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A B S T R A C T

Nigeria possesses a vast botanical landscape of 7,895 plant species, in which 963 species are medicinal plants while 6,932 serve other
purposes. The global medicinal plant sector is shifting from raw exports toward standardised, plant-based active pharmaceutical
ingredients (APIs), a market projected to reach $271.14 billion by 2026. Nigeria is currently the fifth largest producer of cashew
but earns only a few million dollars compared to other countries from a similar production volume. This comprehensive review
synthesises current pharmacological and economic data regarding C. aurantiifolia (Lime) and A. occidentale (Cashew) as drivers for
Nigeria’s bio-economy. Literature published between 2009 and 2026 was retrieved from five major academic databases, focusing
on phytochemical efficacy, safety profiles, and industrial value chains. C. aurantiifolia contains bioactive flavonoids (hesperidin,
eriocitrin) with antioxidant and anti-inflammatory properties, while A. occidentale demonstrates significant metabolic, antioxidant
and antimicrobial potentials. Also, cashew byproducts like cashew nut shell liquid (CNSL) has immense industrial application.
The review evaluates the transition from traditional ethnomedicinal use to structured drug discovery pipelines, addressing necessary
stages such as bioassay-guided fractionation and toxicity standardisation. The review concludes that, by integrating indigenous
botanical knowledge with modern pharmaceutical processing, Nigeria can bridge the gap between ethnomedicine and industrial API
production, offering a scientifically-grounded strategy to mitigate national economic challenges.
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1. INTRODUCTION

Nigeria is the most populous and fourth-largest economy in
Africa, covering an estimated area of 923,768 square km [1]. The
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land occupies 910,768 square km, while the water bodies account
for 13,000 square km [2]. The vast landscape supports a rich bio-
logical heritage of approximately 7,895 plant species across 338
families and 2,215 genera [3, 4]. Within this flora, 963 species
(spanning 144 families and 611 genera) are recognised as medic-
inal plants, with the Fabaceae family currently dominating the
country’s ethnomedicinal pharmacopeia [5].
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While early assessments suggested only 0.4% of Nigeria’s
flora was threatened, recent evaluations indicate a sharp rise in
biodiversity loss driven by anthropogenic pressures [6]. This de-
cline underscores the urgent need to document and value the re-
maining 6,932 species, which are categorised into six functional
economic groups [6]. These range from neglected wild edible
plants that provide essential micronutrients to species used for
structural timber, industrial fibers, and domestic energy for ap-
proximately 70% of the rural population [7, 8]. Other groups
serve vital roles in traditional rites, bio-pesticides, or livestock
forage [9–11].
Despite this extensive functional classification, there is still

a critical gap in the high-value industrial transition of many
species. Harnessing the ethnomedicinal potentials of Citrus au-
rantiifolia and Anacardium occidentale for local drug develop-
ment offers a transformative strategy to bridge this gap. Both
species are traditionally valued for their diverse biological ac-
tivities, yet they often remain confined to rudimentary use-cases
[12–14]. The strategic transition of indigenous flora from basic
ethnobotanical categories into high-purity pharmaceutical lead
compounds serves as a vital nexus for addressing Nigeria’s press-
ing healthcare needs and economic diversification.

2. MATERIALS AND METHODS

A structured literature search was conducted to ensure a rigorous
and comprehensive synthesis of the pharmacological and eco-
nomic potential of Citrus aurantiifolia and Anacardium occiden-

tale; linking phytochemical profiles to industrial drug develop-
ment and national bio-economy strategies.

2.1. SEARCH STRATEGY AND INFORMATION SOURCES

Primary literature searches were performed across five major
academic and multidisciplinary databases: PubMed, ScienceDi-
rect, Google Scholar, Scopus, and ResearchGate. The search was
restricted to articles, clinical reports, and industrial reviews pub-
lished between 2009 and 2026 to ensure the inclusion of both
foundational data and the most recent advances in API (active
pharmaceutical ingredient) processing.

2.2. KEYWORDS AND SELECTION CRITERIA

The search utilised a combination of Boolean operators (AND,
OR) and specific keywords, including: "Anacardium occiden-

tale," "Citrus aurantiifolia," "Cashew nut shell liquid (CNSL),"
"Hesperidin/Eriocitrin," "Bioassay-guided fractionation," "Toxi-
city standardisation," "Antioxidant efficacy," "Antiinflammatory
efficacy," "Antimicrobial potential," "Nigeria bio-economy,"
"API value chain," "Pharmaceutical industrialisation," and "Eth-
nomedicinal documentation."

2.3. INCLUSION AND EXCLUSION CRITERIA

Only peer-reviewed original research, systematic/comprehensive
reviews, and official government or international reports (Nige-
rian Federal Ministry of Environment, WHO, World Bank, Mor-
dor intelligence) were included to maintain scientific depth.
Preference was given to studies that provided quantitative data on
bioactive compound potency, standardised extraction methods,
or comparative economic analyses of agricultural value chains.

