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Figure 2. Truncated hypothetical pathway of fungal ergosterol 2 biosynthesis from squalene 10.
Inhibitor targets of squalene epoxidase (SqE) by allylamines, e.g., terbinafine 19, sterol C14-demethylase
(14-SDM = CYP51) by azoles, e.g., voriconazole 20, fluconazole 21, itraconazole 22, and posaconazole 23,
sterol C14-reductase (14-SR) and sterol C8(7)-isomerase (8(7)-SI) by morpholines, e.g., fenpropimorph
24, and sterol C24-methyltransferase (24-SMT) by 25-azalanosterol 25 or 24(R,S),25-epiminolanosterol
26 are highlighted at the biosynthetic steps they block. 3-SR; sterol C3 reductase, 24-SR, sterol
C24 reductase.

Novel metabolites isolated from microbial sources are conversely often found to exhibit biological
activity. Famously, fusidic acid 7 (Figure 1c), originally isolated from fungal Fusidium spp., is a
tetracyclic triterpene antibacterial and has been used in the clinic for decades [27–29]. Fusidic
acid inhibits growth by restricting protein synthesis via elongation factor G in Gram-positive
bacteria, including Streptococcus spp., Clostridium spp., and penicillin-resistant strains of Staphylococcus
spp. [28,29]. Structural analogues of fusidic acid, have shown varying antimicrobial, as well
as anticholesterolemic and antineoplastic, characteristics [29]. Isolated from a variety of fungi
and sponges, as well as vascular plants, ergosterol peroxide 8 possesses broad bioactivity,
including anti-tumor, immunomodulatory, inhibitory hemolytic, anti-inflammatory, antioxidant, and
antimicrobial properties. Several other endoperoxides of other phytosterols and of cholestenols have
been reported to have similar properties, as well [30–34]. Squalamine 9 is a non-microbially derived
natural steroidal, which has demonstrated antimicrobial and antiangiogenic properties and has led to
interest in synthetic analogues for structure-activity improvement [35].

This short review aims to highlight new findings in microbial sterolomics, with respect to
phylogeny, ecology, biosynthesis for drug discovery, and discovery of bioactive metabolites.
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2. Phylogenic and Ecological Insights

2.1. Algal Phytosterol Biosynthesis

Ergosterol 2, having long been considered the “fungal sterol”, is nevertheless present in every major
eukaryotic kingdom [1]. Ergosterol is present in amoebae [21,22,36,37] and trypanosomatids [38–44],
and ergosterol is a major sterol of many taxa within green algae [20,45–48]. The unicellular
green alga model organism Chlamydomonas reinhardtii uses ergosterol and its 24-ethyl analogue,
7-dehydroporiferasterol 35, as its main Δ5 sterols [45,46]. Vascular plants, on the other hand,
chiefly use campesterol 36 and sitosterol 3 as Δ5 membrane inserts (Figure 3) [1,49]. Ergosterol and
7-dehydroporiferasterol differ from campesterol and sitosterol by units of unsaturation (double bonds)
in the sterol nucleus and side chain, as well as stereochemistry at C24. While all four
compounds possess 24R stereochemistry, 24-alkylation of ergosterol and 7-dehydroporiferasterol
has β-stereochemistry (alkyl groups behind the plane, as drawn), while 24-alkylation of campesterol
and sitosterol has α-stereochemistry (above the plane, as drawn) [1,45]. Conversely, the green alga
synthesizes sterol from the photosynthetic protosterol. Fungi (nonphotosynthetic lineage) cyclize
2,3-oxidosqualene to lanosterol (Figure 2), while higher plants, and green algae, (photosynthetic
lineage) cyclize 2,3-oxidosqualene to the plant protosterol cycloartenol [1,45].

Figure 3. Comparative phytosterol biosynthesis in the photosynthetic lineage from the protosterol
cycloartenol 27. In algae, 24-methyl and 24-ethyl sterols arise from a bifurcation of products of
biomethylation by sterol methyltransferase (SMT); In higher plants, they arise from alternate pathways
from the intermediate 24(28)-methylene lophenol 30, which can be methylated again or metabolized
to campesterol 36. Red methyl groups from SMT co-substrate S-adenosyl methionine (AdoMet) are
annotated to show hypothetical labeling patterns of Δ5 sterols as discussed in [45,50]. An additional
15 algal sterols were reported in [45]. Truncated fungal phytosterol biosynthesis from protosterol
lanosterol 12 is illustrated in Figure 2.

In C. reinhardtii, the biochemical pathway from the “plant” protosterol cycloartenol to the “fungal”
Δ5 end product was investigated by sterolomic experiments of C. reinhardtii cultures. Sterol profiling of
wild-type, mutant, and inhibitor-treated cultures revealed an additional 21 sterols beyond cycloartenol,
ergosterol, and 7-dehydroporiferasterol 33 [45] (Figure 3). C. reinhardtii cultures that were not treated
with a 24-SMT inhibitor contained only cycloartenol and 24-alkylsterols, indicating that bioalkylation
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and introduction of C28 by algal 24-SMT occurs upon cycloartenol itself early in the pathway.
Further, 24-methylated cycloartenols were 24β-methylcycloart-25(27)-enol (cyclolaudenol) 28 and
24(28)-methylenecycloartanol 29, signifying a bifurcation of methylated products of algal 24-SMT [45].
The presence of C29 (i.e., a 24-ethyl group) on a 4α,14α-dimethyl sterol 33 led to the identification
of obtusifoliol 31 as the substrate for the second biomethylation reaction of the algal sterol side
chain, different from the substrate preference in higher plants (Figure 3). Furthermore, the alkylation
product in plants has a 24-ethylene substituent, whereas the product in C. reinhardtii was found to bear
a 24β-ethyl group with desaturation at C25 [45].

This pathway delineates algal biosynthesis of ergosterol disparate from the fungal pathway.
In the former Δ25(27)-olefin pathway, C. reinhardtii alkylates sterols at C24 in a bifurcated manner
to Δ25(27)-olefin and Δ24(28)-olefin products. Δ24(28)-Olefin products are further metabolized and
later alkylated at C28 to only 24β-ethyl-Δ25(27)-olefin products. Conversely, fungal bioalkylation
of C24 yields only Δ24(28)-olefin products, which are reduced to eventually yield ergosterol.
That is, the stereochemistry of C24 in algal ergosterol arises from the methylation steps,
whereas the stereochemistry of C24 in fungal ergosterol arises from a successive reduction step [45].
The Δ25(27)-olefin pathway was confirmed by sterol profiling of cultures incubated with isotopically
labeled [methyl-2H3]methionine ([2H3]Met). These algal cultures incorporated three and five
deuterium atoms into ergosterol and 7-dehydroporfierasterol, respectively [45].

The algal pathway was further corroborated by characterization of recombinant C. reinhardtii
24-SMT, found to catalyze the methylation of C24 by introduction of C28 and the methylation
of C28 with C29. C. reinhardtii 24-SMT favored cycloartenol as a substrate, and a bifurcation of
products to cyclolaudenol 28 and 24(28)-methylenecycloartanol 29 was found in ratios comparable
to in vivo ratios of ergosterol and 7-dehydroporiferasterol [50]. A switch to Δ25(27)-olefin “algal”
products of fungal or plant 24-SMT has been noted upon mutagenesis or incubation with electronically
modified substrates [49,51]. In addition, obtusifoliol was found to be a substrate for the second
methyltransfer of C. reinhardtii 24-SMT, 24β-methyl-Δ25(27)-sterols were not substrates, and incubation
with [methyl-2H3]S-adenosyl methionine (2H3-AdoMet) produced labeled products with three and
five deuterium atoms [50].

Green algae from the Acicularia spp. and Acetabularia spp. are macroscopic, yet unicellular. With a long
and uninterrupted fossil record, they are often used to provide insight into the evolution of green
algae and plants. Δ5-Bulk sterols of these genera lack Δ7 desaturations, in contrast to Chlamydomonas.
Trimethylsilylated (TMS) sterols extracted from Acicularia schenckii and four species of Acetabularia
revealed a principal Δ5 sterol (60–70%) of 24-ethylcholesterol (24α/24R = sitosterol 3, 24β/24S
= clionosterol 37). Four other minor Δ5 sterols occurred in all five species: 24-methylcholesterol
(24α/24R = campesterol 36, 24β/24S = 22-dihydrobrassicasterol 38), 24-ethylcholesta-5,22E-dienol
(24α/24S = stigmasterol 39, 24β/24R = poriferasterol 40), 24-methylcholesta-5,22E-dienol (24α/24S
= crinosterol 41, 24β/24R = brassicasterol 42), and 24-ethylidenecholesterol, which was tentatively
assigned by the authors as the Δ24(28)Z isomer = isofucosterol 44. Among the TMS-derivatized sterols of
Acetabularia caliculus, 24-ethylcholest-7-enol 46/47 was identified (Figure 4, Table 1) [52]. Prior studies
had also identified cholesterol and 24-methylenecholesterol 45 in cultures of Acetabularia mediterranea,
suggested by the authors to potentially be a result of differences in algal cultivation. Acetabularia
caliculus also contained 24-ethylcholesterol in the sterol ester fraction, while the other Acetabularia
species and Acicularia schenckii did not contain sterols in the ester fraction. These nearly identical sets
of sterols from the five species, with a large separation in their geographical origin, illustrate a lack
of divergence in sterol composition. It was thus hypothesized that these sterols represent an ancient
biochemical trait within the photosynthetic lineage [52].
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Figure 4. Molecular structures of algal sterols.

Table 1. Recently reported sterol profiles from algae across classes.

Algal Organism
Major Sterols 1

(>40%)
Semi-Major

Sterols 1 (>20%)
Minor Sterols 1 (<20%) Reference 2

Ulvophyceae

Acetabularia caliculus (3/37) (36/38), (39/40), (41/42), 44, (48/49) [52]
Acicularia schenckii (3/37) (36/38), (39/40), (41/42), 44 [52]

Trebouxiophyceae

Chlorella vulgaris 2 52 56, 58, 64, 62, 66 [53]
Chlorella luteoviridis 40 38 37, 42, 52 [53]

Eustigmatophyceae

Nannochloropsis limnetica 1 44, (3/37), 45, (67/68) [53]

Bacillariophyceae (diatoms)

Stephanodiscus hantzschii 45 48, 17, 57, 46 [53]
Gomphonema parvulum 41 (69/2), (59/60), (36,38) [53]
Cyclotella meneghiniana 45 38, 43, 48 [53]

Raphidophyceae

Chloromorum toxicum 40 37, 1, 42, 38, 48 [54]
Chattonella marina 3 1, 63 [54]

Heterosigma akashiwo 37 38 [54]

Dictyochophyceae

Verrucophora farcimen 70 [54]

Chlorophyceae (see also Figure 3)

Scenedesmus obliquus 54 52 50, 62, 60 [53]
Monoraphidium mintutum 50 52 65, 54, 62, 60, 64 [53]

Cryptophyceae

Cryptomonas sp. 39, 41 [53]
Rhodomonas sp. 41 [55]

1 Major, semi-major, and minor components of algal sterols as a percentage of total sterol. Numbers refer to
structures in Figure 4 and earlier. Parenthetical pairs are provided for epimers, for which C24 stereochemistry was
not reported. 2 Reference.
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A study investigating the sterolome via free sterols and TMS derivatives from various classes of
microalgae showed two species of the green algae Chlorella, C. vulgaris and C. luteoviridis, possessing
different sterol profiles [53]. C. vulgaris contained chiefly ergosterol and fungisterol 52. In the past,
C. vulgaris has been reported to also contain 7-dehydroporiferasterol. The reported minor components
included 5-dihydroergosterol 56, 22-dihydroergosterol 58, 24β-methylcholesta-7,25(27)-dienol 64,
24β-methylcholest-8(9)-enol 62, and lichesterol 66. Conversely, the profile of Chlorella luteoviridis
was dominated by poriferasterol 40 and 22-dihydrobrassicasterol 38, with minor composition by
clionasterol 35, brassicasterol, and fungisterol [53]. The predominant sterol from Nanochloropsis
limnetica was cholesterol, while its minor components were isofucosterol 44, 24-ethylcholesterol (3/37),
24-methylenecholesterol 45, and clerosterol 68 [53]. This report included the sterol profiling of several
species of diatoms. The diatom Stephanodiscus hantzschii, whose sterols had not been studied prior
to this report, had a composition of mostly 24-methylenecholesterol, with minor components of
desmosterol 48, 24-methylenelathosterol (Δ7, rather than Δ5, termed episterol above) 17, and traces
of two other sterols. Sterols from diatoms Cyclotella meneghiniana and Gomphonema parvulum were
analyzed, with principal sterols of 24-methylenecholesterol and epibrassicasterol (called crinosterol,
above; for list of trivial and systematic names, see Table A1) 41, respectively. C. meneghiniana also
contained desmosterol 48, 24-methylenelathosterol, 24-dehydrolathosterol 57, and 24-ethyldesmosterol,
and G. parvulum contained 5-dehydrostellasterol/ergosterol 69/2, 24α/β-ethylcholest-8(9)-enol 58/59,
and campesterol/22-dihydrobrassicasterol 36/38 (C24 alkyl group was presumably α-oriented) [53].
A brief list of recently reported algal sterols by taxonomic class is presented in Figure 4 and Table 1;
for more comprehensive and historical lists, see Refs. [47,48].

