A Quindecenial review on therapeutic wonders of Citrus
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Abstract 
Fruits of Citrus sp. are reported to be packed with diverse essential nutrients have been valued in traditional medicine across numerous cultures for centuries due to their bioactive compounds, including flavonoids, polyphenols, coumarins, limonoids, carotenoids, tocopherols, and alkaloids. The secondary metabolites in citrus fruits exhibit diverse health-promoting properties, making them chemo-preventive, cardiovascular-protective, hepatoprotective, neuroprotective, antioxidant, anti-inflammatory, anti-obesity, anti-diabetic, antimicrobial, and anti-dyslipidaemic, while also aiding in improving blood profiles. While the nutritional benefits of whole citrus fruits and their juices are widely acknowledged, the potential of other parts, such as essential oils, peels, seeds, seed oils, and pomace, remains underappreciated. The methodology adopted was the sources available in Scopus, Google Scholar and Web of Science.
This review aims to provide summarized information of past fifteen years on bioactive compounds from different parts of citrus, their mode of action, molecular targets. Researchers interested in the field of neutraceuticals will find the literature on successful in vivo studies on experimental animal models as well as human trial. 
Keywords: Citrus, bioactive compounds, Secondary metabolites, antioxidants, health benefits. 
INTRODUCTION
[bookmark: _d2s3vugzgvxx]Citrus fruits belonging to the family Rutaceae are among the most widely cultivated fruit tree crops globally. The genus Citrus is indigenous to regions such as East Asia, Southeast Asia, South Asia, Australia, and Melanesia. Citrus sinensis (sweet orange) is the predominant citrus crop, accounting for approximately 70% of global citrus production. Citrus varieties can be classified into two groups: ancestral species and hybrids derived from those ancestors. Ancestral species include citron (Citrus medica), mandarin orange (Citrus reticulata), pomelo (Citrus maxima), papeda (Citrus micrantha), kaffir lime (Citrus hystrix), ichang papeda (Citrus cavaleriei), and kumquat (Citrus japonica). Hybrids of ancestral species encompass grapefruit (Citrus paradisi), lemon (Citrus limon), sweet orange (Citrus sinensis), rangpur (Citrus limonia), bitter orange (Citrus aurantium), Persian lime (Citrus latifolia), key lime (Citrus aurantifolia), and tangerine (Citrus tangerina), Fig.1.
Citrus fruits are highly versatile and consumed in various forms, including fresh fruit, juice (both fresh and canned), jelly, jam, and marmalade. Their by-products—such as peels, seeds, pomace, and essential oils—are widely utilized in the food and pharmaceutical industries as flavoring agents, and they also serve as key ingredients in the production of drugs, soaps, perfumes, and other cosmetic products. Moreover, citrus fruits hold significant medicinal value, particularly in several Asian countries, where they are traditionally used to treat ailments such as tuberculosis, bronchitis, cough, cold, menstrual disorders, hypertension, anxiety, and depression (Makni et al. 2018). 
[image: ]Fig.1 Some common species of Citrus fruits
2 BIOACTIVE COMPOUNDS OF DIFFERENT PARTS OF CITRUS FRUITS AND THEIR PHARMACOLOGICAL PROPERTIES
[bookmark: _6bqdtx5cgcv9]To date, 115 carotenoids have been identified in various citrus fruit varieties, including α-carotene, β-carotene, lycopene, lutein, β-cryptoxanthin, xanthophylls, violaxanthin, and β-citraurin, etc. (IKoma et al. 2016). Additionally, citrus fruits are rich in numerous bioactive compounds, such as polyphenols, vitamins, minerals, soluble and insoluble fibers, essential oils, fatty acids, amino acids, coumarins, and phenolic acids.
Citrus fruits are considered superfoods due to their richness in bioactive compounds, such as vitamins, polyphenols, minerals, fibers, essential oils, amino acids, phenols, pectin, flavonoids, and carotenoids (Darband 2018). These compounds play a crucial role in combating degenerative diseases (Ramírez-Pelayo et al. 2019). Specifically, C. maxima exhibits inhibitory effects on α-amylase, α-glucosidase, acetylcholinesterase, tyrosinase, and β-glucuronidase (Abirami et al. 2014).
Adenaike and Abakpa (2021) concluded that phytochemicals in citrus fruits act as potent antioxidants, enhancing liver-protective enzymes, strengthening the immune system, and mitigating lipid oxidation. Wang et al. (2019) further observed that Citrus grandis demonstrates antioxidant and antiproliferative properties against leukemia cells while supporting cholesterol reduction and obesity prevention, attributed to its lycopene and β-carotene content (Sidana et al. 2013). Flavonoids in orange peel offer a range of health benefits, including anti-inflammatory (Gosslau et al. 2014) and anti-cancer effects (de Luna et al. 2023), regulation of metabolic syndrome (Varshney et al. 2019), prevention of Alzheimer’s disease progression (Yabuski et al. 2014), and anti-atherosclerosis activities (Mulvihill & Huff 2012). Both citrus peel and flesh are abundant in phenolic compounds, particularly flavanones such as hesperidin, neohesperidin, narirutin, and naringin. Widely utilized in pharmacy and the food industry, citrus essential oil serves as both a flavoring agent and a natural preservative. Bora et al. (2020) further emphasized its insecticidal, antimicrobial, and antifungal properties. Table 1 summarizes the bioactive compounds found in various citrus fruit components alongside their pharmacological activities.
Table 1: Bioactive compounds of different parts of citrus fruit and their pharmacological properties
	Part of fruit
	Constituents 
	Sub-constituents
	Pharmacological effects
	References