Thematic analysis was then used to synthesise these findings into
the structured sections of this review.

3. FRAMEWORK FOR ANALYSIS

The literaturewas analysed to evaluate therapeutic evidence, map
the transition from crude extracts to standardised APIs, and as-
sess the scalability of local drug development as an economic
mitigation strategy.

4. ETHNOMEDICINAL USES OF Citrus aurantiifolia

Despite the recent advances in medical sciences and modern
medicines, 80% of the global population, including Nigeria
still depend on medicinal plants for their healthcare needs [15].
The industrial worlds engage in the purification of APIs from
their medicinal plant species for standardised drug production.
Whether consumed raw or purified, medicinal plants have shown
proven safety profile, potency, and cultural acceptability. Our
findings have shown that themedicinal plant sector is rapidly piv-
oting from raw material exports toward high-value standardised
phytochemicals and plant-based APIs [16–18]. Various parts of
C. aurantiifolia have been employed in traditional medicine.

4.1. Citrus aurantiifolia LEAVES

The leaves have been reported in the treatment of oral thrush, sore
throats, and jaundice fever [19]. Patients with insomnia often
drink the floral infusion to promote sleep [20]. Pounded leaf de-
coction is used for eye wash, and a remedy for stomach discom-
fort [21]. The leaf poultice is used for treatment of foot ulcers,
skin conditions, and the abdomenal pain after childbirth [22].
Crushed leaves are placed to the forehead to relieve headaches
and inhaled to revive unconscious patients.

4.2. Citrus aurantiifolia FRUIT JUICE

A mixture of the fruit juice and honey (or palm oil) is drunk for
relief of cough [23]. The fruit juice is consumed as tonic for
libido and antidote for poison [24]. It is also used to increase
stamina and treat uterine bleeding. It is also used as facial wash
to rejuvenate skin and remove stain [25]. The diluted fruit juice
is used as mouth wash to treat sore mouth and sore throat [26].

4.3. OTHER PARTS OF C. aurantifolia

Root decoction is drunk for treatment of fever, diarrhea, colic,
dysentery, and gonorrhea. Rind is burned as a mosquito pesti-
cide [27]. The mesocarp is utilised for facial cleansing to prevent
acne. The rind essential oil is for treatment of colds, sore throats,
bronchitis, asthma, arthritis. It is applied as a toner and astrin-
gent to treat wounds and acne on oily skin. Stem bark decoction
has been shown to relief flatulence and promotes digestion.

4.4. GLOBAL TOP 5 PRODUCERS OF LIME/LEMON Citrus

aurantiifolia

The lime fruit juice is a widely consumed cuisine in many cul-
tures; with India and Mexico as the world’s largest producers
[25]. Table 1 presents the global top 5 producers of lime/lemon.



Godwin et al. / NSPS-ABU-26 / Proceedings of the Nigerian Society of Physical Sciences 3 (2026) 261 3

Table 1. Global top 5 producers of lime/lemon (2025).

Country/
Continent

Production
(metric tons)

Export Rev-
enue (Est.)

Reference

India (Asia) 3,787,000 $4.65 Billion [25]
Mexico (N.
America)

3,500,000 $2.99 Billion [25]

China (Asia) 2,700,000 $2.6 Billion [25]
Turkey
(Asia/Europe)

1,500,000 $1.47 Billion [25]

Argentina (S.
America)

1,600,000 $1.73 Billion [25]

Table 2. Taxonomical classification of C. aurantiifolia.

Rank Classification
Kingdom Plantae
Phylum Tracheophyta
Class Magnoliopsida
Order Sapindales
Family Rutaceae
Genus Citrus

Species aurantiifolia

Figure 1. Photograph of C. aurantiifolia showing the fruits, leaves, and flow-

ers.

4.5. TAXONOMICAL CLASSIFICATION OF C. aurantiifolia

(christm.) SWINGLE

Common names forC. aurantiifolia in Nigeria include Lime (En-
glish), Lemun Tsami (Hausa), Osan wewe (Yoruba), Afunfanta
(Igbo) [26].

4.6. PHYTOCHEMICAL PROFILE OF Citrus aurantifolia

Every part of C. aurantiifolia (including fruits, stems, leaves,
flowers, seeds, and roots) contains varying concentrations of
bioactive components; including flavonoids, terpenoids, pheno-
lics, limonoids, and alkaloids [27]. Transitioning from rawmate-
rial exportation to standardised APIs requires precise analytical
frameworks [28]. Validated methods such as the HPLC analy-
sis of flavonoids on Ascentis➤ Express C18, demonstrate that
the primary bioactive constituents in lime fruit juice (specifically
Eriocitrin, Hesperidin, and Naringin), can be effectively isolated,
quantified, and used as APIs in drug development. Hesperidin is
the major component of C. aurantiifolia responsible for its po-
tency [28].

