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Abstract

:

Inflammatory bowel disease (IBD) is a group of intestinal disorders, of unknown etiology, characterized by chronic inflammation within the gut. They are gradually becoming critical because of the increasing incidence worldwide and improved diagnosis. Due to the important side effects observed during conventional therapy, natural bioactive components are now under intense investigation for the prevention and treatment of chronic illnesses. The Brassicaceae family comprises vegetables widely consumed all over the world. In recent decades, a growing body of literature has reported that extracts from the Brassicaceae family and their purified constituents have anti-inflammatory properties, which has generated interest from both the scientific community and clinicians. In this review, data from the literature are scrutinized and concisely presented demonstrating that Brassicaceae may have anti-IBD potential. The excellent biological activities of Brassicacea are widely attributable to their ability to regulate the levels of inflammatory and oxidant mediators, as well as their capacity for immunomodulatory regulation, maintenance of intestinal barrier integrity and intestinal flora balance. Possible future applications of bioactive-derived compounds from Brassicaceae for promoting intestinal health should be investigated.
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1. Introduction


Inflammatory bowel disease (IBD) includes a set of intestinal disorders mainly rep-resented by Ulcerative colitis (UC) and Crohn’s disease (CD), induced by chronic inflammation within the gastrointestinal tract [1,2,3].



UC and CD differ for symptomatology, treatment and part of the gut affected. UC is characterized by a superficial inflammation with erosin ulcerations involving mainly colonic tract until-rectum. UC presents bloody diarrhea with mucinous stool [4]. In contrast, in CD any part of gut can be affected with a transmural and discontinued inflammation, fibrosis fistula and strictures leading abdominal pain and obstruction or diarrhea [5]. So far, the etiology of both CD and UC is unknown, although pivotal roles seem to be played by factors such as genetic susceptibility, environment, intestinal microbiota, and, mainly, a worsening and inappropriate mucosal immune response against luminal antigens leading to the development of intestinal inflammation [3,6,7]. An active cross talk between immune and nonimmune cells is responsible for tissue damage and T cells play a central role increasing the amount of pro-inflammatory cytokines, influencing the disease progression, [8]. IBD-related mucosal inflammation starts to develop in predisposed individuals, as a result of an inflated mucosal immune response directed against luminal antigens. In detail, inflammation is enhanced at intestinal level by nuclear factor-κB (NF-κB) activation, production of pro-inflammatory mediators, as cytokines (tumor necrosis factor alpha (TNF-α), interleukin (IL) 6 (IL-6) and interleukin 1 beta (IL-1β) and inflammatory mediators, as myeloperoxidase (MPO), cycloxygenase-2 (COX-2) and inducible nitric oxide synthase (iNOS), together with a concomitant reduction in antioxidant levels [9,10,11].



IBD incidence and prevalence are high worldwide; so far, most studies are related to North America and Europe where prevalence exceeds 0.3% [12], although in the last few years the body of work is gradually increasing in Asia and Latin America in parallel with the continuous progress of global industrialization, urbanization and improved diagnosis [12]. According to these statistics, IBD has become a concerning public health issue and a common cause of gastrointestinal morbidity [13,14]. Moreover, although rarely fatal, IBD symptomatology (pain, vomiting, diarrhea) greatly diminish the quality of life and increasing evidence indicates that IBD can increase the risk of serious complications [15].



Current medical IBD therapies, as corticosteroids, aminosalicylates, immunomodulators and biological agents, aim to modulate the inflammatory response. However, the treatment effect for many patients is not obvious, not providing complete and life-long relief, and having various side effects [16,17,18]. Therefore, it is mandatory to research new therapies with minimal side effects. Increasing evidence suggests the use of complementary, alternative therapies, may have efficacy in treating IBD, and research is moving on the identification of dietary compounds with anti-inflammatory actions. Moreover, the use of drugs of natural origin is growing due to the low cost and to the lack or reduced side effects compared to the conventional drugs [19,20]. Several recent reports document the use of natural phytochemicals, with anti-inflammatory and antioxidant activity, as flavonoids and phenolic compounds, derived from Plant/macrofungi/microalgae, which via modulation of several inflammatory mediators interfere with the biochemical and molecular inflammatory pathways associated to IBD [21,22,23,24,25].



Brassicaceae, often called Cruciferae or mustard family, are a monophyletic group of about 338 genera and some 3709 species distributed all over the world except Antarctica [26]. A wild ancestor was originally found growing along the Mediterranean; nowadays, a wide range of crops and multiple domestications of these plants have occurred in North America, Mediterranean Europe and Asia [27]. In the human diet, Brassicaceae are consumed as fresh and preserved vegetables, vegetable oils and condiments [28,29]. In addition to their culinary use, Brassicaceae have been extensively used in traditional medicine from ancient times, for instance for the relieve of gastrointestinal disorder symptoms [30]. Therefore, Brassicaceae vegetables are recognized as functional food and dietary supplements; extracts containing Brassicaceae or single compounds isolated from these vegetables are already available [31]. Most of the members of the Brassicaceae family give relevant beneficial effects for human health [32]. Consumption of cauliflower, Brussels sprout, Brassica oleracea (kale), green mustard, cabbage, and broccoli are associated to a decreased risk of several types of cancer of the incidence of cardiovascular disease [32,33]; also Brassica rapa L. is used to treat a variety of diseases, such as hepatitis, jaundice, throats and in the prevention of obesity [34,35].



