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Abstract:



The current status of the isolation, identification, biological activity, utilization and development prospects of flavonoids found in litchi fruit pericarp (LFP) tissues is reviewed. LFP tissues account for approximately 15% by weight of the whole fresh fruit and are comprised of significant amount of flavonoids. The major flavonoids in ripe LFP include flavonols and anthocyanins. The major flavanols in the LFP are reported to be procyanidin B4, procyanidin B2 and epicatechin, while cyanindin-3-rutinside, cyanidin-3-glucoside, quercetin-3-rutinosde and quercetin-3-glucoside are identified as the important anthocyanins. Litchi flavanols and anthocyanins exhibit good potential antioxidant activity. The hydroxyl radical and superoxide anion scavenging activities of procyanidin B2 are greater than those of procyanidin B4 and epicatechin, while epicatechin has the highest α,α-diphenyl-β-picrylhydrazyl radical (DPPH·) scavenging activity. In addition to the antioxidant activity, LFP extract displays a dose- and time-dependent inhibitory effect on human breast cancer, which could be attributed, in part, to its inhibition of proliferation and induction of apoptosis in cancer cells through up-regulation and down-regulation of multiple genes. Furthermore, various anticancer activities are observed for epicatechin, procyanidin B2, procyanidin B4 and the ethyl acetate fraction of LFP tissue extracts. Procyanidin B4 and the ethyl acetate fraction show a stronger inhibitory effect on HELF than MCF-7 proliferation, while epicatechin and procyanidin B2 have lower cytotoxicities towards MCF-7 and HELF than paclitaxel. It is therefore suggested that flavonoids from LFP might be potentially useful components for functional foods and/or anti-breast cancer drugs.
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1. Introduction


Litchi (Litchi chinensis Sonn.) is a tropical to subtropical crop that originated in South-East Asia. As litchi fruits became gradually accepted by consumers for their delicious taste and attractive red skin, litchi production has steadily increased over recent decades, with increasing exports into Europe and North America from both southern and northern hemisphere production areas [1, 2]. Litchi fruit pericarp (LFP) accounts for approximately 15% by weight of the whole fresh fruit and is comprised of significant amount of flavonoids [2], therefore litchi LFP tissues may be considered an important source of dietary flavonoids.



Naturally occurring flavonoids are generally classified into six classes according to their chemical structures (Figure 1), i.e. flavanones, flavones, isoflavonoids, flavans (flavanols), flavonols and anthocyanins by the structure of the C-ring and the functional groups at C-3 and C-4 [3]. In general, all flavonoids can be considered derivatives of the 2-phenylchromone parent compound composed of three phenolic rings, referred to as the A-, B- and C-rings, all of which contain varying levels of hydroxylation and methoxylation [4, 5]. Anthocyanins belong to a wider class of phenolic compounds and are glycosides of polyhydroxy and polymethoxy derivatives of 2-phenylbenzopyrylium or flavylium salts (Figure 2) [3, 6]. The most common sugar components of anthocyanins are glucose, galactose and arabinose, which are usually conjugated to the anthocyanidin molecule via the C-ring C-3 hydroxyl group [8]. The differences between individual anthocyanins relate to the number of hydroxyl groups, the nature and number of sugars attached to the molecule, the position of this attachment and the nature and number of aliphatic or aromatic acids attached to the sugars in the molecule [7,8]. Some anthocyanins comprise multiple sugar moieties involving hydroxyl functionalities of the aglycon molecule other than the C-3 one [9].


Figure 1. Molecular structures of flavonoids adapted from Peterson and Dwyer (arrows indicate biosynthetic path) [3]. The basic structure consists of the fused A- and C-ring, with the phenyl B-ring attached to through its 1-position to the 2-position of the C-ring.
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Figure 2. The flavylium cation. R1 and R2 are H, OH, or OCH3 while R3 is a glycosyl or H and R4 is OH or a glycosyl [3, 6].
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Many studies have shown that flavonoids play important pharmacological roles against various human diseases, such as cardiovascular disease, cancer, inflammation and allergies [4, 10,11,12,13,14]. Like several other flavonoids, litchi anthocyanins are powerful free radical scavengers and exhibit strong antioxidant activity in lipid environments such as emulsified methyl linoleate, human low-density lipoprotein and liposomes [15,16]. Thus, LFP tissues can be used as a readily accessible source of natural antioxidants and/or a possible supplement in the food or pharmaceutical industries. To better utilize LFP tissues, this paper overviews advances in the isolation, identification and biological activities of flavonoids in relation to their utilization.








