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Summary

Plant-derived sulfur-containing secondary metabolites constitute a
small group of low-molecular weight natural products, which play
a vital role in plant-pest interactions in numerous plant families and
represent major defense molecules in the Asteraceae, Alliaceae, and
Brassicaceae families.

In this review we highlight the crucial role of environmental stress
factors in the production of S-containing secondary metabolites.
Furthermore, we describe a serendipitous variety of plant-derived
sulfur-containing natural products produced or induced under
biotic and abiotic stress and their structural diversity, promising
pharmacological properties for use by humans, and beneficial effects
for plants. Specifically, cruciferous phytoalexins are known as elicit
plant defense molecules. Glucosinolates are candidates for tumor-
preventive effects. Cysteine sulfoxides found in garlic are considered
as profound antimicrobial agents. In this review, we discuss types of
S bonds in the molecules and their relevance for the medicinal effect
as well as the biological activities of sulfur-containing secondary
metabolites and possible future avenues.

Keywords: Phytoalexins, glucosinolates, isothiocyanates, allicin,
bioactivity, sulphur

Introduction

Sulfur is found in important metabolic molecules such as common
sulfur-containing amino acids (methionine and cysteine), glutathione,
proteins and sulpholipids (ABDALLAH et al., 2010), as well as
glucosinolates and allyl Cys sulfoxides (SAITO, 2004). Subsequently,
these molecules play important roles in the plant lifecycle and the
protection of plants from different environmental stresses and
pathogens (LEE etal.,2011). Additionally, protein synthesis is reduced
under sulfur deficiency conditions, in addition to the accumulation
of soluble inorganic and organic nitrogenous compounds, e.g., as-
paragine (MORTENSEN et al., 1992). The symptoms of sulfur defi-
ciency resemble that of nitrogen deficiency but are visible in younger
leaves, as described by SCHNUG and HANEKLAUS (2005). Moreover,
without an adequate sulfur supply, plants cannot make efficient use
of nitrogen and other nutrients and do not reach their full growth
potential, in addition to an increased susceptibility to diseases
(RAuscH and WACHTER, 2005). Therefore, sulfur nutrition is known
to have a potential effect on plant health (BLOEM et al., 2007), which
can be maintained by a significant homeostasis between nitrogen
and sulfur, as indicated by GERENDAS et al. (2008a) and MAATHUIS
(2009). For instance, several experimental studies have suggested
that glucosinolate concentrations are influenced by higher sulfur
fertility levels (KOPSELL et al., 2003; ARIES et al., 2006; MALHI et al.,
2007; SCHONHOF et al., 2007).

Plants regulate the use of available sulfur, which is required for
plant growth and development, in addition to resistance to stress
(HAWKESFORD, 2012). For synthesis of cysteine, a key component
and a direct/indirect precursor of thiol-containing peptides, inclu-
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ding glutathione (GSH), phytochelatins (PCs), and metallothioneins
(MTs) (DAVIDIAN and KoPRIVA 2010), inorganic sulfate is taken up
by the roots from the rhizosphere and activated to adenosine 5'-phos-
phosulfate (APS) by ATP sulfurylase. Consequently, APS reduc-
tase catalyzed the reduction of APS into sulfite, which is reduced
to sulfide and ultimately incorporated into O-acetylserine to form
cysteine (reviewed by KOPRIVA et al., 2012). On the other hand, APS
is phosphorylated by APS kinase to obtain 3-phosphoadenosine
5-phosphosulfate (PAPS), which participates in the synthesis of other
S-containing tryptophan-derived (indolic) and methionine-derived
(aliphatic) natural products including glucosinolates and phytoalex-
ines (FRERIGMANN and GIGOLASHVILI, 2014). The sulfur assimila-
tion pathways including enzymes involved in cysteine biosynthesis,
and an overview of cysteine-rich peptides and S-containing secon-
dary metabolites biosynthesis are shown in Fig. 1.

Both primary and secondary S-containing compounds play an im-
portant role in plant health and regulatory mechanism under stresses
(RAUSCH and WACHTER, 2005). In this regard, glutathione (GSH) is
considered as the most important antioxidant and protector of plants
under oxidative stress and the major non-protein sulfur source in
plants (BLOEM et al., 2007; HANEKLAUS et al., 2007, 2009; REN-
NENBERG and HERSCHBACH, 2012). It is very important to note that
over the past decade, the important roles of secondary S-containing
compounds in oxidative stress signaling and responses have received
more attention (CHAN et al., 2019). For instance, DEL CARMEN
MARTINEZ-BALLESTA et al. (2013) found that both foliar and root
glucosinolate pool was increased in several Brassica species under
abiotic stresses including drought and salt stress. Moreover, the hy-
drolysis products of glucosinolates might be implicated in the oxida-
tive stress responses (CHAN et al., 2019).