The positive effects of Brassicaceae seem to be related to the high contents of biologically active compounds, such as flavonoids (flavonols and anthocyanins, isorhamnetin, kaempferol and quercetin glycosides) [36], phenylpropanoid derivatives [37], hydroxycinnamic acids [32,38], indole alkaloids [39] and sterol glucosides [39]. Moreover, a group of sulphur and nitrogen-containing compounds called “glucosinolates”, present in all cruciferous vegetables, contributes to the plant’s overall defense mechanism, although the chemistries and relative proportions vary from crop to crop [40,41]. Glucosinolates, in addition to being responsible for most of the Brassicaceae beneficial health effects, can also exert toxicological actions depending upon the hydrolysis products with various biological activity. The hydrolysis products as goitrin, thiocyanate ion and several nitriles exert toxic effects [42,43]. Whilst the products hydrolyzed by the enzyme myrosinase, as several isothiocyanates (ITCs), are considered to be responsible of most of the Brassicaceae beneficial health effects [44,45,46] as well as the products of hydrolysis of aliphatic glucosinolates as glucobrassicin (precursor of indole-3-carbinol (I3C), that usually dimerizes into the condensation product 3,3-diindolylme-thane (DIM)) and the glucosinolate glucoraphanin, which is hydrolyzed in sulforaphane (SFN) [47,48]. The beneficial or toxic effects of glucosinates and derivates are dose-dependent and the physiological range remains to be defined. The quality and quantity of glucosinolates as well as of other phytochemicals biosynthesized by Brassicaceae are affected by genetic characteristics and several physical and chemical environmental factors (as harvest time, osmotic and hydric stress, nutrition, photoperiod, relative humidity, seasonality, soil-properties such salinity, pH, chemical composition, toxins, and the temperature) [49,50,51,52]. For instance, Brassicaceae, especially the genus Brassica, spontaneously growing in Sicily, home of biodiversity, counts more than ten endemic species; a first characterization of antioxidants and unsaturated fatty acid contents in seeds [53] suggested an high nutritional value and support the idea of further studies analyzing the correlation between the amount of beneficial compounds and the environmental factors of the point of growth. So far, in our laboratory extracts from flowers, fruits and leaves from each endemic Sicilian species were obtained and preliminary data indicate no in vitro toxicity on Caco-2 cells. In addition, cruciferous vegetables have nutritional value due to their high protein content, low fat, vitamins, fibers and minerals, as well as to their low caloric count. Due to the high level of vitamins, Brassicaceae crops have the potential to prevent and remedy malignant and degenerative diseases and, due to the presence of folate, have the potential to reduce the risk of vascular diseases, cancer and neural tube defects [32]. In this view, the present review aims to summarize and discuss the current knowledge regarding the potential anti-inflammatory activity of Brassicaceae-derived natural compounds and their possible role in the prevention and treatment of IBD. These data could encourage new research on possible application of Brassicaceae derived compounds as an integrative natural product with a potential use in the prophylaxis, management, and treatment of IBD. The present review has been carried out by consulting PubMed, Scopus, Science Direct, and Web of Science databases retrieving the most updated articles about this topic prioritizing articles published from 1997 to 2022. We searched a different combination of keywords including: cruciferous vegetables, Brassica, Brassicaceae broccoli, cabbage, Brussels sprouts, bok choy, glucosinolate, sulforaphane AND/OR inflammatory bowel disease, IBD, inflammation.. Reference lists of articles were also reviewed for additional relevant studies. Articles with the following features were included: (1) original research articles investigating the Brassicaceae effects on inflammation; (2) studies conducted using cell cultures, IBD animal models and 3) full papers only. Articles with the following characteristics were rejected: (1) conference abstracts, letters or commentary, editorial and opinion articles lacking original data; (2) articles written in a language other than English. All articles were carefully analyzed by the authors to assess their weaknesses strengths and the more useful articles were selected for the review purpose. The inclusion of an article was based on consensus by both authors. In total, 116 articles meeting the criteria were included in this review.




2. Brassicaceae and Inflammation: Evidence of Anti-Inflammatory and Antioxidant Effects In Vitro


Inflammation, as above reported, leads to the upregulation of a series of enzyme and signaling protein or genes in affected cells and tissues. It is a complex process, regulated by cytokines, such TNF-α, IL-6 and IL-1β networks, and by the inductions of many pro-inflammatory genes, such as iNOS, COX-2 and reactive oxygen species (ROS). When the response is not able to resolve the acute inflammatory process it could evolve into a chronic inflammation, which is characterized by excessive levels of pro-inflammatory mediators, that could mediate tissue injury and lead to malignant cell transformation, as in cancer [54]. In this section, in vitro evidence about anti-inflammatory and antioxidant proprieties of Brassicaceae extracts and bioactive molecules will be presented (Table 1).



