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Abstract: Antioxidants, such as stilbenes, anthocyanidins, coumarins, tannins and
flavonoids, are often based on oxygen-containing redox systems and tend to feature several
hydroxyl groups in their chemical structures. From a synthetic perspective, oxygen atoms
are prone to bioisosteric replacement with sulfur and, notably, selenium. The main objective
of this narrative literature review is to explore if and how bioisosteric substitution of oxygen
with sulfur or selenium can enhance the biological activity of natural products. This re-
placement boosts the biological activity of the resulting molecules considerably as they now
combine the redox and antioxidant properties of the original flavonoids and other natural
products with the specific redox behavior of sulfur and selenium. Besides sequestering
free radicals and peroxides, they may, for instance, also catalyze the removal of oxidative
stressors, capture free metal ions and even provide scope for selenium supplementation.
Since these molecules resemble their natural counterparts, they also exhibit considerable
selectivity inside the body and a good pharmacokinetic profile. Still, the synthesis of
such hybrid molecules integrating sulfur and selenium into flavonoids and other natural
products is a challenge and requires innovative synthetic strategies and approaches.

Keywords: bioisosteric replacement; catalysis; hybrid molecules; reactive selenium species
(RSeS); reactive sulfur species (RSS)

1. Introduction
Antioxidants have a long tradition in the field of nutrition and health. Despite

considerable—and often justified—criticism about their bioavailability and biological ac-
tivities in vivo, including issues surrounding uptake and metabolism in more complex
organisms, these natural products are still widely considered to be beneficial to human
health. Indeed, their preventive, and in some instances even medicinal actions place them
at the forefront of nutraceuticals, especially in the elderly [1–7].

Interestingly, antioxidants are structurally diverse and range from fairly simple
coumarins (1) and flavonoids (2,3) to complicated anthocyanidines (4), glycosides (5)

Sci 2025, 7, 74 https://doi.org/10.3390/sci7020074

https://doi.org/10.3390/sci7020074
https://doi.org/10.3390/sci7020074
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sci
https://www.mdpi.com
https://orcid.org/0000-0003-2911-2607
https://orcid.org/0000-0003-1281-5453
https://orcid.org/0000-0002-9615-4471
https://orcid.org/0000-0002-0886-5522
https://orcid.org/0000-0002-4078-1468
https://orcid.org/0000-0002-6288-7220
https://doi.org/10.3390/sci7020074
https://www.mdpi.com/article/10.3390/sci7020074?type=check_update&version=1


Sci 2025, 7, 74 2 of 22

and oligomeric tannins (6, Figure 1). Despite these structural differences, the ability of
such antioxidants to counteract the typical ingredients of oxidative stress (OS) via their
specific redox activity almost exclusively relies on oxygen-based redox moieties, such as
(hydro-)quinones [8]. Indeed, many antioxidants are subsumed under the term “polyphe-
nols”, an expression which has become almost synonymous to “antioxidants” [9].

 

Figure 1. The chalcogen exchange strategy provides several advantages, such as additional centers
for biological activities, additional modes of interaction, facilitation of redox catalysis and supplemen-
tation of trace elements. Secondary metabolites such as 1–6 are amenable to bioisosteric replacements
of oxygen for sulfur and selenium. The figure also highlights the “active”, “inactive/bystander” and
“add-on” replacement options in green, blue and black, respectively.

Notably, the abundance—and importance—of oxygen atoms in such structures also
provides a handle for a simple and powerful bioisosteric replacement strategy along
the group of the chalcogen elements. In theory, it is possible to replace one or several
oxygen atoms in such antioxidant structures with sulfur, and, more daringly, selenium,
an essential trace element considered as an effective antioxidant on its own [10,11]. For
strategic considerations, one may distinguish between the replacement of an oxygen atom
actively involved in antioxidant, i.e., redox activity, or a ”bystander” oxygen with no direct
antioxidant function on its own. In the first case, a change from blue to yellow or pink
may increase an existing activity. In the second, it would incorporate an additional center
of activity

Such a new center could, for instance, involve a thiol, thione, selenol or selenone
able to remove free radicals and peroxides, facilitate redox catalysis and capture adven-
titious free metal ions such as Cu+ or Fe2+. Such sulfur and selenium sites may exhibit
considerable synergy with the original (poly-)phenolic site(s), and, in the case of selenium,
possibly serve as supplement for this trace element once the compound becomes metab-
olized. This Se supplementation is an added advantage since Se deficiency may lead to
a plethora of complications, such as Keshan disease (KD), Kaschin–Beck disease (KBD),
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acquired immunodeficiency syndrome (AIDS), cardiovascular disease (CVD), cancer and
inflammatory bowel disease (IBD) [12–16]. The World Health Organization (WHO) has
confirmed an inadequate intake of Se not only in developing countries like Serbia, Slovenia
and Turkey, but also in developed countries including the United Kingdom, France and
Germany [16]. Natural products laced with Se, therefore, provide an interesting avenue to
counter Se deficiency.