The regulation of primary and secondary sulfur metabolism has been
investigated by using genomic, biochemical, and cellular studies. In
this context, MUGFORD et al. (2011) indicated that over-expression of
APS reductase did not affect glucosinolate levels but increased the
accumulation of thiols. Consequently, both glucosinolate and thiols
levels were not affected in mutants lacking the APR?2 isoform of this
enzyme.

Until now, the biosynthesis of S-containing secondary metabolites,
the regulatory mechanisms involved in their production in response
to biotic and abiotic stress, is still not fully understood.

The main objective of this review is to emphasize the importance of
environmental stress factors in the induction of S-containing secon-
dary metabolites. This could be used as a tool to manipulate the bio-
synthesis and induction of novel S-containing natural products with
potential biological activities.

In this review, we discuss plant-derived S-containing natural pro-
ducts isolated or induced under biotic and abiotic stresses, in addition
to their medicinal significance.

Plant-derived sulfur containing natural products produced
under biotic and abiotic stresses

Sulfur-containing phytoalexins from Brassicaceae

Naturally occurring cruciferous phytoalexins are only produced in
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Fig. 1.: Sulfur assimilation pathway. The initial step of sulfur assimilation pathway is catalyzed by ATP-sulfurylase. Role of ATP-sulfurylase in plant abiotic
and biotic stress tolerance through different rich thiol-reactive peptides including (Cys, GSH, and MTs) and S-containing secondary metabolites is
listed. Positive and negative regulation of ATP-sulfurylase is indicated by arrows and blunt ends, respectively (Redrawn from SAITO 2004; HIRAT and

SAITO 2008).

small quantities in damaged tissue and as complex mixtures inside
plant tissue, and following exposure to pathogenic microbes. There-
fore, their isolation requires multiple chromatographic steps owing
to their chemical stability under extraction as well as isolation steps,
which afford small quantities. Approximately 44 phytoalexins are
known and their structures have mostly been confirmed by chemical
synthesis. Brassinin (1), 1-methoxybrassinin (3), and cyclobrassinin
(6), were obtained from the inoculation of Chinese cabbage heads
Brassica campestris with the bacterium Pseudomonas cichorii. Ad-
ditionally, ultraviolet irradiation or inoculation with the bacterium
Erwinia carotovora enhanced the production of these molecules.
Their structures were identified by spectroscopic analysis and con-
firmed by synthesis (TAKASUGI et al., 1986). Three brassinin-related
stress metabolites, named brassitin (2), 1-methoxyspirobrassinol (22),
and (2R,3R)-1-methoxyspirobrassinol methyl ether (23), were ob-
tained from the Japanese radish “Daikon” after inoculation with
Pseudomonas cichorii. The occurrence of 1-methoxyspirobrassinol
(22), and 1-methoxyspirobrassinol methyl ether (23) suggests the in-
volvement of oxidized intermediates in the biosynthesis from bras-
sinin to spirobrassinin (MONDE et al., 1995). 4-Methoxybrassinin (4)
was obtained from the inoculation of white cabbage heads B. olera-
cea with Pseudomonas cichorii (MONDE et al., 1990). 1-Methoxy-
brassitin (5) was obtained from the Chinese cabbage Brassica cam-
pestris (Cruciferae) in addition to brassinin (1), 1-methoxybrassinin
(3), cyclobrassinin (6) (TAKASUGI et al., 1988). Cyclobrassinin sulf-
oxide (7) was found in elicited leaves of Brassica juncea (DEVYS
et al., 1990). Sinalbin A (8) was produced by white mustard Sinapis
alba as a result of treatment with biotic and abiotic elicitors. Addi-
tionally, sinalbin B (9) was found in extracts from elicited plants, and
not in non-elicited controls. The structures of compounds 8 and 9
were confirmed by chemical synthesis (PEDRAS and ZAHARIA, 2000).