2.1. Inflammatory Mediators


The inhibition of pro-inflammatory mediator production is thought to be an important target in regulating inflammation [9]. Altogether, results from the various experiments indicate that Brassicaceae can inhibit production of pro-inflammatory cytokines (e.g., IL-1β, IL-6, TNF-α) and increase the levels of anti-inflammatory cytokines (e.g., IL-10). However, the effects of Brassicaceae can be influenced by various aspects such as the specific stimulus, cell type, and experimental model used.



2.1.1. Effects of Brassicaceae Extracts


Brassicaceae extracts can act as potential natural anti-inflammatory agents. Indeed, it has been observed that the fresh plant extract Iberis amara (or STW 6) is the main component of the Western herbal medicine Iberogast® (or STW 5) mainly used in IBD treatment. Michael’ group [55] demonstrated the ability to reduce the inflammatory response of the fixed herbal combination product STW 5 and of its main component STW 6 in isolated intestinal preparations from 2,4,6-trinitrobenzenesulfonic acid (TNBS)-rat model of inflammation. Both compounds were able to counteract morphological and contractile damages of the intestinal muscle layer. Such effects have been suggested to be ascribed to the inhibition of the release of the pro-inflammatory mediator, TNF-α, by STW 5 and to the activation of the IL-10 pathway, independently from TNF-α pathway, by STW 6. Interestingly, the main component STW 6 was more effective than the whole product, indicating that Brassicaceae may have therapeutic value as anti-inflammatory drugs [55]. Additionally, radish sprout ethanolic extract has been reported to have an inhibitory effect of on the production of inflammatory mediators (TNF-α, IL-1β, iNOS, COX-2, IL-6, and Monocyte Chemoattractant Protein-1 (MCP-1)) in macrophages with Lipopolysaccharides (LPS)-induced inflammation [56]. Similar anti-inflammatory activity in the RAW 264.7 cell line LPS-stimulated, consisting in reduced production of the pro-inflammatory cytokines TNF-α, IL-6 and IL-1β, as well as iNOS gene and protein expression, was determined for the ethyl acetate fraction of Brassica oleracea var. Italia characterized by high phenolic and SFN content [57]. In the same cell line, four extracts of Red, Savoy, Green and Chinese (Brassica oleracea L. var. capitata) cabbage varieties due to the high phenolic content were able to reduce NO production [58]. In human peripheral blood mononuclear cells (PBMC), methanolic/water extract from broccoli sprouts during germination, presenting a high content of sinapic acid derivatives, glucosinolates flavonoids and sinapoyl components (SADs) are able to exert anti-inflammatory and antioxidant effects [59].




2.1.2. Effects of Brassicaceae-Derived Phytochemicals


Growing observations in various cellular models suggest that also single biomolecules isolated from in Brassicaceae can exert anti-inflammatory effects reducing, at different levels, the production of pro-inflammatory cytokines. Indeed, recently, in an elegant study, Ruiz-Alcaraz et al. [60] demonstrated using the pure compounds of biomolecules present in Brassica that many of them (as glucosinolates, isothiocyanates, hydroxycinnamic acids, flavonols and anthocyanins) showed high anti-inflammatory activities reducing the production of the pro-inflammatory cytokines (TNF-α, IL-6 and IL-1β) in human macrophage-like cell model under low-degree inflammation [60]. This study highlights the potential utility of these compounds in the prevention or amelioration of chronic inflammatory diseases and encourage studies to identify selected member of Brassicaceae family able to provide the right quota of bioactive compounds to be included in dietary intervention.



Studies demonstrated that pigments from red cabbage (Brassica oleracea L. var.) juice with high contents of compound as immune-malvidin glycosides, including malvidin 3-glucoside (oenin), malvidin 5-glucoside and malvidin 3,5-diglucoside, exert anti-inflammatory effects on LPS-stimulated murine splenocyte cultures, modulating the levels of cytokines, with an increase in the anti-inflammatory, as IL-10 and decrease of the pro-inflammatory as IL-6 [61]. Down-regulation of inflammatory mediators, as TNF-α, IL-6 and IL-1β and/or increase in anti-inflammatory mediators, as IL-10, have been demonstrated also for other components isolated from Brassicaceae, as for Arvelexin isolated from Brassica rapa, in RAW 297.4 cells [62].





2.2. Inflammatory Pathways


The nuclear transcription factor, NF-κB, is a major regulatory component of the inflammatory response. The expression of iNOS and the COX-2 genes depends upon the binding of NF-κB to the promoter regions [63]. NF-κB plays a role also in the expression of various pro-inflammatory genes, as cytokines, chemokines, and adhesion molecules. In unstimulated cells, NF-κB dimers are the inactive form in the cytosol due to the interaction with inhibitor of kappa B (IκB) proteins. Upon selective stimulation by a wide variety of proinflammatory stimuli, IκB proteins are phosphorylated by the IκB kinase (IKK) complex leading to nuclear translocation of NF-κB, which, in turn, promotes the target gene transcription [64]. Therefore, NF-κB is an attractive target to manage inflammation-related diseases.



