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Phytochemical Composition and Health Benefits of Mulberry Plant Parts: A Review
Abstract
[bookmark: _GoBack]Mulberry (Morus spp.), a traditional medicinal and nutritional plant, has been widely investigated for its bioactive composition and associated health benefits. Different parts of the mulberry plant, including leaves, fruits, bark, and roots, are rich in phytochemicals such as flavonoids, polyphenols, alkaloids, anthocyanins, stilbenes, and polysaccharides. Leaves are particularly abundant in 1-deoxynojirimycin (DNJ), flavonoids, and phenolic acids, which contribute to their antidiabetic, hypolipidemic, and hepatoprotective properties. Fruits are notable for anthocyanins, resveratrol, and vitamins that exhibit antioxidant, anti-inflammatory, and neuroprotective effects, while also supporting cardiovascular health. The root bark contains stilbenes and prenylated flavonoids with antimicrobial, anticancer, and anti-obesity potential. Moreover, mulberry extracts demonstrate immunomodulatory, anti-aging, and neuroprotective activities, validating their role in both preventive and therapeutic applications. Current evidence from in vitro, in vivo, and limited clinical studies supports the safety and efficacy of mulberry-derived products in promoting human health, though standardization of bioactive compounds and long-term safety evaluations remain necessary. This review highlights the compositional diversity of mulberry plant parts and their pharmacological significance, providing a basis for future nutraceutical and pharmaceutical developments
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1. Introduction 
	Natural products have long served as a valuable source of bioactive molecules (Ma and Zhang, 2017; Ji et al., 2009; Zhang and Ma, 2018). The compounds present in fruits and vegetables are increasingly studied for their antioxidant potential and their ability to lower the risk of chronic illnesses, including metabolic disorders (Ma and Zhang, 2017; Cao et al., 2018; Veeresham, 2012). Nearly half of the currently approved therapeutic agents are derived from natural sources (Veeresham, 2012). Furthermore, around 80% of people in various countries still depend on herbal medicines, and the global market for plant-based pharmaceuticals was estimated to reach nearly $35 billion by 2020 (Veeresham, 2012; Gryn-Rynko et al., 2016).
	Mulberry (Morus alba), a rapidly growing deciduous species belonging to the genus Morus under the family Moraceae, is extensively cultivated across diverse climates (Butkhup et al., 2013). It is a versatile plant with economic importance, widely applied in pharmaceuticals, agriculture, and the food industry. Globally, about 24 species and more than 1,000 cultivars of mulberry are found, primarily originating from Southeast Asia. Among them, white mulberry (M. alba L.), black mulberry (M. nigra L.), and red mulberry (M. rubra L.) are the dominant species (Huo, 2002). Mulberry is recognized as a rich reservoir of natural antioxidants such as vitamin C, anthocyanins, polyphenols, and other bioactive nutrients, apart from its role in traditional medicine (Łochyńska, 2015). Additionally, it supplies essential carbohydrates, dietary fibre, minerals, riboflavin, nicotinic acid, and fatty acids (Thakur et al., 2016; Zafar et al., 2013).
	Each part of the mulberry plant is abundant in phytochemicals, including flavonoids, alkaloids, steroids, and terpenoids (Liang et al., 2012), which contribute to a wide spectrum of biological activities such as antioxidative (Hong et al., 2004), neuroprotective and vasoactive (Sakagami et al., 2006), antihyperlipidemic (Liu et al., 2009), antidiabetic (Sulochana, 2012), and cytoprotective effects (Jiao et al., 2017). More recently, different plant parts have been incorporated into functional foods, nutraceuticals, and cosmetic formulations. However, despite its phytochemical richness and versatile applications, mulberry remains underutilized on an industrial scale due to its high perishability and short harvesting window, limiting its commercial exploitation to specific regions.