2. Extraction and purification of flavonoids


LFP contains large amounts of pigments which are mainly comprised of flavonoids. Most pigments present in ripe LFP tissues are soluble in polar solvents, and they can be extracted using methanol containing small amounts of hydrochloric or formic acid [16, 17], as the low pH value of the extraction solutions prevents the degradation of these pigments. However, as hydrochloric or formic acid are concentrated during the evaporation of the methanol-hydrochloric acid or methanol-formic acid solutions, pigment degradation occurs. Small amounts of dilute acid may also cause partial or total hydrolysis of the acyl moieties of acylated pigments that are present in some plant tissues [6]. Zhao et al. [16] reported that flavonoids were extracted from LFP tissues with 85:15 ethanol-HCl, that most of the flavonoids were partitioned into the ethyl acetate fraction, and three major components could be obtained using a reverse phase high-performance liquid chromatography (HPLC) method.



As LFP tissues contain a large amount of anthocyanins, considerable attention has been paid in recent years to their isolation and purification. These anthocyanins are strongly bound to chromatographic adsorbents through their unsubstituted hydroxyl groups and can be separated from unrelated compounds using a series of solvents of increasing polarity [6, 7, 18]. A comparative analysis demonstrated that litchi anthocyanins can be extracted effectively with 0.5 M hydrochloric acid [19]. Amberlite XAD-7 column or Sephadex LH-20 column chromatography are commonly used for the initial purification of the crude anthocyanin extracts. Zhang et al. [20] reported that litchi anthocyanins can be easily purified using an Amberlite XAD-7 column, followed by a Sephadex LH-20 column, and a major anthocyanin from LFP tissues, accounting for 94.3% of total, was obtained after the purification sequence. Nevertheless, techniques for rapid purification of anthocyanins from LFP tissues need to be improved to meet the requirements of the high mass sensitivity and resolution with the low sample consumption and minimal generation of solvent wastes.




3. Identification of flavonoids


The identification of plant flavonoids usually involves the separation of each compound, and subsequent analysis by mass (MS) and nuclear magnetic resonance (NMR) spectroscopy [13]. For the separation and structural analysis, the use of the liquid chromatography-mass spectrometry (LC–MS) technique, which combines the separation power of LC with the high selectivity and sensitivity of the MS detector, permits the identification and quantification of individual compound in a flavonoid mixture. Prasad and Jha Prasad [21] first reported the red pigments in LFP tissues to be anthocyanins. Subsequently, Lee and Wicker [22, 23] noted six different types of anthocyanins present in LFP tissues: cyanidin-3-rutinoside, cyanidin-3-glucoside, cyanidin-3-galactoside, malvidin-3-acetyl-glucoside, pelargonidin-3-glycoside and quercetin 3-rutinoside. Using HPLC Zhang et al. [17] and Sarni-Manchado et al. [24] identified the important anthocyanins in LFP tissues as cyanindin-3-rutinoside, cyanidin-3-glucoside, quercetin-3-rutinoside and quercetin-3-glucoside. Glässgen et al. [25] introduced the application of liquid chromatography - electrospray ionization mass spectrometry (LC-ESI-MS) for the identification of individual anthocyanins in plant tissues. Zhang et al. [20] showed that the major anthocyanin of LFP tissues was cyanindin 3-rutinoside using this technique. Zhao et al. [16] reported that three major flavonoid components obtained by reverse phase HPLC of the ethyl acetate fraction of LFP tissues were determined to be flavanols by their ultraviolet/visible spectra and further identified them as procyanidin B4, procyanidin B2 and epicatechin (Figure 3) by combined MS and NMR methods. Due to the number of litchi cultivars that are known, differences in compositions and contents of flavonoids in LFP tissues could exist. To better understand the type and proportions of pigments present in LFP tissues, the identification and quantification of each flavonoid and anthocyanin in various cultivars should be investigated.


