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G R W N

Abstract: Isothiocyanates are biologically active products resulting from the hydrolysis of glucosino-
lates predominantly present in cruciferous vegetables belonging to the Brassicaceae family. Numerous
studies have demonstrated the diverse bioactivities of various isothiocyanates, encompassing anticar-
cinogenic, anti-inflammatory, and antioxidative properties. Nature harbors distinct isothiocyanate
precursors, glucosinolates such as glucoraphanin and gluconastrin, each characterized by unique
structures, physical properties, and pharmacological potentials. This comprehensive review aims to
consolidate the current understanding of Moringa isothiocyanates, mainly 4-[(x-L-rhamnosyloxy)
benzyl] isothiocyanate), comparing this compound with other well-studied isothiocyanates such as
sulforaphane and phenyl ethyl isothiocyanates. The focus is directed toward elucidating differences
and similarities in the efficacy of these compounds as agents with anticancer, anti-inflammatory, and
antioxidative properties.
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1. Introduction

Isothiocyanates, a class of compounds predominantly found in cruciferous plants
such as broccoli, cauliflower, kale, cabbage, watercress, and others, impart these vegetables
with their characteristic spicy and bitter taste. Epidemiological studies dating back to the
early 1990s have indicated that an increased intake of these vegetables can yield beneficial
health effects and has the potential to mitigate the risk of developing certain diseases.
These hypotheses were subsequently corroborated by clinical studies [1,2]. Isothiocyanates
emerge as biologically active products resulting from the hydrolysis of glucosinolates,
secondary metabolites found in plants from the Brassicaceae family. The conversion of
glucosinolates into bioactive forms occurs through the process of hydrolysis, catalyzed ei-
ther by the endogenous enzyme myrosinase ((3-thioglucosidase) or human gastrointestinal
microbiota [3-5]. The activation of glucosinolates into their active metabolites takes place
when plants are exposed to various stressors such as infections or mechanical damage.
Consequently, the formation of isothiocyanates serves as a defensive mechanism protecting
the plant from injury [6,7]. This intriguing observation prompted further investigations into
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isothiocyanates, aiming to unravel the underlying mechanisms facilitating plant survival
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in diverse conditions. Studies have revealed that isothiocyanates encompass a plethora of
health benefits, including antidiabetic, anticancer, analgesic, and cardioprotective effects,
the potential to treat neurological disorders, and regulation of thyroid gland function [8-10].
Thus, the purpose of this review is to consolidate current understanding about well-studied
isothiocyanates such as sulforaphane and phenyl ethyl isothiocyanate, and to compare them
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with less investigated moringa isothiocyanates (MIC). The focus is directed toward eluci-
dating differences and similarities in the anticancer, anti-inflammatory, and antioxidative
efficacy of these compounds.

Mentioned representatives of this compound class, phenethyl isothiocyanate (PEITC
or chemically 2-isothiocyanato ethylbenzene), sulforaphane (SEN or 1-isothiocyanato-
4-methylsulfinylbutane), and MIC (4-[(x-L-rhamnosyloxy)benzyl] isothiocyanate), have
been investigated (Figure 1). As illustrated in Table 1, these bioactive compounds exhibit
variations in structure and physical properties.
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Figure 1. The enzymatic reactions of glycosylate with myrosinase and their degradation products.

Table 1. Comparison of the properties of sulforaphane, PEITC, and MIC according to the Na-
tional Center for Biotechnology Information. PubChem Compound Summary for CID 5350, 16746,

and 153557.
Common Name Sulforaphane Phenyl Ethyl Isothiocyanates Moringa Isothiocyanates
1-isothiocyanato-4- 4oL
Chemical name A 2-isothiocyanato ethylbenzene rhamnosyloxy)benzyl]
methylsulfinylbutane . g
isothiocyanate
Chemical Formula C6H11NOS2 C9HINS C16H19NO6S
0 N. . HO
Chemical Structure 3 & \;:\EVO - @/
A \/\/\\{’C\\ ud “HoH Nses,
Molecular weight 177.28 g/mol 163.24 g/mol 353.39 g/mol
Appearance Yellow liquid Colorless liquid to pale yellow Solid at room temperature
Solubility Soluble in lipids Soluble in lipids Soluble in lipids
Broccoli, cabbage, cauliflower,  Broccoli, cabbage, watercress, Moringa oleifera leaves and
Sources watercress, kale, and Brussels garden cress, and Brussels 3

sprouts

sprouts

seeds
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1.1. Phenethyl Isothiocyanate

Watercress (Nasturtium officinale) stands out as an easily accessible garden vegetable,
abundant in gluconasturtiin—an aromatic glucosin olate featuring an ethyl chain linked
to benzene in its radical. The hydrolysis of gluconasturtiin by myrosinase yields PEITC,
an isothiocyanate with a phenylethyl radical attached to a nitrogen atom [11]. Upon
activation, PEITC showcases neuro- and cardioprotective effects, along with antitumor and
antimutagenic properties, contributing significantly to the prevention of carcinogenesis
and other chronic degenerative diseases [12—-15]. The pivotal mechanism driving PEITC
bioactivity involves the activation of molecular pathways regulated by the transcription
factors nuclear factor erythroid 2-related factor 2 (Nrf2) and heat shock factor 1 (HSF1). The
sulfhydryl group of PEITC binds to cysteine residues in its protein targets, initiating the
molecular process [16,17]. This review will delve further into the intricate interplay between
PEITC and Nrf2, providing a comprehensive exploration of this critical mechanism.