	Traditionally, mulberry has been reported to support liver health, strengthen joints, promote diuresis, and regulate blood pressure. The primary anthocyanins identified in its fruits are cyanidin-3-O-glucoside (C3G), cyanidin-3-O-rutinoside (C3R), and pelargonidin-3-glucoside (Kim and Lee, 2020). Thanks to its diverse phenolic and flavonoid content, mulberry also exhibits expectorant, laxative, hypoglycaemic, anthelmintic, analgesic, and emetic properties (Negro et al., 2019). Understanding the phytochemical composition and nutritional profile of mulberry is valuable for the development of mulberry-based functional foods and dietary products (Jan et al., 2021). The present review synthesizes recent literature on mulberry to evaluate its potential as a whole-plant resource. It highlights the phytochemical composition of different parts of the Morus tree, correlates each botanical section with its specific health benefits.

2. [bookmark: _Hlk138068663]Phytochemical composition of botanical parts of mulberry
2.1.  Mulberry fruits
	The fruits of Morus nigra are rich in anthocyanins, a group of water-soluble pigments. Numerous studies have demonstrated that anthocyanins, which belong to the flavonoid family, possess strong antioxidant activity. Their colour expression is influenced by molecular structure, the presence and concentration of copigments, and environmental pH. These pigments are primarily responsible for the characteristic dark hue of black mulberries. Owing to their higher anthocyanin content, M. nigra L. generally exhibits greater levels of bioactive compounds compared to M. alba L. (Zeng et al., 2016). However, anthocyanins have also been detected in certain white mulberry varieties, where they accumulate during fruit ripening, causing the colour to shift from green in the immature stage to white or light purple at full maturity.
	The content and functionality of polyphenolic compounds in mulberry fruits have been widely reported, though they vary considerably with cultivar type, soil conditions, climate, cultivation practices, and post-harvest processing. Among the major anthocyanins in M. nigra, cyanidin-3-O-glucoside has been identified as the predominant pigment (Qin et al., 2009). In addition, four types of pelargonidin- and cyanidin-based anthocyanins, conjugated with one to three hexose sugars, have been characterized. Both black and white mulberries are known to contain the flavonols quercetin and kaempferol, which are usually esterified with one to three sugar residues or combined with sugars and malonyl groups. Furthermore, black mulberries possess two notable flavanonols—dihydroquercetin (taxifolin) hexoside and dihydrokaempferol hexoside—which serve as biosynthetic precursors of anthocyanidins such as cyanidin and pelargonidin (Qi et al., 2014).
2.2.  Mulberry Leaves 
	The dominant group of flavonoids present in mulberry leaves varies in concentration depending on the geographical region. Several caffeoylquinic acid derivatives have been identified in Morus leaves, including neochlorogenic acid, chlorogenic acid, cryptochlorogenic acid, caffeoylquinic acid isomer, and caffeoylquinic acid glucoside (Sánchez-Salcedo et al., 2015). Among the flavonol glycosides, rutin and quercetin-3-(6-malonylglucoside) are the most abundant, and they are largely responsible for the antioxidant potential of the leaves. These compounds are known to alleviate oxidative stress in the liver and contribute to improved glycemic control. In addition, other notable flavonoids detected in mulberry leaves include moringrol E, moringrol F, and morusin—a prenylated phenolic compound distributed throughout the plant but found in the highest concentrations in the root bark.
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Figure 1. Phytochemical composition and health benefits of mulberry leaves.
2.3.  Mulberry Twig and Root Bark 
	In traditional Chinese medicine, the root bark of mulberries, particularly Morus alba L., has been widely employed for the treatment of various ailments. The major bioactive constituents of the root bark are prenylated flavonoids such as morusin, kuwanon C (also known as mulberrin), and kuwanon G (Nomura et al., 1978). Additionally, mulberries contain a unique group of polyphenols known as Diels–Alder type adducts, which are predominantly composed of flavonoid moieties, though in some cases the C-2 and C-3 positions of the flavonoid unit may be substituted by prenyl groups or their analogues. Kuk et al. (2017) investigated the phytochemical profile of M. alba root bark from Korea and highlighted its potential anti-Alzheimer’s activity. The analysis revealed a rich diversity of phenolic compounds, including oxyresveratrol, resveratrol, p-coumaric acid, chrysin, catechin, vanillic acid, ferulic acid, chlorogenic acid, mulberroside A, maclurin, and moracins.
