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A B S T R A C T   

Background: Lotus (Nelumbo nucifera Gaertn.) is a water plant belonging to the family Nelumbonacea that is 
cultivated in many areas of the world, and it is mainly composed of petals, seeds, leaves, and roots. Among them, 
lotus leaves (also called “He-Ye”) are used as both food and herbal medicine for health-promoting effects because 
of their multiple nutritional and phytochemical profiles. 
Scope and approach: The aim of this review was to evaluate the scientific evidence for the health benefits of the 
Nelumbo nucifera leaves (NLEs) based on their pharmacokinetic properties. The nutritional properties of NLEs as 
well as the various applications in food products are presented. 
Key findings and conclusions: NLEs and the essential components show good pharmacokinetic properties, such as 
wide tissue distribution characteristics. A large body of evidence has highlighted the promising health-promoting 
activities of Nelumbinis Folium, including anti-diabetes, anti-obesity, anti-neurotic, anti-inflammation, anti- 
cancer, liver protection, etc. Additionally, industrial applications of NLEs as a food and food ingredient in 
meat products, egg and dairy products, pasta dishes, beverages, fruit preservation, rice and meat zong, food 
packaging membranes, and health products have been discussed. However, its therapeutic effectiveness and 
applications remain uncertain; thus, more studies and long-term clinical trials are recommended to obtain in- 
depth insights into its physio-chemical mechanisms, safety, and bio-effects.   

1. Introduction 

Lotus is an aquatic monocotyledonous plant with a number of 
common names (e.g., Indian lotus, Chinese water lily and sacred lotus) 
and synonyms (Nelumbium nelumbo, N. speciosa, N. speciosum and Nym-
phaea nelumbo) (Liao et al., 2019; Sable, Pagar, & Sciences, 2013). Its 
common parts include seedpods, rhizomes, seeds, flowers, plumules, 
leaves, stalks, etc. (Sheikh, 2014), which are widely distributed and 
cultivated in Asia (China, Japan, India and other Southeast Asian 
countries), the Americas, and Oceania (Fig. 1) (Chen et al., 2021; Zhang, 
Lu, et al., 2015). Estimatedly, over 330,000 and 4000 ha of lotus is 
planted in China and Japan, respectively (Kurashita et al., 2021; Xu, Shi, 
Ye, Yan, & Yu, 2013), and this plant also grows throughout the lake and 
other waters in India, both at high (1400 m Kashmir, North India) and 
low altitudes (0.3 m KaniyaKumari, Southern India) (Hussain, Shah, 

Hameed, Naik, & Reshi, 2016). Currently, the plant has acquired enor-
mous significance because of its high content of bioactive secondary 
metabolites, such as flavonols and anthocyanins in the flower (Deng 
et al., 2013); alkaloids, flavonoids, steroids and polysaccharides in the 
plumule (Chen et al., 2021); and polyphenols, fatty acids, procyanidins 
and polysaccharides in the rhizome (sometimes called the lotus root) 
and seeds (Chen, Zhu, & Guo, 2019; Wang, Hu, et al., 2019), which exert 
numerous health-promoting effects (Limwachiranon, Huang, Shi, Li, & 
Luo, 2018). 

The main edible part of lotus is the rhizome and seeds, and He-Ye 
(the leaf of lotus), whose annual production now exceeds 800,000 
tons, is often discarded as waste products of the lotus industry, resulting 
in abundant waste (Huang et al., 2010b). In China alone, the annual 
output of Nelumbo nucifera leaves (NLEs) is 7000–10,000 tons, and only 
1% is utilized in the tea and catering industry (Liu, Qiu, et al., 2020). 
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However, the leaves have many other uses. Structurally, due to its sur-
face with microscale mound-like and nanoscale hair-like features 
responsible for high light absorption, efficient water supply and vapor 
escape, simple and general devices based on lotus leaves have emerged 
that have improved solar water evaporation (Liao et al., 2019; Neumann 
et al., 2013). Moreover, a sensitive and reproducible sensor using nat-
ural lotus leaves as a superhydrophobic platform was developed to 
detect paraquat due to its hydrophobic concentrating effect (Yao, Dai, 
Ouyang, & Zhu, 2021). 

Nutritionally, NLEs contain abundant floristic fibre, protein and 
some functional groups that facilitate biosorption and the removal of 
methylene blue from aqueous solution (Han, Wang, & Ma, 2011). In 
addition, NLEs have received attention from the scientific community 
based on its use in cosmetic and medicinal applications (Li & Xu, 2007). 
In ancient China, NLEs were viewed as herbal medicine plant to treat 
sunstroke, thirst, diarrhoea, and fever (Ye, Kong, et al., 2016). As early 
as 1991, NLEs were included in the second list of “Food and Drugs” by 
the Ministry of Health of China (Guo et al., 2020). Modern medical 
studies have revealed that the main active components of NLEs are 
flavonoids and alkaloids (Guo, Chen, Qi, & Yu, 2016; Santander-Borrego 
et al., 2017). Evidence suggests the extensive pharmacological activities 
of NLEs, including antioxidant, antimicrobial, anti-obesity, and 
anti-cardiovascular disease activities (Chen, Zhu, & Guo, 2019). For 
example, ethanol extracts of raw NLEs have been used to manufacture 
patented antilipid agents, such as Hedan Pian and Xuezhining Wan 
(Chen, Chen, et al., 2020). 

Due to these bioactive components, NLEs have attracted wide 
attention for its application potential in food product formulations. In 
the case of nuciferine, its physicochemical characteristics and func-
tionality have been widely analysed for various food and bioproduct 
applications (Gao et al., 2020; Li, Liu, et al., 2018). Considering the 
potential of NLEs as an ingredient in various food and non-food appli-
cations, the literature pertaining to its chemical constituents, bioactive 
ingredients, pharmacokinetic properties, and physiological functional-
ities has been narratively reviewed to make better use of this waste 
resource, develop its active ingredients, and promote its further appli-
cation in the food, health product and medicine industries and other 
fields. 

2. Phytochemical composition 

NLEs possess a range of nutritional and bioactive components. The 
main proximate composition in lotus leaves (Muan, Korea) was identi-
fied as protein and carbohydrates (the major sugars were sucrose, 
fructose, and glucose), followed by ash, whereas the contents of crude 
fat were relatively low; additionally, NLEs were found to contain rich 

minerals (especially K, Ca, P, Mg) and vitamin A (Fig. 2A) (Ha, Lee, Park, 
Dong, & Shin, 2010). Similarly, determination of chemical constituents 
of NLEs (a species from Korea) revealed the powder comprised 5.27% 
moisture, 21.85% protein, 1.51% fat, and 8.67% ash as well as abundant 
minerals and vitamin C (Choe et al., 2011). Another study investigating 
NLEs from Bai-yang Lake (Hebei, China) obtained similar findings 
showing that the leaves contained protein (21.720–24.461 mg/g), sol-
uble sugar (1.450–1.630 mg/g), free amino acids (144–1019 μg/g), and 
vitamin C (22.344 mg/g) (Guo et al., 2020). These observed differences 
in the nutritional components of NLEs may be due to discrepancies in the 
geographic location and culturing conditions. In addition, the bioactive 
components identified in NLEs, such as phenolic acids, flavonoids, al-
kaloids, polysaccharides, and terpenoids, have recently attracted much 
attention. 

2.1. Phenolic compounds 

Polyphenols present one or more hydroxyl groups linked to the benzene 
ring in their molecular structure, and they can be classified as phenolic 
acids, flavonoids, lignans, and stilbenes (Wang, Li, Ge, & Lin, 2020). In 
recent years, polyphenols, especially flavonoids, have been widely 
accepted as a category of the most important biologically active compo-
nents of lotus-derived parts, and they have a wealth of pharmacological 
activities. The phenolic compounds in NLEs were mainly identified as 
phenolic acids and flavonoids as well as their glycoside derivatives 
(Fig. 2B). However, recent data emphasize the possible influence of cli-
matic conditions, agricultural and environmental factors, and postharvest 
interventions on the compounds and contents of polyphenols in NLEs 
(Table 1). As reported, seven flavonoids were identified in NLEs obtained 
from Tainan, Taiwan: catechin, quercetin, quercetin-3-O-glucopyranoside, 
quercetin-3-O-glucuronide, quercetin-3-O-galactopyranoside, kaempfer-
ol-3-O-glucopyranoside and myricetin-3-O-glucopyranoside. However, 
only quercetin and catechin were found in another source from Taiwan, 
and other components, including gallic acid, protocatechuic acid, gallo-
catechin, caffeic acid, gallocatechin gallate, and rutin, were also identified. 
The same phenomena in which different contents and phenolic compounds 
were found also occurred in the NLEs from the different regions of China, 
such as Hubei, Anhui, and Hunan provinces. Of note, four flavonoids 
(quercetin 3-O-arabinoside, quercetin 3-O-rhamnopyranosyl-(1 → 2)-glu-
copyranoside, diosmetin 7-O-hexose, and isorhamnetin 3-O-arabino-pyr-
anosyl-(1 → 2)-glucopyranoside) in NLEs (Guangchang, jiangxi, China) 
were first identified by Zhu, Wu, Jiao, Yang, and Guo (2015). In addition to 
being influenced by collection location, the phenolic compounds in NLEs 
are also dependent on collection time (Do, Nguyen, Tran, Stuppner, & 
Ganzera, 2012). NLEs at different growth stages (tender leaves were har-
vested in June, China), (near matured leaves were harvested in July, China) 

Fig. 1. Main parts and production areas of lotus (Nelumbo nucifera).  
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Fig. 2. Nutritional composition of lotus leaf and its contents (Hiplot (https://hiplot.org) was used for the graphical presentation of the data) (A); Chemical structure 
of polyphenols (mainly phenolic acids and flavonoids) identified from lotus leaf (B); Major reported aporphine, benzylisoquinoline, and bisbenzylisoquinoline al-
kaloids in lotus leaf (C). 

Z. Wang et al.                                                                                                                                                                                                                                   
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and (climax leaves were harvested in August, China) showed different 
polyphenol contents, with the lotus leaves collected in July and August 
possessing higher contents of polyphenols and flavonoids (Su et al., 2018). 
Collectively, lotus leaves are rich in polyphenol compounds, which may 
determine their biological activity to a certain extent. In order to achieve 
the full potential of this important flavonoids source, the cultivars, growth 
climate, seasons and harvest time are the non-ignorable variables that 
should be considered. 

2.2. Alkaloids 

Alkaloids are nitrogen-containing heterocyclic chemical compounds 
that are usually extracted by weak acids. Combined capillary electro-
phoresis or chromatography-mass spectrometry has revealed that NLEs 
contain numerous alkaloids (Chen, Zhang, Liu, Fang, & Li, 2013; Do, 
Nguyen, Tran, Stuppner, & Ganzera, 2013). Through the analysis of 
nonphenolic fractions of the leaf extract, the alkaloids identified can be 

divided into aporphine alkaloids, benzylisoquinoline alkaloids, or bis-
benzylisoquinoline alkaloids (Fig. 2C) (Menéndez-Perdomo & Facchini, 
2018). Data indicate that aporphine alkaloids were the main alkaloids of 
lotus leaves, among which nornuciferine, anonaine, nuciferine, and 
roemerine were the most common (Chen, Zhang, et al., 2013). In an 
alkaloid extract (6.70 g) derived from NLEs (collected in June 2012 in 
Hunan Province, China), total alkaloids predominantly consisted of 
nuciferine (27.76%), N-nornuciferin (13.23%) and 2-hydroxy-1-me-
thoxyaporphine (4.23%), as determined by high performance liquid 
chromatography (HPLC) (Yan et al., 2015). Another study using 
high-speed countercurrent chromatography successfully purified four 
main aporphine alkaloids from 100 mg crude extract of NLEs (Yantai 
Chinese drug store (Yantai, China)), including nuciferine (8.5 mg), 
2-hydroxy-1-methoxyaporphine (6.3 mg), roemerine (2.7 mg), and 
pronuciferine (1.1 mg) (Ma et al., 2014). 

In addition to aporphine alkaloids, benzylisoquinoline alkaloids (for 
example, armepavine, N-methylisococlaurine, N-methylcoclaurine, N- 

Table 1 
The main polyphenol compounds reported in lotus leaf.  

