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Abstract

Fruit peels are a major untapped resource of agro-industrial biomass and a rich source of structurally diverse 
bioactive lipids with immense pharmaceutical potential. These lipids are involved in essential processes such as 
membrane stability, stress tolerance, and quality preservation and among them lie cuticular waxes, phospholipids, 
sterols, triterpenoids, and very long-chain fatty acids. The study of the lipid composition and its dynamic 
remodeling in fruit peels have been comprehensively characterized in recent years using the techniques of 
lipidomics, especially liquid chromatography mass spectrometry and nuclear magnetic resonance. New green 
extraction methods have also made it easier to efficiently extract these valuable lipid fractions. The antioxidant, 
anti-inflammatory, antimicrobial, and anticancer properties of the fruit peel lipids have been increasingly gaining 
attention, indicating their potential application in nutraceutical, cosmeceutical, and pharmaceutical formulations. 
However, there are still several problems associated with feedstock variability, extraction efficiency, and 
standardization of analysis. The potential for lipidomics, Green Extraction Technologies, and formulation science 
in future integration could expedite the translation of fruit peel lipids to high value pharmaceutical products from 
plants and new therapeutic systems. Relevant literature was retrieved from PubMed, Scopus, and Web of Science 
databases and critically analyzed.
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INTRODUCTION

The global generation of agri-food waste 
has highlighted the paradigm shift 
for sustainable biorefineries toward 

the upcycling and valorization of secondary 
streams as high-quality industrial resources. 
Fruit processing wastes make up a significant 
portion of the raw product, typically 20–50% of 
the weight being the outermost dermal layer, the 
peel.[1] Fruit peels were traditionally regarded 
as low-value agricultural waste but recent work 
with analytical techniques has identified fruit 
skins as complex biochemical matrices with 
local concentrations of phytochemicals 10 times 
greater than found in the corresponding edible 
pulp.[1] The general role of the plant cuticle as 
the main physiochemical barrier of the aerial 

epidermis in protecting it from environmental variations, 
mechanical damage, ultraviolet radiation, and disease-causing 
pathogenesis the most basic function.[2] Structurally diverse 
hydrophobic complexes are embedded within this cross-
linked macromolecular polyester network, which includes 
intracuticular and epicuticular waxes, long-chain aliphatic 
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compounds, and highly specialized secondary triterpenoids.[2] 
These hydrophobic barriers represent an untapped high-density 
source of lipid-based bioactives perfectly suited to high value 
drug delivery systems and therapeutics.

With the introduction of high resolution lipidomics, the 
landscape of the complex fruit peel lipidomes has been 
revolutionized both qualitatively and quantitatively. 
Advanced liquid chromatography coupled with high-
resolution mass spectrometry can offer the unparalleled 
mass accuracy, resolution, and fragmentation pattern of the 
structures of compounds.[3] This technology enables the 
unambiguous distinction of complex isomeric and isobaric 
lipids and speeds up mapping of structural profiles in 
plants.[3] Analytical lipidomic analysis of the cuticular waxes 
of fruits reveals that they are extremely rich in polycyclic 
triterpenoids, biosynthetically derived from the linear 
hydrocarbon squalene.[4]

These specialized lipophilic fractions isolated from resilient 
plant cuticles require efficient extraction methods to achieve 
the best yield with minimal molecule damage. Conventional 
methods for extracting lipids involve the use of volatile 
organic solvents such as chloroform, hexane, and methanol.[5] 
To overcome these limitations, some new green technologies 
have been developed, which optimize the lipid extraction yield 
and reduce the consumption of energy; ultrasound-assisted 
extraction (UAE) uses acoustic cavitation (20–100 kHz) to 
break the resilient cuticular matrices and microwave-assisted 
extraction (MAE) is based on the principle of dielectric heating 
to break cells in a short time.[6] Supercritical fluid extraction 
(SFE) supercritical carbon dioxide (scCO2) is therefore an 
excellent solvent-free technology for highly non-polar targets 
with its gas-like diffusivity and liquid-like solvating capacity 
above the critical points (Tc≥ 31°C, Pc≥7.38 MPa) that can 
be modified by ethanol to capture semi-polar fractions.[6] 
Likewise, pressurized liquid extraction (PLE) is performed 
at high temperatures (50–200°C) and pressures (10–15 MPa) 
that can decrease the use of sustainable solvents by more 
than 70% than the traditional Soxhlet extraction; in addition, 
biodegradable natural deep eutectic solvents (NADES) can be 
customized to extract amphiphilic and polar lipid metabolites 
from citrus and pomegranate residues.[6,7]

The present review seeks to fill this significant gap by 
offering an up-to-date and comprehensive review on the fruit 
peel lipids as emerging phytopharmaceutical resources. This 
review outlines the pharmacology and formulation issues of 
fruit peel lipids and offers a strategy for the next generation 
of lipid-based treatments for their use as underutilized 
bioresources by researchers and the pharmaceutical industry.

METHODOLOGY

Literature was collected from PubMed, Scopus, Web of 
Science, and Google Scholar using keywords such as “fruit 

peel lipids,” “phytopharmaceuticals,” “bioactive lipids,” 
“green extraction,” and “nutraceutical applications.” 
Articles published in English between 2000 and 2025 were 
considered. Duplicate studies, conference abstracts, and non-
English publications were excluded.

STRUCTURAL ORGANIZATION AND 
LIPIDOMICS OF FRUIT PEELS

Peels of fruit tissues are dominated by lipids which are the 
building blocks of the peel, in contrast to storage tissues, 
are chemically specialized and present in the extracellular 
cuticular layers and the inner membranes and, thus, constitute 
a dynamic system, which can respond to dehydration, 
temperature fluctuations, and oxidative stress.[8]

Structural organization of peel lipids

The fruit cuticle is an extracellular lipid polyester, which is 
mainly composed of ester-linked C16-C18 hydroxy fatty acids, 
interspersed with crystalline domains of wax. Changes in the 
distribution of wax chains length, degree of saturation, and 
mechanical resistance to the peel surface directly depend on 
the distribution of the wax chain length.[9] The phospholipids 
and sterols contained in peel epidermal membranes regulate 
membrane cohesion and thermal stability of postharvest 
storage. The increase of unsaturation of membrane lipids is 
strongly associated with high chilling tolerance preventing 
the phase transitions, leading to the facilitation of electrolyte 
leakage.[10] Sterol-enriched membranes exhibit greater 
resistance to oxidative destabilization and the membrane lipid 
composition as a predictive indicator of postharvest resilience 
and a passive structural property should be considered.[11,12]

The presence of intracellular membrane lipids, especially the 
level of unsaturation of phospholipids, is critical in defining 
the ability of the fruit to endure chilling injury. A higher level 
of unsaturation promotes the fluidity of the membranes, and 
this is important to retain cellular integrity when stored at 
low temperatures. The multilayer organization of these 
lipid components within fruit peel tissues is schematically 
represented in Figure 1.

