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The well-known traditional medicinal plant bael (Aegle marmelos) is used in many traditional medical systems,
including Ayurveda, and may contain valuable compounds for industrial usage. The numerous health benefits of
bael, including hepatoprotective, anti-inflammatory, antibacterial, and coumarin capabilities, are attributed to
its bioactive constituents, including alkaloids, coumarins, and essential oils. One way to replicate the therapeutic
capabilities of Bael across a wide range of illnesses in the pharmaceutical industry is to formulate bioactive
compounds derived from Bael extracts and compounds into medicines for the treatment of diabetes, gastroin-
testinal problems, or skin ailments. Moreover, the food sector uses bael antioxidants and preservatives to
enhance the nutritional value and shelf life of functional foods and drinks. To support green energy practices,
plant byproducts have also been investigated for reclamation and biodegradable resources. Bael’s integration
into several businesses demonstrates the fruit’s significant economic impact and highlights its significance in
maintaining good health and leading a sustainable lifestyle. This study provides a thorough overview of Bael,
focusing particularly on its potential commercial applications and biological uses.

and cardiovascular diseases. These ancient medicinal uses have now
been confirmed by modern scientific studies, along with an explanation

1. Introduction

Bael (Aegle marmelos), or Bengal quince, is a deciduous tree in the
Indian subcontinent (where it is known as bili or bhel) and Southeast
Asia. It has a long history of use in various classical medicinal systems
(Ayurveda, Unani, and Siddha) for the treatment of various diseases and
occupies a significant position in traditional systems of medicine. Such
extensive activity may be attributable to its diverse range of phytocon-
stituents such as alkaloids, coumarins, flavonoids, and essential oils [1].
Bael contains several bioactive constituents that exhibit various phar-
macological properties, making it suitable for a wide range of thera-
peutic and industrial applications. Bael has been reported to possess a
greater scope of pharmacological activities, with ancient texts being
known for its use in digestive disorders, respiratory disorders, diabetes,
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of the complex biochemical mechanisms through which the plant acts.
Different studies have proposed the antiinflammatory, antimicrobial,
antidiabetic, hepatoprotective, and anticancer potential of Bael. The
isolation and identification of certain bioactive constituents from Bael
have attracted interest in potential prospects for the synthesis of new
pharmacological agents related to these compounds [2] (see Fig. 3).
The present review on Bael provides multidisciplinary insights into
the field with respect to its nature of explorations, such as pharmacology
and molecular biology. Molecular docking and in silico studies can
predict the interactions of these compounds with biological targets, thus
helping to understand their prospective application as therapeutic
agents. Preclinical data, including in vitro and in vivo studies, provide
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insight into the pharmacokinetics and pharmacodynamics of Bael ex-
tracts and/or isolated compounds with the ultimate goal of performing
clinical trials and developing potential drugs [3]. Apart from its signif-
icance in medicine, the industrial role of Bael has been acknowledged. In
the drug business, Bael extracts are made into health items and tradi-
tional solutions for an extensive variety of persistent infections,
including diabetes and gastrointestinal issues. The nutritional and
antioxidant abilities of Bael offer a rich choice for the food industry to
use its extracts in health foods and diets. Bael also imparts its natural
antiseptic action, which enhances the shelf life of these food items,
thereby increasing their nutritional value of such products [4]. The
progression of keywords throughout various time periods from 2010 to
2018 is shown in Fig. 1 Research on novel Aegle marmelos pharmaco-
logical qualities and industrial uses may fall under this cluster (see
Fig. 2).

Bael fruit has been beneficial not only in the medical field, but also in
the food and drink, pharmaceutical, and cosmetic industries among
other areas. Formally and functionally, its versatility stands out with its
practice in traditional and modern styles. It is primarily employed in
sweetening confitures, marmalades, and refreshing drinks. Bael is
widely respected within the culinary industry because of its unique taste
and health advantages. The fruit is enriched in essential minerals, such
as calcium, potassium, iron, and vitamins A,C, and B, making it a sig-
nificant part of the diet [5]. Pharmaceutical companies use it for its
antibacterial, anti-inflammatory, antioxidant, and antidiabetic thera-
peutic effectiveness. Its pulp is extensively administered for disorders of
the gastrointestinal tract, such as diarrhea, dysentery, and irritable
bowel syndrome [2] whereas its leaves are particularly important in
controlling diabetes. Recent studies have focused on evaluating the
potential of bael for pharmaceutical purposes, natural products, and
drug applications. Because beel extracts are believed to provide
anti-aging properties that keep the skin framed, they are also beginning
to become a conventional element in skincare formulations. Bael might
be able to cure oxidative stress, which leads to early aging, due to its
antioxidant properties. Owing to its antibacterial properties, bael may
also be used to treat skin infections and help maintain healthy skin.
Although the bael fruit has been extensively researched, these studies
have often been limited to particular sections of the plant and where
their properties are relevant to those sections (e.g., antibacterial and
antidiabetic) as opposed to being evaluated in relation to the whole [6].
These studies provide relevant information; however, they are not fully
illustrative of the pharmacological activities of bael. Recent studies
(does not yet exist in the case of bael) have traced the augmentative
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interactions of individual bioactive compounds found in herbal plants,
pointing towards a greater sum of action effects compared to their sin-
gular usage. A similar situation exists with bael, which signifies the
necessity of a holistic approach that takes into consideration the in-
teractions between the various phytochemicals and their health effects
to fully appreciate bael’s therapeutic potential. This review elucidates
several pharmaceutical properties and industrial applications of the
bioactive compounds in Bael (Aegle marmelos).Fig. 4