1.2. Sulforaphane

Sulforaphane emerges as a metabolic product originating from the stable phyto-
chemical glucoraphanin (GPN), a glucosinolate derived from dihomomethionine. The
conversion of GPN to SEN transpires during the cutting or chewing of broccoli sprouts, a
process that exposes GPN to the catalytic action of the myrosinase enzyme [18]. Similar to
other isothiocyanates, SFN has demonstrated a myriad of health benefits, encompassing
anti-inflammatory and antioxidant effects, inhibition of tumor cell growth, antidiabetic
properties, cardioprotective effects, and other advantageous health impacts [19-21]. The
isothiocyanate functional group within the SFN molecule emerges as the crucial pharma-
cophore, dictating its bioactivity [22]. SEN has garnered increased popularity in recent
years, primarily due to its recognized anticancer potential. Research reports suggest that
SFN induces apoptosis in tumor cells through both intrinsic and extrinsic apoptotic path-
ways [23]. Furthermore, SFN inhibits cancer initiation by modulating metabolic enzymes,
leading to the reduction of carcinogen-activating phase I enzymes (e.g., decreasing CYP1Al
(cytochrome P450 family 1 subfamily A member 1) and CYP3A4 (cytochrome P450 fam-
ily 3 subfamily A member 4) activity) and activation of carcinogen-detoxifying phase II
enzymes [22,24].

1.3. Moringa Isothiocyanates

Moringa isothiocyanates are the least studied of the isothiocyanates. Similar to other
isothiocyanates, they are found in a precursor form in Moringa oleifera, a tropical plant
abundant in glucosinolates [25]. Moringa glucosinolates exhibit a unique structure with an
additional sugar group. Four bioactive and relatively stable isothiocyanates are formed
from Moringa glucosinolates, with 4-[(a-L-rhamnosyloxy) benzyl] isothiocyanate and 4-[(4’-
O-acetyl-a-L-thamnosyloxy)benzyl] isothiocyanate comprising over 95% of the total MIC,
while others are present in smaller amounts [26]. Moringin (MG), as the most abundant
MIC, results from myrosinase-catalyzed hydrolysis of glucomoringin (GMG). Alongside
PEITC and SFN, MG has attracted attention across various research domains, including
cancer, antimicrobial applications, neurodegenerative diseases, and more, owing to its
anti-inflammatory and antioxidative effects (Figure 1) [27].

For instance, transcriptomic analysis revealed MG’s capacity to suppress inflammation
and oxidative stress by reducing the expression of inflammatory cytokines, such as TNF-o
(tumor necrosis factor o), IFN-« (interferon «), IL-1 (interleukin 1), and IL-6 (interleukin
6), while simultaneously increasing Nrf2 gene expression and its nuclear accumulation.
This resulted in a decrease in NF-«B translocation and its binding to promoter sites on
responsive genes, coupled with a reduction in reactive oxygen species production. MG also
demonstrated antioxidative characteristics, overcoming colchicine-induced oxidative stress
in an Alzheimer’s disease rat model and improving the rats’ memory [12,13].
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2. Isothiocyanate Metabolism

Upon hydrolyzation of glucosinolates in the gastrointestinal tract, isothiocyanates
seamlessly enter the bloodstream and form associations with plasma proteins. This binding
facilitates their traversal across the plasma membrane of cells, allowing entry into the
cellular milieu. Once inside the cells, isothiocyanates engage in a reaction with glutathione,
catalyzed by the enzyme glutathione S-transferase (GST). Subsequently, this conjugate is
transported to the extracellular medium, where y-glutamyl transferase and dipeptidase
enzymatically dismantle its y-glutamyl and glycyl components. The resulting metabolite
then undergoes transportation to the liver, where it enters the mercapturic acid pathway.
Within this pathway, N-acetyl transferases acetylate the metabolite, leading to the formation
of the N-u-acetyl derivative or mercapturic acid. Finally, the formed derivatives are
conveyed to the kidneys and actively expelled into the urine, completing the process of
elimination from the body [28,29].

2.1. Metabolism of Phenethyl Isothiocyanate

PEITC demonstrates rapid absorption and notable bioavailability. The primary
metabolic pathway for PEITC involves glutathione conjugation, leading to excretion in
both urine and bile in the form of mercapturate. In the liver, the enzyme GST facilitates the
addition of a glutathione (GSH) tail to PEITC, forming PEITC-GSH. Further metabolism
occurs as y-glutamyl transferase and dipeptidase act on the y-glutamyl and glycyl moieties
of PEITC-SG, respectively. The resulting cysteine conjugate undergoes N-acetylation of
its cysteine radical through the action of N-acetyltransferase 2 (NAT2) and is eventually
excreted as mercapturic acid in the urine [30,31].