Major lipid classes in fruit peels

Cuticular waxes

Cuticular waxes are the outermost protective barrier of fruit 
surface that are predominantly aliphatic very long chain 
compounds and alicyclic triterpenoids to control water 
permeation, mechanical strength, and resistance against 
biotic and abiotic stresses.[13,14] In fruits like apple, grape, 
and nectarine, waxes have high content of ursolic acid and 
oleanolic acid which has significant anti-inflammatory 
and antimicrobial bioactivities useful for developing 
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phytopharmaceuticals, besides contributing to the structural 
integrity of the cuticle.[4,15]

Very long-chain fatty acids (VLCFAs)

The fruit peel cuticular waxes are composed of VLCFAs and 
their derivatives such as alkanes, alcohols, and aldehydes of 
chain length (C20–C35).[16,17] Wax coating of the fruit surface 
by VLCFA has been observed to get thicker during ripening 
in wampee (Clausena lansium), which was accompanied by 
decreased water loss and enhanced barrier properties.[13]

Phospholipids

Amphipathic lipids, phospholipids, are important structural 
lipids that keep tissues in fruit skin compartmentalized and 
enable signal transduction within the cells. In postharvest 
bananas, stored at chilling temperatures (6°C), lipidomics 
analysis, performed on a broad range of lipids, revealed a 
relevant remodeling of phospholipid species, particularly 
phosphatidylcholines and phosphatidylethanolamines, a 
cluster of lipids especially correlated with development of 
chilling injury and alteration of membrane integrity, was 
strongly correlated with chilling injury and loss of membrane 
integrity.[18]

Sterols

Sterols, especially phytosterols, such as β-sitosterol, stigmasterol, 
and campesterol, are found in fruit peel membranes and play a 
role in regulating the fluidity and permeability similar to that 
of cholesterol in animal cells.[4] Sterols are co-occurring with 
triterpenoids in mango peel and are responsible for the antioxidant 
activity of lipophilic extracts.[19] Steroidal components with 
possible bioactivity have been detected in Citrus sinensis peel, 
such as a steroidal fatty acidic ester of stigmastane origin.[20]

Triterpenoids

Triterpenoids are one of the most important groups of lipids 
found in fruit peels that have been extensively discussed as 
fruits of medical importance, particularly the pentacyclic ones 
such as ursolic acid, oleanolic acid, and their derivatives, which 
are copiously reported in apple peel, mango peel, blueberry 
peel, and rose hip peel.[4,16,19] Ursenoic acids contained in the 
peel extracts of apple fruits show strong lipase inhibitory 
activity and may have anti-obesity properties,[21] whereas the 
triterpenoids obtained from lingonberry (Vaccinium vitis-
idaea) cuticular waxes are cytotoxic to cancer cell lines.[22]

Tocopherols

Antioxidants (tocopherols, especially α- and γ-tocopherol 
(Vitamin E isoforms)) present in some fruit peel lipid extracts 
have lipid solubility and can protect the polyunsaturated fatty 
acids (PUFAs) from oxidative degradation. Tocopherols are 
more known for their presence in seeds and oils but have 
been found in the peel fractions of some fruits as part of a 
larger phytochemical profile.[23]

Essential fatty acids

Certain fruit peels are rich in neutral lipids and polar lipids, 
especially in their major components of linoleic acid (C18:2 
ω-6) and α-linolenic acid (C18:3 ω-3). The green peels of 
Opuntia ficus-indica (cactus pear) are rich in linoleic acid 
(29.18%) and linolenic acid (29.27%) as well as palmitic 
acid, highlighting their status as a valuable source of PUFAs 
with anti-inflammatory and cardioprotective properties.[24]

Species-specific lipid signatures and 
phytopharmaceutical significance of major fruit peels

Comparative lipidomic studies across different fruit species 
have revealed both conserved functional characteristics 
and species-specific lipid signatures with potential 
phytopharmaceutical applications. The major lipid 
constituents and their reported pharmaceutical significance 
in selected fruit peels are summarized in Table 1.

Analytical platforms enabling peel lipidomics

Lipidomics analytical tools that can facilitate analysis of 
the fruit peels are instrumental in the demystification of the 
lipid profiles of these agro-industrial by-products, which 
subsequently facilitates their use in other industries. Using 
recent analytical methods makes this possible and enables 
both the comprehensive identification, quantification, and 
structural characterization of thousands of unique lipid 
species found in fruit peels.[47] The major analytical platforms 
used for the characterization of fruit peel lipidomes are 
summarized in Figure 2.

Liquid chromatography-Tandem mass 
spectrometry

Liquid chromatography-mass spectrometry is commonly used 
due to its ability to separate intricate lipid mixtures before 
interaction, making it possible to identify and determine 
the huge range of lipid species, such as isomers. This is 
especially useful in fruit peels, where lipid components may 
be very heterogeneous and may represent many classes, 
including fatty acyls, glycerolipids, glycerophospholipids, 
sphingolipids, and sterol lipids.[47]

Gas chromatography-mass spectrometry (GC–MS)

GC-MS method is frequently employed to differentiate fatty 
acid profiles, typically after converting fatty acids to methyl 
esters. This method provides crucial information on the 
composition of fatty acids, which influences the physical and 
chemical properties of derived oleochemicals.[48]

Nuclear magnetic resonance (NMR)

NMR Spectroscopy offers non-destructive analysis and 
compliments MS. Although the lipidomics of fruit peel is 
not explicitly described in the given situation, solid-state 
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carbon-13 NMR has been applied to outline the architectural 
structure of biopolymers in native and genetically modified 
tomato fruit cuticles, with the ability to describe the structural 
information on the molecular level.[49]

Ozone-induced dissociation (OzID)

Emerging platforms, such as OzID, have improved the abilities 
of MS by providing detailed structure information about 
lipids. OzID precisely locates carbon-carbon double bonds 
in lipid molecules, thus differentiating structural isomers 
and mapping complicated lipids including triacylglycerols 
and phospholipids. This is vital for understanding how cis/
trans configurations and double bond positions affect lipid 
properties and industrial applications.[47]

GREEN EXTRACTION TECHNOLOGIES 
OF FRUIT PEEL LIPIDS

The green extraction technologies for lipids from fruit 
peels are a significant research field that contributes to the 
sustainable use of agricultural waste to achieve net-zero and 
further circular bioeconomic objectives.[50,51] The major green 
extraction approaches and their potential pharmaceutical 
applications are summarized in Figure 3.

 SFE

SFE, specifically with scCO2 commonly developed 
advanced green extraction methods, as it is non-toxic, 

Figure 2: Analytical platforms enabling the lipidomics of fruit peels

Figure 1: Schematic representation of the multilayer lipid architecture of fruit peel tissues
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non-flammable, and inexpensive and can be tuned by varying 
to desired pressure and temperature.[52,53] SFE in citrus 
peels using co-solvent CO2 and ethanol has been studied 
to extract valuable compounds and in particular pressure 
and temperature conditions (e.g., 300 bar and 45°C) of the 
extracts produced with high antioxidant activity.[54]

MAE

MAE uses the microwave energy to heat the solvents and the 
samples that can be subjected to the solvent to rupture the cells 
and to increase the release of intracellular compounds.[53,54] 
It has been utilized to extract phenolic compounds out of 

Figure 3: Green extraction and pharmaceutical volarization of fruit peel lipids

Table 1: Species‑specific lipid composition and its phytopharmaceutical significance
Fruit Peel Major lipid constituents Potential pharmaceutical applications References
Citrus spp. PMFs, terpenoids, and fatty 

acids
Antidiabetic, antihyperlipidemic, and cardiometabolic 
nutraceuticals

[25‑27]

Apple Ursolic acid, oleanolic acid, 
and sterols

Antioxidant, anti‑obesity nutraceuticals, functional foods, and 
chemopreventive agents

[28‑30]