2.2. Trophic and Limnological Sterols

In the cross-class algal study [53], the researchers presented these profiles, along with their
quantification, as references to the algal sterolome. As prey, Δ7 and Δ7,22 sterols are often nutritionally
inadequate to invertebrate consumers [53,56,57]. Many invertebrates are auxotrophic for sterols and
rely on diet to fulfill their sterol needs for cell membrane and hormonal requirements. Several of
these specimens contain alternate enzymes, which dealkylate side chains of phytosterols, yet they
lack the enzymes to desaturate C5–C6 or reduce C7–C8 (Figure 5) [57,58]. It has been proposed
that these quantitated algal sterolome references can be used for studies involving the nutritional
content of aquatic microorganisms for aquatic invertebrates [53]. Another study monitored the sterol
profiles of an algal diet and the amphipod consumer Gammarus roeselii. Prey alga N. limnetica, rich in
cholesterol, and alga S. obliquus, lacking cholesterol but rich in Δ7 sterols (See Table 1), were fed to
G. roeselii. The sterol profile of S. obliquus-fed G. roeselii decreased in cholesterol, and increased in the
Δ7 metabolite lathosterol 69, detectable when the diet was 50% S. obliquus (Figure 5) [56].

Isotopically labeled sterolomic experiments have been used to explore trophic modifications by
the Northern Bay scallop Argopecten irradians irradians. Dietary alga Rhodomonas was supplemented
with sterols enriched with 13C at the C22 position. The 13C-label was noted on new sterol metabolites,
including those newly desaturated with Δ7 and those bearing an introduced 4α-methyl group.
The mollusk’s ability to synthesize cholesterol from food was noted to correlate to Δ5 double bonds
in the dietary sterols. They were more likely to dealkylate side chains possessing 24-ethyl groups.
The only 24-methyl sterols dealkylated by A. irradians contained a Δ24(28) olefin (i.e., 24-methylene,
rather than 24-methyl) [55].
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Figure 5. Comparative cholesterol biosynthesis between humans and arthropods. (a) Late-stage
cholesterol biosynthesis in humans from de novo zymosterol 15. (b) Proposed synthesis of cholesterol in
herbivorous insects via dealkylation of dietary plant sterols (sitosterol) [58]. (c) Amphipod Gammarus
roeselii can dealkylate the side chain of Δ7 algal sterols, such as fungisterol and chondrillasterol,
but cannot produce cholesterol [56].

A recent study investigated the lipid content of 37 strains within 10 classes of phytoplankton.
Four classes, Cryptophyceae, Chlorophyceae, Treouciophyceae, and the diatoms are additionally
represented in Table 1; this study additionally included dinoflagellates, euglenoids and the
conjugatophyceae. Of the 37 strains, 29 sterols were detected, with notable variability of profile
as a function of taxonomic class. The authors suggested Δ5,22 sterols as a potential biomarker for
Chlorophyceae Sphaerocystis sp. and ergosterol as a potential biomarker for Chlamydomonas in habitats
lacking other aquatic ergosterol-synthesizing microorganisms [59].

While sterol metabolites of toxic blooms are likely non-toxic to fish populations, these metabolites
may have a stronger influence on marine invertebrates. Toxic bloom-causing algae Chloromorum
toxicum, Chattonella marina, Heterosigma akashiwo, and Verrucophora farcimen [54] have sterol profiles
given in Table 1. Verrucophora sp. were found to produce the rare 27-nor sterol occelasterol 68

(Figure 4) [54]. It has been proposed that isofucosterol 44 is a potential biomarker for the green-tide
forming multicellular alga Ulva prolifera, and that dinosterol 74 and 24Z-propylidienecholesterol 75

are potential biomarkers for bloom-forming dinoflagellates [60] (Figure 6). Toxic bloom-causing
dinoflagellate Cochlodinium polykrikoides had a sterol profile including prevalent sterols of dinosterol 74

(40%), dihydrodinosterol 76 (32%), and the rare 4α-methyl sterol amphisterol 77 (23%). Small amounts
of 4-methylergost-24(28)-enol 78 (5%) were detected [61]. Two isolates of the bioluminescent
dinoflagellate Pyrodinium bahamense had a sterol profile of largely cholesterol (74–75%), but also
components of dinosterol 74 (13–14%) and 4α-methylgorgosterol 79 (11–13%), analyzed as their TMS
derivatives. 4α-Methylgorgosterol is uncommon in dinoflagellates and has potential as a biomarker
(Figure 6) [62].
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Figure 6. Sterol structures from various dinoflagellates.

Lipidomic study of the coral Dendrophyllia cornigera revealed a geographical correlation to diet.
D. cornigera analyzed from the Cantabrian Sea in the Northeast Atlantic reflected a productive
environment, and the coral contained a high diversity of phytosterols. D. cornigera sampled from
the Menorca Channel in the Mediterranean had a lower sterol content per dry weight and had less
phytosterols. The Mediterranean coral had a higher relative abundance of occelasterol 70, brassicasterol
42, and cholestanol 81, or cholesterol and ergosterol, depending on the sample. The difference in
the geographic profiles was attributed to a diet high in phytoplankton and herbivorous grazers
in the Cantabrian coral, and a diet primarily consisting of dinoflagellates in the Mediterranean
coral [63]. Specimens of the coral Agaricia spp. taken from shallow waters and deep waters
were found to have markedly different sterol profiles from one another. From shallow Caribbean
waters, Agaricia contained mostly cholesterol and 24-methylenecholesterol, with lower abundances of
other phytosterols. Samples from deep waters contained mostly cholesterol and 24-ethylcholesterol.
No gorgosterol was detected in either set. The Caribbean coral Montastraea cavernosa contained mostly
24-methylcholesterol, followed by cholesterol and gorgosterol, and variation in subsurface depth did
not cause a significant change in sterol content. It was concluded that Agaricia spp. relies primarily on
heterotrophy, even at greater depths [64].

3. Sterolome-Informed Antimicrobial Targets

3.1. Trypanosoma brucei

Trypanosomatids are flagellated protozoa, all of which are parasitic. Some examples from this
clade are Crithidia fasciculata, solely parasitic to insect hosts, Phytomonas serpens, soley phytopathogenic,
and a number of human pathogens, including Trypanosoma cruzi, Leishmania spp., and Trypanosoma
brucei, which are the etiological agents of the following human diseases: leishmaniasis, Chagas’ disease,
and human African trypanosomiasis (also known as African sleeping sickness), respectively. Most of
the species, C. fasciculata [38], P. serpens [40], T. cruzi [38,44], and Leishmania spp. [39] synthesize
ergosterol and other 24β-methyl/24(28)-methylene-sterols (ergostenols) de novo as their Δ5 end
products. In light of this de novo biosynthesis, there has been interest in using ergosterol biosynthesis
inhibitors (EBIs) to treat Chagas’ disease and leishmaniasis, and some molecules have even progressed
to the clinic [25,44]. Trypanosoma brucei, conversely, synthesizes ergostenols during its life cycle in the
insect vector (procyclic form (PCF)), but uses largely cholesterol from the host’s blood as its Δ5 bulk
sterol in the human host (bloodstream form (BSF)) [41–43].

In the fly vector, cholesterol comprises a significant portion of the PCF sterol content.
The profile contains sterols endogenous to PCF T. brucei, including prominent cholesta-5,7,24-trienol
82 and ergosta-5,7,25(27)-trienol 85. PCF synthesizes trace ergosterol 2; Ergosta-5,7,24(28)-trienol
85 and ergosta-5,7,24(25)-trienol 84 comprise some of the minor compounds present [41–43]
(Figure 7). 24,24-Dimethylcholesta-5,7,25(27)-trienol 86 has also been detected in PCF profiles [42].
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Culturing PCF in lipid-depleted media yields a higher composition of endogenous ergostenols and
cholesta-5,7,24-trienol 82 relative to cholesterol [42,43]. Treatment of PCF cells with the 24-SMT
inhibitor 25-azalanosterol 25 causes an increase in cholestenols in the profile [43].

Sterolomic analysis of PCF revealed a novel biosynthetic network. For instance, T. brucei
demethylates protosterol lanosterol 12 at C4 initially (Figure 7), compared to mammalian and fungal
pathways demethylating C14 first (cf. Figure 2) [42,43]. Moreover, the side chain methylation
patterns of 24-SMT to yield Δ24(28), Δ25(27), and Δ24(25) products, as well as the Δ25(27) 24,24-dimethyl
product 86, are unique [42,43,65]. Isotopic experiments with 13C-labeled carbon sources leucine,
acetate, and glucose were shown to produce variable labeling of Δ5 endproducts and biosynthetic
intermediates. No labelling was noted on cholesterol. Isotopic incorporation was higher with
acetate and glucose. The variability of labeling was potentially attributed to the equilibrium of
acetyl-CoA pools in the mitochondria and cytosol [42]. Trypanosomal sterols protothecasterol 87

(ergosta-5,7,22E,25(27)-tetraenol), cholesta-5,7,24-trienol 82, and ergosta-5,7,25(27)-trienol 83 have also
been noted to incorporate isotope labeled from threonine [66].

Figure 7. Abbreviated biosynthetic sterol pathway and composition in T. brucei. In T. brucei, C4 is
demethylated before C14, contrary to mammalian and fungal pathways (cf. Figure 2). Values are
percentage sterol composition reported by Zhou et al. [43]. Dietary cholesterol 1 accounted for
20.0 %, and other components were 16 (0.1%), 30 (1.0%), 48 (1.0%), 57 (8.0%), and others (0.2%).
24,24-Dimethylcholesta-5,7,25(27)-trienol and 86 and protothecasterol 87 were not detected in this
composition, but have been reported in subsequent studies [42,66], respectively.

In BSF T. brucei, however, the sterol content is overwhelmingly cholesterol, as well as dietary
phytosterols, like sitosterol 3 and campesterol 36, present in the hosts’ blood [41–43]. Single trace
13C-labeled sterol was found in BSF cultures fed [1-13C]glucose [42]. Upon removal of the main sterol
component cholesterol, detailed targeted sterolomics of BSF T. brucei cells revealed minor components
of the sterol profile. Due to the S-cis double bond configuration in the B ring of ergosterol and
compounds 81–87, UV absorbances of 282 nm can be monitored for the presence of endogenous
Δ5,7 sterols, absent in serum. Endogenous cholesta-5,7,24-trienol and ergostenols were found at
trace amounts, while they were undetectable when the presence of cholesterol was predominant.
The ergosterol requirements for BSF was estimated to be 0.01 fg/cell, compared to the PCF requirement
of 6 fg/cell [41]. Consequently, treatment with the EBIs itraconazole 22 and 25-azalanosterol 25 resulted
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in parasite death and an increased survival rate of infected mice. Correspondingly, the effects of EBIs
on cultures were reversed upon supplementation of ergosterol [41].

24-SMT substrate analogues substituted with fluorine at C26, 88 and 89 (Figure 8a), inhibited
both PCF cultures and T. brucei 24-SMT in vitro. 26-Fluorolanosterol 88 inhibited trypanosome growth
with an IC50 of about 3 μM, though it was not productively bound in T. brucei 24-SMT assays.
26-Fluorolanosterol is a reversible inhibitor of 24-SMT. Conversely, 26-fluorocholesta-5,7,24-trienol
89 is a substrate of 24-SMT, which can be turned over to 24-methylated products or bind irreversibly
to the enzyme, with a kcat/kinact of 0.26 min−1/0.24 min−1. Sterol analysis of treated PCF
revealed a loss of 24-alkylated sterols as well as a loss of 25(27)-desaturated sterols. Moreover,
26-fluorinated biosynthetic intermediates 90–93 downstream from lanosterol (Figure 8b) were
detected in 26-fluorolanosterol-treated PCF and human epithelial kidney (HEK) cells. The activity of
26-fluorolanosterol on PCF was attributed to conversion to 26-fluorosterols lacking C4- and C14-methyl
groups, capable of irreversibly binding to 24-SMT [67].