4.6.1. Flavonoids

Hesperidin and eriocitrin are major flavonoids found in C. au-
rantiifolia with established antioxidant property [29]. Apigenin,
rutin, kaempferol, quercetin, and nobiletin have also been re-
ported in C. aurantiifolia extract [34]. The C. aurantiifolia

fruit peel has more flavonoids than seeds, juice, and fruit [30].
HPLC analysis of flavonoids in hand-squeezed lime fruit juice
on Ascentis➤ Express C18 identified five flavonoids: Api-
genin 6,8-di-C-glucoside, diosmetin 6,8-di-C-glucoside, erioc-
itrin, narirutin, hesperidin (major component). Phucharoenrak
et al. [35] carried out a metabolomic analysis of the ethanolic
seed extract using LC-qTOF/MS and GC-HRMS and identified
84 compounds with Hesperidin, Limonin, Neohesperidin, 5,7-
Dimethoxycoumarin, 7-Methoxy-coumarin, Bergaptol, Berg-
amottin, 5-Geranoxy-7-methoxy-coumarin as predominant con-
stituents. Flavonoids are rich in biological activities: acting
as antioxidants, regulating enzyme activity, preventing cancer
cell growth, antibacterial, hypoallergenic, antidiarrheal, and anti-
inflammatory properties.

4.6.2. Terpenoids

Terpenoids are volatile low-molecular-weight substances often
present in essential oils [36]. Al-Aamri et al. [37] identi-
fied 33 compounds with D-Limonene (63.35%) and Dimethyl-
2,6-octadien-1-ol (7.07%) as predominant constituents in the
leaf’s essential oil. Similarly, 34.81% β-pinene and 20.15% d-
limonene were found to be among the terpenoid content in the
ethanolic leaf extract. Monoterpenes, alcoholic terpenes, alde-
hyde terpenes, ketone terpenes, and ester terpenes are the sev-
eral types of terpenoids found in C. aurantiifolia [36]. Patil et
al. [38] reported limonin, limonexic acid, isolimonexic acid,
β-sitosterol glucoside, limonin glucoside as seed extract con-
stituents responsible for pro-apoptotic and pancreatic cancer in-
hibition. Terpenoids possess potent antibacterial, antioxidant,
and anti-inflammatory properties.

4.6.3. Phenolics

The C. aurantiifolia fruit maturity stage is known to affect its
phenolic content; immature fruits demonstrated higher pheno-
lic content than mature fruits. The phenolic content is also
influenced by the extraction process, and solvent concentra-
tion. The ethanolic extract showed higher total phenolic con-
tent than aqueous and methanol crude extracts [30]. The to-
tal phenolic content of the leaf, extracted with 96% ethanol
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was higher than the same leaf sample extracted with 70% al-
cohol. Thus, the higher the solvent concentration, the higher
the phenolic content and some other constituents. Four phe-
nolic acids identified in C. aurantiifolia pulp include tannic
acid, gallic acid, ferulic acid, and coumaric acid in their or-
der of abundance. Phucharoenrak et al. [31] reported pres-
ence of 5,7-dimethoxycoumarin, 7-methoxy-coumarin, bergap-
tol, bergamottin, 5-geranoxy-7-methoxy-coumarin in C. auran-
tiifolia ethanolic seed extract.

4.6.4. Alkaloids

The three primary alkaloids in Citrus genus include synephrine,
tyramine, and octopamine [32]. TheC. aurantiifolia peel showed
higher alkaloid content than the pulp. The C. aurantiifolia alka-
loids and glycosides could be employed as dietary supplements
considering their biological properties including anticancer ac-
tivity.

4.6.5. Limonoids

Limonoids are major phytochemical constituents found in cit-
rus fruits. Two types of limonoids in citrus have been shown to
be glycosides and aglycones. The aglycones include the dicar-
boxylic acids, acidic mono-lactones, and neutral dilactones. The
aglycones are insoluble in water and exhibit characteristic bit-
ter taste. The bitter taste of C. aurantiifolia is likely caused by
presence of limonoid aglycones. Glycosides (sugar component)
known as limonin and nomilin are the most significant compo-
nents [33]. The limonoids fall within the class of oxygenated
tetracyclic triterpenoids and their biological properties include
antitumor, anti-obesity, and antihyperglycemic, antioxidant, an-
tibacterial, larvicidal, antimalarial, and antiviral, hypoallergenic,
anti-inflammatory, antiproliferative, antimutagenic.