Banana Oleic acid, palmitic acid, and 
fatty acid amides

Natural antioxidant formulations and antidiabetic formulations [31,32]

Avocado Phospholipids, sterols, and 
sphingolipids

Antioxidant, anti‑inflammatory, nutraceuticals and 
cosmeceuticals

[33,34]

Mango Triterpenoids, phytosterols, 
and tocopherols

Antioxidant, anti‑inflammatory, anti‑carcinogenic, 
chemopreventive nutraceuticals, and cosmeceuticals

[19,35,36]

Pomegranate PUFAs, omega‑3, and 
omega‑6 fatty acids

Cardioprotective formulations, antihyperglycemic, 
hypolipidemic, and hepatoprotective

[37‑39]

Grape Oleanolic acid, fatty acids, and 
tocopherols

cardioprotective, antioxidant and antiinflammatory ingredients 
for functional food, nutraceutical and cosmetic products

[14,40,41]

Tomato Cutin, and hydroxy fatty acids Antioxidant, tissue‑protective and cosmetic applications [14,42,43]

Blueberry Triterpenoids, phytosterols, 
and tocopherols

Anti‑aging formulations, cardiovascular and neuroprotection, 
prevention of obesity, type 2 diabetes and chronic 
inflammation

[14,44,45]

Papaya α‑Linolenic acid, and 
Vitamin E

High antioxidant activity (DPPH, FRAP) in vitro, Nutraceutical 
applications

[46]

PMFs: Polymethoxyflavones, DPPH: 2,2‑diphenyl‑1‑picrylhydrazyl, FRAP: Ferric reducing antioxidant power, PUFAs: Polyunsaturated fatty acids
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jackfruit peel waste using NADES, to show the best conditions 
to achieve a high total phenolic content.[55] The research also 
emphasizes on the application of MAE in solvent extraction 
of bioactive compounds in waste of carrot processing using 
green solvents, indicating that it could be used to extract the 
components effectively.[56]

UAE

UAE makes the use of sound waves of high frequency to form 
cavitation bubbles in the solvent, which cause disruption of 
cells and enhanced transfer of target compounds.[53,57] This 
method is efficient in the recovery of heat-sensitive chemicals 
and shortening the time and temperature of extraction.[58,59] 
For instance, green extraction of lipids in peach palm fruits 
using UAE as a co-solvent with the ethanol mixture has been 
utilized and it is thus possible to compare the lipid extracts of 
the various colors of fruits.[60]

Deep eutectic solvents (DESs) and NADES

The DESs and NADESs are a new breakthrough in green 
chemistry for the extraction and separation processes.[61] DESs 
are generally made by combining two or more components 
through hydrogen bonding, to form a eutectic mixture whose 
melting point is lower than its components.[61] DESs generally 
includes hydrogen bond acceptor mainly choline chloride 
and a hydrogen bond donor that can be either carboxylic acid, 
amine, or alcohol.[61] NADESs are a sub-category of DESs 
composed of primary natural metabolites such as sugars, 
amino acids, organic acids, and choline derivatives.[62]

An example is NADES made of choline chloride and glucose 
which have been successfully used together with ultrasound 
extraction to recover polyphenols, including hesperidin, in 
citrus peels.[62]

PLE

PLE or accelerated solvent extraction when using water 
as the solvent as subcritical water extraction applies high 
temperatures (usually 50–200°C) and pressures (usually 
1000–2000 psi).[63] For example, orange peel waste, which 
may exceed 32 million tonnes per year, is a considerable 
source of phenolic antioxidants and limonene that can be 
recovered using Pressurized Liquid Extraction (PLE).[50] 
As an example, PLE with ethyl acetate:γ-valerolactone 
(20:80 v/v) at 50°C in 6 min resulted into the best extractable 
phenolic compounds (EPPs), which had strong antioxidant 
and anti-inflammatory potentials.[63]

Enzyme-assisted extraction (EAE)

EAE uses specific enzymatic catalysts to break the complex 
cell wall and membrane structures of plant tissues.[64] The 

often-utilized enzymes include cellulases, pectinases, 
and hemicellulases as these enzymes attack on the 
polysaccharide network that traps bioactive compounds as 
part of the plant matrix.[63] Among them, the valorization of 
grapefruit peels in which EAE was used together with UAE 
to extract both EPPs and non-extractable polyphenols, as 
well as carotenoids.[63]

BIOLOGICAL ACTIVITIES AND 
PHARMACOLOGICAL POTENTIAL OF 

FRUIT PEEL LIPIDS

Antioxidant activity

The cuticular waxes and associated lipophilic fractions of 
mango, citrus, and dragon fruit peels contain high levels 
of triterpenoids (lupeol and α-amyrin), tocopherols, and 
unsaturated fatty acids that play a major role in the lipophilic 
antioxidant capacity and prevent lipid peroxidation.[19] The 
citrus peel lipids rich in limonene, linoleic, palmitic, and stearic 
acids exhibit high ferric reducing antioxidant power/cupric 
ion reducing antioxidant capacity values and are efficient 
inhibitors of lipid-oxidation compared to some antioxidants of 
synthetic origin, which makes them suitable for use as natural 
antioxidants in food and pharmaceutical formulations.[65-67] 
Apple, grape, and tomato peels are rich in triterpenoids, which 
exhibit potent antioxidants and antiproliferative activity, 
rendering these extracts as a potential source of bioactive 
ingredients in anti-aging cosmetic products and oxidative 
stress-modulating phytopharmaceuticals.[4]

Anti-inflammatory activity

The citrus peel fractions containing limonene fraction and omega 
6/other fatty acids fraction have anti-inflammatory properties in 
vitro, which are correlated with the inhibition of inflammatory 
mediators and anti-hyperalgesic properties, providing potential 
for topical and systemic anti-inflammatory agents.[66,67]

Antimicrobial activity

The extracts from citrus peel, rich in lipids containing 
limonene, linalool, fatty acids, and related terpenoids, exhibited 
significant antibacterial and antifungal activity, with inhibition 
zones equal to those of ciprofloxacin against some bacterial 
and fungal pathogens.[66,67] The antimicrobial properties of 
pomegranate peel extracts are significant and correlated with 
the complex bioactive mixtures that they contain and are used 
to preserve and treat biomedical materials.[68,69]

Anticancer potential

Triterpenoid-enriched cuticular waxes, such as ursane- and 
oleanane-type compounds and other associated lipophiles, 
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particularly from apple, grape, and tomato peels, have 
antiproliferative properties, and have been linked to decreased 
cancer risk in epidemiological and experimental models.[4] 
Extracts of citrus and pomegranate peels have anti-cancer 
and chemopreventive activity attributed to the synergistic 
antioxidant, anti-inflammatory, and pro-apoptotic effects 
of the phytochemicals present in these extracts, including 
lipophilic terpenes and lipophilic fractions.[39,70,71]

Cardioprotective and neuroprotective effects

The lipid fraction of mango peels is a rich source of 
phytosterols, tocopherols, and PUFAs, and citrus and 
pomegranate peels also contain other unsaturated fatty acids 
and terpenoids, which are known to regulate lipid metabolism 
and oxidative stress.[19,71,72] Citrus peel constituents exhibit 
antihypertensive, antihyperlipidemic and vascular-protective 
effects, partly attributable to the bioactive components present 
in citrus peel, which have beneficial effects on endothelial 
function and on the vascular tissues through their antioxidant 
and anti-inflammatory properties.[72-74] Antioxidant and anti-
apoptotic effects of pomegranate peel extracts in neural and 
other tissues suggest the possible neuroprotective effects of 
pomegranate peel extracts, particularly under oxidative and 
inflammatory conditions.[68]

