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Peel from citrus fruits (Citrus sinensis (sweet orange)) is one of the biggest agricultural 
by-products from the juice processing industry that is underutilized and has many 
bioactive phytochemicals with therapeutic potential. This review critically explores the 
pharmacognostic features, phytochemical makeup, traditional medicinal uses, molecular 
mechanism of anti-inflammatory activity, pharmacological applications, extraction 
technologies and applications towards circular bioeconomy of orange peel. The peel is 
rich in several bioactive compounds, such as flavonoids (hesperidin, naringin, narirutin), 
polymethoxyflavones (nobiletin, tangeretin, sinensetin), phenolic acids, essential oils 
(mainly D-limonene), carotenoids, and limonoids. Not only they have strong anti-
inflammatory properties due to the modulation of NF-κB, MAPK, COX/LOX, and 
NLRP3 inflammasome pathways, but they also show antioxidant, antimicrobial, 
anticancer, cardioprotective, hepatoprotective, neuroprotective, antidiabetic, and 
gastroprotective properties. The orange peel phytochemistry has been well characterized 
by recent developments in green extraction methods, metabolomics and systems 
pharmacology. Moreover, valorisation of citrus processing waste is consistent with the 
principles of circular bioeconomy and sustainable development. Although there is plenty 
of preclinical evidence, there are some problems to be solved before it could be widely 
used in therapy, such as lack of clinical validation, bioavailability of important 
flavonoids, the use of standardized extracts, and the absence of long-term safety data. 
This review indicates key areas of research that need to be addressed and suggests future 
research directions for the potential conversion of citrus peel bioactives into evidence-
based phytopharmaceuticals, nutraceuticals and functional health products. 
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1. Introduction
1.1 Herbal Medicines and Global Significance 

For thousands of years medicinal plants have been 

the source of traditional health care systems and are 

still a vital component of today's medicine. While 

synthetic pharmaceuticals have improved over time, 

plant-based bioactive compounds still play a 

significant role in the pharmaceutical industry 

because of their diverse structures and their ability to 

synthesize a wide variety of products with different 

therapeutic effects and favorable safety profiles, even 

though they may be more expensive and have poorer 

yields [1], [2], [3]. Traditional herbal medicines are 

used by approx. 80% of the global population as a 

primary healthcare, especially in the developing 

countries [4]. The WHO Traditional Medicine 

Strategy 2014-2023 and the subsequent Global 

Report on Traditional and Complementary Medicine 

2019 have emphasized the importance of integrating 
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traditional medicine into national health systems, 

highlighting the need for evidence-based validation 

of herbal remedies [5]. 

 

With the growing incidence of chronic non-

communicable diseases, there has been a search for 

new therapeutic agents from natural sources [6]. The 

role of natural products in drug discovery continues 

to evolve, with renewed interest in plant-derived 

compounds for managing chronic inflammatory 

conditions. Furthermore, the concept of network 

pharmacology has emerged as a powerful framework 

for understanding the synergistic actions of botanical 

mixtures, moving beyond the "one compound-one 

target" paradigm. Plants produce a variety of 

secondary metabolites such as alkaloids, flavonoids, 

phenolic acids, terpenoids and glycosides that have 

important pharmacological activities [7]. The 

relevance of natural products in drug discovery is 

evident in the fact that many clinically relevant drugs 

are derived from medicinal plants, which are used as 

a source of medicines [8]. 

 

.2 Inflammation as a Therapeutic Target 

Inflammation is a complex biological process that is 

protective to the tissue against infection and injury. 

But chronic inflammation has been linked to a range 

of chronic diseases such as cardiovascular diseases, 

rheumatoid arthritis, inflammatory bowel disease, 

metabolic syndrome, neurodegenerative diseases and 

cancer [9],[10]. Non-resolving inflammation is now 

recognized as a key driver of chronic disease 

pathogenesis, with maladaptive inflammatory 

responses contributing to tissue damage and disease 

progression. The persistence of inflammatory stimuli 

creates a vicious cycle that perpetuates tissue injury 

and dysfunction. The inflammatory responses are 

controlled by NF-κB, MAPK, JAK/STAT, COX/LOX, 

and NLRP3 inflammasome pathways [11], [12]. 

 

Traditional anti-inflammatory drugs such as NSAIDs 

and corticosteroids are well known for their 

potentially serious side-effects such as 

gastrointestinal ulceration, nephrotoxicity and 

cardiovascular complications [13. The identification 

of novel anti-inflammatory agents from natural 

sources has gained significant attention, particularly 

given the association between chronic inflammation 

and cardiovascular risk factors such as hypertension. 

