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ABSTRACT

The Citrus genus is a family Rutaceae that consists of over 160 species of great nutritional, medicinal and
economic value. Some of these species include Citrus pyriformis (ponderosa lemon) that has large fruits with
gummy peel cavities that are a significant source of essential oils. These oils are mostly mono- and sesquiterpenes
with D-limonene as the most prominent bioactive molecule commonly used in the food, pharmaceutical,
cosmetics, and aromatherapy sectors -limonene is considered mostly safe and easily broken down to excretable
molecules. It presents variety of pharmacological effects which are the antioxidant, antimicrobial, antiflammatory,
cardio protection, gastro protection, neuro-protection, anticancer, antiviral, and insecticidal effects. These
biological processes are mainly facilitated by control of oxidative stress, inflammatory signalling pathways,
microbial growth and apoptosis. Nevertheless, its practical use is hampered by solubility difficulties in water,
hydrophobicity, volatility and oxidative degradation. The recent developments in nanotechnology based delivery
systems like Nano emulsions, microencapsulation and polymeric fibre formulations have shown a great potential
of improving its stability, bioavailability and controlled release. In general, this review outlines pharmacological
characteristics and therapeutic target of D-limonene extracted out of Citrus pyriformis and highlights the role of
optimal formulation techniques and combination therapy in enhancing its clinical and industrial potential. More
toxicological and pharmacokinetic research desires to be conducted in order to be able to use it safely and
effectively as a therapeutic agent.
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INTRODUCTION:

The Citrus genus (family Rutaceae) includes about
160 genera and some 162 species as per the Tanaka
classification. In addition to their many culinary
applications, citrus species are known for their
nutritional and medicinal benefits. Their aromatic
essential oils are also highly valued in the food,
cosmetic, pharmaceutical, and perfume industries.!
In terms of biological activity, citrus essential oils
have been shown to have a broad range of
antibacterial, anticancer, anti-inflammatory, and

antioxidant properties. These properties have been
linked to a variety of phytochemicals, the
composition of which is influenced by genetic
makeup, geographic origin, climate, and seasonal
fluctuations. = Monoterpenic and sesquiterpenic
hydrocarbons and their oxygenated derivatives make
up the majority of citrus essential oils'phytochemical
composition. These typical chemical profiles can be
useful in species and cultivar selection, assessment
of genetic diversity and inference of sensory traits.
Due to the extensive accessibility of Citrus species
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and their significant pharmacological potential,
extensive research has been devoted to the
explanation of chemical configuration of their
essential oils, and bioactivities of these compounds.?
ORIGIN AND HISTORY:

Citrus pyriformis is thought to have been created out
of an accidental seedling planted in Hagerstown,
Maryland, circa 1887, and introduced into the nursery
trade via 1900. Later on, it was grown in various areas,
in Poland, though, the good cultivation of the so-called
Skierniewice lemon (cytryna skierniewicka) was
popular in times when there was a shortage of
imported citrus fruits. Though Citrus pyriformis used
to be classified as the hybrid between lemon and
citron, recent genomic studies have changed the
perspective. The genetic makeup of the molecules has
shown that it only has the genes of pomelo (Citrus
maxima) and citron (Citrus medica), implying that it
is likely to be an F2 cross. However, genuine lemons
bear genetic constituent of mandarin orange (Citrus
reticulata), which lacks in Citrus pyriformis thus rule
out lemon as its immediate parent.’

CULTIVATION AND COLLECTION:

The Citrus pyriformis trees are mainly grown as
ornamental crops and not as commercial fruit bearing
crops. They are also often planted in containers in
colder climates in order to allow them to be protected
against winter frost, and grafting onto dwarf rootstock
is often used to keep them compact in growth. The
fruits are unique in the sense that some months after
being ripened they still stay on the tree even though

they do not suffer much damage in terms of quality.
Moreover, the Citrus pyriformis trees also tend to be
in flower and fruit at the same time, another
characteristic with citron trees, increasing their
decorative value when used
landscapes.*

DESCRIPTION:

Citrus pyriformis (Ponderosa lemon L., Rutaceae) is a
small, slow-growing citrus tree that is native to the
southern parts of Asia, usually attaining a height of 3-
6 m. The species is mostly used as ornamental plant
and is distinguished with extremely large fruits,
normally weighing between 1 and 2 kg. C. pyriformis
is a natural hybrid taxonomically and is thought to

in gardens and

have arisen as a cross between lemon and citron
through cross breeding of citron (C. medica) and
lemon (C. limon). C. pyriformis has citron-like
morphology with evergreen and glossy, ovate-elliptic
leaves and lemon aroma. The branches are rather thick
and have a high number of spines, and young shoots
and flowers are often purplish in colour and the fruit
can be produced all year long.12 The flowers are
larger compared to most species of citrus and the
bloom can be produced any time of the year. The plant
is commonly clipped and allowed to grow as a bush or
a tree under ornamental cultivation. They are medium
to large in size, have a thick and irregular peel and are
richly seeded, morphologically similar to citron, but
with a lemon-like flavour.* (Figure 1. Plant of Citrus
Pyriformis (Ponderosa Lemon)