Phytoalexins 4-methoxycyclobrassinin (10), rutalexin (11), dehydro-
cyclobrassinin (12), 4-methoxydehydrocyclobrassinin (13), spiro-
brassinin (20), brassicanate A (27), brassicanal A (28), caulilexin A
(30), brassilexin (31), in addition to 1-methoxybrassinin (3) and 4-
methoxybrassinin (4), were detected in the nonpolar extract of roots
of canola (Brassica napus) infected with phytopathogenic Plasmo-
diophora brassicae (clubroot). Quantitative analysis of the com-
pounds was performed by using HPLC (DAD and LC-ESI-MS) ana-
lysis (PEDRAS et al., 2008). Surprisingly, the concentration of many
of the induced compounds collected from the infected roots of cano-
la was significantly increased after several weeks (Tab. 1). Cabbage
tissue Brassica oleracea inoculated with Pseudomonas cichorii
delivered 1-methoxybrassenins A and B (14 and 15) (MONDE et al.,
1991). Brassicanal C (29) was produced in florets of cauliflower
(Brassica oleracea) under abiotic conditions (UV light), along with
isalexin, spirobrassinin (20), 1-methoxybrassitin (5), and caulilex-
ins A (30) and B (PEDRAS et al., 2006a). Wasalexins A (16) and B
(17) were obtained from the foliar tissue of wasabi under elicita-
tion with P. lingam, P. wasabiae or CuCl, (PEDRAS et al., 1999).
UV irradiation of chopped stem tubers of kohlrabi (Brassica olera-
cea) and subsequent incubation for 4 days resulted in the isolation
of (R)-1-methoxy-spirobrassinin (21) along with cyclobrassinone,
and spirobrassinin (20). Additionally, the production of these indole
phytoalexins was also enhanced by elicitation with CuCl, (GROSS
et al., 1994). However, the authors did not determine the yields of
compounds 20 and 21, which were induced in response to UV light
and CuCl, conditions. Erucalexin (24) was found in leaves of dog
mustard Erucastrum gallicum in response to biotic stress such as that
elicited with S. sclerotiorum and abiotic stress elicited with CuCl,
(PEDRAS et al., 2006). UV radiation, NaCl irrigation, or CuCl, spray
induced the production of wasalexins A (16) and B (17) in Thellun-



206 M.A. Abdalla, K.H. Miihling

giella halophila; biswasalexins Al (18) and A2 (19) were obtained
from head-to-tail photodimerization of wasalexin A (16) (PEDRAS
et al., 2009). Sinalexin (32) was found in white mustard (Sinapis
alba) under biotic or abiotic stress (PEDRAS and SMITH, 1997). Brus-
salexin A (33) was produced in Brussels sprouts irradiated under
UV light (PEDRAS et al., 2007a). Furthermore, camalexin (34) and
6-methoxycamalexin (35) were produced by Camelina sativa leaves
as a response to fungus Altenmia brassme elicitation (BROWNE
et al., 1991). 1-Methyl-camalexin (36) was obtained from the leaves
of Capsella bursa-pastoris elicited by Alternaria brassicae (JIMENEZ
et al., 1997). Regarding compounds 34, 35 and 36, which were ob-
tained from different plant species in very low quantities, the authors
did not mention exactly how much compounds were isolated in total
from the crude material. Hence, quantitative data is very important
to understand how much of the compounds was induced in how many
days after inoculation.

Canola plants Brassica rapa delivered rapalexins A (37) and B (38)
as a response to biotic stress when infected with the oomycete Albu-
go candida and abiotic stress by UV (PEDRAS et al., 2007b). Isolated
or induced S-containing natural products under biotic and abiotic
stress, their plant sources and yield data are listed in Tab. 1.

From the findings mentioned above, it is very important to note that
the elicited compounds have different incubation periods, which are
required for maximum production. Consequently, the induced com-
pounds can be detected within hours up to weeks depending on type
of stress and the particular species as reviewed by (PEDRAS et al.,
2011). For instance, brassicanal C (29) was detected after 48 hours
and reached its maximum production after approximately three days
upon elicitation with UV light (PEDRAS et al., 2006a). However, the
yield was relatively lower after 5 days. Rapalexins A (37) and B
(38) were induced after 8 and 5 days, respectively, and reached their
maximum production after 9 and 8 days, respectively. The yield of
both compounds was not increased after 10 days (PEDRAS et al.,
2007b). Although the phytoalexins above have been identified by
mass spectrometry, NMR, IR, and UV spectroscopy, HPLC-DAD-
MS represent the most reliable technique to identify and quantify
them in plant extracts hence most of these compounds were produced
in low quantities (PEDRAS et al., 2006).