Figure 3. Molecular formulae of epicatechin, procyanidin B2 and procyanidin B4.
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4. Analysis of flavonoids


Quantification of plant flavonoid mixtures involves separation and collection of each component and subsequent analysis. The lack of suitable standards necessitates a long and tedious procedure for the identification of known compounds. LC–MS combines the separation power of LC with the selectivity and sensitivity of the MS detector, permitting the identification and quantification of individual components of a mixture of flavonoids. The application of LC-MS methods to food analysis and the measurement of plant phenols has been recently reviewed [26, 27]. These techniques are successful for the identification and quantification of flavonoids in plant tissues, but they take a long time and require expensive equipment. Thus, it is necessary to develop a simple and rapid method for determination of major flavonoids when analysing a large number of samples [28]. Based on the identification of known flavonoids, a useful HPLC method for determination of major flavonoids in LFP tissues has been established by improving the elution system [17]. However, the nature of some minor flavonoids present in LEP tissues remains unclear and these require further identification.




5. Flavonoid contents


LFP tissues contain large amount of pigments including mainly flavonoids (Table 1), but the red pigments are progressively degraded due to formation of polymeric brown pigments [29, 30].



Table 1. Phenolic compounds and pigments in pericarp tissues of ‘Huaizhi’ fruit [17].







	
Phenolic compounds

	
Area (%)






	
Gallic acid

	
0.4




	
Procyanidin B1

	
1.0




	
(+)-Catechin

	
1.6




	
(+)-Gallocatechin

	
1.1




	
Procyanidin B4

	
5.3




	
Procyanidin B2

	
11.4




	
(−)-Epicatechin

	
32.5




	
(−)-Epigallocatechin

	
10.9




	
(−)-Epicatechin-3-gallate

	
0.3




	
Cyanidin-3-glucoside

	
31.7




	
Malvidin-3-glucoside

	
3.8












Zhang et al. [17] reported that the concentrations of the major anthocyanin compounds in LFP tissues decreased during storage. In addition, Zhao et al. [16] determined that the flavonoid content present in FLP tissues was about 25 mg/g dry weight (Table 2). However, LFP tissues of various cultivars can contain significantly amounts of flavonoids. The ‘Huaizhi’ cultivar, for example, has the highest antyocyanin concentration (unpublished data from the author’s laboratory).



Table 2. Comparison of flavonoid contents in hexane, ethyl acetate, butanol and water fractions of litchi fruit pericarp tissues [10].







	
Solvent fraction

	
Flavonoid content

(mg/g dried weight)

	
Percent flavonoids








	
Hexane

	
0.04

	
0.2




	
Ethyl acetate

	
21.3

	
83.1




	
Butanol

	
3.5

	
13.6




	
Water

	
0.8

	
3.1













6. Stability of flavonoids


Most flavonoids present in plant tissues are relatively unstable. For LFP, available knowledge about flavonoids mainly involves anthocyanins. Due to the electronic deficiency of their flavylium nuclei anthocyanins may undergo reactions that alter their structures [31]. The stability of litchi anthocyanins increases with the number of methoxyls in the B-ring and decreases as the number of hydroxyls increases [6, 19]. Glycosylation and acylation of the sugars also increase stability and, therefore, the diglycosides are more stable than their corresponding monoglycosides [31, 32]. Among the most common anthocyaninidins, the most stable is malvidin, followed by peonidin, petunidin, cyanidin and delphinidin [6]. In general, anthocyanins are water-soluble, and occur in different pH-dependent conformations with varying colours or colour intensities (Figure 4). At pH < 3, the middle ring (C-ring) of the predominant anthocyanin conformer harbours a flavylium cation which confers intense colour to the molecule, while the stability of the flavylium cation, as judged by UV-VIS spectrophotometry, is compromised by increasing the pH to 8 or 9.


Figure 4. pH-Dependent conformational rearrangement of anthocyanin molecule (G1: a sugar). At neutral pH anthocyans occur as chalcones with an open C ring (i). Under mildly acidic conditions the ring is closed to form a carbinol pseudobase (ii). In strong acid (pH 2), ring C acquires aromaticity involving a flavylium cation, which imparts intense colour to the molecule (iii). In alkali, oxidation of ring A generates a quinoid structure with elimination of the positive charge, this species is also coloured (iv). The ring-opened chalcone can be reformed at neutral pH [13].
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7. Functions of flavonoids


Fruits and vegetables are a rich source of flavonoids [33]. Flavonoids are postulated to play pivotal roles in the adaptation to their biological environments both as defensive compounds (phytoalexins) and as chemical signals. As mentioned above, the most significant function of major pigments, such as anthocyanins, is their ability to impart colour to the plants or plant products in which they occur [6,34]. In addition, anthocyanins can play a definite role in the attraction of animals for pollination and seed dispersal, and hence they are of considerable value in the co-evolution of these plant-animal interactions [31]. Anthocyanins have also roles in flowering plants other than as attractants [14].



