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Broccoli is a nutritious vegetable. It is high in protein, minerals, and vitamins. Also, it possesses antioxidant activities and is beneficial to the human body. Due to its active effect, broccoli is widely accepted by people in daily life. However, in terms of current utilization, only its florets are consumed as vegetables, while more than half of its stalks and leaves are not utilized. The stalks and leaves contain not only nutrients but also bioactive substances with physiologically regulating properties. Therefore research into the action and mechanism of its bioactive substances as well as its development and utilization technology will make contributions to the further promotion of its resource development and utilization. As a theoretical foundation for the resource utilization of broccoli stalks and leaves, this report will review the distribution and consumption of broccoli germplasm resources, the mechanism of action of bioactive substances, and innovative methods for their exploitation.
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1 Introduction

Broccoli (Brassica oleracea var. italica), also called green cauliflower, is a variety of wild cabbage in the Brassica L (Mehraj et al., 2020). Broccoli is originally from Italy and was later introduced to England in the 18th century, with a very long history of cultivation. Known as the “vegetable crown”, broccoli has a refreshing flavor and great nutritional value, including glucoraphanin (Glu), vitamins, polyphenols and so on. Eating broccoli not only provides vital nutrients but also helps to prevent and fight against common diseases (Bessler and Djaldetti, 2018). Today, broccoli is planted widely in various countries including the east and south of China being the two primary planting regions. Broccoli is produced in huge quantities, yet the stalks and leaves are rarely utilized, resulting in a waste of resources and even environmental pollution. To improve the utilization rate of broccoli stalks and leaves, and to decrease resource waste, a series of explorations have been conducted on the bioactive substances in broccoli and the novel methods for broccoli utilization.

According to previous studies, the mainly bioactive substances in broccoli are Glu, polyphenols and flavonoids, like kaempferol (Kea). These all have antioxidant, antibacterial and anti-inflammatory properties. Sulforaphane (SFN), which is generated when Glu is hydrolyzed, also has anti-cancer properties (Sarbu et al., 2019; Biharee et al., 2020). Except the direct extraction and addition of the bioactive substances, advanced technologies have been explored for the exploitation of broccoli. For example, broccoli aptamers function as fluorescent RNA aptamers that unite fluorescent dye and generate fluorescence, providing a convenient method to visualize intrinsic RNA in cells (Chandler et al., 2018). Candida albicans and other bacteria are inhibited by the supernatant of fermented broccoli produced by Bifidobacterium longum and Lactobacillus (Suido and Miyao, 2008). In order to provide some reference materials for the development and utilization of broccoli stalk and leaf resources, this paper will review the distribution of broccoli resources and its stalk and leaf utilization, the types, effects, and mechanisms of action of bioactive substances, and advanced technologies for the development and utilization of broccoli.




2 Distribution of broccoli resources and utilization of stalks and leaves



2.1 Distribution of germplasm resources of broccoli

According to the Food and Agriculture Organization of the United Nations (Food and Agriculture Organization of the United Nations, 2021), global broccoli production in 2020 is 25.53 million ton (t) including countries such as China, India and the United States having more than 1 million t. Among these countries, China has gotten the first place containing up to 9.55 million t production (Figure 1).




Figure 1 | Broccoli production by different countries in 2020 (top 10).



The diversity of broccoli varieties is very abundant. Shen et al. (2021) analyzed 372 broccoli varieties and discovered that there was a very large diversity among the most different varieties of broccoli, with only a tiny percentage exhibiting affinities. These 372 varieties were divided into two groups by cluster analysis, with group 1 (98) being dominated by improved varieties and group 2 (274) being dominated by local varieties. China, as the largest broccoli producer at present, showed close affinity between Chinese broccoli varieties and the core Japanese varieties (Stansell and Björkman, 2020).




2.2 Utilization of broccoli stalks and leaves



2.2.1 Broccoli stalk and leaf production

Despite the huge amount of production, the abundance of germplasm and the growing market, there are still issues related with the broccoli industry. The low utilization of broccoli stalks and leaves is among the most common, which results in considerable waste. The stalks and leaves are discarded during planting, processing, transportation and marketing for various reasons, such as the low consumption rate of stalks and leaves, underdeveloped florets, pests and diseases. In 2013, the loss rate of Australian broccoli during processing was up to 65% (Figure 2)(Food and Agriculture Organization of the United Nations, 2022). This causes very serious losses, especially with the large number of discarded stalks and leaves produced each year. As a result of the high water content and high perishability of these discarded stalks and leaves, improper disposal will contaminate the neighboring air and water sources, putting a great deal of strain on the ecosystem.




Figure 2 | Broccoli loss percentage in different steps from 2012 to 2019. (A) Broccoli loss percentage in different steps. (B) Broccoli loss percentage in different years.



After analyzing the current situation of broccoli resource utilization, it can be seen that broccoli has huge losses during the production process. The resource utilization of broccoli stalks and leaves and damaged florets can promote the development of the industry in several different ways such as environmental health dimension: reduce pollution and protect the ecological environment; economic dimension: reduce costs, lower commodity prices, or increase product profits; scientific dimension: scientific research to solve the problem of resource utilization can promote scientific progress; social dimension: promote social development and respond to the concept of sustainable development.




2.2.2 Broccoli stalk and leaf utilization pathway

Broccoli waste stalks and leaves can not only offer nutritional values but also can be used in feed, such as silage preparation or leaf protein powder, and can be extracted for high-value products (bioactive substances) for utilization, which helps to reduce the negative environmental impact of these wastes.



2.2.2.1 Preparation of silage

Partovi et al. (2020) mixed broccoli stalks, leaves and wheat straw for silage, and verified that feeding broccoli-straw silage to fattened lambs had no negative impacts. Meneses et al. (2020) fermented raw artichokes and cooked broccoli in plastic bags for 72h to produce two kinds of silages, revealed that the in vitro dry matter (DM) digestibility of both silages was high, and the in vivo crude protein and NDF digestibility were also observed high. Both silages met the standards for plant disease residues. Monllor et al. (2020) investigated the nutritional composition of broccoli silage at various periods, and showed that stability of broccoli silage was reached at 30 days. It was suitable for ruminant feed when it reached 200 days due to its superior microbial and nutritional composition. Muelas et al. (2022) added 40% broccoli by-product silage to a balanced ration of dairy goats over a long period, and showed that the milk produced by dairy goats fed with broccoli silage was suitable for yogurt and cheese fermentation and that mixing broccoli silage with balanced ration improved the antioxidant performance of dairy goats.