Figure 8. 26-Fluorinated sterol analogues. (a) Fluorinated inhibitors of T. brucei 24-SMT and growth.
(b) Metabolites of 88 identified from T. brucei and HEK cells [67].

The importance of endogenous synthesis of ergostenols in BSF is accentuated by the effectiveness
of other reported EBIs [41,43,67–71].

3.2. Acanthamoeba spp.

Ergosterol is a significant Δ5 bulk sterol in amoebae, as is 7-dehydroporiferasterol. Sterols are
synthesized de novo in amoebae via a biosynthetic pathway involving the protosterol cycloartenol
25, as in green algae and higher plants. Amoebae also synthesize 19(10→6)-abeo-sterols containing
aromatic B rings called the amebasterols [22,36]. Amebasterol-1 94, amebasterol-2 95, and amebasterol-4
98 have been described [22]; trace amebasterols-3 96, -5 99, and -6 97 have been identified as of late
(Figure 9). These compounds can be selectively monitored at UV absorbances of 270 nm [36].

Figure 9. Structures of amebasterols.

The sterol profile of was found to be variable as a function of growth and encystment
phases. Analysis of the Acanthamoeba castellanii sterolome throughout the first week and one
month after inoculation revealed a variable composition with changes to cell morphology and
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viability. At the beginning of the excystment-trophozoite-encystment cycle, in early log phase of
growth, an accumulation of protosterol cycloartenol 27 and 24-methylenated cycloartanol 29 was
noted. As the cells replicated, trophozoites contained mostly the Δ5,7 products ergosterol and
7-dehydroporiferasterol, whereas, in the stationary growth phase, with a mixture of trophozoites
and cysts, sterols shifted to the Δ5 products brassicasterol and poriferasterol. Supplementation
of trophozoite cultures with cholesterol had only a minor stimulation effect on their growth.
After one-month incubation, dead cells were mostly comprised of amebasterols, amebasterol-1 94

and amebasterol-2 95 (Figure 9). The shift from Δ5,7 products in non-viable encysted cells to the
amebasterols was attributed to turnover from stress and a sterol composition associated with altered
membrane fluidity affording lysis (Figure 10) [36].

Figure 10. Growth-phase dependence of predominant sterols in A. castellanii. R = Me and Et. Adapted
from [36].

Beyond the protosterols, ergosterol/poriferasterol pairs, brassicasterol/poriferasterol pairs,
and amebasterol-1/amebasterol-2 pairs, this study identified an additional 13 minor sterols in
the metabolome of A. castellanii. Labeled experiments with [2H3]Met elucidated labeling patterns
of dideuterated ergosterol and pentadeuterated 7-dehydroporfierasterol, consistent with a Δ24(28)

product in its first biomethylation by SMT and a Δ25(27) product in the second biomethylation
(Vs. Section 2.1) [36]. Labeling outcomes are supported by in vitro mechanisms with recombinant
Acanthamoebic SMTs yielding a single Δ24(28) product in the first biomethylation (introduction
of C28) [72]. While recombinant SMT yielded both Δ25(27) and Δ25(27) products for the second
biomethylation (introduction of C29) [72], the authors concluded the labeling pattern of sterols
from [2H3]Met-fed cultures, indicating that 24(28)-ethyidene sterols are not incorporated into
7-dehydroporiferasterol under physiological conditions [36].

The noted pairs of cycloartenol and 24(28)-methylenecycloartanol (24-H/24-Me), and pairs
of ergosterol/poriferasterol, brassicasterol/poriferasterol, and amebasterol-1/amebasterol-2
(each 24-Me/24-Et) in the various portions of the Acanthamoebic life cycle [36], along with product
outcomes being largely determined by biomethylation patterns of A. castellanii SMTs [36,72],
underscores the crucial nature of SMT function in the pathogen. Subtle alterations in substrate
selectivity were noted to have a profound impact on the balance of 24-methyl and 24-ethyl sterols [36].
After treatment with the 24-SMT inhibitor 24(R,S),25-epiminolatnosterol 26 and the azole 14-SDM
inhibitor voriconazole 20 (See Figure 2 for structures), and small increase in amounts of cycloartenol
and obtusifoliol were noted [72,73]. Upon treatment with EBIs, trohpozoites were stimulated to
encyst, while excystment was insensitive to treatment. The correlation between stage-specific
sterol compositions and the physiological effects of EBIs provide insight on opportunities for
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therapeutics (Figure 10). It is imagined that EBIs targeting the enzyme that reduces the Δ7 olefin
of ergosterol/7-dehydroproferasterol to brassicasterol/poriferasterol could be used to modulate
Acanthamoeba growth phases and prevent recurrence of the disease [36].

Azole inhibitors of 14-SDM have been reported to restrict Acanthamoeba growth in the nanomolar
to micromolar range [36,37,73–76], and inhibitors of 24-SMT have been reported with nanomolar
activity against Acanthamoeba cultures [36,72]. Treatments of 14-SDM- and 24-SMT-inhibitors in
combination led to complete eradication of the amoeba parasite at concentrations as low as their
respective IC50s [36].

3.3. Fungal Sterol Profiles in Drug-Treated Cultures

EBIs are a staple of antimycotic drug discovery [23–25]. A general hypothetical biosynthetic
pathway, as well as popular block points for EBIs, are presented in Figure 2. Sterolomics can be used
to confirm the inhibition of ergosterol biosynthesis upon treatment with new small molecules with
antifungal properties.

Series of amidoesters substituted with imidazolylmethyl groups were reported to have bioactivity
against opportunistic fungal pathogens Candida albicans, Candida tropicalis, Cryptococcus neoformans,
and Aspergillus fumigatus [77,78]. Some of these compounds, including 100 [77] and 101 [78] (Figure 11a)
displayed better antifungal properties than fluconazole 21 (cf. Figure 2). The sterols of C. albicans
administered with these compounds were analyzed to confirm a mechanism of disrupting ergosterol
biosynthesis. Ergosterol normally comprises of the vast majority of the sterol profile in C. albicans
(>98%), and treatment with 100 [77] or 101 [78] reduced ergosterol in a dose dependent manner.
Dose-dependent increases in lanosterol 12 were noted, as well as increases in 14α-methylsterol
by-products eburicol 102 and obtusifoliol 31 (Figure 11a). The increase in lanosterol (substrate for
C. albicans 14-SDM), the increase in 14-methylsterols, and a commensurate decrease in ergosterol itself,
suggested 14-SDM as a target for these molecules [77,78].

Many molds, like clinically relevant Mucorales, methylate the side chain of protosterol
lanosterol 12, before demethylating the sterol nucleus, to produce eburicol 102 as a normal
intermediate (Figure 11b). Sterols were examined from six pathogenic molds from the order
Mucorales, as well as sterols from cultures treated with the azole drug posaconazole 23 (cf. Figure 2).
The untreated molds were reported to contain ergosterol, with prominent composition by
ergosta-5,7-dienol 58. An additional 12 sterols from untreated cultures were reported. Rhizopus
arrhizus contained 76.3% ergosterol and 10.6% ergosta-5,7-dienol within its sterol fraction. Upon
administering sub-lethal concentration of 0.5 μg/mL posaconazole 23, these percentages were
reduced to 58.5% and 5.1%, respectively. Correspondingly, lanosterol and eburicol 102 increased
with azole, and other 14-methylsterols were noted. Moreover, non-physiological and toxic
14-methylergosta-8,24(28)-dien-3β,6α-diol 103, which had only been found prior in azole-dosed yeasts,
was detected at 0.7% in treated cells (Figure 11b) [79].

Of a set of sesquiterpenes isolated from Chinese liverwort Tritomaria quinquedentata (Huds.)
Buch., 5 exhibited activity against strains of C. albicans. The most potent of these compounds,
ent-isoalantolactone 104 suppressed hyphal formation of the yeast and was further investigated
for its antifungal mechanism. An increase in lanosterol 12 and zymosterol 15 was noted in C. albicans
sterol composition when applied with MIC80 concentrations of ent-isoalantolactone (Figure 11c).
The accumulation of zymosterol connotes inhibition of Erg6p (=24-SMT). Subsequent transcriptional
analysis of treated C. albicans revealed increased expression of the Erg6 gene 9.3-fold and the Erg11
(=14-SDM) gene 2.7-fold, supporting the sterolomic findings [80].
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Figure 11. Sterolomic identification of ergosterol biosynthesis inhibitors (EBIs) in fungi. Red arrows
signify increase or decrease in sterols within the profile of inhibited cultures relative to
non-inhibited cultures. (a) Oxazole amidoester-treated cultures of C. albicans decrease in ergosterol
and increase in lanosterol and by-products obtusifoliol and eburicol, indicating disruption of
14-SDM activity [77,78]. (b) Posaconazole-treated cultures of Rhizopus arrhizus decrease in ergosterol
and ergosta-5,7-dienol and increase in lanosterol, obtusifoliol, and eburicol, and produce toxic
14-methylergosta-8,24(28)-dien-3β,6α-diol [79]. (c) ent-Isoalantolactone-treated cultures of C. albicans
decrease in ergosterol and increase in lanosterol and zymosterol, indicating disruption of 24-SMT
activity [80].

Bioactive natural product FR171456 105 (Figure 12) was shown to inhibit ergosterol biosynthesis
of C. albicans, by a dose-dependent decrease in labeled zymosterol 15 and ergosterol and increase in
labeled lanosterol, upon co-incubation with 13C-glucose, 13C-acetate. Similarly, fluconazole 21 –treated
cultures also decreased in zymosterol and ergosterol [81]. Likewise, investigative drug VT-1129 106

(Figure 12) caused an increase in lanosterol, eburicol, obtusifoliol, and its 3-ketone analogue, as well as
reduction in ergosterol and fungisterol, in Cryptococcus sp. [82].
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Figure 12. EBIs FR171456 105 and VT-1129 106, confirmed by sterolomic analysis.

4. Bioactive Steroidal Metabolites

Endogenous oxysterols play essential roles in human biology, including signaling, development,
and immunology [8–11]. Similarly, several oxysterols isolated from microbial sources have
been reported to exhibit therapeutic properties. Many of these compounds from microbes are
oxyphytosterols, i.e., unlike human endogenous sterols, they possess alkyl groups at C24 and therefore
do not occur in human biology. Bioactivities include those against cancer cell lines, as well as
ligands for nuclear receptors, antioxidants, anti-inflammatory agents, and inhibitors of amyloid-β
(Aβ) aggregation.

Minor steroidal metabolites often possess bioactivity against other microbes, like fusidic acid,
as discussed above. Study of these natural products can further lead to semi-synthetic analogues
for structure-activity relationship studies and improvement of antimicrobial agents. For instance,
squalamine 9 (Figure 1c), isolated from dogfish shark, is a steroid with polyamine substitution.
The cationic polyamine moiety and its polyvalence have been attributed to much of its antimicrobial
and anticancer properties [35], and, as a result, a class of synthetic and semi-synthetic analogues,
collectively termed cationic steroid antibiotics, have been developed [35,83,84]. For the purposes of
this review, only isolated compounds are discussed, though these compounds can inform synthetic and
semisynthetic analogues for increased bioactivity. Likewise, steroidal metabolites with a compromised
cyclopentanoperhydrophenanthrene nucleus are omitted here.

4.1. Peroxides

Michosterol A 107 (Figure 13) is a newly described polyoxygenated sterol with a C20 hydroperoxyl
group and a C25 acetoxyl group, isolated by the ethyl acetate extract of the soft coral Lobophytum
michaelae. Michosterol A demonstrated moderate cytotoxic effects against A549 cells, with an
IC50 of 14.9 μg/mL, and was not cytotoxic (IC50s > 20 μg/mL) to DLD-1 and LNCap cell lines.
Its anti-inflammatory activity was examined by assaying against superoxide formation in human
neutrophils and against elastase release. Michosterol A had IC50s of 7.1 μM and 4.5 μM for superoxide
anion generation and elastase release, respectively. A second hydroperoxyl polyoxygenated sterol
(C15 hydroperoxyl, and Δ17(20)), named michosterol B 108 (Figure 13) was discovered in this extract.
Michosterol B did not display cytotoxicity against the cell lines tested, but inhibited superoxide anion
generation 14.7% and elastase release 31.8% each at 10 μM michosterol B [85].
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Figure 13. Steryl peroxides discussed in text.

