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The present review aims to characterize the general characteristics, physicochemical properties,

and health-related studies of onion, garlic, and cruciferous vegetable consumption, as well as the

influence of food processing on their content of active substances. The review combines distinct

chapters where information relevant for nutraceutical and functional food engineers, medical doctors,

as well as consumers can be obtained. We believe that the review will stimulate further studies related

to the implementation of the most accurate sources of sulfur compounds from chosen plants which

could support the therapy of cancer patients. Moreover, the review aims to present cost-e ective

anti-tumor means that would include the implementation in the diet of sulfur-based compounds

in foods.
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The broad spectrum of the mechanism of action of immune-boosting natural compounds as well as the complex nature of

the food matrices make researching the health benefits of various food products a complicated task. Moreover, many

routes are involved in the action of most natural compounds that lead to the inhibition of chronic inflammation, which

results in a decrease in the ability to remove a pathogen asymptomatically and is connected to various pathological

events, such as cancer. A number of cancers have been associated with inflammatory processes. The current review

strives to answer the question of whether plant-derived sulfur compounds could be beneficial in cancer prevention and

therapy.

1. Introduction

Attempts to modulate the immune system started in the mid-1970s  with the introduction of bacterial toxins. The main

disadvantages of those therapies were connected to regulatory problems, the impurity of the exogenic modulatory

cocktail, or the occurrence of multiple side effects. However, the discoveries in the field of natural components of the food

that could display immunomodulatory properties led to the recognition of novel natural compounds that could preserve the

homeostasis of the human immune system. These natural therapies include natural plant-derived food compounds that

have been proved to be beneficial over synthetic or uncontrolled (such as neutralized pathogens) compounds . The

natural immune boosters present a really promising approach for immunomodulation and could be beneficial over

synthetic drugs due to their lower cost, decreased or even eliminated toxicity, and few adverse effects. The study of

natural immune boosters is relevant also because the imbalance in the immune system is involved in the pathogenesis

and progression of several serious diseases, such as infectious and autoimmune diseases, allergies, obesity, metabolic

syndrome, cardiovascular disorders, gastric ulcers, and cancer [. Nutraceuticals can exert indirect antitumor effects via

immune enhancement . In terms of cancer, an up to 40% decrease in cancer cases could be gained just via the

administration of proper food and nutrition . A connection between inflammation and cancer has been recognized since

the 17  century, and over 150 years ago we were provided with a scientific rationale by Robert Virchow . A number of

cancers have been associated with inflammatory processes. This now has some implications for their prevention and

treatment . Indeed, there is solid evidence that the increased risk of malignancy is associated with the chronic

inflammation caused by chemical and physical agents and different inflammatory reactions involving leucocytes and tumor

cells. The focus has been on cytokines and chemokines; their expression; their mechanisms of action; and, consequently,

their preventive and therapeutic targeting of inflammation . The basic interactions between different nutrients, including

those of plant origin; pro-inflammatory cytokines; and inflammation have been succinctly presented by Grimble . In

the context of the current review, the obvious question is whether plant-derived sulfur compounds can be beneficial for

cancer treatment as a supportive therapy. Numerous plant compounds (saponins, alkaloids, phenolics, triterpenes,

coumarins, polysaccharides, anthraquinones, etc.) exert antitumor properties, not only by a direct toxic effect on malignant

cells but also by influencing macrophage phenotypic differentiation and, possibly, cytokine secretion . Among them, the

sulfur compounds found in the alliaceous and cruciferous families were studied for their potential in cancer treatment.
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Cruciferous vegetables including broccoli (Brassica oleracea var. italica), cabbage (Brassica oleracea var. capitata),

cauliflower (Brassica oleracea var. botrytis), and other plants of the family brassicaceae are rich sources of bioactive

compounds, including vitamin C and E, dietary fiber, and the glycosides of the flavonoids quercetin and kaempferol.