Sources TPC TFC Main polyphenol compounds References 

Tainan, 
Taiwan 

Ethyl acetate, n-butanol, and water 
fractions with the value of 128.8, 
307.8 and 62.7, respectively 

ethyl acetate and n-butanol 
with the value of 67.9 and 
101.8, respectively 

Catechin, Quercetin, Quercetin-3-O-glucopyranoside, Quercetin-3- 
O-glucuronide (70.3 mg/g), Quercetin-3-O-galactopyranoside 
(42.1 mg/g), Kaempferol-3-O-glucopyranoside, and Myricetin-3-O- 
glucopyranoside 

Lin et al. (2009) 

Taiwan 13.5% 58.3% Gallic acid (20.13%), Protocatechuic acid (1.88%), Catechin 
(2.54%), Gallocatechin (1.39%), Caffeic acid (1.04%), 
Gallocatechin gallate (1.41%), Rutin (6.80%), Quercetin (4.79%) 

Wu et al. (2010) 

Jeollanam- 
do, Korea 

177.71 mg/g 125.61 mg/g Quercetin 3-O-α-L-rhamnopyranosyl-(1 → 6)-β-D- 
glucuronopyranoside (0.32%); Quercetin 3-O-β-D- 
galactopyranoside (Hyperoside, 4.25%); quercetin 3-O-β-D- 
glucopyranoside (32.08%); quercetin 3-O-β-D-glucuronopyranoside 
(30.4%); quercetin (2.26%) 

Jung et al. (2008) 

Jeollanam- 
do, Korea 

ND ND Quercetin 3-O-α-arabinopyranosyl-(1 → 2)-β-galactopyranoside 
(ND), Rutin (3.3 mg/g), quercetin 3-O-β-D-galactopyranoside (4.8 
mg/g), quercetin 3-O-β-D-glucopyranoside (35.0 mg/g), quercetin 
3-O-β-D-glucuronide (87.7 mg/g), Quercetin (3.6 mg/g) 

Goo, Choi, and Na 
(2009) 

Gyeonggi, 
Korea 

ND ND Isohydnocarpin A, isohydnocarpin, hydnocarpin B, hydnocarpin D Ahn et al. (2014) 

Muan, Korea 346.26 mg/g 115.86 mg/g Rutin (11,331.3 mg/100 g), catechin (10,853.8mg/100 g), 
sinapic acid (1,961.3mg/100 g), chlorogenic acid (631.9 mg/100 
g), 
syringic acid (512.3mg/100 g), and quercetin (415.0mg/100 g). 

Lee, Kim, and Je 
(2015) 

Hunan, China ND ND Rutin (1.59 mg/g), hyperoside (3.29 mg/g), isoquercitrin (29.78 
mg/g), taxifolin (10.60 mg/g), luteolin (0.49 mg/g), quercetin 
(2.63 mg/g), apigenin (0.22 mg/g), naringenin (1.45 mg/g), 
kaempferol (0.06 mg/g), isorhamnetin (0.39 mg/g) 

Liao, Chen, Liu, 
and Xiao (2018) 

Jiangxi, 
China 

ND 690.5 mg/g Myricetin 3-O-hexose, Quercetin 3-O-arabinopyranosyl-(1 → 2)- 
galactopyranoside, Quercetin 3-O-rhamnopyranosyl-(1 → 2)- 
glucopyranoside, Quercetin 3-O-galactoside (hyperoside), 
Quercetin 3-O-glucoside (isoquercitrin), Quercetin 3-O-glucuro-
nide, Quercetin 3-O-arabinoside, Kaempferol 3-O-galactoside(Gva-
javerin), Kaempferol 3-O-glucoside (astragalin), Kaempferol 3-O- 
glucuronide; Diosmetin 7-O-hexose, Isorhamnetin 3-O- 
arabinopyranosyl-(1 → 2)-glucopyranoside, Isorhamnetin 3-O-hex-
ose, Isorhamnetin 3-O-glucuronide 

Zhu et al. (2015) 

Hubei, China ND ND Catechin rhamnoside, Miricitrin-3-O-glucoside, Hyperin, 
Isoquercitrin; Quercetin-3-O-rhamnoside, Astragalin 

Huang et al. 
(2010b) 

Wuhan, 
China 

ND 667.07 mg/100 g Myricetin 3-O-glucoside (11.60mg/100 g), Quercetin 3-O- 
arabinopyranosyl-(1 → 2)-galactopyranoside (52.74mg/100 g), 
Quercetin 3-O-rhamnopyranosyl-(1 → 6)-glucopyranoside 
(7.22mg/100 g), Quercetin 3-O-galactoside (115.52mg/100 g), 
Quercetin 3-O-glucoside (110.70mg/100 g), Quercetin 3-O-Glucu-
ronide (318.32mg/100 g), Kaempferol 3-O-galactoside (6.18 mg/ 
100 g), Kaempferol 3-O-glucoside (15.31mg/100 g), Isorhamnetin 
3-O-glucoside (2.66mg/100 g), Kaempferol 3-O-glucuronide 
(7.64mg/100 g); Diosmetin 7-O-Hexose (11.19 mg/100 g), 
Isorhamnetin 3-O-hexose (7.98 mg/100 g) 

Chen, Zheng, 
Fang, Liu, and Li 
(2013) 

Anhui, China ND ND Kaempferitrin (75.79 mg/g), Hyperoside (31.11 mg/g), Astragalin 
(9.53 mg/g), Phloretin (0.26 mg/g), Quercetin (0.096 mg/g) 

Wu et al. (2020) 

Anhui, China ND ND Kaempferitrin (470.32 mg/g), Hyperoside (194.10 mg/g), 
Astragalin (59.02 mg/g), Phloretin (1.62 mg/g), Quercetin (1.03 
mg/g) 

Yi et al. (2020) 

ND, no detection; TFC, total flavonoid content; TPC, total phenolic content. 

Z. Wang et al.                                                                                                                                                                                                                                   
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methylisococlaurin, 4′-O-methylarmepavine, (+)-1(R)-coclaurine, and 
(− )-1(S)-norcoclaurine) as well as bisbenzylisoquinoline alkaloids 
(nelumboferine, liensinine, negferine and isoliensinine) were also iso-
lated or identified in NLEs (Kashiwada et al., 2005; Menéndez-Perdomo 
& Facchini, 2018). In methanolic extracts of NLEs (Khon Kaen Province, 
Thailand), along with eleven benzylisoquinoline-type alkaloids, a new 
alkaloid called N-methylasimilobine N-oxide was isolated by Nakamura 
and his group (Nakamura et al., 2013). Collectively, the divergent 
alkaloid patterns observed may depend on the geographic location and 
time of harvest. Despite the important role of alkaloids in lotus leaves, 
their metabolic pathways in this plant or their biosynthetic genes and 
cognate enzymes remain comparatively poorly established. 

2.3. Polysaccharides 

In addition, evidence has also highlighted the critical roles of poly-
saccharides in NLEs. Lotus leaf polysaccharides have been extracted by 
methods involving hot water (Yang, Ji, Feng, Yu, & Liu, 2020; Zeng, Xu, 
& Zhang, 2017), high pressure extraction (Zhang, Tu, et al., 2015), and 
enzyme-assisted extraction (Song, Han, et al., 2020) have been reported. 
Zhang and coworkers found that dynamic high-pressure micro-
fluidization-assisted extraction could effectively extract polysaccharides 
consisting of monosaccharides (rhamnose, fucose, arabinose, xylose, 
mannose, glucose and galactose) from NLEs (China) with a higher yield 
(6.31%) than leaching (2.95%) (Zhang, Tu, et al., 2015). Moreover, an 
investigation on the monosaccharide components from dry NLEs (Korea) 
showed that water-soluble polysaccharides were mainly composed of 
neutral sugars (46.1%) and uronic acid (52.3%), which contained 
monosaccharides, including fructose, rhamnose, arabinosel, galactose, 
mannose, xylose, galacturonic acid, and glucuronic acid, at molar per-
centages of 6.0:15.1:19.5:12.3:36.2 (Song, Han, Lim, Lee, & Hong, 
2019). Subsequently, amylase, cellulose, pectinase or protease was 
applied to comparatively analyse the influence of enzymatic extraction 
on leaf polysaccharides. However, only protease can increase the 
extraction yields of polysaccharides (1.93%) composed of fucose, 
rhamnose, arabinose, galactose, glucose, mannose, xylose, galacturonic 
acid, and glucoronic acid at percentages of 0.36, 4.18, 16.63, 22.86, 
26.51, 1.80, 2.68, 13.88, and 11.11, respectively, relative to hot-water 
extraction (1.1%) (Song, Han, et al., 2020). Additionally, cumulative 
evidence suggests that NLEs present certain properties, such as immu-
nostimulatory effects, anti-osteoporotic effects, and gestational diabetes 
mellitus protection, which may be attributed to the existence of poly-
saccharides (Hwang et al., 2020; Song et al., 2019; Zeng et al., 2017). 

2.4. Essential oils 

Aliphatic hydrocarbons, aromatic compounds and terpenoids are 
mostly composed of essential oils (Baharum, Bunawan, Ghani, Mustapha, 
& Noor, 2010). Electron microscopy analysis and chemical examination of 
the extracted NLEs (obtained from Germany) waxes revealed a combina-
tion of aliphatic compounds, mainly nonacosanol and nonacosanediol. 
Among them, nonacosan-10-ol, triacontan-7-ol, nonacosane-4, 10-diol, 
nonacosane-5, 10-diol, nonacosane-10, 13-diol, hentriacontane-12, 
15-diol, tritriacontane-9, 10-diol and octadecanoic acid accounted for 
16.2%, 2.4%, 18.6%, 34.1%, 12.0%, 1.8%, 0.7%, and 0.7%, respectively 
(Koch, Dommisse, & Barthlott, 2006). Similarly, a comparative analysis of 
essential oils in fresh leaves from 11 locations in China showed that the 
main components were l-(+)-ascorbic acid 2,6-dihexadecanoate, trans--
phytol, hexahydrofarnesyl acetone, pentadecyl acrylate, geranyl acetone, 
and β-ionone, with values ranging from 0 to 33.5%, 5.1–24.1%, 5.6–15.3%, 
2.2–12.4%, 1.9–8.0%, and 0–8.0%, respectively. Essential oil quality was 
proposed to be influenced by growing conditions and genetic and envi-
ronmental factors (Huang et al., 2010a). Furthermore, two triterpenes 
(alphitolic acid and maslinic acid) were identified from the methanol NLEs 
extract (Korea). Meanwhile, some norsesquiterpenes, including den-
dranthemoside B, icariside B2, (E)-3-hydroxymegastigm-7-en-9-one, (3S, 

5R,6S,7E)-megastigma-7-ene-3,5,6,9-tetrol and sedumoside F1, were also 
found in lotus leaves (Ki, Sang, Shi, Sang, & Kang, 2009). 

2.5. Steroids and saponins 

Steroids with values of 32.54 and 21.62 mg/g in aqueous and acetone 
extracts of NLEs, respectively, and β-sitostenone and stigmasta-4,22-dien- 
3-one have been identified (Afolayan, Sharaibi, & Kazeem, 2013; Ahn et al., 
2013). In the leaf extract, saponins were also moderately present (Pandian, 
Sivan, Priya, Krishnamoorthy, & Balasubramanian, 2012; Yisa, 2009). The 
quantity results showed that lotus leaves possessed 32.54 and 21.62 mg/g 
steroids in aqueous and acetone extracts, respectively (Afolayan et al., 
2013). 

2.6. Others 

In addition to the components mentioned above, NLEs also contain a 
certain amount of carotenoids and tocopherols (Lee, Seo, & Lee, 2020; 
Shin, Choe, Hwang, Kim, & Jo, 2019). A spectrophotometric assay was 
used for comparative analysis of total carotenoid content from the leaf, 
seed, receptacle and flower of lotus. A higher content of carotenoid was 
observed in the leaf extract (2.40 mg/g dry extract) relative to the others 
studied (13.12 times higher than the seed extract, 5.15 times higher than 
the receptacle extract, and 2.29 times higher than the flower extract, 
respectively) (Wong, K. W. A., 2017). The higher concentration observed 
in NLEs is thought to be possibly attributed to the existence of chloro-
plasts in the leaf cells (Wong, K. W. A., 2017). Of note, as NLEs grow older, 
the leaf with yellow green color tends to appear due to increase in lutein (a 
type of carotenoid) content (Yao et al., 2021). Regarding the tocopherol, a 
study using liquid chromatography coupled with tandem mass spec-
trometry (LC/MS/MS) analysing hexane-extracted oil of white lotus 
leaves revealed the value of alpha-tocopherol was 5.6 ± 0.4 mg/100 g 
(Turan, Sangun, Karan, & Turan, 2018). 

3. Pharmacokinetic properties 

To date, the pharmacokinetic properties of NLEs in mammals have 
been well studied. The absorption, metabolism, distribution, excretion, 
and bioavailability of lotus leaves and their main compounds are listed 
in detail below (Table 2, Fig. 3A). 