Nigerasterol A 109 and nigerasterol B 110 (Figure 13) are C15 epimers of 3,15-diols containing
a 5,α,9α-peroxide obtained from Aspergillus niger MA-132, an endophytic fungus isolated from the
mangrove plant Avicennia marina. Nigerasterol A and nigerasterol B inhibited cell growth in cancer
cell lines HL-60 (IC50s 0.3 μM and 1.50 μM, respectively) and A549 (IC50s 1.82 μM and 5.41 μM,
respectively) [32].

24-Vinyl-24-hydroperoxycholesterol 111 (Figure 13) has been isolated from Xestponsgia sp. [33,86].
It had an IC50 in an NF-κB-luciferase assay of 31.3 μg/mL [33] and restricted growth of various
human cell lines, including A549 (IC50 29.0 μM) and WI-38 (IC50 43.4 μM) [86]. From Xestospongia,
the 29-hydroperoxyl derivative 112 (Figure 13) of isofucosterol has also been reported, with broad
activity against such targets as NF-κB-luciferase (IC50 12.6 μg/mL), 3-hydroxy-3-methylglutaryl CoA
reductase (HMGR)-green fluorescent protein (IC50 3.8 μg/mL) and protein tyrosine phosphatase 1B
(IC50 5.8 μg/mL) [33].

4.2. Acetates

A third michosterol, michosterol C 113 (Figure 14), isolated from the soft coral Lobophytum
michaelae (Vs. 4.1. peroxides) lacked a peroxyl moiety, but contained a 6α-acetoxyl group. Michosterol
C was not cytotoxic on cell lines tested, but inhibited superoxide anion generation 17.8% at 10 μM and
had an IC50 for elastase release of 0.9 μM [85].

Anicequol 114 (Figure 14), also known as NGA0187, is a polyhydroxylated ergost-6-one first
described in 2002. Originally isolated from the fungi Penicillium aurantiogriseum Dierckx TP-F0213 [87]
and Acremonium sp. TF-0356 [88], Anicequol inhibited anchorage-dependent growth of human colon
cancer DLD-1 cells with an IC50 of 1.2 μM [87]. Anicequol was found to induce anoikis, or apoptosis
by loss of cell adhesion to the extracellular matrix. Induction of anoikis by anicequol, as well as
25-hydroxycholesterol, was additionally found to involve p38 mitogen-activated protein kinase
(p38MAPK) and Rho-associated, coiled-coil containing kinase (ROCK), suggesting new therapeutic
strategies against cancer [89]. Anicequol has neurotrophic activity and induced significant neurite
outgrowth at 30 μg/mL in PC12 cells [88]. Aniceuquol has also been isolated from Aspergillus terreus
(No. GX7-3B) [90] and Penicillum chrysogeum QEN-24S [91], and supplementary activities against
α-acetylcholinesterase (AchE) with an IC50 of 1.89 μM [90] and against other fungi, with a zone
of inhibition (ZOI) of cultures of the pathogen Alternaria brassicae of 6 mm compared to 16 mm by
amphotericin B [91].
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Figure 14. Steryl acetates discussed in text.

Penicisteroid A 115 (Figure 14) is an analogue of anicequol bearing a 7α-hydroxyl rather than a
7-oxo-group. Extracted from Penicillium chrysogenum QEN-24S, an endophytic fungus isolated from
a red alga of the genus Laurencia, penicisteroid A exhibited both antimycotic and cytotoxic effects.
Against the pathogenic fungi Aspergillus niger and Alternaria brassicae, penicisteroid A gave ZOIs
(20 μg) of 18 mm and 9 mm, respectively, compared to 24 mm and 16 mm for control amphotericin B.
Penicisteroid A also inhibited HeLa, SW1990, and NCI-H460 cancer cell lines with IC50s of 15 μg/mL,
31 μg/mL, and 40 μg/mL, showing selectivity variable from the anicequol parent compound [91].
Penicisteroid C 116 (Figure 14) also has a C16 acetate, but is less oxygenated than penicisteroid A.
It was isolated from a co-cultivation of bacteria Streptomyces piomogenus AS63D and fungus Aspergillus
niger using solid-state fermentation on rice medium. Penicisteroid C displayed selective antimicrobial
activity against tested organisms. ZOIs for penicisteroid C were 7 mm, 9 mm, and 10 mm for bacterial
cultures Staphylococcus aureus, Bacillus cereus, and Bacillus subtilis, respectively, and were 8 mm and
12 mm for fungal cultures Candida albicans and Saccharomyces cerevisiae, respectively [92].

A study of the oxysterols from the marine sponge Haliclona crassiloba (Figure 14) identified two
steryl acetates with antibacterial properties. Newly identified halicrasterol D 120 had minimum
inhibition constants (MICs) against tested Gram-positive bacteria ranging from 4 μg/mL against
Enterococcus faecalis to 128 μg/mL against S. aureus. The known diacetate compound 121, additionally
isolated from H. crassiloba, had MICs ranging from 8 μg/mL against S. aureus to 32 μg/mL E. faecalis,
in the bacteria tested [93]. A newly identified phytosterol acetate 122 from the soft coral Sinularia
conferta exhibited low micromolar IC50s against cell lines PANC-1 (1.78 μM), A549 (IC50 3.64 μM),
and HeLa (19.34 μM) [94]. From Xestospongia, 25-acetoxyl sterol with an oxidized C19 (carboxylate
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substitution on C10), 123, was identified and exhibited an IC50 against AMP activated protein kinase
of 8.5 μg/mL [33]. Acetates 117–119 and 124–126 (Figure 14) isolated from the coral Sacrophyton
sp. inhibited Gram-positive and Gram-negative bacteria, with ZOIs ranging from 7.0–14.5 mm for
Escherichia coli and from 7.5–12.0 mm for Bacillus megaterium. They also displayed antifungal properties,
inhibiting Septoria tritci growth 4.5–10.5 mm [95]. Acetate 127 from the coral Nephthea erecta stimulated
cytC release and inhibited Akt and mTOR phosphorylation in small cell lung cancer cells, as well as
inhibiting tumor growth in the mouse xenograft model [96]. Halymeniaol 128, an triacetoxyl steroid
from the rhodophyte Halymenia floresii, was recently reported to have antiplasmodial activity with an
IC50 of 3.0 μM [97].

4.3. Cyclopropanes

From the marine sponge Xestospongia testudinaria, oxyphytosterols 129 and 130 (Figure 15),
with a side chain cyclized at C26–C27 were recently reported to posess anti-adhesion properties
against bacteria Pseudoalteromonas spp. and Polaribacter sp. New compounds 129 and 133, as well as
known compounds xestokerol A 130, 7α-hydroxypetrosterol 132, and aragusterol B 143 (Figure 15),
had antifouling EC50s ranging from 10 to 171 μM. New compound 133 and petrosterol 135 had an
EC50 > 200 μM [98]. Some of these compounds, other known analogues, and seven new analogues
have also been extracted from the marine sponge Petrosia (Strongylophora) sp. Compounds 130, 131,
134–141, and 143–147 (Figure 15) displayed micromolar inhibition across various human cancer cell
lines tested, with the ketal 139 showing weaker activity [99]. Representatives from this class of steroids
from Xestospongia spp. tested against human cancer cell line K562 yielded IC50s for aragusterol J
149 of IC50 34.31 μM and for aragusterol A 146 of 24.19 μM. Compounds 141–143 and 148 had IC50s
>10 μM [100].

Figure 15. Sterols bearing a 3-membered ring.

Several oxygenated gorgostenols 150–154 (Figure 15), isolated from the soft coral Klyxum flaccidum
demonstrated selective biological activity. Compounds 150–152 and 154 were newly described
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and named klyflaccisteroids C-E [101] and klyflaccisteroid H [102], respectively. These compounds
demonstrated variable inhibition across human cancer cell lines, as well as inhibition of superoxide
anion generation and elastase release [101,102]. New analogues of the known trisulfate compound
halistanol sulfate 155 bearing cyclopropyl rings on their side chains have been isolated from the marine
sponge Halichondria sp. Halistanol sulfates I 156 and J 157 had IC50 values for sirtuins 1–3 of 45.9, 18.9,
and 32.6 μM and 67.9, 21.1, and 37.5 μM, respectively, compared to IC50s of the parent structure 105 of
49.1, 19.2, and 21.8 μM [103].

4.4. Other Bioactive Steroids

Several sponge sterols, such as solomonsterol A 158 and B 159, theonellasterol 160, conicasterol
161 (Figure 16), and their analogues, can serve as ligands for human nuclear receptors; many of these
compounds and their activities have been reviewed [104]. Ganoderic acid A 163 (Figure 16) and related
compounds isolated from the higher fungus Ganoderma sp. possess broad therapeutic properties,
including those of anti-tumor and anti-inflammation [105]. Additional recently reported bioactivities
of sterols from microorganisms and algae are presented in Table 2 and Figure 16.

Table 2. Recently reported biological activities from microbial steroids.

No.1 Microbial Source Biological Target 2 Biological Activity Reference

Fungi

163 Nigrospora sphaerica Cryptococcus neoformans IC50 14.81 μg/mL [106]

164 Gymnoascus reessii NCI-H187 IC50 16.3 μg/mL [34]
Plasmodium falciparum IC50 3.3 μg/mL [34]

165 Gymnoascus reessii NCI-H187 IC50 47.9 μg/mL [34]
Plasmodium falciparum IC50 4.5 μg/mL [34]

166 Gymnoascus reessii NCI-H187 IC50 1.9 μg/mL [34]
Plasmodium falciparum IC50 3.4 μg/mL [34]

167 Gymnoascus reessii NCI-H187 IC50 12.5 μg/mL [34]
Plasmodium falciparum IC50 3.4 μg/mL [34]

168 Aspergillus sp. Balanus amphitrite biofouling EC50 18.40 μg/mL [107]
169 Nodulisporium sp. Aβ42 aggregation IC50 10.1 μM [108]

170 Nodulisporium sp. Aβ42 aggregation 54.6% relative inhibitory activity at
100 μM [108]

171 Nodulisporium sp. Aβ42 aggregation IC50 1.2 μM [108]
172 Nodulisporium sp. Aβ42 aggregation IC50 43.5 μM [108]

173
Dichotomomyces

cejpii Aβ42 aggregation

pretreatment with 10 μM reduced
production of Aβ peptides to 3.8-fold

increase with 100 μM Aftin-5
compared to 9.4-fold increase with

only Aftin-5 and no inhibitor

[109]

Coral

174 Sinularia nanolobata
HL-60 IC50 33.53 μM [110]
HepG2 IC50 64.35 μM [110]

175
Sinularia

microspiculata
HL-60 IC50 82.80 μM [111]

SK-Mel2 IC50 72.32 μM [111]

176 Sinularia leptoclados

HL-60 IC50 13.45 μM [112]
SW480 IC50 14.42 μM [112]
LNCaP IC50 17.13 μM [112]
MCF-7 IC50 17.29 μM [112]

177 Sinularia leptoclados
HL-60 IC50 20.53 μM [112]
SW480 IC50 26.61 μM [112]

KB IC50 32.86 μM [112]

178 Sinularia conferta
A549 IC50 78.73 μM [94]
HeLa IC50 30.5 μM [94]

PANC-1 IC50 9.35 μM [94]
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Table 2. Cont.