However, the components that make cruciferous vegetables so beneficial to human health and set them apart from other

plants are the sulfur-containing glycosides (glucosinolates, GSLs). Dietary GSLs are considered as potential anticancer

agents . The bioactive substances found in cruciferous vegetables can inhibit inflammation by activating detoxification

enzymes, clearing free radicals, and inducing immune functions.

Onion (Allium cepa) and garlic (Allium sativa) are some of the oldest cultivated plants in the world and are rich in flavonols

and natural organosulfur compounds (OSCs). Their consumption was studied, as it was considered beneficial for heart

diseases, tumors (such as esophageal, gastric, colorectal, breast, lung, skin and prostate cancers), and immunological

processes, among others, especially due to the biological action of the sulfur-containing metabolic byproducts .

They act by the induction of phase II detoxification enzymes , take part in the scavenging of free radicals, and change

the morphology of the cells that abort cell-to-cell contact —effects that all together are known to contribute to cancer

inhibition. On the other hand, the side effects of the excessive consumption of these plants have been described. Since

the studies have been conducted mainly in animal models, the need for the full characterization of the proper dosages of

OSC consumption remains an important task for further study . Moreover, the need to precisely demonstrate the

bioavailability of sulfur-containing compounds from various types of functional food remains a challenge.

2. Plant-Derived Sulfur Compounds—GSLs and OSCs

2.1. Glucosinolates (GSLs)

Sulfur is an essential compound for the biosynthesis of various secondary metabolites, such as phytoalexins, GSLs, and

alliins. These metabolic compounds play a vital role in the physiology and protection of plants against several

environmental stresses . More than 200 different types of GSLs have been studied, and 30 of them are identified in

Brassica crops . GSLs are major secondary metabolites synthesized by plants. GSLs are present in various species

of the Brassica family. These are responsible for the nutritional characteristics of Brassica products, such as vegetables,

oil, and meal . Moreover, they are also responsible for the flavor and taste of Brassica products. The breakdown

products of GSLs play a vital role in plant defense mechanisms against pathogens and insects. In addition, these

breakdown products have gained much attention because of their anti-carcinogenic properties .

2.1.1. Chemical Structure and Biodegradation

GSLs are organic anions molecules comprised of β-D-thioglucoside linked to the (Z)-N-hydroximinosulfate group and a

variable side chain derived from a variable amino acid R-group . GSLs molecules are synthesized by the action of

different chemical compounds, including two cytochromes P450, glucosyl transferase, C-S lyase, and sulfotransferase.

GSLs can be divided into three classes—aliphatic, indole, and aromatic—which are derived from amino acid precursors

such as methionine, tryptophan, and phenylalanine, respectively (Figure 1) . GSLs with an aliphatic side chain

derived from methionine are most prominent in the leaves of Brassica vegetables. Aliphatic GSLs are classified by the

size of carbon side chains, such as 3-carbon, 4-carbon, and 5-carbon GSLs. They can also be classified by the structure

of the side-chain, such as hydroxyalkeny, l methylsulfinylalkyl, methylsulfanylalkyl or methylsulfonylalkyl glucosinolates

.

Figure 1. Glucosinolate classification based on the structure of their amino acid precursors. Among the common amino

acid precursors of glucosinolates are aromatic amino acids, phenylalanine, or tyrosine; aliphatic amino acids include

alanine, leucine, isoleucine, methionine, and valine, whereas indole glucosinolates are those derived from tryptophan.
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GSLs are relatively stable compounds, but plant cells containing glucosinolates can be damaged due to the release of β-

thioglucosidase or myrosinase enzymes during the cutting, mixing, chopping, and chewing of food (Figure 2). This

enzyme is usually stored separately from GSLs, in different cells depending on the plant species  . The hydrolysis of

GSLs by the enzyme myrosinase yields a β-D glucose molecule and an unstable aglycone (thiohydroximate-O-sulfonate).