3.1. Absorption 

In vivo absorption models suggest that active constituents from NLEs 
can be absorbed from the stomach, duodenum, jejunum, ileum and 
colon (Gu et al., 2014). A total of 19 components in NLEs extracts can be 
absorbed by the intestine. The Papp (an index reflects the absorptive 
capacity of drugs, with a value of >10− 6 indicating that the drug is 
completely absorbed (100%), 10− 7–10− 6 cm/s indicating that the ab-
sorption rate is 1–100%, and <10− 7 cm/s indicating that the absorption 
rate is less than 1%) (Artursson & Karlsson, 1991)) levels of nuciferine 
(1 × 10⁻⁵~1 × 10⁻⁶cm/s), hyperoside (1 × 10⁻⁶cm/s), and rutin, iso-
quercitrin as well as astragalin (1 × 10⁻⁶~1 × 10⁻⁷cm/s) were deter-
mined (Hou et al., 2016). The pharmacokinetic parameters of nuciferine 
and N-nuciferine estimated by peak time (Tmax) in the plasma or brain 
showed that they can be rapidly absorbed into the blood and quickly 
reach brain via the blood-brain barrier after receiving an oral dose (50 
mg/kg) (Ye et al., 2018). However, the higher absorption and elimina-
tion rates of nuciferine than those of N-nuciferine were found, which 
may be attributed to a combination reasons regarding the properties of 
lipid-water partition coefficient and further metabolism of N-nuciferine. 
A comprehensive assessment of the NLEs pharmacokinetic effects by 
oral administration to rats of 2.4 g/kg lotus leaf extract containing 
nunciferine (28.8 mg/kg), pronuciferine (9.41 mg/kg), O-nornuciferin 
(9.36 mg/kg), armepavine (6.12 mg/kg), and liriodenine (3.6 mg/kg) 
revealed that their Tmax values were 3.50, 4.90, 2.60, 0.30, and 5.70 h, 
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respectively, as well as peak concentration (Cmax) values were 317.58, 
210, 42.08, 8.78, 54.69 ng/ml, respectively (Zou et al., 2019). The 
finding suggests rapid absorption but the lowest absorption rate of 
armepavine. Moreover, higher area under the plasma 
concentration-time curve over 24 h (AUC0–24h) of nunciferine and pro-
nuciferine (2069 and 2031 ng/ml, respectively) was also observed, 
indicating their abundant plasma exposure (Zou et al., 2019). Notably, 
the pharmacokinetic characteristics of nunciferine in this report are not 
in agreement with other mentioned research in Table 2. The possible 
reasons are due to different drug intake doses and delivery patterns. On 
ther other hand, the other complex components may have influenced its 
in vivo absorption. To date, it is not clear whether the absorption 
mechanism of these alkaloids is through transcellular transport (SGLT1) 
or paracellular movement (tight junction), thus need to be further 
explored. Taken together, flavonoids and alkaloids from lotus leaves 
showed relatively low absorption rates; thus, their biodistribution and 
metabolic pathways are worthy of further discussion and study. 

3.2. Metabolism 

Metabolic studies have shown that NLEs flavonoids can be metabo-
lized in vivo into a number of metabolites. A total of 37 components, 
including quercetin-3-O-glucoside, quercetin-3-O-glucuronide, 
quercetin-3-O-galacoside, quercetin and kaempferol, as well as their 
glucuronidation, sulfonation, and methylation metabolites, were iden-
tified in rat plasma and urine samples after oral administration of NLEs 
flavonoid extracts. Quercetin glucuronides and kaempferol glucuronides 
dominated in the identified components (Ye, He, Yan, & Chang, 2014). 
In addition, nuciferine was used to identify its metabolites, and a total of 
10 metabolites were detected in plasma and urine using the ultra fast 
liquid chromatography/tandem mass spectrometry (UFLC-MS/MS) 
method, and they were primarily the biotransformation products of 
phase I (demethylation, oxidation and dehydrogenation) and phase II 
(glucuronidation, sulfonation and methylation) (Ye, Xiao, et al., 2016). 
Also, Wu et al. (2017) used a UPLC-DAD-QTOF-MS system and revealed 
15 metabolites, including 7 new metabolites, present in the plasma, 
urine, feces, or bile in rats after oral administration of nuciferine. The 
possible metabolic pathways of nuciferine involve demethylation 
(active site at the C1–OCH3, C2–OCH3, or N–CH3 position), oxidation, 
glucuronidation, and sulfonation. Some key enzymes, such as 
UDP-glucuronosyltransferase (UGT)1A4 and cytochrome P450 (CYP) 
enzymes (CYP3A4/1A2/2A6/2C8), regulate metabolism (Lu et al., 
2010). Recently, a new research has found that multiple cytochrome 
P450s, two UDP-glucuronosyltransferases (UGT1A4/1A9), and several 
sulfotransferases (SULTs) participated in the phase I and II metabolism 
of nuciferine (Gao et al., 2020). However, further research on the iso-
zymes involved in nuciferine metabolism needs to be carried out to 
evaluate the species differences between humans and rats/mice. 

3.3. Distribution 

The tissue distribution characteristics of Nelumbinis Folium after 
ingestion are critical for understanding its in vivo behaviour and action 
mechanisms. As reported, nuciferine showed rapid distribution, exten-
sive tissue uptake, and inadequate absorption into systemic circulation 
(Gu et al., 2014). Based on the LC/MS/MS method, nuciferine has been 
detected in various tissue samples (heart, liver, spleen, lung, kidney, 
brain and adipose tissue), suggesting its relatively wide tissue distribu-
tion (Wang, Cao, Hou, Li, & Qu, 2018). The nuciferine distribution 
analysis revealed a high relationship among liver, kidney, spleen, lung, 
heart and brain (Fig. 3B), and the highest level was found in the liver and 
kidneys, followed by the spleen, lung heart and brain (Xu et al., 2015). 
By detecting the apparent volume of distribution (Vd) after oral 
administration of 10.0 mg/kg nuciferine, a higher Vd value of 616.2 ±
186.5 L/kg was observed, which indicates obvious tissue uptake of 
nuciferine (Wang et al., 2018). Thus, the high degree of tissue 

distribution of the NLEs alkaloid fraction may provide a material basis 
for its clinical application. Unfortunately, there are no reports involving 
the biodistribution of polyphenols, flavonoids and other nonalkaloid 
components of NLEs. Therefore, more research is warranted to charac-
terize the tissue distribution of non-alkaloid compounds from NLEs. 

3.4. Excretion 

To date, the excretion of NLEs substances by animals and humans has 
rarely been studied. A pilot study conducted in rats demonstrated that 
cumulative excretion of nuciferine in urine and feces was observed at 
values of 50.7% (through kidney metabolism) and 12.9%, respectively, 
after oral administration, and the bulk of nuciferine excretion occurred 
within 24 h (Wang et al., 2018). The finding above seems to indicate the 
poor absorption rate of nuciferine. 

3.5. Bioavailability 

The absolute bioavailability of nuciferine was only 1.9% for an oral 
dose of 10.0 mg/kg, which indicated the very low bioavailability of 
nuciferine (Wang et al., 2018). However, the absolute bioavailabilities 
were 3.8%, 4.2% and 3.9% after intravenous administration of 0.2 
mg/kg nuciferine and simultaneous oral administration of 2.0, 5.0 and 
10.0 mg/kg nuciferine, respectively (Gu et al., 2014). These different 
results suggested that its bioavailability was independent of the doses 
and routes of administration. However, the reason for the differences in 
the oral bioavailability of nuciferine in the above two papers, which 
were estimated at 4.2% and 1.9%, respectively, is unclear, although its 
pharmacokinetics were not affected by other compounds. Therefore, 
more studies still need to be conducted to clarify this contradiction. 
Another study carried out by Ye and colleagues found that the oral 
bioavailability of nuciferine and N-nuciferine was estimated at 58.13% 
and 79.91%, respectively (Ye et al., 2018). The great differences in 
bioavailability between the two studies may be related to the determi-
nation of their plasma pharmacokinetics in rats after administration of 
pure extract and not an extract mixture. The low absolute bioavailability 
of nuciferine may limit its further application. Thus, a nanoparticle drug 
delivery system was used to enhance the bioavailability of nuciferine. 
The oral bioavailability of the nuciferine nanoparticles group was 
significantly enhanced and 4.3 times higher than that of the pure 
extract, thus significantly improving blood lipid profiles, as evidenced 
by the remarkable reduction in total cholesterol (TC), triglycerides (TG) 
and low-density lipoprotein cholesterol (LDL-C) as well as the increase 
in high-density lipoprotein cholesterol (HDL-C) (Liu et al., 2017). 
Nevertheless, the bioavailability of NLEs mainly focuses on its alkaloid 
fraction but not the polyphenol or flavonoid fraction. To comprehen-
sively evaluate the bioavailability of NLEs, further research on these 
nonalkaloid fractions is urgently needed. 

Overall, accumulating research shows the pharmacokinetics of NLEs 
in animals; however, the clinical pharmacokinetics of NLEs and the main 
active compounds have not been well documented. Future studies must 
continuously aim to characterize the pharmacokinetic and pharmaco-
dynamic properties of this highly promising source in multiple animal 
(human) models. 

4. Potential health benefts (in vitro, in vivo animal or humans 
studies) 

Based on the pharmacokinetic properties of the active compounds 
flavonoids and alkaloids in Nelumbinis Folium, it is possible that NLEs 
exert wide health-promoting properties. 

4.1. Antioxidant and anti-oxidative stress properties 

Chemical-based antioxidant assays, namely, the 1,1-diphenyl-2-pic-
ryhidrazyl (DPPH) method, reducing power, ferric ion reducing 
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Table 2 
The Pharmacokinetics of lotus leaf and its compounds after oral or intravenous administration.  

Subject Source Subject Dose and Design Sampling and Units Cmax (μM) Tmax (h) T1/2 (h) AUC (ng/ml*h) Bioavailability Urinary and Fecal 
Excretion (% dose) 

References 

Male 
Sprague- 
Dawley rats 

Lotus leaf 
Extract 

Oral administration of 
2.4 g/kg 

Plasma: 0, 0.083, 
0.25, 0.5, 1, 2, 3, 4, 5, 
6, 7, 8, 10, 12, 14, and 
24 h 

Nunciferine: 
317.58; 
O-nornuciferin: 
42.08; 
Liriodenine: 
54.69; 
Armepavine: 8.78; 
Pronuciferine: 210 

Nunciferine): 
3.50; 
O-nornuciferin: 
2.60; 
Liriodenine: 
5.70; 
Armepavine: 
0.30; 
Pronuciferine: 
4.90 

Nunciferine: 6.18; 
O-nornuciferin: 6.67; 
Liriodenine: 3.77; 
Armepavine:5.22; 
Pronuciferine: 4.44 

Nunciferine: 
AUC0-24:2069, 
AUC0-∞:2142; 
O-nornuciferin: 
AUC0-24:319.8, 
AUC0-∞: 335.6; 
Liriodenine: 
AUC0-24:415.1 
AUC0-∞:429.0; 
Armepavine: 
AUC0-24:28.6 
AUC0-∞:53.79; 
Pronuciferine: 
AUC0-24:2031 
AUC0-∞:2096 

ND ND Zou et al. 
(2019) 

Male 
Sprague- 
Dawley rats 

Nuciferine Oral administration: a 
single dose of (10.0 mg/ 
kg) 

Plasma: 0, 5, 15, 30, 
1, 2, 4, 6, 10, 12 and 
24 h 

45.3 1.0 6.5 AUC0-24:280.6 
AUC0-∞: 308.2 

1.9% Urine0–12h: 24.2; 
Urine13–24h: 40.6; 
Urine25–48h: 50.7; 
Feces0–12h: 18.1 
Feces13–24h:22.7; 
Feces25–48h: 32.9 

(Wang et al., 
2018) 

Intravenous 
administration: a single 
dose of (10.0 mg/kg) 

Plasma: 0, 2, 5, 15, 
30, 1, 2, 4, 6, 10, 12 
and 24 h 

ND ND ND AUC0-24:2022.8 
AUC0-∞: 2026.3 

ND ND 

Male 
Sprague- 
Dawley rats 

Nuciferine Oral administration: a 
single dose of 50 mg/kg 

Plasma: 0.08, 0.17, 
0.25, 0.50, 1, 2, 4, 6, 
8, 12, and 16 h 

1.71 0.9 2.48 AUC0-t: 6.13; 
AUC0-inf: 6.20 

58.13% ND Ye et al. 
(2018) 