3. Health benefits of mulberry:
	Mulberry fruits have long been valued in Chinese herbal medicine for their therapeutic properties. They are reported to lower blood glucose levels, protect against hepatic and renal disorders, enhance vision, and possess anti-aging effects (Andallu & Varadacharyulu, 2002; Li, 1982). In addition, traditional Chinese medicine describes the fruit as a tranquilizer, tonic, evacuant, and emetic (Lee et al., 2018). Beyond medicinal applications, red mulberry extracts have historically been utilized as natural dyes (Gerasopoulos & Stavroulakis, 1997). Nutritionally, mulberries are recognized for their high-quality protein content, which plays an important role in combating malnutrition-related conditions, including protein-energy malnutrition (PEM), anemia, and vitamin A deficiency, that remain widespread in many parts of the world. Moreover, the Pharmacopoeia of the People’s Republic of China identifies the root bark cortex of Morus alba L. as a traditional medicinal material, noted for its efficacy in relieving asthma, expelling excess heat from the lungs, and promoting diuresis (Du et al., 2003).
3.1.  Antidiabetic and hypoglycemic effects
	Both mulberry leaves and fruits exhibit hypoglycemic activity, largely attributed to the presence of 1-deoxynojirimycin (DNJ), a compound known to inhibit α-glucosidase activity. Clinical evidence has demonstrated its effectiveness in the management of type 2 diabetes (Ramesh et al., 2014). The leaves of Morus alba have been incorporated into traditional Chinese medicine for centuries as a therapeutic agent for diabetes prevention and treatment, primarily due to their bioactive constituents that suppress postprandial hyperglycemia following carbohydrate-rich meals (Miyahara et al., 2004). In addition to DNJ, polysaccharides extracted from M. alba fruits have shown strong potential as antidiabetic agents. Experimental studies revealed that administration of two polysaccharide fractions from M. alba fruit to diabetic Wistar rats over a seven-week period significantly reduced fasting glucose, fasting serum insulin, glycated serum protein, and the homeostasis model assessment of insulin resistance (HOMA-IR). Moreover, these polysaccharides were found to facilitate the repair of damaged pancreatic tissues in diabetic rats (Jiao et al., 2017).
3.2.  Cardiovascular and lipid-lowering activity
	Flavonoids and phenolic constituents present in mulberry have been shown to exert cardioprotective effects (Verma et al., 2022). These bioactive compounds contribute to the regulation of blood pressure, reduction of cholesterol levels, and prevention of atherosclerotic plaque formation (Shreelakshmi et al., 2021).
3.3.  Antioxidant and anti-inflammatory potential
	The antioxidant potential of mulberry is primarily attributed to its rich content of flavonoids and phenolic acids, which play a vital role in alleviating oxidative stress and inflammation, thereby contributing to the prevention of chronic conditions such as cancer and neurodegenerative disorders (Saeed et al., 2023). Comparative studies have shown that mulberry leaf extracts possess the strongest antioxidant activity—evaluated through DPPH and hydrogen peroxide radical scavenging assays—when compared to extracts from the petiole, ripe and unripe fruits, and stem (Lim and Choi 2019; Lim and Teo 2019). The high concentration of quercetin in mulberry leaves has also been associated with the suppression of oxidative processes (Enkhmaa et al., 2005; Chen and li 2007; Katsube et al., 2010; Iqbal et al., 2012).