These various benefits of the “chalcogen exchange” strategy are highlighted in Figure 1,
together with the basic and most common natural structures that are attractive for such
an exchange. Besides exchanging an “active” or “inactive” oxygen atom in an existing
natural product, one may also add chalcogen-containing functions to such molecules.
Although we also consider selenium moieties linked to natural products, such “add-on”
molecules without the relevant synergy are not the focus here, yet may be mentioned
on occasion for comparison since they are discussed elsewhere [17–20]. The focus of this
review is on the bioisosteric replacement of oxygen atoms in natural products, allowing us
to showcase challenges in synthetic chalcogen chemistry, from simple selenides and selenols
to selenoimidazoles, selenocarbonyls, selenoesters and selenosugars, each featuring specific
reactivities and biological activities. It is important to mention that genetic engineering
provides another alternative pathway for the substitution of oxygen with sulfur and
selenium especially in proteins and enzymes. This review article focuses on chemical
synthetic strategies for such substitution.

2. Inspired by Nature’s Symphony in Blue, Yellow and Pink
Interestingly, the idea of replacing oxygen for sulfur and then selenium in natural

products is not as outlandish as one may initially expect. Nature itself provides such sets
of oxygen, sulfur and selenium analogs already, albeit not systematically, and often not
assigned to the same class of organisms. Replacing oxygen with sulfur and selenium may,
therefore, rather be considered as a homage to nature. The most obvious example here is
the trio of the amino acids serine (Ser), cysteine (Cys) and selenocysteine (SeCys), which
differ only in their chalcogen atom. A similar shamrock is found in case of O-methyl-L-
homoserine (methoxine, Mox), methionine (Met) and selenomethionine (SeMet). These
amino acids are shown in Figure 2.

Isosteric replacement of oxygen with sulfur in serine results in one of the most im-
portant amino acids, Cys. Thanks to its ”redox chameleon” sulfur, Cys confers a broad
range of different functions to proteins, such as disulfide formation, metal-binding, electron
donation, hydrolysis and redox catalysis, as summarized in Figure 3.

Let us, therefore, briefly consider “how nature does it”. Indeed, unlike the abundant
oxygen and sulfur, selenium is an essential and beneficial trace element, occurring in just
20 mg in an average human adult, compared to around 140 g for sulfur [21,22]. Since
its discovery as a trace element in humans by Flohé et al. and Rotruck et al., selenium
has formed a center of interest in antioxidant research, as selenium is able to undergo
various redox reactions quickly and efficiently, and with major consequences for biological
systems [23–26]. In its redox behavior, the non-metal selenium acts alone, and therefore
resembles metal ions, such as iron and copper, rather than more complex organic redox
centers [27]. The redox catalytic cycle of SeCys is presented in Figure 4.

The oxidation of selenol (-SeH) by H2O2 or other oxidants results in the formation
of selenenic acid (-SeOH) which is reduced back to selenol (-SeH) by GSH via a two-step
process involving selenenyl sulfide (-SeSG) as an intermediate. Intriguingly, high levels
of OS or low concentrations of reduced glutathione (GSH) lead to the over-oxidation of
selenenic acid (-SeOH) to seleninic acid (-SeO2H), which may also be reduced back to
selenenic acid (-SeOH) by GSH.
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Figure 2. Naturally occurring oxygen, sulfur, and selenium analogs of amino acids, such as Ser
(7)/Cys (8)/SeCys (9) and Mox (10)/Met (11)/SeMet (12), which differ only in their respective
chalcogen atom. Notably, SeCys and SeMet form the basis for the numerous selenoproteins and
enzymes in biology.

Figure 3. A plethora of biological activities can be unlocked by a simple isosteric replacement of
oxygen in Ser (7) with sulfur in Cys (8), and this is often achievable by simple genetic engineering.

Although selenium is found in tens of proteins and enzymes, and there is a chemical
analogy between Cys and Met on the one side and SeCys and SeMet on the other, the
metabolism and natural metabolites of selenium tend to differ from the ones of sulfur. A
few notable natural selenium metabolites, including glutathione selenotrisulfide (GSSeSG),
methyl selenol ((CH3)SeH), dimethyl selenide ((CH3)2Se) and the trimethylselenonium
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ion ((CH3)3Se+), are formed as part of the selenium metabolism in animals and humans.
These selenium compounds are not necessarily part of a natural chalcogen exchange
series, as their sulfur and oxygen analogs are of less significance in animal metabolism. In
contrast, the analogy between Met and SeMet is considerable, and enables animals and
humans to incorporate SeMet more or less randomly in proteins and enzymes in positions
designed for Met. In contrast to SeCys, humans and other animals are unable to synthesize
SeMet (6) and obtain it from food sources [28]. SeMet (12) is naturally occurring in cereal
grains, soybeans and grassland legumes providing, among others, a strong radioprotective
effect [29,30]. The synthesis of SeMet (12) in plants begins with the uptake of selenate
(SeO4