2.2. Metabolism of Sulforaphane

Upon entering the body, SFN undergoes metabolism through the mercapturic acid
pathway. The interaction involves the reactive electrophilic carbon from the isothiocyanate
functional group (—N=C-S) and GSH, catalyzed by GST. The resulting SFN-GSH complex
undergoes further transformations by enzymes such as y-glutamyltranspeptidase, cysteinyl-
glycinase, and N-acetyltransferase. The main metabolite formed is SFN-N-acetylcysteine.
SEN exhibits high bioavailability, undergoes rapid metabolism, and is excreted from the
body through urine. Once inside the cells, it accumulates [4,6].

2.3. Metabolism of Moringa Isothiocyanates

Although no data are available about the metabolic transformation of Moringa isoth-
iocyanates, it is anticipated that they enter the metabolic pathway of mercapturic acid
similarly to other isothiocyanates. As reported for PEITC and SFN, Moringa isothiocyanates
undergo consecutive reactions involving GST, y-glutamyl transferase, and dipeptidase.
Eventually, NAT2 converts them into mercapturic acid, which is then excreted via the
kidneys [4,6,29-31]. However, a recent study conducted in rats detected MIC in the serum
without chemical or enzymatic degradation, indicating that MIC is protected from typical
isothiocyanate metabolism and other metabolic modifications because of its unique glyco-
sidic motif [32], but further confirmations are needed. Moreover, it was reported that the
structural difference from other isothiocyanates does not impact MIC efficacy but rather
contributes to their stability. As stated, purified MIC is a white crystalline powder stable at
25 °C, while SEN and PEITC are volatile, viscous liquids [33].

3. Chemical Structures of the Three Isothiocyanates

Functional similarity among isothiocyanates arises from the isothiocyanate moiety
(=N=C=5), a functional group formed by substituting the oxygen in the isocyanate group
with sulfur. This group forms hydroxyl bonds with sulthydryl, hydroxy, and amine groups
on targeted proteins. The newly formed bonds are reversible, meaning that the activity of
isothiocyanates ends after the hydrolysis of proteins [34].
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Moringa isothiocyanates exhibit solid and relatively stable properties at room temper-
ature, as a result of the additional rhamnose sugar group attached to the isothiocyanate
moiety. On the other hand, PEITC and SEN are volatile molecules available in liquid
form [26,35]. Isothiocyanates are liposoluble molecules with the ability to cross the blood—
brain barrier, giving them neuroprotective activity against conditions such as Alzheimer’s
disease, Parkinson’s disease, and multiple sclerosis [36,37].

These plant-derived isothiocyanates are well-known for their antioxidative and anti-
inflammatory activity, which may be responsible for various beneficial health effects re-
ported in the literature.

4. Nrf2 Activation and Regulation of Oxidative Stress

The activation of the Nrf2 transcription factor and consequently the inhibition of
nuclear factor kappa B (NF-«kB) signaling resulting in protection from oxidative stress is
one of the most investigated mechanisms for PEITC and SEN. Upon translocation into the
nucleus, Nrf2 activates the antioxidant response element (ARE) and stimulates the tran-
scription of antioxidant and cytoprotective enzymes [37,38]. The interaction between Nrf2
and ARE leads to the upregulation of heme oxygenase 1 (HO-1), an enzyme that catalyzes
the degradation of heme into CO, bilirubin, and free iron. HO-1 inhibits the production of
pro-inflammatory cytokines such as IL-6 and TNF-« while stimulating the secretion of anti-
inflammatory interleukins, mainly interleukin 10 (IL-10). Moreover, the HO-1-mediated
release of CO leads to inhibition of the NF-«B signaling pathway and thus, further de-
creases the expression of inflammatory molecules [39]. Nrf2 mediates the transcription of
other detoxification and antioxidant genes, such as NAD(P)H-quinone oxidoreductase 1
(NQO1), glutathione S-transferases (GSTs), aldo-keto reductases (AKRs), aldose reductase
(AR), y-glutamyl peptidase (GGT), carboxylesterase (CES), UDP-glucuronosyltransferases
(UGTs), thioredoxin (TXN), and glutamate-cysteine ligase catalytic/modifier subunits
(GCLC/GCLM) [17], indicating the existence of a complex interplay between inflammation
and oxidative stress where Nrf2 plays a central role.

All isothiocyanates react with Nrf2 in the same way. The electrophilic center of
isothiocyanates interacts with thiol (-SH) groups of cysteine residues in Kelch-like ECH-
associated protein 1 (Keap1), forming a stable bond between sulfur and carbon in a process
called Michael addition. This leads to the release of Nrf2 from its complex with Keapl,
stabilization of Nrf2 protein, and its translocation to the nucleus [40-42]. It is claimed
that SFN, PEITC, and MIC have a high affinity for Keap1 [42]; however, their dissociation
constant (Kd) has not been determined yet. Thus, the isothiocyanates—Keap1 interaction
might be dependent on other factors, such as the dose of isothiocyanate used in a reaction,
the time of exposure, the type of cells exposed to isothiocyanates, or other factors.