Upon the cellular injury of plant tissues, GSLs are enzymatically degraded by myrosinase (a thioglucosidase) to produce a

variety of different breakdown products, such as glucose, sulfate, isothiocyanates, epithionitriles, nitriles, indolic alcohols,

oxazolidinethions, amines, and thiocyanate. It is believed that both GSLs and their breakdown products play an important

role in the defense mechanism of plants against the attacks of fungi, insects, and microorganisms . Moreover, these

are also presumed to have different health-promoting roles, which makes them beneficial compounds for human

consumption.

Figure 2. Breakdown of glucosinolates and the possible alternative breakdown products.

In order to preserve the beneficial properties of cruciferous plants, it is important to store and prepare them properly. The

content of glucosinolates varies between cruciferous plant types, but the bioavailability of these compounds can be

significantly increased by appropriate storage and preparation. The requirements for storage conditions vary in the

available literature. Some reports indicate long-term storage at room temperature and in the refrigerator. Others suggest a

significant decrease in GSLs after seven days of storage. An even greater decrease was noted after 6 h of storage for

cruciferous vegetables that were previously chopped . In the analyzed brassicaceae vegetables, the highest GSL

content was found in purple cauliflower, while green cauliflower had the lowest content of those compounds . However,

the inappropriate preparation of cruciferous vegetables can significantly reduce the content of the mentioned compounds.

Various processes used to prepare cruciferous vegetables for consumption, such as cutting, crushing, or cooking,

disintegrate the cells and are a strong stress factor that stimulates the GSL hydrolysis reaction. As a result of boiling

different brassicaceae vegetables for several minutes, a significant (36%) reduction in GSLs was observed. Therefore, in

order to keep the content of the described compounds as high as possible, it is recommended to choose methods that

require a small amount of water. GSL and its derivatives in cruciferous vegetables have a high potential for use as

functional food. However, high-temperature cooking practices such as boiling, frying, blanching, and high-power

microwave processing can degrade the bioavailability of GSLs, vitamins, phenolics, and other health-promoting

compounds in brassicaceae vegetables . Many studies indicate that the most efficient method for processing these

vegetables is steam cooking, as it preserves many nutrients and other compounds beneficial to human health, including

GSLs .

Several researchers have studied the thermostability and degradation of the GSLs contained in broccoli, red and white

cabbage, and brussel sprouts. The results obtained indicate that the  important determining factor is media type (food

matrix or cooking water) . Florkiewicz et al.  suggested sous-vide as the most appropriate and beneficial method of

preparing cruciferous vegetables. Inappropriate thermal processing causes the degradation not only of GSLs, but also of

indoles and other isothiocyanates. In turn, the research of Kapusta-Duch et al.  has shown a very high level (48.5;

75.8%) of indole decomposition as a result of boiling for 15 min at 100 °C. Under the same conditions, isothiocyanates

(11.0; 42.4%) as well as ascorbic acid (33.24; 16%) also degrade significantly . Whereas, Westphal et al.  evaluated

the impact of high-pressure processing (HPP) on GSLs and their breakdown products. For instance, the activity of

myrosinase, an enzyme which hydrolyzes GSLs and improves beneficial health effects, was not impaired in HPP-treated

vegetables. However, the level of conversion was highly dependent on the parameters used. Additionally, the UV light

seems to be not without significance as far as the activity of enzymes crucial for GSL metabolism is concerned . The

UV light stimulates, among other things, peroxidase activity, and affects the metabolism of flavonoids and promotes the

antioxidant capacity of different cruciferous plants. Formica-Oliveira et al.  have confirmed that the use of UV radiation

(2.2, 8.8, and 16.4 kJ/m /day) has a positive effect on the content of GSLs in broccoli. One of the newer and more
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promising methods that can be used in the treatment of cruciferous vegetables while maintaining a high GSL content is

pulsed electric field (PEF). The advantage of this technique is the possibility to penetrate into the plant tissue without

using a very high temperature and damaging the tissue mechanically . With the proper selection of parameters, this

method may prove extremely useful, although only a few reports confirm its beneficial impact on the content of GSLs and

other compounds, as well as their derivatives.