2−, 16) present in the soil via sulfate (SO4
2−) transporters of the plant root. The

interaction of SeO4
2− with ATP results in the formation of adenosylphosphoselenate

(17), which is subsequently reduced by adenosylphosphosulfate reductase to selenite
(SeO3

2−, 18), followed by further reduction to selenide (Se2−, 21) by GSH via intermediates
such as selenodiglutathione (19) and glutathioneselenol (20). Selenide (21) reacts with
O-acetylserine to form SeCys (9), which later on interacts with homoserine in the presence
of cystathionine synthase to produce selenocystathionine (22). The enzyme cystathionine
lyase cleaves selenocystathionine (22) to selenohomocysteine (23), pyruvate and ammonia.
Eventually„ methionine synthase produces SeMet (12) from selenohomocysteine (23) [28].
The biosynthesis of SeMet in plants is presented in Figure 5.

Figure 4. The redox catalytic cycle of SeCys. H2O2, hydrogen peroxide; GSH, reduced glutathione;
GSSG, glutathione disulfide; GR, glutathione reductase; NADPH, nicotinamide adenine dinu-
cleotide phosphate.

The SeMet story in animals has an interesting twist to it, which is worth mentioning
in passing. It is absorbed from the small intestine by a sodium-dependent transporter,
binds with hemoglobin and accumulates in the liver and muscle, especially skeletal muscle,
which accounts for approximately 28 to 46% of the total selenium pool [31]. Unlike SeCys,
whose insertion into proteins is controlled extremely tightly, SeMet is incorporated into
human proteins and enzymes non-specifically in concert with Met [32]. Once inserted into
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such proteins, SeMet provides considerable antioxidant protection [33]. In simple language,
consumption of SeMet from natural sources may therefore be employed to “pimp” cellular
proteins and enzymes with added antioxidant and redox catalytic features, a notion which
has attracted and amazed nutritional scientists for decades.

Figure 5. The biosynthesis of SeMet (12) in plants.

Selenoneine (SeN, 27) is the selenium analog of ergothioneine (ET, 26) and of 2-oxo-
histidine (25); all three are based on the amino acid histidine (24) [34]. SeN is a powerful
antioxidant and undergoes a specific selenol–selenone tautomerism with a distinct redox
behavior associated with it (Figure 6) [35]. SeN and its oxidized diselenide form are at
the center of catalytic activity. SeN exhibits a significantly higher antioxidant potential
compared to ET. ET is very stable inside of mammals, dominated by the thione tautomer at
physiological pH and a reasonable cellular antioxidant and its redox chemistry, thanks to
the availability of the thiol tautomer allowing oxidative formation of disulfide bridges [36].
In a direct comparison, SeN by far outpaces ET, exhibiting a 50% radical scavenging
concentration (RS50 value) in the 2,2-diphenyl-1-picryl-hydrazyl-hydrate (DPPH) assay at
astonishing micromolar concentrations as compared to mM concentrations for ET [37].

It should be emphasized that despite their similarities, chalcogen analogs, such as
ET and SeN, are not synthesized or found in the same organism. ET is produced in ergot,
a toxic fungus attacking rye, and also in edible mushrooms such as Agaricus bisporus,
Lentinula edodes, Pleurotus ostreatus and Grifola frondosa [38,39]. In comparison, the sources
of SeN are more limited and fishier. Initially isolated from the blood of tuna fish in 2010 by
Yamashita et al., it is also found in various animal tissues, such as chicken heart, porcine
kidney and tilapia blood [35]. Quite recently, it has also been found in the liver, kidneys,
blood, brain and muscles of seabirds [40].

In tuna fish, SeN exhibits strong antioxidant activity by binding with haem proteins
i.e., hemoglobin and myoglobin and thereby preventing the auto-oxidation of iron. This
unique feature is central for tuna fish to endure in low-oxygen marine environments. The
main source of SeN for humans is the daily diet. SeN is typically found in red blood
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cells, where it is considered as the major form of selenium and an important biomarker
for selenium redox status in the red blood cells of fish-eating populations [41,42]. The
occurrence of SeN in red blood cells is associated with the presence of carnitine/organic
cation transporter (OCTN1), which are abundant in the cell membrane of the red blood
cells [43].

Figure 6. SeN exhibits an unusual selenone (27)/selenol (28) tautomerism enabling efficient antioxi-
dant action, binding to toxic metal ions, formation of diselenide bonds (29), interactions with thiols of
the cellular thiolstat and also catalytic activity.