This has led to a tremendous amount of research into 

the possibilities of finding natural anti-inflammatory 

compounds which can modulate multiple 

inflammatory pathways with minimal toxicity [14]. 

 

1.3 Citrus Species and Bioactive 

Phytochemicals 

The genus Citrus (family Rutaceae) comprises 

economically important fruit crops including C. 

sinensis (sweet orange), C. limon (lemon), C. 

reticulata (mandarin), and C. paradisi (grapefruit) 

[15]. Advances in citrus taxonomy and breeding have 

revealed substantial genetic diversity within the 

genus, with implications for phytochemical 

composition. The comprehensive pharmacological 

profiling of citrus secondary metabolites has 

identified numerous bioactive compounds with 

therapeutic potential. Citrus fruits contain diverse 

bioactive phytochemicals including flavanones, 

polymethoxyflavones, limonoids, carotenoids, 

coumarins, essential oils, and phenolic acids. Major 

citrus flavonoids include hesperidin, naringin, 

narirutin, nobiletin, tangeretin, and sinensetin, many 

of which are concentrated within the fruit peel rather 

than the edible pulp. Recent analytical advances, 

including metabolomics and advanced 

chromatographic techniques, have enabled 

comprehensive characterization of citrus 

phytochemicals [16]. 

 

1.4 Citrus sinensis Peel as a Therapeutic 

Resource 

In industrial juice production, the fruit pulp is 

discarded as peel, which results in millions of tons of 

agricultural waste annually; about 20-40% of the 

fruit mass being discarded as peel [17]. The 

valorization of citrus processing waste through 

biorefinery approaches has emerged as a sustainable 

strategy for recovering high-value bioactive 

compounds. Compared with the edible pulp of the 

orange fruit, the orange peel is a rich source of 

bioactive compounds [18]. The main phytochemical 

classes are flavonoids, polymethoxyflavones, phenolic 

acids, carotenoids, limonoids, pectin and volatile oils. 

The systematic evaluation of citrus peel bioactives 

has demonstrated significant health benefits, with 

particular emphasis on their role in preventing 

chronic diseases. The antioxidant, anti-inflammatory, 

antimicrobial, cardioprotective, hepatoprotective, 

neuroprotective, antidiabetic, and anticancer 

properties of these compounds have been reported. 

The therapeutic potential of Citrus sinensis peel in 

managing metabolic syndrome has been increasingly 

recognized, with multiple bioactive compounds 

exhibiting synergistic actions [19]. 

 

1.5 Rationale and Scope 

This review covers a detailed description of 

pharmacognostic features, phytochemical 

constituents, traditional uses, molecular anti-

inflammatory mechanism, pharmacological 

properties, extraction technologies and the 

opportunities of circular bioeconomy applications 

of Citrus sinensis peel, highlighting the gaps and 

future research directions. 
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2. Methodology 

This review was conducted following PRISMA 2020 

guidelines. Comprehensive literature searches were 

performed across Scopus, Web of Science, PubMed, 

ScienceDirect, SpringerLink, Wiley Online Library, 

and Google Scholar databases. Systematic literature 

searches were conducted using keywords including 

("Citrus sinensis" OR "orange peel") AND 

("phytochemicals" OR "flavonoids" OR "bioactive") 

AND ("anti-inflammatory" OR "pharmacological" OR 

"traditional medicine") AND ("extraction" OR 

"standardization" OR "bioeconomy"). Inclusion 

criteria encompassed original research, reviews, 

clinical studies, and regulatory documents published 

between 2000 and 2025. Exclusion criteria included 

non-English publications, conference abstracts, and 

opinion pieces. 

 

3. Ethnomedicinal Uses and Traditional 

Knowledge 

There is a long history of discovery of modern 

pharmaceuticals from traditional medicinal system; 

ethnopharmacological studies have shown that many 

traditional remedies have measurable biological 

activities. Ethnopharmacological studies have played 

a pivotal role in drug discovery, with systematic 

validation of traditional remedies providing scientific 

evidence for their therapeutic applications. The 

integration of Ayurvedic and modern 

pharmacological principles offers unique 

opportunities for discovering novel therapeutic 

agents. The citrus peel (C. sinensis) has been used as 

a medicinal plant in Ayurvedic, Unani, Siddha and 

traditional medicine of Asia, Africa, Latin America 

and Europe [20]. 

 

In Ayurveda, orange peel (Naranga Twak) is regarded 

as possessing digestive, stimulant, expectorant, 

carminative, and rejuvenating properties. Traditional 

applications include conditions involving impaired 

digestion (Agnimandya), cough (Kasa), dyspnea 

(Shwasa), fever (Jwara), skin disorders (Twak Roga), 

and cardiac weakness (Hridya Vikara) [21].  