4.1. Role of Phenethyl Isothiocyanate in Nrf2 Activation and Activities

Phenethyl isothiocyanate has been shown to activate Nrf2 in both in vitro and in vivo
studies. Ernst et al. (2011) explained that PEITC increases the phosphorylation of extracellu-
lar signal-regulated (ERK1/2) kinases 1/2, which are responsible for Nrf2 phosphorylation
and translocation to the nucleus [40]. In a study by Eisa et al. (2021), the nephroprotective
role of PEITC in diabetic mice was found to be Nrf2-dependent, stimulating the expression
of downstream targets such as HO-1 and y-GCS (gamma glutamate-cysteine), proteins that
counteract oxidative stress [43].

However, other anti-inflammatory mechanisms of PEITC have also been proposed. In
obese mice treated with PEITC, higher levels of NF-«kB, lectin-like oxidized low-density
lipoprotein receptor 1 (LOX-1), and cyclooxygenase-2 (COX-2) were observed compared to
the control group. PEITC supplementation was able to decrease the expression levels of
NF-kB, LOX-1, and COX-2, ameliorating obesity-induced inflammation via mTOR/PPARy/
AMPK signaling (mammalian target of rapamycin/peroxisome proliferator-activated re-
ceptor gamma/adenosine-monophosphate activated-protein kinase) [40,44]. PEITC has
also shown beneficial effects against bacterial and viral infections by suppressing Toll-like
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receptor signaling. This leads to the downregulation of NF-kB and interferon regulatory
factor 3 (IRF3), ultimately inhibiting interferon 3 (IFN{3) and interferon-inducible protein-10
(IP-10), which are genes involved in infection-triggered inflammation [45].

4.2. Role of Sulforaphane in Nrf2 Activation and Activities

Sulforaphane has been associated with the modulation of Nrf2/Keap and NF-«B,
contributing to protection against cardiovascular-related inflammation, atherosclerosis,
hypertension, diabetes mellitus, cardiomyopathy, and heart failure [12].

For instance, Pan et al. (2023) demonstrated that SEN can reduce vascular remodel-
ing in hypoxic pulmonary hypertension by reactivating Nrf2, decreasing the activity of
effector T cells, and suppressing the production of inflammatory molecules such as TNF-«
and IL-6. Additionally, SFN enhanced antioxidative defense mechanisms by improving
superoxide dismutase (SOD) activity and increasing total glutathione levels [46]. The
anti-inflammatory properties of SFN were also observed in an animal model of diabetic
cardiomyopathy [47,48]. Mice with diabetes treated with SFN for 4 months showed lower
risks of developing cardiac dysfunction, oxidative damage, inflammation, fibrosis, and
hypertrophy compared to a control group [47,48]. Similarly, Sun and colleagues reported
that SFN-mediated activation of Nrf2 signaling can prevent cardiomyopathy in mice with
streptozotocin-induced hyperglycemia in an AMPK«2-dependent manner. AMPK«2 is an
immune-suppressive protein that downregulates the activation of NF-«kB signaling [49].

4.3. Role of Moringa Isothiocyanates in Nrf2 Activation and Activities

Most studies on Moringa isothiocyanates focus on their anti-inflammatory activities,
demonstrating beneficial roles in conditions such as diabetic nephropathy, microbial infec-
tions, and neuroprotection [10,50,51]. The anticipated immune-suppressive mechanism of
MIC was found to be Nrf2-dependent. For instance, exposing human renal proximal tubule
HK-2 cells to increasing doses of MG (1.25-5 uM) resulted in the upregulation of Nrf2 gene
expression, particularly NQO1, HO-1, and GCLC, while inhibiting transforming growth
factor beta 1 (TGF1). Consequently, MG exhibited a dual action by suppressing inflamma-
tion and reducing oxidative stress in the treated cells through the common isothiocyanate
mechanism of action [50]. Likewise, MG demonstrated the ability to prevent renal injury
in diabetes-bearing mice by repressing ROS and malondialdehyde (MDA) levels, while
enhancing the production and secretion of defensive proteins like GSH, SOD, and catalase
(CAT). At the molecular level, this was associated with the induction of Nrf2 signaling
and the inhibition of NF-«kB activity [52]. Additionally, the neuroprotective effects of MG
were observed in various neurodegenerative disorders, including Parkinson’s Disease,
Alzheimer’s Disease, Huntington’s Disease, and Amyotrophic Lateral Sclerosis, where
once again, Nrf2 activation played a central role [10]. The documented beneficial effects of
isothiocyanates against various cancers highlight the proposed induction of both intrinsic
and extrinsic apoptotic pathways as the most crucial underlying mechanism.

5. Antitumor Activities of Isothiocyanates
5.1. Antitumor Activities of Phenethyl Isothiocyanate

Phenethyl isothiocyanate is one of the most studied isothiocyanates with well-
established antitumor characteristics. In vitro studies have demonstrated that PEITC
induces oxidative damage in cervical cancer cells, triggering caspase-3 mediated apopto-
sis [53]. Similarly, colon cancer cells treated with PEITC, either alone or in combination with
irinotecan, experienced higher levels of ROS and Ca?* compared to the control. Authors
explained that in a state of oxidative stress, cancer cells activate apoptosis as a defense
mechanism, along with the Nrf2 pathway, which promotes the production of antioxidative
proteins such as HO-1 and GSH [54]. Consequently, PEITC and/or irinotecan were able
to indirectly reduce tumor growth and progression by shifting the balance of oxidation—
reduction reactions to the left.
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The potential of PEITC to impair the cancer cell cycle and inhibit cell viability and
proliferation in four human osteosarcoma cell lines has been clearly demonstrated [55].
Multiple cell death modalities were detected, including ferroptosis, apoptosis, and au-
tophagy, as a result of increased oxidative stress and GSH depletion. These findings were
confirmed in a xenograft osteosarcoma mouse model treated with 30 mg/kg of PEITC [55].