2. Biological significance of bael

Bael fruit is a widely used traditional Indian medicinal plant owing to
its immense phytotherapeutic capacity [2]. Aegle marmelos (Linn.) is a
member of the Rutaceae family, generally cultivated in tropical and
subtropical countries, particularly India, and is also called Bael. Thus,
this species has profound significance in our mythologies as well as
ancient medical systems and has been preserved within sacred groves by
tribal communities over generations. It has been used for centuries as a
food and a cure for various diseases. Owing to the edible, therapeutic,
and welfare-improving efficacies of this plant, research has been focused
[7]. In the last few years, researchers have mainly focused on identifying
and validating compounds from plants that are used for curing various
ailments and decreasing toxicity. As mentioned before, different bioac-
tive substances that can potentially be important for human nutrition
and health are present in plant parts, such as leaves, fruits, and seeds.
Bael has been shown to accumulate a high diversity of nutritional
compounds, including a broad class of phytochemicals, such as phenolic
acids, flavonoids, tannins, alkaloids, and coumarins. Bales are also said
to be full of minerals, carbohydrates, vitamins, fatty acids, amino acids,
and fiber, and thus have great nutritional value and other health bene-
fits. The fruit may help to treat diseases related to diabetes, cardiovas-
cular disease, gastrointestinal issues, and inflammatory illnesses [8].
The pharmacological characteristics of the baels and their effects on
human health are presented in Table 1.

”No drug has been longer and better known, nor more appreciated by
the inhabitants of India than the Bael fruit,” according to Chopra [19].
Based on its therapeutic properties, including antidiabetic, antiulcer,
antioxidant, antimalarial, anti-inflammatory, anticancer, radioprotec-
tive, antihyperlipidemic, antifungal, antibacterial, and antiviral effects,
bael is regarded as a valuable reservoir for bioactive compounds [20].
Several components of this plant have been separated, and their phar-
macological effects have been assessed. To create pharmaceuticals,
chemicals must be developed and focused on. Numerous bioactive
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Fig: 1. Research network visualization in context with pharmaceutical properties and industrial applications of bael from the data accessed by Web of Science.
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Fig: 2. Antimicrobial activity of Aegle marmelos

chemical entities, including y-sitosterol, aegelin, lupeol, rutin, marme-
sinin, p-sitosterol, flavone, glycoside, O-isopentenyl halfordiol, marme-
line, and phenylethyl cinnamamides have been suggested by various
studies on the phytochemistry of plants. As more people are aware that
natural products are non-toxic, have fewer negative effects, and are
more reasonably priced, there is a growing demand for plant-based
medications, health products, phytopharmaceuticals, health supple-
ments, cosmetics, etc. in both developed and developing nations [21].

2.1. Biological characteristics of bael (Aegle marmelos)

Every portion of the bael plant, including the stem, bark, leaves,
fruits, and roots, has a variety of uses at every stage of growth and
pesticidal, nutritional, and medicinal properties. The fruit also occupies
a significant place in Ayurvedic medicine and has several therapeutic
benefits. Known as the "panacea of stomach ailments” [3], memelosin
(C13H1203) is a significant component extracted from this fruit and is
used as a diuretic and laxative. Similarly, tannin is abundant in bael,
with approximately 20 % of the components found in the rind and 9 % in
the fruit pulp. Ripe fruit is used as a mild astringent for conditions
including dysentery and diarrhea, whereas pectin and mucilage are the
main components of unripe fruit. Various parts of the plant have yielded
alkaloids, coumarins, and steroids. Fresh ripe pulp is used because of its
moderate digestive, tonic, and laxative properties. Psoralen is also pre-
sent in pulp and is used to treat leukoderma (Bhattacherjee et al., 2018).
Leaves have been used to treat a variety of inflammatory conditions,
acute bronchitis, and eye conditions. In India, the roots are used as
anti-inflammatory and anti-venomous snake remedies.

2.2. Nutritional value of bael

According to the ancient Indian medical system, the roots, bark, leaf,
flower, seed, and latex of the plant are used for many purposes in

traditional medical systems [22]. Abstract Fruit is one of the most
indispensable foods with important nutritional value that has been
proven by physicochemical studies. Pulp is a very good source of car-
bohydrates, sugar (when used as an energy drink), and fiber, which
makes it very beneficial. Bael contains the vitamins like vitamin A, By, C;
macro-elements such as protein (8.32-27.09 g/100), fat (0.48) and
minerals contents fibres 3.03 g/100 or increased/and calcium (14 g/kg
of air-dry fruit), phosphate, potassium sulfide iron and others [23]. Bael
pulp is rich in dietary fiber, protein, carbohydrates, vitamins (A, B, Bz
and Bg3), and minerals (calcium, phosphorus, and iron), and contains a
number of physiologically active substances (coumarins, carotenoid
flavonoids, and terpenoids). Many biological and phytochemical studies
on the importance of baels have been reported in scientific literature.
Therefore, its antidiabetic, hypolipidemic, and antioxidant properties
have been exploited in ethnomedicine [22]. Numerous studies have
revealed that bael contains various phytochemicals with nutritional
components such as phenolic acids, flavonoids, alkaloids, tannins, and
coumarins. Bael is a nutrient-dense fruit containing a comprehensive
blend of amino acids, fatty acids, minerals, carbs, vitamins, and fibers,
and offers high health benefits. The fruit may also provide relief from
diabetes, cardiovascular problems, inflammatory diseases, and gastro-
intestinal problems. Moreover, Bael has exhibited protective effects
against depression [24] , radiation [25], microbes, wounds and trauma
(Kaushik and Bhatia, 2017), oxidative stress (Sathyaprabha et al., 2023)
and trauma [2].