2.2.2.2 Preparation of leaf protein powder

Krupa-Kozak et al. (2021) added broccoli leaf powder to gluten-free bread and demonstrated a considerable increase in the protein and mineral contents of gluten-free bread. Additionally, the use of broccoli leaf powder augmented the anti-aging and antioxidant properties of gluten-free bread. Drabińska et al. (2018) investigated the effects of adding broccoli leaf powder to gluten-free sponge cakes and found that by adding 2.5% broccoli leaf powder to replace starch has increased the antioxidant activity of the new gluten-free sponge cakes. Drabińska et al. (2022) found that the optimal cooking time and water absorption were observed to be shortened when 5% broccoli leaf powder was added to durum wheat pasta, which might boost the mineral and protein contents of the pasta without altering the sensory evaluation.




2.2.2.3 Extraction of bioactive substances

The main bioactive substances in broccoli stalks and leaves are Glu and polyphenols. Song et al. (2020) found that isoprenaline causes myocardial oxidative stress and that SFN treatment can increase endogenous antioxidant activity and prevent isoprenaline-induced myocardial damage. In a study of Ranaweera et al. (2022), it was found that SFN could regulate the expression of metabolism-related genes of lipid and exert an anti-obesity ability in a mouse ulcerative colitis (UC) model induced by dextran sodium sulfate (DSS). In order to alleviate the symptoms of colitis, Qu et al. (2021) discovered that Kea reduced the levels of LPS, IL-1b, IL-6 and TNF-a, increased the mRNA expression of IL-10, and improved the gut microbiota structure via increasing the proportion of beneficial bacteria (like firmicutes and bacteroidetes). According to Kim et al. (2018), Kea activated IRE1-JNK-CHOP signaling from the cytoplasm to the nucleus and inhibited the G9a pathway to cause autophagic death in gastric cancer cells. Ward et al. (2018) treated prostate cancer cells with different concentrations of quercetin and found that cancer cells exhibited a time- and dose-dependent reduction of cell viability while having no effect on healthy prostate epithelial cells.

Broccoli stalks and leaves can be utilized in many ways, but the main one is the extraction of its bioactive substances for the defense of various inflammatory diseases and disorders. By fusing agriculture with other industries, new waste treatment methods can be explored in the future. For example, using middle tender part of the stalk to make pickled vegetables (Zhacai) like Brassica juncea var. tumida Tsen et Lee in the genus Brassica (Zeng et al., 2022) or making the stalks into carved decorations to decorate the dishes. It is worth noticing that these agricultural wastes may produce some harmful substances or have some rotten in the process of storage and need to be assessed for biosafety in the process of utilization.







3 Main bioactive substances in broccoli stalks and leaves

Dietary fiber, vitamins, minerals, and bioactive substances like SFN and Kea are all abundant in broccoli. The majority of bioactive substances generated from plants have potent antibacterial and antioxidant properties (Dominguez-Perles et al., 2011). Broccoli waste stalks and leaves were determined to contain adequate bioactive substances (Table 1), and the high content of dietary fiber can be fed to animals to promote intestinal digestion and absorption, improve absorption rate, and prevent accumulation of food.


Table 1 | Content of bioactive substances and nutrient in stalks and leaves of broccoli.





3.1 Sulforaphane

SFN, an isothiocyanate, is created when Glu is hydrolyzed in the presence of black mustard enzymes. The research team led by Professor Paul Talalay at Johns Hopkins University in the United States discovered that SFN in broccoli is a significant and powerful inducer of phase II cancer-protective enzymes while studying the cancer-preventive effects of broccoli (Zhang et al., 1992). A further study conducted by Fahey et al. (1997) uncovered that Glu, which is a precursor to SFN and is highly unstable at ambient temperature, is abundant in broccoli seeds and seedlings. There are two primary pathways for Glu conversion, which are either by the black mustard enzyme produced by broccoli or by the action of gut microbiota (Latté et al., 2011).

There is also a wide variety of glucosinolates, classified into aliphatic glucosinolates, aromatic glucosinolates and indole glucosinolates based on R side chains (Sánchez-Pujante et al., 2017). The scientific name of glucosinolate in broccoli is 4-methylsulfinylbutylthioside, also called glucoraphanin, which is an important metabolite in broccoli. The Glu is isolated from the black mustard enzyme in intact broccoli. The Glu is mainly present in the cells between the plant phloem and endodermis, whereas the black mustard enzyme is present in the vesicles of the thin-walled tissue cells of the phloem. When the broccoli tissue is mechanically damaged, resulting in cell rupture, the black mustard enzyme in the cell lysosome will be released and promote the hydrolysis of Glu to produce isothiocyanate, nitrile, SFN and other active substances(Wittstock and Halkier, 2002; Chen et al., 2021) (Table 2).


Table 2 | Enzymatic hydrolysates of glucoraphanin.



Various enzymatic conditions resulted in different chemicals being generated. When pH < 6.5 and epithiospecifier proteins (ESP) are present, they promote the synthesis of nitrile while inhibiting the synthesis of SFN. When 2 < pH < 5 and Fe2+ and nitrile-specifier proteins (NSP) are present, they promote nitrile. When pH > 8 and there is a presence of thiocyanate-forming protein (TFP), the production of isothiocyanate is favored. Only when pH is maintained in the neutral range, the production of SFN is favored (Shokri et al., 2021; Sikorska-Zimny and Beneduce, 2021).

The Glu content of different broccoli varieties varied as well. The study conducted by Traka et al. (2013) showed that the levels of glucoiberin (3MSP) and glucoraphanin (4MSB) in the varieties HG1, 1199 and 1639 were significantly higher than those in the standard varieties, with levels consistently 2.5-3 times higher as compared to the standard broccoli varieties. The Glu content of different parts of broccoli were also varied, specifically the root > flower bud > stalks and leaves, with the root containing nearly 43% of total Glu (Li et al., 2021). Even so, the stalks and leaves are also rich in Glu and can be used as a source of Glu in the case of resourceful usage of agricultural waste.




3.2 Polyphenols

Polyphenols are widely present in nature. The majority of polyphenols in nature have fragrant characteristics, and roughly 5% of all spices are made up of one or more of their species. In Brassica, the most prevalent polyphenols are flavonoids (mostly flavonols, a few anthocyanins) and hydroxycinnamic acid (Cartea et al., 2010). In 1930, scientists discovered a substance in citrus that was initially thought to be vitamin P, but it was later confirmed to be a flavonoid called “rutin” (Biharee et al., 2020). Polyphenols play significant roles in nature processes such as UV protection, preventing pigmentation, and maintenance of disease resistance in nature, in which they are highly concentrated in plant leaves and fruit epidermis (Cartea et al., 2010).

Based on the position of the phenyl ring, three major classes of flavonoids can be recognized: flavonoids (position C-2), isoflavonoids (position C-3) and neoflavonoids (position C-4). In addition, each group is further divided (flavones, flavonols, etc.) according to the oxidation, saturation and substituents of the pyran core. In addition to these three classes, another class of flavonoids is also considered as minor flavonoid, which includes chalcones and aurones, without benzopyran (Sarbu et al., 2019).