In a mouse transgenic model of prostate cancer, a diet with 0.05% PEITC led to a
reduction in tumor incidence through several mechanisms. PEITC inhibited the cell cycle
in cancer cells, reduced inflammation, and disrupted cancer-related signaling [56]. Similar
results were reported by Stan and colleagues in 2014, where PEITC inhibited the growth
of prostatic cancer cells both in vitro and in vivo. The effect was dose-dependent, with
7 umol/L proposed as IC50. PEITC suppressed tumor growth in vivo by stimulating G2/M
phase cell cycle arrest and apoptosis. The antiapoptotic proteins B-cell lymphoma 2 (Bcl-2)
and B-cell lymphoma-extra large (Bcl-XL) were downregulated in treated mice, while
the expression of the proapoptotic protein Bcl-2 homologous antagonist killer (Bak) was
increased [57].

Recent data indicated that PEITC can reduce the tumor’s potential to metastasize. For
instance, Zhang et al. (2021) noted the ability of PEITC to reduce breast cancer metastasis via
epigenetic reactivation of the tumor suppressor gene cadherin (CDH1). Reactivated CDH1
suppressed the Wnt/ 3-catenin pathway, which confers breast cancer stem cell properties
in breast cancer cells [58]. Similar PEITC activity was observed in colorectal cancer stem
cells (CSC), where it significantly reduced stem cell properties, such as clonogenicity and
the expression of pluripotent factors in vitro. When PEITC-pretreated CSC were inoculated
in mice, a significant reduction in tumor growth and progression was observed, in contrast
to the group where mice inoculated with CSC were treated with PEITC. Thus, the authors
concluded that PEITC might contribute to the prevention or delay of colorectal cancer
growth by inhibiting stem cells [59].

Additionally, PEITC is often combined with other natural cytotoxic molecules or
chemotherapeutics for a more pronounced antitumor effect. Results show that the com-
bination of PEITC, indole-3-carbinol, xanthohumol, and resveratrol is more efficient in
the activation of Nrf2 and NF-kB inhibition in pancreatic cancer cells than either of the
substances alone [60]. Kasukabe and colleagues investigated the combination of cotylenin
A and PEITC in pancreatic cancer cells resistant and non-resistant to gemcitabine and found
that the combined treatment synergistically induced the generation of ROS, leading to more
pronounced cancer cell death in both cell lines [61]. Finally, Li et al. (2016) demonstrated
the ability of PEITC to reverse the resistance of biliary tract cancer cells to cisplatin [62].

5.2. Antitumor Activities of Sulforaphane

Numerous in vivo animal studies have indicated the antitumor potential of SEN. For
instance, a study on rats demonstrated that SFN significantly reduces the proliferation
of triple-negative breast cancer cells. Moreover, it diminished the number of stem-like
cancer cells responsible for resistance to chemotherapy and radiotherapy [63]. Similarly,
SEN exhibited a dose-dependent suppression of proliferation, induction of apoptosis, and
reduction of lymph metastasis in female breast tumor-bearing mice [64]. The anti-tumor
efficacy of SFN was observed in transgenic pancreatic cancer mice treated with 50 mg/kg
of SEN for 120 days [65].

In lung tumors, SEN prevents the epithelial-mesenchymal transition, a process in-
volved in all stages of lung cancer development and progression. This resulted in decreased
invasiveness and migratory capacity of lung cancer cells via induction of MAPK/ERK
signaling (mitogen-activated protein kinase/extracellular-signal-regulated kinase signal-
ing) [66]. Li et al. (2020) identified the activation of caspase-mediated apoptosis as the key
mechanism of SFN-induced tumor regression. However, they also noted that the activation
of Nrf2 could stimulate autophagy, a process that helps tumors survive in a nutrition-
depleted environment [67]. Lu et al. (2021) demonstrated that SEN, at a dose of 5 mg/kg
b.w., induces tumor-protective autophagy, and the addition of an autophagy inhibitor
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increased SFN sensitivity in esophageal squamous cell carcinoma [68]. Conversely, Byun
et al. showed that 5 mg/kg b.w. of SFN reduced the size of colon tumors by increasing the
activity of proteins involved in the cell cycle. In vitro analysis revealed that SFN decreased
cellular levels of glutathione, leading to increased ROS production in cancer cells. Elevated
ROS levels further activated Nrf2 signaling and the stress-activated kinase, p38, ultimately
resulting in cell cycle arrest and apoptosis [69].