Talking about mariners and marine organisms, it is also worth mentioning that quite
a few other exotic sulfur compounds are also found in the sea, such as the ovothiols
(30) present in sea urchins [44]. These ovothiols may represent one of the reactive sulfur
species (RSS) serving as an incentive in the hunt for analogs, naturally occurring reactive
selenium species (RSeS), with hypothetical structures (31 and 32), as shown in Figure 6.
Indeed, one of the most exciting roles of oxygen- and sulfur-containing natural products
is the opportunity to substitute these chalcogens for selenium and then either to hunt
for the resulting hypothetical molecules in biology itself, or to simply prepare them in
the laboratory.

3. Toolkit
The expression “bioisosteric replacement” seems to imply that the chemistry behind

the chalcogen exchange is exactly that, namely exchanging an oxygen or sulfur with a
selenium atom in an already existing, and otherwise unaffected, molecule. Indeed, such
direct exchange reactions are possible, for instance by methylating a thiol to a CH3S
group ready to leave the molecule once a selenium nucleophile such as Se2− arrives on
the scene [45]. There are specific strategies for such replacements in the literature, mostly
involving extraction of the existing chalcogen atom as part of a newly formed leaving group
and a nucleophilic sulfur or selenium taking its place [46,47]. In addition, specific reagents,
such as Lawesson’s reagent and Woollin’s reagent, can be used for the direct replacement
of oxygen with sulfur or of oxygen or sulfur with selenium, respectively [48,49]. These
reagents are also shown in Figure 6 and are named after the Swedish chemist Sven-Olov
Lawesson (1926–1985) and the British chemist John Derek Woollins.
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Unfortunately, in many cases, such a direct replacement is difficult, and the synthesis
fails because of the rather harsh reaction conditions required and undesired side-reactions.
Indeed, the direct chalcogen exchange in rather sensitive and delicate molecules is a bit like
extracting a blue tooth and replacing it with a pink denture in the absence of anesthesia.

It is therefore not surprising that most of the molecules presented in the following are
not obtained by such direct replacements and chalcogen exchanges, but are synthesized
from scratch with the sulfur or selenium inserted under the right conditions and regardless
of whether there has been an oxygen atom before or not in that specific position. It should
be noted that the synthesis of organo-selenium compounds has been discussed extensively
in the literature and is beyond the scope of this review [50–55]. A brief list of commonly
employed selenium reagents has been presented in Figure 7.

Figure 7. The toolkit for the synthesis of organo-selenium compounds ranges in its composition from
simple elemental selenium (33) to the rather complex Wollins’ reagent (40), which is the selenium
analog of Lawesson’s reagent (43).

4. Blueprints and Blueberries
Healthy eating brings us to another group of powerful antioxidants, namely flavonoids,

which naturally exclusively contain oxygen and encompass a range of structurally diverse
and often highly active compounds, including flavones (e.g., apigenin), flavanones (e.g.,
hesperetin), isoflavones (e.g., genistin), flavonols (e.g., quercetin, myricetin), chalcones
(e.g., phloretin), flavanols (e.g., catechins and epi-catechins) and anthocyanins (e.g., cyani-
din) [56,57]. From a chemical perspective, these substances feature a similar scaffold in the
form of oxygen-containing ring systems, yet differ in their respective substitutions and
saturation patterns, as depicted in Figure 8. Together, these natural products provide ample
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opportunities for bioisosteric chalcogen exchanges. Some of the most popular sites for such
replacements of oxygen for selenium are indicated in Figure 8 and include the oxygen atom
inside the ring in position 1 and also the carbonyl function in position 4.

Figure 8. Selenium-substituted flavonoids together with the natural products they are based upon.
Please note that substitution of different oxygen atoms in the original secondary metabolites results
in rather different types of selenium molecules, each with a specific redox activity.

Let us consider the carbonyl function at position 4 first, as it seems to be the more
reactive, and thus interesting, one. The thione, as well as selenone, formed of natural
flavonol quercetin (44) and flavone chrysin (45), for instance, have been prepared success-
fully (46–49) [58]. As predicted, switching from a carbonyl to a selenone group increases
the antioxidant activity dramatically [58]. Notably, protection of hydroxyl groups of
quercetin decreases this activity, indicating that the redox activity in these molecules is not—
exclusively—linked to the presence of the selenium atom [58]. Indeed, the redox activity of
the natural quinoid ring system B is dominant and controls biological activity; therefore,
protection of one or more of the relevant OH groups abolishes most of this activity.

In stark contrast to the oxygen (44,45) and sulfur analogs (46,48), these selenium
analogs (47,49) also exhibit excellent catalytic glutathione peroxidase (GPx)-like activity,
reducing dithiothreitol (DTTred) in the presence of H2O2 at rates comparable to naphthyl
selenourea and sugar-derived compounds [58,59]. This is not surprising as selenocarbonyls,
i.e., selenones, differ considerably in their reactivity from carbonyls, and also from thiones.
As one form of the selenol/selenone tautomerism, the selenol is also catalytic and may
enter the respective catalytic cycle either as anti- or pro-oxidant, as already seen for SeN in
Figure 6.