PHARMACEUTICAL APPLICATIONS OF 
FRUIT PEEL LIPIDS

Nutraceutical applications

The fruit peels of mango, apple, and other fruits are 
rich in phytosterols and pentacyclic triterpenoids and 
PUFAs, which are combined to develop cardioprotective 
and antihyperlipidemic nutraceuticals.[19,75,76] Lupeol 
and α-amyrin are encapsulated in the cuticular waxes of 
mango peels along with α- and β-tocopherols, as lipophilic 
antioxidants that are of importance for the formulation 
of dietary products with anti-obesity and antioxidant 
properties.[19] The cardiovascular and metabolic protection 
effects of peel phytosterols and pentacyclic triterpenes are 
noted as important mediators, and the lipids found in apple 
peels are associated with the prevention of chronic diseases 
in functional supplements.[75,76]

Furthermore, the mango peel has high levels of PUFAs (up 
to 52% of total fatty acids), supporting its value as a source 
of essential fatty acids for nutraceutical strategies for the 
management of dyslipidemia and systemic oxidative stress.[19]

Functional food applications

The lipids and lipophilic antioxidants extracted from 
fruit peel are now being investigated as functional food 

ingredients, with the potential for improving nutritional 
and oxidative properties. Mango peels are a good source 
of PUFAs, triterpenoids, and tocopherols and have been 
suggested as ingredients for new formulations that can be 
used in nutraceutical and functional products, to enhance the 
antioxidant properties of lipid-rich foods and beverages.[19,77]

Encapsulation technologies, which have been commonly 
used for fruit and vegetable by-products, can be used to 
load hydrophobic peel bioactives into functional matrices 
to safeguard the structure of sensitive lipids and improve 
their bioavailability in foods and supplements.[77-89] Peel-
derived triterpenoids, sterols, and essential fatty acids can 
be healthfully incorporated into functional food systems 
as encapsulated bioactive ingredients, while preventing 
oxidation and degradation during processing.

Cosmeceutical applications

Cuticular waxes of apple, grape, tomato, and other fruit skins 
are rich in pentacyclic triterpenoids (such as ursolic- and 
oleanolic-type) which are under investigation for anti-aging, 
skin-barrier supporting and photoprotective cosmeceuticals, 
as well as sterols and tocopherols.[80,81] The antioxidant and 
anti-proliferative properties of these peel lipids are strong 
and are potentially useful in cosmetic emulsions to combat 
oxidative stress and to regulate dermal cell proliferation and 
protect against ultraviolet-induced photoaging.[19,76,80]

Antioxidants like polyphenols extracted from fruit-peels, 
such as dragon fruit and atemoya peels are already formulated 
into photoprotective creams, as well as multifunctional 
cosmeceutical emulsions, where they help in SPF and their 
antimicrobial effects, while maintaining the integrity of the 
skin.[4,80,82] The delivery of the peel-derived bioactives to the 
epidermal cells is further aided using a more sophisticated 
delivery system, such as phospholipid vesicles.[76,80]

Wound healing and tissue protection

The extracts of fruit peelings with lipids as the main solvents 
are becoming usable as ingredients of preparations for wound 
healing and as agents that protect tissues from damage with the 
help of triterpenes like compounds. Lipid-polyphenol systems 
obtained from the Jabuticaba fruit peel were effective in closing 
in vitro keratinocyte wounds and in preventing oxidative stress, 
highlighting the potential of these systems in cosmetics.[76]

CHALLENGES AND FUTURE 
PERSPECTIVES

Variability in lipid composition among fruit species

The differences in fruit peel lipids among species and cultivars 
make it difficult to create uniform phytopharmaceutical 
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ingredients. For instance, mango peels have high levels of 
pentacyclic triterpenes, tocopherols, and PUFAs, while 
avocado peels vary considerably in their fatty acid and 
sterol profile depending on variety.[19,83] Other environmental 
conditions, maturity stage, and handling also influence fatty 
acids and terpenoid-rich fractions.[84,85] The variability may 
affect the consistency of the pharmacological effect, dose–
response relationships, and regulatory acceptance of peel 
lipids formulations.

Standardization and quality control

Even though most studies have concentrated on composing 
the peels’ lipid constituents or maximizing extraction yields, a 
harmonized extraction methodology has yet to be determined 
for pharmaceutical-grade peels lipids. Solvent composition, 
extraction time, and temperature have significant effects on 
bioactive fraction recovery from fruit peels by ultrasound 
and pressure extraction, highlighting the importance of 
controlled and validated extraction methods.[86,87] The quality 
and repeatability of lipid preparations from peels are still 
guaranteed by the standardization of extraction procedures 
and analytical methods.[51,52]

Extraction efficiency and scale-up challenges

Alternatives for green extraction of citrus peels and 
other fruit peels include ultrasound and SC-CO2, but 
these methods are often optimized for the extraction 
of phenolics, and there are few industrial-scale data 
available.[85,87] Solvent type, ethanol content, temperature, 
and solid–liquid ratio are important process parameters 
that can affect yields and can damage thermolabile lipids 
if not optimized.[87,88] Efficiency can be enhanced with the 
use of ultrasound-assisted and other intensified techniques, 
but scaling-up studies of peel matrices reveal the presence 
of viscosity effects, mass transfer, and energy consumption 
issues.[87,88] However, it is imperative to retain the quality 
of PUFA and the tocopherols while keeping the process 
sustainable and cost-efficient, which is a major challenge 
for the commercialization of peel lipid extraction in the 
pharmaceutical industry.[63]

Safety and toxicological considerations

Most studies on the safety of fruit peel fractions have been 
on extracts rich in phenolics, with only a few focusing on the 
isolation of lipids restricting the toxicological evaluation of 
fruit peel lipids intended for use in the pharmaceutical industry. 
The cytotoxicity and bioactivity of dragon fruit peel and other 
by-products has been investigated, revealing variable results 
depending on the extraction solvent used; therefore, careful 
fractionation and biocompatibility testing is needed.[89,90] 
There are significantly higher residues in peels than in pulps 
when monitoring apples with pesticides, potentially leading 

to the transfer of residues into the lipid fraction of peels, and 
requiring careful monitoring of residues.[91] The oxidation of 
peel oils high in PUFAs is also dependent on the stability 
and storage conditions, impacting on the safety and shelf 
life.[92] Hence, there is a need for specific studies on purified 
peel lipids such as chronic exposure and dermal/oral safety 
tests for the use of these lipids in wide-scale pharmaceutical 
applications.[93]

Future opportunities in phytopharmaceutical 
development

Nevertheless, new evidence has emerged on mango, 
avocado, citrus, and other fruit peels, indicating that the 
lipid fraction of these fruits, which contain triterpenoids, 
phytosterols, and PUFAs, could be used as a source of 
potential nutraceutical and cosmeceutical formulations.[19,83] 
The use of green extraction technologies such as scCO2 
and UAE in combination with the advanced lipidomics 
could be leveraged to enable the development of peel-lipid 
ingredients with specific composition and activity, which 
could be incorporated into antioxidant, cardiometabolic, 
and skin protection products.[63,87,92] Research on the use of 
pomegranate and citrus peel in plant protection and food 
preservation suggests that there is a wider commercial interest 
in the peel and its actives, which could potentially be used in 
pharmaceutical contexts, but it is currently limited to clinical 
trials.[67,93] Thus, fruit peel lipids are a potential source for 
future phytopharmaceuticals and targeted pharmacological, 
pharmacokinetic, and human studies are worthwhile to be 
pursued to realize the full therapeutic and excipient potential.