	Peel
	Carotenoids
	Xanthophylls, lutein
	Breast cancer

	Hu et al. (2011)


	
	
	
	Ocular disease

	Koushan et al. (2013)

	
	
	
	Antioxidants

	Saini et al. (2015)

	
	
	
	Respiratory health 
	Van Lent et al. (2016)

	
	
	
	Anticancer
	Shin et al. (2020)

	
	Flavonoids
	Flavanones
(Hesperidin, naringin, narirutin, neohesperidin
eriocitrin)
	Cancer 

	Koolaji et al. (2020)


	
	
	
	Oxidative stress and Inflammation 
	Huang et al. (2020)

	
	
	
	Periodontitis
	de Souza Carvalho et al. (2021) 

	
	
	
	Atherosclerosis and Cancer
	Giammanco et al. (2022)

	
	Vitamins
	Folic acid
	Neural tube defect
	Zadarko-Domaradzka et al. (2021)

	
	
	Vitamin C
	Antioxidant 
	Rendón-Ramírez et al. (2014)


	
	
	
	CVD
	Moser and Chun, (2016)

	
	
	
	Infection
	Carr and Maggini, (2017)

	
	Mineral
	Potassium
	Hypertension
	Weaver (2013)

	
	
	
	Kidney stone and age-related bone loss
	Stone et al. (2016)


	
	
	
	Diabetes
	Ekmekcioglu et al. (2016)

	
	Carbohydrates
	Pectin
	Allergy
	Blanco-Pérez et al. (2021)

	
	Essential oil
	
	Antioxidant, Anti-cholinesterase and neuroactive properties
	Smeriglio et al. (2018)


	
	
	
	Pancreatic cancer
	Murthy et al. (2021)

	
	
	
	Hypercholesterolemia and hepatic steatosis
	Feng et al. (2020)

	
	
	
	Neurotoxicity Neuropsychiatric
	Piccialli et al. (2021) 

	
	
	
	Primary and dysmenorrhea
	Bi et al. (2021)

	
	
	Terpene
	Cardiovascular diseases, Malaria, Bacterial infection and migraine
	Chadwick et al. (2013)



	
	
	
	Anti-inflammatory 
	Vasas and Hohmann (2014)


	
	
	
	Diabetes
	Nazaruk and Borzym-Kluczyk, (2015)

	
	
	α and β-pinene
	Allergic rhinitis

	Nam et al. (2014)


	
	
	
	Antidepressant
	Zhang et al. (2019)


	
	
	Geranial
	Anticancer
	Hadian et al. (2020)

	
	
	
	Antiradical, Anti-inflammatory and antimicrobial
	Maczka et al. (2020)

