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Abstract: The high number of new cancer incidences and the associated mortality continue to be
alarming, leading to the search for new therapies that would be more effective and less burdensome
for patients. As there is evidence that Se compounds can have chemopreventive activity, studies have
begun to establish whether these compounds can also affect already existing cancers. This review
aims to discuss the different classes of Se-containing compounds, both organic and inorganic, natural
and synthetic, and the mechanisms and molecular targets of their anticancer activity. The chemical
classes discussed in this paper include inorganic (selenite, selenate) and organic compounds, such
as diselenides, selenides, selenoesters, methylseleninic acid, 1,2-benzisoselenazole-3[2H]-one and
selenophene-based derivatives, as well as selenoamino acids and Selol.

Keywords: selenium compounds; cancer; anticancer agents; molecular target; drug resistance;
combinatorial therapy; chemoprevention

1. Introduction

The chemistry of selenium (Se) compounds is not a young field, since its beginning
was in the first half of the 19th century. The first steps in this scope were initiated in 1836
by the then toxicologists, who discovered a Se metabolite, diethyl selenide, excreted by
inhalation during research using inorganic selenium compounds on animals. Meanwhile,
the first synthesis of selenium-containing (Se-containing) compounds took place in 1847,
when ethylselenol was obtained [1]. Since then, selenium chemistry has developed greatly
and investigators have started to look at whether it can help with society’s health problems,
including cancer. The high number of new cancer incidences and the associated mortality
continue to be alarming [2], leading to the search for new therapies that would be more
effective and less burdensome for patients. As there is evidence that Se compounds can have
chemopreventive activity [3-5], studies have begun to establish whether these compounds
can also affect already existing cancers. This review aims to discuss the different classes
of Se-containing compounds, both organic and inorganic, natural and synthetic, and
the mechanisms and molecular targets of their anticancer activity. The chemical classes
discussed in this paper include inorganic (selenite, selenate) and organic compounds such
as diselenides, selenides, selenoesters, methylseleninic acid, 1,2-benzisoselenazole-3[2H]-
one and selenophene-based derivatives, as well as selenoamino acids and Selol.

These compounds are metabolized into different redox-active products, and thus their
metabolites belong to two pools: a hydrogen selenide (e.g., selenite) and a methylselenol
(e.g., methylseleninic acid, selenoesters) pool, which exhibit a slightly different mechanism
of action and toxicity, and their properties depend on the doses used [6-8]. Furthermore,
the high reactivity of these metabolites results from their increased nucleophilic character,
which ensures their anticancer efficacy [8]. In the course of the studies, it was found that
methylselenol metabolites exhibit multiple beneficial chemopreventive as well as anticancer
effects, whereas an excess of hydrogen selenide metabolites in a cell may cause single-
strand DNA breaks (SSBs) [7]. For this reason, it is thought that organic Se compounds
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are less toxic than inorganic forms that contain Se [6,9]. The anticancer mechanism of
Se-containing compounds is mainly based on inducing apoptosis in cells [10], but apart
from that, these compounds also affect gene expression and various cell signal pathways,
DNA repair/damage, as well as the angiogenesis process or metastasis [11].