Intravenous 
administration: a single 
dose of 10 mg/kg 

ND 0.00 2.09 AUC0-t: 2.09; 
AUC0-inf: 2.13 

ND ND 

N- 
Nornuciferine 

Oral administration: a 
single dose of 50 mg/kg 

0.57 1.65 2.94 AUC0-t: 3.32; 
AUC0-inf: 3.40 

79.91% ND 

Intravenous 
administration of a 
single dose (10 mg/kg) 

ND 0.00 3.84 AUC0-t: 0.74; 
AUC0-inf: 0.85 

ND ND 

Male Sprague 
-Dawley 
rats 

Nuciferine Intravenous 
administration (20 mg/ 
kg) 

Perfusion fluid 
collected every 30 
min for 1.5 h 

0.32 0.89 1.24 AUC0-t: 0.78; 
AUC0-inf: 0.83 

ND ND Ye et al. 
(2018) 

N- 
Nornuciferine 

0.16 1.22 1.39 AUC0-t: 0.46; 
AUC0-inf: 0.50 

ND ND 

Male 
Sprague- 
Dawley rats 

Nuciferine Oral administration of 2, 
5, 10 mg/kg 

Plasma: 0, 5, 15, 30, 
45, 1, 2, 3, 4, 6, 9, 12 
and 24 h 

13.5 (2 mg/kg); 
63.4 (5 mg/kg); 
103.0 (10 mg/kg) 

0.9 (2 mg/kg); 
0.6 (2 mg/kg); 
0.5 (2 mg/kg) 

1.5 (2 mg/kg); 
0.8 (2 mg/kg); 
1.0 (2 mg/kg) 

AUC0-24 (2 mg/ 
kg):41.7 
AUC0-∞ (2 mg/ 
kg):41.7 
AUC0-24 (5 mg/ 
kg):118.2 
AUC0-∞ (5 mg/ 
kg):118.2 
AUC0-24 (10 mg/ 
kg):207.1 
AUC0-∞ (2 mg/ 
kg):207.5 

3.8% (2 mg/ 
kg); 
4.2% (5 mg/ 
kg); 
3.9% (10 mg/ 
kg) 

ND (Gu et al., 
2014) 

Intravenous 
administration of 0.2 
mg/kg nuciferine 

Plasma: 0, 2, 5, 15, 
30, 1, 2, 4, 6, 9, 12 
and 24 h 

ND ND 0.6 AUC0-24:119.0 
AUC0-∞: 119.0 

ND ND 

(continued on next page) 
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antioxidant power (FRAP), 2,2′-azino-bis-(3-ethylbenzothiazoline-6- 
sulfonic acid) (ABTS), total antioxidant capacity (T-AOC), and Trolox 
equivalent antioxidant capacity (TEAC) assays, are generally available 
to assess the free radical scavenging activity of lotus leaves (Huang et al., 
2010a; Lin, Kuo, Lin, & Chiang, 2009; Wu et al., 2011; Zhu et al., 2015). 
The results demonstrated a strong free radical scavenging capacity of 
NLEs. An investigation showed lotus leaf extracts possessed DPPH 
radical scavenging activity at 0.69 mg/mL (IC50); its antioxidant effect 
was better than the flower extracts (IC50 = 1.20 mg/mL), which may be 
attributed to the higher contents of polyphenols and carotenoids (2.40 
mg/g) (Wong, K. W. A., 2017). In fact, the antioxidant activities of NLEs 
may be influenced by external factors, such as the drying method and 
specific processing conditions (Guo et al., 2020). The stronger antioxi-
dant capacity of FRAP and ABTS accompanied by the higher total 
phenolic content (TPC) and flavonoid content (TFC) were found in NLEs 
processed by microwave vacuum drying compared with electric oven 
and hot air drying (Wang, Li, et al., 2019). Evidence from cellular 
antioxidant activity (CAA) assay (a cell-based assay used for evaluating 
active substance antioxidation (Wolfe & Liu, 2007)) also supported that 
NLEs presented a relatively higher CAA value (~75 μmol quercetin 
equivalent/100 g) in a study comparing the CAAs from 23 herb plant 
organ samples (Chen, Wang, et al., 2019). 

In addition, the potential antioxidant capacity of NLEs could also be 
deduced from their protective effects against oxidative stresses occur-
ring when oxidation exceeds the antioxidant systems in the body 
(Horng, Yang, Chen, Chang, & Wang, 2017; Huang et al., 2010b; Jung 
et al., 2008). The soluble constitutes from NLEs exerted a cytoprotective 
effect against oxidative stress by inhibiting intracellular reactive oxygen 
species formation (Lee, Kim, & Je, 2015; Xu & Wang, 2014). A recent 
study showed that a dose-dependent increase in the serum antioxidant 
capacity of fish fed alcoholic extract of NLEs was observed, as reflectcd 
by decreased serum malondialdehyde (MDA) and increased superoxide 
dismutase (SOD), glutathione (GSH) and T-AOC values (Zhu et al., 
2019). Additionally, ultraviolet B triggers a photo-oxidative reaction 
that results in damage of antioxidant status (oxidative stress), which can 
be ameliorated by polyphenols (hyperin, isoquercetin, and catechin 
rhamnoside)-containing NLEs as evidenced with elevated SOD, catalase 
(CAT), and glutathione peroxidase (GPx) levels in the skin samples 
(Huang, Zhu, et al., 2013). To some extent, carotenoids in NLEs with the 
effect of absorbing sunlight also play a protective role against 
photo-oxidative damage (Wong, K. W. A., 2017). In summary, these 
studies above suggest that the NLEs exert stronger antioxidant activities 
and may have great therapeutic importance in preventing oxidative 
damage. 

4.2. Anti-obesity properties 

Obesity is characterized by imbalanced lipid metabolism, and 
increased caloric consumption upon ingestion of high-sugar high-fat 
foods and beverages has been considered the main cause of obesity 
(Sambra et al., 2020). However, a diet rich in natural products would 
help to limit energy intake, thereby controlling body weight (Dwyer, 
Allison, & Coates, 2005; Wang, Hu, et al., 2019). The possible effects of 
NLEs intake on obesity have been widely demonstrated in vitro, ex vivo, 
and in vivo, as shown in Table 3. 

Pancreatic lipase primarily functions in the digestion and absorption of 
TG into monoglycerides and fatty acids, which can be effectively inhibited 
by NLEs extract (Kim, Kim, Ito, & Jo, 2011; Liu et al., 2013). Flavonoids, 
including quercetin-3-O-β-D-arabinopyranosyl-(1 → 2)-β-D-galactopyr 
anoside (Qc-3-O-AraGal), quercetin-3-O-β-d-glucuronide (Qc-3-O-Glu), 
and kaempferol-3-O-β-d-glucuronide, were identified as lipase inhibitors 
(Tao, Zhang, Wang, & Cheng, 2013). An in silico molecular docking analysis 
showed that two compounds, Qc-3-O-AraGal and Qc-3-O-Glu, from NLEs 
were potential inhibitors of pancreatic lipase, and Qc-3-O-Glu was 
considered a stronger inhibitor than Qc-3-O-AraGal for pancreatic lipase 
based on its higher affinity, and the result was also further confirmed by a Ta
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lipase inhibition assay in vitro and fluorescence quenching analysis (Zhu 
et al., 2014). 

Factors associated with lipolysis promotion and lipogenesis reduc-
tion are involved in obesity formation. In vitro, Nelumbinis Folium 
fermentation significantly downregulated the expression of the CCAAT 
enhancer binding protein (C/EBP) α and glucose transporter (GLUT) 4 
genes and enhanced the expression of the perilipin-1 (PLIN1) gene in 
OP9 cells; moreover, the expression levels of stearoyl-CoA desaturase 
(SCD), peroxisome proliferator-activated receptor (PPAR)γ, and PPARα 
were ameliorated by lotus leaf fermentation (Chang et al., 2020). In in 
vitro 3T3-L1 preadipocytes, 50 and 100 μg/ml NLEs ethanol extract 
activated protein kinase B (Akt)-mammalian target of rapamycin com-
plex 1 (mTORC1) signalling by downregulating the protein expressions 
of adipogenic transcription factors, such as sterol-regulatory element 
binding protein (SREBP)1, PPARγ, and C/EBPα, and it targets genes for 
adipocyte fatty acid-binding protein (aP)2 and fatty acid synthase (FAS) 
(Yoo et al., 2019). 

In vivo animal model, obvious inhibitive effects, such as lower body 
weight, total cholesterol and TG, were found in diet-induced obesity in a 

range of rodent models, including Sprague Dawley rats (Du et al., 2010; 
Su, Lu, Deng, & Wei, 2015; Wang, Yao, et al., 2020; Yan et al., 2017), 
Wistar rats (Liu et al., 2013; Ono, Hattori, Fukaya, Imai, & Ohizumi, 
2006), C57BL/6 mice (Wu et al., 2010, 2020), ICR mice (Ono et al., 
2006), fishes (Yao et al., 2020), and broiler chickens (Zhou et al., 2020). 

Furthermore, in an in vivo human study, the anti-obesity effects were 
also explored. Data on childhood obesity obtained from 11 clinical 
studies from 2000 to 2018 from Chinese academic journals suggest that 
NLEs consumption is an effective and safe option for treating human 
obesity (Kim, Ryu, Kim, & Cheon, 2018). Accordingly, 24 obese uni-
versity students (female and male over 20 years of age) were assigned to 
evaluate the effects of diet food (containing Jerusalem artichoke inulin, 
lotus leaf, and herbs) on their weight and body fat, and significant re-
ductions in body index, muscle, abdominal obesity, obesity, waist 
circumference and hip circumference were found (Lee & Kang, 2009). 
Moreover, a study carried out in 19 female university students showed 
that a combination of potato and lotus leaf extract decreased their body 
mass index and percent body fat and abdominal fat, TC, TG, and LDL-C, 
although a significant interaction was only observed for TC (Lee, Kim, 

Fig. 3. Possible absorption, metabolism, distribution, and excretion of NLEs polyphenols or/and alkaloids (A); Pearson correlation coefficient between different 
tissues of mice (Data was taken from Xu et al. (2015)) (B). 
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et al., 2015). This positive trend in lowering blood lipids may be 
attributed to lotus leaf extract intake. Thus, it is undeniable that NLEs 
play key roles in human obesity. 

Collectively, the possible anti-obesity mechanism of lotus leaves in-
volves (i) lowering adipocyte differentiation and fat accumulation; (ii) 
promoting fatty acid transporters and catabolism in the hepatopancreas, 
adipose tissue, and muscle; (iii) modulating inflammation signal; and 
(iv) improving the gut microbiota profile (e.g., increasing Akkermansia 
muciniphila and Bacteroides uniformis) (Yu et al., 2021). However, energy 
combustion through the activation of BAT and browning of WAT may be 
a promising target to combat obesity (Hu, Wang, Tan, & Christian, 
2020). Unfortunately, information is not available on the effects of NLEs 
on fat browning; thus, future research must be carried out in this regard. 
Nonetheless, the results indicate that NLEs consumption might prevent 
obesity and related syndromes by improving lipid metabolism. 

4.3. Anti-inflammatory properties 

Inflammation is triggered by infections and/or tissue injury and can 
be mediated by proinflammatory mediators, such as nitric oxide (NO), 
tumour necrosis factor α (TNF-α), interleukin (IL)-6, and prostaglandin 
E2 (PGE2) (Medzhitov, 2008). Based on currently available data, a 
consensus has been reached that NLEs, in particular the associated fla-
vonoids and alkaloids, have the ability to reduce the body’s inflamma-
tory response (Table 3). 

Macrophages derived from monocytes play crucial roles in driving 
the first line of defence against foreign pathogens in host immunity 
(Ogura, Sutterwala, & Flavell, 2006). NLEs and associated compounds, 
such as quercetin-3-O-β-d-glucuronide, nuciferine, and lysicamine, have 
been found to protect against inflammation by blocking proin-
flammatory factors (e.g., IL-1β, IL-6, IL-8, and TNF-α) and promoting 
anti-inflammatory cytokines (e.g., IL-10) (Li, Sun, Li, Yang, & Qi, 2017; 
Liu et al., 2014; Park et al., 2017; Wang, Zhu, Huang, Huang, & Wilson, 
2011; Wu, Yang et al., 2017). Inflammation-related signalling may 
involve the suppression of NF-κB-, mitogen-activated protein kinase 
(MAPK)-, and Toll-like receptor (TLR) 4-mediated pathways. However, 
crude water-soluble polysaccharide from NLEs and two isolated main 
polysaccharides, LLWP-1 and LLWP-3, have been reported to exert 
immunostimulatory effects and enhance proliferation, phagocytosis, 
NO, and cytokine secretion by activating mitogen-activated protein ki-
nase (MAPK) and NF-κB pathways (Song et al., 2019). 