2.2.1. Effects of Brassicaceae Extracts


Water extract of Bok Choy (Brassica campestris var. chinensis) Sprouts, a representative Brassicaceae crop and consumed worldwide, is able to exert immunomodulatory effects through Toll-like receptor (TLR2)-dependent activation of c-Jun N-terminal kinase (JNK), NF-κB and Protein kinase B (PKB, or Akt) signalling in RAW 264.7 [65]. In addition, Brassica napus L. hydrosols, targeting NF-κB pathway, exerts anti-inflammatory effects decreasing the generation of NO and prostaglandin (PG) E in LPS-stimulated RAW 264.7 cells [66].



Moreover, the water and methanolic extracts from Brassica oleracea L. convar. acephala var. sabellica, containing mainly flavonols, as quercetin and kaempferol hydroxycinnamates (chlorogenic, caffeic, ferulic and p-coumaric acid) had an influence on the adhesion of neutrophils, in TNF-α-stimulated endothelial cells and the expression of various cell adhesion molecules [67].




2.2.2. Effects of Brassicaceae-Derived Phytochemicals


A variety of Brassicaceae-derived phytochemicals seem to act as NF-κB inhibitors leading to down-regulation of inflammatory mediators. For instance, phytochemicals contained in watercress as SFN, phenethyl-isothiocyanate (PEITC), 8-methylsulphinyloctyl isothiocyanate (MSO) and indole-3-carbinol (I3C) can downregulate activation of NF-κB induced by LPS and suppress COX-2, iNOS, and prostaglandins expression in cultured mouse macrophages [68,69]. As above reported, Arvelexin from Brassica rapa exerts anti-inflammatory effects in LPS stimulated RAW264.7 preventing NF-κB activation and down-regulating TNF-a, IL-6 and IL-1β, iNOS and COX-2, gene expression [62].





2.3. Antioxidant Effects


In addition to anti-inflammatory potential, Brassicaceae can also present antioxidant potential. Numerous in vitro assays, such as: 2,2-Diphenyl-1-Picrylhydrazyl (DPPH) radical scavenging capacity assay [36,59,70,71,72,73,74,75,76,77,78]; 2-20-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid) diammonium salt (ABTS)-radical scavenging capacity assay; Ferric-reducing antioxidant power assay (FRAP) [58,79,80,81] or oxygen radical absorbance capacity (ORAC) assay [82,83] demonstrated that extracts from various components of the Brassicaceae family, as broccoli, cabbages and cauliflowers have also high antioxidant power. In cellular models, Brassicaceae has been reported to inhibit iNOS expression and function, and thereby NO production [62]. The oxidized metabolite of nitrogen is a well-known toxic agent playing a crucial role in the promotion of several chronic diseases as inflammatory bowel disease, septic and hemorrhagic shock and certain autoimmune disorders. Different extracts act also as ROS scavenger, inhibitors of ROS production, and activators of antioxidant enzymes.



The above mentioned study of Shin’s group also highlighted the ability of Arvelexin from Brassica rapa in the inhibition of iNOS and COX2 gene expression in RAW 264.7 cells [62]. A protective effect against protein oxidation by broccoli flower Butanol fraction was related to the ability to scavenge NO as well to the inhibition of lipid peroxidation, and correlated to the high phenol content and to active components, especially glycosides and hydroxycinnamic acid, either in vitro or in vivo model of diabetes [84]. Lastly, carotenoids and polyphenols from plums and cabbages Brassica oleracea var. sabellica, have shown to reduce inflammation in cellular models of the intestinal epithelium, modulating different important antioxidant enzymes, e.g., catalase, glutathione transferase, and superoxide dismutase (SOD) [85]. Once more, these observations indicate the need to further investigate Brassicaceae as a promising source of phytochemicals for new alternative and complementary therapeutic approaches regarding inflammatory diseases.
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Table 1. In vitro effects of Brassicaceae on different cellular models.
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Brassicaceae

	
Type of Extract

	
Dose

	
Cell Model

	
Reported Activity

	
Reference






	
BRASSICACEAE EXTRACTS

	

	




	
Iberis amara

	
Fresh plant extract

dissolved in water or in 31% V/V ethanol solution

	
STW5 128 μg/mL

STW6 6 μg/mL

	
LPS-stimulated

monocytes

	
↑ IL-10

↓TNF-α

	
[55]




	
Radish sprout

	
Ethanol

extract

	

	
LPS-stimulated

RAW-264.7

	
↓ TNF-α, IL-1β, IL-6,

MCP-1 iNOS, COX-2

	
[56]




	
Broccoli (Brassica oleracea var. italia) florets

	
Methanol

extract

	
25–50–100 μg/mL

	
LPS-stimulated

RAW-264.7

	
↓ NO, iNOS, TNF-α, IL-1β, IL-6

↓ IκB-α degradation and NF-κB

	
[57]




	
Brassica oleracea L. var. capitata

	
Methanol

extract

	
25–50–100 μg/mL

	
LPS-stimulated

RAW-264.7

	
↓ NO production

	
[58]