Figure 1. Plant of Citrus Pyriformis (Ponderosa Lemon)

NATURAL PLANT EXTRACT SOURCES:
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Table 1: Natural Plant Extract Sources of Citrus Plants

Plant Parts (Essential Oil) Composition (%) References
Citrus x sinensis Fruit peels 98.54 Dias, A.L.B. Sousa 2020
Citrus x aurantium Fruit peels 93.70 Fadilah, N.Q2022
Tetradium daniellii Leaves, Fruits 72.71 Yang, J.; Wang,2022
Hyptis Jacq Leaves, Fine stems 72.60 Lima, A.S.; Fernandes,2022
Cymbopogon citratus Whole Plant 71.00 Kgang, L.E.; Klein,2023
Citrus unshiu Fruit peels 70.22 Zhong, W.; Chen,2022
Citrus maxima Fruit peels 67.58 Chandra Das,2022
Citrus x limon Dry leaves, Fruit peels 62.97 Gao, Z.; Yu, Z.; Qiao,2022
Citrus x latifolia Fruit peels 54.71 Correa, A.N.R.; Weimer,2023
Bursera graveolens Fruits 43.60 Jumbo, L.0.V.; Corréa,2022
Psidium guajava Leaves 38.01 Alam, A.; Jawaid,2023
Citrus bergamia Whole Plant 21.47 Noshad, M.; Alizadeh
Behbahani, 2022
Zanthoxylum schinifolium Whole Plant 21.24 Liao, S.; Yang,2022
Litsea cubeba Fruits 14.30 Si L, Chen Y, Han X, 2012

FRUIT OF CITRUS PYRIFORMIS PLANT

Morphology is one of the basic methods used in
identification and authentication of medicinal plant
materials. C. pyriformis fruit peel has very clear
macroscopic features making it easy to classify it and
differentiate it with closely related species. The peel is
commonly thick, rough and aromatic and the colour of
the peel varies with the maturity stage and surface; it
is either yellow or greenish-yellow. Outer surface
(exocarp) has many oil glands which can be seen as
small depressions but the inner mesocarp is spongy

and fibrous.”” The morphological features are
fundamental parameters in pharmacognostic analysis
to ensure the quality, purity, and authenticity of raw
materials in plants before phytochemical or essential
oil studies. An accurate morphological analysis can
not only reduce the chances of adulteration, but also
aid in standardization of citrus-based medicinal and
industry products.’’ (Figure 2. Fruit of Citrus
Pyriformis (Ponderosa Lemon) Plant)

Figure 2. Fruit of Citrus Pyriformis (Ponderosa Lemon) Plant
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MORPHOLOGICAL ANALYSIS OF CITRUS
PYRIFORMIS FRUIT PEEL

Morphology is a method used in identification and
authentication of medicinal plant materials. The peel
is commonly thick, rough and aromatic and the colour
of the peel varies with the maturity stage and surface;
it is either yellow or greenish-yellow. Outer surface
(exocarp) has many oil glands which can be seen as
small depressions but the inner mesocarp is spongy
and fibrous. An accurate morphological analysis
reduces the chances of adulteration, also aid in
standardization of citrus-based medicinal and industry
products.?!

MACRO AND MICROMORPHOLOGY OF

RS
Figure 3. (A) Citrus Pyriformis (Ponderosa Lemon) plant. (B) Mature fruits. (C) Transversal section of the
peel, showing the pigmented flavedo and the white albedo. (D) Detail of the flavedo with spherical to
ellipsoidal/pyriform oil cavities. Scare bar:1mm.
SCANNING ELECTRON MICROSCOPICAL ANALYSIS:

The C. pyriformis has characterized that when the
fruits are mature, the colour of the fruits is normally
bright yellow and their shape is usually pyriform with
dimensions that are recorded as about 8 x 5.5 up to
11.5 x 10 cm. The peel is always reported as being
bipartite, with a thin layer on its surface (flavedo) and
a relatively deeper layer (albedo), and the albedo is
reported to contain numerous oil cavities with variable
morphologies of spherical, ellipsoidal, and pyriform
cavities. Scanning electron microscopy has also
confirmed this structural heterogeneity, showing that
there are different types of cavity, which differ in
shape and size. The quantitative morphometric studies
in the literature often entail measurements of the polar
and equatorial axes of oil cavities at the mature stage,
when the structures are fully formed and filled up with
the necessary oil. 222 (Figure 3).