179 Sinularia conferta
A549 IC50 27.12 μM [94]
HeLa IC50 24.64 μM [94]

PANC-1 IC50 20.51 μM [94]

180 Sinularia brassica
PANC-1 IC50 15.24 μM [113]

A549 IC50 39.36 μM [113]

181 Sinularia brassica
PANC-1 IC50 22.47 μM [113]

A549 IC50 41.20 μM [113]
182 Sinularia brassica A549 IC50 47.31 μM [113]

183 Sinularia brassica
PANC-1 IC50 15.39 μM [113]

A549 IC50 47.46 μM [113]

184 Sinularia brassica
PANC-1 IC50 38.12 μM [113]

A549 IC50 23.73 μM [113]

185
Sinularia brassica A549 IC50 92.53 μM [113]

Sacrcophyton sp. E. coli 0.05 mg ZOI 3 10.0 mm [95]
S. tritici 0.05 mg ZOI 7.5 mm [95]

187
Sinularia

microspiculata HL-60 IC50 89.02 μM [111]

188 Sinularia sp. HL-60 IC50 1.79 μM [114]
189 Sinularia sp. HL-60 IC50 4.03 μM [114]
190 Sinularia sp. HL-60 IC50 0.69 μM [114]

191 Sinularia brassica
P388D1 IC50 37.2 μM [115]
MOLT-4 IC50 37.8 μM [115]

192 Sinularia brassica
P388D1 IC50 9.7 μM [115]
MOLT-4 IC50 6.0 μM [115]

193 Sinularia brassica
P388D1 IC50 5.7 μM [115]
MOLT-4 IC50 5.3 μM [115]

194 Sinularia brassica
P388D1 IC50 24.4 μM [115]
MOLT-4 IC50 31.2 μM [115]

186 Sacrcophyton sp. E. coli 0.05 mg ZOI 5.0 mm [95]
S. tritici 0.05 mg ZOI 7.0 mm [95]

195 Sacrcophyton sp. E. coli 0.05 mg ZOI 7.5 mm [95]
S. tritici 0.05 mg ZOI 10.5 mm [95]

196 Sacrcophyton sp. E. coli 0.05 mg ZOI 4.5 mm [95]
S. tritici 0.05 mg ZOI 6.5 mm [95]

197 Sacrcophyton sp. E. coli 0.05 mg ZOI 6.0 mm [95]
S. tritici 0.05 mg ZOI 4.5 mm [95]

198 Sacrcophyton sp. E. coli 0.05 mg ZOI 6.0 mm [95]
S. tritici 0.05 mg ZOI 6.0 mm [95]

199 Sacrcophyton sp. E. coli 0.05 mg ZOI 6.0 mm [95]
S. tritici 0.05 mg ZOI 9.0 mm [95]

200 Klyxum flaccidum A549 ED50 7.7 μg/mL [101]

201 Klyxum flaccidum K562 IC50 12.7 μM [102]
elastase release IC50 4.40 μM [102]

202 Klyxum flaccidum P388 IC50 31.8 μM [116]
elastase release IC50 5.84 μM [116]

203 Subergorgia suberosa Influenza virus strain
A/WSN/33 (H1N1) IC50 37.73 μM [117]

204 Subergorgia suberosa Influenza virus strain
A/WSN/33 (H1N1) IC50 50.95 μM [117]

Sponges

205 Petrosia sp. MOLT-3 IC50 36.57 μM [99]
A549 IC50 54.26 μM [99]

206 Xestospongia
testudinaria

MCF-7 IC50 55.8 μM [86]
A549 IC50 63.1 μM [86]

207
Xestospongia
testudinaria PTP1B 4 IC50 4.27 μM [118]

208 Xestospongia sp. K562 IC50 18.32 μM [100]
209 Xestospongia sp. K562 25.73% inhibition at 10 μM [100]
210 Xestospongia sp. K562 41.32% inhibition at 10 μM [100]

158 Theonella swinhoei arthritis 30% reduction in clinical arthritis
scores in mice treated with 10 mg/kg [119]
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211 Theonella swinhoei
U937 IC50 8.8 μM [120]
PC-9 IC50 7.7 μM [120]

212 Theonella swinhoei
U937 IC50 2.0 μM [120]
PC-9 IC50 9.7 μM [120]

213 Theonella swinhoei
U937 IC50 3.2 μM [120]
PC-9 IC50 1.6 μM [120]

214
Callyspongia aff.

implexa Chlamydia trachomatis IC50 2.3 μM [121]

Brown Algae

44
Sargassum

linearifolium Plasmodium falciparum IC50 7.48 μg/mL [122]

215
Sargassum muticum obesity

decreased lipid accumulation and
dose-dependent suppression of

PPARγ 5
[123]

Sargassum fusiform depression

32.67/53.60 and 32.06/50.83
percentage decrease in immobility

duration for forced swimmin and tail
suspension test in the mouse model at

10 mg/kg/30 mg/kg

[124]

216
Dictyopteris

undulata Holmes PTP1B 4 IC50 7.92 μM [125]

217
Dictyopteris

undulata Holmes PTP1B 4 IC50 7.78 μM [125]

218
Dictyopteris

undulata Holmes PTP1B 4 IC50 3.03 μM [125]

219
Dictyopteris

undulata Holmes PTP1B 4 IC50 3.72 μM [125]

220
Dictyopteris

undulata Holmes PTP1B 4 IC50 15.01μM [125]

221
Dictyopteris

undulata Holmes PTP1B 4 IC50 35.01 μM [126]

222 Dictyopteris
undulata Holmes

PTP1B 4 IC50 1.88 μM [126]
HL-60 IC50 2.08 μM [126]

223
Dictyopteris

undulata Holmes HL-60 IC50 2.45 μM [126]

224 Dictyopteris
undulata Holmes

PTP1B 4 IC50 38.15 μM [126]
HL-60 IC50 2.70 μM [126]

225 Dictyopteris
undulata Holmes

PTP1B 4 IC50 48.21 μM [126]
HL-60 IC50 1.02 μM [126]

226 Dictyopteris
undulata Holmes

PTP1B 4 IC50 3.47 μM [126]
HL-60 IC50 1.26 μM [126]

227 Dictyopteris
undulata Holmes

PTP1B 4 IC50 16.03 μM [126]
HL-60 IC50 1.17 μM [126]

1 Compound number. Structures are given in Figure 16. 2 Cancer cell lines include A549, lung adenocarcinoma;
HeLa, cervical adenocarcinoma; HepG2, hepatocellular carcinoma; HL-60, promyelocytic leukemia; KB, epidermoid
carcinoma; K562, bone marrow myelogenous leukemia; LNCaP, prostate cancer; MCF-7, breast adenocarcinoma;
MOLT-4, lymphoblastic leukemia; NCI-H187, lung carcinoma; PANC-1, pancreatic epithelioid carcinoma; PC-9,
lung adenocarcinoma; P388, murine leukemia; P388D1, lymphoma; SK-Mel2, melanoma; SW480, colorectal
adenocarcinoma; U937, histiocytic lymphoma. 3 ZOI, zone of inhibition. 4 PTP1B, protein tyrosine phosphatase 1B.
5 PPARγ, peroxisome proliferator-activated receptor γ.
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Figure 16. Bioactive sterols and steroids. Activities are given in Table 2.
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5. Conclusions

Metabolomics of sterols in microorganisms have provided insight into the biology of
microorganisms. Steroidal chemotaxonomy can be used to elucidate phylogenic relationships
and steroidal biomarkers can be used to monitor microbial growth and biomass production.
Sterolomics additionally plays an influential role in drug discovery, through validation of drug
targets, by confirmation of small molecule mechanisms, and by biological testing of microbial
metabolites. The sterolome of microbiota can inform chemical biology, evolutionary traits, ecology,
and pharmacology.
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Abbreviations

[2H3]AdoMet methyl-trideuterated S-adenosylmethionine
[2H3]Met methyl-trideuterated methionine
8(7)-SI sterol C8(7)-isomerase
14-SDM sterol C14-demethylase
14-SR sterol C14-sterol reductase
24-SMT sterol C24-methyltransferase
Aβ amyloid-β
AchE α-acetylcholinesterase
BSF bloodstream form
EBIs ergosterol biosynthesis inhibitors
FF-MAS follicular fluid meiosis-activating sterol
HEK human epithelial kidney
HMGR 3-hydroxy-3-methylglutaryl CoA reductase
MASs meiosis-activating sterols
T-MAS testicular meiosis-activating sterol
OSC oxidosqualene cyclase
p38MAPK p38 mitogen-activated protein kinase
PCF procyclic form
PPARγ peroxisome proliferator-activated receptor γ
PTP1B protein tyrosine phosphatase 1B
ROCK Rho-associated coiled-coil containing kinase
SqE squalene epoxidase; TMS, trimethylsilyl(ated)
ZOI zone of inhibition

Appendix

Table A1 gives the systematic names of all steroids discussed in the text.

Table A1. Trivial and systematic names of sterols depicted in figures and discussed in text.

No.1
Trivial Name, If Applicable
(Secondary Trivial Name, If

Applicable)

Systematic Name 2 (Systematic Name Relative to
5α-Cholestane)

PubChem CID

1 cholesterol cholest-5-en-3β-ol 5997

2 ergosterol ergosta-5,7,22E-trien-3β-ol
(24β-methylcholesta-5,7,22E-trien-3β-ol) 444679

3 sitosterol stigmast-5-en-3β-ol
(24α-methylcholest-5-en-3β-ol) 222284

4 FF-MAS 4α,4β-dimethylcholesta-8,14,24-trien-3β-ol 443212
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5 T-MAS 4α,4β-dimethylcholesta-8,24-dien-3β-ol 50990081

6 25-hydroxycholesterol cholest-5-en-3β,25-diol 65094

8 ergosterol peroxide 5α,8α-epidioxyergosta-6,22E-dien-3β-ol
(24β-methyl-5α,8α-epidioxycholesta-6,22E-dien-3β-ol) 5351516

9 squalamine 3β-[3-(4-aminobutyl)amino]propyl-7α-hydroxycholestan
-24β-hydrosulfate 72495

12 lanosterol lanosta-8,24-dien-3β-ol
(4α,4β,14α-trimethylcholesta-8,24-dien-3β-ol) 246983

13 31-norlanosterol 4α,14α-dimethylcholesta-8,24-dien-3β-ol 15101557

14 zymosterone cholesta-8,24-dien-3-one 22298942

15 zymosterol cholesta-8,24-dien-3β-ol 92746

16 fecosterol ergosta-8,24(28)-dien-3β-ol
(24-methylideneholest-8-en-3β-ol) 440371

17 episterol ergosta-7,24(28)-dien-3β-ol
(24-methylideneholest-7-en-3β-ol) 5283662

18
ergosta-5,7,22E,24(28)-tetraen-3β-ol
(24-methylideneholesta-5,7,22E-trien-3β-ol) 11090531

25 25-azalanosterol 25-azalanost-8(9)-en-3β-ol
4α,4β,14α-trimethyl-25-azacholest-8-en-3β-ol 66746490

26 24(R,S),25-epiminolanosterol 24(R,S),25-epiminolanost8(9)-en-3β-ol
(4α,4β,14α-trimethyl-24,25-azanetriylcholest-8-en-3β-ol) 163740

27 cycloartenol cycloart-24(25)-en-3β-ol
(4α,4β,14α-trimethyl-9β,19-cyclocholest-24-en-3β-ol) 92110

28 cyclolaudenol 24β-methylcycloart-25(27)-en-3β-ol
(4α,4β,14α,24β-tetramethyl-9β,19-cyclocholest-25(27)-en-3β-ol) 101729

29 24-methylenecycloartanol 24-methylidenecycloartan-3β-ol
(4α,4β,14α-trimethyl-24-methylidene-9β,19-cyclocholestan-3β-ol) 94204

30
ergosta-8,25(27)-dien-3β-ol
(24β-methylcholest-8,25(27)-dien-3β-ol) 102515129

31 obtusifoliol 4α,14α-dimethylergosta-8,24(28)-dien-3β-ol
(4α,14α-dimethyl-24-methylideneholest-8-en-3β-ol) 65252

32 24(28)-methylenelophenol 4α-methylergosta-7,24(28)-dien-3β-ol
(4α-methyl-24-methylideneholest-7-en-3β-ol) 5283640

33 chlamysterol 4α,14α-dimethylporiferasta-8,25(27)-dien-3β-ol
(24β-ethyl-4α,14α-dimethyl-cholesta-8,25(27)-dien-3β-ol) 90657605

34
24(28)Z-ethylidene lophenol

(citrostadienol)
4α-methylstigmasta-7,24(28)Z-dien-3β-ol
(4α-methyl-24Z-ethylideneholest-7-en-3β-ol) 9548595

35 7-dehydroporiferasterol poriferasta-5,7,22E-trien-3β-ol
(24β-ethylcholesta-5,7,22E-trien-3β-ol) 20843308

36 campesterol campest-5-en-3β-ol
(24α-methylcholest-5-en-3β-ol) 173183

37
clionosterol

(22-dihydroporiferasterol)
poriferast-5-en-3β-ol
(24β-ethylcholest-5-en-3β-ol) 457801