In addition, TLR4/phosphatidylinositol 3-kinase (PI3K)/NF-κB sig-
nals also participate in the inflammation process, which can be effec-
tively inhibited by nuciferine, as evidenced by reduced expression of the 
inflammasome protein TLR4, myeloid differentiation primary response 
(MyD) 88, PI3K, ILK, p-AKT, p-P65, and NOD-like receptor 3 (NLRP 3) in 
the renal cortex of fructose-fed rats and fructose-exposed HK-2 cells 
(Wang et al., 2016). Evidence from suppressed inflammatory factors 
suggested that gastric and lung inflammation could be improved by 
NLEs active substances (e.g., kaempferitrin, hyperoside, astragalin, 
phloridzin, quercetin, and nuciferine) (Chen, Li, et al., 2020; Wu, Yang, 
et al., 2017). 

Neuroinflammation occurring in the brain is mediated by a wealth of 
cytokines, such as NO, TNF-α, IL-1β, IL-6, and reactive oxygen species 
(DiSabato, Quan, & Godbout, 2016). Interestingly, significant inhibition 
of LPS-induced TNF-α, IL-1β, PGE2 and NO secretion by treatment with 
nuciferine was found in BV2 cells through suppression of the NF-κB 
signalling pathway and PPAR-γ (Zhang, Gao, et al., 2018). 

4.4. Anti-diabetic properties 

Diabetes has recently become a major health concern, and lotus has 
received much attention for its antidiabetic properties, which are 
particularly recognized in its leaves (Table 3). NLEs flavonoids (864.04 
mg/g) can block starch hydrolysis, thereby triggering a higher resistant 
starch level and lower extended glycaemic index (EGI), which benefit 

patients with type 2 diabetes (Wang, Shen, et al., 2018). The suppression 
of two enzymes (α-glucosidase and α-amylase) may play key roles in this 
process because their inhibition can prolong the digestion time of car-
bohydrates, thereby contributing to a decrease in the glucose absorption 
rate and blunting postprandial plasma glucose rises (Dong, Li, Zhu, Liu, 
& Huang, 2012). Intriguingly, NLEs flavonoids were demonstrated to 
significantly inhibit α-glucosidase and α-amylase, with IC50 values of 
1.86 ± 0.018 and 2.20 ± 0.18 mg/mL, respectively (Liu et al., 2013). 

In an in vitro cell study, 1 and 2 μg/mL 2-hydroxy-1-methoxyapor-
phine, pronuciferine, nuciferine, and roemerine increased glucose con-
sumption in 3T3-L1 adipocytes (Ma et al., 2014). Moreover, NLEs 
extracts were also reported to increase luciferase activities and PPARγ2 
expression in 3T3-L1 preadipocytes and high-fat diet (HFD)-induced 
obese rats, suggesting its potential role in ameliorating insulin resistance 
(Yan et al., 2017). In glucose homeostasis, pancreatic β-cells play a vital 
role and control various biochemical markers (Vetere, Choudhary, 
Burns, & Wagner, 2014). An early study investigating the effects of NLEs 
on pancreatic β cells revealed that flavonoid-rich NLEs induced insulin 
secretion from pancreatic β-cell-derived HIT-T15 cells and human islets 
through the Ca2+-activated protein kinase C (PKC)-regulated extracel-
lular signal-regulated protein kinases (ERK) 1/2 signalling pathway 
(Huang, Chen, et al., 2011). Consistent with this result, a recent study by 
Sharma et al. analysed pancreatic β-cells and streptozotocin (STZ)-in-
duced diabetic rats and showed that NLEs extract exerted protective 
effects on pancreatic β-cells; simultaneously, pancreatic β-cells showed 
increased insulin secretion that induced a significant reduction in blood 
glucose (Sharma, Kim, & Rhyu, 2016). 

Furthermore, in pregnant rats with gestational diabetes mellitus, 
selenium-polysaccharide from NLEs could reduce fasting blood glucose 
and fasting blood insulin levels, increase hepatic glycogen content and 
improve the serum lipid profile (Zeng et al., 2017). Anti-diabetic compli-
cation assays of rat lens aldose reductase (RLAR) and advanced glycation 
end products (AGEs) values indicated that two key flavonoids (quercetin 
3-O-β-D-glucopyranoside and quercetin 3-O-β-D-glucuronopyranoside) of 
NLEs exerted obvious inhibition of rat lens aldose reductase (RLAR) and 
AGEs formation (Jung et al., 2008), suggesting the potential use of NLEs as 
preventive agents for diabetic complications. 

4.5. Antitumor and anti-cancer properties 

The volatile-rich petroleum ether fraction (linolenic acid, α-linolenic 
acid and linolenic acid ethyl ester) from NLEs showed a significant 
reduction in tyrosinase activity and melanin content in B16 melanoma 
cells through the induction of apoptosis (Teng et al., 2020). Meanwhile, 
a positive antitumor effect was found by nuciferine treatment, as evi-
denced by the remarkable suppression of melanoma cell growth and 
tumour size, and the possible mechanisms were attributed to the inhi-
bition of p65 phosphorylation, inactivation of NF-ΚB signalling, and 
downregulation of TLR-4 targeting (Xu, Ying, & Shi, 2020). A 
network-based analysis of traditional Chinese medicine (TCM) showed 
that nuciferine could combat neuroblastoma and colorectal cancer, and 
the possible molecular mechanisms involve inhibiting the PI3K-AKT 
signalling pathways and IL-1 level (Qi et al., 2016). Studies with glio-
blastoma cells demonstrated that nuciferine could inhibit proliferation, 
mobility, stemness, angiogenesis, and epithelial-to-mesenchymal tran-
sition by suppressing SRY-box 2 (SOX2)-AKT/signal transducer and 
activator of transcription 3 (STAT3)-Slug signalling (Li et al., 2019). 

In addition, a study addressing the effects of supplementation with 
flavonoid (primarily gallic acid, rutin, and quercetin)-enriched extracts 
from NLEs on breast cancer was performed on MCF-7 human breast 
cancer cells and a xenograft nude mouse model. The results suggested 
that NLEs exerted anticarcinogenesis effects by promoting G1 phase cell 
cycle arrest through phosphorylating p53 (Ser15), blocking FAS induc-
tion through the inactivation of human epidermal growth factor recep-
tor (HER) 2 and suppression of SREBP-1 expression, and reducing ER-α 
phosphorylation through the suppression of the PI3K/Akt pathway 
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Table 3 
Antiobesity, anti-inflammatory, antidiabetic, and liver protection effects of lotus leaf and its compounds in vitro, ex vivo and in vivo.  

Model Doses Duration Effects References 

Antiobesity effects 
OA-induced HepG2 cells 0.06, 0.13%, 0.25%, and 0.5% of NLEs ferment 24 h Hepatic lipid accumulation↓; PPARα↑ Chang et al. (2020) 
OP9 cells Adipocytic lipid accumulation↓; C/EBPα and GLUT4 

genes↓; 
PLIN1 gene ↑ 

3T3-L1 preadipocytes 50 and 100 μg/ml of NLEs extract 8 days SREBP1, PPARγ, and C/EBPα, and target genes aP2 
and FAS↓; 
Akt- Signalling↓ 

Yoo et al. (2019) 

3T3-L1 preadipocytes 10 and100 μg/ml of NLEs extract 36 h PPARγ2 mRNA level↓ Yan et al. (2017) 
HFD-induced obese Sprague 

Dawley rats 
0.5 g and 3.0 g crude drug/(kg.d) of NLEs extracts 6 weeks Visceral fat mass↓; PPARγ2 and GLUT4 in VAT↓ 

Sprague-Dawley rats fed HFD 10 mg/kg of nuciferine 8 weeks SCFA production↑; intestinal integrity↑; Blood 
endotoxemia↓; 
Firmicutes to Bacteroidetes↓ 

Wang, Yao, et al. 
(2020) 

Sprague-Dawley rats 400 mg/kg/day of NLEs hot water extract 6 weeks Body weight gain↓; weights of epididymal and 
retroperitoneal adipose tissues↓; TC, TG and LDL-C in 
serum↓ 

Du et al. (2010) 

Sprague-Dawley rats 0.26 g/kg NLEs of extract 6 weeks TC and TG↓ Su et al. (2015) 
HFD fed Wistar rats 280, 140, and 70 mg/kg of NLEs flavonoids 8 weeks Pancreatic lipase, α-glucosidase, and α-amylase↓; TC, 

TG, and LDL-C↓; malondialdehyde↓; HDL-C↑ 
Liu et al. (2013) 

HFD fed C57BL/6 J mice 200 mg/kg of NLEs extract 7 weeks mRNA expressions of PPAR-α, LPL, CPT1, and 
CYP7A1↑; 
PPAR-γ and C/EBP-α↓ 

Wu et al. (2020) 

HFD-fed C57BL/6 mice 0.5%, 1.5% flavonoid-enriched 
NLEs extract 

6 weeks Body weight ↓; TC and TG in the liver↓; FAS, ACC, and 
HMGCoA reductase↓; AMPK pathway↑ 

Wu et al. (2010) 

HFD-induced ICR mice 3.4 g kg/day of NLEs extract 5 weeks Body weight↓; Parametrial adipose tissue weight↓ Ono et al. (2006) 
HFD-fed Wistar rats 1.5 g/kg of NLEs extract 0~3 h Pasma triacylglycerol level↓ 
3T3-L1 adipocytes 500 μg/ml NLEs of extract 24 h Glycerol release↑ 
C2C12 myotubes 0.5, 5 and 50 μg/mL of NLEs extract 24 h Lipid metabolism and expression of UCP3 mRNA↑ 
360 uniform-sized fishes 0.07, 0.14, and 0.21% of NLEs alcoholic extract 8 weeks TG content and lipid droplet↓; mRNA levels of genes 

related to lipid metabolism (FAS, LPL) ↓; mRNA 
expression of genes involved in fatty acid uptake 
(cd36, fatp1/fatp4/fatp6, fabp10/fabp11, acsl1/ 
acsl4) and de novo lipid synthesis (pgd, g6pd, and 
fasn) ↓ 

Yao et al. (2020) 

Subcutaneous human 
preadipocytes isolated from 
the abdomen 

1% NLEs extract solution 7 days TG accumulation↓; Lipolysis-activity↑; ADD1/SREBP- 
1c signal↓ 

Siegner et al. 
(2010) 

Broiler chickens fed basal diet 25 mg/kg, 100 mg/kg, and 400 mg/kg of nuciferine 42 days Plasma and hepatic TG and TC ↓; Fat cell volume and 
size↓; HMGCR, SREBP2, ACC, and SPEBP-1C↓; 
LXR-α, CYP7A1, and CPT-I↑ 

Zhou et al. (2020) 

24 female and male university 
students 

Diet food containing Jerusalem artichoke’s inulin, 
lotus leaf and herb 

30 days Body fat, muscle, abdominal obesity, waist↓ Lee and Kang 
(2009) 

19 female university students  8 weeks TC↓ Lee, Kim, and Je 
(2015) 

Anti-inflammatory effects 
LPS-induced RAW264.7 

macrophages 
150 μg/ml of NLEs extract 24 h JNK/NF-κB Signalling Pathway↓ Liu et al. (2014) 

LPS-treated RAW264.7 
macrophages 

Quercetin-3-O-β-d-glucuronide from NLEs 1 h TNF-α and IL-6 levels ↓ Li et al. (2017) 

Macrophage BF24 0.2 mg/ml of lysicamine purified from NLEs  Inflammatory cytokines IL-8 and IL-6↓ Wang et al. (2011) 
LPS induced RAW264.7 

murine macrophage cells 
10, 30, and 100 μg/mL polysaccharides from NLEs 20 h NO, TNF-α, IL-6, IL-1β, and IL-12 mRNA expression↑; 

MAPK and NF-κB pathways↑ 
Song et al. (2019) 

LPS-induced RAW264.7 cells 1, 10, or 50 μg/ml of nelumbo leaf extracts rich in 
catechin and quercetin 

24 h Pro-inflammatory mediators such as IL-1β, IL-6, TNF- 
α, 
PGE2, and NO↓; NF-κB activity↓ 

Park et al. (2017) 