	In M. nigra fruits, anthocyanins such as cyanidin-3-O-glucoside (C3G) and cyanidin-3-O-rutinoside (C3R) have demonstrated anti-inflammatory properties by inhibiting pro-inflammatory cytokines in animal models of xylene-induced ear edema and carrageenan-induced paw edema (Chen et al., 2016). Furthermore, aqueous extracts of M. alba root have exhibited potent anti-histaminic and anti-allergic activities, effectively suppressing compound 48/80-induced systemic allergic reactions and histamine release in both in vitro and in vivo studies. These extracts also inhibit mast cell-mediated allergic responses (Chai et al., 2005).
3.4.  Neuroprotective properties
	Alzheimer’s disease is a progressive neurological disorder characterized by the accumulation of amyloid-β peptide plaques in the brain. Studies have reported that mulberry leaves contain kaempferol-3-O-glucoside and kaempferol-3-O-(6-malonyl) glucoside, which may help inhibit the formation of these peptides, thereby reducing the risk of plaque deposition (Niidome et al., 2007; Khaengkhan et al., 2009). Methanolic extracts of mulberry leaves have also demonstrated anti-dopaminergic activity by blocking dopamine (D2) receptors (Yadav et al., 2008). In addition, the presence of γ-aminobutyric acid (GABA) in mulberry extracts has been shown to provide neuroprotection against hydroxyl radicals and safeguard PC12 cells, a commonly used model for neuronal differentiation (Kang et al., 2006).
	Antioxidants from mulberry further contribute to strengthening the body’s defense mechanisms against oxidative damage (Shih et al., 2010). Oxyresveratrol, a potent tyrosinase inhibitor found in mulberry leaves, has been identified as a neuroprotective compound with potential therapeutic value for acute ischemic stroke (Zhang & Shi, 2012; Horn et al., 2003). Importantly, oxyresveratrol has been shown to cross the blood-brain barrier, enabling direct protection of neural tissues (Breuer et al., 2006). The fruits of M. alba also play a crucial role in neuroprotection. Alongside anthocyanins, non-anthocyanin flavonoids such as rutin and quercetin exhibit significant neuroprotective properties in addition to their multiple bioactive effects (Shih et al., 2010; Isabelle et al., 2008; Zhang et al., 2009).
3.5.  Gastrointestinal disorders
	Gastrointestinal disorders are a group of conditions that affect the digestive tract, and mulberry leaves have been reported to possess significant potential in supporting digestive health. Their high dietary fiber content contributes to stool bulking and facilitates improved digestion (Kadam et al., 2019). Moreover, mulberry leaf extracts have demonstrated hepatoprotective effects; for instance, Hogade et al. (2010) observed liver protection in rats treated with carbon tetrachloride following administration of mulberry leaf extract. In addition to fibers, mulberry leaves are rich in minerals, vitamin C, and antioxidants, and notably lack anti-nutritional or toxic compounds. These bioactive constituents enhance overall metabolism and provide substantial health benefits (Li et al., 2019).
3.6.  Antimicrobial effects 
	Mulberry leaves contain diverse phytochemicals such as saponins, tannins, alkaloids, and flavonoids, which contribute to their strong antimicrobial activity. Flavonoid-rich extracts of mulberry leaves have been reported to inhibit the growth of pathogenic microorganisms including Escherichia coli, Salmonella Typhimurium, Staphylococcus epidermidis, Staphylococcus aureus, Candida albicans, and Saccharomyces cerevisiae (Paiva et al., 2010). Chalcomoracin, a phytoalexin found in mulberry leaves, has shown potent antibacterial activity against S. aureus (Fukai et al., 2005). Similarly, ethanolic extracts of mulberry leaves were found to protect against Artemia salina (L.), which induces oral toxicity in mice (Oliveira et al., 2015). Ayoola et al. (2011) further demonstrated that ethanol extracts of M. alba leaves effectively inhibited the growth of several Gram-negative bacteria such as E. coli, Pseudomonas aeruginosa, and Neisseria gonorrhoeae; Gram-positive bacteria including Proteus vulgaris, S. aureus, and Streptococcus faecium; as well as fungal species such as Aspergillus tamarii, A. niger, Fusarium oxysporum, and Penicillium oxalicum.