2.3. Bio-chemical properties of bael

Numerous phytochemicals, including coumarins, alkaloids, steroids,
and essential oils, have been identified in this plant. The contents of
palmitic acid, 8.3 % stearic acid, 28.7 % linoleic acid, and linolenic acid
were 15.6 %, 8.3 %, 28.7 %, and 7.6 %, respectively. The leaves contain
rutacine, o-sitosterol, aegelemine, and aegeline, which are neutral
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Table 1
Different properties of Bael and their impacts on human health.
Properties Pharmacological Impact on Human Reference
Effect Health
Rich in Antioxidants  Acts as a free radical May help prevent [9,10]
scavenger, reducing chronic diseases and
oxidative stress support overall well-
being
High in Nutrients Provides essential Supports immune [11]
vitamins and minerals  function, bone
Brine Shnmp health, and overall
. nutritional needs
Lethallty Assay Anti-Inflammatory Reduces May alleviate [12]
< inflammation in the symptoms of
body inflammatory
. . . . . conditions
L Sl e iy Assany Al W s el b ez i Antimicrobial Exhibits antibacterial May aid in fighting [9]
(@) and antifungal infections and
properties maintaining oral
health
Digestive Health Contains dietary fiber ~ Supports a healthy [13]
for improved digestive system and
digestion prevents
constipation
Cardiovascular Helps lower May contribute to [14]
Support cholesterol levels and  heart health and
blood pressure reduce the risk of
heart diseases
Blood Sugar Regulates blood sugar ~ Can be beneficial for ~ [15]
Regulation levels individuals with
diabetes or at risk
Respiratory Health Possesses expectorant ~ May aid in relieving [16]
properties respiratory
conditions such as
cough and asthma
Anti-Cancer Shows potential in Research suggests a [17]
Properties preventing certain protective effect
types of cancer against specific
cancers
Immunomodulatory Modulates the Supports a balanced [18]

Fig: 3. Anticancer Activity of A. marmelos.
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alkaloids [26]. Marmin, marmesin, umbelliferine, and skimmianine
were also detected in the bark and roots. Coumarins, such as umbelli-
ferone, marmesin, scoparone, scopoletin, and skimmianine, are also
found in roots and fruits. Polysaccharides, such as galactose, arabinose,
uronic acid, and L-rhamnose, are abundant in fruits. Ascorbic acid,
sitosterol, crude fibers, tannins, a-amyrin, carotenoids, and crude pro-
teins are also found as minor elements, and the therapeutic activities of
the bael plant include marmelosin, skimmianine, and umbelliferone.
Aegeline, lupeol, cineole, citral, citronellal, cuminaldehyde, eugenol,
marmesinin, marmelosine, luvangetin, aurapten, psoralen, marmelide,
fagarin, marmin, tannins, and more than 100 more compounds have
been discovered in addition to these chemical elements. These sub-
stances, which are separated from many plant sections, have demon-
strated biological activities against a range of serious and mild illnesses
[22]. Table 2 lists the active chemical constituents of Bael.

3. Pharmacological activities
3.1. Antidiabetic activity

Diabetes mellitus is a prevalent metabolic condition worldwide. Leaf
extract has been used to treat diabetes in the Ayurvedic medical system
because it stimulates the body’s absorption of glucose, thus improving
its utilization of exogenous glucose [31] (Sharma et al., 2016). The
hypoglycemic effect of the root bark decoction (1 mL per 100 mg) in
normal fasting rats has been shown by [32] Karunanayake et al. Sharma
et al. (2016) assessed the ability of the leaf extract to reduce blood urea
and cholesterol in alloxan-diabetic rats, while also producing an
anti-hyperglycemic action. In diabetic rats, the leaf extract also
demonstrated insulin-like action [33]. Das et al. found that aqueous leaf
extract enhanced the functional condition of pancreatic cells in
streptozotocin-induced diabetic rats. In rats with STZ-induced diabetes,
the aqueous leaf extract with elevated plasma insulin levels caused a
hypoglycemic effect. The leaf extract exhibited antidiabetic activity in

Table 2
Chemically active compounds present in different parts of Bael (Aegle marmelos).
Part of Chemically Pharmaceutical Food Reference
Bael (Aegle  Active Properties Applications
marmelos) Compounds
Leaves Alkaloids (e. Antimicrobial, Used in [27,28]
8., Antidiarrheal, traditional
marmeline, Antioxidant, Anti- medicine for
fagarine), inflammatory treating various
Flavonoids, ailments.
Tannins Leaves can be
used for making
teas or as
flavoring agents
in cooking.
Fruit Pulp Alkaloids, Antioxidant, Anti- Consumed fresh [29]
Flavonoids, inflammatory, or used to make
Phenolic Antimicrobial, beverages,
compounds Antidiabetic jams, and
candies.
Seeds Alkaloids (e. Antimicrobial, Seeds can be [30]
g, Antidiarrheal, dried and
marmeline, Antioxidant powdered for
fagarine), medicinal use
Essential oils or used as a
flavoring agent
in cooking.
Bark Alkaloids, Antimicrobial, Used in [2]
Tannins, Anti- traditional
Essential oils inflammatory, medicine for its
Antidiarrheal therapeutic

properties. Bark
extracts may be
used in food
preservation.
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rats stimulated with an antihyperglycemic effect. The aqueous fruit
extract decreased the levels of glycosylated hemoglobin and exhibited
antihyperglycemic effects in STZ-induced diabetic albino Wistar rats
[34]. Hypoglycemic and antioxidant activities of the leaves in male al-
bino rats with diabetes These results also indicate that Aegle marmelos
may be useful in the treatment and control of hyperlipidemia by
decreasing cholesterol [35]. The ethanolic extract of Aegle marmelos
exhibited hypoglycemic potential, which showed significant antidia-
betic action with effective protection against alloxan-induced diabetes.
Subban et al. investigated the methanolic extract from Aegle marmelos
roots and separated it into eight fractions by column chromatography.
An in vitro model of glucose absorption based on isolated rat hemi-
diaphragm was employed to examine the antidiabetic effects of each
fraction. Finally, column chromatography separation led to the isolation
of two compounds, 6-methyl-4-chromanone and skimmianine.