The anthocyanin-health properties are due to their peculiar chemical structures, as they are very reactive towards reactive oxygen species (ROS) because of their electron deficiency [5, 35, 36]. In the last years, great attention was given to the possible protection exerted by natural antioxidants present in dietary plants, particularly flavonoids and polyphenols, towards tissue injury mediated by ROS [37,38,39]. The major pharmacological effects of LFP flavonoids include their antioxidant functions and anticancer activity.




8. Pharmacological properties of flavonoids


8a. Antioxidant activity


LFP extract contains significant amounts of polyphenolic compounds. There is some indirect evidence for the antioxidant potential of litchi pigments such as anthocyanins and flavanols [15,16]. Anthocyanins and flavanols can prevent the oxidation of ascorbic acid caused by metal ions through chelating the metal ions, and forming ascorbic (copigment)-metal-anthocyanin complexes [40]. Anthocyanins can also scavenge superoxide anion [31]. Duan et al. [15] reported that anthocyanins from LFP tissues strongly inhibited linoleic acid oxidation and exhibited a dose-dependent free-radical scavenging activity against DPPH radicals, superoxide anion and hydroxyl radicals (Table 3).



Table 3. Free radical scavenging activities (%) of anthocyanins extracted from pericarp tissues of litchi fruit at harvest [9].







	
Amount of anthocyanins (μg)

	
DPPH scavenging activity (%)

	
Hydroxyl radical scavenging activity (%)

	
Superoxide anion scavenging activity (%)






	
20

	
91

	
89

	
83




	
100

	
93

	
93

	
89












Furthermore, the degradation of deoxyribose by hydroxyl radicals was shown to be inhibited by litchi anthocyanins acting mainly as chelators of iron ions rather than by directly scavenging hydroxyl radicals. Anthocyanins from LFP tissues are also found to have excellent reducing power. The measured reducing powers of litchi anthocyanins, ascorbic acid and butylated hydroxytoluene at 100 μg/mL are 3.70, 0.427 and 0.148, respectively, indicating that LFP tissues have a strong electron-donating capacity [9]. In addition, the ethyl acetate fraction, procyanidin B4, procyanidin B2 and epicatechin from LFP tissues exhibit good antioxidant capability [16]. Furthermore, procyanidin B2 has greater scavenging activities against hydroxyl radicals and superoxide anion than procyanidin B4 and epicatechin, while epicatechin had the highest DPPH scavenging activity. Thus, it was suggested that litchi flavanols could be beneficial in scavenging free radical and reducing lipid peroxidation.




8b. Potential anticancer activity


Plant pigments such as flavonoids possess known pharmacological properties and are used by humans for therapeutic purposes [42,43,44,45,46]. Following the recognition that pigment extracts are more effective than O-(β-hydroxyethyl)rutin in decreasing capillary permeability and fragility and for their anti-inflammatory and anti-oedema activities [34, 39, 43], it is possible that anthocyanins may replace rutin and its derivatives in the treatment of illnesses involving tissue inflammation or capillary fragility.



Wang et al. [47] reported that LFP extract exhibited potential in vitro and in vivo anticancer activity against hepatocellular carcinoma. Furthermore, the LFP extract demonstrated a dose- and time-dependent inhibitory effect on cancer cell growth [48]. Wang et al. [49] determined that the anticancer activity of LFP extract on both positive and negative breast cancers could be attributed, in part, to its DNA damaging effect, proliferating inhibition and apoptosis induction of cancer cells through up-regulation and down-regulation of multiple genes involved in cell cycle regulation and cell proliferation, apoptosis, signal transduction and transcriptional regulation, motility and invasiveness of cancer cells. It is noticed that the aglycones of the most abundant anthocyanins in LFP tissues possess the ability to inhibit the growth of human tumor cells in vitro in the micromolar range, but cyanidin-3-β-galactoside and malvidin-3-β-glucoside did not directly affect tumor cell growth [46, 50]. Thus, the identitiy of individual anthocyanins responsible the anticancer activity against hepatocellular carcinoma need to be investigated further.