TNF-α-induced HEK 293 cells 1.0 and 3.0 mg/mL of NLEs 6 h TNF-α↓ Zhou et al. (2013) 
LPS-induced BV2 microglia 

cells 
5, 10, and 20 μM of nuciferine  TNF-α, IL-1β, PGE2 and NO production↓; NF-κB 

activation↓; Activation of PPAR-γ↑ 
Zhang, Gao, et al. 
(2018) 

Carrageenan-induced rat paw 
edemas 

250, 500 and 1,000 mg/kg of NLEs 0~5 h Diameter of the rat paw↓ Rege, Ayanwuyi, 
Zezi, and Odoma 
(2020) 

Murine models with gastric 
mucosal lesions 

50 and 100 mg/kg/day of NLEs flavonoids 2 weeks mRNA expressions of TNF-α, IL-1β ↓; 
Protein expressions of IL-1β, TNF-α, and TLR4 ↓ 

Yi et al. (2020) 

LPS-induced RAW264.7 cells 10 and 20 μg/mL of nuciferine 1 h IL-10 secretion↑; TLR4 expression ↓; and NF-κB 
activation↓ 

Wu, Yang, et al. 
(2017) 

LPS-stimulated mice acute 
lung injury 

10 and 20 mg/kg of nuciferine 6, 12, and 
18 h 

TNF-α, IL-6, and IL-1β secretion↓; TLR4 expression ↓; 
NF-κB activation↓ 

Alcohol-induced acute gastric 
injury model (male 
Kunming mice) 

NLEs extract (50 and 100 mg/kg b.w.) 14 days IL-6, IL-12, TNF-α, and IFN-γ↓; SOD1, SOD2, CAT, 
EGF, VEGF, 
EGFR, nNOS, and eNOS ↑; iNOS ↓ 

Chen, Li, et al. 
(2020) 

Fructose-fed Sprague-Dawley 
rats 

7, 14, and 28 mg/kg nciferine daily 6 weeks IL-1β, IL-6, TNF-α, and MCP-1↓; LR4, MyD88, PI3K, 
ILK, p-AKT, p-P65, and NLRP3 inflammasome protein 
levels ↓ 

Wang et al. (2016) 

Fructose-exposed HK-2 cells 10 μM of nuciferine 24 h 

(continued on next page) 
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Table 3 (continued ) 

Model Doses Duration Effects References 

Antidiabetic effects  
Flavonoids-rich NLEs extract (150 μg/mL)  α-glucosidase and α-amylase↓ Liu et al. (2013) 

3T3-L1 adipocytes 1 and 2 μg/mL of pronuciferine, 
2-hydroxy-1-methoxyaporphine, nuciferine, and 
roemerine, respectively 

2 days Glucose Consumption↑ Ma et al. (2014) 

Kun-ming strain 50 and 200 mg/kg flavonoids-rich NLEs 28 days FBG and serum TC, TG↓ Zhou et al. (2009) 
Nile tilapia 0.1% and 0.2% of indian NLEs 60 days Blood glucose↓ Abdel Rahman, 

Hassanin, & Elhady 
(2019) 

Wistar rats 50 and 100 mg/kg Se-polysaccharide from NLEs 14 days FBG and FINS levels↓; Hepatic glycogen content ↑; 
Improvement of lipid profile↑ 

Zeng et al. (2017) 

HIT-T15 50–150 μg/mL of NLEs methanolic extract 30 min Insulin secretion↑; Intracellular calcium levels↑; 
Phosphorylations of PKC and Akt↑ 

Huang, Chen, et al. 
(2011) 

Isolated human islets 25–150 μg/mL of NLEs methanolic extract 4 h Glucose-stimulated insulin secretion↑; 
Intracellular calcium levels↑ 

HFD-induced diabetic 
ICR mice 

100 mg/kg NLEs methanolic extract 12 weeks Blood Glucose ↓ 

3T3-L1 human preadipocytes 10 and 100 μg/ml NLEs aqueous extract 36 h Luciferase activities↑; PPARγ2 expression↑ Yan et al. (2017) 
HFD-induced obese rats 0.5 g or 3.0 g NLEs/(kg.d) 6 weeks Visceral fat mass↓; fasting serum insulin levels↓; 

PPARγ2 and GLUT4 in VAT↓; 
HFD-fed and STZ-induced 

diabetic rats (Spragu- 
Dawley) 

0.5% and 1% NLEs (0.067 ng/mL and 0.073 ng/mL) 6 weeks Blood glucose↓; serum insulin secretion↑; glomerular 
lesions↓; 
Renal oxidative stress (8-OhdG, TBARs)↓; p-IRS-1↓; p- 
Akt ↑ 

Chen, Yang, Hung, 
Chang, and Wang 
(2019) 

STZ-induced diabetic albino 
Wistar rats 

50 and 200 mg/kg NLEs 4 weeks IL-1β and IFN-γ↓; NO production↓; insulin secretion↑; 
blood glucose↓; TG, TC, BUN, and creatinine↓ 

Sharma et al. 
(2016) 

Lens from the eyes of 
Sprague-Dawley rats 

50 μl and 200 μg/ml NLEs extract for AGE; 
100 μg/ml NLEs extract for RLAR  

RLAR and AGE inhibitory activities↑ Jung et al. (2008) 

Liver protection effects 
Carbon Tetrachloride 

-induced Kunming mice 
50 and 100 mg/kg of NLEs flavonoids 14 days Hepatic injury biomarkers:AST, ALT↓; TNF-α, NF-κB, 

and IL-1β↓; Genes expression of Cu/Zn-SOD, Mn- 
SOD, and CAT↑ 

Liu, Tan, et al. 
(2020) 

2-acetylaminofluorene 
induced hepatocellular 
carcinoma (Wistar rats) 

0.5%, 1% and 2% of NLEs extract (catechin 
glycoside, miricitrin-3-O-glucoside, hyperin, 
isoquercitrin, quercetin-3-O-rhamnoside 
and astragalin) 

12 weeks Serum biomarkers of hepatic injury and 
hepatocellular carcinoma (AFP, IL-6, TNF-α, ALT, 
AST, and γGT) ↓; Lipid peroxidation, 
8-OHdG formation, and GST-Pi expression↓; Nrf2 and 
its downstream targets↑ 

Yang, Hung,Wang, 
& Tseng (2019) 

Carbon tetrachloride-induced 
hepatotoxicity 
in Sprague-Dawley rats 

300 and 500 mg/kg of NLE ethanolic extract 
containing miricitrin-3-O-glucoside, hyperin, 
isoquercitrin, quercetin-3-O-rhamnoside and 
astragalin 

5 days Hepatic injury parameters: ALT, AST, ALP, GGT, and 
TB↓; necrosis↓; lymphocyte infiltration↓; 

Huang et al. 
(2010b) 

Diethylnitrosamine- treated 
rats 

0.5%, 1% and 2% of NLEs water extract (gallic acid 
(916.5 μg/mg),catechin(1113.0 μg/mg), peltatoside 
(532.5 μg/mg), rutin (697.5 μg/mg), isoquercitrin 
(424.5 μg/mg), miquelianin (1321.5 μg/mg), and 
astragalin (112.5 μg/mg)) 

5 days Liver transaminases: AST and albumin ↓; Lipid 
peroxidation (GSH, GSH-Px, SOD, and CAT)↓ 

Horng et al. (2017) 

HFD-induced 
NAFLD rat model 

20 mg/kg bw of nuciferine 8 weeks Liver SOD ↑, GSH-Px↑, and MDA↓; 
Improvement of key enzymes related to the 
glycerophospholipid, linoleic acid, and α-linolenic 
acid metabolism pathways in the liver↑ 

Cui et al. (2020) 

HFD-fed golden 
Syrian hamsters 

10 and 15 mg/kg of nuciferine 8 weeks Serum ALT↓; Hepatic steatosis and 
necroinflammation↓; 
Hepatic genes CYP2E1 and TNF-α↓; 
Genes related to lipogenesis and free fatty 
infiltration↑ 

Guo et al. (2013) 

High-fat diet/STD- induced 
diabetic mice 

0.06% and 0.12% (w/w) of nuciferine 6 weeks β-oxidation related genes in livers↑ Zhang, Deng, et al. 
(2018) 

Alcohol-induced liver injure 
using HepG2 hepatocytes 

3 and 10 μM of nuciferine 24 h MiR-144/Nrf2/HO-1 signalling↑; ROS generation and 
subsequent cell death↓; 

Shu, Qiu, Hao, Fu, 
and Xukun (2019) 

Nile tilapia 0.1, 0.2, and 0.4% of diets Indian NLEs powder  Hepatic metallothionein↓; vacuolar degeneration of 
hepatocytes and necrosis of the hepatopancreatic 
cells↓; Pb, Cd, Hg, Zn residues in the musculature 
tissues↓ 

Abdel Rahman, 
ElHady, Hassanin, 
& Mohamed (2019) 

8-OHDG, 8-hydroxy-2 deoxyguanosine; ACC, acetyl-CoA carboxylase; acsl, acyl-CoA synthetase long chain family member; ADD1, adipocyte determination and 
differentiation dependent factor 1; AFP, alpha-fetoprotein; AGE, advanced glycation end products; Akt, protein kinase B; ALT, Alanine aminotransferase; AMPK, AMP- 
activated protein kinase; aP2, adipocyte protein 2; AST, Aspartate aminotransferase; BUN, blood urea nitrogen; CAT, catalase; cd36, CD36 molecule; C/EBP, CCAAT/ 
enhancer binding protein; CPT-1, carnitine palmitoyltransferase-1; CYP7A1, cholesterol 7-alpha hydroxy-lase; CYP2E1, cytochrome P4502E1; EGF, epidermal growth 
factor; EGFR, epidermal growth factor receptor; eNOS, endothelial nitric oxide synthase; FAS, fatty acid synthas; fatp, long-chain fatty acid transport protein; FBG, 
fasting blood glucose; g6pd, glucose-6-phosphate dehydrogenase; GGT/γGT, gamma-glutamyl transferase; GLUT4, glucose transporter 4; GSH-Px, Glutathione 
peroxidase; GST-Pi, glutathione S-transferase-Pi; HDL-C, high density lipoprotein cholesterol; HMG-CoA, 3-hydroxy-3-methylglutaryl coenzyme-A; HO-1, heme 
oxygenase-1; IFN-γ, interferon-γ; IL, Interleukin; ILK, Integrin-linked kinase; iNOS, inducible nitric oxide synthase; IRS-1, insulin receptor substrate-1; LDL-C, low 
density lipoprotein cholesterol; LPL, lipoprotein lipase; LPS, lipopolysaccharide; LXRα, liver X receptor α; MAPK, mitogen-activated protein kinase; MCP-1, monocyte 
chemotactic protein-1; MDA, malondialdehyde; mTORC1, mammalian target of rapamycin; MyD88, myeloid differentiation factor 88; NF-κB nuclear factor kappa-B; 
NLRP3, pyrindomain containing 3; nNOS, neuronal nitric oxide synthase; Nrf2, nuclear factor erythroid-2 related factor 2; pgd, phosphogluconate dehydrogenase; 
PI3K, Phosphatidylinositol 3-kinase; PKC, protein kinase C; PLIN1, Perilipin-1; PPAR, peroxisome proliferators-activated receptors; RLAR, rat lens aldose reductase; 
STZ, Streptozotocin; SOD, Superoxide dismutase; TB, total bilirubin; TBARs, thiobarbituric acid reactive substances; TC, total cholesterol; TG, triglyceride; TLR4, Toll- 
like receptor 4; TNF, tumour necrosis factor; VAT, visceral white adipose tissues; VEGF, vascular endothelial growth factor. 
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(Yang, Chang, Chan, Lee, & Wang, 2011). Similarly, the antimetastatic 
effects of NLEs on MDA-MB-231 breast cancer cells may be attributed to 
its inhibitory actions on connective tissue growth factor (CTGF) 
expression via suppressed matrix metalloproteinase (MMP)-2 and 
PI3K/AKT/MEK/ 

ERK pathways (Chang, Ou, Yang, Huang, & Wang, 2016). Moreover, 
the transforming growth factor (TGF)-β1)/ERK1/2 and TGF-β1/SMAD3 
signalling pathways were also considered the key pathways involved in 
the inhibition of NLEs on cell migration and metastasis of ER breast 
cancer (Tong et al., 2020). These multiple lines of compelling evidence 
provide a potential therapeutic strategy for lotus leaves in breast cancer. 