 

Table 1 summarizes the Ayurvedic interpretation of 

citrus peel by correlating its traditional properties 

(Rasa, Guna, Virya, Vipaka, and Prabhava) with 

their modern pharmacological significance. This 

comparison demonstrates how classical Ayurvedic 

concepts align with contemporary scientific 

understanding, highlighting the therapeutic potential 

and multi-target biological activities of citrus peel 

constituents [22].

 

Table 1: Ayurvedic interpretation of citrus peel. 

S. No. Parameter Traditional Description Modern Interpretation References 

1.  Rasa Madhura, Amla, Tikta Sugars, organic acids, flavonoids [23] 

2.  Guna Laghu, Tikshna Digestive stimulation [24] 

3.  Virya Ushna Metabolic activation [25] 

4.  Vipaka Katu Enhanced bioactivity [26] 

5.  Prabhava Tridoshahara Multi-target pharmacological action [27] 

 

TCM has employed dried citrus peels for over 1,500 

years. Citrus peel is classified as warm, aromatic, and 

bitter, with affinity toward Lung, Spleen, and 

Stomach meridians [28]. Major applications include 

regulation of Qi stagnation, treatment of digestive 

disorders, relief of nausea and vomiting, 

management of chronic cough, reduction of mucus 

production, and improvement of appetite. The 

applications of citrus peel in Traditional Chinese 

Medicine have been extensively documented, with 

modern phytochemical and pharmacological studies 

validating its traditional uses [29]. 

 

Unani medicine recognizes orange peel (Qishr al-

Naranj) for treating dyspepsia, flatulence, cardiac 

weakness, anxiety, respiratory infections, edema, and 

chronic inflammatory conditions. Classical 

physicians including Hippocrates, Galen, and Ibn 

Sina emphasized the digestive, cardiotonic, and anti-

inflammatory properties of citrus remedies. Unani 

medicine's contributions to the understanding of 

citrus peel therapeutics have been substantial, with 

historical texts describing its applications in various 

disease conditions [30]. In Latin American 

ethnomedicine, orange peel is used for respiratory 

diseases, weight management, fever reduction, joint 

pain, and gastrointestinal disorders [31].  

 

Table 2 presents the correlation between the 

traditional medicinal uses of citrus peel across 

Ayurveda, Traditional Chinese Medicine (TCM), 

Unani, and folk medicine with contemporary 

scientific evidence. The table demonstrates that many 

ethnomedicinal applications, including the treatment 

of digestive, respiratory, skin, cardiac, and 

inflammatory disorders, are supported by 

experimentally validated pharmacological activities 

[32]. 
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Table 2: Correlation between traditional uses and modern evidence. 

S. No. Traditional Use Medical System Scientific Evidence References 

1.  Digestive disorders Ayurveda, TCM, Unani Gastroprotective activity [33] 

2.  Cough and asthma Ayurveda, TCM Anti-inflammatory, mucolytic [34] 

3.  Fever Folk medicine Anti-inflammatory activity [35] 

4.  Skin disorders Ayurveda Antioxidant, antimicrobial [36] 

5.  Cardiac weakness Unani Cardioprotective effects [37] 

6.  Inflammatory disorders Multiple systems NF-κB inhibition [38] 

 

3.6 Limitations of Ethnopharmacological 

Evidence 

Challenges include limited robust clinical evidence, 

variability in preparation methods, poorly 

standardized dosage regimens, and incomplete 

understanding of synergistic interactions among 

phytochemicals [39]. 

 

4. Phytochemical Composition and Bioactive 

Constituents 

4.1 Overview 

Citrus sinensis peel contains significantly higher 

concentrations of bioactive compounds than edible 

pulp. Major phytochemical groups include 

flavonoids, polymethoxyflavones, phenolic acids, 

essential oils, carotenoids, limonoids, coumarins, 

vitamins, and polysaccharides [40]. 

 

Table 3 summarizes the major phytochemical classes 

identified in Citrus sinensis peel, along with their 

principal bioactive constituents and associated 

biological activities. The diverse phytochemical 

profile, including flavonoids, phenolic acids, essential 

oils, carotenoids, limonoids, and polysaccharides, 

highlights the peel as a rich source of compounds 

with significant therapeutic and pharmacological 

potential [41]. 

 

Table 3: Major phytochemical classes in Citrus sinensis peel. 