CONCLUSION

The lipidomic profile of the fruit peel is highly complex 
and rich in different compounds such as cuticular waxes, 
phospholipids, sterols, triterpenoids, tocopherols, essential 
fatty acids, and sphingolipids, all of which are potential 
phytopharmaceutical raw materials, previously considered as 
waste in horticultural production.[74,94] In recent years, new 
technologies for lipidomics and green extraction, including 
SPE and UAE, have contributed to the characterization 
and recovery of bioactive lipids with the preservation 
of their functional properties and structural integrity. 
Studies with citrus, apple, avocado, and grapefruit peels 
have shown that these constituents exhibit a variety of 
pharmacological properties, such as antioxidants, anti-
inflammatory, antimicrobial, anticancer, cardioprotective, 
and neuroprotective properties.[29,95-97] Thus, they could 
be used as useful bioactive components in nutraceuticals, 
functional foods, cosmeceuticals, topical formulations, and 
wound healing formulations, which are the current trends in 
drug industry for sustainable and natural therapeutics towards 
global market.
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Despite this, major problems still lie ahead, such as the 
variability in lipid composition between and within species 
due to cultivar, ripening stage and environmental conditions, 
as well as the need for standardized extraction methods, 
quality control, and safety assessment, and harmonization 
of regulatory frameworks.[83] Thus, the incorporation of 
horticultural science into pharmaceutical research is crucial 
to ensure the utilization of fruit processing by-products as 
a reliable and high value phytopharmaceutical input. The 
potential applications of fruit peel lipids in the green pharmacy 
and circular bioeconomy are intriguing, even in the face of 
these challenges, which provided that they can be successfully 
clinically validated and manufactured in an environmentally 
friendly and sustainable manner. Translational studies 
connecting the lipidomic characterization, formulation 
science, and human health outcomes are critically needed to 
realize the full therapeutic potential of lipids.[98,99]

ACKNOWLEDGMENT

The authors acknowledge Tamil Nadu Agricultural 
University, Coimbatore, for providing institutional support 
for this work.

AUTHORS’ CONTRIBUTIONS

K. Saran Kumar: Writing; S. T. Bini Sundar: Visualization 
and supervision; G. Ashok Kumar, K. Divya, K. Gurusamy, 
and C. Indu Rani: Critical review.

DATA AVAILABILITY STATEMENT

All data supporting this review are obtained from previously 
published studies cited in the reference section. No new 
experimental data were generated or analyzed.

REFERENCES

1.	 Favela-Hernández JM, Delgadillo-Ruiz L, Guerrero-
Manriquez GG. The peels of fruits and vegetables: An 
increasingly recognized source of bioactive compounds 
for biomedical applications. Plants (Basel) 2026;15:991.

2.	 Leontijevic V, Cantero D, Solares SB, Bayona AH, 
Alonso MJ. Unlocking branched cutin via sudden 
supercritical water hydrolysis of tomato peel. Green 
Chem 2025;27:2950-67.

3.	 Rauf A, Olatunde A, Akram Z, Hemeg HA, Khalil AA, 
Shariati MA, et al. Metabolomic-based promising 
technique for fruit-based natural products analysis. Food 
Chem X 2025;32:103374.

4.	 Szakiel A, Pączkowski C, Pensec F, Bertsch C. Fruit 
cuticular waxes as a source of biologically active 

triterpenoids. Phytochem Rev 2012;11:263-84.
5.	 Bligh EG, Dyer WJ. A rapid method of total lipid 

extraction and purification. Can J Biochem Physiol 
1959;37:911-7.

6.	 Kagueyam SS, Dos Santos Filho JR, Contato AG, De 
Souza CG, Castoldi R, Corrêa RC, et al. Green extraction 
of bioactive compounds from plant-based agri-food 
residues: Advances toward sustainable valorization. 
Plants (Basel) 2025;14:3597.

7.	 Bairaktari M, Konstantopoulou SM, Malisova O, 
Gioxari A, Stratakos AC, Panoutsopoulos GI, et al. 
Natural deep eutectic solvents for agro-industrial 
by-product valorization: Emerging strategies for the 
development of functional foods targeting diabetes. Appl 
Sci 2025;15:11596.

8.	 García-Coronado H, Tafolla-Arellano JC, Hernández-
Oñate MÁ, Burgara-Estrella AJ, Robles-Parra JM, 
Tiznado-Hernández ME. Molecular biology, composition 
and physiological functions of cuticle lipids in fleshy 
fruits. Plants (Basel) 2022;11:1133.

9.	 Wu W, Jiang B, Liu R, Han Y, Fang X, Mu H, et al. 
Structures and functions of cuticular wax in postharvest 
fruit and its regulation: A comprehensive review with 
future perspectives. Engineering 2023;23:118-29.

10.	 Liang SM, Kuang JF, Ji SJ, Chen QF, Deng W, Min T, 
et al. The membrane lipid metabolism in horticultural 
products suffering chilling injury. Food Qual Saf 
2020;4:9-14.

11.	 Rogowska A, Szakiel A. The role of sterols in 
plant response to abiotic stress. Phytochem Rev 
2020;19:1525-38.

12.	 Song C, Wang K, Xiao X, Liu Q, Yang M, Li X, 
et al. Membrane lipid metabolism influences chilling 
injury during cold storage of peach fruit. Food Res Int 
2022;157:111249.

13.	 Huang H, Wang L, Qiu D, Lu Y. Chemical composition 
of cuticle and barrier properties to transpiration in the 
fruit of Clausena lansium (Lour.) Skeels. Front Plant Sci 
2022;13:840061.

14.	 Trivedi P, Nguyen N, Hykkerud AL, Häggman H, 
Martinussen I, Jaakola L, et al. Developmental and 
environmental regulation of cuticular wax biosynthesis 
in fleshy fruits. Front Plant Sci 2019;10:431.

15.	 Pensec F, Pączkowski C, Grabarczyk M, Woźniak A, 
Bénard-Gellon M, Bertsch C, et al. Changes in the 
triterpenoid content of cuticular waxes during fruit 
ripening of eight grape (Vitis vinifera) cultivars 
grown in the Upper Rhine Valley. J Agric Food Chem 
2014;62:7998-8007.

16.	 Dashbaldan S, Becker R, Pączkowski C, Szakiel A. 
Various patterns of composition and accumulation 
of steroids and triterpenoids in cuticular waxes from 
screened ericaceae and caprifoliaceae berries during 
fruit development. Molecules 2019;24:3826.

17.	 Huang H, Jiang Y. Chemical composition of the cuticle 
membrane of pitaya fruits (Hylocereus polyrhizus). 
Agriculture 2019;9:250.



Kumar, et al.: Fruit peel lipids and pharmaceutical applications

Asian Journal of Pharmaceutics • Jul-Sep 2026 • 20 (3) | 2133

18.	 Liu J, Li Q, Chen J, Jiang Y. Revealing further insights 
on chilling injury of postharvest bananas by untargeted 
lipidomics. Foods 2020;9:894.