38 22-dihydrobrassicasterol ergost-5-en-3β-ol
(24β-methylcholesta-5-en-3β-ol) 312822

39 stigmasterol stigmasta-5,22E-dien-3β-ol
(24α-ethylcholesta-5,22E-dien-3β-ol) 5280794

40 poriferasterol poriferasta-5,22E-dien-3β-ol
(24β-ethylcholesta-5,22E-dien-3β-ol) 5281330

41
crinosterol

(epibrassiasterol)
campesta-5,22E-dien-3β-ol
(24α-methylcholesta-5,22E-dien-3β-ol) 5283660

42 brassicasterol ergosta-5,22E-3β-ol
(24β-methylcholesta-5,22E-dien-3β-ol) 5281327

43 fucosterol stigmasta-5,24(28)E-dien-3β-ol
(24E-ethylideneholest-7-en-3β-ol) 5281328

44 isofucosterol stigmasta-5,24(28)Z-dien-3β-ol
(24Z-ethylideneholest-5-en-3β-ol) 5281326
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45
24(28)-methylenecholesterol

(chalinasterol)
ergosta-5,24(28)-dien-3β-ol
(24-methylideneholest-5-en-3β-ol) 92113

46 24-ethyldesmosterol stigmasta-5,24(25)-dien-3β-ol
(24-ethylcholesta-5,24(25)-dien-3β-ol) 22848721

47 24-methyldesmosterol ergosta-5,24(25)-dien-3β-ol
(24-methylcholesta-5,24(25)-dien-3β-ol) 193567

48 desmosterol cholesta-5,24-dien-3β-ol 439577

49 schottenol stigmast-7-en-3β-ol
(24α-ethylcholest-7-en-3β-ol) 441837

50 22-dihydrochondrillasterol poriferast-7-en-3β-ol
(24β-ethylcholest-7-en-3β-ol) 5283639

51
epifungisterol

(22-dihydrostellasterol)
campest-7-en-3β-ol
(24α-methylcholest-7-en-3β-ol) 90889779

52 fungisterol ergost-7-en-3β-ol
(24β-methylcholest-7-en-3β-ol) 5283646

53
stigmasta-7,22E-dien-3β-ol
(24α-ethylcholesta-7,22E-dien-3β-ol) 125122456

54 chondrillasterol poriferasta-7,22E-dien-3β-ol
(24β-ethylcholesta-7,22E-dien-3β-ol) 5283663

55 stellasterol campesta-7,22E-dien-3β-ol
(24α-methylcholest-7,22E-dien-3β-ol) 5283669

56 5-dihydroergosterol ergosta-7,22E-dien-3β-ol
(24β-methylcholest-7,22E-dien-3β-ol) 13889661

57 24-dehydrolathosterol cholesta-7,24-dien-3β-ol 5459827

58 22-dihydroergosterol ergosta-5,7-dien-3β-ol
(24β-methylcholest-5,7-dien-3β-ol) 5326970

59
stigmast-8-en-3β-ol
(24α-ethylcholest-8-en-3β-ol) 23424905

60
poriferast-8-en-3β-ol
(24β-ethylcholest-8-en-3β-ol) 101826503

61
campest-8-en-3β-ol
(24α-methylcholest-8-en-3β-ol) -

62
ergost-8-en-3β-ol
(24β-methylcholest-8-en-3β-ol) 60077053

63
cholest-8-enol

(24-dihydrozymosterol) cholest-8-en-3β-ol 101770

64
ergosta-7,25(27)-dien-3β-ol
(24β-methylcholesta-7,25(27)-dien-3β-ol) 60077052

65
poriferasta-7,25(27)-dien-3β-ol
(24β-ethylcholesta-7,25(27)-dien-3β-ol) 5283655

66 lichesterol ergosta-5,8,22E-trien-3β-ol
(24β-methylcholesta-5,8,22E-trien-3β-ol) 5281329

67 clerosterol poriferasta-5,25(27)-dien-3β-ol
(24β-ethylcholesta-5,25(27)-dien-3β-ol) 5283638

68 epiclerosterol stigmasta-5,25(27)-dien-3β-ol
(24α-ethylcholesta-5,25(27)-dien-3β-ol) 185472

69
5-dehydrostellasterol

(epiergosterol)
campesta-5,7,22E-trien-3β-ol
(24α-methylcholesta-5,7,22E-trien-3β-ol) 124427258

70 occelasterol 27-norcholesta-5,22E-dien-3β-ol 15481847

71 lathosterol cholest-7-en-3β-ol 65728

72
7-dehydrocholesterol

(provitamin D3) cholesta-5,7-dien-3β-ol 439423

73 fucosteryl epoxide 24,28-epoxyergost-5-en-3β-ol
24-(3-methyloxiran-2-yl)-cholest-5-en-3β-ol 3082427

74 dinosterol 4α,23-dimethylergost-22E-en-3β-ol
(4α,23,24β-trimethylcholest-22E-en-3β-ol) 44263330

75 24Z-propylidenecholesterol 6443745
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76 dihydrodinosterol (23R)-4α,23-dimethylergostan-3β-ol
((23R)-4α,23,24β-trimethylcholestan-3β-ol) 133309

77 amphisterol 4α-methylergosta-8(14),24(28)-dien-3β-ol
(4α-methyl-24-methylidenechoest-8(14)-en-3β-ol) 60077061

78 4α-methylergosterol 4α-methylergosta-5,7,22E-trien-3β-ol
(4α,24β-dimethylcholesta-5,7,22E-trien-3β-ol) -

79 4α-methylgorgosterol 4α-methylgorgost-5-en-3β-ol
((22R,23R)-4α,23,24β-trimethyl-22,23-methanocholest-5-en-3β-ol) -

80 gorgosterol gorgost-5-en-3β-ol
((22R,23R)-23,24β-dimethyl-22,23-methanocholest-5-en-3β-ol) 52931413

81 cholestanol (5α) cholestan-3β-ol 6710664

82
cholesta-5,7,24-trienol
7-dehydrodesmosterol cholesta-5,7,24-trien-3β-ol 440558

83
ergosta-5,7,24(28)-trien-3β-ol
(24β-methylcholesta-5,7,24(28)-trien-3β-ol) 10894570

84
ergosta-5,7,24(25)-trien-3β-ol
(24β-methylcholesta-5,7,24(25)-trien-3β-ol) 58104987

85
ergosta-5,7,25(27)-trien-3β-ol
(24β-methylcholesta-5,7,25(27)-trien-3β-ol) 101600336

86 24,24-dimethylcholesta-5,7,25(27)-trien-3β-ol -

87 protothecasterol ergosta-5,7,22E,25(27)-tetraen-3β-ol
(24β-methylcholesta-5,7,22E,25(27)-tetraen-3β-ol) 101600338

88 26-fluorolanosterol 26-fluorolanosta-8,24-dien-3β-ol
(26-fluoro-4α,4β,14α-trimethylcholesta-8,24-dien-3β-ol) -

89 26-fluorocholesta-5,7,24-trien-3β-ol -

90 26-fluoro-4α,4β-dimethylcholesta-8,24-dien-3β-ol -

91 26-fluoro-4α-methylcholesta-8,24-dien-3β-ol -

92 26-fluorocholesta-8,24-dien-3β-ol -

93
26-fluoroergosta-8,25(27)-dien-3β-ol
26-fluoro-24β-methylcholesta-8,25(27)-dien-3β-ol -

94 amebasterol-1 19(10→6)-abeo-ergosta-5,7,9,22E-tetraen-3β-ol
(24β-methyl-19(10→6)-abeo-cholesta-5,7,9,22E-tetraen-3β-ol) 11596359

95 amebasterol-2 19(10→6)-abeo-poriferasta-5,7,9,22E-tetraen-3β-ol
(24β-ethyl-19(10→6)-abeo-cholesta-5,7,9,22E-tetraen-3β-ol) -

96 amebasterol-3 19(10→6)-abeo-ergosta-5,7,9-trien-3β-ol
(24β-methyl-19(10→6)-abeo-ergosta-5,7,9-trien-3β-ol) -

97 amebasterol-4 19(10→6)-abeo-poriferasta-5,7,9,22E,25-pentaen-3β-ol
(24β-ethyl-19(10→6)-abeo-cholesta-5,7,9,22E,25-pentaen-3β-ol) -

98 amebasterol-5 19(10→6)-abeo-poriferasta-5,7,9,25(27)-tetraen-3β-ol
(24β-ethyl-19(10→6)-abeo-cholesta-5,7,9,25(27)-tetraen-3β-ol) -

99 amebasterol-6 19(10→6)-abeo-poriferasta-5,7,9-trien-3β-ol
(24β-ethyl-19(10→6)-abeo-poriferasta-5,7,9-trien-3β-ol) -

102 eburicol 24-methylidenelanost-8-en-3β-ol
4α,4β,14α-trimethyl-24-methylidenecholest-8-en-3β-ol 9803310

103
14-methylergosta-8,24(28)-dien-3β,6α-diol
14,24β-dimethyl-24-methylidenecholest-8-en–3β,6α-diol 148910

105 FR171456
24-methylidene-3β,8α,11α-trihydroxy-1,6-dioxocycloartan-30-oic acid
(4α,14α-dimethyl-24-methylidene-9β,19-cyclo-3β,8α,11α-trihydroxy
-1,6-dioxocholestan-4β-carboxylic acid)

-

107 michosterol A

(20S,23R)-23-methyl-20-hydroperoxy-25-acetoxyergost
-16-en-3β,5β,6α-triol
((20S,23R)-23,24β-dimethyl-20-hydroperoxy-25
-acetoxycholest-16-en-3β,5β,6α-triol)

-

108 michosterol B

(17E,23R)-23-methyl-16-hydroperoxy-25-acetoxyergost-
17-en-3β,5β,6α-triol
((17E,23R)-23,24β-di-methyl-16-hydroperoxy-
25-acetoxycholest-17-en-3β,5β,6α-triol)

-
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109 nigerasterol A
5α,9α-epidioxyergosta-6,8(14),22E-trien-3β,15α-diol
(24β-methyl-5α,9α-epidioxycholesta-6,8(14),
22E-trien-3β,15α-diol)

-

110 nigerasterol B
5α,9α-epidioxyergosta-6,8(14),22E-trien-3β,15β-diol
(24β-methyl-5α,9α-epidioxycholesta
-6,8(14),22E-trien-3β,15β-diol)

-

111 24-ethenyl-24-hydroperoxycholest-5-en-3β-ol 10411225

112 29-hydroperoxyisofucosterol (24Z)-29-hydroperoxystigmasta-5,24(28)-dien-3β-ol
24Z-(2-hydroperoxyethylidnene)cholest-5-en-3β-ol 46224335

113 michosterol C 6α-acetoxyergostan-3β,5β,25-triol
(24β-methyl-6α-acetoxycholestan-3β,5β,25-triol) -

114
anicequol

(NGA0187)

16β-acetoxy-3β,7β,11β-trihydroxyergost-22E-en-6-one
(24β-methyl-16β-acetoxy-
3β,7β,11β-trihydroxycholest-22E-en-6-one)

10413810

115 penicisteroid A 24-methyl-16β-acetoxycholest-22E-en-3β,6β,7β,11β-tetrol -

116 penicisteroid C 24-methyl-16β-acetoxycholesta-5,22E-dien-3β,6β-diol -

117 11α-acetoxycholest-24-en-3β,5α,6β-triol -

118
11α-acetoxyergosta-22E,25-dien-3β,5α,6β-triol
24β-methyl-11α-acetoxycholesta-22E,25-dien-3β,5α,6β-triol -

119
11α-acetoxygorgostan-3β,5α,6β-triol
((22R,23R)-23,24β-dimethyl-22,23-methano
-11α-acetoxycholestan-3β,5α,6β-triol)

54769262

120 halicrasterol D 11α-acetoxyergost-22E-en-3β,5α,6β-triol
24β-methyl-11α-acetoxycholest-22E-en-3β,5α,6β-triol -

121 11α,19-diacetoxycholest-7-en-2α,3β,5α,6β,9α-pentol -

122
6β-acetoxyergost-24(28)-en-3β,5α-diol
24-methylidene-6β-acetoxycholestan -3β,5α-diol 101687891

123
methyl
25-acetoxy-3β-hydroxycholest-5-en-19-carboxylate -

124
11α-acetoxygorgostan-3β,5α,6β,12α-tetrol
((22R,23R)-23,24β-dimethyl-22,23-methano-
11α-acetoxycholest-5-en-3β,5α,6β,12α-tetrol)