S. No. Phytochemical Class Major Constituents Biological Activities References 

1.  
Flavanone Glycosides Hesperidin, Narirutin, 

Naringin 

Anti-inflammatory, 

antioxidant 

[42] 

2.  Flavanone Aglycones Hesperetin, Naringenin Antidiabetic, 

cardioprotective 

[43] 

3.  Polymethoxyflavones Nobiletin, Tangeretin, 

Sinensetin 

Anticancer, 

neuroprotective 

[44] 

4.  Phenolic Acids Ferulic acid, Caffeic acid Antioxidant [45] 

5.  Essential Oils D-Limonene, Linalool, Citral Antimicrobial [46] 

6.  Carotenoids β-Cryptoxanthin, Lutein Antioxidant [47] 

7.  Limonoids Limonin, Nomilin Anticancer [48] 

8.  Polysaccharides Pectin Prebiotic [49] 

 

4.2 Flavonoids: Principal Bioactive 

Constituents 

The flavonoids are the major phytochemicals found 

in citrus peel and they contribute to most of the 

pharmacological activities claimed in orange peel 

[50]. 

 

4.2.1 Hesperidin 

Nutritional bioactivity of hesperidin, the main 

flavanone glycoside present in sweet orange peel, 

includes antioxidant, anti-inflammatory, 

cardioprotective, hepatoprotective, neuroprotective 

and antidiabetic properties. Mechanistically, 

hesperidin inhibits NF-κB activation, production of 

inflammatory cytokines, oxidative stress and boosts 

endogenous antioxidant defences. Recent 

comprehensive reviews have consolidated the 

evidence for hesperidin's pharmacological properties, 

highlighting its potential in managing inflammatory 

conditions and metabolic disorders [51]. 

 

4.2.2 Naringin and Naringenin 

Naringin and naringenin have antioxidant, 

antidiabetic, anti-obesity, anti-inflammatory and 

neuroprotective properties. The AMPK activation and 

decreased expression of inflammatory mediators by 

inhibiting the MAPK and NF-κB pathways are 

mechanisms by which naringenin enhances glucose 

metabolism and reduces inflammatory mediators. 

Bioavailability enhancement strategies have been 

extensively investigated to overcome the poor oral 

absorption of citrus flavonoids, with nanocarrier 

systems and structural modifications showing 

promising results [52]. 
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4.2.3 Polymethoxyflavones (PMFs) 

Citrus-specific flavonoids (PMFs) are more lipophilic 

than the other flavonoids, and more bioavailable. The 

anti-inflammatory, anticancer, neuroprotective, anti-

obesity, cardioprotective, and antidiabetic activities 

of nobiletin have been demonstrated. Tangeretin 

shows strong anti-inflammatory, antioxidant, and 

anticancer activity via its inhibitory effects on COX-2, 

inducing apoptosis, and suppressing the formation of 

blood vessels. Polymethoxyflavones have attracted 

significant research interest due to their unique 

structural features and superior bioavailability 

compared to other flavonoid subclasses [53].  

Table 4 presents the major flavonoids identified in 

Citrus sinensis peel, classified according to their 

chemical subclasses and associated biological 

activities. These flavonoids, particularly hesperidin, 

naringenin, nobiletin, and tangeretin, exhibit diverse 

pharmacological properties, including antioxidant, 

anti-inflammatory, antidiabetic, cardioprotective, 

neuroprotective, and anticancer effects, supporting 

their therapeutic potential [54]. 

 

Table 4: Major flavonoids of citrus sinensis peel. 

S. No. Compound Class Major Biological Activities References 

1.  Hesperidin Flavanone glycoside Anti-inflammatory, antioxidant [55] 

2.  Naringin Flavanone glycoside Antioxidant, antidiabetic [56] 

3.  Naringenin Flavanone aglycone Antidiabetic, cardioprotective [57] 

4.  Narirutin Flavanone glycoside Antioxidant, anti-inflammatory [58] 

5.  Nobiletin PMF Anticancer, neuroprotective [59] 

6.  Tangeretin PMF Anti-inflammatory, anticancer [60] 

7.  Sinensetin PMF Neuroprotective, anti-

inflammatory 

[61] 

 

4.3 Phenolic Acids 

Ferulic acid, caffeic acid, p-coumaric acid, gallic acid, 

sinapic acid and protocatechuic acid are some of the 

major phenolic acids found in orange peel. These 

possess radical scavenging, metal chelation, anti-

inflammatory and neuroprotective properties [62]. 

 

4.4 Essential Oils 

Essential oils are phytochemical fractions of 

economic value and where 75-95% of the oil content 

is represented by D-Limonene. The main volatile 

constituents of the essential oil are D-limonene, 

linalool, citral, α-pinene, β-myrcene, and sabinene. 