Additionally, some studies demonstrated that SEN can increase cancer cell sensitivity
to commonly used antitumor drugs. For example, DNA damage-induced apoptosis was
more pronounced in breast cancer cells treated with a combination of cisplatin and SEN
than in cells treated with only one of the mentioned drugs [70]. Similarly, combinational
treatment of imatinib (IM) and SFN stimulated apoptosis of IM-resistant leukemia stem
cells (LSCs). Mechanistic studies showed that combined treatment induced ROS production
and subsequent activation of apoptotic molecules, namely, caspase 3, poly (ADP-ribose)
polymerase (PARP), and Bcl-2-associated X protein (Bax), while Bcl-2 expression was
inhibited [71]. However, even with the well-known and proven antitumor activity of SFN,
Rai et al. (2020) found that independent application of SEN contributed to tumor size
reduction only when combined with paclitaxel. The authors proposed that SEN could be
administered as an adjunct to chemotherapy to reduce side effects [72].

5.3. Antitumor Activities of Moringa Isothiocyanates

Although least investigated, MIC has been shown to inhibit cancer growth and pro-
mote apoptosis in cancer cells. Notably, MG and one of its acetylated isomers were
demonstrated to induce NQO1 enzyme activity as effectively as SEN in hepatocellular
carcinoma cells, suggesting that MG acts as an Nrf2 activator as well [73].

Additionally, other MIC-mediated antitumor mechanisms have been recognized as
important. Xie et al. (2022) demonstrated that MG induces apoptosis in renal cancer cells
both in vitro and in vivo by increasing the Bax/Bcl-2 ratio and inducing cell cycle arrest [74].
In malignant astrocytoma cells, MG stimulated the apoptotic process through p53 and
Bax activation and Bcl-2 inhibition. Furthermore, the induction of oxidative stress and
subsequent activation of the Nrf2 transcription factor further contributed to tumor cell
death [75].

The effects of MG on glioma cells were shown to be time- and dose-dependent, as
reported by Xie et al. (2023). They found that MG stimulated tumor cell apoptosis in a
manner similar to the previously explained mechanisms without causing harm to normal
human gastric mucosal cells [76]. MIC-mediated activation of apoptotic genes, including
caspase, p53, Akt/MAPK, and Bax of the proapoptotic Bcl family, has also been observed
in human prostate [77], liver [78], and neuroblastoma cancer cells [79].

5.4. Anticancer and Cancerogenic Potential of Isothiocyanates

Although current data supports the hypothesis of anti-cancerogenic properties of
isothiocyanates, some differences between them were described in the literature. For
example, Yuan et al. (2013) compared the antitumor potential of SFN and PEITC in vitro
in human glioblastoma cells, as well as in vivo in a murine orthotropic glioblastoma
tumor model. While both SFN and PEITC were able to inhibit proliferation and stimulate
the apoptosis of three different glioblastoma cell lines, in vivo studies showed that only
SEN was able to decrease the tumor weight at a dose of 12.5 mg/kg daily [80]. On the
contrary, prostate cancer cells were more sensitive to PEITC than SFN. PEITC was able
to inhibit cell replication at a dose of 10 uM while the same effects were seen when
prostate cancer cells were treated with 40 uM of SEN [81]. Next, SFN was shown to
stimulate apoptosis and suppress the metastasis of bladder cancer cells, both in vitro [82]
and in vivo [83] in a dose-dependent manner. While >20 uM SEN decreases cell viability
and migration of bladder cancer cells, a low concentration of SFN (1-5 uM) promotes
their proliferation and migration [84]. Similarly, dual results were seen when bladder
cancer was treated with PEITC. The administration of 0.01% to 0.05% of PEITC significantly
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increased the incidences of papillary or nodular hyperplasia, dysplasia, and transitional
cells in rat urinary bladder carcinomas, while doses higher than 0.05% showed antitumor
effects [85]. Additionally, when 0.1% PEITC was given to 6-week-old F344 rats for 1, 2, 3, and
7 days, a significant reduction in urinary pH levels compared to the normal control was
detected, together with an increase in the thickness of the urinary bladder urothelium
and occurrence of inflammation, vacuolation, erosion, and apoptosis/single cell necrosis
in the urinary bladder lesion. Histopathological simple hyperplasia was observed when
0.1% PEITC is administered for 14 days, suggesting that the use of PEITC may induce
continuous proliferation of bladder epithelial cells, especially in the early stage of bladder
carcinogenesis and thus, should be used with caution [81]. When it comes to MIC, current
data suggest only positive anticancer effects in bladder cancer [86,87]. However, this may
not be a realistic scenario as MIC are the least investigated isothiocyanates and thus, require
further investigation to confirm these results.

Overall, the anti-cancerogenic potential of isothiocyanates might depend on several
factors including the type and dose of isothiocyanate used in the treatment, as well as the
type of cancer.

6. Neuroprotective Properties of Isothiocyanates
6.1. Neuroprotective Properties of Phenethyl Isothiocyanate

Phenyl ethyl isothiocyanate has emerged as a promising protective agent in the context
of neurodegeneration, showcasing neuroprotective properties through its modulation of
various molecular pathways associated with oxidative stress, inflammation, and apoptosis.
Experimental models have demonstrated the potential of PEITC to attenuate neurode-
generative processes, presenting a novel avenue for therapeutic intervention [37]. The
neuroprotective activity of PEITC is realized through the activation of Nrf2 and its down-
stream cytoprotective pathways [17]. Despite promising potential, a limited number of
studies have explored the use of PEITC in neurodegenerative diseases.