	
	
	Neral
	Anti-inflammatory
	Liao et al. (2015)

	
	
	Linalool
	Diabetic neuropathy 

	Deepa et al. (2013)




	
	
	
	Social depression
	Caputo et al. (2018)

	Juice
	Flavanoids Phenolic acid
	Ferulic acid
	Anticancer, Anti-thrombosis, Antibiotic, Hepatoprotective, Antiallergic
	Kumar and Pruthi (2014)


	
	
	
	Anti-hyperlipidemic, anti-inflammatory
	Bumrungpert et al. (2018)


	
	
	
	Anti-hypertensive
coronary disease,  
	Alam (2019)


	
	
	Sinapic acid
	Antioxidant, Aging
	Chen et al. (2016)

	
	
	Coumarin
	Anticoagulant, anti-inflammatory, anticancer, antimutagenic, antiglycemic, antibacterial, and neuroprotective

	Bairagi et al. (2014) 


	
	
	
	Hepatoprotective
	Tian et al. (2019)

	
	
	Auraptene
	Hypertension
	Imenshahidi et al. (2013)


	
	
	
	Wound healing
	La et al. (2013) 


	
	
	
	Antihyperglycemic

	Okuyama et al. (2018)


	
	
	
	Cognitive function 
	Igase et al. (2018)

	
	Vitamin
	B1, B2, B3, C
	Alzheimer's disease 
	Fragoso et al. (2012)


	
	
	
	Gastric cancer 
	Wu et al. (2015b)


	
	
	
	Obesity
	Shabrova et al. (2016)


	
	
	
	Type II diabetes
	Iqbal and Naseem (2015)


	
	
	
	Autism spectrum disorder (ASD) 

	Dhir et al. (2019)


	
	
	
	Anti-nociceptive
	Suwannasom et al. (2020) 


	
	
	
	Pellagra and hyperlipidemia
	Peechkara and Gupta (2021)

	
	Flavanoids
	Flavonones
(hesperidin, naringin, hesperitin, naringenin)
	Hyperlipidemia and hyperglycemia


	Jayaraman et al. (2017)

	
	
	
	Breast carcinoma
	Ferreira et al. (2018)

	
	
	
	Neurodegenerative diseases
	Muhammad et al. (2019)

	
	
	
	Antiviral and anti-inflammatory Bowel diseases
	Tutunchi et al. (2020) 


	
	
	
	Oral cancer

	Cirmi et al. (2021)

	
	
	
	Parkinson’s disease
	Denaro et al. (2024)

	
	
	Flavones (apigenin, chrysoeriol, diosmetin, luteolin, tangeretin, and gardenin A, nobiletin)
	Alzheimer’s and Parkinson disease
	Braidy et al. (2017)


	
	
	
	Anti-inflammatory 

	Rong et al. (2021)


	
	
	
	Obesity
	Chen et al. (2022)

	
	
	Flavonol (sisoramnethin, quercetin, rutoside Dihydroxyflavonols)
	Leukemia 

	Lin et al. (2012)



	
	
	
	Colon cancer 

	Alonso-Castro et al. (2013)

	
	
	
	Anti-Diabetes
	Srinivasan et al. (2018)

	
	
	
	Antioxidant, 

	Sharma et al. (2018)

	
	
	
	Inflammation 

	Carullo et al. (2017)

	
	
	
	Anti-adipogenic
	Shi et al. (2019) 

	
	
	5-demethylnobiletin
	Colon cancer
	Song et al. (2020)

	Seed oil
	Fatty acids
	Palmitic acid, oleo palmitic acid, linolenic acid, linoleic acid, lignoceric acid, behenic acid, stearic acid, arachidonic acid
	Cognitive development

	Innis et al. (2014)


	
	
	
	Lower cholesterol and Reduce obesity

	Moreira et al. (2017)


	
	
	
	Immune responses

	Jandacek et al. (2017)


	
	
	
	Inflammation

	Tallima and Ridi (2018)


	
	
	
	 CVD
	Van Rooijen and Mensink et al. (2020)

	
	Tocopherols
	α-, β-, γ-, δ-tocopherol
	Cancer 

	Goyal et al. (2013)