19.	 Lenucci MS, Tornese R, Mita G, Durante M. Bioactive 
compounds and antioxidant activities in different 
fractions of mango fruits (Mangifera indica L., 
cultivar tommy Atkins and Keitt). Antioxidants (Basel) 
2022;11:484.

20.	 Khan A, Abuzer A, Mohammed A. Steroidal constituents 
and a fatty acid ester from the fruit peels of Citrus 
sinensis (L.) Osbeck. Indian Drugs 2017;54:29-34.

21.	 McGhie TK, Hudault S, Lunken RC, Christeller JT. 
Apple peels, from seven cultivars, have lipase-
inhibitory activity and contain numerous ursenoic acids 
as identified by LC-ESI-QTOF-HRMS. J Agric Food 
Chem 2012;60:482-91.

22.	 Vilkickyte G, Petrikaite V, Marksa M, Ivanauskas L, 
Jakstas V, Raudone L. Fractionation and characterization 
of triterpenoids from Vaccinium vitis-idaea L. Cuticular 
waxes and their potential as anticancer agents. 
Antioxidants (Basel) 2023;12:465.

23.	 Alves E, Simoes A, Domingues MR. Fruit seeds and 
their oils as promising sources of value-added lipids 
from agro-industrial byproducts: Oil content, lipid 
composition, lipid analysis, biological activity and 
potential biotechnological applications. Crit Rev Food 
Sci Nutr 2021;61:1305-39.

24.	 El Mannoubi I. Nutritional quality, Chemical composition 
and antioxidant capacity of red and green Opuntia ficus 
indica peels’ extracts. Proc Natl Acad Sci India Sect B 
Biol Sci 2023;93:473-9.

25.	 Ali AM, Gabbar MA, Abdel-Twab SM, Fahmy EM, 
Ebaid  H, Alhazza IM, et al. Antidiabetic potency, 
antioxidant effects, and mode of actions of Citrus 
reticulata fruit peel hydroethanolic extract, hesperidin, 
and quercetin in nicotinamide/streptozotocin-
induced wistar diabetic rats. Oxid Med Cell Longev 
2020;2020:1730492.

26.	 Li Q, Putra NR, Rizkiyah DN, Abdul Aziz AH, Irianto I, 
Qomariyah L. Orange pomace and peel extraction 
processes towards sustainable utilization: A short review. 
Molecules 2023;28:3550.

27.	 Xiao PT, Kuang YJ, Liu SY, Xie ZS, Hao JH, Liu EH. 
The antihyperlipidemic equivalent combinatorial 
components from peel of Citrus reticulata ‘Chachi’. 
J Food Drug Anal 2022;30:77-87.

28.	 Klein B, Thewes FR, Rogério De Oliveira A, 
Brackmann A, Barin JS, Cichoski AJ, et al. Development 
of dispersive solvent extraction method to determine the 
chemical composition of apple peel wax. Food Res Int 
2019;116:611-9.

29.	 Ko DY, Ku KM. Effect of anti-obesity and antioxidant 
activity through the additional consumption of peel from 
‘Fuji’ pre-washed apple. Foods 2022;11:497.

30.	 Odun-Ayo F, Chetty K, Reddy L. Determination of the 
ursolic and oleanolic acids content with the antioxidant 
capacity in apple peel extract of various cultivars. Braz J 

Biol 2022;82:e258442.
31.	 González-Montelongo R, Lobo MG, González M. 

Antioxidant activity in banana peel extracts: Testing 
extraction conditions and related bioactive compounds. 
Food Chem 2010;119:1030-9.

32.	 Klomsakul P, Chalopagorn P. In vitro α-amylase and 
α-glucosidase inhibitory potential of green banana 
powder extracts. Sci World J 2024;2024:5515855.

33.	 Neves BB, Pinto S, Pais R, Batista J, Domingues MR, 
Melo T. Looking into the lipid profile of avocado 
and byproducts: Using lipidomics to explore value-
added compounds. Compr Rev Food Sci Food Saf 
2024;23:e13351.

34.	 Oke MA, Adebayo EA, Ajisope NA, Olowe BM, 
Fasuan OS. Avocado (Persea americana) peel: 
A promising source of bioactive compounds. Front Nutr 
2025;12:1642969.

35.	 Lebaka VR, Wee YJ, Ye W, Korivi M. Nutritional 
composition and bioactive compounds in three different 
parts of mango fruit. Int J Environ Res Public Health 
2021;18:741.

36.	 Suleria HA, Barrow CJ, Dunshea FR. Screening and 
characterization of phenolic compounds and their 
antioxidant capacity in different fruit peels. Foods 
2020;9:1206.

37.	 El-Hadary AE, Ramadan MF. Phenolic profiles, 
antihyperglycemic, antihyperlipidemic, and antioxidant 
properties of pomegranate (Punica granatum) peel 
extract. J Food Biochem 2019;43:e12803.

38.	 Melgarejo P, Núñez-Gómez D, Martínez-Nicolás JJ, 
Giordani E, Tozzi F, Legua P. Fatty acids compositional 
variations between the edible and non-edible fruit part 
of seven pomegranate varieties. Food Chem (Oxf) 
2021;3:100046.

39.	 Singh J, Kaur HP, Verma A, Chahal AS, Jajoria K, 
Rasane P, et al. Pomegranate peel phytochemistry, 
pharmacological properties, methods of extraction, and 
its application: A comprehensive review. ACS Omega 
2023;8:35452-69.

40.	 Sabra A, Netticadan T, Wijekoon C. Grape bioactive 
molecules, and the potential health benefits in reducing 
the risk of heart diseases. Food Chem X 2021;12:100149.

41.	 Tsiapali OI, Ayfantopoulou E, Tzourouni A, 
Ofrydopoulou A, Letsiou S, Tsoupras A. Unveiling 
the utilization of grape and winery by-products in 
cosmetics with health promoting properties. Appl Sci 
2025;15:1007.

42.	 Mellinas C, Solaberrieta I, Pelegrín CJ, Jiménez A, 
Garrigós MC. Valorization of agro-industrial wastes by 
ultrasound-assisted extraction as a source of proteins, 
antioxidants and cutin: A cascade approach. Antioxidants 
(Basel) 2022;11:1739.

43.	 Jurić S, Ferrari G, Velikov KP, Donsì F. High-
pressure homogenization treatment to recover 
bioactive compounds from tomato peels. J Food Eng 
2019;262:170-80.

44.	 Maya-Cano DA, Arango-Varela S, Santa-Gonzalez GA. 



Kumar, et al.: Fruit peel lipids and pharmaceutical applications

Asian Journal of Pharmaceutics • Jul-Sep 2026 • 20 (3) | 2134

Phenolic compounds of blueberries (Vaccinium spp) 
as a protective strategy against skin cell damage 
induced by ROS: A review of antioxidant potential and 
antiproliferative capacity. Heliyon 2021;7:e06297.

45.	 Shi M, Loftus H, McAinch AJ, Su XQ. Blueberry as 
a source of bioactive compounds for the treatment of 
obesity, type 2 diabetes and chronic inflammation. 
J Funct Foods 2017;30:16-29.

46.	 Vinha AF, Costa AS, Espírito Santo L, Ferreira DM, 
Sousa C, Pinto E, et al. High-value compounds in 
papaya by-products (Carica papaya L. var. Formosa 
and Aliança): Potential sustainable use and exploitation. 
Plants (Basel) 2024;13:1009.