An important factor determining the bioavailability of GSLs is also human microflora. The most crucial role from the point

of view of GSL metabolism is played by such enzymes as myrosinase and β-thioglucosidase. β-thioglucosidase is present

in the human gut microbiome and influences human physiology and health, for example by regulating the metabolism of

GSLs and their derivatives. In turn, the human homolog of myrosinase has not been described so far. The direct

administration of isothiocyanates results in their higher bioavailability than that of GSLs, which indicates fundamental

differences in such properties as lipophilicity. Therefore, a detailed knowledge of the factors determining the efficiency of

the GSL to isothiocyanates conversion seems to be crucial . A common method for assessing bioavailability is to measure

the concentration of a particular compound (for example, sulforaphane (SFN)) or its metabolites in urine. In one of the

clinical trials, the volunteers were given SFN- or glucoraphanin (GR)-rich beverages, and then the level of metabolites in

urine was studied. The level of metabolites tested was significantly higher in SFN recipients. Other studies carried out on

a group of healthy volunteers in China showed a high rate of SFN metabolite removal. Studies were also conducted to

compare the degree of absorption of particular compounds from fresh and processed food. Four healthy volunteers who

were given 3-day-old broccoli sprout extract hydrolyzed by myrosinase, which showed high levels of isothiocyanates.

Other researchers have confirmed significantly higher levels of SFN in urine and blood plasma after the ingestion of fresh

broccoli sprouts than commercially available myrosinase-free dietary supplements rich in glucoraphanin. However,

another clinical trial carried out on a small group of individuals showed a similar level of bioavailability both when taking a

commercially available supplement rich in GR but free of myrosinase and frozen broccoli sprout extract, suggesting a

large individual variation in the absorption of the compounds described. It was also found that the factor determining the

bioavailability of GSLs is the presence of myrosinase. This was confirmed by studies comparing the level of SFN

metabolites after the consumption of powder prepared from fresh broccoli rich in GSLs without myrosinase and with it,

respectively. It can undoubtedly be deduced that the way cruciferous vegetables are stored and prepared is of key

importance for the preservation of compounds beneficial to the proper functioning of the human organism, such as GSLs

and their metabolites. On the basis of the described reports, it can be summarized that the consumption of raw

cruciferous vegetables, which allows one to maintain a high activity of endogenous myrosinase, is the most appropriate

from the point of view of the bioavailability of the analyzed compounds. Since the pharmacokinetics of GSLs are complex

and depend on many factors, such as the type of food matrix, the temperature, and the type of vegetable processing, as

well as type of starting product (raw or processed vegetable) and the individual differentiation of the influence of the

intestinal microflora, further research is necessary to be able to fully explain their potential in many fields of science and

especially medicine .

In addition to the scientific challenges, the creation of supplements from properly prepared cruciferous plants to increase

the degree of GSL assimilation is a great opportunity, especially since heat treatment is one of the factors negatively

affecting the degree of absorption. In the United States, there is a growing increase in the sale of dietary supplements

from cruciferous plants, which are prepared in the form of extracts and powders and then sold in capsule form. This again

confirms the need for a deeper analysis of many factors influencing the transformation and metabolism of the compounds

they contain, not only in healthy people but also in the interactions with drugs taken or the possible therapeutic potential.

The Food and Drug Administration (FDA) has also issued a number of warnings about the information on the labels of

these types of dietary supplements that provide anti-cancer properties and other beneficial effects but which have not yet

been confirmed by clinical trials [44]. This is particularly important given that not all the mechanisms that influence the

sulfur compounds contained in cruciferous vegetables are fully understood.

2.1.2. Metabolism Pathway of Glucosinolates in the Body

Currently, little is known about how GSLs and their derivatives are metabolized in the human organism, as most reports

relate to cell culture and animal studies. Data in humans are extremely sparse and mostly relate to the level of metabolites

in the urine. With many compounds, it is the case that, despite the high level of absorption, the bioavailability is limited

and reduced due to the high metabolic rate. With regard to the literature data on GSL metabolites, they are most often the

result of the level of nitrogen compounds, isothiocyanates, and other derivatives. Additionally, the measurement of the

level of metabolites in urine confirms that the hydrolysis reaction is an important criterion for the bioavailability of GSLs.