In addition, it was observed that these compounds sensitize cancer cells to standard
chemotherapy/radiotherapy and synergistically increase their effectiveness and may also
reduce their side effects [6,12]. Unfortunately, these mechanisms are multidirectional
and are not fully understood [7]. The mechanisms described above mainly arise from
the high redox activity of metabolites, which is associated with the formation of reactive
oxygen species (ROS) and the oxidation of protein thiol groups in the cell, leading to
oxidative stress [11,13]. However, Se and its compounds are like a “double-edged sword”;
depending on the dose, they may have antioxidant or prooxidant properties. At nutri-
tional levels, redox-active Se-containing compounds have an antioxidant activity only after
the incorporation of Se into selenoproteins, exhibiting a chemopreventive effect, whereas
in supranutritional doses, they manifest their prooxidant and anticancer properties [13].
Finally, it is also worth mentioning that Se compounds may trigger other types of cell
death apart from apoptosis, which may proceed via both internal and external pathways.
Non-apoptotic events may also occur, such as cell cycle arrest [3,7,12], necrosis [3,7], au-
tophagy [7,12], ferroptosis [14], necroptosis [13], entosis [15], anoikis [8,16], NETosis [17],
or mitotic catastrophe [7]. Among the types of cell death caused by Se compounds, fer-
roptosis, which was first described by Dixon and Stockwell in 2012, seems to be a very
interesting process [18,19]. It is non-apoptotic regulated iron-dependent cell death with the
simultaneous growth of ROS, which leads to the accumulation of lipid peroxides in the
membrane [14,18-21]. Its basic mechanism results from the imbalance between the pro-
duction of oxidizing substances (ROS) and cellular antioxidant systems [18,19,21], which
causes an increased level of ROS inside the cell and oxidative stress [18]. It turns out that
the catalyst of this type of cell death is iron, which accumulates in the cell and then under-
goes the Fenton reaction and generates free radicals’ formation. Moreover, this element
also increases the activity of the enzyme—lipoxygenase, which also takes part in lipid
peroxidation [19,20]. The main enzyme that prevents the development of ferroptosis and is
its key regulator is Se-dependent glutathione peroxidase 4 (Gpx4, phospholipid hydroper-
oxide glutathione peroxidase, PHGPx) [19,21,22]. Therefore, its expression and activity
are determined by the levels of this trace element in the body (too low Se concentration
limits them). This is due to the fact that in the active site of Gpx4, there is a selenocysteine
residue, which, together with glutathione (GSH), is responsible for the reduction of lipid
peroxides to the corresponding alcohols, which prevents the formation and accumulation
of ROS [19-23]. Gpx4 alone cannot exist without the substance that regenerates it, which is
why GSH, which is responsible for the reduction of oxidized Gpx4, is also necessary to pre-
vent ferroptosis [20,21]—both of these components are very important for the antioxidant
protection of the cell [14,19]. In summary, ferroptosis can occur when the cell’s antioxidant
defense is exceeded (excessive formation of ROS/lipid peroxides by too high iron levels
and other reactions leading to their formation) or when the antioxidant system is weakened
(decrease in expression/inactivation/depletion of Gpx4 or depletion/decrease in GSH
levels) [14,18-21]. Possible types of cell death induced by Se-containing compounds are
presented in Figure 1.
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Figure 1. Types of cell death induced by Se-containing compounds.

2. Inorganic Selenium Compounds

Both selenite (Se032*, SeL, Figure 2, structure 1) and its sodium salt, sodium selenite
(disodium selenite, Na;SeQ3, S5, Figure 2, structure 2), belong to a group of inorganic
compounds, which were tested as the first Se-containing compounds, and the scope of
research on their anticancer properties was very extensive [3,6,7].

1 q 0_ 0 NaO_ ONa
Se, Se, Se, Se.
0 O NaO ONa O O o 0
1 2 3 4

Figure 2. Chemical structure of inorganic selenium compounds (1—selenite, 2—sodium selenite,
3—selenate, and 4—sodium selenate).