	
	
	
	Metabolic diseases

	Aune et al. (2018)

	
	Carotenoids
	β-carotene
β-cryptoxanthin
lutein
	Osteoporosis and non-alcoholic fatty liver

	Burri et al. (2017)



	
	
	
	Antidiabetic

	Dhuique-Mayer et al. (2020)


	
	
	
	Chemoprevention

	Saini et al. (2020)


	
	
	
	Prostate cancer
	Dulińska-Litewka et al. (2021)


[bookmark: _1misozy4ejni]
3. PHARMACOLOGICAL PROPERTIES OF CITRUS 
Citrus fruits possess notable pharmacological properties, extensively studied due to their rich bioactive compounds, as depicted in Fig. 2.
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                             Fig.2 Pharmacological properties of Citrus
Anti-inflammatory
[bookmark: _9yu52nktmlm6]Orange juice has been recognized for its role in preventing and regulating inflammation (Coelhoet al. 2013). Numerous clinical trials have demonstrated a correlation between citrus flavonoids and the reduction of proinflammatory cytokines in humans (Bernabé et al. 2013). Polysaccharides found in Citrus grandis have also exhibited significant anti-inflammatory activity (Fang et al. 2020). Impellizzeri et al. (2015) observed that mice treated with bergamot juice extract showed greater resistance to colitis onset and a reduction in inflammatory mediators. Additionally, lemon essential oil has been found to exert anti-inflammatory effects in mice by inhibiting protein eruption, cell migration, and cytokine production (Amorim et al. 2016).
Antioxidant
[bookmark: _lsc4yy11gutw]Research conducted by Allam et al. (2020) demonstrated that increasing the administration of dried orange pulp enhances antioxidant levels in plasma. Makynen et al. (2013) highlighted the significant role of Citrus grandis as an antioxidant. Additionally, citrus peel is a rich source of antioxidant and flavonoid compounds (Azman et al. 2019), which possess free radical scavenging properties (Shanthi et al. 2019). These properties contribute to elevated serum antioxidant capacity, thereby protecting against lipid peroxidation (Assini et al.2013a) and reducing oxidative stress in the elderly. Huang et al. (2020) identified ponkan peel extract as a promising natural agent for free radical scavenging. Moreover, limonoids derived from Citrus grandis seeds have exhibited notable free radical-scavenging activity (Yu et al. 2015).
Antimicrobial
[bookmark: _m34a5llgpv8d]Citrus peel extract exhibits antibacterial activity against both Gram-positive and Gram-negative bacteria (Saleem and Saeed 2020) and has proven effective in eliminating bacteria responsible for dental caries (Pasaribu et al. 2018). Research conducted on albino mice indicates that Citrus reticulata peel extract possesses antimicrobial properties, suggesting its potential use in wound healing (Dahmani et al. 2020).  Hamdan et al. (2013) identified antimicrobial activity in the peel oil of variegated pink-fleshed lemon against various microorganisms, including Gram-negative bacteria (Pseudomonas fluorescens), Gram-positive bacteria (Micrococcus luteus, Bacillus subtilis, and Staphylococcus capitis), as well as yeast species (Saccharomyces cerevisiae and Candida parapsilosis).
Anti-obesity
[bookmark: _r4u8rua0xou6]In vitro studies suggest that citrus polyphenols play a role in obesity management by reducing lipid content in cells, regulating adipocyte differentiation, and promoting adipocyte apoptosis (Nakajima et al. 2014). De Lima and De Paula Barbosa (2021) reported that citrus peel effectively reduces cholesterol levels and obesity. Kang et al. (2018) also highlighted the anti-obesity properties of Citrus unshiu peel’s aqueous extract. Additionally, Citrus tumida peel powder was found to decrease body weight by reducing epididymal, perirenal, and subcutaneous fat (Sato et al. 2019), likely due to the bioactive compounds in citrus peel influencing fatty acid and glucose metabolism. Furthermore, citrus peel oil has demonstrated lipolytic activity (La Frano et al. 2016). 