The level of metabolites resulting from prior hydrolysis was six times higher than that of GSLs . The highest

concentration and level of glutathione and glutathione s-transferase activity have been reported in the liver. An increased

concentration of isothiocyanates results in a decrease in the glutathione activity. Even with isothiocyanates which are

similar in structure, their half-lives can vary by up to several hours. The kidneys are the main organ in which the
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conversion of glutathione conjugates into mercapturic acids takes place. This reaction is catalyzed by γ-

glutamyltransferase. There are also many indications that there is a relationship between the structure of the

isothiocyanate side chain and the intensity of a particular metabolic pathway, which translates directly into metabolites in

urine . The bacterial microflora of the human gastrointestinal tract is also directly related to the metabolism of GSLs. In

human feces were identified, for example, a strain of the Bacteroides thetaiotaomicron, which is capable of breaking down

GSLs. The high level of bacterial myrosinase activity allows a significant increase in the efficiency of the GSL metabolism,

which translates into a high level of their metabolites in the feces. The main factors determining the absorption of GSLs

from the intestinal lumen are not endogenous enzymes, but myrosinase activity in the plant tissues, which also affects the

absorption of nitriles into the circulation. In the absence of active myrosinase, some GSLs can be absorbed directly from

the human digestive tract, but the significance of this pathway is not fully understood .

3. Health Benefits of Glucosinolates

The phytochemicals in cruciferous plants can exert different effects that affect the immune system. Inflammation leads to

a number of changes in the organism, such as increased cellular proliferation; the inhibition of apoptosis; and, as a result,

an increased risk of various types of cancer. Biologically active substances that occur in cruciferous plants inhibit the

development of inflammation by, for example, activating detoxification enzymes, removing reactive oxygen species, and

stimulating natural defense mechanisms . Specific compounds of certain vegetables of the family brassicaceae block NF-

κB activation; this is done through various mechanisms, such as the inhibition of TNF-α, IκBα, and p65 protein, which also

regulates the pro-inflammatory signaling pathway. This effect was primarily mediated by SFN.

In addition to those effects described above, SFN shows a wide range of impacts. It blocks apoptosis, inhibits the release

of reactive oxygen species, and affects the expression of vascular cell adhesion molecule (VCAM)-1 or key molecules in

the IL-1 signaling cascade. Other important properties of this isothiocyanate include the suppression of such inflammatory

reaction markers as interferon regulatory factor 3 (IRF3), as well as macrophage migration inhibitory factor (MIF). These

beneficial effects of SFN are the result of the activation of various signaling pathways and mechanisms, which involve,

among other Toll-interleukin-1 receptor domains, Toll-like receptors (TLRs) and interferon-beta. Among the numerous

activities of SFN, its chemopreventive potential cannot be overlooked. Indeed, SFN suppresses cyclooxygenase-2 (COX-

2), which has immunoreactivity properties. These effects were again mainly NF-κB- and ERK (extracellular-signal-

regulated kinase)-mediated. Another important compound of cruciferous vegetables with a significant impact on the

immune system is berteroin (5 methylthiopentyl isothiocyanate). It is found in the largest quantities in vegetables, such as

cabbage and rucola. It has been shown that its frequent consumption reduces edema by modulating COX-2, NF-κB, and

ERK activity. There are also reports indicating the beneficial effect of cruciferous vegetables on the immune system

parameters in healthy people. These concerns, in particular, the concentrations of circulating inflammatory biomarkers,

such as IL-6, CRP, and sTNFRI. However, further more complex studies are needed to confirm that a cruciferous

vegetable-rich diet reduces high levels of inflammatory markers in populations where this pathological condition persists

chronically .