Wang et al. (2019) conducted a study showing that PEITC could promote the repair
of injured sensory neurons [88]. However, it is important to note that conflicting find-
ings exist in the literature. One study indicated that PEITC may induce dose-dependent
neurotoxic effects in the brain. In an experiment, pregnant adult rats were treated with
15, 60, and 120 mg/kg of PEITC from the 7th to the 16th week of gestation. The study
observed impairment of neuro-behavioral development and learning abilities in the off-
spring exposed to 60 and 120 mg/kg of PEITC, while 15 mg/kg showed no neurotoxic
effects [89]. These conflicting results underscore the need for further research to delineate
the nuanced effects of PEITC on neurodegenerative processes and to establish safe and
effective therapeutic protocols.

6.2. Neuroprotective Properties of Sulforaphane

Sulforaphane emerges as the most extensively studied isothiocyanate concerning the
prevention of neurodegenerative diseases. Notably, SFN has demonstrated a capacity to
counteract amyloid 3 (AB) aggregation in Alzheimer’s disease, with this effect being corre-
lated with the activation of Nrf2 [90]. In cellular studies, Bahn et al. treated SH-SY5Y cells
with 1 uM of SEN, resulting in the overexpression of Nrf2 and reduced transcription levels
of beta-secretase 1 (BACE1) and BACE1 antisense RNA (BACE1-AS), proteins implicated in
amyloidogenic processes [91]. SFN-mediated reduction of oxidative stress and prevention
of neural cell damage have shown protective effects in Parkinson’s disease, with the mech-
anism being Nrf2-ARE-dependent [92]. The observed neuroprotective effects of SEN have
been further confirmed in in vivo settings. For instance, Zhang et al. (2015) highlighted the
potential therapeutic use of SEN in Alzheimer’s disease. In an Alzheimer’s mouse model,
SEN exerted neuroprotective effects by shielding the brain from A-deposits responsible
for the degeneration of neurons and synapses. SFN restored endogenous antioxidants in
the brain and regulated the activity of glutathione peroxidase (GPX). Additionally, SFN
demonstrated a possible anxiolytic effect by influencing reduced locomotor activity in
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diseased mice [93]. Regular oral administration of SFN at a daily dose of 10 to 50 mg/kg
prevented memory impairment characteristic of Alzheimer’s disease and reduced levels of
tau, phosphorylated tau, and A {3-protein—key pathophysiological factors in this disease.
SEN achieved these effects by influencing their production and clearance, and increasing
the activity of heat shock protein 70 (HSP70) and the C-terminus of the HSP70-interacting
protein [94]. Furthermore, SFN demonstrated the ability to reduce depressive-like behavior
in rats, possibly stemming from memory loss, through effects on serotonin metabolism and
transport [95].

In vivo studies by Morroni et al. (2013), Jazwa et al. (2011), and Zhou et al. (2016)
confirmed the neuroprotective activity of SEN for the treatment of Parkinson’s disease. SFN
exhibited a neuroprotective effect, preventing the degeneration of dopaminergic neurons
and significantly improving impaired motor function, coordination, and balance. This
effect was attributed to the increased antioxidant potential of the substantia nigra and the
inhibition of apoptosis, with SEN enhancing brain antioxidant protection by activating
Nrf2 and subsequently the antioxidant enzymes HO-1 and NQO1 [96-98].

Yoo et al. (2019) and Li et al. (2013) conducted studies in mice with autoimmune
encephalomyelitis to explore the potential of SFN as an adjunctive therapy for multiple
sclerosis. SEN demonstrated preventive effects against neuronal degeneration due to its
antioxidant and anti-inflammatory properties. The activation of Nrf2 led to increased
synthesis and activity of antioxidant enzymes, reducing the number of antigen-specific
Th17 cells critical for the development of autoimmune encephalopathy. Additionally, SEN
improved the integrity of the blood-brain barrier (BBB) by inhibiting oxidative stress,
reducing the expression of matrix metalloproteinase-9 (MMP-9), the tissue inhibitor of met-
alloproteinase, and consequently protecting levels of the proteins claudin-5 and occludin,
which are crucial for maintaining the integrity of the BBB [99,100].

6.3. Neuroprotective Properties of Moringa Isothiocyanates

Moringa isothiocyanates play a crucial role as antioxidants, effectively neutralizing
free radicals and mitigating oxidative stress within the brain. Through the enhancement of
the cellular antioxidant defense system, MIC demonstrate a capacity to prevent oxidative
damage to neurons, contributing to overall neuroprotection [8]. In parallel to PEITC, MIC
exhibit anti-inflammatory effects by suppressing the production of inflammatory cytokines
and mediators in the brain [101,102]. Notably, a study conducted by Onasanwo and col-
leagues observed the potential pharmacological role of Moringa oleifera isothiocyanates in
preventing the loss of neuronal cells and managing Alzheimer’s disease. They emphasized
the critical role of MIC in reducing oxido-inflammatory stress, restoring cholinergic trans-
mission through acetylcholinesterase inhibition, and maintaining neuronal integrity in the
brains of mice with exogenously induced neurodegeneration [103].