56962930

125
12α-acetoxygorgostan-3β,5α,6β,11α-tetrol
((22R,23R)-23,24β-dimethyl-22,23-methano-
12α-acetoxycholestan-3β,5α,6β,11α-tetrol)

-

126
11α-acetoxygorgostan-3β,5α,6β,15α-tetrol
((22R,23R)-23,24β-dimethyl-22,23-methano-
12α-acetoxycholestan-3β,5α,6β,15α-tetrol)

-

127
7β-acetoxyergosta-5,24(28)-dien-3β,19-diol
24-methylidene-7β-acetoxycholest-5-en-3β,19-diol 477494

128 halymeniaol 3β,15α,16β-triacetoxy-12β-hydroxycholest-5-en-7-one -

129 21-O-octadecanoyl-xestokerol A
(20S,21R)-21-octadecanoyl-11β,20,22-trihydroxypetrostan-3-one
((20S,21R,25R,26R)-24α,26-dimethyl-26,
27-cyclo-21-octadecanoyl-11β,20,22-trihydroxycholestan-3-one)

71747680

130 xestokerol A
(20S,21R)-11β,20,21,22-tetrahydroxypetrostan-3-one
((20S,21R,25R,26R)-24α,26-dimethyl-26,
27-cyclo-11β,20,21,22-tetrahydroxycholestan-3-one)

44584465

131 xestokerol A dimethyl ketal
(20S,21R)-3,3-dimethoxypetrostan-11β,20,21,22-tetrol
((20S,21R,25R,26R)-24α,26-dimethyl-26,
27-cyclo-3,3-dimethoxycholestan–11β,20,21,22-tetrol)

-

132 7α-hydroxypetrosterol
petrost-5-en-3β,7α-diol
((25R,26R)-24α,26-dimethyl-26,
27-cyclocholest-5-en-3β,7α-diol)

101209535

133 7β-hydroxypetrosterol petrost-5-en-3β,7β-diol
((25R,26R)-24α,26-dimethyl-26,27-cyclocholest-5-en-3β,7β-diol) 71747681

134 7-ketopetrosterol
3β-hydroxypetrost-5-en-7-one
((25R,26R)-24α,26-dimethyl-26,
27-cyclo-3β-hydroxycholest-5-en-7-one)

101209534

135 petrosterol petrost-5-en-3β-ol
((25R,26R)-24α,26-dimethyl-26,27-cyclocholest-5-en-3β-ol) 194249
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136 11β-hydroxypetrosterol petrost-5-en-3β,11βα-diol
((25R,26R)-24α,26-dimethyl-26,27-cyclocholest-5-en-3β,11β-diol) -

137
(20S)-petrostan-3α,7α,12β,20-tetrol
((20S,25R,26R)-24α,26-dimethyl-26,
27-cyclocholestan-3α,7α,12β,20-tetrol)

-

138
(20S)-petrostan-3α,12β,14α,20-tetrol
((20S,25R,26R)-24α,26-dimethyl-26,
27-cyclocholestan-3α,12β,14α,20-tetrol)

-

139
(20S)-3,3-dimethoxypetrostan-7α,12β,20-triol
((20S,25R,26R)-24α,26-dimethyl-26,27-cyclo-
3,3-dimethoxycholestan-7α,12β,20-triol)

-

140
(20S)-3,3-dimethoxypetrostan-7α,12β,19,20-tetrol
((20S,25R,26R)-24α,26-dimethyl-26,27-cyclo
-3,3-dimethoxycholestan-7α,12β,19,20-tetrol)

-

141
(20S)-petrostan-3α,12β,20-triol
((20S,25R,26R)-24α,26-dimethyl-26,
27-cyclocholestan-3α,12β,20-triol)

-

142
(20S)-petrostan-3β,12β,20-triol
((20S,25R,26R)-24α,26-dimethyl-26,27-cyclocholestan-
3β,12β,20-triol)

-

143 aragusterol B
(20S)-12β,20-dihydroxypetrostan-3-one
((20S,25R,26R)-24α,26-dimethyl-26,27-cyclo-
12β,20-dihydroxycholestan-3-one)

44566420

144
(20S)-7α,12β,20-trihydroxypetrostan-3-one
((20S,25R,26R)-24α,26-dimethyl-26,27-cyclo-
7α,12β,20-trihydroxycholestan-3-one)

-

145
3,3-dimethoxypetrostan-12β,16α-diol
((25R,26R)-24α,26-dimethyl-26,27-cyclo-3,3-dimethoxycholestan-
12β,16α-diol)

-

146 aragusterol A
(20R,22S)-20,21-epoxy-12β,22-dihydroxypetrostan-3-one
((20R,22S,25R,26R)-24α,26-dimethyl-20,21-epoxy-26,
27-cyclo-12β,22-dihydroxycholestan-3-one)

9933873

147
(20R,22S)-20,21-epoxy-3,3-dimethoxypetrostan-12β,22-diol
((20R,22S,25R,26R)-24α,26-dimethyl-20,21-epoxy-26,
27-cyclo-3,3-dimethoxycholestan-12β,22-diol)

10696885

148
(22R)-12β,22-dihydroxypetrost-20(21)-en-3-one
((22R,25R,26R)-24α,26-dimethyl-26,27-cyclo-
12β,22-dihydroxycholest-20(21)-en–3-one)

-

149 aragusterol J
(22R)-7β,12β,22-trihydroxypetrost-20(21)-en-3-one
((22R,25R,26R)-24α,26-dimethyl-26,27-cyclo-
7β,12β,22-trihydroxycholest-20(21)-en–3-one)

-

150 klyflaccisteroid C
3β,7α-dihydroxygorgost-5-en-11-one
((22R,23R)-23,24β-dimethyl-22,23-methano-
3β,7α-dihyroxycholest-5-en-11-one)

-

151 klyflaccisteroid D
3β-hydroxygorgost-5-en-7,11-dione
((22R,23R)-23,24β-dimethyl-22,23-methano-3β,
7α-dihyroxycholest-5-en-7,11-dione)

-

152 klyflaccisteroid E
gorgosta-5,9(11)-dien-3β,7β,12α-triol
((22R,23R)-23,24β-dimethyl-22,23-methanocholesta-5,
9(11)-dien-3β,7β,12α-triol)

-

153
gorgost-5-en-3β,9α,11α-triol
((22R,23R)-23,24β-dimethyl-22,23-methanocholest-
5,-dien-3β,9α,11α-triol)

10742556

154 klyfaccisteroid H
gorgost-5-en-3β,11α,12α-triol
((22R,23R)-23,24β-dimethyl-22,23-methanocholesta-
5,9(11)-dien-3β,11α,12α-triol)

-

155 halistanol sulfate 24,25-dimethylcholestane-2β,3α,6α-trisulfate 73361

156 halistanol sulfate I 24-methyl-24,25-methanocholestane-2β,3α,6α-trisulfate -

157 halistanol sulfate J 24,24-(methylethano)cholestane-2β,3α,6α-trisulfate -

158 solomonsterol A trisodium cholane-2β,3α,24-trisulfate
(trisodium 25,26,27-trinorcholestane-2β,3α,24-trisulfate) 50925451

202
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159 solomonsterol B trisodium 24-norcholane-2β,3α,23-trisulfate
(trisodium 24,25,26,27-tetranorcholestane-2β,3α,24-trisulfate) 53318073

160 theonellasterol 4-methylidineporiferast-8(14)-en-3β-ol
(24β-ethyl-4-methylidinecholest-8(14)-en-3β-ol) 52931395

161 conicasterol 4-methylidinecampest-8(14)-en-3β-ol
(24α-methyl-4-methylidinecholest-8(14)-en-3β-ol) 21670674

162 ganoderic acid A
7β,15α-dihydroxy-3,11,23-trioxolanost-8-en-26-oic acid
4α,4β,14α-trimethyl-7β,15α-dihydroxy-3,11,23-trioxocholest-
8-en-26-oic acid)

471002

163
ergosta-7,9(11),22E-trien-3β-ol
24β-methylcholesta-7,9(11),22E-trien-3β-ol 12308954

164
ergosta-4,7,22E-trien-3-one
24β-methylcholesta-4,7,22E-trien-3-one 11003773

165
ergosta-4,6,8(14),22E-tetraen-3-one
24β-methylcholesta-4,6,8(14),22E-tetraen-3-one 6441416

166
14α-hydroxyergosta-4,7,9(11),22E-tetraen-3,6-dione
24β-methyl-14α-hydroxycholesta-4,7,9(11),22E-tetraen-3,6-dione 10251684

167
9α,14α-dihydroxyergosta-4,7,22E-trien-3,6-dione
24β-methyl-9α,14α-dihydroxycholesta-4,7,22E-trien-3,6-dione -

168
ergosta-4,6,8(14),22E,24(28)-pentaen-3-one
24-methylidenecholesta-4,6,8(14),22E-tetraen-3-one -

169 nodulisporiviridin E

18-nor-1α,3β-dihydroxy-4,5,6-[2,3,4]furanoandrosta-
5,8,11,13(14)-tetraen-7,17-dione
18,20,21,22,23,24,25,26,27-nonanor-1α,3β-dihydroxy-
4,5,6-[2,3,4]furanoandrosta-5,8,11,13(14)-tetraen-7,17-dione

122179368

170 nodulisporiviridin F

3β,11β-dihydroxy-4,5,6-[2,3,4]furanoandrosta-
5,8-dien-7,17-dione
20,21,22,23,24,25,26,27-octanor-3β,11β-dihydroxy-
4,5,6-[2,3,4]furanocholesta-5,8-dien-7,17-dione

122179369

171 nodulisporiviridin G

11β-hydroxy-4,5,6-[2,3,4]furanoandrosta-
5,8-dien-3,7,17-trione
20,21,22,23,24,25,26,27-octanor-11β-hydroxy-4,5,
6-[2,3,4]furanocholesta-5,8-dien-3,7,17-trione

122179370

172 nodulisporiviridin H

3β,12β-dihydroxy-4,5,6-[2,3,4]furanoandrosta-
5,8-dien-7,17-dione
20,21,22,23,24,25,26,27-octanor-3β,12β-dihydroxy-4,5,
6-[2,3,4]furanocholesta-5,8-dien-7,17-dione

122179371

173
16-O-desmethylasporyergosterol-

β-D-mannoside

β-D-mannosyloxyergosta-6,8(14),17(20)E,
22E-tetraen-3β-ol
24β-methyl-β-D-mannosyloxycholesta-6,8(14),
17(20)E,22E-tetraen-3β-ol

-

174
(24S)-24,28-epoxyergost-5-en-3β,4α-diol
(24S)-24-oxyranylcholest-5-en-3β,4α-diol 44575614

175
ergosta-5,24(28)-dien-3β,7α-diol
(24-methylidenecholest-5-en-3β,7α-diol) 10949727

176
ergosta-5,24(28)-dien-3β,7β-diol
(24-methylidenecholest-5-en-3β,7β-diol) 11373355

177
ergost-5-en-3β,7β-diol
(24β-methylcholest-5-en-3β,7β-diol) 11475561

178
ergost-24(28)-en-3β,5α,6β-triol
(24-methylidenecholestan-3β,5α,6β-triol) 21775108

179
ergostan-3β,5α,6β-triol
(24β-methylcholestan-3β,5α,6β-triol) 44558918

180
3β,5α,6β,11α-tetrahydroxyergostan-1-one
(24β-methyl-3β,5α,6β,11α-tetrahydroxycholestan-1-one) -

181
ergostan-1α,3β,5α,6β,11α-pentol
(24β-methylcholestan-1α,3β,5α,6β,11α-pentol) -

182 sarcoaldesterol B ergostan-3β,5α,6β,11α-tetrol
(24β-methylcholestan-3β,5α,6β,11α-tetrol) 10718409

183
ergostan-1β,3β,5α,6β-tetrol
(24β-methylcholestan-1β,3β,5α,6β-tetrol) -
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184 pregnedioside A 4α-O-β-D-arabinopyranosyloxypregn-20-en-3β-ol22,23,24,25,26,
27-hexanor-4α-O-β-D-arabinopyranosyloxycholest-20-en-3β-ol 21673267

185
gorgostan-1α,3β,5α,6β,11α-pentol
((22R,23R)-23,24β-dimethyl-22,23-
methanocholestan-1α,3β,5α,6β,11α-pentol)