The primary flavonoids in Brassica crops are flavonols, which are a subgroup of predominantly 3-hydroxyflavonoids, including quercetin, Kea and isorhamnetin. Conjugation occurs most often at the C-3 position, but substitution can also occur at the 5, 7, 4’, 3’ and 5’ positions. These are mainly bound to glucose and commonly acylated with different hydroxycinnamic acids (Cartea et al., 2010). In the experiments of Duan et al. (2021), 15 different varieties of broccoli were selected, in which the accumulation of Kea in leaves was greater than that of quercetin, and in some varieties the accumulation of Kea in florets was greater than that of quercetin, so the most dominant flavonol in broccoli stalks and leaves was Kea, and the study also indicates that the content of flavonols in leaves was higher than that in florets. In conclusion, broccoli stalks and leaves are able to be a high-quality source of Kea.

In addition, broccoli has other nutrients such as vitamins (Va & Vc), minerals (Ca, P & Fe), phenolic acids, etc. SFN and Kea are the two bioactive substances that have been most intensively studied in previous studies. In future studies, other bioactive substances and their metabolites in broccoli stalks and leaves, as well as their combined effects can also be explored.





4 The main bioactive substances of broccoli stalks and leaves with their mechanism of action



4.1 Sulforaphane



4.1.1 Anti-cancer

In cancer cells, the content of glutathione (GSH) is higher than healthy cells. GSH concentrations in cancer cells are more than 1,000 times higher than extracellular fluid and four times higher than in healthy cells, particularly in drug-resistant tumor cells, where these are even ten times higher. (Kalinina and Gavriliuk, 2020). SFN and GSH in cancer cells generate SFN-GSH by the action of glutathione S-transferase (GST). SFN-GSH generates SFN-Cys-Gly, SFN-Cys and SFN-NAC via the action of γ-glutamyltranspeptidase, cysteinylglycinase and N-acetyltransferase. As soon as SFN enters the cell, it rapidly interacts with GSH to form SFN-GSH, leading to its accumulation in the cell. Due to the high GSH content of cancer cells, the accumulation of SFN was encouraged, and the anti-cancer effect of SFN was enhanced (Gu et al., 2022).

The way SFN exerts its anti-cancer effect is mainly manifested by its inhibitory effect on histone deacetylase (HDAC). According to their sequence homology, four classes of HDAC are divided: I HDAC (1, 2, 3 and 8); II HDAC: IIa (4, 5, 7 and 9) and IIb (6 and 10); III HDAC (sir2); and IV HDAC11 (de Ruijter et al., 2003). Several studies (Chen et al., 2014; Jiang et al., 2016; Bär et al., 2022) have indicated that SFN inhibits HDAC to prevent cell proliferation and induce apoptosis, leading to the downregulation of E2F3 and Ki-67, and activation of p21, bax and caspase-3 in cancer cells.

SFN (20-40 μM) disrupting the mitochondrial membrane potential to induce apoptosis in many types of cancer cells, with mitochondrial release of cytochrome c, Smac/DIABLO and AIF. SFN (40 μM) mediates apoptosis by activating ERK1/2 and protein kinase B (protein kinase B, Akt), causing cell cycle arrest and death (Choi and Singh, 2005). Further studies (Rudolf et al., 2009) also have shown that JNK and p38 are two ways that SFN might cause apoptosis. It has also been demonstrated that SFN is able to disrupt the endoplasmic reticulum and then successively activate the effector proteins calpain, caspase-12, caspase-9, and caspase-3 (De Gianni and Fimognari, 2015) (see Figure 3).




Figure 3 | Mechanism of anti-cancer action of SFN (Created with BioRender.com).



In addition, Elkashty and Tran (2020) investigated whether SFN enhances the chemotherapeutic effect of cis-chloroplatinum (CIS) and the inhibitory effect of 5-fluorouracil (5-FU) on head and neck squamous cell carcinoma-cancer stem cells (HNSCC-CSC). They found that SFN reduced the viability of drug-resistant HNSCC-CSC with time and dose, and the combination of SFN increased their cytotoxicity (CIS by 2-fold, 5-FU by 10-fold). Fortunately, it has no effect on the activity and function of non-cancerous stem cells.

Although SFN has anti-cancer effects, it is far from being able to cure cancer and should only be used as a daily cancer preventative. Future research could look into combining SFN with other treatments to lessen the negative effects of chemotherapy on the body.




4.1.2 Antioxidant and antibacterial

SFN stimulates the trophic genome of Nrf2 to become active (Zhang et al., 2018). All human organs contain Nrf2, a transcription factor that is crucial for endogenous protection against oxidative stress and defense against external harmful chemicals (He et al., 2020a). The expression of genes with cytoprotective properties is controlled by Nrf2 activation, and this protects the body by regulating the production of proteins from these genes that have anti-oxidant, anti-inflammatory, anti-glycation, and other protective properties. (He et al., 2020b).

SFN has antibacterial properties and can protect plants from pathogenic bacteria and phytopathogens. SFN inhibits bacteria and fungi such as Escherichia coli, and exerts antimicrobial effects in vitro against foodborne pathogens and enteropathogenic microorganisms, including Listeria monocytogenes, Escherichia coli, Salmonella typhimurium and Helicobacter pylori (Abukhabta et al., 2021). In future perspectives, it can function as an additive to bacterial isolation and purification media, or be combined with beneficial bacteria to produce probiotics used to improve gut microbiota structure.





4.2 Kaempferol



4.2.1 Antioxidant

Oxidative stress is a state of imbalance between oxidants and antioxidants that lead to incomplete degradation of reactive oxygen species (ROS) and reactive nitrogen species (RNS) in cells (Sies, 2015). ROS interacts with biomolecules, leading to damage to proteins, lipids and DNA molecules while drawing inflammatory mediators that stimulate inflammatory mechanisms. Inflammatory cells, such as neutrophils and macrophages, produce ROS accompanied by superoxide anion production, leading to cellular damage (Sova and Saso, 2020).

Kea has good antioxidant activity and can react cell-free in vitro with H2O2, HOCl, superoxide and NO. Kea also modulates the awakening of the redox-sensitive transcription factor Nrf-2, which in turn promotes the activation of heme oxygenase-1 (HO-1) and shields cells from oxidative damage (Hu et al., 2021).




4.2.2 Anti-inflammatory

Phospholipase A2 (PLA2) and lipoxygenase (LOX) control the production of prostaglandins (PG), which are inflammatory mediators produced by cyclooxygenase (COX) through the metabolism of arachidonic acid (AA) in the inflamed tissues (Yahfoufi et al., 2018). Kea has a significant inhibitory effect on COX-1, COX-2, and LOX (Lee and Kim, 2010). When a large amount of NO is present, PG production is further amplified, which is accelerated by the combined expression of inducible NO synthase (iNOS) and COX-2 in inflamed tissues, resulting in increased PG production (Wu, 2006). The expression of iNOS determines the physiological and pathological effects of NO, where an excess of NO can cause a number of clinical problems, particularly inflammation (Kielbik et al., 2019). NO interacts with transition metal ions and modifies the activity of various enzymes, such as catalase, leading to the accumulation and toxicity of H2O2. In addition, NO interacts with superoxide anions to form peroxynitrite, which functions as a strong oxidant, causing LDL oxidation, DNA damage, inhibition of mitochondrial respiration, and apoptosis. NO has also been shown to induce the tumor necrosis factor TNF-α (Park et al., 2012). Kea inhibits lipopolysaccharide (LPS) induced NO production and also reduces TNF-α, thereby decreasing the inflammatory response(Bian et al., 2020).