Furthermore, recent research suggests that treatment with Moringa extract improves
anxiety-like behavior, hyperactivity, cognitive learning, and memory impairments in mice
with developed Alzheimer’s disease. This improvement is attributed to the inhibition
of BACE1 and asparagine endopeptidase (AEP), as well as the upregulation of insulin-
degrading enzyme (IDE), neprilysin (NEP), and low-density lipoprotein receptor-related
protein 1 (LRP1) levels [104]. The same research group previously demonstrated that MIC
alleviate hyperphosphorylation and A pathology in a rat model with induced Alzheimer’s
disease-like pathology [105]. Additionally, MIC have been shown to promote the expres-
sion of neurotrophic factors, such as brain-derived neurotrophic factor (BDNF), which
play a crucial role in neuronal survival, growth, and maintenance, thereby contributing to
the preservation of cognitive function and preventing neurodegeneration. In a study by
Purwoningsih and colleagues, mice treated with Moringa oleifera seed oil exhibited ame-
lioration of anxiety-like and depression-like symptoms, as well as memory improvement.
This was linked to increased mRNA expression of BDNEF, inhibition of acetylcholinesterase
(AChE) activity, and prevention of the rise in malondialdehyde levels in the brain [106].
Furthermore, Moringa oleifera seed extract shows beneficial effects on congenital aspects.
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In mice with scopolamine-induced learning and memory impairment, MIC mediated the
enhancement of the cholinergic neurotransmission system and neurogenesis through the
activation of Akt, ERK1/2, and cAMP response element-binding protein (CREB) signaling
pathways, resulting in a reduction of amnesia-related symptoms [107].

Another neuroprotective mechanism of MIC is linked to mitochondrial protection, as
demonstrated by Gonzales-Burgos et al. (2021). Their investigation revealed the protective
effects of MIC on an H,O,-induced oxidative stress model in human neuroblastoma cells.
In vitro assays indicated that in addition to antioxidative activity involving the reduc-
tion of free radicals, a decrease in lipid peroxidation, and enhanced glutathione levels,
MIC prevented mitochondrial dysfunction by regulating calcium levels and increasing
mitochondrial membrane potential [108].

7. Conclusions

Isothiocyanates are inherent natural products that attain bioactivity through the hy-
drolysis of their precursors, known as glucosinolates. The functional similarity among them
arises from the pharmacophore—the isothiocyanate moiety, which interacts effectively
with sulfhydryl groups on targeted proteins. A distinguishing characteristic of Moringa
isothiocyanates lies in their enhanced stability, attributed to an additional sugar group in
their structure.

The activation of Nrf2 stands as a pivotal mechanism of action for all isothiocyanates,
playing a key role in both antioxidative and anti-inflammatory activities. PEITC, SFN, and
MIC collectively exhibit numerous health benefits, ranging from cardio- and nephroprotec-
tion to anticancer activity. The small, liposoluble nature of PEITC and SEN enables them to
traverse the BBB, facilitating neuroprotective activity. Moreover, current data suggest that,
although bigger and less liposoluble, MIC possesses neuroprotective effects, as shown by
their ability to reduce oxido-inflammatory stress in neuronal cells. The significant health
benefits of isothiocyanates cannot be underestimated and prompt questions on how their
potency as antioxidants or anticancer agents varies with their structure. As shown in
Table 1, SEN has a simple hydrocarbon backbone with the (—N=C=S) functional group,
while PEITC has a phenyl ring. Contrary to others, MIC have a phenyl ring and a rhamnose
sugar which confer stability at room temperature [26]. If structural differences influence
physical properties, how much influence do they have on function? This question and
more are worth exploring as we expand our understanding of the significant health benefits
locked in cruciferous vegetables.
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Abbreviations

ARE Antioxidant response element

GMG Glucomoringin

HSF1 Heat Shocking Factor 1

GSH Glutathione S-transferases

GGT v Glutamyl Peptidase

MG Moringin

MIC Moringa Isothiocyanate

NRF2 Nuclear factor erythroid 2-related factor 2
PEITC Phenyl ethyl isothiocyanate

GPN Glucoraphanin

CYP1A1 Cytochrome P450 family 1 subfamily A member 1

CYP3A4 Cytochrome P450 family 3 subfamily A member 4
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TNF-o Tumor necrosis factor «

IL-6 Interleukin 6

TGFB Transforming growth factor-beta

Bcl-XL B-cell lymphoma-extra large

Bak Bcl-2 homologous antagonist killer

CADH1 Cadherin

MAPK/ERK  Mitogen-activated protein kinase/extracellular-signal-regulated kinase signaling
PARP Poly (ADP-ribose) polymerase

BAX Bcl-2-associated X protein

BACE1 Beta-secretase 1

BACE1-AS BACEI antisense RNA

MMP-9 Matrix metalloproteinase 9

CAT Catalase

AEP Asparagine endopeptidase

IDE Insulin-degrading enzyme

NEP Neprilysin

LRP1 Low-density lipoprotein receptor-related protein 1
AChE Acetylcholinesterase

CREB cAMP response element-binding protein
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