	
Brassica oleracea L. convar. Botrytis var. cymosa 6-day-sprouts

	
Methanol/water

extract

	
75–100 μg/mL

	
Human

PBMC

	
↓ TNF-α, IL-6 and IL-1β

↑ IL-10

↓ NO, iNOS, COX-2, PGE2

	
[59]




	
Bok Choy

(Brassica

campestris var. chinensis) Sprouts

	
Water

extract

	
50–100 μg/mL

	
LPS-stimulated

RAW-264.7

	
↓ NO, iNOS, IL-1β,

IL-6 and TNF-α

↓ MAPK activation

	
[65]




	
Brassica napus L.

	
hydrosols

	
1–2.5–5 %

	
LPS-stimulated

RAW-264.7

	
↓ NO, iNOS, COX-2, PGE2, NF-κB

	
[66]




	
Brassica oleracea L. Convar. acephala Var. sabellica

	
Methanolic

extracts

	

	
TNF-α-

stimulated

HUVEC

	
↓ E-selectin, VCAM-1 and ICAM-1

	
[67]




	
BRASSICACAE-DERIVED PHYTOCHEMICALS

	




	
Brassica

	
Glucosinates and flavonoids

	
25–50 μM

	
human macrophage-like

	
↓ TNF-α, IL-1β, IL-6

	
[60]




	
Brassica oleracea. var. capitate

	
Pigments

from juice

	
20–100–500 μg/mL

	
LPS-stimulated murine

splenocyte

	
↑ IL-10

↓ IL-6

	
[61]




	
Brassica rapa

	
Arvelexin

	
25–50–100 μM

	
LPS-stimulated

RAW-264.7

	
↓ NF-κB activation

↓ TNF-α, IL-6 and IL-1β

↑ IL-10

↓ NO, iNOS, COX-2, PGE2

	
[62]




	
Watercress

Nasturtium

officinalis

	
PEITC and

MSO

	
1–5–10 μM

	
LPS-stimulated

RAW-264.7

	
↓ Metalloproteinase-9 activity and

invasiveness

	
[68]




	
Brassica

	
SFN

	
25–50–100 μM

	
LPS-stimulated

RAW-264.7

	
↓ NO, iNOS, TNF-α, COX-2, PGE2

	
[69]




	
Plum cabbage

(Kale, Brassica oleracea var. sabellica)

	
Carotenoids and

polyphenols

	
Digesta (500 mg of dried matrix and 3 g cream) diluted 1:8 with medium

	
LPS-stimulated Caco-2

LPS-stimulated Caco-2/HT-29-MTX, and

THP-1

	
↓ Catalase, glutathione transferase, and SOD

	
[85]








Abbreviations: COX-2: cyclooxygenase-2. HVCEC: cultured human vena cava. ICAM-1: intercellular adhesion molecule-1. IL: interleukin. iNOS: inducible nitric oxide synthase. ITCs: isothiocyanates. LPS: bacterial lipopolysaccharide. MCP-1: Monocyte Chemoattractant Protein-1. MSO: 8-methylsulphinyloctyl isothiocyanates. NF-Κb: nuclear factor-κB. NO: nitric oxide. PBMC: peripheral blood mononuclear cells. PEITC: Beta-phenylethyl isothiocyanate. PGE-2: prostaglandin E2. SFN: sulforaphane. SOD: superoxide dismutase. TNF-α: tumor necrosis factor alpha. VCAM-1 vascular cell adhesion molecule-1. ↓ decrease. ↑ increase.













3. Brassicaceae and Inflammation: Evidence of Anti-Inflammatory and Antioxidant Effects In Vivo Focusing on IBD


During the past decade, in various animal models the effects of Brassicaceae extracts and components have been tested, highlighting anti-inflammatory, anti-oxidant, anti-septic and anti-carcinogenic effects. Due to the multifactorial feature of IBD, different animal models have been established to investigate potential beneficial effects of various therapeutic strategies and the underlying mechanisms [86,87,88].



This section will summarize the results from in vivo studies regarding Brassicaceae regulation of inflammatory processes, focusing the attention on IBD models (Table 2).



3.1. Effects of Brassicaceae Extracts


Oral administration of Brassica oleracea var. capitata rubra extract, rich in anthocyanins, attenuates experimental colitis in acute and chronic mouse models of IBD, inducing both curative and prophylactic effects. A significant decrease in expression of IL-1β and TNF-α was observed, as well as a reduction in MPO level and an improvement of macroscopic and microscopic score of inflammations [89]. Interestingly, the anti-inflammatory effect of extract was independent of the antioxidant effects attributed to its components. Whether or not there was an impact on gut microbioma was not solved. In addition, Brassicaceae Raphanus sativus L. (RSL) seed water extract, has been demonstrated to exhibit anti-oxidant, anti-inflammatory, and anti-septic actions in experimental TNBS- or dextran sodium sulfate (DSS)- induced colitis in rats. Oral administration of RSL seed water extract suppressed intestinal inflammatory damages in both animal models, decreasing the MPO activity and the secretion of TNF-α and IL-1β, inhibiting also malondialdehyde production and glutathione reduction in the colon of colitis rats. A reduction in monocyte chemotactic protein-1, iNOS, and intercellular adhesion molecule-1 was observed too. The beneficial actions of such an extract seems to be related to the modulation of NF-κB-mediated pathways [90].