R
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Figure 4: Micrographs of the fruit peel of C. ‘Pyriformis’(A—C): spherical (A) to ellipsoidal/pyriform (B, C)
oil cavities visible in a fruit peel cross section. (D—F): Deposits of the EQO visible within the secretory cavities:
(D) EO droplets without histochemical staining; (E) droplets of the EO stained orange-red by SudanlII;(F)
brilliant yellow fluorescence of the EO drops stained with Fluorol Yellow 088.

CITRUS ESSENTIAL OILS

Citrus essential oils consist of intricate blends of
volatile bioactivity compounds, mainly monoterpenes
and sesquiterpenes and oxygenated forms thereof one
of the most frequent components of citrus oils is D-
limonene, which is responsible for many of the oils'
biological activity and signature scent. The synergistic
effects of other important components, such as
linalool, myrcene, a-pinene, b-pinene, g-terpinene,
and antioxidant, enhance the oils' antibacterial, anti-
inflammatory, and anticancer

capabilities. Due to the fact that their chemical make-
up varies with each individual citrus fruit, essential oil
compositions can be both qualitative and quantitative.
Citrus essential oils have many different industrial and
pharmacological applications, making them ideal for
usage in aromatherapy, food preservation, cosmetics,
and pharmaceutical formulations. Knowledge of their
chemical profile is required in quality control,
standardization, and optimization of therapeutic
effect.?**

STRUCTURES OF ACTIVE CHEMICAL CONSTITUENT
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PHYTOCONSTITUENTS OF CITRUS PYRIFORMIS ESSENTIAL OIL
Table 2. Chemical Composition of ‘Citrus Pyriformis’ Essential Oil

CLASS

SUBCLASS

ACTIVE CONSTITUENTS

Monoterpene hydrocarbons

Acyclic/ Monocyclic

a-Pinene , B-Pinene

D-Limonene, f-Ocimene

y-Terpinene , B -Terpinene
a-Phellandrene , B-Phellandrene,

Alcohols

Oxides1-Terpinen-4-ol
a-Terpineol , Geraniol

trans-Carveol , cis-Carveol

Oxygenated Monoterpenes

Aldehydes

Citral (Neral + Gerenial)
Decanal

Citronellal , Octanal
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Perillal aldehyde
Ketones Carvone , Pulegone
Diols Trans-p-Mentha-2,8-dienol
Oxides B - Linalool
trans-Limonene oxide
B-Caryophyllene ,a-Caryophyllene
Sesquiterpene hydrocarbons Bicyclic/ Tricyclic Germacrene D
o-Humulene , §-Cadinene
a-Cubebene , B-Cubebene
Oxygenated Sequiterpenes Alcohols trans-Farnesol
Other minor constituents Nitrogen containing Indole,
Oxygenated alcohol 1,2-Oxolinalool
derivatives

D-LIMONENE AS A MONOTERPENE

D-Limonene is a monoterpene and terpenoids
member, and its racemic mixter is known as
dipentene. D-limonene (often found in citrus fruits)
and L-limonene (often found in pine or turpentine
trees) and has an orange-like aroma. Essential oils
extracted from citrus peels, typically by steam
distillation or centrifugal separation, typically contain

scavenging and modulation of inflammatory and
apoptotic pathways are the mechanisms by which it
exerts its many biological effects. D-limonene is
highly used in food, cosmetic and fragrance industries
due to its low toxicity and pleasant smell, and its
quality and effectiveness depend on botanical origin,
maturity, geographical origin, and extraction
method.?®(Figure 5: Chemical Structure of D & L-
Limonene).

70-95% D-limonene. Reactive oxygen species
CHs CH;

H:C/\Cﬂz H;C/\

D-Limonene L-Limonene

Liquid Form of Limonene

Figure S: Chemical Structure of D & L-Limonene

BIOSYNTHESIS OF D-LIMONENE

The mevalonate pathway converts acetyl-CoA into D-
limonene. After acetylacetyl-CoA is formed by
condensation of two acetyl-CoA molecules, 3-
hydroxy-3-methylglutaryl-CoA (HMG-CoA) is the
product of a reaction between acetyl-CoA and a third
acetyl-CoA molecule. After that, the HMG-CoA

reductase turns HMG-CoA into mevalonate.
Isopentenyl diphosphate (IPP) is produced from
mevalonate by means of a sequence of

phosphorylation and decarboxylation reactions. A

ubiquitous precursor of monoterpenes, geranyl
diphosphate (GPP) is formed by isomerizing IPP and
dimethyl allyl diphosphate (DMAPP). GPP is then
condensed by placing the two isomers head-to-tail.
Finally, the terpene synthase enzyme, the limonene
synthase, is used to recycle GPP into D-limonene. It is
a stereospecific enzyme-catalysed reaction that
controls the creation of the D-isomer, thus controlling
the  optical  structure of the  resulting

monoterpene.?’(Figure 6: D-Limonene Biosynthesis).
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Figure 6: Mevalonate Pathway of D-Limonene Biosynthesis