During the metabolism of 55 in vivo, the formation of hydrogen selenide (H;Se)
occurs [5,24], which is then methylated forming methylselenol [25,26]. The in vivo study
concluded that SeL (3 mg/kg body weight (b.w.)) was well tolerated but was genotoxic [27],
while at a concentration of about 127 pM Se, it was toxic and genotoxic to primary human
keratinocytes (NHK) [28]. This is due to the fact that medium (3-5 ppm; 0.3-0.5 mg
Se/kg b.w.) or dietary (0.1 ppm; 0.01 mg Se/kg b.w.) doses of SeL are metabolized to
selenide (Se? ™), which is then incorporated into selenoproteins [3,29,30]. In turn, higher
concentrations (>5 ppm; >0.5 mg Se /kg b.w.) of this compound lead to its reaction with
oxygen and the formation of ROS, which causes oxidative stress, and this ultimately results
in the cytotoxic and genotoxic effects [3,28,30,31]. Selenate (Figure 2, structure 3) also
exhibits genotoxic properties [27]. For this reason, chronic high doses of SeL should not
be ingested, as its genotoxic properties in normal cells may lead to their mutagenesis
and paradoxical cancer development [27]. It is worth quoting here the results of a study
in which a combination of SeL (126.6 1M Se) and Trolox (80 uM; water-soluble Vit. E)
increased the prooxidative and genotoxic effects of SeL. on NHK cells, which could have
resulted from the formation of vitamin E radicals by SeL. No such results were observed
when using selenomethionine (SeMet) + Trolox, which proves that SeL is a prooxidant [28].
The anticancer effects of Sel. and SS were observed on many cancer cell lines, including
prostate [24-26], breast [32], lung [33], hepatoma [34], bladder [35], and glioblastoma [9] or
osteosarcoma [36].
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Furthermore, cells resistant to the available cytostatic agents in comparison with cells
sensitive to them are more susceptible to SeL [6]. It was reported that SeL affects and
disrupts intracellular GSH levels. This is because SeL is reduced to selenide (Se?~) by GSH,
resulting in the rapid depletion of GSH in the cell [34]. The selenide produced as a result of
this reaction reacts with oxygen, leading to ROS formation [30]. Since GSH is too low in the
cell, there is a redox imbalance and excessive amounts of ROS form, which in turn induces
oxidative stress [30,33-35] and other signal pathways, and leads to apoptosis [7]. In a
study by Shigemi et al. [37], excessive amounts of ROS caused ER stress and subsequent
apoptosis via activating the unfolded protein response (UPR) pathway as a result of SS
activity.

However, in the apoptosis induced by SeL, mitochondria are the main contributor [7,34].
SS easily diffuses into the mitochondria [30], reacting with the mitochondrial GSH and
producing superoxide, which reacts with the components of this cellular organelle [38]. Then,
the oxidation of protein thiol groups occurs. Both the generated superoxides and the oxidized
thiols open the pores of the mitochondrial permeability transition (MPT) [34,38]. At this point,
the potential of the mitochondrial membrane (A¥'m) decreases [30,34,35,38] and cytochrome
c is released into the cytoplasm [3,38]. In the case of selenate, this apoptotic pathway does not
occur [30,38].

In addition, the p53 protein is involved in the apoptotic pathway. As SeL leads to DNA
fragmentation (DNA fragments 50-300 bp) and DNA SSBs [3], a signal of DNA damage
appears, which leads to p53 activation [24,31]. The activation of p53 increases the levels
of the proapoptotic protein, Bax [24,36], which is then translocated into the mitochondria,
oligomerizes, and finally destabilizes the mitochondrial membrane [24]. Furthermore, the
introduction of cells into the apoptotic pathway may be caspase-mediated [25,26,30], but it
may also be a caspase-independent process [7,24].

To sum up the above-described mechanisms, as a result of SeL. metabolism, excessive
generation of ROS is observed, which results in DNA SSBs and activation (phosphorylation)
of p53, which in turn induces increased transcription of Bax and then its (Bax) translocation
to the mitochondria. The membrane is destabilized (opening of MPT pores) and cytochrome
c is released to cytosol, which activates caspases and finally leads to cancer cell apoptosis.
The caspase-independent apoptosis occurs in cells without a functional p53 protein (e.g.,
prostate cancer PC-3 or DU145 cells), but is not as efficient as caspase-dependent apoptosis
(no p53-mitochondria feedback loop, which sustains ROS production) [24]. As can be seen,
apoptosis occurs through the internal (mitochondrial) pathway, but there are reports of a
component of the external pathway through the DR5 death receptor. This was observed in
DU145 prostate cancer cells, where SeL induced the upregulation of the DR5 receptor and
simultaneous activation of the internal pathway, which may lead to the assumption that
the internal and external pathways may be related [3].