Furthermore, supplementation with NLEs improved liver preneo-
plastic lesions by reducing tumour size by reversing the elevated levels 
of the hepatic Rac family small GTPase 1 (Rac1), PKCα, and glutathine S- 
transferase pi (GSTπ) (Horng, Yang, Chen, Chang, & Wang, 2017). Also, 
a marked inhibition on the proliferation of NSCLC (human lung 
adenocarcinoma epithelial cell line) through suppressing the activity of 
Wnt/β-catenin signalling, enhancing the stabilization of axin, and 
inducing apoptosis was observed by nuciferine treatment (Liu et al., 
2015). 

4.6. Liver protection 

Traditional drugs or therapies rarely have effects on the regression of 
chronic liver diseases. Notably, a growing body of evidence has 
demonstrated that NLEs possess exceptional pharmacological activities, 
especially antisteatosic, anticholestatic, and antifibrogenic properties, 
against liver toxicity and disease (as shown in Table 3). 

4.6.1. Antihepatotoxic properties 
Carbon tetrachloride (CCl4), a familiar toxin, induces oxidative 

stress, causes acute liver injury, steatosis, and centrallobular necrosis, 
and even drives lipid peroxidation. Growing in vivo evidence supports 
the crucial roles of NLEs in the protection of CCl4-induced liver damage 
(Huang et al., 2010b; Liu, Tan, et al., 2020). The hepatoprotective 
mechanism of NLEs might be correlated with the regulation of gluta-
thione metabolism, phenylalanine metabolism, tryptophan metabolism, 
sphingolipid metabolism and phospholipid metabolism (Wang, Zhao, 
Zhang, Shi, & Chen, 2020). An investigation of 2-acetylaminofluore-
ne-induced rats revealed that NLEs containing gallic acid (6.11 
μg/mg), catechin (7.42 μg/mg), peltatoside (3.55 μg/mg), rutin (4.65 
μg/mg), isoquercitrin (2.83 μg/mg), miquelianin (8.81 μg/mg), and 
astragalin (0.75 μg/mg) improved serum biomarkers for liver fibrosis 
and hepatocarcinogenesis, as evidenced by reduced alpha-fetoprotein 
(AFP), alanine aminotransferase (ALT), aspartate aminotransferase 
(AST), and γ-glutamyl transferase (γGT). NLEs supplementation also 
ameliorated lipid peroxidation by elevated nuclear factor erythroid 
2-related factor 2 (Nrf2) and its downstream targets (catalase, gluta-
thione peroxidase (GPx), and SOD-1) in acetylaminofluorene or 
diethylnitrosamine-induced rat liver (Horng, Yang, Chen, Chang, & 
Wang, 2017; Yang, Hung, Wang, & Tseng, 2019). 

4.6.2. Antisteatosic properties 
Steatosis or fatty liver refers to an excessive accumulation of tri-

glycerides and subsequent formation of lipid droplets in the cytoplasm 
of hepatocytes due to alcohol consumption, obesity, diabetes, or drugs. 
Histological grading of liver sections indicated that nuciferine (10 and 
15 mg/kg⋅BW) treatment significantly attenuated both HFD-induced 
hepatic steatosis and necroinflammation (Guo et al., 2013). In line 
with this finding, nuciferine (20 mg/kg bw) decreased blood lipid levels 
(TG, TC, and LDL-C), liver steatosis, and hepatocyte ballooning in 
HFD-induced NAFLD rats, which is related to its recovery of dysfunction 
of glycerophospholipid, linoleic acid, alpha-linolenic acid, arginine and 
proline metabolism (Cui et al., 2020). 

4.6.3. Anticholestatic properties 
Zinc (Zn), copper (Cu), mercury (Hg) and magnesium (Mn) are 

essential trace elements whose roles in liver cirrhosis lead to liver tissue 
damage, followed by inflammation and fibrosis (García-Niño & Zazueta, 
2015). The anticholestatic effects of NLEs have been investigated by 
measuring liver injury markers and the levels of heavy metals. Increased 
activities of ALT and AST as well as numerous histopathological lesions 
following the exposure of Nile tilapia to a mixture of lead (Pb), cadmium 
(Cd), Hg, and Zn were avianised by NLEs powder. NLEs also effectively 
removed heavy metal residues in fish musculature tissues, leading to a 
reduction in oxidative stress (MDA, CAT, SOD, and GPX) and hepatic 
metallothionein (Abdel Rahman, ElHady, Hassanin, & Mohamed, 2019). 

4.7. Probiotic properties 

4.7.1. Antimicrobial and antiviral activities (in vitro) 
Several lines of evidence obtained from an in vitro study suggest that 

NLEs were effective against oral pathogens (S. mutans, S. mitis, 
P. intermedia, S. gordon, S. sanguinis, S. sobrinus, S. ratti, S. anginosus, 
S. criceti, S. oralis, F. nucleatum, A. actinomycetemcomitans, A. viscosus, 
P. gingivalis, F. nucleatum, and A. naeslundii) and the fungus Candida 
albicans (Agnihotri et al., 2008; Lee, Han, & Nam, 2019; Li & Xu, 2008; 
Mehta, Rajesh, Rao, Shenoy, & B H, 2014). Moreover, lotus leaf (Man-
sbal Lake. 

Jammu & Kashmir, India) extract also showed potential application 
as the antibacterial agent against fish pathogens including gram-positive 
(Staphylococcus aureus) and gram-negative (Aeromonas hydrophila, 
Pseudomonas fluorescens) (Hakim et al., 2019). The potential antimi-
crobial activities of NLEs may be linked to their major bioactive com-
ponents, namely, alkaloids and flavonoids. Benzylisoquinoline alkaloids 
and flavonoids from NLEs possess potent antiviral activity against her-
pes simplex virus type 1 (HSV-1), as shown by a cytopathic (T cell line, 
H9) assay, through binding to viral particles, thereby preventing the 
infection of host cells (Kashiwada et al., 2005). In addition, lotus leaves 
with high water repellence due to their hierarchical micro/-
nanostructure also play a key role in promoting antibacterial adhesion 
(Li, Chen, et al., 2020). In light of these facts, lotus leaves can be further 
investigated as a potential novel source of antibiotics and antiviral 
agents. 

4.7.2. Beneficial modulation of gut microbiota 
In an in vivo study using a rodent model with broiler chickens, higher 

species richness and Shannon indices were found in the NLEs extract- 
treated group; moreover, increased abundances of Clostridiaceae and 
Bacteroidales S24-7 and decreased abundances of Peptostreptococcaceae 
were observed (Cheng et al., 2020). Another animal study investigating 
the effects of treatment with a single component of NLEs on the gut 
microbiota profiles of HFD-fed rats revealed that nuciferine reduced the 
Firmicutes/Bacteroidetes ratio, the relative abundance of the lipopoly-
saccharide (LPS)-producing genus Desulfovibrio and bacteria involved in 
lipid metabolism, whereas it increased the relative abundance of 
Akkermansia muciniphila and short-chain fatty acid (SCFA)-producing 
bacteria (Wang, Yao, et al., 2020; Yu et al., 2021). Metabolomics ana-
lyses based on 1H NMR and UHPLC/Q-Orbitrap-MS demonstrated that 
diversified intestinal microorganisms (particularly bacteria from Firmi-
cutes and Bacteroidetes) upon nuciferine are closely related to alterations 
in metabolites (pyruvate, dimethylglycine, creatine, acetone, betaine, 
glycine, 3-hydroxybutyrate, succinate, uric acid, indoxyl sulfate, 
N-acetylglutamate, etc.) (Wang, Wang, et al., 2020). The beneficial 
changes in uric acid, indoxyl sulfate, and N-acetylglutamate may be 
potential biomarkers for identifying the effect of nuciferine on hyper-
uricaemia. Overall, these findings suggest that lotus leaves have the 
potential to represent good sources of prebiotics and can contribute to 
modulating the gut immune system and accelerating the growth of 
probiotics. 
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4.8. Anti-osteoporotic and anti-muscle atrophy properties 

Polysaccharides from NLEs dose-dependently restrained osteoclast 
differentiation by inactivating NFATc1, c-Fos, and osteoclast-specific 
genes (ATPase H+ Transporting V0 Subunit D2 (ATP6V0D2), dendritic 
cell-specific transmembrane proteins (DC-STAMP), and cathepsin K 
(CTSK)) and significantly decreased trabecular bone loss after four 
weeks of oral administration (Hwang et al., 2020). Furthermore, nuci-
ferine was also found to exert a bone-protective effect by inhibiting 
osteoclastogenesis and bone resorption, and the possible mechanism 
involved in restraining osteoclast-specific factors and promoting 
PDGF-BB production may be modulated by inactivating MAPK and 
NF-κB signals (Song, Cao, et al., 2020). 

Osteoporosis is connected with a preferential muscle fiber atrophy 
(Terracciano et al., 2013). Intake of NLEs containing the major active 
component quercetin 3-O-beta-glucuronide significantly increased calf 
muscle volume, surface area, and density and improved muscle damage in 
dexamethasone (DEX)-induced muscle atrophy mice. The possible molec-
ular mechanisms are attributed to phosphorylation of AMP-activated 
protein kinase (AMPK) and AKT-mammalian target of rapamycin 
(mTOR) signals based on the suppression of target genes (muscle atrophy 
F-Box, muscle RING finger 1 and forkhead box O) (Park et al., 2020). To 
sum up, lotus leaves may be an excellent candidate for combating osteo-
porosis and muscle atrophy. 

4.9. Neuromodulatory properties 

Polyphenols and alkaloids can cross the blood-brain barrier and 
distribute in the brain following dietary intake, which may determine 
their potential efficacy against central nervous system diseases (Figueira 
et al., 2017; Ye et al., 2018). NLEs have been reported to minify the 
aversion fear and produce anxiolytic effect; its main bioactive com-
pounds (alkaloids and flavonoids) may act on certain mediators of brain 
to mitigate anxiety (Prasad, Sriharsha, & Sciences, 2015). Indeed, al-
kaloids (20 mg/kg) from NLEs induced a sedative-hypnotic effect by 
modulating brain neurotransmitters, such as increasing γ-aminobutyric 
acid and blocking picrotoxin and bicuculline secretion. Additionally, 
alkaloid-rich NLEs also showed anxiolytic-like effects based on the 
increased levels of serotonin, 5-hydroxyindoleacetic acid, and dopamine 
(Yan et al., 2015). Several key enzymes (acetylcholinesterase, butyr-
ylcholinesterase, and beta-secretase) linked to Alzheimer’s disease could 
be mitigated by NLEs extracts (2.72 and 39.09 mg/g TPC) from leaf 
stalks and old leaves, respectively (Temviriyanukul et al., 2020). Ac-
cording to these beneficial effects, it could be speculated that lotus 
leaves might be of value as a potential therapy for neurological diseases. 

4.10. Anti-haemolytic properties 

A recent study conducted on HepG2 cells demonstrated that NLEs 
extract exhibited antihaemolytic properties in a concentration- 
dependent manner based on an APPH assay (Pangjit et al., 2016). Its 
main phenolic components may play a decisive role. The haemolysis 
protection value presented by the IC50 was 114.66 μg/ml of water 
extract (TPC: 485.77 mg/g), 45.37 μg/ml of 50% ethanol extract (TPC: 
43 mg/g) and 69.45 μg/ml of 95% ethanol extract (TPC: 652.77 mg/g) 
(Semaming, Chunpricha, Suriya, & Technology, 2018). NLEs-resistant 
haemolysis is probably due to the degradation of flavonoids and alka-
loids derived from lotus leaves. 

4.11. Anti-angiogenesis properties 

The potent ability of NLEs to inhibit angiogenesis was investigated in 
cell and animal models. NLEs exerted an inhibitory effect on VEGF- 
induced proliferation and tube formation as well as CAM angiogenesis 
in vivo. In human umbilical vein endothelial cells (HUVECs), NLEs ex-
tracts (10–100 μg/ml) exhibited notable dose-dependent inhibition of 

VEGF-induced angiogenesis, proliferation and tube formation (Lee, 
Shukla, et al., 2015). Consistent with these findings, vascular-like 
structure formation could be blocked by NLEs treatment using 
HUVECs in a Matrigel angiogenesis model (Chang et al., 2016). 

4.12. Anti-fatigue activity 

The anti-fatigue activity of NLEs was evaluated by the swimming 
test. The results suggested that NLEs flavonoids had significant antifa-
tigue activity by increasing their swimming time (Zhang, Shan, Tang, & 
Putheti, 2009) which is consistent with the findings of Xu and Wang 
(2014), who showed that flavonoids from NLEs (50, 100, and 150 
mg/kg)-treated mice for 28 days significantly prolonged the exhaustive 
swimming time of mice. Collectively, NLEs have a preventive role in 
fatigue, although the mechanism of action still remains unclear. 