3.2. Antioxidant and hepatoprotective activity

Oxidative stress is the outcome of changes in DNA and lipids caused
by the production of different reactive free radicals, which are triggered
by a range of chemical and environmental variables [36]. The ability of a
chemical to reduce is a key marker of its possible antioxidant activity
[1]. The hepatoprotective activity of Aegle marmelos is attributed to its
strong antioxidant activity. The liver is an important organ in the human
body and is involved in the detoxification and elimination of harmful
chemicals. Hepatotoxins, xenobiotics, and various chemotherapeutic
drugs compromise the liver function. Bael leaves possess excellent
hepatoprotective properties against alcohol-induced liver damage, as
measured using biochemical markers in albino rats [1,37]. Rajasekaran
et al. [38] found that Wokgorcota exhibited greater potential to decrease
the level of oxidative stress in rats treated with CCl4 than in those not
treated with CCl4. demonstrated the high activity of ethanoic acid and
extracted fruit pulp of A. marmelos. A. marmelos (L.) Correa ethanolic
extracts from fruit pulp were found to markedly protect against liver
injury, as assessed histopathologically, and also significantly reduced
CCl4-induced elevation of serum transaminases in rats. The traditional
medicinal studies mentioned above have shown that this herb has
hepatoprotective properties. Ramamurthy & Gowri, by the administra-
tion of Aegle marmelos extract, reported an increase in antioxidant levels
as compared to controls, which is S. aureus-induced hepatic oxidative
stress in the rat liver. This was evidenced by a reduction in lipid per-
oxidation products, an enhancement of antioxidant enzyme activity, and
glutathione [39]. Similarly, extracts from bael fruit pulp and seeds have
been reported to protective against CCl4 induced hepatic cytotoxicity.
These fruits and seeds could evoke 80 % and 70 % protection against
CCly poisoning when administered per os in an aqueous preparation.
Rajashree et al., [40] reported that the intake of an herbal drug derived
from Aegle marmelos had a protective effect by preventing oxidative
stress induced by free radicals, in addition to enhancing elevated cata-
lase activity in liver tissues [41].

3.3. Diarrhea and dysentery

Both ripe and unripe bael fruits are considered the best preparations
for treating dysentery and diarrhea. Constipation, diarrhea, and chronic
dysentery can all be effectively treated with fruit powder [42]. Millions
of people die each year from intestinal infections, which cause illness
and mortality (Nair et al., 2016, [2]). A. marmelos decoction can help
manage several infectious diarrheal illnesses caused by different mi-
crobes, as well as rotavirus infections and giardiasis, to a certain degree.
At 400 mg/kg, Aegle marmelos demonstrated significant anti-diarrheal
action in rats with castor oil-induced diarrhea, which was nearly
equivalent to that of the common medication loperamide [43]. Tanning,
flavonoids, and mucilaginous compounds, the primary anti-diarrheal
components found in bael fruits, have been shown to have antibacte-
rial, anti-secretory, and intestinal motility properties [44]. Antidiarrheal
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action was demonstrated by the ethanolic extract of the dried fruit pulp
of Aegle marmelos. While S. dysenteris showed moderate activity, Shigella
boydii, S. sonnei, and S. flexneri showed significant activity. When eval-
uated in vitro, the chloroform extract of Aegle marmelos root exhibited
strong bactericidal activity that was similar to that of ciprofloxacin [45].
Furthermore, by preventing intestinal peristalsis, diarrhea was reduced
in rats.

3.4. Antimicrobial and antifungal

Antibiotics or antimicrobial pharmaceuticals are usually a type of
medication used for the treatment of water- and food-borne diseases.
Ingredients with antibacterial properties that appear in a number of
therapeutic plant extracts may target the pathogen. Several studies have
demonstrated the antibacterial activity of Aegle marmelos extract. The
bael extract also showed activity against Proteus vulgaris, Staphylo-
coccus epidermidis, and S. aureus. The leaf and flower extracts of A.
marmelos were tested against five clinical pathogens (S. aureus, P.
aeruginosa, Proteus mirabilis, E. coli, and Salmonella typhi) at different
concentrations (50, 100, and 200 ppm). E. coli is the most sensitive
pathogen to treatment [46]. Moreover, bael leaf oil exhibited varying
degrees of inhibition against different fungal isolates, including the
resistant fungus Fusarium wudum, in a concentration- and
time-dependent manner (Neeraj et al., 2017). Bael leaf essential oil
likely interrupts the metabolism of Ca*? dipicolonic acid. Thus, it in-
hibits the development of fungal vegetative bodies in solid media or
inside the host, which suppresses fungal activity [47]. Antimicrobial and
anthelmintic properties have also been recorded against unsaponifiable
substances as well as pure Aegle marmelos oil [48]. According to Khanal
et al. (2020) and Sharma et al. [11], extracts obtained from different
parts of the bael have been proved to inhibit the growth of many bac-
terial strains. Similarly, Choudhary et al. [49] and Murthy et al. [1]
evaluated the antifungal effects of Aegle marmelos leaves and fruits.
Newer findings also support the age-old value of A. marmelos fruit as an
herb to treat numerous ailments, which was corroborated by a recent
study that showed that the crude methanolic extract of bael fruit
exhibited potent and efficacious antimicrobial activity against various
gram-positive and gram-negative bacterial pathogens [50]. The study
also included the green synthesis of AgNPs from Aegle marmelos fruit,
with higher activity than that of the crude extract. This study further
supports the use of Aegle marmelos fruit as an inexpensive, readily
available, and environmentally friendly source material for the pro-
duction of human-useful herbal products. Fig. 1 schematically shows the
extraction and profiling procedure used to report the antimicrobial ac-
tivity of the bael.