	Beyond leaves, other plant parts of Morus species, along with their derived products, also exhibit noteworthy antimicrobial potential. For example, juice from M. nigra demonstrated inhibitory activity against Bacillus spizizenii and Pseudomonas aeruginosa, with inhibition zones of 19.68 mm and 19.87 mm, respectively (Khalid et al., 2011). Vinegar prepared from M. alba showed strong antibacterial activity against S. aureus, Streptococcus pyogenes, E. coli, Enterococcus faecalis, Erwinia carotovora, Klebsiella oxytoca, Bacillus cereus, and B. subtilis, as well as antifungal effects against C. albicans. Among these, S. aureus (28 mm inhibition zone) and S. pyogenes (20.6 mm) exhibited the highest sensitivity, whereas E. coli showed the lowest inhibition zone (5.3 mm), followed by C. albicans (9.6 mm) (Karaagac et al., 2016).
3.7.  Anticancer effects
	Although an absolute cure for cancer is not yet available, the antioxidant-rich profile and bioactive compounds of mulberry offer significant potential in reducing cancer risk and progression. Ethanol extracts of mulberry leaves have been shown to selectively eliminate neuroblastoma stem cell-like populations, which play a crucial role in the persistence and aggressiveness of this malignancy (Park et al., 2012). Treatment with 10–40 μg/mL of mulberry leaf extract enhanced cellular differentiation by promoting neurite elongation, reducing clonogenicity, and suppressing sphere formation. These effects were associated with a downregulation of stem cell markers and upregulation of differentiation markers.
	Furthermore, polyphenolic compounds in mulberry leaves have been reported to inhibit tumour cell proliferation, invasion, and metastasis (Yang et al., 2012). Mulberry leaf extracts also interfere with the inflammatory signaling pathways of adipocytes in hepatocellular carcinoma (HCC), thereby reducing obesity-associated liver cancer development (Chang et al., 2017). In addition to leaves, other plant parts of Morus also contribute to anticancer activity. The root bark of M. alba contains the flavanone glycoside, 5,2′-dihydroxyflavanone-7,4′-di-O-β-D-glucoside (steppogenin-7,4′-di-O-β-D-glucoside), which demonstrated anti-proliferative activity against HO-8910 human ovarian cancer cells (Zhang et al., 2009).
3.8.  Cardiovascular diseases
	Flavonoids and phenolic constituents present in mulberry exhibit significant cardioprotective properties (Verma et al., 2022). They contribute to the regulation of blood pressure, aid in lowering cholesterol, and play a role in reducing the risk of atherosclerosis (Shreelakshmi et al., 2021). Mulberry leaves have been recognized as a valuable dietary component for cardiovascular health owing to their rich composition of bioactive compounds and minerals. Kadam et al. (2019) reported that the high iron (Fe) content in mulberry leaves supports enhanced oxygen transport by stimulating the production of red blood cells. Among the flavonoids, resveratrol plays a particularly important role in cardiovascular protection. It alleviates vascular constriction, thereby reducing the risk of heart failure, while simultaneously stimulating nitric oxide production, which functions as a vasodilator. This vasodilatory effect relaxes blood vessels, minimizes the formation of blood clots, and lowers the likelihood of cardiovascular complications such as stroke or myocardial infarction.
	Experimental evidence also supports these findings. Doi et al. (2000) and Oh et al. (2007) demonstrated that extracts from Morus alba and Morus bombycis reduced hypertension in rodent models, decreased serum cholesterol levels, and prevented atherosclerosis. In clinical studies, Ma et al. (2019) reported that 1-deoxynojirimycin (DNJ), a key alkaloid in mulberry leaves, improved stable angina pectoris (SAP) in coronary heart disease (CHD) patients with blood stasis syndrome (BSS). This improvement was attributed to its ability to enhance both antioxidant and anti-inflammatory capacities, highlighting mulberry’s potential as a therapeutic agent in cardiovascular management. 