Mitogen-activated protein kinases (MAPK), protein kinase C (PKC), phosphatidylinositol 3 kinase (PI3K) and the JAK-STAT signaling pathway are involved in regulating the expression of inflammatory mediators, the transcription and expression of various transcription factors (Hu et al., 2001). MAPK includes extracellular signal-regulated kinases 1/2 (ERK1/2), c-jun N-terminal kinases (JNK) and p38 mitogen-activated protein kinases (p38) (Kim and Choi, 2010). This pathway is activated in response to inflammatory stimuli, which causes the expression of target genes (TNF-α, IL-1β, COX-2 and collagenase). Kea blocks the expression of the LPS-induced MAPK pathway, which reduces the inflammatory burden by suppressing the synthesis of IL-8, the interferon-induced protein (IP-10), the growth-related oncogene (GRO-α) and the macrophage-derived chemokine (MDC). Kea inhibits JNK and p38 phosphorylation induced by LPS and IL-1α, which are responsible for the synthesis of NO, PGE2 and iNOS expression. When LPS causes lung damage in BALB/c mice, the phosphorylation of ERK, p38, and JNK is activated, which regulates the production of myeloperoxidase (MPO), ROS, and pro-inflammatory mediators, where Kea can inhibit ERK, p38 and JNK pathway activation to mitigate their adverse effects (Bian et al., 2020). Kea inhibited LPS-induced PI3K and Akt phosphorylation in mouse A549 cells, cardiac fibroblasts and microglia BV2 cells, reduced the production of RANTES, and protected cells from inflammatory factor activation (Park et al., 2011). After various stimuli, the JAK-STAT (janus kinase, JAK; signal transducer and activator of transcription, STAT) pathway is abnormally activated, leading to the activation of genes encoding inflammatory mediators. Kea significantly inhibits LPS-induced inflammatory responses by blocking the JAK-STAT signaling pathway and effectively interfering with the transcriptional activation of the signal transduction, and transcriptional activation protein STAT-3 at the same time to inhibit further activation of inflammatory cytokines (Devi et al., 2015) (Figure 4).




Figure 4 | Anti-inflammatory mechanism of Kea (Created with BioRender.com).



The antimicrobial activity of plant-derived flavonoids exhibits a different mechanism from that of traditional medications. Therefore, bacteria or other pathogens are not susceptible to resistance because resistance genes do not initially encode the majority of natural compounds (Wen et al., 2020), and they may be important in enhancing antimicrobial therapy. More in-depth studies could lead to better utilization of phytogenic bioactive substances as additives in animal production practices.

Although these studies have proven that inflammation can be mitigated by these bioactive substances, in most cases, the inflammation that occurs during the breeding process is addressed with medication. It can be used as a daily inflammation prevention to reduce the likelihood of inflammation occurring throughout the breeding process and thus reduce the financial losses of the farmers. Future studies can examine whether these two main substances interact favorably or negatively with other substances and whether they can be used as additives in animal husbandry.

More diverse animal experiments are required to confirm the possibility of using broccoli bioactive substances as a medicine because the scope of animal studies on the mechanism of action of broccoli bioactive substances is relatively small.






5 New technology for broccoli utilization



5.1 Broccoli aptamer as a fluorescent RNA aptamer

Elect RNA aptamers bind to fluorescent dyes and activate fluorescence, providing a straightforward method for visualizing the original RNA within the cell.

Nucleic acid nanoparticles (NANPs) are a highly versatile molecular platform for the targeted delivery of a variety of therapeutic agents. Immunomodulation of NANPs can support both their immunostatic delivery and the conditioned stimulation of beneficial immune responses (Johnson et al., 2021). DFHBI is a small molecule that resembles the green fluorescent protein (GFP) chromophore. When unbound, spinach aptamers and DFHBI are largely nonfluorescent, yet in vitro and in living cells, spinach-DFHBI complexes are brilliantly fluorescent. DFHBI can be selected for imaging RNA (Santra et al., 2019).

In nucleic acid nanotechnology, any fluorescent aptamer can be readily embedded in the structure of NANPs as a functional unit by a simple extension of a single strand, and the responsive behavior of NANPs can be directly observed in living cells using dye-labeled pairs of complementary strands. The high cytotoxicity of the first developed malachite green (MG) aptamer and its non-specific binding to cellular substances called for new biocompatible RNA aptamers. Subsequently a spinach aptamer showed green fluorescence in combination with the GFP fluorophore analogue DFHBI, but it was susceptible to endonuclease and cellular activity. In recent years, a new broccoli aptamer named F30-Broccoli was developed, which has a three-way linkage scaffold with higher binding affinity for the ligand DFHBI-1T (Chandler et al., 2018).




5.2 Fermentation of broccoli supernatant by Bifidobacterium longum and Lactobacillus inhibited Candida albicans

Bifidobacterium, a non-pathogenic Gram-negative bacterium, is an important member of the human intestinal flora and inhibits the proliferation of disease-causing microorganisms by lowering the pH of the intestine through fermentation of acetic acid or lactic acid. B. longum BB536 or L. pentosus Vege-Start were added to broccoli medium, cultured in an anaerobic environment, then centrifuged and filtered to obtain B. longum fermented broccoli (BFB) and L. pentosus fermented broccoli (LFB). They were found to have inhibitory activities against Candida albicans (Suido and Miyao, 2008).




5.3 Establishment of novel epigallocatechin gallate (EGCG) carriers

It has been shown that epigallocatechin gallate (EGCG) has low bioavailability (Shi et al., 2020). The glass digestive system collected more EGCG from broccoli-based EGCG than it did from EGCG alone when the same level was added to various matrices. The level of EGCG was favorably associated with the antioxidant capacity of the chyme. The carriers that are anticipated to convey and stabilize EGCG through the digestive process are broccoli carriers. (Shi et al., 2019).