Anti-cancer 
[bookmark: _4zyha4yh6w8v]Citrus fruits are rich in secondary metabolites, including flavonoids, coumarins, and limonoids, which have been associated with a reduced risk of various cancers, such as gastric, breast, lung, hepatic, hematopoietic malignancies, and colon cancer (Arul and Subramanian, 2013). Tavsan and Kayali (2019) reviewed the anticancer effects of apigenin, luteolin, and myricetin, highlighting their influence on reactive oxygen species (ROS) signaling, as well as their role in apoptosis induction, cell cycle arrest, and inhibition of invasion, particularly in ovarian cancer treatment. Additionally, polymethoxyflavones impede carcinogenesis by disrupting the metastasis cascade, restricting cancer cell mobility in the circulatory system, and inhibiting angiogenesis (Wang et al. 2020). ALaqeel (2024) further reported that citrus-derived flavonoid antioxidants reduce cancer cell mobility in the bloodstream, enhance apoptosis, and suppress angiogenesis. Moreover, Citrus grandis seeds contain limonoids, primarily limonin and nomilin, which have demonstrated anticancer properties (Yu et al. 2015).
Anti-diabetic 
[bookmark: _o0y5zb7vl0no]Visvanathan and Williamson (2021) observed that prolonged citrus juice consumption enhances fasting glucose levels, fasting insulin, and insulin resistance. Additionally, flavonoids such as hesperidin, nobiletin, and naringin have been identified as anti-diabetic agents, improving insulin sensitivity (Shen et al. 2012). Due to the presence of flavone glycosides (naringin, hesperidin, and diosmin), citrus fruit is regarded as an excellent functional food for diabetes management (Shrinivasan et al. 2018). Moreover, an in vivo study found that naringenin helps prevent alterations in vascular reactivity in rats through both NO-dependent and prostaglandin-independent pathways (Fallahi et al. 2012). Citrus reticulata and Citrus sudachi peel extracts have also demonstrated the ability to lower insulin levels and blood glucose concentrations (Kobayashi et al. 2017). Recent findings by Demir and Celik (2022) suggest that lemon seed extract may mitigate diabetic complications by activating antioxidant defense mechanisms and reducing blood glucose levels.
Anti-periodontitis 
Graziani et al. (2018) reported that kiwifruit effectively reduces gingival inflammation in patients with periodontitis. Pribadi et al. (2018) concluded that vitamin C plays a crucial role in reducing gingival bleeding, while Amaliya et al. (2018) observed its preventive effects against periodontitis. Additionally, Citrus limon fruit has been recognized for its potential in treating debilitating diseases, gingivitis, and gingival bleeding (Hujoel et al. 2021).
Anti-dyslipidaemic
[bookmark: _3ogcctx7abqr]Citrus flavonoids are potent regulators of hepatic lipid metabolism (Assini et al. 2013b). Phenolic compounds extracted from Citrus grandis have demonstrated antihyperlipidemic properties by inhibiting cholesterol esterase and pancreatic lipase (Makynen et al. 2013). Additionally, these compounds bind with primary bile acids, preventing cholesterol solubility in micelles.
A study by Favela-Hernandez et al. (2016) found that juice from Citrus grandis and Citrus paradisi increased HDL cholesterol levels while lowering LDL cholesterol levels. Similarly, De Leo et al. (2020) observed that a daily oral dose of Citrus bergamia juice reduced triglycerides and cardiovascular risk in animals. Consumption of dried orange pulp has also been associated with a decrease in total lipid values (Allam et al.2020). Furthermore, aqueous and n-hexane extracts of mandarin peel have exhibited hypocholesterolemic effects, lowering cholesterol levels by 59.3% and 56.8%, respectively (Fayek et al. 2017). 