3.5. Anticancer activity

Following the administration of an aqueous alcoholic extract of bael
leaves, an animal model of Ehrlich ascites carcinoma demonstrated
anticancer activity [1,51]. Bael extracts prevent proliferation of human
tumor cell lines, such as leukenic K562 and T lymphoid 3, in vitro. In
Swiss albino mice, 400 mg/kg of the extract produced the most anti-
cancer effect [52]. The extract of Aegle marmelos demonstrated cyto-
toxicity against tumor cell lines in both the methyl thiazolyl tetrazolium
(MTT)-based test and brine shrimp lethality experiment (Pant et al.,
2019). The extract has an antiproliferative effect on the breast cancer
cell lines MCF7 and MDA-MB-231 (Rama et al., 2023). Furthermore,
research has shown that A. marmelos extracts inhibit cell proliferation
and that MDA-MB-231 (ERa-negative breast cancer cells) expresses
more ERa gene [53].

3.6. Radio protective activity

In rats, Bael extract can reduce the severity of radiation-induced
symptoms. The radioprotective effect of thiamine can be attributed to
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free radical scavenging, inhibition of lipid peroxidation, and increased
glutathione concentration [2,54]. The hydroalcoholic extract of AME
was screened for potential radioprotective effects by using human
peritoneal blood cells in the micronucleus test. AME reduced micronu-
cleus frequency in HPBLs, which correlated with the dose of AME.
Similarly, there was a significant inverse correlation between the fre-
quency of radiation-induced micronuclei and 30 min of treatment with
various doses of AME. When mice were administered bael fruit extract
before X-irradiation, there was a marked increase in GSH concentration
and a significant decrease in lipid peroxidation [55]. A radioprotective
effect was observed with different doses of leaf extract administered
intraperitoneally to male Swiss albino mice. In addition, bael leaf extract
significantly reduced lipid peroxidation and attenuated glutathione
depletion [56,57].

3.7. Antipyretic and analgesic

Plant-based antipyretic medications are far safer than synthetic ones,
demonstrating Bael’s value in treating pain and fever [54,58]. Signifi-
cant suppression of carrageenan-induced paw edema, cotton pellet
granuloma, and paw itching in mice and rats supported the antipyretic
and analgesic properties (Tan et al., 2022; Panda et al., 2021). When
mice were administered acetic acid to induce writhing and tail flick, the
methanolic leaf extract from Aegle marmelos had a notable analgesic
effect [59].

3.8. Wound healing activity

Rats were administered a methanolic extract of Aegle marmelos
ointment or an injection to examine the effects of topical and intraper-
itoneal therapy on two different types of wound models. The injection
and ointment of methanolic extracts of A. marmelos elicited a substan-
tial response in both animals. The outcomes were similar to those of
nitrofurazone, a common medication [60,61]. According to Yang et al.
[62], there are four stages in the wound healing process: (i) coagulation,
which stops blood loss; (ii) inflammation and wound debridement; (iii)
repair, which includes cellular proliferation; and (iv) tissue remodelling
and collagen deposition. Plant products have high therapeutic potential
as anti-inflammatory agents and wound healing promoters because they
contain active terpenes, alkaloids, and flavonoids [54,63]. In both the
excision and incision wound models, the methanolic extract of Aegle
marmelos showed possible wound healing activity. It also significantly
enhanced hydroxyproline levels, which suggests higher collagen pro-
duction and tensile strength.

3.9. Antiproliferative activity

The leukemic K562, T-lymphoid Jurkat, B-lymphoid Raji, eryth-
roleukemic HEL, melanoma Colo38, and breast cancer MCF-7 and MDA-
MB-231 cell lines are among the human tumor cell lines whose in vitro
growth can be inhibited by Aegle marmelos correa extracts. The mole-
cules found in the examined Aegle marmelos C. extracts were identified
using gas chromatography/mass spectrometry analysis; three de-
rivatives, butyl p-tolyl sulfide, 6-methyl-4-chromanone, and butylated
hydroxyanisole, were found to have strong activity in suppressing the
growth of human K562 cells in vitro. These substances showed potential
antiproliferative action on par with well-known anticancer drugs, such
as 5-fluorouracil, cisplatin, chromomycin, and cytosine arabinoside. The
most powerful fraction (AME-2) with an IC50 of 12.5 pg/ml was isolated
from a recent study that examined the ethanol extract of A. marmelos
leaves’ considerable antiproliferative activity against human cancer cell
lines (Rajasekar 2018).

3.10. Antigonadal activity

Using a male albino rat as an animal model, the anti-gonadal activity
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of an aqueous methanolic (40:60) extract of Aegle marmelos leaf was
demonstrated by assessing sperm count, sperm viability, sperm motility,
plasma testosterone level, and androgenic key enzyme activities in the
testis, all of which were found to significantly decrease following leaf
extract treatment. Testis and sperm pellet catalase activity and thio-
barbituric acid reactive substance (TBARS) levels were recorded.
Through the hypothalamico-hypophyseal axis, this extract has the
ability to induce anti-gonadal action, which might eventually result in
the creation of an herbal male contraceptive. All the main accessory sex
organs lost weight following the administration of the extract, and the
cauda epididymis sperm showed a noticeable decrease in density and
motility. Male rat fecundity was 100 % decreased by A. marmelos at the
300 mg dosage level. Blood tests confirmed that there was no discomfort
in the key organs. After 120 days, Akter reported that the removal of the
extract brought all the changed parameters back to normal, including
organ weight, fertility, testosterone levels, and tissue biochemistry [64].
Following the aforesaid extract germ cell treatment, the number of
distinct generations at stage VII of the seminiferous epithelial cell cycle
decreased drastically. Following the administration of the medication,
no toxicity was observed in the kidney or liver. Thus, the aqueous extract
of Aegle marmelos leaves has a strong ant testicular action, according to
Jana et al. [65].