6 Conclusion

Broccoli is widely grown and its high loss rate is an obstacle to both environmental protection and industrial development. Therefore, research on the utilization of broccoli stalks and leaves is worthy of attention. Numerous studies have shown that the bioactive substances in broccoli, such as glucoraphanin and polyphenols, have antioxidant, anti-inflammatory, antibacterial and anti-cancer properties, and can be extracted and used to reduce resource waste. In addition to extraction and addition, new utilization techniques have also been described in recent studies. However, research on the bioactive substances of broccoli has mainly centered on the role and mechanism of action of sulforaphane so far, and the research on the utilization of other active substances of broccoli or the utilization of sulforaphane mixed with other substances is still relatively limited. Under the premise of ensuring biosafety, future research can be conducted on the development of other active substances that are not commonly used in broccoli, such as nitrile and other isothiocyanates produced by the hydrolysis of glucoraphanin, or mixing broccoli bioactive substances with other active substances and beneficial bacteria for animal breeding, so that broccoli waste can be used more comprehensively. The complete broccoli stalk and leaf processing chain needs to be designed. Finally, cost control is also very important. The cost of extracting bioactive substances in the laboratory is very high, and if we want to use broccoli bioactive substances as additives in actual animal breeding, we need to consider reducing the cost in order to expand the usage. Therefore, the extraction method of the bioactive substance needs to be optimized while maintaining the quality of the extract.





Author contributions

LY, MW, and GZ contributed to the conception of the review. LY and XY searched the database. HZ drew the figures. LY wrote the first draft of the manuscript. LY, GZ, YW, XZ, and NY made revisions to the manuscript. KS revised the manuscript language expression. All authors contributed to the article and approved the submitted version.





Funding

This research was funded by the National 14th and 13th Five-Year Plan Key Research and Development Program (2021YFD1600702, 2017YFD0800200), the key program of State Key Laboratory of Sheep Genetic Improvement and Healthy Production (2021ZD07; NCG202232), and the Priority Academic Program Development of Jiangsu Higher Education Institutions (PAPD), P.R. China.




Acknowledgments

I would like to thank my supervisor for providing ideas and guidance for my review, and various foundations for funding the project.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





References

 Abukhabta, S., Khalil Ghawi, S., Karatzas, K. A., Charalampopoulos, D., McDougall, G., Allwood, J. W., et al. (2021). Sulforaphane-enriched extracts from glucoraphanin-rich broccoli exert antimicrobial activity against gut pathogens in vitro and innovative cooking methods increase in vivo intestinal delivery of sulforaphane. Eur. J. Nutr. 60 (3), 1263–1276. doi: 10.1007/s00394-020-02322-0

 Bär, S. I., Dittmer, A., Nitzsche, B., Ter-Avetisyan, G., Fähling, M., Klefenz, A., et al. (2022). Chimeric HDAC and the cytoskeleton inhibitor broxbam as a novel therapeutic strategy for liver cancer. Int. J. Oncol. 60 (6), 73. doi: 10.3892/ijo.2022.5363

 Berndtsson, E., Andersson, R., Johansson, E., and Olsson, M. E. (2020). Side streams of broccoli leaves: A climate smart and healthy food ingredient. Int. J. Environ. Res. Public Health 17 (7), 2406. doi: 10.3390/ijerph17072406

 Bessler, H., and Djaldetti, M. (2018). Broccoli and human health: immunomodulatory effect of sulforaphane in a model of colon cancer. Int. J. Food Sci. Nutr. 69 (8), 946–953. doi: 10.1080/09637486.2018.1439901

 Bian, Y., Dong, Y., Sun, J., Sun, M., Hou, Q., Lai, Y., et al. (2020). Protective effect of kaempferol on LPS-induced inflammation and barrier dysfunction in a coculture model of intestinal epithelial cells and intestinal microvascular endothelial cells. J. Agric. Food Chem. 68 (1), 160–167. doi: 10.1021/acs.jafc.9b06294

 Biharee, A., Sharma, A., Kumar, A., and Jaitak, V. (2020). Antimicrobial flavonoids as a potential substitute for overcoming antimicrobial resistance. Fitoterapia. 146, 104720. doi: 10.1016/j.fitote.2020.104720

 Campas-Baypoli, O. N., Sánchez-Machado, D. I., Bueno-Solano, C., Núñez-Gastélum, J. A., Reyes-Moreno, C., and López-Cervantes, J. (2009). Biochemical composition and physicochemical properties of broccoli flours. Int. J. Food Sci. Nutr. 60 (Suppl 4), 163–173. doi: 10.1080/09637480802702015

 Cartea, M. E., Francisco, M., Soengas, P., and Velasco, P. (2010). Phenolic compounds in brassica vegetables. Molecules 16 (1), 251–280. doi: 10.3390/molecules16010251

 Chandler, M., Lyalina, T., Halman, J., Rackley, L., Lee, L., Dang, D., et al. (2018). Broccoli fluorets: Split aptamers as a user-friendly fluorescent toolkit for dynamic RNA nanotechnology. Molecules 23 (12), 3178. doi: 10.3390/molecules23123178

 Chen, M. M., Li, J. J., Li, X. D., Xiao, J. X., and Guo, L. P. (2021). Optimization enzymatic hydrolysis conditions of sulforaphane formation from broccoli seeds with response surface method. J. Qingdao Agric. Univ. (Natural Science) 38 (02), 113–118+125. doi: 10.3969/J.ISSN.1674-148X.2021.02.006

 Chen, D. Q., Pan, B. Z., Huang, J. Y., Zhang, K., Cui, S. Y., De, W., et al. (2014). HDAC 1/4-mediated silencing of microRNA-200b promotes chemoresistance in human lung adenocarcinoma cells. Oncotarget 5 (10), 3333–3349. doi: 10.18632/oncotarget.1948

 Choi, S., and Singh, S. V. (2005). Bax and bak are required for apoptosis induction by sulforaphane, a cruciferous vegetable-derived cancer chemopreventive agent. Cancer Res. 65 (5), 2035–2043. doi: 10.1158/0008-5472.Can-04-3616

 De Gianni, E., and Fimognari, C. (2015). Anticancer mechanism of sulfur-containing compounds. Enzymes. 37, 167–192. doi: 10.1016/bs.enz.2015.05.003

 de Ruijter, A. J., van Gennip, A. H., Caron, H. N., Kemp, S., and van Kuilenburg, A. B. (2003). Histone deacetylases (HDACs): Characterization of the classical HDAC family. Biochem. J. 370 (Pt 3), 737–749. doi: 10.1042/bj20021321

 Devi, K. P., Malar, D. S., Nabavi, S. F., Sureda, A., Xiao, J., Nabavi, S. M., et al. (2015). Kaempferol and inflammation: From chemistry to medicine. Pharmacol. Res. 99, 1–10. doi: 10.1016/j.phrs.2015.05.002

 Domínguez-Perles, R., Martínez-Ballesta, M. C., Carvajal, M., García-Viguera, C., and Moreno, D. A. (2010). Broccoli-derived by-products–a promising source of bioactive ingredients. J. Food Sci. 75 (4), C383–C392. doi: 10.1111/j.1750-3841.2010.01606.x