Organosulfur compounds obtained from garlic

Cysteine sulfoxides found in garlic (Allium sativum L. family Lilia-
ceae) and other Allium species are synthesized by the enzyme al-
liinase in crushed plant material (KUSTERER and KEUSGEN 2010).
Allicin (40), a typical cysteine sulfoxide of garlic, is synthesized from
non-proteinogenic amino acid alliin (39), as a first primary product
(KUSTERER and KEUSGEN 2010). Rearrangement of compound 40
delivers diallyl sulfides (such as compounds 41 and 44), dithiins (45
and 46), ajoene (42) (AMAGASE et al., 2001). Furthermore, thiacre-
monone (47) was isolated from garlic (KiM et al., 2012). Importantly,
allicin (40) is known as a defence compound with a wide range of
pharmacological properties (BORLINGHAUS et al., 2014). For instance,
several garlic preparations have been produced to prevent stroke and
arteriosclerosis. In this regard, allicin (40) and other organosulfur
compounds were suggested to be the main metabolites responsible
for the entire activity (KREST and KEUSGEN 1999).

Glucosinolates

Glucosinolates are known as sulfur-containing molecules present
in cruciferous vegetables including Arabidopsis thaliana and Bras-
sica crop species (AHUJA et al., 2016). More than 200 different natu-
rally occurring glucosinolates have been identified (KOPRIVOVA and
Kopriva 2016). The general structure of glucosinolates is shown in
Fig. 6; more than 200 side-groups (R) were found in the literature
(FRANCO et al., 2016). Different side-groups (R) of some glucosino-
lates are shown in Fig. 7. Glucosinolates form the essential compo-
nent of the dual glucosinolate-myrosinase system, which consists of
glucosinolates and their hydrolytic enzymes, myrosinases, which
catalyze the breakdown of glucosinolate into various bioactive com-
pounds such as isothiocyanates because of tissue disruption or insect
attack (BARTH et al., 2006; PITANN et al., 2017). In addition to iso-
thiocyanates, thiocyanates and nitriles are considered as important
breakdown products of glucosinolates, which played a pivotal role
in plant defense against various pathogenic microbes and herbivores
(HUSEBY et al., 2013).
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Fig.2: Brassinin (1), brassitin (2), 1-methoxybrassinin (3), 4-methoxybrassinin (4) and 1-methoxybrassitin (5)
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Fig.3: Cyclobrassinin (6), cyclobrassinin sulfoxide (7), sinalbins A and B (8 and 9) and 4-methoxycyclobrassinin (10)
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Fig.4: Structures of sulfur-containing phytoalexins (11-38)

Sinigrin (48) is hydrolyzed by myrosinase upon mechanical in-
juries of the plant tissue, which produces compounds named allyl
isothiocyanate, ally thiocyanate, allyl cyanide, and 1-cyano-2,3-epi-
thiopropane (GERENDAS et al., 2009; SALADINO et al., 2016). The
biosynthesis of glucosinolates can be manipulated by several envi-
ronmental stress factors including light, nutrients, fungal infection,
wounding, and insect damage (GERENDAS et al., 2008b; RADOICIC
REDOVNIKOVIC et al., 2008). For instance, KiM et al. (2018) indicated
that kale grown under treatments with NaCl, Na,SeOs, or both would
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enhance the biosynthesis of glucosinolates including sinigrin (48)
as well as isothiocyanates. In a recent study, GEILFUS et al. (2016)
found that the total glucosinolates content in Chinese cabbage (Bras-
sica rapa L. ssp. Pekinensis) increased with higher N and S treat-
ment. However, the ratios among individual glucosinolates remained
unchanged. Additionally, the authors observed that the addition of
0.3 g sulfur per pot significantly enhanced the whole shoot biomass
compared with the O g sulfur control (GEILFUS et al., 2016). A previ-
ous report indicated that the infection of Chinese cabbage (Brassica