Subsequently, nanoparticles isolated from broccoli extracts (BDNs) have been demonstrated to play a role in prevention of experimental colitis in mouse, [91]. Oral administration of BDNs protect mice with DSS-induced colitis, preventing DSS-induced weight loss, reducing inflammatory infiltrate in the mucosa, affecting colonic goblet cells, and significantly improving colonic shortening. Moreover, BDN treatment induced activation of adenosine monophosphate-activated protein kinase (AMPK) and reduced the mRNA levels of TNF-α, IL-17A, and Interferon gamma (IFN-γ) and increased the expression of IL-10. Beneficial effects of BDNs were also observed in a model of colitis induced by the adoptive transfer of naive T cells into Rag1-deficient mice. BDN oral treatment decreased the main inflammatory marker levels and significantly reduced number of CD4+ T cells in mesenteric lymph nodes. BDNs effects were due to activation of the enzyme adenosine monophosphate activated protein kinase which is involved in the immune homeostasis process in dendritic cells [91].



Ethanol extract of the Brassicaceae Wasabia Japonica prevented the development of colitis in DSS mouse model through inhibition of the NF-kB signaling pathway and recovery of epithelial tight junctions [92].



The Brassicaceae plant Camelina sativa, native mainly in European countries, has been investigated due to its high content of n-3 fatty acids, flavonoids and glucosinolates [93]. Recently, it has been shown that acute administration of Camelina sativa defatted seed meal in 2,4-dinitrobenzenesulfonic acid (DNBS)-treated rats counteracted the persistence of visceral hyperalgesia by reducing the intestinal inflammatory damage and preventing enteric neuron damage via activation of peroxisome proliferator-activated receptor alpha (PPAR-α) receptors [94]. Once more, investigation of the effects exerted by single active constituents of Camelina sativa is worthwhile.



The same research group demonstrated that the water extract of Brassicaceae plant Eruca sativa Mill, displays visceral anti-nociceptive effect in a DNBS- rat model. This effect, attributable to the high glucosinolate content, was suggested to be due to the release of hydrogen sulphide (H2S) and the positive modulation of Kv7 potassium channel activity [95]. The Brassicaceae Maca (Lepidium meyenii) is the only source of Macamides, a class of bioactive amide alkaloids. Crude extract of Maca has been reported to possess various biological activities, such as antioxidative activity and immune regulation [96,97,98]. Zha et al. [98] identified in maca extract a minor macamide, N-benzyl docosahexaenamide (NB-DHA), with the highest degree of unsaturation among the other macamides and showed that it has protective effects on the DSS-induced in mice, counteracting the weight loss, shortening of colon length, and reducing occult blood occurrence. Moreover, NB-DHA decreased the infiltration of inflammatory cells and levels of pro-inflammatory factors, such as TNF-α, IL-1β, IL-6, and MPO, whereas it increased the level of the anti-inflammatory factor IL-10. Furthermore, NB-DHA showed protective effects on the intestinal epithelial barrier reverting the DSS- induced decreased expression of intestinal tight junction proteins. Authors concluded that NB-DHA may be considered as a promising candidate for the treatment of UC. Targeting NF-κB pathway, via inhibition of the phosphorylation of IκB with a concomitant inhibition of pro-inflammatory cytokine production, has been reported for the anti-inflammatory effects induce by radish sprout ethanolic extract improving macroscopic and microscopic score of colitis in DSS-induced colitis model [56]. Interestingly, radish sprout restored gut microbiota in DSS animals. Authors identified three main hydroxycinnamic acids in radish sprout, showing that at least 1,2-O-disinapoyl glucoside was associated to nitric oxide inhibition and the anti-inflammatory properties [56]. However, further studies are required to link each hydroxycinnamic acid to the production of inflammatory cytokines in either cells or animals. An early study from Lima et al. [99] showed that the vegetable Kale (Brassica oleracea), containing minerals, carotenoids, and vitamins (B and C) has a moderate effect on TNBS-induced colitis in rats. The research emphasized that a mixture of phytochemicals in fruits and vegetables through overlapping or complementary effects is more effective that a single phytochemical. In fact, Lima and his group compared the effects of papaya (rich in carotenoids) or Kale (Brassica oleracea) administered separately or in combination (40% of papaya and 60% of kale) in colitis rats. Only the mixture was able to modulate bacterial flora both in healthy rats and in TNBS-induced rat model of colitis. The mixture was also able to reduce the colonic damage score, iNOS expression as well as production of the TNFα and IL-1β and MPO activity, highlighting a synergism of papaya and kale association. Broccoli-supplemented diet have been reported to be effective in mdr1a−/− mice (IBD mouse model) reducing colon inflammation and improving the intestine functionality, through modification of caecal microbiota composition and metabolism, and the colon morphology [100]. Moreover, Lepidium virginicum L., a plant widely used in traditional Mexican medicine as a remedy to treat gastrointestinal disorders, has been shown to significantly reduce colon inflammation, attenuating the clinical manifestations of colitis, immune cell infiltration, MPO activity, and some pro-inflammatory gene expression in DNBS-animal model of IBD [101]. The anti-inflammatory effects could be attributed to the phenolic acid and flavonoid content.