3.11. Anticonvulsant activity

Most plants with saponins or flavonoids have anticonvulsant prop-
erties. Investigating naturally occurring chemicals that could belong to
new structural classes is a method used to identify novel antiepileptic
medications. One approach to the search for novel antiepileptic medi-
cations is to investigate naturally occurring substances. According to a
study by Gupta et al. [66], traditional antiepileptic medications such as
sodium valporate, carbamazeipine, and phenytoin shown neurotoxicity
(Bruni et al., 2019). When using pentylenetetrazole to produce seizures
in human patients, Edavanputhillath et al. found that the aqueous
extract of Aegle marmelos leaves has antiepileptic properties [67]. Aegle
marmelos fruit and leaf alcoholic extract can prevent seizures induced by
pentylenetetrazole (PTZ) or maximum electroshock (MES) [68]. With
ED50 values of 100 and 200 mg/kg, the aqueous extract demonstrated
dose-dependent anticonvulsant efficacy against MES- and PTZ-induced
seizures [68]. MES and PTZ convulsions were then postponed using
the methanolic extract of Aegle marmelos.

3.12. Insecticidal activity

According to Khatoona et al. (2017), the essential oil extracted from
Aegle marmelos leaves can control insect infestation of wheat from
Rhyzopertha dominica (F.) (Bostrychidae), Sitophilus oryzae (L.) (Curcu-
lionidae), and Tribolium castaneum (Herbst) (Tenebrionidae), as well as
stored grammar from Callosobruchus chinensis (L.) (Bruchidae). To
ascertain the insecticidal efficacy of five essential oil concentrations (0
%, 4 %, 8 %, 12 %, 16 %, and 20 %), adult T. castaneum was subjected to
an impregnated filter paper test. Data on deaths were collected after
seven days of therapy. The essential oil of A. marmelos contains 120
different components, with the following main compounds: p-mentha-
1,5,8-triene (7.97 %), 2-hexenal, (e)- (7.34 %), betamyrcene (3.26 %),
beta-pinene (4.38 %), ethanol, 2-methoxy-, acetate (2.58 %), a-phel-
landrene (2.01 %), beta-elemene (1.98 %), beta-phellandrene (2.74 %),
and delta-elemene (1.24 %). After 120 h of exposure, 20 % A. marmelos
essential aromatic oil showed the most insecticidal action against
T. castaneum when compared to acetone as the control. The results of
this study suggest that the essential oil of A. marmelos leaves can be used
to manage T. castaneum [69]. The essential oil of A. marmelos contains
120 components. The main component was 2,7-dimethyl-3-octen-5-yne
(22.63 %). A. marmelos has been shown to exhibit insecticidal action
against the red flour beetle T. castaneum, and its essential oil has the
potential to kill 100 % of its adults. Aegle marmelos essential oil reduces
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the environmental risks associated with the use of synthetic pesticides,
making it an interesting alternative to traditional chemical control
techniques [69].

3.13. Immunomodulatory activity

Neeraj et al. (2017) investigated and demonstrated its immuno-
modulatory action. Both the carbon clearance assay and neutrophil
adhesion test were used to evaluate the cell immunity. However, an
indirect hemagglutination assay and rodent lethality test were used to
assess humoral immunity. The oral administration of 100 and 500 mg/
kg FEAM was confirmed using the stair-case technique (up and down).
Ocimum sanctum (OSE, 100 mg/kg, p.o.) was used as the standard.
According to the carbon clearance assay, FEAM significantly increased
neutrophil adhesion and the phagocytic index at dosages of 100 and 500
mg/kg. Both high and moderate doses of FEAM successfully prevented
death in mice infected with bovine Pasteurella multocida. The amount of
circulating antibodies was significantly higher in rats treated with FEAM
and OSE, according to the indirect hemagglutination test. In models of
cellular immunity, a low dose is more effective than a large dose.
However, each dosage offered similar protection to humoral immunity.
The data indicated above suggest that FEAM has a higher ability to boost
immunological activity through humoral and cellular-mediated path-
ways at low doses (100 mg/kg) than at high doses (500 mg/kg).

3.14. Antigenotoxicity activity

Antigenotoxic agents prevent harmful chemicals from causing cell
alterations that eventually result in cancer. Bael exhibits antigenotoxic
effects One study found that methanol decreased genotoxicity by
reducing the SOS response (E. coli PQ37) to aflatoxin-induced toxicity
and hydrogen peroxide. Methanol reduced hydrogen peroxide-induced
toxicity by 70.48 %. Studies have shown that bael extract poly-
phenolic compounds reduce aflatoxin B1l-induced toxicity by inhibiting
cytochrome P450 activity [70].