In biological cell-based assays, compound 49 inhibits thioredoxin reductase (TrxR) and
diminishes the intracellular glutathione concentration in MCF-7 breast adenocarcinoma
cells, thus de facto acting in these cells as an (indirect) pro-oxidant, interfering with the
enzymatic antioxidant defense and the cellular thiolstat [58].Consequently, compound 49
may overcome cisplatin and multidrug resistance [58].

Besides the carbonyl oxygen in position 4, the pyran oxygen in position 1, i.e., inside the
C ring, has also been replaced by selenium. Choi et al. have reported an impressive series of
such selenium substituted flavonoids (50–58) [60]. Interestingly, this replacement of a more
or less bystander oxygen generally does not increase the antioxidant capacity, as demon-
strated in SHSY5Y cells treated with these oxygen and selenium compounds. Nonetheless,
besides a similar antioxidant capacity, compound 51 has some advantages when compared
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to its oxygen analog, including a decreased polarity and increased lipophilicity [60,61].
Compounds 56 and 58 have been evaluated for biological activity in vivo in ischemia–
reperfusion in mice. These compounds reduce the total infarction volumes in the ipsilateral
hemisphere by 45% and 41%, respectively, thereby presenting much better neuroprotection
compared to the original flavanones [60].

These observations are in line with a general trend observed for selenium in such
ring systems, as such compounds often provide very disappointing redox and catalytic
activities, yet still some good biological activity.

5. Selenium-Substituted Vitamin E
The structure and redox behavior of α-tocopherol, commonly referred to as vitamin E,

is not dissimilar from the one of some of these flavonoids, with one oxygen inside at position
1 and one hydroxyl group outside a two-ring system in position 6. Vitamin E is an efficient
radical scavenger able to donate a hydrogen atom H• or electron, subsequently stabilizing
the tocopheryl radical in the quinoidal redox system, as depicted in Figure 5 [62,63].

Since the more versatile selenium in the place of oxygen may provide additional
stabilization or possibly also catalysis, a few selenium-substituted vitamin E analogs have
been reported in the literature, including compounds 59 and 60, de facto manifestations of
an interesting and otherwise unstable selenoquinone redox system (Figure 9).

Figure 9. The structure of Vitamin E provides two possible sites for the isosteric replacement of
oxygen with selenium, as highlighted in the main structure.
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These two selenium analogs, prepared by Al-Maharik et al., exhibit good antioxidant
activity, albeit slightly lower compared to the original vitamin E and also not amenable to
redox cycling, as may have been expected for selenium [64]. Oxidized α-selenotocopherol
cannot be reduced by common reductants; hence, the hypothetical catalytic cycle stalls at
the oxidized form, as has been noticed in a two-phase lipid peroxidation model [65].

A substitution of oxygen for selenium at the more reactive and thus interesting position
6 does not seem to have been reported so far (hypothetical structures of compounds 63–65).
Then again, vitamin E has been coupled to selenium-containing groups via esterification at
that specific hydroxyl group. Among these “add-on” selenium versions of vitamin E are, for
instance, a range of compounds synthesized by Abdel-Hafez et al. [66]. This series includes
vitamin E coupled to selenated pyridine (66), pyridazine (67), coumarin (68) and nicotine
(69) [66]. These substances, in particular compound 69, exhibit significantly increased
anticancer activity in a cell culture model of human MCF-7 breast cancer cells [66].

Notably, the complimentary antioxidant actions of the lipophilic radical scavenger
vitamin E on the one side and the reducing, often catalytic selenium atom on the other have
also attracted rather simpler solutions of combining both, for instance in form of vitamin E
samples enriched with selenium. Such a cocktail is able to induce apoptosis in cultured
human prostate cancer cells by changing the Bax/Bcl-2 ratio towards apoptosis [67]. This
example of simply mixing two natural products—rather than combining their active redox
moieties in a complicated, and clearly no longer natural, new agent—provides an argument
against the synthetic approach discussed here. Eventually, in order to justify such hybrid
molecules, one may therefore need to provide additional, possibly synergistic features.

6. Selenium-Containing Coumarins
Such synergistic features may be expected in simple molecules such as selenium-based

coumarins. In contrast to the ether-/pyrane-like structures discussed so far, coumarins
are basically cyclic esters, implying that substitution of the relevant oxygen for sulfur and
specially selenium may result in less stable and more reactive thioesters and selenoesters.
Angeli et al. have synthesized a range of such selenium-containing coumarin derivatives
(70–73, Figure 10) by substituting oxygen inside the ring for selenium [68]. Selenocoumarin
70 exhibits selective cytotoxicity against human prostate (PC3) and breast (MDA-MB-231)
cancer cell lines [68]. Notably, compounds 72 and 73 feature a further substitution of
the carbonyl oxygen for sulfur—albeit not for selenium. These coumarin-based selenium
compounds have been reported to exhibit high selectivity and inhibitory action against
carbonic anhydrase, an enzyme often associated with tumors [68]. Intriguingly, substitution
of the carbonyl oxygen alone has also been reported in the literature (74,75. Figure 10) [69].
So far, compounds with substitution of both the oxygen atoms of coumarin with selenium,
as shown at the top in Figure 10, do not seem to have been reported.