47.	 Kuhalskaya A, Wijesingha Ahchige M, Perez De 
Souza L, Vallarino J, Brotman Y, Alseekh S. Network 
analysis provides insight into tomato lipid metabolism. 
Metabolites 2020;10:152.

48.	 Li Q, Chen J, Huyan Z, Kou Y, Xu L, Yu X, et al. 
Application of Fourier transform infrared spectroscopy 
for the quality and safety analysis of fats and oils: 
A review. Crit Rev Food Sci Nutr 2019;59:3597-611.

49.	 Ji D, Liu W, Jiang L, Chen T. Cuticles and postharvest 
life of tomato fruit: A rigid cover for aerial epidermis 
or a multifaceted guard of freshness? Food Chem 
2023;411:135484.

50.	 Nayana P, Wani KM. Unlocking the green potential: 
Sustainable extraction of bioactives from orange peel 
waste for environmental and health benefits. J Food 
Measure Charact 2024;18:8145-62.

51.	 Xu G, Zhao J, Shi K, Xu Y, Hu H, Xu X, et al. Trends 
in valorization of citrus by-products from the net-zero 
perspective: Green processing innovation combined 
with applications in emission reduction. Trends Food Sci 
Technol 2023;137:124-41.

52.	 Casas Cardoso L, Cejudo Bastante C, Mantell Serrano C, 
Martínez De La Ossa EJ. Application of citrus 
by-products in the production of active food packaging. 
Antioxidants (Basel) 2022;11:738.

53.	 Ozkan G, Günal-Köroğlu D, Capanoglu E. Valorization 
of fruit and vegetable processing by-products/wastes. 
Adv Food Nutr Res 2023;107:1-39.

54.	 Wang J, Zhang L, Shi J, Vanga SK, Raghavan V. Effect 
of microwave processing on the nutritional properties 
and allergenic potential of kiwifruit. Food Chem 
2023;401:134189.

55.	 Ly L, Sothornvit R. Novel sequential microwave-
ultrasonic-assisted extraction of phenolic compounds 
from jackfruit (Artocarpus heterophyllus Lam.) peel 
waste using choline chloride-lactic acid deep eutectic 
solvent. Food Bioprocess Technol 2024;17:4249-61.

56.	 Kaur P, Subramanian J, Singh A. Green extraction of 
bioactive components from carrot industry waste and 
evaluation of spent residue as an energy source. Sci Rep 
2022;12:16607.

57.	 Oroian M, Ursachi F, Dranca F. Influence of ultrasonic 
amplitude, temperature, time and solvent concentration 
on bioactive compounds extraction from propolis. 

Ultrason Sonochem 2020;64:105021.
58.	 Kaur D, Yousuf B, Qadri OS. Syzygium cumini 

anthocyanins: Recent advances in biological activities, 
extraction, stability, characterisation and utilisation in 
food systems. Food Prod Process Nutr 2024;6:34.

59.	 Solomakou N, Drosaki AM, Christaki S, Kaderides K, 
Mourtzinos I, Goula AM. Valorization of peach 
(Prunus persica L.) peels and seeds using ultrasound 
and enzymatic methods. Chem Eng Process Process 
Intensific 2024;206:110072.

60.	 Santos MP, Santos OV, Conceição LR, Teixeira-Costa BE, 
Lourenço LF, Sousa CL. Characterization of lipid 
extracts from different colors of peach palm fruits-red, 
yellow, green, and white-obtained through ultrasound-
assisted green extraction. Foods 2024;13:1475.

61.	 Hao Y, Pei F, Huang J, Li G, Zhong C. Application of 
deep eutectic solvents on extraction of flavonoids. 
J Separ Sci 2024;47:2300925.

62.	 Ramírez-Sucre MO, Avilés-Betanzos KA, López-
Martínez A, Rodríguez-Buenfil IM. Evaluation of 
polyphenol profile from citrus peel obtained by natural 
deep eutectic solvent/ultrasound extraction. Processes 
2024;12:2072.

63.	 Domínguez-Rodríguez G, García MC, Marina ML. 
Green solvents and enzymes combined with 
advanced extraction techniques for the recovery of 
bioactive carotenoids and extractable/non-extractable 
polyphenols from grapefruit peels. Adv Sample Prepar 
2025;15:100192.

64.	 More PR, Jambrak AR, Arya SS. Green, environment-
friendly and sustainable techniques for extraction of 
food bioactive compounds and waste valorization. 
Trends Food Sci Technol 2022;128:296-315.

65.	 Jimenez-Garcia SN, Garcia-Mier L, Ramirez-
Gomez XS, Aguirre-Becerra H, Escobar-Ortiz A, 
Contreras-Medina LM, et al. Pitahaya peel: A by-product 
with great phytochemical potential, biological activity, 
and functional application. Molecules 2022;27:5339.

66.	 Ogo O, Hembafan N, Amokaha R, Jeremiah O, 
Inalegwu B. Characterization and antioxidant activity 
of peel extracts from three varieties of Citrus sinensis. 
Heliyon 2024;10:e28456.

67.	 Saleem M, Durani AI, Asari A, Ahmed M, Ahmad M, 
Yousaf N, et al. Investigation of antioxidant and 
antibacterial effects of citrus fruits peels extracts using 
different extracting agents: Phytochemical analysis with 
in silico studies. Heliyon 2023;9:e15433.

68.	 Du J, Wang H, Zhong L, Wei S, Min X, Deng H, et al. 
Bioactivity and biomedical applications of pomegranate 
peel extract: A comprehensive review. Front Pharmacol 
2025;16:1569141.

69.	 Siddiqui S, Singh S, Nayik G. Bioactive compounds 
from pomegranate peels - Biological properties, 
structure-function relationships, health benefits and food 
applications - a comprehensive review. J Funct Foods 
2024;116:106132.

70.	 Šafranko S, Šubarić D, Jerković I, Jokić S. Citrus 



Kumar, et al.: Fruit peel lipids and pharmaceutical applications

Asian Journal of Pharmaceutics • Jul-Sep 2026 • 20 (3) | 2135

by-products as a valuable source of biologically active 
compounds with promising pharmaceutical, biological 
and biomedical potential. Pharmaceuticals (Basel) 
2023;16:1081.

71.	 Siddiqui SA, Singh S, Nayik GA. Bioactive compounds 
from pomegranate peels-biological properties, structure-
function relationships, health benefits and food 
applications-a comprehensive review. J Funct Foods 
2024;116:106132.

72.	 Garg R, Anjum A, Garg R, Eddy NO, Watandost H. 
Citrus fruits as sources of bioactive compounds for 
multifaceted applications. Discov Food 2026;6:152.

73.	 Chukwuma CI. Antioxidative, metabolic and vascular 
medicinal potentials of natural products in the non-
edible wastes of fruits belonging to the Citrus and 
Prunus genera: A review. Plants (Basel) 2024;13:191.

74.	 Munir H, Yaqoob S, Awan KA, Imtiaz A, Naveed H, 
Ahmad N, et al. Unveiling the chemistry of Citrus peel: 
Insights into nutraceutical potential and therapeutic 
applications. Foods 2024;13:1681.

75.	 Castangia I, Manca ML, Allaw M, Hellström J, 
Granato D, Manconi M. Jabuticaba (Myrciaria 
jaboticaba) peel as a sustainable source of anthocyanins 
and ellagitannins delivered by phospholipid vesicles 
for alleviating oxidative stress in human keratinocytes. 
Molecules 2021;26:6697.