PROPERTIES OF D-LIMONENE:

Table 3: Chemical and Physical Properties of D-Limonene

Boiling point of Compound in (°C)

PROPERTIES (+) - LIMONENE OR (R) - LIMONENE OR
(D) - LIMONENE
Compound Name (R)-1-methyl-4(1methylethenyl) cyclohexene
Chemical Abstracts Service Registry 5989-27-5
Number (CASRN)
Appearance Clear, Colourless to slightly yellowish mobile liquid
Odour Strong, pleasant, fresh, citrus, lemon-like or orange — like aroma
Taste Fresh, citrus-like
Chemical formula of compound CI10H16
Molecular weight of compound 136.23 g/mol
Melting point of Compound in (°C) -74.35
175.5-176.0

Log Kow

Density 0.8411 g/cm3 at 20°C
Vapour pressure 190 N.m?2or Kg.m!.s2 at 20°C
Water solubility 13.8* mg/litre at 25°C

Henry’s law constant 34.8 kPa m3/mol at 25°C
4.23¢

Optical rotation

+95.55° to +104°

1JDDT, Volume 16 Issue 43s, 2026

Page 270



PHARMACOGNOSTIC, PHARMACOLOGICAL AND NANOTECHNOLOGICAL PERSPECTIVES OF D-
LIMONENE-RICH CITRUS PYRIFORMIS PEEL OIL

DOSE OF D-LIMONENE

D-Limonene is mostly considered safe to be used as
flavouring agent in food preparation. Dietary
exposure has been estimated to be dependent on the
consumption patterns and has been reported to be
about 0.27 mg/kg body weight/day and is about 16.2
mg/day in the case of an adult weighing 60 kg.
Nonetheless, larger daily intake has been reported in
some groups, between 20-40mg and even 50-
90mg/day and is said to be due to increased intake of
citrus fruits, citrus based products, and edible peel.2®
METABOLISM OF D-LIMONENE

The elimination half-life of D-Limonene in human
body is about 12-24 h. It is widely metabolized to

COOH

H;C \ CH, H;C

Perillic acid

Limonene-1,2-diol

dihydroperillic acid, periled acid, limonene-8,9-diol,
limonene-1, 2- diol and the associated isomers of
perillic acid, which are majorly excreted in the urine
following ingestion. Studies on humans have
demonstrated that consumption of 850.49-1133.98 g
of limonene-containing matter in the range of 445 to
595 mg plus of (+)-limonene results in the production
of perillic acid in vivo, with successively decreasing
concentrations observed over time. In cases of
lemonade intake, the highest levels of perillic acid
were 2.08-13.98 pumol and could not be detected in
24h of intake, indicating high metabolism and
clearance.” (Figure 7).

o OH
OH
OH
CH, H,C CH,
Dihydroperillic acid

Figure 7: D-limonene Metabolites-Perillic acid, Limonene-1, 2-diol, Dihydroperrilic acid

EXCRETION OF D-LIMONENE

D-Limonene is eliminated through the urinary system
as metabolites like glucuronic acid conjugates of two
monohydroxylated isomers of limonene, limonene-
8,9-diol, dihydroperillic acid and perillic acid.
Quantitative measurements have shown that the
excretion of urine contains about 7-11% perillic acid
and its associated metabolites, and that the excretion
of the limonene-8, 9-diol glucuronide is about 25-30%
of the excretion.*

CLINICAL STUDY OF D-LIMONENE

Five adult men were used as human subjects in a study
conducted on the effects and consequences of human
safety in relation to one of the chemical compounds,
namely, (+)-limonene. Even though transient

gastrointestinal discomfort with tenesmus was noted,
31,32

PHARMACOLOGICAL ACTIVITIES OF D-
LIMONENE

Antioxidant Activity:

It is a certainly occurring monoterpene that has a high
antioxidant potential with several different molecular

no clinical biochemical abnormalities were noted.
Particularly, the liver functional parameters (total
protein, cholesterol, bilirubin, and alkaline
phosphatase) and the parameters of renal (blood urea
nitrogen) and pancreatic (amylase) functions did not
exceed the norms. D-Limonene is thus deemed to be
safe in humans up to 100 mg/kg body weight with no
serious fatigue having only mild and reversible fatigue
on higher doses. Cases of animal research have on the
other hand shown species- and sex-specific toxicity.
Survival rate of female rats exposed to 600 mg/kg was
lower, and male rats got renal lesions, which were
nephropathy. This effect is explained by the presence
of a2u-globulin in hyaline droplets in the cells of the
renal tubules which is specific in male rats, but not in
humans.