4.7. PHARMACOLOGICAL ACTIVITIES OF Citrus aurantiifolia

4.7.1. Antioxidant activity

The antioxidant activity of C. aurantiifolia is attributed to the
hydrogen-donating property of its flavonoid, carotene, and vi-
tamin C content [29]. The lime juice used as a solvent to ex-
tract cashew bark (LJECB) was reported to elicit antioxidant
activity (in vitro), raised the HDL-c level, and showed no sig-
nificant effect on liver-kidney function at the doses tested [34].
Similarly, the methanol extracts of the peel and leaves demon-
strated strongest antioxidant activity [35]. Furthermore, LJECB
also promoted gastric ulcer healing and attenuated pepsin activ-
ity in indomethacin-induced gastric ulceration inWistar rats [36].
The C. aurantiifolia, rich in vitamin C antioxidant, shields low-
density lipoprotein (LDL) and plasma lipids from peroxidative
damage caused by oxidative stress.

4.7.2. Antibacterial activity

The antibacterial activity of C. aurantiifoliawas found to be me-
diated by phenolics and derivatives which work by denaturing
bacterial cell proteins. Studies have shown that C. aurantiifo-
lia root inhibits the growth of Staphylococcus aureus, Klebsiella
pneumoniae, Proteus mirabilis, Pseudomonas aeruginosa, Beta-

haemolytic streptococci, Escherichia coli and Neisseria gonor-
rhoeae [37].

4.7.3. Anti-inflammatory properties

The anti-inflammatory activities of C. aurantiifolia peel essen-
tial oil are attributed to the presence of limonene, α-terpinene,
and geranial components [38]. The anti-inflammatory activity
was found to include the inhibitory effect of the essential oil on
protein extravasation, cytokine synthesis, and neutrophil infiltra-
tion. Due to the high concentration of citral in C. aurantiifolia
essential oil, high dose could lead to myelotoxicity [39]. Also,
Kasim et al. [40] demonstrated that the ethanolic extract ofC. au-
rantiifolia stem bark influenced the growth of S. typhi in Balb/c
mice, often driven by raised interleukin-6 (IL-6) level. Follow-
ing the injection of S. typhi on Day 5, the IL-6 cytokine level
was found to be significantly high. Administration of 750 mg/kg
lime peel extract on the 10th day was associated with a signifi-
cant decrease in IL-6 level and S. typhi growth. This indicates
that C. aurantiifolia peel extract elicited both antibacterial and
anti-inflammatory properties by lowering the blood level of IL-6
which in turn, inhibited S. typhi proliferation.

4.7.4. Anti-cancer activity

Citrus aurantiifolia inhibited the growth of liver can-
cer, colon cancer, neuroblastoma, pancreatic cancer, and
prostate cancer [41]. Hesperidin, limonin, neohesperidin,
5,7-dimethoxycoumarin, 7-methoxy-coumarin, bergaptol, berg-
amottin, 5-Geranoxy-7-methoxy-coumarin, limonin, limonexic
acid, isolimonexic acid, β-sitosterol glucoside, limonin glu-
coside were phytoconstituents responsible for its anticancer
properties.

4.7.5. Immuno-modulatory activity

The C. aurantiifolia fruit juice was reported to elicit potent
immuno-modulatory activity [42]. The study observed a signif-
icant reduction in body weight and feed intake in rats adminis-
tered withC. aurantiifolia juice. The juice elevated the red blood
cell count and haemoglobin level.

5. Anacardium occidentale AND PHYTOCHEMICAL PROFILE

Anacardium occidentale has rich phytochemical profile, nu-
tritional composition (vitamins, minerals, amino acids, lipids,
carbs) and biological properties (antioxidant, anti-inflammatory,
anti-ulcerogenic, cardio-protective, etc.) [43].
The phytochemical profile of A. occidentale is dominated by

anacardic acids, cardol, and cardanol within the cashew nut shell
liquid (CNSL). The pseudofruit and leaves are rich sources of
quercetin, catechins, and carotenoids which are polyphenols re-
sponsible for their antioxidant and glucose-regulating activities.
The presence of these phytoconstituents facilitates a broad range
of pharmacological applications, from industrial polymer syn-
thesis to the development of standardised antimicrobial APIs
[44].

5.1. NUTRITIONAL COMPOSITION OF CASHEW

The nutritional composition includes water-soluble vitamins (vi-
tamin C, B1, B2, B3, B6) and fat-soluble vitamins (K, E, A),
calcium, potassium, and magnesium in cashew apple juice. The
cashew nut is highly rich in oil, essential amino acids (lysine,
tryptophan, phenylalanine, methionine, threonine, isoleucine,
leucine, valine, histidine) and eight non-essential amino acids



Godwin et al. / NSPS-ABU-26 / Proceedings of the Nigerian Society of Physical Sciences 3 (2026) 261 5

Table 3. Major nutrients or bioactive components in cashew and implica-

tions.