208

. Abdalla, K H. Miihling

HZ“]\A?/\/ \/\?,s\/\ NS N
Ho N © 0 NSNS

39: Alliin 40: Allicin 41: Diallyl disulfide 42: Ajoene

(DDS)
NH. s S. OH
/\/S 2 E/l/\ [jv O\ S
Z COOH A Seg-Suny -z _
HO
43: S-Allyl 44: Diallyl 45: 2-vinyl-4  46: 47:
cysteine (SAC) trisulfide (DTS) -H-1,3-dithiin  3-vinyl-4-H-1,2-dithiin Thiacremonone
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campestris sp. pekinensis) with Plasmodiophora brassicae changed
the levels of various glucosinolates. Additionally, significant diffe-
rences in the glucosinolate content was observed in susceptible and
tolerant varieties (LUDWIG-MULLER et al., 1997). Subsequently, the
authors reported that tolerant varieties induced the production of aro-
matic glucosinolates between 14 and 30 days following the infection,
whereas susceptible varieties enhanced the biosynthesis of aliphatic
and indole glucosinolates. Other reports indicate that the level of in-
dole glucosinolates increased in oilseed rape and Chinese cabbage
in response to Alternaria brassicae infection (DOUGHTY et al., 1991;
ROSTAS et al., 2002). Furthermore, the biosynthesis of indole gluco-
sinolate was significantly increased by elicitation of Arabidopsis
with Erwinia carotovora (BRADER et al., 2001). A recent study indi-
cated that additional sulfur supply in the nutrient medium enhanced
the content of aliphatic glucosinolates in Eruca sativa (KASTELL etal.,
2018).

MOREIRA-RODRIGUEZ et al. (2017) studied the effect of UVA and
UVB light and methyl jasmonate on the biosynthesis of glucosino-
lates and other metabolites in broccoli sprouts. The results revealed
that treatments with UVA + methyl jasmonate and UVB + methyl jas-
monate induced the level of total glucosinolate by ~154% and ~148%,
respectively. Methyl jasmonate (MJ) stimulated the biosynthesis of
indole glucosinolates such as neoglucobrassicin (61) (~538%). Fur-
thermore, UVB increased the level of aliphatic and indole glucosino-
lates, including glucoraphanin (51) (~78%) and 4-methoxy-gluco-
brassicin (60) (~177%) (MOREIRA-RODRIGUEZ et al., 2017). Isolated
or induced compounds under stress, their plant sources and yield data
are listed in Tab. 1.

Types of S bonds in the molecules and their relevance for the
medicinal effect

Structural diversity of plant-derived sulfur containing natural pro-
ducts is not only means the potential chemical structures (1-53) for
drug development, however the more interesting feature of these dif-
ferent compounds, which might be responsible for the selective and
specific biological activities. Different sulfur bonds in the molecules

may have relevance for the medicinal effect of S-containing natu-
ral products. For instance, disulfide bonds have gained significant
attention in various fields including pharmaceutical, biochemical
and biotechnological fields. They have important properties such as
the capability to break into a reduced form of glutathione in a thiol-
disulfide exchange reaction, they are stabile in human body, and have
no physiological toxicity (WANG et al., 2016). Disulfide bonds par-
ticipate in the biological activity of several S-containing secondary
metabolites, as reported by FENG et al. (2016), who indicated that the
disulfide bond is important for the antimicrobial activity of ajoene
(42). Moreover, thiosulfinates including ajoene (42) demonstrated
antimicrobial potential owing to the presence of a disulfide bond,
which reacts with the thiol groups of cellular proteins. Because ajo-
ene (42) contains a sulfinyl group, which has been found to be res-
ponsible for the antibacterial activity of allicin (40), its antimicro-
bial activity has been attributed to the presence of a disulfide bond
and the sulfinyl (FENG et al., 2016). Moreover, allicin (40) is known
as a reactive sulfur species (GRUHLKE and SLUSARENKO, 2012) with
oxidizing characteristics. For instance, it can oxidize thiols in cells,
including glutathione and cysteine residues in proteins, through di-
sulfide bond formation. Consequently, redox-stimulated structural
changes in proteins result in a net change of loss or gain function,
which is known for the plant protein NPR1, a key protein in patho-
gen-triggered immunity (TADA et al., 2008).

PEDRAS et al. (2006a) reported that among phytoalexins elicited in
floret of cauliflower under abiotic stress (UV light), caulilexin A (30),
which has a disulfide bridge, demonstrated a complete growth inhibi-
tion of Rhizoctonia solani at 5.0 x 10* M and Sclerotinia sclerotio-
rum at 1.0 x 10"* M. Moreover, compound (30) exhibited complete
growth inhibition at 1.0 x 108 M in a TLC bioassay against Clado-
sporium cucumerinum, whereas all other tested phytoalexins inhibi-
ted the mycelial growth at 1.0 x 10°® M, which is 100 times higher
concentration.