Since substitution of oxygen atoms in coumarins for sulfur and especially for sele-
nium is a challenging piece of synthesis, other teams have focused on the addition of
selenium-containing substituents to the coumarin moiety, for instance in agents such as
76–83 (Figure 10). As expected, these “add-on” compounds are redox active and modulate
the levels of reactive oxygen species (ROS) in cells, thereby influencing caspase activity and
inducing apoptosis in certain cancer cell lines [70].

Similar selenium-substituted coumarins, such as 84–90, present antioxidant activity,
selectively inhibit metalloproteinase MMP enzymes (MMP-1 and MMP-4) and prevent
angiogenesis in several in vitro and in vivo models. Despite their antioxidant activities,
they are also rather cytotoxic when compared to inorganic sodium selenite (Na2SeO3)
in different cancer cell lines [71]. These, at first contradictory, activities result from the
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concurrent removal of ROS on the one side and depletion/consumption of GSH on the
other, which obviously has a major impact on the cellular thiolstat of these cells.

Figure 10. Substitution of different oxygen atoms in the original secondary metabolites results in
rather different types of selenium molecules, each with specific redox activity. Coumarins also lend
themselves to the synthesis of add-on molecules.

It should also be mentioned that selenium and coumarins have been combined in and
to more eloquent molecules, such as methyl-substituted umbelliferon selenocyanate (MUS)
91, a compound exhibiting adjuvant activity by counteracting the production of ROS and
reactive nitrogen species (RNS) and restoring the glutathione redox pool. In cell culture,
MUS has been reported to reduce the toxicity of carboplatin by decreasing chromosomal
aberrations and micronuclei formation in order to protect DNA from damage in normal
bone marrow cells and to induce apoptosis in damaged cells [72]. These multifunctional
agents are based on individual “building blocks” and therefore reflect a different type of
hybrid molecule chemistry, which often lacks the kind of synergy frequently provided by
bioisosteric replacement.

7. Selenium-Substituted Sugars
Compared to the more or less stable natural scaffolds discussed so far, sugars such as

glucose are, in fact, quite labile aldoses formed by the cyclization of an aldehyde with an
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alcohol to what is effectively a five-membered furanose or six-membered pyranose ring.
From the perspective of bioisosteric replacement, these sugars represent a true challenge,
as neither the seleno-aldose, nor the selenoaldehyde, or indeed the selenol per se, are
particularly stable, especially under physiological conditions, i.e., in aqueous media and in
the presence of dioxygen. It is, therefore, not surprising that there are no direct selenium
analogs of glucose and related hexoses or pentoses, as may be naïvely anticipated, for
instance in Figure 11.

Figure 11. Selenium-substituted sugar-like structures offer the possibilities of replacing the oxygen
either inside the furan or pyran ring (92–103) or outside the ring in the form of diselenide or selenium–
sulfide linkages in disaccharides (104,105).

Nonetheless, several teams of researchers have tried to circumvent this issue of insta-
bility by synthesizing more stable cyclic selenoethers resembling such sugars, albeit void of
the labile functionalities, as also exemplified in Figure 11. Due to the sugar-like moiety in
these molecules, such compounds are also rather soluble in aqueous media and permeable
membranes, since they are non-ionic and frequently bioavailable [73].

Similarly to the coumarins, such sugars provide two major positions for bioisosteric
replacement, namely the oxygen atom inside the furane/pyrane ring and one or several
of the free hydroxyl groups of the sugars outside the ring, as depicted in Figure 11. As
far as ring oxygen is concerned, moving from oxygen to sulfur requires adjustments for
stability, as discussed already, and the sulfur and selenium analogs are, therefore, often
dideoxy-seleno sugars, and no longer esters yet ethers, basically cyclic sulfides R2S and
selenides R2Se.

These motifs are not that different from the ones found in Met and SeMet, respectively.
The relevant compounds have been reported in the literature, for instance Storkey et al.
describing the synthesis of 1,5-dideoxy-5-seleno-L-iditol (92) and 1,4-dideoxy-4-seleno-
D-talitol (93) [74]. These seleno-hexose and seleno-furanose sugar-like structures are
soluble in aqueous media and provide dose-dependent protection against HOCl-mediated
oxidation of bovine serum albumin (BSA) and diluted human plasma samples [74]. They



Sci 2025, 7, 74 14 of 22

also prevent the formation of 3-chlorotyrosine (3-Cl-Tyr) in human plasma and mediate the
detoxification of HOCl and N-chloramines in both isolated BSA and human plasma proteins,
thus acting as effective antioxidants [74]. Seleno-furanose 93 is apparently fairly resistant
to metabolic processing after oral administration, and exhibits an impressive range of such
antioxidant properties in vitro and in vivo, including the protection of isolated primary
human coronary artery endothelial cells (HCAEC) and smooth muscle cells (HCASMC),
vaso-protection, antioxidant protection of isolated aortae of mice, repairing of damaged
skin and enhanced healing of diabetic wounds [73–75].