5. Safety 

Despite the long record of lotus leaves used for medicinal purposes, 
there is still a need for studies investigating their possible safety and 
toxicity. According to the Chinese Pharmacopoeia, the recommended 
dose of lotus leaf was 3–10 g/day (equal to approximately 0.56–1.85 g/ 
day of its extracts) (Huang et al., 2013). Acute toxicity evaluation car-
ried out on rat and mice showed oral administration of up to 5000 and 
2400 mg/kg (approximately equivalent to 263.7–793.6 mg/kg in 
humans (m = 70 kg)), respectively, of lotus leaf did not show any sign of 
toxicity (Sharaibi, Ogundipe, Magbagbeola, Kazeem, & Afolayan, 2015; 
Zhou, Luo, Li, & Luo, 2009). The above statement means that lotus leaf 
may be safe for use at the doses tested. However, it still can not better to 
understand the accurate and effective dose used in clinical treatment 
owing to the LD50 of the source or its extracts and the minimum effective 
being evalued rarely in humans. 

6. Applications in food industries 

Various parts of N. nucifera Gaertn., especially lotus leaves, possess 
many dietary uses, and they are not merely used to hold food but are also 
edible (Bhat, 2007). The young leaves and leaf stalks of the North 
American lotus (Nelumbo nucifera subsp. lutea) are part of the diet of 
Native Indians (Council, 1966). Young leaves are also consumed by 
people across Asia as vegetables (Wu et al., 2018). Therefore, lotus 
leaves and their bioactivities may have considerable application po-
tential in the food industry. Specifically, lotus leaves or their active 
compounds applied in the food industry are presented as follows (Fig. 4). 

6.1. Meat products 

Meat products in storage often undergo lipid oxidation, which leads 
to flavour deterioration, discolouration, and other undesirable changes 
in sensorial value (Domínguez et al., 2019). Cooked ground pork con-
taining lotus leaf powder was found to possess higher a* values and less 
lipid oxidation during storage, as measured by the thiobarbituric 
acid-reactive substance (TBARS) values, peroxide values and conjugated 
dienes (Choe et al., 2011). In addition, lower lipid oxidation levels and 
higher sensory scores were found in NLEs extract (3% w/w)-treated raw 
meat samples (porcine and bovine) during storage at 4 ◦C (Huang, Chen, 
et al., 2011). The effective inhibition of lotus leaves on lipid oxidation in 
pork patties was positively associated with lower peroxide and TBARS 
values (Shin et al., 2019). In addition to the research focusing on pork 
meat, a study by Choe and co-workers, in which fresh duck tenderloin 
supplemented with 1% of leaves of lotus, supports the possible impli-
cation of lotus leaves in the regulation of duck lipid oxidation, evidenced 
by lower values in redness, TBARS, conjugated dienes and total volatile 
basic nitrogen (Choe, Kim, Kim, & Kim, 2017). Additionally, and lotus 
leaf powders were added to chicken liver sausages and exhibited effi-
cient inhibition of lipid oxidation and TVBN and maintained the 
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freshness (colour and texture properties) (Choe, Kim, & Kim, 2019). 
Based on currently available data, lotus leaves are used in the food in-
dustry to effectively prolong the shelf life of meat products and improve 
taste. 

6.2. Rice and meat zong 

Yeon Yip Bap, which is steamed rice wrapped in lotus leaves, was 
consumed as local food of Korea (Ahn et al., 2013). In Chinese restau-
rants, rice dishes wrapped in leaves (called rice zong), such as sticky rice 
wrapped in lotus leaves, are also widely found because the leaves impart 
a characteristic flavour to rice (Chen, Sun, Wong, & Huang, 2010; Ng, 
2015). A most famous lotus dish called the beggar’s chicken, which is 
baked with Shaoxing vinasse mud and wrapped in lotus leaf, greatly 
prevails in the Chinese folk becaused of its harmony in color, flavor, and 
taste (Shi, 2015). In Tiretta Bazaar and Tangra, the Chinese street food 
meat zong (soaked rice, cooking oil, salt, pork, onion, garlic, coriander, 
salt, sugar, soy sauce, and bamboo or lotus leaves) is also available 
(Ghatak & Chatterjee, 2018). 

6.3. Egg and dairy products 

Lotus leaves were also used to improve the quality and functionality 
of egg and dairy products due to their high occupancy in polyphenol 
contents. Yogurt supplemented with different concentrations (0.2–1%) 
of NLEs powder showed lower titratable acidity (TA) and lower L* and 
a* values. Correspondingly, an increased water-holding capacity (WHC) 
and better viscosity were observed (Kim, Cho, Yeon, Choi, & Lee, 2019). 
Moreover, lotus leaves (moisture, crude protein, crude fat, crude ash, 

and crude fibre with values of 12.2, 5.9, 1.2, 7.0, and 13.4 g/100 mg, 
respectively) added to ice cream led to improved colour and taste 
(Hwang, Jung, & Jung, 2012). Of note, in another study, lotus leaf hot 
water extracts were used to improve the quality and stability of eggs, 
and drastically higher levels of the Haugh unit, egg grade, albumen 
height, and yolk colour were observed (Lee et al., 2020). 

6.4. Bakery products 

As reported, NLEs powder was found to increase the appearance, 
flavour, texture, and taste of Jeung-Pyun (traditional Korean fermented 
rice cake) by reducing the L-value, increasing the a-value and b-value, 
improving the hardness, chewiness and brittleness, and decreasing the 
sourness (Kim & Park, 2010). Furthermore, the specific volume and 
baking loss rate of the bread decreased as NLEs powder levels increased; 
redness and yellowness of the inner crumb also tended to decrease by the 
addition of NLEs powder (Park, 2017). The favorable effects may be 
attributed to the antioxidant capacity of the polyphenols in lotus leaves 
and the improved water absorption and consistency of the treated flours. 

6.5. Beverages 

NLEs are also included as an ingredient of some beverages. A gran-
ulated tea preparation from Monascus-fermented grains mixed with 
lotus leaves exerted lipid-lowering effects (Ding, Pu, & Kan, 2017). 
According to Yājñavalkyasm, a traditional lotus liquor called Yunyupju 
is made from the blossoms and leaves of lotus in present-day Korea (Lee, 
Choi, Noh, & Suh, 2005), whereas a medicinal tea made of a mixture of 
lotus leaf and green tea is popularly consumed in China (Zong & Liscum, 

Fig. 4. Lotus leaf or its active compounds applied in the food industry.  
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1996). A NLEs-based flavored carbonated drink mainly formulated with 
25 ml of lotus leaf water and 25 ml of grapefruit juice exhibited uniform 
color and favorable tastes (Yu, Mai, Li, & Liu, 2019). 

6.6. Fruit preservation 

In a study by Fan et al. (2019), Goji fruit was coated with NLEs 
extract for 9 days of storage at ambient temperature, and the findings 
indicate that the NLEs extract can improve the quality of fresh goji fruit 
based on the obviously lower weight loss, decay rate, and MDA content 
as well as the higher levels of ascorbic acid, titratable acidity, soluble 
solids content, and SOD, CAT, and peroxidase activities. These findings 
suggest that lotus leaves can be considered a potential natural antistal-
ing agent to extend the postharvest life of fruits. 

6.7. Food packaging membrane 

NLEs with superhydrophobic surfaces function as water repellents 
for self-cleaning, thus contributing to the achievement of anti-wetting 
membranes (Wae AbdulKadir, Ahmad, Seng, & Che Lah, 2020). In this 
regard, cutin extracted from lotus leaves is used as an essential factor to 
prepare hydrophobic edible composite membranes because they 
enhance hydrophobicity, reduce water absorption, and improve tensile 
strength and fracture elongation of the membrane, thus indicating the 
potential application of NLEs in packaging membranes (Ye et al., 2020). 

6.8. Health products 

Compelling evidence from epidemiologic and laboratory studies 
indicate that the intake of NLEs or its active components contributes to 
avianising the onset of chronic human diseases, thereby showing great 
potential for application in health products (particularly weight loss 
products). Lotus leaf was processed as a weight loss product in the form 
of effervescent tablets and capsules (https://www.alibaba.com/product 
), and it has been confirmed in clinical trials to improve human blood 
lipid disorders (Guan et al., 2003). An analysis of five commercially 
available lotus leaf dietary supplements (capsules) showed that alka-
loids are the central regulatory factors for obesity and heart diseases 
(Grienke et al., 2015). However, whether these health products are 

suitable for humans with stomach and intestine problems needs to be 
determined. 

7. Conclusion and perspectives 

N. nucifera Gaertn. is a well-known aquatic plant extensively used for 
nutritional and medicinal purposes. Its leaves have been broadly used 
since ancient times for treating heat and toxins, haemostasis, skin 
inflammation, diarrhoea, haematuria, etc. (Sheikh, 2014). Recently, 
unhealthy consumption patterns, such as excessive sugar and fat con-
sumption, due to a lack of awareness about proper nutrition have led to 
obesity, diabetes, NAFLD and poor health. Moreover, the incidence of 
nervous system diseases is gradually increasing due to a number of 
environmental factors, such as life stress and poor sleep quality (Huang, 
Mai, et al., 2011). 

Notably, alkaloids and flavonoids, the main active components of 
lotus leaves, have been confirmed to have antiobesity, antidiabetic, and 
neuroregulated effects (the proposed mechanism pathways were sum-
marized in Fig. 5) (Chen, Zhu, & Guo, 2019; Jucá et al., 2020; Liu, Chen, 
et al., 2020; Zhang, Chen, Ouyang, & Lu, 2020). However, the low 
bioavailability of these compounds limits their potential in clinical ap-
plications. Second, the specific mechanisms involved in its efficacy are 
not clear because associated investigations mainly focus on genetic and 
protein levels. There is a tremendous need to clarify the detailed phar-
macological mechanisms and related signalling pathways of these 
components. Research from the perspective of gut microecology needs 
to be carried out to explore the relationship between changes in gut 
bacteria and their metabolites (short-chain fatty acids, hormones, and 
bile acids) induced by lotus leaves and different diseases (e.g., obesity 
and neurological disorders). Third, how lotus leaves exert bioeffects 
through interactions among body tissues (for example, the gut-brain axis 
or gut-liver axis) has not been reported. Cocultures of hippocampal 
neurons and hepatocytes or enterocytes and hepatocytes may represent 
a good method of identifying the key pathways involved. Additionally, 
these compounds were investigated as isolated monomer, which does 
not represent the real efficacy of the mixture. The interaction mecha-
nism between components is cannot be ignored and It is necessary to 
identify whether antagonistic or synergistic effects of mixed components 
occur. More importantly, lotus leaves contain rich proteins and thus 

Fig. 5. The underlying mechanisms of anti-obesity, anti-diabetic, and neuroregulated actions of lotus leaf.  
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have great potential for generating polypeptides. However, in-
vestigations on lotus leaf polypeptides, including their structural fea-
tures and functional properties, are lacking and thus deserve the close 
attention of researchers. 

In addition, although insights have been revealed about the phar-
macology and clinical application of lotus leaves, some gaps between 
basic studies and clinical trials still exist, which limits the use of NLEs for 
obesity and neurological disease treatment to a certain extent. First, 
lotus leaves contain a large amount of alkaloids with complex structures, 
and the relationship between their structural characteristics and bio-
logical efficacy requires thorough investigation. Second, only a few 
studies have focused on the toxicity of lotus leaves and their compo-
nents. Thus, risks are associated with using an unsuitable dose. For 
example, the lotus leaf alkaloid fraction (50 mg/kg) was reported to 
inhibit CYP2D6 isoenzyme activity, thereby resulting in potential 
adverse drug interactions in the clinical setting because the inhibition of 
this drug-metabolizing enzyme may induce elevated plasma levels of 
another concomitantly administered drug and contribute to drug- 
induced toxicity (Ye, Kong, et al., 2016). Therapeutic and healthy 
doses of active ingredients from lotus leaves need to be established based 
on recent pharmacological and pharmacokinetic trials in nonclinical or 
clinical settings. Finally, studies in which the ingredients of lotus leaves 
are extracted and then applied to simultaneously explore the suitable 
cellular, animal and clinical levels are lacking. 

Lotus leaves and their main bioactive compounds have enormous 
application potential and represent potential candidates as vegetables, 
food additives and preservation material. Additionally, considering the 
structural characteristics, lotus leaves hold potential application in 
biomaterials (e.g., food packaging materials) that present biodegrad-
ability and biocompatibility (Qi et al., 2019). Future research is urgently 
required for the industrial exploitation of this promising resource with 
efficient green protocols, and additional alternative uses should also be 
investigated to facilitate the overall value-added aspect of this vital 
by-product. 
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