Moreover, the inhibition of cancer cell proliferation by Sel. may occur by suppressing
NF-kB DNA binding [25], inhibiting protein kinase C (PKC) [7,29] or histone deacetylases
(HDAC) [6,32] activity, as well as poisoning topoisomerase II (by reacting with thiols
incorporated into this enzyme) [31] or by affecting other molecular targets, i.e., p38 mitogen-
activated protein kinase (p38MAPK), c-Jun NH2-terminal kinase (JNK), AP-1 [3,7,26],
ATM [31], AKT [7,26]. As far as the cell cycle is concerned, SeL treatment led to cell
cycle arrest in phase S and irreversible inhibition of cell proliferation, while selenate
arrested the cycle in phase G2, and growth inhibition was reversible [26,30]. So far, the
impact of SeL on apoptotic events in cancer cells has been described. Apart from the
apoptotic phenotype, there are several other non-apoptotic types of cell death, i.e., necrotic
or autophagic phenotype, which had also been observed during SeL treatment [7]. In the
study carried out by de Miranda et al. [32], the authors observed that SeL induced necrosis
in breast cancer MCF-7 cells, while Soukupova et al. [35] found autophagy and necrosis in
chemoresistant human bladder cancer RT-112/D21 cells. In addition, Subburayan et al. [14]
reported in their paper that SS induced ferroptosis in human cancer cells such as breast
(MCF-7), prostate (PC-3), and glioma (U-87MG).
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In addition to the research on the effect of SeL. on cancer cells, there were also studies
that used combination therapy of SeL with standard chemotherapy. Thus, it was proved
that SelL synergistically enhanced the effectiveness of imatinib against colorectal cancer
HTC116, cisplatin against MCF-7 cells [39], or TrxR (thioredoxin reductase) inhibitors
(auranofine, ethaselen) against human lung and ovarian cancer cells [6]. Furthermore, it
was reported that apart from synergistic enhancement, SeL also reduced the side effects
(e.g., toxicity) of commonly used cytostatic drugs, among other (a.0.) 5-fluorouracil (5-
FU) or docetaxel [6]. There are also human studies, in which the combination of SS
with commonly used cancer therapies was applied. Table 1 shows clinical trials of such
combined therapies and the study using SS alone.

Table 1. Sodium selenite under clinical investigation. This table is compiled from the information available at hitps:
/ /www.clinicaltrials.gov/ on 7 January 2021.

NCT Number Study Title Clinical Trial Status Study Design References
‘Study Z‘:’ah:.a ting .Stﬁdlbu.m tS elerut(la Phase 1 Non-randomized,
NCT04296578 101 COMBINALION WIth ablraterone in ase t open-label, single-group [40]
castration-resistant prostate cancer not yet recruiting assienment
progressing on abiraterone &t
Phase I sodium selenite in .
NCTO01155791  combination with docetaxel in Phase 1 Open-label, single-group [41]
. . terminated assignment
castration-resistant prostate cancer
Sodium selenite and radiation .
NCT02184533 therapy in treating patients with Phase 1 Op.en-label, single-group [42]
. completed assignment
metastatic cancer
The use of selenium to treat Phase 2 Randomized, double-blind,
NCT00188604 secondary lymphedema breast completed placebo-controlled, [43]
cancer P crossover assignment
Sodium selenite as a cytotoxic Open-label, single-grou
NCTO01959438 agent in advanced carcinoma Unknown assienm nt’ gle-group [44]
(SECAR) gnme
High dose inorganic selenium for Rand.o.mlzed, tnple-bh.nd
. . . (participant, care provider,
NCT04201561 preventing chemotherapy induced Phase 3 investigator) [45]
peripheral neuropathy recruiting 11ceb0-c0nt;olle 4. varallel .
(SELENTUM) pe P

assignment

In conclusion, during the use of high doses of SeL, the selenide (Se?”) formed during
metabolism is responsible for the genotoxic effects resulting from the formation of large
amounts of ROS, which interact with DNA. On the other hand, methylation of Se2~
leads to obtaining a compound (methylselenol) that does not show this property. This
has led to the design of stable compounds, which are precursors (“prodrugs”), releasing
anticancer methylselenol during their metabolism [25]. These methylselenol precursors
will be discussed in the following section of this review.