3.15. Effect on biotransformation enzyme systems

To assess the impact of an aqueous alcoholic extract of Aegle mar-
melos leaves on carcinogen-metabolizing phase-1 and phase-11 en-
zymes, antioxidant enzymes, glutathione content, lactate
dehydrogenase, and lipid peroxidation in the liver of mice, 50 and 100
mg/kg doses of dried extract were prepared on a regular basis for 14
days. The basal levels of cytochrome P450, NADPH-cytochrome P450
reductase, cytochrome b5, NADH cytochrome b5 reductase, glutathione
S-transferase, superoxide dismutase, catalase, glutathione peroxide, and
glutathione reductase significantly increased following extract treat-
ment. Furthermore, by reducing the activity of lactate dehydrogenase
and the production of malondialdehyde in the liver, both extract dosages
demonstrated a cytoprotective function and offered a defense against
pro-oxidant-induced membrane damage. These notable alterations in
antioxidative profiles and drug-metabolizing enzyme levels are sugges-
tive of the chemopreventive potential of this plant, particularly against
chemical carcinogenesis. Significant increases in the levels of drug-
metabolizing enzymes and antioxidative profiles demonstrated the
chemopreventive ability of the plant.

4. Industrial applications in agriculture, food & pharma
industry

Extracts from its leaves and fruits exhibit pesticidal properties
against agricultural pests, thereby offering a natural alternative to syn-
thetic pesticides. Additionally, Bael-based formulations enhance soil
fertility, water retention, and microbial activity, thereby promoting
sustainable crop production. These industrial applications contribute to
reducing reliance on chemical inputs and fostering environmentally
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friendly agricultural systems. A few specific applications are discussed
below.

4.1. Bael as a source of organic fertilizers

Bael (Aegle marmelos) has great potential as a source of organic fer-
tilizers, ensuring sustainability in agricultural practices and improving
soil health. Bael trees often grow in low-nutrient soils and are known for
their ability to thrive in a wide range of soils. The components of the
Bael tree (leaves, fruits, and bark) are well-drained sources of micro-
nutrients, including iron and zinc, and macroelements, such as calcium,
magnesium, phosphorus, potassium, and nitrogen. When used as an
organic fertilizer, these nutrients can enhance plant growth and soil
fertility. In addition to being an organic fertilizer, a hydrocarbon-soaked
bael is slowly and gradually decomposable and has great potential for
soil nutrition [71]. The slow-release feature optimizes nutrient uptake
by plants for longer periods and reduces the risk of nutrient leaching and
runoff and, consequently, the risk of environmental contamination. Bael
organic fertilizers are known to have a great influence first by improving
soil structure and then by enhancing its ability to conserve water and by
promoting microbial activity, all of which make the soil conditioned.
The organic matter in Bael fertilizers enhances the organic carbon
content of the soil, which maintains an active soil ecosystem that sup-
ports earthworms and other useful soil microbes. Bael organic fertilizers
have been reported to contain natural chemicals that can act as antibi-
otics. When mixed with soil, these chemicals can potentially help to
reduce soil-borne pathogens, minimize plant diseases, and promote
sustainable farming practices. The use of Bael as a source of organic
fertilizers is in line with sustainable agricultural principles, as it reduces
the dependence on synthetic chemical fertilizers. Bael-derived organic
fertilizers help mitigate their adverse impacts on soil, water, and eco-
systems because they are renewable, biodegradable, and ecologically
friendly [72]. Bael trees are a good source of organic material for fer-
tilizer production because they are widely distributed in tropical and
subtropical regions. In remote areas, farmers can earn additional income
by harvesting bael leaves, fruits, or bark for fertilizer production [54].

4.2. Essential oils and fragrance industry

Alkaloids, coumarins, and steroids are among the elements of the
bael tree that have been isolated from different tree sections and are
responsible for its pharmacological actions. Extracted bael oil and
chemicals have been shown to have biological effects against a number
of serious non-communicable illnesses such as diabetes, cardiovascular
disease, and cancer. The essential oils of the leaves contained d-limo-
nene, citronellal, cineol, a-d-phellandrene, citral, pcyrnene, and cumin
aldehyde. Limonene-rich oil extracted from the rind of bael fruit is used
as a yellow pigment in calico printing and as a hair-oil scent. Addi-
tionally, the oil extracted from the leaves relieves cold and recurring
respiratory and bronchial illnesses. Additionally, the antifungal prop-
erties of the essential oils extracted from the bael are also acknowledged.
Twenty-three components were discovered in the bale seed oil. The oil
contained dodecanoic acid, pentadecanoic acid, pentadecanoic acid,
methyl tetradecanoate, octanoic acid methyl esters, heptadecanoic acid,
octadecenoic acid, heptadecanoic acid, octadecenoic acid (Z), and 9,12-
octadecadienoic acid. SFA derivatives with medicinal qualities comprise
the majority of the components [73]. 99.8 % of the essential oil
composition was made up of 82 components According to a study on 1.5
% yield of essential oil extracted from A. marmelos leaves, 99.8 % of the
essential oil was composed of 82 components. According to a study on
Nepalese cultivars, the main component of the essential oil isolated from
the leaf is limonene (64.1 %). Later studies revealed a wide range of
chemical components in essential oils extracted from the leaves. For
instance, Nabaweya et al. (2015) determined that o-phellandrene
(20.97 %), a-pinene (17.76 %), and y-carene (16.37 %) are the main
constituents of monoterpenes. Of the total, 21.03 % were sesquiterpene
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hydrocarbons, of which y-cadinene comprised the highest percentage
(8.01 %). Trans-2-hydroxycinnamic acid (6.65 %), monoterpene alco-
hols (2.77 %), aldehydes (0.75 %), sesquiterpene alcohols (0.43 %), and
esters (0.61 %) are oxygenated chemicals that constitute 11.41 % of the
total [74].