3.9.  Skin diseases
	Beyond its use as a traditional tea, mulberry leaf extract has also gained attention as a natural ingredient in skincare formulations. It demonstrates notable anti-aging properties and has shown effectiveness in managing acne-prone skin by reducing inflammation and regulating excessive sebum secretion. Owing to its strong anti-tyrosinase activity, mulberry leaf extract is widely recognized for promoting skin lightening and radiance. Tyrosinase is a key enzyme involved in the regulation of melanin biosynthesis, and its inhibition directly influences pigmentation (Sarkhel et al 2020). Singh et al. (2013) investigated the combined effects of mulberry, kiwi, and Sophora angustifolia extracts on melanogenesis and melanin transfer in human melanocytes as well as in cocultures with phototype-matched normal adult epidermal keratinocytes. Their results indicated that mulberry leaf extract effectively contributes to skin brightening by suppressing tyrosinase activity and thereby reducing melanin formation.
4. TOXICITY AND SAFETY
	Although herbal medicines are generally perceived as “natural” and therefore safe, adverse effects have been documented in several cases (Ernst, 1998; Eddy, 2005; Jordan et al., 2010). Side effects associated with herbal use, including hepatotoxicity and allergic reactions, have also been reported (Bent and Ko, 2004; Stickel et al., 2000). Mulberry fruit (Morus spp.), widely consumed as a fresh fruit and in traditional medicine, has attracted attention for its diverse biological activities, supporting its potential application in the development of novel functional foods and therapeutic agents. However, its safety profile requires careful evaluation, especially with increasing consumer demand for health-promoting natural products.
	Peng et al. (2011) investigated the anti-obesity effect and safety of mulberry water extract (MWE) in hamsters by administering 0.5–2% (w/w) orally for 12 weeks. The extract demonstrated both anti-obesity effects and no signs of toxicity in vivo. Clinical data further support its safety: randomized trials and controlled studies of mulberry leaf and leaf-extracts, including DNJ-standardized products, generally report no serious adverse events. The most common adverse effects were mild and transient gastrointestinal symptoms, such as bloating, flatulence, or loose stools (Thaipitakwong et al., 2020).
	Toxicological studies also reinforce its safety margin. A 28-day GLP oral toxicity study of a standardized mulberry leaf extract (Reducose®, ~5% DNJ) in rats showed no observed adverse effect level (NOAEL) at 4,000 mg/kg/day, the highest tested dose. Similarly, Marx et al. (2016) found no target-organ toxicity in rats administered aqueous mulberry leaf extract at multi-gram per kilogram doses for 28 days. Nevertheless, allergic reactions to mulberry fruit have been documented, including IgE-mediated responses such as anaphylaxis and oral-allergy syndrome, particularly in individuals already sensitized to pollens or related fruits (Choi et al., 2015). These reports highlight the importance of considering potential hypersensitivity reactions despite the overall favorable safety profile of mulberry.
5. Conclusion 
	Mulberry (Morus spp.) contains a wide variety of phytochemicals such as flavonoids, phenolic acids, alkaloids, anthocyanins, and polysaccharides, which are responsible for its diverse therapeutic potential. Various parts of the plant—including leaves, fruits, bark, and roots—demonstrate notable biological activities, including antioxidant, anti-inflammatory, antidiabetic, hepatoprotective, cardioprotective, neuroprotective, and antimicrobial effects. These attributes support both its traditional usage and emerging applications in modern medicine. Current research positions mulberry as a valuable nutraceutical and functional food candidate, though further clinical investigations and safety assessments are essential to confirm its effectiveness and promote its sustainable application in healthcare.
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