3. Organic Selenium Compounds
3.1. Diselenides

Diselenides are a class of compounds that contain the Se-Se bond in their structure
and have the general chemical formula RySe;. Dimethyl diselenide (Figure 3, structure 5)
is a compound found in nature that exhibits antioxidant properties and strongly induces
NADPH quinone oxidoreductase, whereas dipropyl diselenide (Figure 3, structure 6) and
dibutyl diselenide (Figure 3, structure 7) are known for their prooxidant effects, even at
low concentrations [46,47].
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Figure 3. Chemical structures of diselenide derivatives (5—dimethyl diselenide, 6—
dipropyl diselenide, 7—dibutyl diselenide, 8—diphenyl diselenide, 9—4 4'-dimethoxy-diphenyl
diselenide, 10—3,3'-ditrifluoromethyl-diphenyl diselenide, 11—3',5’,3,5-tetratrifluoromethyl-
diphenyl diselenide, 12—1,2-bis(chloropyridazinyl) diselenide, 13—N,N’-((diselanediylbis(2,1-
phenylene))bis(methylene))di(ethaneamine), 14—indol-containing diselenide, 15—bis(4-amino-3-
carboxyphenyl) diselenide).

In the case of diphenyl diselenide (Figure 3, structure 8), it has been characterized as
an antioxidant and inhibitor of nociception, which also protects neurons from damage and
has antidepressant properties [48]. Its protective activity on cells was tested on murine J744
macrophage-like cells and during tamoxifen (TAM) therapy on mammary gland cancer
MCEF-7 cells. In the first case, after the generation of ROS and subsequent treatment with
compound 8, there was a decrease in NF-kB expression in the cells, while in the second
study, it counteracted oxidative damage in cells caused by TAM without affecting its
activity. At low doses, it had protective properties against genotoxic substances.

Meanwhile, in vivo studies revealed that diphenyl diselenide can be toxic, depending
on its route of administration and dosage [46]. Mainly, this compound was studied for
its antioxidant activity, while there is less research on its cytotoxic effects on cancer cells.
The inhibitory activity of compound 8 on neuroblastoma (SH-SY5Y) cell growth seems to
be mediated by the extracellular signal-regulated kinase (ERK 1/2) pathway, which was
presented in a paper by Posser et al. [49]. Additionally, in the study by Nedel et al. [45],
compound 8 at a concentration of 80 uM exhibited cytotoxicity and apoptosis induction
in HT-29 cells, which is consistent with the findings of Posser et al. [49] that diphenyl
diselenide leads to cell death via the apoptosis pathway.

In turn, 4,4’-dimethoxy- and 3,3/-ditrifluoromethyl-diphenyl diselenide (Figure 3,
structures 9 and 10) were more cytotoxic than 8 to HT-29 cells and induced apoptosis at
20 uM, out of which 9 caused a higher percentage of this cellular event. It was found that
compounds 9 and 10 induced apoptosis via the caspase-dependent (1 AIF, T caspase 9 and
8) and caspase-independent (1 Bax, | survivin) pathways, and arrested the cell cycle in the
G2/M phase via genes p53, p21 (1 expression), and MYC (| expression) [48].

Studies on the cytotoxicity of 3/,5’,3,5-tetratrifluoromethyl-diphenyl diselenide (Fig-
ure 3, structure 11) were carried out on several cancer cell lines, i.e., HL-60 (human leukemia,
ICs5p = 8 uM), PC-3 (prostate cancer, ICs5p = 13 uM), MCF-7 (breast cancer, ICsy = 18 uM),
MIA-PA-Ca-2 (pancreatic cancer, ICsp = 25 uM) and HCT-116 (colorectal cancer, ICsy =
27 uM). Compound 11 induced apoptosis via the internal pathway (mitochondrial) and
arrested cells in phase S of the cell cycle. A simulation of molecular docking of diselenide
11 demonstrated that this compound selectively binds to the minor groove of DNA via
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hydrogen bonds in which fluorine atoms are involved. Additionally, there are hydrophobic
interactions between the benzene rings and DNA.

1,2-bis(chloropyridazinyl) diselenide (Figure 3, structure 12) had the highest growth
inhibition of MCF-7 cancer cells among all 17 compounds synthesized and studied by Kim
et al. [50]. Proliferation inhibition by this compound was dose-dependent and its ICs
amounted to 10.34 uM.