4.3. Food and beverage industry

Marmelosin is beneficial in conditions that affect the intestine. It also
has diuretic and cathartic effects. Non-fermented products, including
candy, preserves, sherbet, wine, and squash, are commonly made from
bael fruits [75]. Despite its exceptional flavor, nutritional value, and
therapeutic properties, bael remains an unexplored fruit with enormous
potential in the functional food industry. Since bael is a seasonal fruit, it
is not advised to eat it year-round. As a result, its economic value may be
increased by refining it into a range of products, including tea, preserves,
chocolates, juice, and drinks. Furthermore, the fruit is difficult to eat
because of its sturdy skin, viscous viscosity, and large number of seeds,
which may explain why it is less popular than other table fruits. As a
result, more processing is needed to make the crop edible, so that it can
potentially be developed into a useful culinary product [76].

4.4. Bael extracts in the formulation of drugs

According to a recent study by Shirsat and Shilimkar [77], fruit
extract from Aegle marmelos was used to create new nanoparticle for-
mulations that showed notable antidiabetic potential. Furthermore, this
method of administration improved the therapeutic effectiveness of the
herbal formulation by increasing its bioavailability and lowering its
toxicity. Using an extract from Aegle marmelos leaves, Sriramulu et al.
[78] synthesized ZnFe204 nanoparticles that showed strong antibacte-
rial activity against gram-positive (S. aureus and B. subtilis) and
gram-negative (E. coli and P. aeruginosa) pathogens. In addition to
demonstrating the potential of the extract as a source of antibacterial
agents, the current study also showed that the phytoconstituents
generated from nanoparticles might be a good drug delivery vehicle for
carfilzomib. In conjunction with the extract of Aegle marmelos, one study
documented the effective synthesis and characterization of phytosomes
that function as a new drug delivery mechanism (Rajendra et al., 2023).
Owing to the formulation’s high entrapment efficiency and drug loading
capacity, the dissolution profile of phytosomes demonstrated better
drug release, which further increased the bioavailability and cellular
uptake level.

5. Future prospects and innovations

Various communities have long used adaptable fruit baels (Aegle
marmelos) for their therapeutic qualities. Exploring industrial uses
outside of traditional medicine has gained attention in recent years.
Because of its distinct flavor and high nutritional content, bael fruit pulp
can be used in a variety of food and drink items. The production of fruit
snacks, jams, preserves, and juices made from baels is an emerging
trend. These goods meet the rising demand for functional meals using
the fruit’s inherent sweetness and health advantages. Because of its
antibacterial and antioxidant properties, bael extract is becoming
increasingly popular in the personal care and cosmetic sectors. Its
application in skincare products, including face masks, lotions, and
creams, is currently being investigated. Because of its ability to improve
skin health and fight aging, bael is now used in a variety of cosmetic
formulations aimed at customers seeking natural and environmentally
friendly substitutes. The therapeutic benefits of baels have long been
acknowledged in traditional medicine. The development of bael-based
formulations for the treatment of a range of conditions, including dia-
betes, inflammation, and digestive problems, is an emerging trend in
pharmaceuticals. To maximize the bioavailability and effectiveness of
Bael in pharmaceutical products, researchers are investigating



F. Mujeeb et al.

innovative extraction and formulation processes. The increased interest
in creating biodegradable packaging materials from natural sources is a
result of increased concern about environmental sustainability. The
possibility of using bael-based films and coatings as environmentally
benign substitutes for traditional plastics is being investigated. These
materials are appropriate for a range of packaging applications since
they have the benefits of being renewable, biodegradable, and perhaps
antibacterial. Oil from the bael seeds can be extracted and used to
produce biodiesel. Exploring non-edible oil sources for the manufacture
of biodiesel is becoming increasingly popular as the need for renewable
energy sources continues to increase. The high oil content and wide-
spread availability of Bael seeds make them a suitable feedstock for
biodiesel manufacturing.

6. Conclusion

An overview of bael, a significant herbal plant, summarizes its
immense relevance to the food, cosmetics, and nutraceutical industries
from both traditional and pharmaceutical perspectives. Bael’s extensive
phytochemical composition, which contains alkaloids, coumarins, fla-
vonoids, tannins, and other compounds, accounts for its many phar-
macological properties, including antibacterial, antioxidant, anti-
inflammatory, and anti-diabetic properties. Its current qualities sup-
port its centuries-old use in Siddha, Unani, and Ayurvedic medicine, and
bode well for the creation of new therapeutic agents. Bael is utilized in
many food and beverage preparations in the restaurant industry because
of its unusual flavor and reputation for its health advantages. Owing to
its high vitamin and mineral content, it is regarded as a functional food
that has positive effects on health. The pharmaceutical industry uses
some of the bioactive components found in baels to prepare medications
for conditions such as diabetes and digestive disorders. Because bael has
antibacterial and antioxidant properties that assist in improving skin
health and slowing the aging process, bael extracts are employed as
active ingredients in a variety of beauty care products. Bael offers a great
deal of promise for application in conventional, Ayurveda, and
contemporary medicine, according to the pharmacological data that are
now accessible. Nevertheless, there are a number of issues with pub-
lished research articles on bael, including inconsistent research meth-
odology, extremely limited study focus areas, a lack of standardization,
and a dearth of large-scale clinical trials. This is crucial for fulfilling
Babel’s potential and resolving the upcoming problems that stand in its
way. Therefore, it is necessary to verify and enhance the medicinal and
commercial uses of bael. In summary, comprehensive research models,
well-established standardized procedures, and scientifically sound
clinical trials will advance the industrial and medicinal uses of baels. In
addition to advancing the scientific understanding of the bael, future
approaches to resolving existing constraints will pave the way for its
commercial acceptance and application in the food, nutrition, and in-
dustrial sectors. To ensure that people continue to gain these benefits
and become established as an appropriate regular supply, this method
must be further investigated and effectively incorporated into the
standard operating procedures.
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