mechanisms. It has been shown that D-limonene has
good effects in alleviating endoplasmic reticulum
stress and inhibiting production of reactive oxygen
species caused by cytotoxic substances like
methylglyoxal, which is the case experimentally.
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Citrus sinensis-derived essential oil with about 88.9%
D-limonene exhibits a high antioxidant ability in the
ferric-reducing antioxidant power (FRAP) assays.
Additionally, in vitro studies show that D-limonene
scavenges ABTS radicals well at concentrations
ranging from 16 to 64 mg/mL, but only a little amount
of DPPH. In addition, D-limonene blocks the
formation of ROS due to APi-«2 oligomers, the
NADPHox  subsidiary's activities, and the
development of intrinsic antioxidant enzymes such
heme oxygenase-1 and superoxide dismutase.
Research in living rats has shown that D-limonene can
prevent lipid peroxidation and reverse the effects of
carbon tetrachloride's depletion of important
antioxidant enzymes, lending credence to its claims of
being an effective natural antioxidant.*
Anti-Inflammatory Activity:

It works by reducing vascular permeability, halting
the production of inflammatory mediators, and
limiting the migration of neutrophils to regions of
inflammation. Experimental investigations in mouse
models have shown that D-limonene inhibits paw
oedema and ethoxidative stress caused nociception.
In vitro studies also indicate that D-limonene
prevents migration of RAW264.7 macrophage cells
and it has a high potential to be an anti-inflammatory
agent. Furthermore, animal studies have shown that
D-limonene significantly reduces levels of pro-
inflammatory cytokines such as TNF-o, IL-6, and
myeloperoxidase, while increasing levels of
endogenous antioxidant defenses like glutathione
peroxidase and superoxide dismutase. In addition, D-
limonene is an effective inhibitor of inflammation
caused by exogenous toxicants in the form of the
reduction of carbon tetrachloride-induced increases
in inflammatory markers 3

Cardioprotective and Gastroprotective Activity:
D-Limonene modulates oxidative stress and
inflammatory signalling pathways, which contribute
significantly to  its  cardioprotective  and
gastroprotective effects. An investigation has
demonstrated that D-limonene suppresses the
mitogen-activated protein kinase (MAPK)/nuclear
factor-xB (NF-kB) signaling pathway and reduces
the activity of important cardiotoxicity indicators
like alanine aminotransferase, lactate
dehydrogenase, and creatine kinase. All the
mentioned effects lead to the reduction of the injury
caused by myocardial infarction and elimination of
relevant histopathological changes in cardiac tissue.
D-limonene increases gastric mucosal defence

responses (increasing mucus secretion, controlling
oxidative stress and inflammatory reactions, and NF-
kB-inhibition) after oral intake. Besides, the
protection D-limonene provides against colitis
induced by oxazolones has also been
demonstrated.Reduce nociceptive in relation to
oxidative stress, and inhibit gastric ulceration caused
by ethanol, highlighting its utility in cardiovascular
and gastrointestinal disease.*®

Anticancer Activity:

At molecular level, D-Limonene regulates apoptosis,
vascular endothelial growth factor-signalling,
autophagy, phosphoinositide 3-kinase/protein kinase
B (PI3K/Akt)-signalling, and key molecular targets
like B-cell lymphoma-2 (Bcl-2), Bcl-2-associated X
protein (Bax), and caspases. According to research,
D-limonene effectively slows tumor cell
development, boosts docetaxel's pro-apoptotic
effects by raising ROS levels, and kills cancer cells
by interfering with mitochondrial function and
PI3K/Akt. With its anti-inflammatory and
antioxidant effects, D-limonene has a broad variety
of potential medicinal uses beyond just fighting
cancer. It also protects against ischemia-induced
brain damage and acute renal injury and has anti-
fibrotic characteristics.>
Neuroprotective Activity:
D-Limonene  has  demonstrated
neuroprotective properties, and this has made it an
attractive therapeutic candidate in the treatment of
neurodegenerative diseases. Research into the
mechanisms underlying Alzheimer's disease has
shown that D-limonene can slow the progression of
the disease by lowering acetylcholinesterase activity

significant

and protecting neurons from damage caused by
amyloid-b1-42-induced mitochondrial dysfunction,
ROS overproduction, and Kv3.4 potassium channel
hyperactivity. Further data prove that D-limonene
reverses corticosterone-induced oxidative stress,
neuroinflammation, and neuronal apoptosis by
stimulating adenosine monophosphate-activated
protein kinase alpha (AMPKa) signalling pathway.
Also, D-limonene has been shown to significantly
decrease hyperalgesia and astrocytosis, stimulate
neuronal regeneration, and sensorimotor functional
recovery in experimental models of peripheral nerve
injury, further indicating its general neuroprotective
activity. 3’