Interestingly, the bioisosteric replacement of oxygen for selenium in such furanose-like
structures adds an additional feature. In contrast to oxygen, which is mostly albeit not
always divalent in organic molecules—anthocyanidines serving as one exception to this
rule—sulfur, and especially selenium, are quite amenable to higher valencies and a positive
charge in such organic molecules. Attempts to synthesize selenium analogs of the natural
sulfur compound salacinol (94) isolated from Salacia reticulata, for instance, have yielded
sugar-like charged selenium compounds 95–100 with interesting, literally sweet activities
(Figure 7) [76–78]. Salacinol itself is employed in folk medicine to treat diabetes as it delays
absorption of glucose and lowers blood glucose levels [79,80]. The selenium atom in the
selenonium (R3Se+) moiety is de facto redox inactive, and it is therefore not surprising
that despite the presence of selenium, there is no additional activity endowed on these
molecules. Nonetheless, some of the original activity of salacinol in glucose metabolism has
been maintained by the selenium analogs of salacinol such as blintol (95) and compound
98, confirming that the bioisosteric replacement of sulfonium for selenonium at least has no
major negative impact on activity [81].

Notably, compound 100 also inhibits the recombinant human maltase glucoamylase,
which is one of the most critical intestinal enzymes involved in the breakdown of glucose
oligosaccharides in the small intestine, an activity which may be of interest in the field
of glucose uptake, metabolism, fasting and possibly weight reduction [82]. Then again,
compounds 96 and 97 are inactive against the recombinant human maltase glucoamylase
(MGA), another critical intestinal glucosidase involved in the processing of oligosaccharides
of glucose into glucose itself [82,83].

Intriguingly, Serpico et al. have reported the synthesis of Se glycoconjugates consist-
ing of selenium-containing monosaccharides bound to a phenolic moiety (101,102) [84].
Compounds 101 and 102 provide promising radical scavenging, wound healing, and cell
uptake properties. A preliminary cytotoxicity assessment on HaCaT and SH-SY5Y cell
lines has shown the absence of basal toxicity below a 100 µM treatment dose, suggesting
these compounds as promising candidates for further exploration in cosmeceutics [85]. In-
triguingly, a dose dependent repair capacity of compounds 101 and 102 has been observed
which is comparable to the corresponding hydroxycinnamic acids even at low doses. The
design and the development of a new molecule for transdermal delivery of antioxidants
has been successively patented by the same group for a single compound containing the
resveratrol moiety (103) with the aim of optimizing the delivery of Se compounds directly
to the wound site where their antioxidant properties can mitigate OS and support the
healing process [86].

As discussed already, sulfur and selenium, once locked up and flanked by carbon
atoms inside such ring systems, are surprisingly inactive as far as redox and catalytic
properties are concerned. As a consequence, if one wants to bestow sugars with the
classical selenium redox behavior and catalytic activity, substitution of one or more of the
free hydroxyl groups for selenols may be the best option. To date, Chakka et al. have
reported the synthesis of disaccharide analogs 104 and 105 comprising a diselenide and
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selenosulfide linkage, respectively, although they fell short of providing any antioxidant
data or biological activity associated with them [87].

8. Selenium-Containing Esters of Polyphenolic Acids
Structurally, these furanose and hexose sugars are not that dissimilar from the more

aromatic polyphenolic antioxidants, such as caffeic acid (106) and ferulic acid (107), and
their respective esters, which are widely distributed in the plant kingdom [88,89]. These
compounds have been associated with multiple functions in plants, mostly in plant mech-
anisms of stress tolerance. Caffeic acid is employed by plants in the synthesis of lignin,
which ultimately thickens cell walls and protects plants from toxicity and heavy metal
stress [90,91]. In addition, it shields mesophyll cells under drought stress against high-
energy radiation via the production of ferulic acid [91–93]. In mammals, including humans,
these plant secondary metabolites also exhibit a range of physiological activities, including
antimicrobial and antioxidant activities [94–96]. Moreover, such secondary metabolites
increase the production of collagen, prevent premature aging, decrease insulin resistance
and exhibit certain chemo-preventive and antimutagenic activities, to name just a few
effects [97–104].

Similar activities have been observed for the esters of these polyphenolic compounds.
Caffeic acid (3,4-dihydroxycinnamic acid) phenethyl ester (106, Figure 12), for instance, de
facto a reduced form of an ortho-quinone, is one of the most active components of propolis
from honeybee hives, exhibiting, for instance, anti-inflammatory, immunomodulatory,
antiviral and anticancer activities in vitro, and preventing the proliferation of different
types of transformed cells in cell culture, including the induction of apoptosis in non-
tumorigenic human osteogenic sarcoma (N-HOS) cells [105–110].

