesium (205.10 mg/100 g), and
potassium (5.27 mg/100 g). Phytochemicals include alkaloids (14.41 mg/100 g), flavonoids
(12.09 mg/100 g), tannins (6.20 mg/100 g), and saponins (3.42 mg/100 g), with low cyanide
content (2.10 mg/100 g), indicating safety for consumption. The flour also exhibits favora-
ble functional properties such as bulk density (0.0451), swelling capacity (103.87), water
absorption (241.40), oil absorption (297.40), and variable solubility. These properties sug-
gest that bitter gourd seed flour is a valuable nutrient source that may help address mal-
nutrition and micronutrient deficiencies in diets [26].

7.2. Pharmacological Applications

The pharmacological activity of bitter gourd is largely attributed to its rich phyto-
chemical composition, including triterpenoids, flavonoids, phenolic acids, saponins, alka-
loids, charantin, and polypeptide-p. These compounds contribute to antihyperglycemic,
hypolipidemic, antioxidant, anti-inflammatory, antimicrobial, anti-obesity, hepatoprotec-
tive, and anticancer effects, supporting its potential as a functional food and therapeutic
agent. M. charantia has been widely studied for hypolipidemic and cardioprotective ef-
fects. In hypercholesterolemic Sprague-Dawley rats, different plant parts (whole fruit,
seedless fruit, seeds, and seed extracts) significantly reduced serum cholesterol (18.79-
40.17%), triglycerides (25.97-37.01%), and low-density lipoprotein (LDL) levels (14.49—
26.09%) [160]. Bitter gourd seed oil also shows nutraceutical potential due to its high con-
tent of a-eleostearic acid and phytosterols. Soxhlet extraction yielded about 26.10% oil,
and gas chromatography analysis revealed major fatty acids such as «a-eleostearic
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(45.60%), palmitic (3.69%), stearic (28.00%), oleic (12.45%), linoleic (8.90%), arachidic
(0.71%), and gadoleic acids (0.65%). This unique fatty-acid and phytosterol profile sug-
gests antioxidant, anti-inflammatory, anti-atherosclerotic, and anti-tumor potential [161].

Bitter gourd leaves also demonstrate antioxidant and hepatoprotective effects in
high-fat-diet animal models. Ethanolic leaf extracts improved serum lipid profiles by low-
ering total cholesterol, triglycerides, and LDL while increasing HDL levels in mice. Hepa-
toprotective effects were confirmed by improved liver enzyme markers and histopatho-
logical findings, indicating potential use against dyslipidemia, hepatic steatosis, and oxi-
dative stress-related disorders [162].

Bitter gourd also exhibits insulin-mimetic properties through compounds such as
charantin and polypeptide-p, which enhance glucose uptake, improve insulin sensitivity,
and regulate carbohydrate metabolism. Clinical studies show that M. charantia capsules
used alongside standard diabetes treatment can reduce glycosylated hemoglobin (HbAlc)
levels in patients with poorly controlled type 2 diabetes [163]. Randomized controlled tri-
als also reported significant reductions in fasting plasma glucose, fasting insulin, and
HOMA-IR after 12 weeks of supplementation in prediabetic individuals [164].

The leaves exhibit antimicrobial activity against pathogens including Staphylococcus
aureus, methicillin-resistant S. aureus (MRSA), Salmonella typhi, Escherichia coli, and Pseu-
domonas aeruginosa [165]. This activity is mainly attributed to flavonoids, tannins, terpe-
noids, and saponins that disrupt microbial membranes and metabolic pathways. Ethanol
extracts of bitter melon leaves also showed concentration-dependent antibacterial activity
against Staphylococcus epidermidis [166]. These findings suggest the potential use of natural
antimicrobial or preservative agents in food and pharmaceutical applications.

Bitter melon bioactive compounds also exhibit anticancer effects by inhibiting tumor
cell proliferation, inducing apoptosis and autophagy, suppressing angiogenesis and me-
tastasis, modulating signaling pathways, and regulating immune responses. Notably, ex-
tracts often show selective cytotoxicity toward cancer cells with minimal toxicity to nor-
mal cells [67,68].

In addition to antidiabetic and hypolipidemic effects, bitter gourd has demonstrated
anti-obesity potential. In studies using C57BL/6] mice, bitter melon seed oil fractions re-
duced adiposity and adipocyte size in animals fed diets containing these fractions [167].
Recent research also focuses on improving delivery systems and patient acceptability of
bitter melon formulations. For example, effervescent granules prepared from M. charantia
extracts showed favorable physicochemical properties and improved palatability, espe-
cially at higher gelatin concentrations [168]. Such formulations may enhance patient com-
pliance and help mask the plant’s naturally bitter taste.

8. Limitations and Future Directions

M. charantia has attracted considerable interest for its nutritional, phytochemical, and
therapeutic properties; however, several challenges limit its large-scale use in food and
pharmaceutical industries. Significant variability in nutritional composition, phytochem-
ical content, and bioactivity arises from differences in cultivars, geographic origin, ripe-
ness, and extraction methods, making quality standardization and reproducible biological
effects difficult. In addition, many studies focus on crude extracts without detailed char-
acterization, purification, or quantification of active compounds, limiting understanding
of mechanisms and industrial applications. Green extraction methods should be a major
focus of future M. charantia research. Although UAE, PLE, and SFE have shown promising
results [52,54,55], EAE and MAE remain largely unexplored for the recovery of M. char-
antia bioactive compounds. These methods represent promising opportunities for sustain-
able and industrial-scale applications [16,19].
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Furthermore, the integration of omics-based approaches, including metabolomics,
proteomics, transcriptomics, and bioinformatics, offers significant opportunities to ad-
vance M. charantia research [169]. Metabolomics can facilitate the identification and char-
acterization of bioactive metabolites, while transcriptomics and proteomics can elucidate
molecular targets, signaling pathways, and mechanisms underlying biological activities.
These methods further support biomarker discovery, predict biological interactions, and
accelerate the development of functional foods, nutraceuticals, and pharmaceutical prod-
ucts derived from M. charantia [170]. In addition, innovative formulation strategies such
as nanoencapsulation, microencapsulation, and targeted delivery systems should be ex-
plored to enhance bioavailability, improve stability, and increase consumer acceptance.