The antimicrobial, antioxidant, anti-inflammatory, 

insecticidal and aromatherapeutic properties of these 

compounds have been reported. D-limonene 

downregulates inflammatory cytokines and regulates 

pathways of oxidative stress [63]. 

 

4.5 Carotenoids, Limonoids and Pectin 

The main carotenoids are β-cryptoxanthin, lutein, 

zeaxanthin and violaxanthin. The limonoids 

(limonin, nomilin, obacunone) are also known to 

have anticancer, antimicrobial and hepatoprotective 

effects. Pectin has prebiotic, cholesterol lowering, 

immunomodulatory, and anticancer activity. Citrus 

pectin, a soluble dietary fiber, has emerged as a 

versatile bioactive compound with prebiotic, 

immunomodulatory, and anticancer properties [84]. 

The variability in phytochemical composition is 

influenced by multiple factors including cultivar, 

geographical origin, and processing conditions. The 

phytochemical profiles can differ significantly 

depending on the cultivar genetics, geographical 

location, climate, soil type, fruit maturity, harvest 

season, storage conditions, and extraction methods, 

making it important to have standardized cultivation 

and extraction procedures [64]. 

 

5. Molecular Mechanisms of Anti-

Inflammatory Activity 

5.1 Introduction 

Cardiovascular disease, rheumatoid arthritis, 

inflammatory bowel disease, diabetes and obesity, 

neurodegenerative diseases, and cancer are all among 

the most common diseases that have been associated 

with chronic inflammation. Citrus peel 

phytochemicals have pleiotropic anti-inflammatory 

properties that are mediated by multiple molecular 

pathways, as shown in Figure 1 [65]. 
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Figure 1: General inflammatory signalling cascade. Diagram showing the inflammatory signalling cascade from 

inflammatory stimuli through NF-κB, MAPK, COX/LOX, and NLRP3 pathways to inflammatory cytokine production. 

 

5.2 NF-κB Pathway Modulation 

NF-κB is the orchestrating factor of inflammatory 

gene expression. Upon inflammatory stimulation, 

IKK is activated, which results in phosphorylation of 

IκB and nuclear translocation of NF-κB, leading to 

the transcription of TNF-α, IL-1β, IL-6, COX-2 and 

iNOS. Hesperidin inhibits the activation of IKK, 

prevents degradation of IκB, inhibits the 

translocation of NF-κB into the nucleus, and 

decreases the production of TNF-α, IL-1β and IL-6. 

Naringenin suppresses NF-κB signaling via two 

mechanisms: (1) reduction of oxidative stress, and (2) 

suppression of upstream kinases. Nobiletin and 

tangeretin are capable of blocking activation of NF-

κB, blocking inflammatory cytokines, and 

downregulating the activation of macrophages. 

Systems pharmacology approaches have revealed 

complex regulatory networks through which citrus 

flavonoids modulate inflammatory signaling, with 

NF-κB emerging as a central hub. Table 5 

summarizes the major phytochemicals of Citrus 

sinensis peel that modulate the NF-κB signaling 

pathway. The table highlights their primary 

molecular targets and corresponding anti-

inflammatory effects, demonstrating that compounds 

such as hesperidin, naringenin, nobiletin, tangeretin, 

and limonene suppress inflammatory mediator 

production and cytokine release through direct or 

indirect inhibition of NF-κB activation [66]. 

 

Table 5: Citrus peel phytochemicals targeting NF-κB. 

S. No. Compound Primary Target Anti-inflammatory Outcome References 

1.  Hesperidin IKK Reduced cytokines [67] 

2.  Naringenin NF-κB Reduced inflammation [68] 

3.  Nobiletin NF-κB Broad anti-inflammatory [69] 

4.  Tangeretin NF-κB/COX-2 Reduced mediator synthesis [70] 

5.  Limonene ROS/NF-κB Indirect inhibition [71] 

 

5.3 MAPK Pathway Regulation 

MAPK pathways (ERK, JNK, p38) regulate cellular 

responses to stress, inflammation, and cytokines. 

Citrus flavonoids suppress MAPK phosphorylation. 

Hesperidin inhibits ERK, JNK, and p38 signaling. 

Naringenin reduces inflammatory cytokine 

production through p38 MAPK and ERK 

suppression. Nobiletin exhibits broad-spectrum 

MAPK inhibition in arthritis, colitis, obesity-

associated inflammation, and neuroinflammation 

models. Dietary flavonoids, including those from 

citrus sources, have been shown to modulate MAPK 

signaling cascades, thereby influencing inflammatory 

responses [72]. 