Anti-Neurologic
[bookmark: _gtyaoovl891w]Citrus maxima has been identified as a potential medicinal source for psychiatric and neurological disorders, demonstrating anxiolytic, depressant, hypnotic, muscle relaxant, and convulsant effects in experimental animals. Hesperetin plays a crucial role in neuroprotection by mitigating neuro-inflammatory and apoptotic pathways, earning recognition as a beneficial "brain food" (Li et al. 2023). Similarly, nobiletin and tangeretin have exhibited comparable neuroprotective properties (Braidy et al. 2017). Additionally, Pontifex et al. (2021) reviewed the neuroprotective potential of citrus polyphenols, highlighting their therapeutic significance in brain health.
Anti-depressant
Inhalation of lemon essential oil induced calming and anxiolytic effect in mice by stimulating the release of "happy hormones," specifically serotonin and dopamine (Lima et al. 2013). Similarly, ‘Citrus aurantium’ aqueous extract has demonstrated comparable anxiolytic properties (Wu et al. 2015a). 
Anti-cataract 
[bookmark: _nbrq1cx5x79n]Ascorbic acid, a key antioxidant in the eye's lens, is abundantly present in citrus fruits. Studies have established a strong correlation between vitamin C and the prevention of cataracts (Valero et al. 2022), including age-related cataracts (Liu et al. 2018). By reducing oxidative damage, ascorbic acid plays a crucial role in minimizing cataract formation (Lim et al. 2020).
Anti-nephrolithiasis
[bookmark: _rs7cf7zgbdgd]Lime, lemon, and orange juices have been shown to aid in the prevention of kidney stone formation (Gul and Monga 2014). Barghouthy and Somani (2021) reviewed evidence suggesting that orange juice offers protective benefits against kidney stones. Additionally, fresh lemon juice supplementation in a standard diet has been found to prevent stone recurrence in patients with calcium-oxalate nephrolithiasis (Ruggenenti et al. 2021), primarily due to the presence of citrates, which inhibit the formation of calcium oxalate crystals (Abd and Saeed 2023).
Anti-allergic
[bookmark: _4911rd3plpf6]Tsujiyama et al. (2013) investigated the beneficial effects of Citrus limon peel aqueous extract on histamine excretion in rat peritoneal exudate cells, which play a key role in allergic responses.
Anti-hypertensive 
Grapefruit and lemon juice have been shown to lower blood pressure while also interfering with calcium channel blockers (Kato et al. 2014). Additionally, the consumption of orange juice has been found to reduce both blood pressure and pulse pressure (Valls et al. 2021), while also enhancing flow-mediated dilation (Li et al. 2020).
Anti-parasitic
[bookmark: _b5j56x680nz8]Aboelhadid et al. (2016) demonstrated the efficacy of lemon essential oil against Sarcoptes scabiei, achieving 100% mite mortality following in vitro application of a 10% and 20% aqueous solution within 24 hours post-treatment. Anthelmintic properties of Citrus peel extracagainst Ascardiagalli has also been extablished (Garbin et al., 2021).
Blood profile 
[bookmark: _m8xrvaccdym5]The study found that daily administration of 0.75% hydrogen peroxide along with 1 mL of lemon juice in drinking water led to an increase in haemoglobin concentration, RBC count, WBC count, and total protein levels (Ali et al. 2020).
Bone metabolic diseases
Neohesperidin, a citrus flavonoid, has been found to negatively correlate with osteoclast differentiation, suggesting its potential role in bone health (Tan et al. 2017). Ikeda et al. (2021) investigated the effects of calcium-supplemented lemon beverages, reporting their ability to suppress bone resorption. Additionally, Bergamottin, a natural citrus derivative, has demonstrated effectiveness in promoting osteoblast activity and bone formation, as observed by Wang et al. (2022).