3.2. Effects of Brassicaceae-Derived Phytochemicals


The beneficial effects of Brassicaceae-derived phytochemicals have also been demonstrated. Many studies suggest that SFN is one of key anti-inflammatory components exerting many beneficial health properties [102,103,104,105]. SFN present in nanoparticles isolated from broccoli extracts (BDNs) seems to have a major contribution in the protection of mouse colitis by reducing the expression of inflammatory mediators and increasing the expression of nuclear factor (erythroid-derived 2)-like2 (Nrf2) dependent genes [106].



Since heating inactivated the enzyme myrosinase involved in the formation of the bioactive compound SFN, Wang et al. analyzed the effect of cooking on anti-inflammation properties of edible Brassicaceae [107]. The authors demonstrated that although lightly-cooked broccoli contain a reduced myrosinase activity, they were still as effective as raw broccoli in reducing some injuries induced by DSS in mice, as the disease activity index (DAI), colon length, gut barrier permeability and colon lesion. Therefore, other broccoli compounds by themselves or in synergy with SFN may play a role in mitigating the colitis. Moreover, the anti-inflammatory effect induced by broccoli seems to be related to the removal of the Nrf2 inhibition of the IL-6 trans-signaling pathway, blocking the transition from acute to chronic inflammation [107].



As already explored, ethanol extract of the Brassicaceae Wasabia Japonica prevented the development of colitis in DSS mouse [92]. A further study demonstrated that Wasabia japonica anticolitic effects seems to be related to high content of allyl isothiocyanate (AITC), regulating tight junction proteins and mucin 2 (MUC2) via activation of ERK signaling [108].



In 2021, Lohning et al. reported that in vivo intraperitoneal injection of 6-(methylsulfinyl) hexyl Isothiocyanate (6-MITC) in DSS-induced murine model of colitis has potential anti-inflammatory alleviating some parameters, as weight loss, fecal blood, colon weight/length and levels of IL-6 and iNOS. Additionally, 6-MITC alleviates inflammation once more via inhibition of NF-kB signaling by inhibition of glycogen synthase kinase 3 beta (GSK-3β) [109]. Interestingly, 6-MITC is also a component of Wasabia japonica, once more supporting the potential anti-inflammatory activity of the Brassicaceae.
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Table 2. In vivo effects of Brassicaceae on animal model of IBD.






Table 2. In vivo effects of Brassicaceae on animal model of IBD.





	
Brassicaceae

	
Type of Extract

	
Dose

	
Animal Model

	
Reported Activity

	
Reference






	
BRASSICACEAE EXTRACTS




	
Brassica oleracea var. capitata rubra

	
Ethanol

Extract

	
5 mg/kg

twice daily

oral administration

	
TNBS/

DSS-mice

	
↓ inflammatory scores

↓ MPO activity, lipid peroxidation,

↓ IL-1β and TNF-α

	
[89]




	
Raphanus sativus L. seeds

	
Water

Extract

	
100 mg/kg/d

oral administration

	
TNBS/

DSS-model

	
↓ MPO, TNF-α, IL-1β,

malondialdehyde production

monocyte chemotactic protein-1, iNOS and intercellular

adhesion molecule-1.

↓ NF-kB activities

	
[90]




	
Broccoli

	
BDNs

	
0.25 g/mouse/d

oral administration

	
DSS-mice

	
↓ TNF-a, IL-17A, and IFN-γ,

↓ CD4+ T

↑ IL-10, activation: AMPK

	
[91]




	
Wasabia Japonica roots

	
Ethanol

Extract

	
20–50–100 mg/kg/d

oral administration

	
DSS-mice

	
↓ NF-kB signaling pathway

recovery epithelial tight junctions

	
[92]




	
Camelina sativa

	
Defatted Seed Meal

	
1 g/kg/d

oral administration

	
DNBS-rat

	
Relieves visceral hypersensitivity

Prevents enteric neuron damage

Modulates PPAR-α receptors

	
[94]




	
Eruca sativa

	
Water

Extract

	
1 g/kg/d

oral administration

	
DNBS-rat

	
Visceral anti-nociceptive effect

Release of H2S

↑ Kv7 activity

	
[95]




	
Maca 

(Lepidium meyenii)

	
Crude

Extract

	
100 mg/kg/d

Oral gavage

	
DSS-mice

	
↓ Inflammatory scores

↓ MPO, TNF-α, IL-1β, IL-6.

↑ IL-10, intestinal tight junction

	
[98]




	
Kale

(Brassica oleracea)

	
Diet

	
500 mg/kg/d

(60%kale + 40% papaya)

oral administration

	
TNBS-rat

	
↓ iNOS, TNF-α, IL-1β and

MPO activity

Modulation of bacterial flora

	
[99]




	
Broccoli

	
Supplemented Diet

	
Diet + 10%

	
mdr1a−/− mice

	
Modulation of caecal microbiota composition

and metabolism,

↑ colon morphology

	
[100]




	
Raphanus sativus

	
Ethanol

Extract

	
40/70/100 mg/kg/d

oral administration

	
DSS-mice

	
↓ COX-2, TNF-α, IL-1β, IL-6, PGE2 and MPO.