Antiviral Activity:

It also reported D-Limonene to have antiviral
activity, which could be explained by the presence of
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a cyclohexene moiety and its ability to bind to viral
envelopes and viral proteins. Results from
experiments show that D-limonene, at concentrations
that are not cytotoxic, can prevent the overall
infection of herpes simplex virus type 1 (HSV-1), but
that its antiviral effectiveness decreases dramatically
once the virus has penetrated host cells. According to
these findings, D-limonene is just as effective as
sodium hypochlorite at killing viruses at
concentrations as high as 99.99% of viral particles.*®
In addition to its binding similarities to the gold
standard treatment for Lassa fever, ribavirin,
molecular docking studies have shown that D-
limonene may be able to inhibit the Lassa virus L
polymerase, an enzyme crucial to the viral
transcription ~ and  replication  processes.60;
furthermore, new data suggests that D-limonene may
protect against the 2019 coronavirus illness
(COVID-19) by preventing the severe acute
respiratory syndrome coronavirus from entering host
cells.*® Based on computational studies, D-limonene
has the potential to inhibit the viral spike protein's
interaction with the ACE2 receptor. It has been
shown that D-limonene can reduce cytokine storm by
influencing  various

inflammatory  signaling

COMBINATION THERAPY OF D-LIMONENE

. D-Limonene in Combination with Metformin

Collectively, available evidence indicates that
Metformin and D-limonene exhibit significant
anticancer potential against liver and breast cancer
models. Researchers found that these compounds
mainly inhibit cancer cell proliferation and viability
by inducing apoptosis in HepG2 and MCF-7 cells. In
this result, pro-apoptotic genes like p53 and Bax are
upregulated, while anti-apoptotic and inflammatory
markers like Bcl-2, PTGS2 (COX-2), and iNOS are
downregulated. Network pharmacology and drug—
target analyses further revealed that these
compounds interact with key molecular pathways
associated with inflammation, tumour progression,
angiogenesis, and oxidative stress. Moreover, both
compounds were reported to induce cell-cycle arrest
and exhibit antioxidant activity, which may further
contribute to their ant proliferative effects and
leading to enhanced apoptotic signalling and greater
suppression of  tumour-promoting  pathways
compared with individual treatments.*

. D-Limonene in Combination with Docetaxel

Combination therapy of Docetaxel and D-Limonene
considerably increased cytotoxicity in cancer cells

pathways, such as PI3K/Akt/IKK-o/NF-kB p65,
suggesting that it could be useful in avoiding
pulmonary fibrosis caused by COVID-19.%°
Antiparasitic Activity:

It exhibits pronounced cytotoxic activity against
Leishmania species by increasing parasite plasma
membrane fluidity and inducing membrane disruption
and cell lysis, thereby highlighting its potential utility
in the treatment of leishmaniosis. It is believed that the
suppression of dolichol and ubiquinone production
pathways is the mechanism by which D-limonene
causes developmental arrest in Plasmodium
falciparum by disrupting the isoprenylation of Ras-
and Rap-related proteins.®* Additionally, D-limonene
demonstrates strong anthelmintic activity against
Haemonchus contortus, with a reported median lethal
concentration (LCso) of 245 uL/mL and a repellent
efficacy of 97.5%, potentially associated with its
acetylcholinesterase inhibitory activity. In addition,
D-limonene has a strong anti-Trypanosoma cruzi
effect by damaging cells structurally and functionally
and encouraging cell death by oxidative stress,
caspase activation, and inhibition of the PIP3/Akt
signaling pathway.*4?

relative to docetaxel alone, with negligible toxicity
toward normal cells, according to in vitro studies
employing human prostate carcinoma DU-145 cells
and normal prostate epithelium PZ-HPV-7 cells. To
find out how viable the cells were, the MTT assay
was utilized. The combined treatment ultimately
caused the prostate cancer cells to undergo apoptosis
by increasing intracellular ROS generation,
decreasing glutathione (GSH) levels, and caspase
activation. The release of cytochrome c, caspase-9,
caspase-3, poly (ADP-ribose) polymerase (PARP),
and a rise in the ratio of Bad: Bcl-xL in favour of the
apoptotic signalling were indicators indicating the
mitochondrial apoptotic pathway had been activated,
according to the mechanistic investigation.
Moreover, N-acetyl cysteine pre-treatment had a
major inhibitory effect on apoptosis, which provided
a confirmation that the generation of ROS is the key
element of the antitumor action. On the whole, these
results indicate a potential to use D-limonene as an
adjuvant to enhance the antitumor effect of docetaxel
through induction of ROS-mediated, caspase-
dependent apoptosis via the mitochondrial pathway,
thereby demonstrating its use in management of
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hormone-refractory prostate cancer as an adjuvant
that has no side effects.**