A number of successful studies are reported after validation of in vivo experimental animal models (Table 2) and in vivo human trials (Table 3).



[bookmark: _bp0d0pioolik]Table 2. Impact of citrus fruits on various diseases demonstrated using in vivo experimental animal models
	S.r. N.
	Citrus fruit
	Disease
	Type of sample
	Time period
	Result
	References

	1.
	C. limon 
(100 g/kg BW)
	Diabetes
	Rats 
	45 days
	↓Blood glucose
	Murali and Saravanan (2012)

	2
	Pomelo peel extract 
(1% w/w)
	Metabolic disorder
	Female mice
	8 weeks
	↓Body weight gain, ↓ fasting blood glucose, serum ↓triglycerides, liver lipid levels, ↑insulin resistance
	Ding et al. (2013)

	3.
	C. limon peel’s extract (400mg/kg BW)
	Diabetes
	Diabetic rat
	12 days
	↓Blood glucose, Protein and collagen synthesis, ↑Tissue growth rate    
	Mohanapriya et al. (2013)

	4.
	Orange peel extract (250mg/kg BW)
	Inflammation
	Rat induced with carrageenan
	
	↓Inflammation
comparable to the effects of ibuprofen
	Gosslau et al. (2014)

	5.
	Lemon juice
(0.4 ml/kg BW)
	Blood profile
	60 white rabbits
	60 days
	↓Fibrinogen conc
↑Thrombin time, ↑protein C 
	Riaz et al. (2014)

	6.
	D-limonene 
(400 mg/kg)  
	Cardiometabolic risk factor
and diabetes
	male rats
	30 days
	↓LDL-cholesterol, ↓Accumulation of lipids, ↓Blood sugar level.
	Millet (2014)

	7.
	Sweet orange seed’s oil (1000 mg/kg BW)
	Diabetes
	18 alloxan-induced diabetic rats
	28 days
	↓Blood glucose, ↓Triglycerides level, 
↓total cholesterol,  ↑HDL cholesterol

	Chilaka et al. (2015)

	8.
	C. reticulata extract (0.25% and 0.5%)
	Obesity
	Obese mice 
	12 weeks
	↓21 % and 34% in body weight respectively
	Guo et al. (2016)

	9.
	C. medica peel extract (600 mg/kg BW)  
	Diabetes
	ZDF rats
	4 weeks
	↓ Blood glucose 
	Menichini et al. (2016)

	10.
	Citrus peel extract
	Diabetes and cholesterol
	Rat 
	56 days
	↓ Total cholesterol (8.55%), LDL (11.39%), triglycerides (7.89%) and sera glucose level (8.96%)
	Ashraf et al. (2017)

	11.
	C. sinensis methanol peels extract (50 and 100 mg/kg BW)
	Diabetes
	Diabetic rats
	-
	↓Fasting blood glucose and plasma insulin levels 
	Sathiyabama et al. (2018)

	12.
	Orange peel hydroethanolic extract (50 mg/kg BW)
	Liver injury
	Male Wistar rats 
	10-12 weeks
	↑antioxidant defense system and ↓inflammation and apoptosis.
	Ahmed et al.
(2019)

	13.
	C. hytrix and C. maxima pulp’s extract (5, 50, 300, 1000 mg/kg BW)
	Diabetes
	Strepto-zotocin induced diabetic rat
	14 days
	 ↓Blood glucose, ↓Triglycerides level
↓Total cholesterol, ↑HDL cholesterol

	Abirami et al (2019)

	14.
	Methanolic extract of C. grandis
 (1000 mg /day)
	Dys-lipidemia
	Long Evans rats
	21 days
	↓LDL cholesterol, ↓Total cholesterol,
↑ HDL cholesterol
	Ali et al. (2019)

	15.
	C. junos Tanaka peel extract 
(200 mg/kg BW/day)
	Pulmonary injuries
	8-week-old male C57BL / 6J mice
	10 days
	↓Pulmonary edema
↓COPD

	Kim et al. (2020)

	16.
	C. maxima peel’s methanol extract 
(600 mg/kg BW/d) 
	Diabetes and cholesterol
	28 adult male rats
	14 days
	↓ Blood glucose (70.17%)
↓Triglycerides (10.58%)
↓LDL (10.20%) ↓HDL (4.43%)
	Ani and Ochu (2020)

	17.
	Mandarin-peel extract 
	Rheumatoid arthritis
	Thirty-six male albino rats
	2 weeks
	↓Disturbed ankle diameter, oxidative stress, anti-inflammatory mediators and ankle joint histopathology
	Sakr et al. (2021)



Table 3. Impact of citrus fruits on various diseases demonstrated using in vivo human trial
	S.r.
	Citrus fruit
	Diseases
	Type of sample
	Time period
	Result
	References

	1.
	Lemon juice
	Blood pressure
	101 middle aged women
	5 months
	↓systolic blood pressure
	Kato et al. (2014)

	2.
	Capsules containing lemon or sour orange powder
	Obesity
	Obese children
	1 month
	↑Flow-mediated dilatation (FMD)
	Hashemi and co-worker (2015)