Parts Major bioactive
components

Key data and implica-
tions

Kernel (nut) High lipid con-
tent; stable edi-
ble oil, essential
amino acids

Oil yield 47–56% (raw
to roasted); unsaturated
fatty acids predominate;
oleic 34.75–65.60% and
linoleic present, support-
ing edible-oil and snack
value [45]

Cashew apple
(pseudofruit)

High moisture,
sugars, polyphe-
nols, carotenoids

Moisture >80%
w/w, sugars ≈10%
w/w, high polyphe-
nols/flavonoids/tannins
supporting antioxidant
and functional-food use
[49]

Testa (skin) Concentrated
polyphenols

Testa rich in polyphenols
and contributes antioxi-
dant capacity of kernel
products [49]

Cashew nut-
shell and
CNSL

Long-chain phe-
nolic compounds

Cashew nutshell liquid
contains aliphatic long-
chain phenols usable in
coatings and industrial
formulations [49]

(cystine, tyrosine, alanine, aspartic acid, glutamic acid, glycine,
proline, serine) [45–47]. The pseudofruit (apple) is rich in water
and polyphenols; testa and nutshell are rich in phenolics and in-
dustrial lipids [46]. Cashew nut’s physicochemical indices (acid
value, peroxide, saponification and iodine values) indicate an ed-
ible, non-drying oil with good oxidative stability, and roasting
does not alter the fatty-acid profile or antioxidant activity [46].
Defatted cashew kernel cake has nutrient properties comparable
to groundnut cake and can be used as an alternative protein source
in poultry, with feed-cost reductions of 9.1% and acceptable per-
formance when replacing groundnut cake [47].

Several popular drinks in north America are made from fresh
cashew apple juice and include cashew applewine, probiotic bev-
erages [48]. One cup serving of cashew provides 5 g of protein, 1
g of fiber and 16 g of fat, 750 mg of copper, 167 mg of phospho-
rus, 89 mg of magnesium, 27 mg of manganese, 23 mg of folate,
11 mg of iron, and 9 mg of zinc [45]. Cashews are considered
safe and beneficial for managing blood sugar levels in diabetic
patients due to their low glycemic index of 22 [45]. Major bioac-
tive nutrients in cashew and implications are presented in Table
3.

5.2. GLOBAL TOP 5 PRODUCERS OF CASHEW NUTS

Ivory Coast (Africa) is the world’s largest producer of cashew av-
eraging 1,044,449.95 metric tons per year [25]. Table 4 presents
the global top 5 producers of cashew nuts. The 2026 esti-
mated bioeconomy from cashew is $10.57 billion. Although,
Ivory Coast is the global largest producer of cashew, they are
not making the most revenue as Vietnam, which mostly engages
in cashew processing. This observation suggests that the true

Table 4. Global top 5 producers of cashew nuts.

Country Production
(metric tons)

Export Rev-
enue

Role in market

Ivory Coast
(Africa)

1,044,449.95 $1.17 Billion Largest grower/
exporter

India (Asia) 800,000 $2.35 Billion Huge producer &
largest consumer

Cambodia
(Asia)

800,000 $1.5 Billion Major supplier to
Vietnam

Vietnam
(Asia)

350,000 $5.2 Billion #1 in processing/
export

Nigeria
(Africa)

340,000 $400 million Raw cashew nut
exporter

Table 5. Taxonomical classification of A. occidentale.

Rank Classification
Kingdom Plantae
Phylum Magnoliophyta
Class Magnoliopsida
Family Anacardiaceae
Genus Anacardium

Species occidentale

Figure 2. Photograph of A. occidentale showing fruits, leaves, nuts and flow-

ers.

wealth is not in the export of the raw material but in the process-
ing to finished products. Nigeria is currently the fifth largest pro-
ducer of cashew but earns only a fewmillion dollars compared to
other countries from a similar production volume (Table 4). Ma-
jor cashew-producing states include Kogi, Oyo, Kwara, Enugu,
and Niger states.
The local names of cashew in Nigeria include cashew (En-

glish), Kaju (Yoruba), Kashu (Igbo) and Fisa (Hausa).

5.3. TAXONOMICAL CLASSIFICATION OF A. occidentale

(LINNAEUS)
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5.4. ETHNOMEDICINAL USES OF CASHEW

The stem bark or leaf decoction is drunk for treatment of fever,
skin rashes, sore throat, cough, rheumatoid arthritis, gastric ulcer,
hemorrhoids, severe diarrhea, diabetes, worm, teeth bleeding,
hypertension. The roots are utilised in the treatment of cough,
stomach pain, tooth decay, hypertension, malaria, and diarrhea.
The apple is used for scorpion or bee sting, syphilis, cholera,
kidney disease, as well as diuretic [44, 48]. The nut oil is used
to treat cracked heels, hypertension, purgative, cholera, hook-
worms, and warts. The cashew gum has been used in the treat-
ment of inflammatory disorders, analgesic, asthma, T2D, diar-
rhea, warts, coughs [49].
Notably, each documented ethnomedicinal application repre-

sents a high-priority pharmacological lead or the foundation for
bioprospecting. Transitioning from ethnomedicine to clinical ap-
plication requires the isolation of active principles followed by
rigorous in vitro and in vivo validation to establish dose-response
relationships and safety profiles [50].