SAFETY ASSESSMENT OF D-LIMONENE
D-limonene is a volatile organic compound, and its
exposure is wide because it is a flavouring and
fragrance compound that is very common in fruits,
plants, and consumer products. The main path of
exposure is dietary intake with about 96 percent and
the other one is inhalation through ambient air with
about 4 percent. Derivatives of D-limonene that have
been oxidized especially D-limonene hydro peroxides
have been recognized to be strong skin irritants. Its
widespread use in food, laundry, cosmetics and home
products raise the risk of dermal exposure and contact
allergy cases have been reported in several
geographical areas.*’ Excessive dermal exposures can
lead to skin irritation and purpuric eruptions, which in
most cases rely heavily on the extent of oxidation of
D-limonene. To preclude these risks, the production
of D-limonene and its delivery to the body should be
conducted at low temperatures or antioxidants should
be used to stabilize the product to ensure that peroxide
levels do not exceed 20 mmol/L'Even though modest
skin irritation could still happen, purported clinical
trials have demonstrated that non-oxidized D-
limonene does not produce Geno poisoning,
neurotoxicity, or  reproductive  toxicity in
people.**Although D-limonene has been linked to
carcinogenicity, respiratory  sensitization, and
nephrotoxicity in animal studies, especially in rats,
these effects are thought to be species-specific and
hence not applicable to people because the o2u-
globulin protein is not present in humans. Perfumes,
cosmetics, and household items containing D-
limonene have been linked to sensitization reactions
and harmful consequences, although no case has
proven that D-limonene is the only agent
responsible.*” At present, an acceptable daily intake
for D-limonene has not been specified. Consequently,
further studies are warranted to elucidate its metabolic
pathways, define safe exposure thresholds, and
perform comprehensive risk assessments, particularly
in light of increasing citrus consumption and the
potential for cumulative exposure leading to toxicity
upon prolonged intake.*®

TOXICOLOGICAL ASSESSMENT OF D-
LIMONENE

Cytotoxicity:

Limonene and deacetylnomilin had a high level of
cytotoxicity on HeLa cells with IC50 of 132.1 mM

and 113.2 mM ICso values of 132.1 uM and 113.2
UM separately. It is probable that their anti-
proliferative activities are related to the presence of
reactive epoxy groups, which may react with
nucleophilic amino acid residues of cellular proteins,
thus disrupting the normal cellular functions.
Limonene was found to be more cytotoxic in COS7
cells than deacetylnomilin (ICso = 35.0 uM and 85.1
uM, correspondingly) which could be because of its
higher lipophilicity and increased uptake into cells,
the free hydroxyl group in deacetylnomilin could
limit membrane permeability. By contrast, both of
the compounds had little growth inhibitory activity
in Caco-2 cells with an IC50 of more than 470 puM,
which is significantly less sensitive than HeLa or
COS7 cells. This resistance can be associated with an
excessive expression of P-glycoprotein and other
ATP-binding cassacle (ABC) transporters in Caco-2
cells which actively release lipophilic compounds. In
the same way, sitosteryl-3-B-D -glucoside was
moderately cytotoxic in HeLa and COS7 cells but
had no significant activity in Caco-2 cells.*
Hepatotoxicity of Limonene:

Limonene-associated toxicity has been reported to
have a possible target organ of the liver. In a
controlled experiment, Wistar rats were given
limonene orally at a dosage of 25-75 mg/kg body
weight for 30 to 45 days to see what would happen.
Aspartate AST, ALT, and serum ALP were the
biochemical markers used to assess liver function. It
should be mentioned that rats given 75 mg/kg/day of
limonene for 45 days had significantly lower serum
ALT levels than controls, suggesting that the enzyme
levels in the liver were affected in a dose-and time-
dependent way and that higher concentrations might
potentially alter these levels as well.
Neurotoxicity of Limonene:

While research on the effects of limonene and its
derivatives on the CNS has been conducted in animal
studies, our current understanding of limonene's
neurotoxicology is limited. In male mice, limonene
epoxide produced strong analgesic and anxiolytic
effects. In physically stressed male Wistar rats, L-
limonene demonstrated strong antistress effects
through inhibiting the basal hypothalamic-pituitary-
adrenal (HPA) axis and attenuating g-aminobutyric
acid type A (GABAA_ AA) receptors. Additionally,
limonene has a sedative effect in rodents, which is at
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least partially explained by its ability to modulate
serotonergic neuronal activity and dopaminergic
neurotransmission. Limonene is thought to play a
role in central monoaminergic systems since,
interestingly enough, it also succeeded in reducing
methamphetamine-induced hyper locomotion. The
discovery of bioactive secondary metabolites in
Citrus pyriformis, such as limonoids, flavonoids, and
sterols, provides scientific justification for the plant's
traditional medicinal use and suggests it may one day
serve as a natural source of lead compounds for
therapeutic purposes.’!