	3.
	Capsule of Lemon 
(C.  aurantifolia) peels powder
	Cardio-metabolic risk factor
and obesity
	60 over
weight adolescents
	4 weeks
	↓Body mass index, LDL cholesterol and systolic blood pressure
	Hashemipour et al. (2016)

	4.
	C. sinensis extract 
(400 mg/day) 
	Obesity
	Over
weight human
	12 weeks 
	↓BMI,
Body weight and waist hip circumference
	Cardile et al. (2015)

	5.
	Orange juice(500ml/day)
	Obesity
	78 obese patients
	12 weeks 
	↓Body weight, BMI, lean mass, fat mass, body fat, and waist-to-hip ratio. Insulin levels, ↓total cholesterol, LDL cholesterol and high-sensitivity C-reactive protein levels 
	Ribeiro et al. (2017)

	6.
	Red Orange juice (500ml/day)
	Obesity
	11 obese women
	12 weeks 
	 ↓Total cholesterol ↓LDL cholesterol
	Azzini et al. (2017)




	7.
	Moro orange extract
	Obesity
	Over
weight adult
	6 months
	↓BMI,body mass, hip and waist circumference, ↓fat mass
	Briskey et al. (2022)


	8.
	C. reticulata peel’s aqueous extract 
(800 mg)
	Obesity and cholesterol
	obese adole-scents
	4-8 weeks
	↓ BMI, body fat percent ↓Waist circumference, ↓Total cholesterol,
↓Triglycerides
	Kamel et al. (2019)

	9.
	C. sinensis dried extract (0.5, 1 g/day)
	Obesity
	106 people (BMI 25-35 kg /m2)
	3 months
	↓fat, ↑lean mass, ↓waist circumference
	Kegele et al. (2019)



4. MECHANISTIC ASPECTS
The pharmacological action of any compound is known to be due to some specific structural properties. The interactions take place due to the inherent structural features present in the molecule. For example conjugated double bonds and that too in extension is most appropriate structural feature to absorb free radicals. Anti-oxidant compounds possess extended conjugation. If it is in conjunction with hydroxyl group then the antioxidant activity is enhanced.  The bioactive ingredients of Citrus possessing antioxidant activities are decorated with these features. The pharmaco-active ingredient can also affect the receptors or enzymes through various physic-chemical interactions. Most common interactions happens to be ionic, hydrophobic, Hydrogen bond. The bioactive compounds present in citrus fruits exert their effect via modulating a number of targets as they contain highly nucleophilic groups which can interact via any one or more of these interactions. The cyclic flexible structure of terpenoids, xanthophylls, caroteinoids, vitamins can fit into the active site cavity of any enzyme target or the binding site of a receptor.  The molecular targets of some selected bioactive ingredients are summarized in the Fig.3.
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Fig 3 Molecular targets, mode of action of some flavonoids, antioxidant vitamins, terpenes and coumarin
5. CONCLUDING REMARKS AND FUTURE PROSPECTS
Citrus fruits are a rich source of secondary metabolites, including flavonoids, carotenoids, essential oils, phenolic acids, and tocopherols, which contribute to various bioactivities in the body. These active compounds exhibit anti-inflammatory, anticancer, antimicrobial, and anti-allergic properties, along with chemo-preventive, neuroprotective, hepatoprotective, and hypotensive effects. Additionally, they offer antidiabetic, anti-dyslipidaemic, anti-obesity, anti-parasitic, anti-aging, antidepressant, and cardiovascular protective benefits. Given their diverse health advantages, incorporating citrus fruits into the daily diet is highly recommended.
Despite the pharmacological potential of citrus by-products such as peel, seeds, and pomace - rich in secondary metabolites - they remain underutilized. Further research and increased awareness are essential to maximize their applications. 
In order to fully utilize the available knowledge, the individual compound can be further explored as a lead molecule for a number of mentioned conditions. This review aims to provide valuable insights for researchers across disciplines, including chemistry, biochemistry, and medicine, to further explores the immense pharmacological potential of this genus.
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