76.	 Marín D, Alemán A, Sánchez-Faure A, Montero P, 
Gómez-Guillén MC. Freeze-dried phosphatidylcholine 
liposomes encapsulating various antioxidant extracts 
from natural waste as functional ingredients in surimi 
gels. Food Chem 2018;245:525-35.

77.	 Marcillo-Parra V, Tupuna‐Yerovi DS, González Z, 
Ruales J. Encapsulation of bioactive compounds from 
fruit and vegetable by-products for food application - a 
review. Trends Food Sci Technol 2021;116:11-23.

78.	 Mansour RB, Falleh H, Hammami M, Hadid FB, 
Barros L, Tarchoun N, et al. Optimizing the encapsulation 
of the refined extract of squash peels for functional food 
applications: A sustainable approach to reduce food 
waste. Open Life Sci 2025;20:20251124.

79.	 Criollo-Mendoza MS, Contreras-Angulo LA, Leyva-
López N, Gutiérrez-Grijalva EP, Jiménez-Ortega LA, 
Heredia JB. Wound healing properties of natural products: 
Mechanisms of action. Molecules 2023;28:598.

80.	 Carvalho F, Lahlou RA, Silva LR. Exploring bioactive 
compounds from fruit and vegetable by-products with 
potential for food and nutraceutical applications. Foods 
2025;14:3884.

81.	 Omidian H, Akhzarmehr A, Bertol CD. Natural-
based antioxidants in cosmeceuticals: Extraction, 
bioavailability and skin ageing applications. Int J Cosmet 
Sci 2026;48:394-427.

82.	 García-Villegas A, Rojas-García A, Villegas-
Aguilar MD, Fernández-Moreno P, Fernández-Ochoa Á, 
Cádiz-Gurrea ML, et al. Cosmeceutical potential of 
major tropical and subtropical fruit by-products for 
a sustainable revalorization. Antioxidants (Basel) 

2022;11:203.
83.	 Ramos-Aguilar AL, Ornelas-Paz J, Tapia-Vargas LM, 

Gardea-Béjar AA, Yahia EM, Ornelas-Paz JJ, et al. Effect 
of cultivar on the content of selected phytochemicals in 
avocado peels. Food Res Int 2021;140:110024.

84.	 Chen J, Zhu F. Characterization of physicochemical 
properties, fatty acids, flavor volatiles and phenolic 
compounds of avocado varieties. Food Chem 
2025;482:143533.

85.	 Domínguez-Rodríguez G, Amador-Luna VM, Castro-
Puyana M, Ibáñez E, Marina ML. Sustainable strategies 
to obtain bioactive compounds from Citrus peels 
by supercritical fluid extraction, ultrasound-assisted 
extraction, and natural deep eutectic solvents. Food Res 
Int 2025;202:115713.

86.	 Afifi SM, Gök R, Eikenberg I, Krygier D, Rottmann E, 
Stübler AS, et al. Comparative flavonoid profile of 
orange (Citrus sinensis) flavedo and albedo extracted 
by conventional and emerging techniques using UPLC-
IMS-MS, chemometrics and antioxidant effects. Front 
Nutr 2023;10:1158473.

87.	 Giri S, Kshirod Kumar Dash, Bhagya Raj G, Kovács B, 
Ayaz Mukarram S. Ultrasound assisted phytochemical 
extraction of persimmon fruit peel: Integrating ANN 
modeling and genetic algorithm optimization. Ultrason 
Sonochem 2024;102:106759.

88.	 Belwal T, Huang H, Li L, Duan Z, Zhang X, Aalim H, 
et al. Optimization model for ultrasonic-assisted and 
scale-up extraction of anthocyanins from Pyrus communis 
‘Starkrimson’ fruit peel. Food Chem 2019;297:124993.

89.	 Gomes SM, Campos F, Martins MC, Monteiro C, 
Santos L. Exploring the bioactive potential and 
biocompatibility of extracts from agro-industrial residues 
for cosmetic applications. Int J Mol Sci 2025;26:9169.

90.	 Hendra R, Khodijah R, Putri R, Amalia R, Haryani Y, 
Teruna HY, et al. Cytotoxicity and antiplasmodial 
properties of different Hylocereus polyrhizus peel 
extracts. Med Sci Monit Basic Res 2021;27:e931118.

91.	 Łozowicka B, Kaczyński P, Mojsak P, Rusiłowska J, 
Beknazarova Z, Ilyasova G, et al. Systemic and non-
systemic pesticides in apples from Kazakhstan and 
their impact on human health. J Food Compos Anal 
2020;90:103494.

92.	 Petrantonaki A, Theodoropoulou VI, Mantiniotou M, 
Athanasiadis V, Bozinou E, Lalas SI. Optimization of 
polyphenol-rich extracts from defatted avocado peel 
and seed residues using ultrasound-assisted RSM: 
Antioxidant potential and valorization prospects. 
Antioxidants (Basel) 2025;14:1293.

93.	 Belgacem I, Li Destri Nicosia MG, Pangallo S, 
Abdelfattah A, Benuzzi M, Agosteo GE, et al. 
Pomegranate peel extracts as safe natural treatments to 
control plant diseases and increase the shelf-life and 
safety of fresh fruits and vegetables. Plants (Basel) 
2021;10:453.

94.	 Woźniak Ł, Szakiel A, Głowacka A, Rozpara E, 
Marszałek K, Skąpska S. Triterpenoids of three 



Kumar, et al.: Fruit peel lipids and pharmaceutical applications

Asian Journal of Pharmaceutics • Jul-Sep 2026 • 20 (3) | 2136

apple cultivars-biosynthesis, antioxidative and anti-
inflammatory properties, and fate during processing. 
Molecules 2023;28:2584.

95.	 Chakroun I, Bouraoui Z, Ayachi T, Hosni K, Guerbèj H, 
Snoussi M, et al. Phytochemical constituents and 
potential applications of Thomson Navel orange (Citrus× 
aurantium var. Sinensis L.) peel extracts: Antioxidant, 
antimicrobial and antiproliferative properties. Ind Crops 
Prod 2023;206:117597.

96.	 Ibrahim FM, Abdelsalam E, Mohammed RS, Ashour WE, 
Vilas-Boas AA, Pintado M, et al. Polyphenol-rich 
extracts and essential oil from Egyptian grapefruit 
peel as potential antioxidant, antimicrobial, and anti-
inflammatory food additives. Appl Sci 2024;14:2776.

97.	 Izu GO, Mfotie Njoya E, Tabakam GT, Nambooze J, 

Otukile KP, Tsoeu SE, et al. Unravelling the influence 
of chlorogenic acid on the antioxidant phytochemistry 
of avocado (Persea americana Mill.) fruit peel. 
Antioxidants (Basel) 2024;13:456.

98.	 Awidarta K, Rohman A, Nugroho AE. Unlocking the 
therapeutic potential of avocado peel waste: A comprehensive 
review of phytochemicals and pharmacological activities. 
J Food Pharm Sci 2025;13:285-95.

99.	 Thilakarathna SH, Rupasinghe HP, Needs PW. Apple 
peel bioactive rich extracts effectively inhibit in vitro 
human LDL cholesterol oxidation. Food Chem 
2013;138:463-70.

Source of Support: Nil. Conflicts of Interest: None declared.