5.5. BIOLOGICAL ACTIVITIES OF A. occidentale (Linnaeus)

5.5.1. Antioxidant activity

Kernel testa and pseudofruit are rich in polyphenols and
flavonoids that contribute significant antioxidant capacity; and
studies show that non-thermal processing method was the best
method of preserving these activities in the pseudofruit [51]. The
antioxidant activity of various parts ofAnacardium occidentale is
primarily driven by high concentrations of vitamin C, phenolics,
tannins, and anacardic acids. Cashew stem-bark extracted with
lime fruit juice enhanced antioxidant status in indomethacin-
induced ulcer in Wistar rats; which was associated with ulcer
healing.

5.5.2. Metabolic and enzyme inhibition

The cashew stem-bark extracted with lime fruit juice signif-
icantly inhibited aggressive pepsin activity in indomethacin-
induced ulcer in Wistar rats; which promoted ulcer healing [36].

5.5.3. Anti-inflammatory and tissue effects

Silva et al. [52] reported the antinociceptive and anti-
inflammatory activities of cashew gum in complete Freund’s
adjuvant-induced arthritis. The cashew gum reduced prostration,
joint edema, and polymorphonuclear migration without altering
the body weight. The histomorphological analysis showed that
the cashew gum promoted gastroprotective and hepatoprotective
effects against the adjuvant-induced damage.

5.5.4. Cardiometabolic and other pharmacology

Biological properties attributed to cashew bioactive constituents
include anti-tumor, neuroprotective, cardiovascular protection,
anti-diabetic and gastroprotective effects [49, 52].

5.5.5. Processing and activity retention

Roasting and conventional heat treatments produce only minor
changes in fatty-acid composition and generally preserve antiox-
idant activity in kernels under the tested conditions [47].

6. DRUG DEVELOPMENT POTENTIAL: PIPELINES FROM

TRADITION TO API PRODUCTION

Transitioning ethnomedicinal knowledge to industrialised APIs
requires a structured, multi-stage pipeline: ethnobotanical se-
lection, extraction, bioassay-guided isolation, structural identi-
fication, standardisation, safety profiling, and scalable synthesis
[53]. This ensures that the therapeutic effects of C. aurantiifolia
and A. occidentale are not only validated but also standardised
for safety and global regulatory compliance. This process is in-
creasingly integrating AI and machine learning (ML) for virtual
screening and pharmacokinetic prediction, bridging traditional
medicine withmodern, compliant pharmaceutical manufacturing
[54].

6.1. ETHNOBOTANICAL SELECTION AND DOCUMENTATION

The initial phase in drug discovery pipeline involves gathering
of the indigenous knowledge, ensuring ethical compliance, and
validating the pharmacological potential of plant extracts, such
as anti-inflammatory, antioxidant or anti-tumor properties [50].
The crude extracts of the selected herbal materials are obtained
using solvents of varying polarities such as ethanol, methanol, or
aqueous solution.

6.2. BIOASSAY-GUIDED FRACTIONATION

Bioassay-guided fractionation is another critical stage in drug
discovery pipeline [55]. It streamlines the purification of crude
extracts by isolating active compounds based on their biologi-
cal activity. Sophisticated techniques like high-resolution chro-
matography (HPLC, VLC, LC-MS) are used to separate the
crude extract into smaller fractions to isolate specific bioac-
tive compounds [56]. The fractionation is followed by bioas-
say screening, in which each fraction is tested in a biological
assay (e.g., DPPH scavenging for antioxidant activity, cyclooxy-
genase II for anti-inflammatory activity or MIC determination
for antimicrobial efficacy) [57]. Only the active fractions are se-
lected for further sub-fractionation and this is considered as it-
erative refinement. This process continues until pure, bioactive
compounds (such as hesperidin and eriocitrin in C. aurantiifolia)
are isolated. Adeniyi-Akee [24] reported the bioassay-guided
isolation, characterisation and cytotoxicity of mosquito-repellent
compounds from selected medicinal plants (Citrus paradisi, Cit-
rus sinensis, and Citrus limon).

6.3. IDENTIFICATION OF BIOCHEMICAL TARGETS AND

VALIDATION

Following isolation, crucial steps include structural elucidation
using advanced methods (NMR, MS, IR) and identifying bio-
logical pathways the compound affect [58]. Bioactivity is then
assessed via in silico modeling or AI-enhanced validation to aid
lead optimisation [59]. Studies have identified limonin, luteolin,
andmyricetin fromC. aurantiifolia fruit peels as having potential
anti-plasmodial, anti-hyperglycemic, and antioxidant activities,
often interacting with crucial target proteins in silico [60, 61].