 Dominguez-Perles, R., Moreno, D. A., Carvajal, M., and Garcia-Viguera, C. (2011). Composition and antioxidant capacity of a novel beverage produced with green tea and minimally-processed byproducts of broccoli. Innovative Food Sci. Emerging Technologies. 12 (3), 361–368. doi: 10.1016/j.ifset.2011.04.005

 Drabińska, N., Ciska, E., Szmatowicz, B., and Krupa-Kozak, U. (2018). Broccoli by-products improve the nutraceutical potential of gluten-free mini sponge cakes. Food Chem. 267, 170–177. doi: 10.1016/j.foodchem.2017.08.119

 Drabińska, N., Nogueira, M., and Szmatowicz, B. (2022). Valorisation of broccoli by-products: Technological, sensory and flavour properties of durum pasta fortified with broccoli leaf powder. Molecules 27 (15), 4672. doi: 10.3390/molecules27154672

 Duan, Y., Eduardo Melo Santiago, F., Rodrigues Dos Reis, A., de Figueiredo, M. A., Zhou, S., Thannhauser, T. W., et al. (2021). Genotypic variation of flavonols and antioxidant capacity in broccoli. Food Chem. 338, 127997. doi: 10.1016/j.foodchem.2020.127997

 Elkashty, O. A., and Tran, S. D. (2020). Broccoli extract increases drug-mediated cytotoxicity towards cancer stem cells of head and neck squamous cell carcinoma. Br. J. Cancer. 123 (9), 1395–1403. doi: 10.1038/s41416-020-1025-1

 Fahey, J. W., Zhang, Y., and Talalay, P. (1997). Broccoli sprouts: an exceptionally rich source of inducers of enzymes that protect against chemical carcinogens. Proc. Natl. Acad. Sci. U. S. A. 94 (19), 10367–10372. doi: 10.1073/pnas.94.19.10367

 Food and Agriculture Organization of the United Nations (2021) FAOSTAT. Available at: https://www.fao.org/faostat/en/#data/QCL (Accessed December 5, 2022).

 Food and Agriculture Organization of the United Nations (2022) Food loss and waste database. Available at: https://www.fao.org/platform-food-loss-waste/flw-data/zh (Accessed December 5, 2022).

 Gu, H. F., Mao, X. Y., and Du, M. (2022). Metabolism, absorption, and anti-cancer effects of sulforaphane: an update. Crit. Rev. Food Sci. Nutr. 62 (13), 3437–3452. doi: 10.1080/10408398.2020.1865871

 He, F., Antonucci, L., and Karin, M. (2020a). NRF2 as a regulator of cell metabolism and inflammation in cancer. Carcinogenesis 41 (4), 405–416. doi: 10.1093/carcin/bgaa039

 He, F., Ru, X., and Wen, T. (2020b). NRF2, a transcription factor for stress response and beyond. Int. J. Mol. Sci. 21 (13), 4777. doi: 10.3390/ijms21134777

 Hu, Y., Dragowska, W. H., Wallis, A., Duronio, V., and Mayer, L. (2001). Cytotoxicity induced by manipulation of signal transduction pathways is associated with down-regulation of bcl-2 but not mcl-1 in MCF-7 human breast cancer. Breast Cancer Res. Treat. 70 (1), 11–20. doi: 10.1023/a:1012564620853

 Hu, Q., Qu, C., Xiao, X., Zhang, W., Jiang, Y., Wu, Z., et al. (2021). Flavonoids on diabetic nephropathy: Advances and therapeutic opportunities. Chin. Med. 16 (1), 74. doi: 10.1186/s13020-021-00485-4

 Jiang, L. L., Zhou, S. J., Zhang, X. M., Chen, H. Q., and Liu, W. (2016). Sulforaphane suppresses in vitro and in vivo lung tumorigenesis through downregulation of HDAC activity. BioMed. Pharmacother. 78, 74–80. doi: 10.1016/j.biopha.2015.11.007

 Johnson, M. B., Chandler, M., and Afonin, K. A. (2021). Nucleic acid nanoparticles (NANPs) as molecular tools to direct desirable and avoid undesirable immunological effects. Adv. Drug Deliv. Rev. 173, 427–438. doi: 10.1016/j.addr.2021.04.011

 Kalinina, E. V., and Gavriliuk, L. A. (2020). Glutathione synthesis in cancer cells. Biochem. (Mosc). 85 (8), 895–907. doi: 10.1134/s0006297920080052

 Kielbik, M., Szulc-Kielbik, I., and Klink, M. (2019). The potential role of iNOS in ovarian cancer progression and chemoresistance. Int. J. Mol. Sci. 20 (7), 1751. doi: 10.3390/ijms20071751

 Kim, E. K., and Choi, E. J. (2010). Pathological roles of MAPK signaling pathways in human diseases. Biochim. Biophys. Acta 1802 (4), 396–405. doi: 10.1016/j.bbadis.2009.12.009

 Kim, T. W., Lee, S. Y., Kim, M., Cheon, C., and Ko, S. G. (2018). Kaempferol induces autophagic cell death via IRE1-JNK-CHOP pathway and inhibition of G9a in gastric cancer cells. Cell Death Dis. 9 (9), 875. doi: 10.1038/s41419-018-0930-1

 Krupa-Kozak, U., Drabińska, N., Bączek, N., Šimková, K., Starowicz, M., and Jeliński, T. (2021). Application of broccoli leaf powder in gluten-free bread: An innovative approach to improve its bioactive potential and technological quality. Foods 10 (4), 819. doi: 10.3390/foods10040819

 Latté, K. P., Appel, K. E., and Lampen, A. (2011). Health benefits and possible risks of broccoli - an overview. Food Chem. Toxicol. 49 (12), 3287–3309. doi: 10.1016/j.fct.2011.08.019

 Lee, J. H., and Kim, G. H. (2010). Evaluation of antioxidant and inhibitory activities for different subclasses flavonoids on enzymes for rheumatoid arthritis. J. Food Sci. 75 (7), H212–H217. doi: 10.1111/j.1750-3841.2010.01755.x

 Li, Z., Zheng, S., Liu, Y., Fang, Z., Yang, L., Zhuang, M., et al. (2021). Characterization of glucosinolates in 80 broccoli genotypes and different organs using UHPLC-Triple-TOF-MS method. Food Chem. 334, 127519. doi: 10.1016/j.foodchem.2020.127519

 Mehraj, H., Akter, A., Miyaji, N., Miyazaki, J., Shea, D. J., Fujimoto, R., et al. (2020). Genetics of clubroot and fusarium wilt disease resistance in brassica vegetables: The application of marker assisted breeding for disease resistance. Plants (Basel) 9 (6), 726. doi: 10.3390/plants9060726

 Meneses, M., Martínez-Marín, A. L., Madrid, J., Martínez-Teruel, A., Hernández, F., and Megías, M. D. (2020). Ensilability, in vitro and in vivo values of the agro-industrial by-products of artichoke and broccoli. Environ. Sci. Pollut. Res. Int. 27 (3), 2919–2925. doi: 10.1007/s11356-019-07142-2