Moreover, Allium species, which contain a vinyldithiinsin group with
exo and endo double bonds in a ring system, have demonstrated re-
markable bioactivities. For instance, 3,4-dihydro-3-vinyl-1,2-dithiin
(46) was reported to have higher antioxidative activity for human
LDL than aliphatic dialk(en)yl disulfides and trisulfides. This can
be attributed to the conjugation of a double bond to a nonbonding
electron on the sulfur in a ring system, as reported by HIGUCHI
et al. (2003)

Biological activities of plant-derived sulfur containing metabo-
lites produced under biotic and abiotic stresses

Antimicrobial activity

In principle plants have three main approaches to fight pathogenic
microbes including strengthening the cell wall, inhibition of micro-
bial enzymes by apoplastic defense and synthesis of toxic natural
products such as phytoalexins (BLOEM et al., 2015).

Phytoalexins 1-38 have shown promising antifungal activities
against a wide range of plant pathogenic fungi in addition to antibac-
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Fig.7: Different side groups (R) of some glucosinolates (48-64)

terial activity (reviewed by PEDRAS and YAYA, 2010). For instance,
the phytoalexins sinalbins A (8) and B (9) demonstrated antifungal
activity against plant pathogenic fungi Leptosphaeria maculans. At
a concentration of 5 x 10"* M, sinalbin A (8) exhibited complete inhi-
bition of spore germination (EDs; 2 x 10 M at 48 h) for the duration
of the assay, which was 7 days. Additionally, Sinalbin B (9) showed
moderate activity (EDsy 7 x 104 M at 48 h) at a similar concentration
(5 x 10"* M), which was approximately 30% germination inhibition
in comparison to controls, after 48 h (PEDRAS and ZAHARIA, 2000).
The antimicrobial potential of Allium species and their organo-
sulfur compounds including allicin (40) thiosulphinates, and their
transformation products has been previously reported (SAMADI and
KEUSGEN, 2013). For instance, the minimal concentration of diallyl
disulfide (41) and allicin (40) to inhibit the growth of Escherichia
coli and Staphylococcus aureus was 6.15 and 0.17 mM, respectively,
which was 35x more than allicin (40) alone (KocH and LAWSON,
1996). Additionally, pure allicin (40) extracted from garlic showed
remarkable antibacterial activity towards Bacillus spp., Salmonella
typhimurium, and Vibrio cholerae with complete growth inhibition
at a concentration of 80 uM (BORLINGHAUS et al., 2014).

STREHLOW et al. (2016) reported that sample solutions contain 3 mg/
mL racemic alliin and 0.2 mg/mL alliinase did not exhibit antibac-
terial activity, on the other side the combination of racemic alliin
and alliinase, which might be contain 0.75 mg/mL allicin (40) de-
monstrated inhibitory activity against E. coli. It is very important to
mention the substantial achievement of STREHLOW et al. (2016), who
studied the stabilization of both alliin (39) and alliinase in lactose
microspheres obtained by previously described spray-drying formu-
lation. The authors indicated for the first time that allicin (40) syn-
thesized in situ could be readily used for the treatment of pulmonary

microbial infections (STREHLOW et al., 2016).

A previous study indicated that Several studies have indicated the
antibacterial potential of glucosinolates and their hydrolysis pro-
ducts, in addition to their activity against molds and yeasts (SALA-
DINO et al., 2016). Sinigrin (48) had weak antimcrobial activity,
whereas its hydrolysis products exhibited a promising effect on the
inhibition of microbial growth (BRABBAN and EDWARDS, 1995;
PITANN et al., 2017).

Anticancer potential

Indole phytoalexins are known to have anti-cancer, chemopreven-
tive, and antiproliferative activity (CHRIPKOVA et al., 2016). Fur-
thermore, many phytoalexins such as brassinin (1), cyclobrassinin
(6), and spirobrassinin (20), exhibit a cytotoxic effect (SABOL et al.,
2000). Additionally, 1-methoxybrassinin (3) (PILATOVA et al., 2005),
1-methoxyspirobrassinol (22), and 1-methoxyspirobrassinol methyl
ether (23) have demonstrated antiproliferative activity (MONDE et al.,
2005). Diallyl sulfides, such as diallyl disulfide (41) and diallyl tri-
sulfide (44) obtained from garlic, have anticancer effects (LAI et al.,
2012). The cytotoxicity of compound 44 showed great effects on the
production of reactive oxygen species (ROS); compound 44 is known
as key mediator in the apoptotic signaling pathway and induces the
ROS-dependent caspase pathway in U937 leukemia cells (CHOI and
PARK, 2012). Compound (44) was found to activate apoptosis against
a diverse group of human cancer cell lines in vitro in addition to
providing better protection towards tumor growth in animal models
in vivo such as colorectal cancer (YU et al., 2012). S-allylcysteine
(43) exhibited an in vitro cancer chemopreventive effect. It was sug-
gested to be an interesting therapeutic agent for prostate cancer (LIU
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et al., 2012). Moreover, allicin (40), has been reported to be a pro-
mising candidate as a tumor suppressor in human colon cancers
(BAR-CHEN et al., 2010). More and above, several studies have in-
dicated that Brassicaceae species possess chemoprevention towards
different types of cancers in humans owing to their high glucosino-
lates content (MERAH, 2015).