The anticancer activity of the flavanols found in LFP tissues is similar to that of the anthocyanins. The anti-breast cancer activities of epicatechin, procyanidin B2, procyanidin B4 and the ethyl acetate fraction from LFP were examined [48]. Procyanidin B4 and ethyl acetate fraction showed a stronger inhibitory effect on HELF than MCF-7 while epicatechin and procyanidin B2 had lower cytotoxicities towards MCF-7 and HELF than paclitaxel. It was suggested that epicatechin and procyanidin B2 can be employed as components of anti-breast cancer drugs.




8c. Interaction with DNA


The anticancer activity of LFP water-soluble crude ethanolic extract (CEE) might result, at least in part, from inhibition of DNA synthesis, proliferation, as well as apoptosis induction of cancer cells [49]. Inhibition of DNA synthesis and proliferation of cancer cells were verified by its ability to reduce BrdU incorporation into cancer cells that correlates with decreased cell proliferation [50, 51]. Apoptosis induction was additionally determined by increased caspase-3 protein expression in tumors of the animals [13]. Non-toxic dose of LFP water-soluble CEE affected the gene expression profile of cancer cells by up-regulation of 41 genes (1.22%) and down-regulation of 129 genes (3.84%), involved in various biological functions including cell cycle regulation and cell proliferation, apoptosis, signal transduction and transcriptional regulation, and extracellular matrix/adhesion molecules, whereas the range of fold regulation varied widely with ADPRTL1 exhibiting the maximum up-regulation (29.25-fold) and RHAMM exhibiting the maximum down-regulation (−15.48-fold) [49]. Furthermore, the expressions of ADPRTL1 and CYP1A1 in LFP water-soluble CEE-treated breast cancer cells increased and the expression of BIRC3 decreased significantly, suggesting that that LFP water-soluble CEE inhibited proliferation and induced apoptosis of breast cancer cells mainly through up-regulation expressions of CYP1A1 and ADPRTL1, and down-regulation of BIRC genes. Based on the recent results, LFP extract could have the ability to stabilize DNA triple-helical complexes. Figure 5 shows a proposed mechanism for cyanidin-DNA interation which leads to the formation of cyaniding-DNA copigmentation complex [6,51]. Considering that LFP extract exhibits potential anticancer activity, the elucidation of the active components present in the LFP tissues to interact DNA of cancer cells requires to be further investigated.


Figure 5. Proposed mechanism for cyanidin–DNA interation which leads to the formation of cyanidin–DNA copigmentation complex [6,51].
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9. Prospects


The prospect of increasing production of litchi fruit raises expectations for increased processing opportunities for this crop. As LFP tissues account for approximately 15% of the total weight of fresh fruit, more attention to unitization of the constituents from the LFP tissues has been paid by the litchi industry in producing functional foods for consumers in relation to their beneficial effects against gastralgia, tumors and gland enlargement.



Anthocyanins and flavanols are common in LFP tissues. In recent years, many papers have been published on the in vitro antioxidant ability and anticancer activity of flavanols and anthocyanins and their other functions, as well as studies assessing the correlation between their antioxidant and anticancer capacities and chemical structure, but the in vitro antioxidant and anticancer efficacy of flavanols and anthocyanins present in LFP tissues have been less thoroughly documented, possibly due to the limited knowledge of their pharmacokinetics. Based on the recent study and high amount of flavonoids in LFP tissues, the constituents from LFP extract might be considered as a powerful novel antitumour agent. The anticancer activity of LFP extract could be attributed, in part to its proliferating inhibition and apoptosis induction of cancer cells through up-regulation (CYP1A1, ADPRTL1) and down-regulation (BIRC3, ADAM9, HMMR) of multiple genes, which are involved in the cell cycle regulation and cell proliferation, apoptosis, signal transduction and transcriptional regulation, motility, and invasiveness of cancer cells. ADPRTL1, CYP1A1, and HMMR might be the main molecular targets at which LFP water-soluble CEE acted.



The molecular genetics approach should provide considerable cultivar variability in terms of flavonoid contents. Selective breeding of new litchi cultivars is a significantly under-resourced area. The potential of genetic manipulation to provide an important source of flavonoids present in LFP as the compositions of anti-breast cancer drugs should be explored. Meanwhile, the litchi industry should continue to develop new approach for a better utilization of LFP tissues to increase economical benefit.
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