 Monllor, P., Romero, G., Muelas, R., Sandoval-Castro, C. A., Sendra, E., and Díaz, J. R. (2020). Ensiling process in commercial bales of horticultural by-products from artichoke and broccoli. Anim. (Basel) 10 (5), 831. doi: 10.3390/ani10050831

 Muelas, R., Romero, G., Díaz, J. R., Monllor, P., Fernández-López, J., Viuda-Martos, M., et al. (2022). Quality and functional parameters of fermented milk obtained from goat milk fed with broccoli and artichoke plant by-products. Foods 11 (17), 2601. doi: 10.3390/foods11172601

 Park, H. Y., Lee, M. H., Kang, S. U., Hwang, H. S., Park, K., Choung, Y. H., et al. (2012). Nitric oxide mediates TNF-α-induced apoptosis in the auditory cell line. Laryngoscope. 122 (10), 2256–2264. doi: 10.1002/lary.23444

 Park, S. E., Sapkota, K., Kim, S., Kim, H., and Kim, S. J. (2011). Kaempferol acts through mitogen-activated protein kinases and protein kinase B/AKT to elicit protection in a model of neuroinflammation in BV2 microglial cells. Br. J. Pharmacol. 164 (3), 1008–1025. doi: 10.1111/j.1476-5381.2011.01389.x

 Partovi, E., Rouzbehan, Y., Fazaeli, H., and Rezaei, J. (2020). Broccoli byproduct-wheat straw silage as a feed resource for fattening lambs. Transl. Anim. Sci. 4 (3), txaa078. doi: 10.1093/tas/txaa078

 Qu, Y., Li, X., Xu, F., Zhao, S., Wu, X., Wang, Y., et al. (2021). Kaempferol alleviates murine experimental colitis by restoring gut microbiota and inhibiting the LPS-TLR4-NF-κB axis. Front. Immunol. 12. doi: 10.3389/fimmu.2021.679897

 Ranaweera, S. S., Natraj, P., Rajan, P., Dayarathne, L. A., Mihindukulasooriya, S. P., Dinh, D. T. T., et al. (2022). Anti-obesity effect of sulforaphane in broccoli leaf extract on 3T3-L1 adipocytes and ob/ob mice. J. Nutr. Biochem. 100, 108885. doi: 10.1016/j.jnutbio.2021.108885

 Rudolf, E., Andelová, H., and Cervinka, M. (2009). Activation of several concurrent proapoptic pathways by sulforaphane in human colon cancer cells SW620. Food Chem. Toxicol. 47 (9), 2366–2373. doi: 10.1016/j.fct.2009.06.034

 Sánchez-Pujante, P. J., Borja-Martínez, M., Pedreño, M., and Almagro, L. (2017). Biosynthesis and bioactivity of glucosinolates and their production in plant in vitro cultures. Planta. 246 (1), 19–32. doi: 10.1007/s00425-017-2705-9

 Santra, K., Geraskin, I., Nilsen-Hamilton, M., Kraus, G. A., and Petrich, J. W. (2019). Characterization of the photophysical behavior of DFHBI derivatives: Fluorogenic molecules that illuminate the spinach RNA aptamer. J. Phys. Chem. B. 123 (11), 2536–2545. doi: 10.1021/acs.jpcb.8b11166

 Sarbu, L. G., Bahrin, L. G., Babii, C., Stefan, M., and Birsa, M. L. (2019). Synthetic flavonoids with antimicrobial activity: A review. J. Appl. Microbiol. 127 (5), 1282–1290. doi: 10.1111/jam.14271

 Shen, Y., Wang, J., Shaw, R. K., Yu, H., Sheng, X., Zhao, Z., et al. (2021). Development of GBTS and KASP panels for genetic diversity, population structure, and fingerprinting of a Large collection of broccoli (Brassica oleracea l. Var. italica) China. Front. Plant Sci. 12. doi: 10.3389/fpls.2021.655254

 Shi, M., Ying, D. Y., Hlaing, M. M., Ye, J. H., Sanguansri, L., and Augustin, M. A. (2019). Development of broccoli by-products as carriers for delivering EGCG. Food Chem. 301, 125301. doi: 10.1016/j.foodchem.2019.125301

 Shi, M., Ying, D. Y., Ye, J. H., Sanguansri, L., and Augustin, M. A. (2020). Broccoli byproducts for protection and co-delivery of EGCG and tuna oil. Food Chem. 326, 126963. doi: 10.1016/j.foodchem.2020.126963

 Shokri, S., Jegasothy, H., Augustin, M. A., and Terefe, N. S. (2021). Thermosonication for the production of sulforaphane rich broccoli ingredients. Biomolecules 11 (2), 321. doi: 10.3390/biom11020321

 Sies, H. (2015). Oxidative stress: a concept in redox biology and medicine. Redox Biol. 4, 180–183. doi: 10.1016/j.redox.2015.01.002

 Sikorska-Zimny, K., and Beneduce, L. (2021). The metabolism of glucosinolates by gut microbiota. Nutrients 13 (8), 2750. doi: 10.3390/nu13082750

 Song, L., Srilakshmi, M., Wu, Y., and Saleem, T. S. M. (2020). Sulforaphane attenuates isoproterenol-induced myocardial injury in mice. BioMed. Res. Int. 2020, 3610285. doi: 10.1155/2020/3610285

 Sova, M., and Saso, L. (2020). Natural sources, pharmacokinetics, biological activities and health benefits of hydroxycinnamic acids and their metabolites. Nutrients 12 (8), 2190. doi: 10.3390/nu12082190

 Stansell, Z., and Björkman, T. (2020). From landrace to modern hybrid broccoli: the genomic and morphological domestication syndrome within a diverse b. oleracea collection. Hortic. Res. 7, 159. doi: 10.1038/s41438-020-00375-0

 Suido, H., and Miyao, M. (2008). Bifidobacterium longum-fermented broccoli supernatant inhibited the growth of candida albicans and some pathogenic bacteria in vitro. Biocontrol Sci. 13 (2), 41–48. doi: 10.4265/bio.13.41

 Traka, M. H., Saha, S., Huseby, S., Kopriva, S., Walley, P. G., Barker, G. C., et al. (2013). Genetic regulation of glucoraphanin accumulation in beneforté broccoli. New Phytol. 198 (4), 1085–1095. doi: 10.1111/nph.12232

 Ward, A. B., Mir, H., Kapur, N., Gales, D. N., Carriere, P. P., and Singh, S. (2018). Quercetin inhibits prostate cancer by attenuating cell survival and inhibiting anti-apoptotic pathways. World J. Surg. Oncol. 16 (1), 108. doi: 10.1186/s12957-018-1400-z