 

5.4 COX/LOX Pathway Modulation 

Inflammatory mediators produced by Arachidonic 

acid metabolism are via COX and LOX pathways. The 

citrate constituents of citrus fruits block the 

metabolism of arachidonic acid. Nobiletin has the 

ability to inhibit the production of prostaglandin E2 

and the expression of COX-2. Tangeretin inhibits the 

expression of COX-2 gene and inflammatory 

prostanoids. Limonene has been shown to modulate 

COX activity and decrease leukotriene production 

[73].  

 

5.5 NLRP3 Inflammasome Modulation 

The NLRP3 inflammasome promotes the maturation 

of IL-1β and IL-18 and activation of caspase-1. 

Overactivation is associated with atherosclerosis, 

diabetes, neurodegeneration and chronic 

inflammatory diseases. The citrus flavonoids inhibit 

NLRP3 activation through reduction of ROS 

generation, preservation of mitochondrial function 

and the inhibition of inflammatory signaling [74]. 
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5.6 Oxidative Stress and Anti-inflammatory 

Interactions 

There is strong relationship between the processes of 

oxidative stress and inflammation. Too much ROS 

will further trigger NF-κB, MAPK and the NLRP3 

inflammasome, to enhance inflammatory responses. 

Some of the antioxidants found in orange peel, such 

as hesperidin, naringenin, ferulic acid, vitamin C, β-

cryptoxanthin, and nobiletin, can neutralize the 

damaging effect of free radicals, chelate transition 

metals, boost antioxidant enzymes, and prevent 

oxidative damage [75]. 

 

5.7 Cytokine Regulation 

Citrus peel extracts reduce TNF-α, IL-1β, IL-6, MCP-

1, and CRP while increasing IL-10. Systematic 

reviews have consolidated the evidence for cytokine 

modulation by citrus flavonoids, demonstrating 

consistent anti-inflammatory effects across multiple 

experimental models [76].  

 

6. Pharmacological Activities Beyond Anti-

inflammatory Effects 

6.1 Antioxidant Activity 

Orange peel is rich in antioxidants such as 

hesperidin, naringenin, nobiletin, tangeretin, ferulic 

acid, caffeic acid, ascorbic acid and β-cryptoxanthin. 

The antioxidant activity of these compounds is 

mediated by hydrogen atom transfer, the donation of 

an electron, metal ion chelation and by support of 

natural antioxidant enzymes. The antioxidant activity 

of orange peel extract is high to have strong DPPH, 

FRAP, ABTS and ORAC capacities; these capacities. 

Comparative studies using multiple antioxidant 

assays have confirmed the superior free radical 

scavenging activity of citrus peel extracts [77]. 

 

6.2 Antimicrobial Activity 

Orange peel extracts and essential oils demonstrate 

activity against Gram-positive bacteria 

(Staphylococcus aureus, Bacillus 

subtilis, Enterococcus faecalis), Gram-negative 

bacteria (Escherichia coli, Salmonella 

typhi, Pseudomonas aeruginosa, Klebsiella 

pneumoniae), and fungi (Candida 

albicans, Aspergillus niger). Mechanisms include 

membrane disruption (D-limonene), bacterial 

enzyme inhibition (flavonoids), and cell wall damage 

(phenolic compounds) [78]. 

 

6.3 Anticancer Activity 

Some major phytochemicals found in tangerine 

extract that show anticancer properties are nobiletin, 

tangeretin, hesperidin, naringenin, limonene, 

nomilin, and limonin. Their effects are mediated by 

cell-cycle arrest, induction of apoptosis, inhibition of 

angiogenesis, suppression of metastasis, inhibition of 

PI3K/Akt and suppression of NF-κB. The 

chemopreventive and therapeutic potential of citrus 

flavonoids has been comprehensively reviewed, with 

multiple mechanisms including apoptosis induction, 

cell cycle arrest, and angiogenesis inhibition [79].  

 

6.4 Cardioprotective Activity 

Citrus flavonoids exhibit strong cardioprotective 

properties: lipid lowering (LDL lowering, 

triglycerides lowering, HDL improvement), 

endothelial protection (enhance NO bioavailability, 

enhance vascular function), and anti-atherosclerotic 

(LDL decrease, suppression of macrophage 

infiltration). The cardiovascular protective effects of 

citrus flavonoids are mediated through multiple 

mechanisms, including lipid regulation, endothelial 

function improvement, and anti-inflammatory 

actions [80]. 

 

6.5 Hepatoprotective Activity 

The extracts of the orange peel prevent alcohol-

induced liver injury, drug-induced hepatotoxicity, 

carbon tetrachloride toxicity and non-alcoholic fatty 

liver disease by reducing lipid peroxidation, 

increasing the level of glutathione, decreasing the 

level of inflammatory cytokines, and increasing the 

activity of antioxidants enzymes [81]. 