Moreover, well-designed preclinical studies and multicenter clinical trials are also
needed to establish therapeutic efficacy, optimal dosage, bioavailability, and safety in hu-
mans. In addition, advanced delivery systems such as nanoencapsulation, microencapsu-
lation, and controlled release formulations may enhance stability, bioavailability, and sen-
sory acceptance. Industrial applications may extend beyond functional foods and
nutraceuticals to pharmaceuticals, biodegradable packaging, and natural preservatives.
Utilizing underexplored by-products such as seeds, peels, and leaves could further sup-
port waste valorization, contributing to a circular bioeconomy and more sustainable food
systems.

9. Conclusions

M. charantia is a nutritionally rich plant containing diverse bioactive compounds, in-
cluding charantin, momordicosides, cucurbitacins, phenolics, flavonoids, saponins, and
triterpenoids, that contribute to its antidiabetic, antioxidant, anti-inflammatory, hepato-
protective, and anticancer properties. Among the extraction approaches evaluated, ultra-
sound-assisted extraction appears particularly promising because it improves the recov-
ery of bioactive phytochemicals while reducing extraction time, solvent consumption, and
environmental impact, making it suitable for large-scale applications. From an industrial
perspective, M. charantia shows strong potential as a functional ingredient across a broad
range of product categories, including functional foods and beverages, fortified bakery
products and snacks, as well as nutraceutical and dietary supplement formulations. The
increasing consumer demand for plant-based bioactives, natural antioxidants, and clean-
label ingredients further supports its potential integration into modern food and health-
related products. However, several challenges remain for its widespread commercial ap-
plication. Variability in phytochemical composition due to cultivar, geographic origin,
and processing conditions can affect product standardization and consistent efficacy,
while the characteristic bitterness of M. charantia may limit sensory acceptance in food
formulations. In addition, regulatory approval pathways for nutraceutical and functional
food ingredients differ across regions and may require further toxicological, clinical, and
quality-control evidence to ensure safety and efficacy. Future research should therefore
focus on standardizing extraction processes, improving bioavailability and sensory prop-
erties through advanced formulation strategies (e.g., encapsulation or delivery systems),
and conducting well-designed clinical studies to confirm therapeutic benefits. Moreover,
valorization of underutilized plant parts such as seeds, peels, and leaves may enhance
sustainability and support the development of innovative products within a circular bio-
economy. Overall, M. charantia represents a promising natural resource for the develop-
ment of functional foods, nutraceuticals, and pharmaceutical products aimed at prevent-
ing chronic diseases and promoting human health, provided that technological, regula-
tory, and market-related challenges are addressed through continued interdisciplinary re-
search.
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Abbreviations

The following abbreviations are used in this manuscript:

ABTS 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
ACSL4 Acyl-CoA synthetase long chain family member 4
ACC Acetyl-CoA carboxylase

AKT/mTOR Protein kinase B/mammalian target of rapamycin
AMPK AMP-activated protein kinase

ARE Antioxidant response element

BAX BCL-2-associated X protein

BC cells Bladder cancer cells

BCL-2 B-cell lymphoma 2

CAT Catalase

CDK1 Cyclin-dependent kinase 1

CDK2 Cyclin-dependent kinase 2

CDK4/6 Cyclin-dependent kinases 4 and 6

CENP-A Centromere protein A

ChREBP Carbohydrate-responsive element-binding protein
GiC Citrate carrier

CPT-1 Carnitine palmitoyltransferase-1

DPPH 2,2-diphenyl-1-picrylhydrazyl

E2F E2F transcription factor

GAP GTPase-activating protein

GEF Guanine nucleotide exchange factor

GLP-1 Glucagon-like peptide-1

GLUT1 Glucose transporter type 1

GLUT4 Glucose transporter type 4

GLUT5 Glucose transporter type 5

GPX4 Glutathione peroxidase 4

GSH Reduced glutathione

GDP Guanosine diphosphate

GTP Guanosine triphosphate

HCCLM3 Human hepatocellular carcinoma cell line

HK1 Hexokinase 1

HNC cells Head and neck cancer cells

IC50 Half maximal inhibitory concentration

IFN-y Interferon gamma
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IKKo/B/y
IxB
IL-1p
IL-6
1L-8
IL-10
IRS-1
KRAS
LDHA
LRR
MAPK
mTOR
mTORC1
NACHT
NF-xB
NLRP3
Nrf2
OsCC
PAX3
PARP-1
PCNA
PFKP
PI3K
PPAR-a
PPAR-y
PYD

RB

RNS
ROS
SIRT1
SOD
SREBP1
STAT1
STAT3
sMaf
TAB1/2/3
TAK1
TFC
TLR
TNF-a
TPC
TTC
Treg
Thl
Th17
UAE
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