Anti-inflammatory activity

In a recent study, garlic, allicin (40), and the commonly used drug
praziquantel were used to treat six groups of mice infected with
Schistosoma mansoni cercariae. The results showed that the treat-
ment decreased the worm burden in addition to the reduction of se-
rum concentrations of liver fibrosis markers and proinflammatory
cytokines. Nonetheless, praziquantel exhibited the most inhibitory
activity for the reduction of the number of worms (METWALLY et al.,
2018). The study of LEE et al. (2012) indicated that two isomers (Z
and E) of ajoene (42) and their oxidized sulfonyl derivatives de-
monstrated anti-inflammatory activity by suppressing the production
of nitric oxide and prostaglandin E2 (PGE2) in addition to the ex-
pression of the pro-inflammatory cytokines including tumor necrosis
factor a (TNFa), interleukin-1 § (IL-1f), and interleukin-6 in lipo-
polysaccharide (LPS)-stimulated macrophages.

The study of Vo et al., (2013) indicated that aromatic glucosinolates
had a moderate anti-inflammatory effect. The authors indicated that
because naturally occurring glucosinolates in plant material were
present as a mixture of various aromatic and aliphatic compounds,
these metabolites might act synergistically during consumption of
a normal diet. They also suggested that these compounds can be
hydrolyzed by the enzyme myrosinase, which is present in various
brassica species. The hydrolysis products include isothiocyanates
and glucoraphanin (51) and sulforaphane in the case of the aliphatic
metabolite. FAHEY et al. (1997) suggested that these metabolites have
better bioactivity than the entire glucosinolates.

Neuroprotective properties

Among glucosinolates, glucoraphanin (51), sulforaphane, and iso-
thiocyanates were found to be the most fascinating compounds
as modulators of various systems associated with the pathogenic
mechanism of various neurological diseases including oxidative
stress, apoptosis, and inflammation (VENDITTI and BIaNco, 2018).
Additionally, garlic compounds demonstrated a neuroprotection ef-
fect, which was attributed to their antioxidant capacity, modulation
of apoptosis mediators and reduction of the formation of amyloid
protein (VENDITTI and BIANCO, 2018).

Plant protection

Phytoalexins are serendipidious plant metabolites, owing to their
amazing role in protecting plants against a wide range of micro-
bial pathogenic microorganisms. Elevated levels of such defensive
natural products in plants might increase their resistance to disease
(PEDRAS and YAYA, 2010; BLOEM et al., 2015).

CuURTIS et al. (2004) studied the antifungal activity of allicin (40)
in fresh garlic juice by using a plate-diffusion method using spore-
seeded agar and found that allicin (40) demonstrated strong in vitro
activity against many plant-pathogenic fungi such as Magnaporthe
grisea, Botrytis cinerea, Plectospherella cucumerina, and Alterna-
ria brassicicola.

Furthermore, nematicidal activities of diallyl disulfide (41), and di-
allyl trisulfide (44) against the pine wood nematode (Bursaphelen-
chus xylophilus) have been reported; diallyl trisulfide (44) exhibited
more than 10-fold lower LCs, than diallyl disulfide (41) (CETINTAS
and YARBA, 2010). Distilled garlic oil significantly inhibited root

galling after inoculation of tomato roots with root-knot nematode
(Meloidogyne incognita) (DANQUAH et al., 2011). The insecticidal
and acute toxicity effect of diallyl disulfide (41) and diallyl trisulfide
(44), against Callosobruchus Chinensis (found in bean weevil) were
studied; diallyl trisulfide (44) possessed stronger toxicity than dial-
lyl disulfide (41) and crude garlic oil. It has been reported that dial-
1yl trisulfide (44) demonstrated promising effect against rice weevil
Sitophilus oryzae, red flour beetle (Tribolium castaneum), and the
maize weevil (Sitophilus zeamais) (HUANG et al., 2000; MIKHAIEL,
2011; KouL, 2004). Diallyl trisulfide (44) was the strongest fumigant
ingredient in garlic oil and showed higher activity than diallyl disul-
fide (41) against the pine wood nematode (Bursaphelenchus xylophi-
lus) (KouL, 2004; PARK et al.,2006; NOWSAD et al., 2009; MIKHAIEL,
2011). Several garlic-based products are on the market today for use
in different agricultural and horticultural practices. However, many
of these products have not been approved by the FDA (US Food and
Drug Administration) (ANWAR et al., 2017).