 

6.6 Neuroprotective Activity 

Nobiletin, tangeretin, hesperidin, and naringenin 

have been shown to have neuroprotective effects via 

microglial activation reduction, suppression of 

neuroinflammation, enhancement of mitochondrial 

function, reduction of amyloid-beta toxicity, and 

improvements in neuronal survival. Neuroprotective 

effects of citrus phytochemicals have been 

demonstrated in various models of 

neurodegenerative diseases, suggesting potential 

therapeutic applications [82]. 

 

6.7 Antidiabetic Activity 

α-amylase and α-glucosidase inhibition, AMPK 

activation, increased glucose uptake, increased 

insulin sensitivity and pancreatic protection are all 

mechanisms by which orange peel phytochemicals 

aid glycemic control [83]. 

 

6.8 Anti-obesity and Gastroprotective 

Activities 

Nobiletin and naringenin have been found to inhibit 

adipogenesis, promote lipid oxidation, enhance 

insulin sensitivity, and decrease hepatic fat 

ccumulation. The gastroprotective activity 

encompasses the increase of mucus secretion, 

decrease in gastric acid secretion, antioxidant activity 

and anti-inflammatory activity [84].  

Table 6 summarizes the major pharmacological 
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activities of Citrus sinensis peel by linking its key 

bioactive constituents with their underlying 

mechanisms of action. The evidence highlights its 

broad therapeutic potential, including antioxidant, 

antimicrobial, anticancer, cardioprotective, 

hepatoprotective, neuroprotective, antidiabetic, anti-

obesity, gastroprotective, and cosmeceutical 

properties, supporting its value as a multifunctional 

natural therapeutic agent [85]. 

 

Table 6: Major pharmacological activities of Citrus sinensis peel. 

S. No. Activity Major Constituents Principal Mechanisms References 

1.  Antioxidant Hesperidin, Vitamin C ROS scavenging [86] 

2.  Antimicrobial Limonene Membrane disruption [87] 

3.  Anticancer Nobiletin PI3K/Akt inhibition [88] 

4.  Cardioprotective Hesperidin Lipid regulation [89] 

5.  Hepatoprotective Hesperidin Oxidative stress reduction [90] 

6.  Neuroprotective Nobiletin Neuroinflammation suppression [91] 

7.  Antidiabetic Naringenin AMPK activation [92] 

8.  Anti-obesity Nobiletin Lipid metabolism regulation [93] 

9.  Gastroprotective Hesperidin Mucosal protection [94] 

10.  Cosmeceutical Vitamin C, Flavonoids Anti-aging effects [95] 

 

7. Extraction Technologies, Standardization, 

and Quality Control 

7.1 Pharmacognostic Standardization 

Pharmacognostic standardization guarantees 

efficacy, safety, reproducibility and regulatory 

acceptance. Macroscopic features consist of orange-

yellow flavedo, white albedo layer, aromatic citrus 

odor, bitter-sweet taste, oil glands and rough external 

texture [36]. The epidermal cells, oil cavities, vascular 

bundles, parenchymatous tissues, calcium oxalate 

crystals and starch granules are the microscopic 

features [96].  

 

7.2 Physicochemical Standardization 

Some of the common parameters being considered 

are moisture content, total ash value, acid-insoluble 

ash, water-soluble ash, alcohol-soluble extractive 

value, water-soluble extractive value, swelling index 

and pH. These tests reveal adulteration, excess 

moisture, inorganic impurities and insufficient 

storage [97]. 

 

7.3 Extraction Technologies 

The conventional methods are maceration (time-

consuming, simple & less costly) and Soxhlet 

extraction (time-consuming, solvent-intensive but 

high yield). The extraction technologies that use 

green solvents are ultrasound-assisted extraction 

(UAE), microwave-assisted extraction (MAE), 

supercritical fluid extraction (SFE) and deep eutectic 

solvent extraction (DES). Green extraction 

technologies, including ultrasound-assisted 

extraction, microwave-assisted extraction, and 

supercritical fluid extraction, have been 

systematically compared for their efficiency in 

recovering bioactive compounds from citrus peel. 

Scale-up challenges in industrial applications of these 

emerging technologies have been identified, with 

economic feasibility being a critical consideration 

[98].  

 

Table 7 compares conventional and advanced 

extraction technologies used for the recovery of 

bioactive compounds from Citrus sinensis peel. It 

highlights the advantages and limitations of each 

method, demonstrating that emerging green 

extraction techniques, such as ultrasound-assisted, 

microwave-assisted, supercritical fluid, and deep 

eutectic solvent extraction, offer improved efficiency, 

sustainability, and extract quality compared with 

traditional methods [99]. 