 Wen, W., Alseekh, S., and Fernie, A. R. (2020). Conservation and diversification of flavonoid metabolism in the plant kingdom. Curr. Opin. Plant Biol. 55, 100–108. doi: 10.1016/j.pbi.2020.04.004

 Wittstock, U., and Halkier, B. A. (2002). Glucosinolate research in the arabidopsis era. Trends Plant Sci. 7 (6), 263–270. doi: 10.1016/s1360-1385(02)02273-2

 Wu, T. (2006). Cyclooxygenase-2 in hepatocellular carcinoma. Cancer Treat Rev. 32 (1), 28–44. doi: 10.1016/j.ctrv.2005.10.004

 Yahfoufi, N., Alsadi, N., Jambi, M., and Matar, C. (2018). The immunomodulatory and anti-inflammatory role of polyphenols. Nutrients 10 (11), 1618. doi: 10.3390/nu10111618

 Zeng, J., Zuo, T., Liu, Y., Tao, H., Mo, Y., Li, C., et al. (2022). Phylogenetic analysis of PP2C proteins and interactive proteins analyze of BjuPP2C52 in brassica juncea. Plant Physiol. Biochem. 179, 25–31. doi: 10.1016/j.plaphy.2022.03.013

 Zhang, Z., Qu, J., Zheng, C., Zhang, P., Zhou, W., Cui, W., et al. (2018). Nrf2 antioxidant pathway suppresses numb-mediated epithelial-mesenchymal transition during pulmonary fibrosis. Cell Death Dis. 9 (2), 83. doi: 10.1038/s41419-017-0198-x

 Zhang, Y., Talalay, P., Cho, C. G., and Posner, G. H. (1992). A major inducer of anticarcinogenic protective enzymes from broccoli: isolation and elucidation of structure. Proc. Natl. Acad. Sci. U. S. A. 89 (6), 2399–2403. doi: 10.1073/pnas.89.6.2399




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Yan, Zhou, Shahzad, Zhang, Yu, Wang, Yang, Wang and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-14-1138700-g003.jpg
Apaf 1

caspase 9 m—
cytochromecthat c
Smac/ DIABLO
- - a normal cells

cancer cell

I
I
I
Bax !
I
|
I
I

cancer cells(small tumor)

y-glutamyltranspeptidase —5  (sFncyscly
+ - cysteinylglycinase

N-acetyltransferase SEN-N





OEBPS/Images/fpls-14-1138700-g002.jpg
A

Food supply stage

80
Whole supply chain— T
Transport—| &
Storage -} 60
Retail -| S "
: 4 .
Processing | I £
5
Post-harvest | - § 40 .
Market —{ | B . .
Households -] m 8 e
Harvest | I 20 ° o
Gmdmg_}ﬁ . 1 8 o ] . ! ] .
Farm {17 o . & H H
T T T 1 T U T T 1
0 20 40 60 80 2010 2012 2014 2016 2018 2020
Year

Loss percentage / %

Fam
Grading
Harvest
Households
Market
Post-harvest
Processing
Retail

Storage
Transport
Whole supply chair





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Research progress on the utilization technology of broccoli stalk, leaf resources, and the mechanism of action of its bioactive substances

      

        		

          1 Introduction

        



        		

          2 Distribution of broccoli resources and utilization of stalks and leaves

        

          		

            2.1 Distribution of germplasm resources of broccoli

          



          		

            2.2 Utilization of broccoli stalks and leaves

          

            		

              2.2.1 Broccoli stalk and leaf production

            



            		

              2.2.2 Broccoli stalk and leaf utilization pathway

            

              		

                2.2.2.1 Preparation of silage

              



              		

                2.2.2.2 Preparation of leaf protein powder

              



              		

                2.2.2.3 Extraction of bioactive substances

              



            



            



          



          



        



        



        		

          3 Main bioactive substances in broccoli stalks and leaves

        

          		

            3.1 Sulforaphane

          



          		

            3.2 Polyphenols

          



        



        



        		

          4 The main bioactive substances of broccoli stalks and leaves with their mechanism of action

        

          		

            4.1 Sulforaphane

          

            		

              4.1.1 Anti-cancer

            



            		

              4.1.2 Antioxidant and antibacterial

            



          



          



          		

            4.2 Kaempferol

          

            		

              4.2.1 Antioxidant

            



            		

              4.2.2 Anti-inflammatory

            



          



          



        



        



        		

          5 New technology for broccoli utilization

        

          		

            5.1 Broccoli aptamer as a fluorescent RNA aptamer

          



          		

            5.2 Fermentation of broccoli supernatant by Bifidobacterium longum and Lactobacillus inhibited Candida albicans

          



          		

            5.3 Establishment of novel epigallocatechin gallate (EGCG) carriers

          



        



        



        		

          6 Conclusion

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Compoun Formula Relative abundance
Allyl isothiocyanate C4H5NS 99 139

‘ Isobutyl isothiocyanate CsHgNS 115 0.32
1-butenyl isothiocyanate CsH;NS 113 1217
4-(Methylthio)butanenitrile CsHyNS 115 1.59
5-(methylthio)-valeronitrile CeHyINS 129 5.05

!
3-(Methylthio)propyl isothiocyanate CsH,NS, 147 0.72

|
Butyl isothiocyanate CsHgNS 115 4.15

‘ Sulforaphane nitrile CeH,;NOS 145 0.22

‘ Sulforaphane ‘ CeH,;NOS, 74.42

177






OEBPS/Images/fpls-14-1138700-g001.jpg
Broccoli production /t

1.5x10"

1.0x107
5.0x108
1%106
0
2 0 >
.(\ 6\ ’\CJ
& S
o N ?S(\Q’ )
96\
Q
‘.533‘
\\\Qb

X Qo @
S &S K
N Q\’b <« v\q’
g
Q)'b





OEBPS/Images/fpls.2023.1138700_cover.jpg
& frontiers | Frontiers in Plant science

Research progress on the utilization
technology of broccoli stalk, leaf resources,
and the mechanism of action of its bioactive

substances





OEBPS/Images/fpls-14-1138700-g004.jpg
00)
———

|

@D

/

Kea :

JNK+P38

!b —> theaccumulation of H202 and toxicity





OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/table1.jpg
Glucoraphanin, pmol/g DW
Polyphenols, mg/g DW
Dietary fibres, %

Protein, g/100g DW

Ash, g/100g DW

Total lipid, g/100g DW

Total carbohydrates, g/100g DW

Stalks
1.503

9.78-11.74

876
9.24
6.58
7542

Leaves
0.682
99.377-135.64
26-32%

12.13
14.67
6.72

66.48

Reference

(Li et al,, 2021)
(Dominguez-Perles et al., 2010)
(Berndtsson et al., 2020)

(Campas-Baypoli et al., 2009)
(Campas-Baypoli et al., 2009)
(Campas-Baypoli et al., 2009)
(Campas-Baypoli et al., 2009)