6.4. LEAD OPTIMISATION AND AI-ENHANCED VALIDATION

(2025 TREND)

Lead optimisation involves the use of structural approach to de-
termine if the lead compound can be modified to increase po-
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tency or decrease toxicity [62]. Artificial intelligence (AI) and
machine learning (ML) have been used to predict molecular in-
teractions, optimise pharmacological profiles, and reduce drug
discovery time by up to 70% [63]. Recent advancements in
computational methodologies have integrated machine learning
to streamline the screening of bioactive constituents within Cit-
rus essential oils, facilitatingmore efficient process optimisation,
authenticity verification, and the discovery of novel therapeutic
compounds [64].

6.5. STANDARDISATION AND PHARMACOKINETIC

PROFILING

Standardisation is a crucial transition step in the development of
botanical APIs to ensure consistency of the pharmaceutical prod-
uct. It ensures that every dose contains a consistent concentration
of bioactive markers [65] such as hesperidin in C. aurantiifolia.
It also involves establishing quality control metrics for raw ma-
terials (such as soil quality and harvest timing), to ensure repro-
ducibility in extract potency. The standardised lead can then be
evaluated for pharmacokinetic properties (absorption, distribu-
tion, metabolism, excretion ADME) to determine how the lead
compound behave within a biological system [66]. The informa-
tion from the pharmacokinetic profiling is essential for determin-
ing dosage intervals and predicting potential drug-herb interac-
tions.

6.6. SAFETY AND TOXICITY STANDARDISATION

This involves determining the median lethal dose (LD50) and as-
sessing sub-chronic toxicity in animal models to ensure the lead
compound (API) does not damage vital organs like the liver, kid-
neys, heart, GIT, Blood cells [67]. High concentration of citral in
C. aurantiifolia essential oil was reported to elicit myelotoxicity
[39]. High doses of lime essential oil leads to mild hepatotox-
icity and nephrotoxicity [68]. Normal, dietary consumption of
C. aurantifolia fruit juice does not cause toxicity. Lime peel oils
are known to contain furanocoumarins, which can cause photo-
sensitisation, a form of skin reaction upon exposure to ultraviolet
light. The key phytochemicals in the essential oil include germa-
crene isomers, pinene, citral, and limonene.

6.7. PRE-CLINICAL AND CLINICAL TRIALS

Clinical trials represent the definitive translational bridge be-
tween fundamental laboratory discovery and therapeutic appli-
cation, functioning as the rigorous benchmark for evaluating the
safety and efficacy of novel drug candidates. The laboratory test-
ing is moved from in vitro and in vivo models to human trials to
establish efficacy and dosage. AI has been employed in various
stages of drug discovery, from hit identification to lead optimisa-
tion, and possible impact on clinical outcomes [69]. While there
is significant in vitro and animal study research on C. auranti-
ifolia, search results showed that much of the studies is in the
pre-clinical stage rather than human clinical trials [70].

6.8. SCALABLE INDUSTRIAL PRODUCTION

This involves shifting from lab-scale extraction to industrial pro-
duction, utilising green chemistry to ensure, for example, sus-
tainable synthesis and reduced environmental impact [71]. Large

scale valorisation of approximately 15 million tons of annual cit-
rus waste (peels, seeds, pulp) has been reported [72]. Major
industrial products include essential oils (mainly D-limonene),
pectin, flavonoids, and citrus peels for biofuel.

6.9. REGULATORY APPROVAL AND INTELLECTUAL PROPERTY

(IP) DOCUMENTATION

The drug approval process is an indispensable regulatory man-
date designed to safeguard the integrity of the pharmaceutical
market by verifying the pharmacological viability and manufac-
turing consistency of new drug candidates [73]. This involves
strict adherence to regulatory standards to ensure that the API
is safe, effective and pure. It involves documenting all the ex-
traction protocols, tested therapeutic markers, pharmacokinetic
profile, safety and toxicity profile, standardised chemical pro-
cess development that confirms that the API is safe and effective.
The detailed information is compiled and forwarded to the inter-
national regulatory bodies like NAFDAC, FDA, or EMA. These
regulatory bodies are the final gatekeeper for local drug develop-
ment.

7. INDUSTRIAL AND ECONOMIC IMPLICATIONS

Cashew and lime fruits possess unique nutritional and pharma-
cological properties that drive high-value opportunities in global
food and industrial markets. The opportunities include cashew
kernel processing and oil, pseudofruit preservation and func-
tional foods, animal feed from byproduct cakes, industrial use
of CNSL, and utilisation of pomace and other wastes for added-
value products [74]. Also, large scale valorisation of citrus waste
(peels, seeds, pulp) has been reported for biofuel [72]. High-
value products and industrial applications derived from Anac-

ardium occidentale components is presented in Table 6.