Glucosinolates and their metabolites, such as isothiocyanates like sulforaphane (SFN), have several health-promoting

activities (Table 1). Sulfur-containing glycosides (glucoisnolates) are not biologically active but are hydrolyzed by

myrosinases to indoles, thiocyanates, and isothiocyanates, which exhibit biological potential. Some isothiocyanates (for

example, SFN is one of the best known isothiocyanates), are useful in stress response and anti-inflammation due to their

inhibition of transcription regulator (NF-κB). Others play an important role in activating the synthesis of regulatory protein

Nrf2, which promotes antioxidants and phase II microsomal enzymes .

For example, SFN is one of the best known isothiocyanates, mainly due to its anticancer properties, but also because of

its ability to reduce the secretion of inflammation markers by immune system cells, as well as nuclear factor kappa B (NF-

κB), which plays an important role in the rapid regulation of immune reactions. In vitro studies have confirmed the anti-

inflammatory properties of a diet rich in cruciferous vegetables. Among others, reduced serum concentrations of pro-

inflammatory cytokines, such as IL-1β, TNFα, and IL-6, were observed . Several studies have confirmed that natural

aryl hydrocarbon receptor (AhR) ligands are derived from food, such as broccoli. This AhR has been identified as one of

the key immune receptors, and is expressed by not only different types of immune system cells, but also by certain types

of cancer cells. The incorporation of the relevant ligands, including those found in cruciferous plants, results in activation,

which transfers them to the nucleus. The resulting heterodimer exerts a number of different effects not only on the

metabolic pathways, but also on genes whose expression modifies the course of immune reactions and the activity of

various cytokines, including IL-22. The deficiency of the mentioned ligands has many negative consequences for the

functioning of the whole organism. The digestive system is most exposed to these deficiencies, which manifest mainly in

adverse effects on the bacterial intestinal flora, reduced granzyme production, and severe colitis . Interestingly, mice
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studies have confirmed that a diet rich in cruciferous plants, which contain high levels of natural AhR ligands, mitigates

these undesirable effects, as well as having a positive influence on the proper development of the immune system at an

early stage of life. Isothionates can produce different compounds such as erucic and olic acids, which are considered to

have strong antimicrobial effects. GSLs and their derivatives have also been reported to have chemopreventive actions

.

Table 1. Health-promoting role of Glucosinolate.

Glucosinolate
Type of
Compound

Health Promoting Roles and Plant Protection Reference
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Sulforaphane

Isothiocyanates

Inhibition of transcription regulator (NF-κB), which is

relevant against inflammation and for minimizing diabetes-

related complications such as diabetic neuropathy.

[13,53]

Mediation of cell cycle arrest and apoptosis; inhibition of

the activity of histone deacetylase; and increasing histone

acetylation, which leads to the enhancement of protection

against carcinogenesis.

Induction of cytotoxicity.

[54–56]

Normalization of kidney genome and blood pressure owing

to the decrease in oxidative stress in cardiovascular and

kidney tissues.

[57]

Decreasing infarct size, brain edema, and cortical

apoptosis, reducing the inflammation and tissue damage of

the central nervous system due to the activation of the

transcription factor Nrf2, and the upregulation of different

target genes.

[58]

Reduction in the damage induced by high concentrations

of substances that mimic the pathomechanism of autism

spectrum disorders in mice models.

[59]

Treatment of Helicobacter pylori. [60]

Reduces the risk of skin lesions caused by UV radiation,

especially in high-risk patients.
[44]

Glucoiberin, Sinigrin,

and Progoitrin

Suppressing agents, protection of human and animal cells

against carcinogenesis owing to the induction of Phase II

detoxification enzymes or the inhibition of Phase I

enzymes.

[60–63]

Indole-3-Carbinol Chemopreventive agent. [13]

Benzyl Isothiocyanate

Bactericidal and fungicidal properties and has proven

effective in combating respiratory and urinary tract

infections.

[64]

Chemopreventive agent. [13]

Allyl Isothiocyanate,

Allyl Thiocyanate, and

Allyl Isocyanate

Effective natural insecticides, efficiency in eliminating

nematodes or flying insects. Possible mechanisms: the

inhibition of the activity of the thiol groups of key enzymes,

or the blocking of electron transport and ATP synthesis.

[65]
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