N,N’-((diselanediylbis(2,1-phenylene))bis(methylene))di(ethaneamine) (Figure 3,
structure 13), which was synthesized by Krasowska et al. [51], exhibited the inhibition of
cell proliferation in micromolar concentrations in three cell lines of cervical (HeLa, IC5p =
20 uM) cancer, breast (MCF-7, IC5; = 30 uM) cancer, and leukemia (K652, ICsy = 15 uM).
It was found that 13 is an inhibitor of glutathione-S-transferase (GST)—this enzyme is
responsible for increased drug removal in cancer cells. Moreover, the use of this compound
with cisplatin enhanced its cytotoxic activity, possibly resulting from GST inhibition. The
authors also conducted a molecular docking of 13 in a crystal structure of GST in their
study. It turned out that it can be located in the H-site of the active center of the enzyme
and be stabilized by many interactions. It was also found that the key interactions for the
inhibition of GST activity by compound 13 are m—m stacking interactions with Y108 and the
diselenide bridge docked near Y7 (a phenol group).

The indol-containing diselenide (Figure 3, structure 14) and bis(4-amino-3-carboxy
phenyl) diselenide (Figure 3, structure 15) affect the kinases. The activity of cyclin kinase
(CDKs) is slightly suppressed by 15, while 14 inhibits the tyrosine kinase in cells [46].

In vitro studies of diselenides suggest that they may be promising candidates for
anticancer agents, but their application, including, among others, that of diphenyl dise-
lenide, may be limited due to their toxicity in vivo. The toxic effects of these compounds
depend on the dosage, vehicle, and route of administration, as well as the age or species
of the tested animal [52]. It was observed that diphenyl diselenide was less toxic in rats
than in mice—the LDs5; of this compound was 374.4 mg/kg in rats and 65.52 mg/kg
in mice after intraperitoneal administration [52,53]. Acute subcutaneous (<156 mg/kg)
and oral exposure to diphenyl diselenide and its chronic administration (<31.2 mg/kg,
subcutaneously) did not cause toxic effects in mice. In contrast, repeated administration at
>31.2 mg/kg subcutaneously and acute intraperitoneal exposure to this compound had
toxic effects in these rodents [52-54]. Oral administration of 30 mg/kg (supranutritional
dose of diphenyl diselenide) for 8 months was non-toxic in rabbits, whereas acute intraperi-
toneal administration of 1.56 and 15.6 mg/kg was hepatotoxic to them, while a dose of
156 mg/kg was lethal to 85% of the population [52]. The main mechanism responsible for
the toxic properties of diselenides is their prooxidant activity, which involves interaction
with functionally relevant -SH (thiol) groups of proteins, leading to their oxidation and
loss /decrease in their function [53,55,56]. Depletion of intracellular GSH is one of these
effects [53,55]. Furthermore, by the same mechanism, these compounds can inhibit the
enzyme d-aminolevulinic acid dehydratase (6-ALA-D) in the blood, kidney, liver, and brain
(highly lipophilic molecules that can cross the blood-brain barrier (BBB)) [52,53,55,56].
Inhibition of this enzyme in the blood results in the accumulation of aminolevulinic acid
(ALA), characterized by some prooxidant properties [53]. In turn, the crossing of the
BBB by diselenides results in their neurotoxic effects [52,56]. This is manifested by the
induction of convulsions in mice after the administration of diphenyl diselenide. It is
noteworthy that this effect was observed only in intraperitoneal administration, indicating
that this toxicity depends on the route of administration. This may be due to the accu-
mulation of the intermediate metabolite of diphenyl diselenide in the brain, although it
seems more possible that inhibition of 8-ALA-D leads to accumulation of ALA, which
has a proconvulsant effect. Interestingly, the neurotoxicity of diphenyl diselenide is also
determined by the age of the tested animal. Oral administration of this compound induced
seizures in rat pups, but not in adults. In addition, glutamatergic system impairment was
found [52,53,56,57]. In the case of 4,4'-dimethoxy- and 3,3'-ditrifluoromethyl-diphenyl dis-
elenide, reduction /abolition of the occurrence of convulsions in mice was observed [52,57].
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