APPLICATIONS: NANOTECHNOLOGY AND
D-LIMONENE
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D-Limonene  has  inherent  physicochemical
characteristics, such as a high hydrophobicity,
vulnerability to oxidative degradation, and a high
volatility in light, air, moisture, or high temperatures.
These factors affect its effectiveness during storage
and use. To address these issues, polymer-based
encapsulation techniques have been used to increase
stability and biological activity of D-limonene, release
it in a controlled manner, and extend its functionality.
Nano emulsions, nanoparticles, nanogel and
microcapsules that provide better protection and
regulated release of the active compound.’*(Figure.8)
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Figure 8: Applications of D-limonene:(a) D-limonene using a novel organ gel-based Nano emulsion. (b) D-
limonene-loaded Nano emulsions. (¢) D-limonene-loaded edible film. (d) D-limonene-thioctic acid-ionic
liquid polymer. (e) Electro spun polyvinyl alcohol/D-limonene fibres. (f) Microcapsules loaded with D-

limonene.

. Microencapsulation of D-Limonene:

D-limonene was microencapsulated, using brea gum
as the wall material. There was no discernible shift in
the average particle size following seven days of room
temperature storage in microcapsules made from a
20% w/w brea gum solution, indicating optimum
stability. Also, D-limonene composite coalescent
microcapsules were made by spray drying type A
gelatine and viscosity-modified sodium alginate
together with in situ coalescence. When dried, these
microcapsules kept up to 82.7% of the D-limonene,
and when left at room temperature for more than 72
days, they maintained about 80% of the encapsulated
D-limonene. Their reconsolidation efficiency was
75% + 6%.>

2. D-Limonene-Lipoic Acid—Ionic Liquid Polymer:

It has superb antibacterial action, moderate strain
capacity, good substrate adhesion, and the ability to
self-heal through disulfide and hydrogen bonding. It is
also stable over the long term. In addition,
antibacterial fibers made of polyvinyl alcohol (PVA)

and D-limonene have been created using
electrospinning technique. The fibers showed
effective  antibacterial  activity, low oxygen

permeability, high elongation at break, enhanced
tensile strength, and high degradability when the
optimum ratio was 7:3 (PVA: D-limonene).>*

. Organ Gel-Based Nano Emulsion:

D-Limonene has been effectively utilized as an
antimicrobial agent through its incorporation into
organ gel-based Nano emulsion systems. In this
method, D-limonene was encapsulated in a Nano
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emulsion that was prepared through high-pressure
homogenization with the concentration of surfactant
that can determine the size and stability of the
droplets. The optimal conditions for achieving a stable
Nano emulsion were a 10% w/w Tween 80
concentration, 100 MPa pressure, and 10
homogenization cycles. The resulting droplets with an
average size of 36 nm. Although encapsulation
slightly reduced antibacterial activity compared to the
free compound, the nanoemulsion disrupted microbial
cell membranes, leading to cell death.%
CONCLUSION

A monoterpene with a wide range of pharmacological
actions, D-limonene is abundant in the essential oils
of Citrus pyriformis. The control of oxidative stress,
inflammatory signalling, microbial growth, and
apoptosis is the main mechanism via which these
effects exert their influence. The food,
pharmaceutical, cosmetic, and aromatherapy
industries all make use of D-limonene because of its
rapid metabolism into excretable chemicals and
generally low risk of adverse effects. Use of D-
limonene in therapy, however, is restricted by its
hydrophobicity, volatility and vulnerability to
oxidative decay. Nano delivery systems have been
developed using nanotechnology like microcapsules,
Nano emulsions and polymeric fibres to improve its
stability, bioavailability and controlled release. Also,
structural analysis of lemon peel oil cavities can be
helpful in enhancing the derivation of essential oils
and their quality. Recent data also brings out the
possibility of D-limonene as a combination cancer
therapy. Synergistic effects on anticancer qualities
have been demonstrated in liver and breast cancer
models when it is coupled with metformin. This effect
is achieved through apoptosis, which is induced by up-
regulation of p53 and Bax and down-regulation of
Bcl-2, COX-2, and iNOS. Additionally, when paired
with docetaxel, D-limonene increases cytotoxicity in
prostate cancer cells through the usage of reactive
oxygen species (ROS) and caspase activation,
reducing mitochondrial apoptosis, while causing low
harm to normal cells. Collectively, D-limonene is an
exciting new natural substance with promising
medical and commercial applications. Research in the
future should centre on improving sophisticated
delivery systems, delving deeper into its function in
combination  therapies, and carrying out
comprehensive toxicological and pharmacokinetic
studies to back up its use in clinical settings.
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