Table 7: Comparison of extraction technologies. 

S. No. Method Advantages Limitations References 

1.  Maceration Simple, low-cost Time-consuming [100], [101] 

2.  Soxhlet High yield Solvent intensive [102] 

3.  Hydrodistillation Suitable for oils Heat exposure [103], [104] 

4.  UAE Rapid extraction Equipment cost [105] 

5.  MAE High efficiency Scale-up challenges [106] 

6.  SFE Solvent-free High investment [107] 

7.  DES Sustainable Emerging technology [108] 
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7.4 Phytochemical Fingerprinting and 

Analytical Standardization 

The preliminary screening is done by TLC. The 

resolution and quantification are improved in 

HPTLC. Hesperidin, naringin, nobiletin and 

tangeretin are quantified by HPLC, which is the gold 

standard method. The comprehensive 

characterization, the identification of biomarkers and 

metabolic profiling can be achieved using LC-MS/MS 

and metabolomics [109].  

 

7.5 Quality Control, Safety, and Regulatory 

Considerations 

Comprehensive quality control involves botanical 

authentication, physicochemical testing, 

phytochemical standardization, microbial analysis 

and toxicological assessment. The regulatory 

frameworks are WHO, FDA, EMA and AYUSH [110].  

 

8. Circular Bioeconomy and Waste 

Valorization 

Every year, millions of tons of peel waste are 

produced from the citrus processing industry. 

Nowadays, the biorefinery approach is focused on the 

valorization of citrus wastes for pharmaceutical (anti-

inflammatory extracts, antioxidant supplements), 

nutraceutical (functional foods and dietary 

supplements), food (pectin production, natural 

preservatives), and cosmetic (essential oils, anti-

aging products) applications. The valorization of 

citrus processing waste through biorefinery 

approaches has emerged as a sustainable strategy for 

recovering high-value bioactive compounds [111], 

[112]. 

 

Figure 2 illustrates the circular bioeconomy model 

for Citrus sinensis peel, demonstrating the 

conversion of citrus processing waste into valuable 

biorefinery-derived products, including flavonoids, 

pectin, and essential oils. These bioactive compounds 

are subsequently utilized in pharmaceuticals, 

nutraceuticals, cosmetics, and functional foods, 

thereby promoting waste valorization, economic 

growth, and environmental sustainability [113], [114]. 

 

 
Figure 2: Circular Bioeconomy Model. 

 

9. Current Research Gaps 

The critical challenges are the limited clinical 

evidence as most studies are in vitro or animal 

studies; bioavailability limitations due to poor 

aqueous solubility, low bioavailability, and high 

metabolism rate; lack of standardized extracts due to 

cultivar and geographical differences, extraction 

methods; insufficient long-term safety studies; and 

limited systems biology studies as gut microbiota 

interactions, epigenetic regulation, network 

pharmacology [115], [116]. 

10. Future Perspectives 

Precision phytomedicine in line with metabolomics, 

genomics, artificial intelligence and systems 

pharmacology, nanotechnology-based delivery 

systems to boost bioavailability, stability and target 

specificity, clinical translation in chronic 

inflammatory diseases, cardiovascular disorders, 

metabolic syndrome, and neurodegenerative 

diseases, and advanced biorefinery systems for 

sustainable industrial development are to be 

recommended for further investigation [117-119]. 
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11. Conclusion 

Citrus sinensis peel is an underutilized but valuable 

source of bioactive phytochemicals that have a high 

therapeutic, nutritional and industrial potential. 

There is a lot of scientific evidence that supports 

antioxidant, anti-inflammatory, antimicrobial, 

anticancer, cardioprotective, hepatoprotective, 

neuroprotective, antidiabetic and gastroprotective 

properties mediated by several molecular 

mechanisms. The scientific support for the use of 

citrus peel has been reinforced by the developments 

of pharmacognostic standardization, metabolomics, 

analytical chemistry and green extraction 

technologies and valorisation of citrus processing 

waste is in line with the principles of circular 

bioeconomy. But the translation of this into evidence-

based phytopharmaceuticals, demands attention to 

rigorous standardization and enhancing 

bioavailability, comprehensive safety evaluation and 

well-designed clinical trials. Moving forward, 

interdisciplinary studies combining centuries-old 

traditional medicine with contemporary 

pharmaceutical sciences will play a pivotal role in 

unlocking the potential of Citrus sinensis peel for 

advanced health applications and turning waste into 

a viable health resource.  
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