Glucosinolates hydrolysis products have demonstrated potential anti-
microbial activity against different plant pathogenic microorganisms
(BLOEM et al., 2015; HANSCHEN et al., 2018). Accordingly, they could
be used as alternatives to commercial chemicals to control phyto-
pathogenic microorganisms. Glucosinolates are mainly present in
young leaves, seeds, and siliques; additionally, their intermediates
are found in leaves, stems, and roots (AGNETA et al., 2014). AGHA-
JANZADEHDIVAEI (2015) indicated, that the higher content of indole
glucosinolates and subsequently their hydrolysis products, which
were detected in roots, could be attributed to their better stability
in the soil than in air. Furthermore, LUDWIG-MUELLER et al. (1999)
reported that these metabolites might limit the development of root
disease, which has been raised by Plasmodiophora brassicae. Vola-
tile molecules obtained from macerated Brassicae root tissue de-
creased the fungal infection of wheat, Gaeumannomyces graminis
(ANGUS et al., 1994). Rhizospheric strains of Fusarium possessed
a potential effect on Lepidium sativum against Pythium ultimum.
Subsequently, these strains enhanced the production of benzyl iso-
thiocyanate, and of its precursor glucotropaeolin in the roots of
Brassicaceae plants. Moreover, the assemblage of isothiocyanate in
roots enhanced the resistance of L. sativum against Pythium ulti-
mum (ISHIMOTO et al., 2004). Moreover, cauliflower plants (Bras-
sica oleracea var. botrytis) were infected by Peronospora parasitica
to evaluate the relationship between glucosinolates and resistance
against downy mildew. The authors reported that a higher amount
of sinigrin (48) was detected in resistant varieties in comparison to
susceptible ones (MENARD et al., 1999).

Different biological activities of plant-derived S-containing secon-
dary metabolites were emphasized to alert researchers of the impor-
tance of biotic and abiotic stress factors as a potential tool to produce
and enhance the synthesis of S-containing secondary metabolites
with remarkable bioactivities. As reported in several studies, it is
clear that sulfated phytoalexins and glucosinolates constitute an im-
portant part of the plant defense repertoire owing to their fascinating
antimicrobial activity, which is induced by stress.

Less research has been performed on in vivo studies of bioactive
phytoalexins, glucosinolates and their hydrolysis products, as most
of the reviewed bioassay studies have been performed in vitro. Ac-
cordingly, in vivo experiments in animal models are very important
to confirm the investigated antimicrobial, anticancer, anti-inflamma-
tory, antiviral, antioxidant and neuroprotective activities of the men-
tioned S-containing compounds.

Owing to the increase in drug resistance against many pathogenic
fungi and bacteria around the world, there is a need to improve test-
ing methods to identify bioactive S-containing natural products
against clinically pathogenic microbes. In vitro bioassays are very
necessary to gain valuable insights into S-containing natural pro-
ducts susceptibility testing.
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Conclusions

Sulfur-containing natural products have fascinating biological ac-
tivities and an important role in response to biotic and abiotic stress.
Phytoalexins are an example of a defense system produced by plants
against pests and pathogens. Garlic and its compounds possess
health-promoting properties, as reported in many studies. The phy-
siologically active compounds present in garlic exhibit potential
pharmacological benefits. Moreover, glucosinolates hydrolysis pro-
ducts have a biocidal effect.

Currently, sulfur research has occupied the forefront of interest in
plant science and involves various plant species. Specifically, sulfur
assimilation pathway enzymes including ATP-sulfurylase are major
targets of recent plant nutrition research, which could offer big bene-
fits including improved productivity and quality of crops in addi-
tion to their resistance to multiple stress conditions. Moreover, an
in-depth investigation of the regulation of sulfur metabolism will
allow a better understanding on how deeply sulfur metabolism is
involved in the biosynthesis of plant primary and secondary metabo-
lites. The examples reported in this review suggest that the use of a
sulfur stress or other environmental biotic or abiotic stresses could
be another tool to manipulate the biosynthetic machinery of sulfur-
containing natural products to induce new and bioactive compounds
with interesting bioactivities for human and plant health.
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