8. CHALLENGES AND FUTURE DIRECTIONS

Transitioning from crude botanical extracts to standardised APIs
in Nigeria faces significant hurdles, including inconsistent phy-
tochemical profiles, high infrastructural costs for high-purity iso-
lation, and a complex global regulatory landscape. Furthermore,
the rapid loss of biodiversity due to anthropogenic pressures
threatens the very genetic resources required for long-term drug
discovery. Future directions must prioritise the integration of Ar-
tificial Intelligence and Machine Learning to accelerate hit-to-
lead optimisation and toxicity prediction [75]. Leveraging green
chemistry innovations and biotechnological approaches to val-
orise citrus and cashew processing waste, Nigeria can establish
a sustainable, circular bio-economy that ensures both healthcare
sovereignty and international economic competitiveness.

9. CONCLUSION

In conclusion, the review shows that the medicinal plant sector
is rapidly pivoting from raw material exports toward high-value
standardised phytochemicals and plant-based active pharmaceu-
tical ingredients (APIs). By transitioning indigenous flora from
basic ethnobotanical categories into high-purity pharmaceutical
lead compounds, Nigeria can concurrently safeguard its domes-
tic healthcare infrastructure and build long-term economic re-
silience. The strategic integration of Citrus aurantiifolia and
Anacardium occidentale into the local drug development pipeline
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Table 6. High-value products and industrial applications derived from Anac-

ardium occidentale components.

Product/ Appli-
cation

Description

Kernel process-
ing and oil

The high oil yield and stable high-oleic pro-
file support edible oil production, roasted-
nut snacks, and high-value kernel exports
[47].

Cashew apple
products

High moisture, sugar and polyphenol con-
tents of cashew apple enable juicing, fer-
mented beverages and development of func-
tional foods [47].

Animal feed
from byprod-
ucts

Defatted cashew kernel cake serves as a
protein-rich replacement for groundnut cake
in poultry diets, improving feed efficiency,
lowering feed costs, and strengthens local
livestock value chains [46].

Industrial ap-
plications of
CNSL

The long-chain phenolic compounds are
suitable for surface coatings, insulating for-
mulations and other industrial uses, offering
a high-value non-food revenue stream [49].

Pomace and
residues

Techniques for drying and stabilising cashew
pomace enable its use in ingredient devel-
opment or fermentation feedstocks, reduc-
ing postharvest losses and opening industrial
feedstock opportunities [74].

Employment
generation

Expansion of small and medium-scale
cashew processing will create more jobs
across women-led processing groups and
youth in collection, sorting, processing and
marketing nodes [75].

Foreign ex-
change and
export value
addition

Moving beyond raw nut export to processed
kernels, edible oil, apple-derived products
and CNSL-based industrial products will
significantly increase unit value and export
earnings potential [75].

Food security
and affordabil-
ity

Use of defatted cashew kernel cake as an al-
ternative protein feed reduces poultry feed
costs (∼ 9.1% reduction reported in one
feeding trial), potentially lowering animal-
protein prices and improving food afford-
ability [47].

Industrial devel-
opment and sub-
stitution

CNSL and pomace provide feedstocks for
coatings, insulators, and ingredient indus-
tries, creating upstream-downstream link-
ages and reducing import dependence for
specialty chemicals and feed ingredients
[75].

offers a transformative pathway to mitigate national economic
challenges. Ultimately, leveraging these bio-resources through
modern biotechnological and computational frameworks serves
as a vital nexus for achieving pharmaceutical sovereignty and
long-term economic diversification.

9.1. RECOMMENDATIONS

1. Strategic phytochemical standardisation - Stakeholders
must begin to prioritise the transition from crude extract
preparation to the isolation of high-purity pharmaceutical

lead compounds. Establishing standardised fingerprints for
bioactive metabolites in C. aurantiifolia and A. occidentale
is essential to meet international regulatory benchmarks and
ensure therapeutic consistency.

2. Integration of advanced computational tools - To acceler-
ate drug discovery timelines, researchers should adopt an
"in silico-first" approach. Utilising machine learning and
LSTM-based models for predicting pharmacokinetic pro-
files and toxicity can significantly reduce the cost and time
associated with traditional bench-to-bedside transitions.

3. Valorisation of agricultural waste - Nigeria should imple-
ment a circular bio-economy model by focusing on the ex-
traction of APIs from citrus and cashew processing by-
products. Utilising fruit rinds and pomace as a source of
high-value bioflavonoids not only reduces environmental
impact through green chemistry but also provides a low-cost
raw material stream for local manufacturing.

4. Policy alignment for pharmaceutical sovereignty - The
Nigerian Federal Ministry of Environment and health regu-
latory bodies should provide incentives for the local devel-
opment of plant-based APIs. This can mitigate economic
challenges, reduce the fiscal burden of drug imports, and
safeguard national healthcare infrastructure.
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