↓ IκB phosphorylation

	
[56]




	
Lepidium

virginicum

	
Ethanol

Extract

	
3–30–100 mg/kg/d

Oral or

Intraperitoneal

injection

	
DNBS-rat

	
↓ inflammatory score, MPO activity, CXCL-1,

↓ TNF-α, and IL-1β

	
[101]




	
BRASSICACAE-DERIVED PHYTOCHEMICALS




	
Brassica-derived isothiocyanate sulforaphane

	
SFN

	
25 mg/kg/d

oral administration

	
DSS-mice

	
↓ inflammatory scores,

↑ Nrf2 dependent genes

	
[106]




	
Broccoli

	
SFN

	
supplemented diet

preparation, either raw or lightly cooked

	
DSS-mice

	
↓ inflammatory scores, DAI

↓ IL-6, V-CAM1

	
[107]




	
Wasabia japonica

	
AITC

	
10 mg/kg/d

oral administration

	
DSS-mice

	
↑ tight junction proteins, MUC-2

	
[108]




	
Wasabia japonica

	
6-MITC

	
10 mg/kg/d

Oral or intraperitoneal injection

	
DSS-mice

	
↓ IL-6, iNOS, NF-kB and

colon damage.

GSK-3b inhibition

	
[109]








Abbreviations: AITC Allyl Isothiocyanate. AMPK: adenosine monophosphate-activated protein kinase. BDN nanoparticles isolated from extracts. CXCL-1: chemokine (C-X-C motif) ligand 1. COX-2: cyclooxygenase-2. DAI disease activity index. DNBS: 2,4 -dinitrobenzenesulfonic acid. DSS: dextran sodium sulfate. GSK-3b: glycogen synthase kinase 3 beta. H2S hydrogen sulphide. IFN-γ: Interferon gamma. IL: interleukin. iNOS: inducible nitric oxide synthase. mdr1a−/−: mdr1a knockout mice. 6-MITC: 6- (methylsulfinyl) hexyl Isothiocyanate. MPO: myeloperoxidase. MUC-2: mucin 2. NF-Κb: nuclear factor-κB. Nrf 2: nuclear factor (erythroid-derived 2)-like2. PGE-2: prostaglandin E2. PPAR: peroxisome proliferator-activated receptor alpha. SFN: sulforaphane. TNBS: 2,4,6-trinitrobenzenesulfonic acid. TNF-α: tumor necrosis factor alpha. VCAM-1 vascular cell adhesion molecule-1. ↓ decrease. ↑ increase.













4. Conclusions and Future Directions


The use of complementary and alternative therapies (as herbal preparations and dietary supplementations) in the treatment of IBD is increasing in recent years, due the side effects of conventional treatments and following the belief that complementary approaches are safe and natural [110].



In this context, Brassicaceae, already demonstrated to reduce cancer risk, cardiovascular disorders and diabetes [111,112,113], could represent a good support in IBD treatment, being an excellent sources of bioactive metabolites with high health-promoting benefits. Indeed, based on the various in vivo and in vitro studies, Brassica vegetables and other cruciferous foods have relevance in planning dietary recommendations for the prevention or relief of the pathological conditions due to chronic inflammatory diseases.



Among the phytochemicals present in Brassicaceae vegetables, calcium, fibers, vitamins A, C and a high variety of sulfur-containing and phenolic compounds, (hydroxycinnamic acids, and glucosinolates) can reduce inflammation. As discussed above, the anti-inflammatory effects are mainly the consequence of the reduction in the secretion of inflammatory mediators via modulation of the pro-inflammatory transcription factor, NF-κB signalling. However, additional efforts must be made regarding the discovery of new brassicaceous phytochemicals and eventual positive synergistic effects among them. Additionally, it is important to consider that the content of bioactive compounds in Brassicaceae vegetables is variable, depending on many factors as genotype, environmental, growth conditions and production practices and influenced by cooking methods [49,50,51,52,107].



Further studies should be addressed to investigate the differences among individuals, in terms as intestinal absorption, metabolism, age, gender and lifestyles, which can affect the beneficial proprieties. Moreover, although some patients suffering from Crohn’s disease can tolerate different Brassicaceae vegetables [114,115], they are in generally avoided as they are believed to worsen their symptoms. Therefore, it is mandatory to assess the health effects of single/a mixture of bioactive compounds to create easily available plant-based functional foods, dietary supplements, and products with prophylactic and/or therapeutic potential for IBD. We are aware that the in vitro and in vivo evidence reported in this review could encourage the screening and isolation of bioactive metabolites from Brassicaceae vegetables, with support of the ongoing development of high-throughput, efficient and reliable analytical approaches. In conclusion, all the research summarized in this review support the possibility that Brassicaceae compounds may prevent or treat inflammatory chronic diseases and indicate that further research should be oriented to develop Brassicaceae extracts enriched in bioactive compounds to be used in new anti-inflammatory therapies.
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