Figure 12. Selenium-substituted esters of natural phenolic acids, including caffeic acid (106) and
ferulic acid (107).
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Since esterification provides a handle on synthetic modification of these acidic natural
products, a wide range of synthetic analogs based on caffeic acid have been synthesized,
some of them also containing “add-on” selenium, as depicted in Figure 12. These molecules
often retain the original redox activity of their natural counterparts, and on occasion also
present improved pharmacodynamic and pharmacokinetic properties, such as increased
solubility in aqueous media and higher antioxidant activity [111,112].

Lin et al., for instance, have reported the synthesis of various selenium-containing es-
ters of caffeic acid and ferulic acid, together with a range of comparable quinoidal structures
(108–118) [113]. As expected, compounds with a free ortho-quinone redox system, such as
108–111,115 and 116, exhibit excellent antioxidant activity. In contrast, “freezing” this redox
system by replacing the hydroxy groups with methoxy groups, as in compound 118, or
also by adding an acetyl group as in compounds 112–114 and 117, significantly reduces
this antioxidant activity measured in the DPPH assay. In different assays indicative of an-
tioxidant activity, such as the 2,2-azobis(2-amidinopropane) dihydrochloride (AAPH) assay
measuring the inhibition of lipid peroxidation by this radical, the selenium analogs provide
a slightly higher antioxidant protection compared to caffeic acid itself. Compounds 109
and 118, for instance, achieve an 87.7% and 80.2% inhibition of peroxidation, respectively,
compared to 76.9% for caffeic acid [113].

To round this up by physically mixing rather than synthetically fusing selenium with
polyphenols, a cocktail based on selenium compounds, such as SeMet and methylselenocys-
teine (MeSeCys), and polyphenols isolated from green tea, provides no additional activity
compared to the selenium-free tea extract [114].

9. Conclusions
Our overview of selenium substituted natural products, albeit in many aspects incom-

plete, has demonstrated the enormous scope of such bioisosterically “enforced” compounds
of the chalcogen exchange. Since most biologically active secondary metabolites contain
oxygen in one place or another, they are prone to such a synthetic replacement involving
sulfur and selenium, in order to add extra redox activity and—in the case of selenium—also
redox catalysis. Indeed, different oxygen-based moieties present in such natural substances
are amenable to replacement, from simple hydroxyl groups readily exchanged for thiols
and selenols to ethers representing hypothetical placeholders for sulfides and selenides. In
some instances, such as in the case of SeCys and SeMet, nature itself already provides us
with the complete series of the chalcogen shamrock. In other instances, such a replacement
may whet the appetite to look closer at nature’s treasure chest to see if the sulfur and
selenium analogs may not be found there one day in one place or another, such as in the
case of flavonoids and coumarins, where synthesis is achievable, albeit challenging. There
are also many instances in which nature neither provides the respective chalcogen analogs,
nor indicates that they may be found there anytime soon, yet gives us the inspiration and
blueprints for their synthesis. In any case, sulfur and selenium are more colorful than
oxygen. In some cases, this exchange also provides a few extras, such as sulfonium and se-
lenonium ions. In addition, selenium compounds are not just “active”, but they may also be
considered as nutritional supplements for this trace element selenium, as is already the case
for SeMet [16,28,115,116]. Selenium deficiency can be quite detrimental to human health, as
many studies have shown on a global scale. Indeed, selenium deficiency has been reported
to deter the immune system from fighting viruses such as influenza, Ebola, the human
immunodeficiency virus (HIV) and coronavirus [117–121]. Here, selenium strengthens the
immune response by proliferation and differentiation of naive CD4-positive T lymphocytes
toward T helper 1 cells, improves cardiac function in HIV infected patients suffering from
cardiomyopathy and decreases progression and mortality caused by HIV [122–124]. Some
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reports have even suggested that Na2SeO3 protects against the Ebola virus as it oxidizes
thiols and hence prevents the virus from entry and further intracellular actions [125].

Then again, if and how a chalcogen exchange is superior to simply physically mixing
oxygen-containing natural products with sulfur agents and a pinch of selenium, for instance
in form of Na2SeO3 or SeMet, needs to be shown. The chemical synthetic strategies have
limitations when it comes to sensitive and complex compounds where one could employ
genetic engineering for incorporating sulfur and selnium into proteins and enzymes. Such
an approach may provide a more precise and efficient pathway for modifying structure
and function tailored to the physiological context.

Regardless of this, forging our way through the jungle of plants and their active
oxygen-rich secondary metabolites and other ingredients is a promising avenue to produce
new and exciting sulfur and selenium compounds inspired by nature. Some of them may
provide extra activity and synergism; others may be more for the record. So let’s put on
our pink glasses and leave the blues behind.
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