23426029

186 sarcoaldesterol A
gorgostan-3β,5α,6β,11α-tetrol
((22R,23R)-23,24β-dimethyl-22,23-methanocholestan-
3β,5α,6β,11α-tetrol)

10790775

187
(20R,23R)-23-methylergost-16-en-3β,20-diol
(20R,23R)-23,24β-methylcholest-16-en-3β,20-diol -

188 ximaosteroid E (16S)-16,22-epoxycholesta-1,22E-dien-3-one -

189 ximaosteroid F (20R,22R)-20,22-dihydroxycholesta-1,4-dien-3-one -

190 (20S)-20-hydroxycholest-1-en-3,16-dione 53997071

191 sinubrasone A

methyl (22R)-22-O-β-D-xylopyranosyloxy-
3-oxoergosta-1,4-diene-26-carboxylate
methyl (22R)-24β-methyl-22-O-β-D-xylopyranosyloxy-
3-oxocholesta-1,4-diene-26-carboxylate

-

192 sinubrasone B

methyl (16S,22R)-16-methoxy-16,22-epoxy-
3-oxoergosta-1,4-diene-26-carboxylate
methyl (16S,22R)-24β-methyl-16-methoxy-16,22-epoxy
-3-oxocholesta-1,4-diene-26-carboxylate

-

193 sinubrasone C

methyl (22R,23R)-22,23-epoxy-
3-oxoergosta-1,4-diene-26-carboxylate
methyl (22R,23R)-24β-methyl-22,23-epoxy-
3-oxocholesta-1,4-diene-26-carboxylate

-

194 sinubrasone D

methyl (20S)-20-methyl-3-oxopregna-1,
4-diene-21-carboxylate
methyl 23,24,25,26,27-pentanor-3-oxocholesta-
1,4-diene-21-carboxylate

15929041

195
ergostan-1α,3β,5α,6β,11α,15α-hexol
(24β-methylcholestan-1α,3β,5α,6β,11α,15α-hexol) -

196
ergostan-3β,5α,6β,15α-tetrol
(24β-methylcholestan-3β,5α,6β,15α-tetrol) -

197
ergostan-3β,5α,6β,11α,15α-pentol
(24β-methylcholestan-3β,5α,6β,11α,15α-pentol) -

198
ergost-7-en-3β,5α,6β,15α-tetrol
(24β-methylcholest-7-en-3β,5α,6β,15α-tetrol) -

199
23-methylergost-22E-en-3β,5α,6β,11α-tetrol
(23,24β-dimethylcholest-22E-en-3β,5α,6β,11α-tetrol) -

200 klyflaccisteroid A (17S,23R)-23-methylergosta-5,20(21)-dien-3β,17α-diol
(17S,23R)-23,24β-dimethylcholesta-5,20(21)-dien-3β,17α-diol -

201 klyfaccisteroid J (20R,23R)-23-methylergosta-5,16-dien-3β,11α,20-triol
(20R,23R)-23,24β-dimethylcholesta-5,16-dien-3β,11α,20-triol -

202 klyflaccisteroid M (22S)-ergost-5-en-3β,7β,22-triol
((22S)-24β-methylcholest-5-en-3β,7β,22-triol) -

203 subergorgol U
19(10→4)-abeo-2-hydroxypregna-2,4,1(10)-trien-20-one
(22,23,24,25,26,27-hexnor-19(10→4)-abeo-2-hydroxycholesta-
2,4,1(10)-trien-20-one)

132918691

204
19(10→4)-abeo-1-hydroxypregna-2,4,1(10)-trien-20-one
(22,23,24,25,26,27-hexnor-19(10→4)-
abeo-2-hydroxycholesta-2,4,1(10)-trien-20-one)

54484024

205 (20S)-7α,12β,20-trihydroxycholest-22E-en-3-one -

206 langcosterol A 26,27-dimethylergosta-5,24(28)-dien-3β,7α-diol
(26,27-dimethyl-24-methylidenecholest-5-en-3β,7α-diol) 23426186

207
ergosta-4,7,22E,25-tetraen-3-one
(24β-methylcholesta-4,7,22E,25-tetraen-3-one) 132280531

208
7α,12β,18-trihydoxystigmast-22E-en-3-one
(24α-methyl-7α,12β,18-trihydoxycholest-22E-en-3-one) -

209 (20S)-24-ethyl-7α,12β,20-trihydroxycholestan-3-one -

210 (20S)-24-methyl-7α,12β,20-trihydroxycholest-22E-en-3-one -

204
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211 7,15-dioxoconicasterol
4-methylidene-3β-hydroxycampest-8(14)-en-7,15-dione
(24α-methyl-4-methylidene-
3β-hydroxycholest-8(14)-en-7,15-dione)

-

212 15-oxoconicasterol
4-methylidene-3β-hydroxycampest-8(14)-en-15-one
(24α-methyl-4-methylidene-
3β-hydroxycholest-8(14)-en-15-one)

-

213
4-methylidene-3β,9α-dihydroxycampest-8(14)-en-15-one
(24α-methyl-4-methylidene-3β,
9α-dihydroxycholest-8(14)-en-15-one)

-

214 gelliusterol E 24-methylchola-5,16-dien-23-yn-3β,7α-diol
(26,27-dinorcholesta-5,16-dien-23-yn-3β,7α-diol) -

215 saringosterol 24-ethenylcholest-5-en-3β,24-diol 14161394

216 dictyosterol A 3β,6β-dihydroxycholesta-4,22E-dien-24-one -

217 dictyosterol B 6β-hydroxycholesta-4,22E-dien-3,24-dione -

218 dictyosterol C 3β,7α-dihydroxycholesta-5,22E-dien-24-one -

219 3β-hydroxycholesta-5,22E-dien-7,24-dione -

220 3β-hydroxycholesta-5,22E-dien-24-one -

221 dictyopterisin C (24R)-stigmasta-4,28(29)-dien-3β,7β,24-triol
(24R)-24-ethenylcholest-4-en-3β,7β,24-triol -

222
(24R)-7-methoxystigmasta-4,28(29)-dien-3β,24-diol
(24R)-7-methoxy-24-ethenylcholest-4-en-3β,24-diol -

223 dictyopterisin F (24R)-3β,24-dihydroxystigmasta-4,28(29)-dien-7-one
(24R)-24-ethenyl-3β,24-dihydroxycholest-4-en-7-one -

224 dictyopterisin G (24S)-3β,24-dihydroxyporiferasta-4,28(29)-dien-7-one
(24S)-24-ethenyl-3β,24-dihydroxycholest-4-en-7-one -

225 dictyopterisin H (24R)-stigmasta-4,28(29)-dien-3β,6β,24-triol
(24R)-24-ethenylcholest-4-en-3β,6β,24-triol -

226 dictyopterisin I (24R)-6β,24-dihydroxystigmasta-4,28(29)-dien-3-one
(24R)-24-ethenyl-6β,24-dihydroxycholest-4-en-3-one -

227 dictyopterisin J (24S)-6β,24-dihydroxyporiferasta-4,28(29)-dien-3-one
(24S)-24-ethenyl-6β,24-dihydroxycholest-4-en-3-one -

1 Compound number. 2 Systematic names use carbon numbering and side chain α/β designations of the Nes
system presented in Figure 1 and Ref. [1].
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Abstract: Sterol 14α-demethylase (SDM) is essential for sterol biosynthesis and is the primary
molecular target for clinical and agricultural antifungals. SDM has been demonstrated to be a valid
drug target for antiprotozoal therapies, and much research has been focused on using SDM inhibitors
to treat neglected tropical diseases such as human African trypanosomiasis (HAT), Chagas disease,
and leishmaniasis. Sterol C24-methyltransferase (24-SMT) introduces the C24-methyl group of
ergosterol and is an enzyme found in pathogenic fungi and protozoa but is absent from animals.
This difference in sterol metabolism has the potential to be exploited in the development of selective
drugs that specifically target 24-SMT of invasive fungi or protozoa without adversely affecting the
human or animal host. The synthesis and biological activity of SDM and 24-SMT inhibitors are
reviewed herein.

Keywords: sterol biosynthesis; sterol 14α-demethylase; sterol C24-methyltransferase;
mechanism-based inactivators; antifungals; azoles; antiparasitic drugs; human African trypanosomiasis;
Chagas disease; synthesis

1. Introduction

Sterols such as ergosterol and cholesterol are essential lipid molecules, and they perform numerous
cellular roles associated with membrane (bulk) and signal (sparking) functions [1–3]. Cholesterol is
biosynthesized in humans, while ergosterol or other 24-alkylated sterols are biosynthesized in
opportunistic fungi and parasitic protozoa (Figure 1) [2–4]. This difference in sterol production can be
exploited in the development of drugs that are designed to selectively block ergosterol biosynthesis
in invasive fungi or protozoan parasites without harming the human host [3–7]. Infectious diseases
caused by parasitic protozoa take a heavy toll on human health, are widespread, and are increasing
in resistance to current chemotherapies [8]. Leishmaniasis is threatening around 350 million
people in more than 98 countries [9], while the World Health Organization (WHO) has estimated
that 16–18 million people are infected with Chagas disease [10], and it has been suggested that
70 million people in Africa are at risk of human African trypanosomiasis (HAT; sleeping sickness) [11].
Leishmaniasis is caused by various species of Leishmania, while the causative pathogens for Chagas
and HAT are Trypanosoma cruzi and Trypanosoma brucei, respectively. It is well known that these
diseases are life-threatening, and without proper treatment they are often fatal. Leishmania spp., T. cruzi,
and T. brucei all require ergosterol for growth, and inhibiting the ergosterol biosynthesis pathway in
these parasitic protozoa is an ideal approach to treat these infections without harming the human host.
It should be noted that fungal infections caused by Cryptococcus neoformans have become the leading
cause of morbidity and mortality in acquired immune deficiency syndrome (AIDS) patients and other
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immunocompromised patients, and it is reported that 5–10% of AIDS patients in the United States
suffer from these life-threatening infections [12,13].

 

Figure 1. Comparative sterol biosynthesis pathways across kingdoms (adapted from [2]). HS:
Homo sapiens; CN: Cryptococcus neoformans; TB: Trypanosoma brucei; 4-SMO: sterol C4-methyl oxidase;
14-SDM: sterol 14α-demethylase; 24-SMT: sterol C24-methyltransferase.

Selective inhibition of fungal SDM is one of the most common ways to treat fungal infections,
and the majority of drugs that target fungal sterol 14α-demethylase (SDM) possess an azole side
chain [12–17]. For these azole drugs to be efficacious, they need to have greater affinity for fungal
SDM versus mammalian SDM [15,16]. Sterol C24-methyltransferase (24-SMT), unlike SDM, is not
found in humans but is present in both fungi and protozoa (Figure 1), offering a selective way to
inhibit ergosterol biosynthesis [15]. It is important to note that antifungal azoles are heavily used
in agriculture [17–19], and azole resistance is becoming a major problem [20]. One mechanism of
resistance to these antifungal azoles is the activation of efflux pumps that transport azoles out of
fungal cells [21]. There is a huge medical need to develop new fungicides and medicinal drugs that
specifically block ergosterol biosynthesis and are not likely to develop resistance.

SDM, also known as P45014DM or CYP51, catalyzes the removal of the C-32 methyl
group of lanosterol (1) via a repetitive three-step process that uses reduced nicotinamide
adenine dinucleotide phosphate (NADPH) and oxygen (Figure 2) to ultimately produce
4,4-dimethyl-5α-cholesta-8,14,24-trien-3β-ol (4) [22,23]. SDM transforms the C-32 methyl group
of lanosterol into an alcohol (2), an aldehyde (3), and then formic acid with the insertion of the
Δ14–15 double bond (Figure 2) [24]. Each P450 catalytic cycle involves the reduction of heme ferric
iron to the ferrous state, the binding of molecular oxygen, and subsequent protonation to form
a ferric hydroperoxo intermediate [24]. Further protonation of the distal oxygen atom of the ferric
hydroperoxo intermediate causes heterolytic scission of the O–O bond, resulting in the loss of water
and the formation of an Fe4+ oxo porphyrin cation radical, which is the catalytically active species [24].
Once the substrate is oxygenated, the iron returns to its ferric state ready for another catalytic cycle [24].
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Figure 2. Conversion of lanosterol (1) into 4,4-dimethyl-5α-cholesta-8,14,24-trien-3β-ol (4) by sterol
14α-demethylase (SDM).

2. Sterol SDM Inhibitors

Sterol-based SDM inhibitors have been reported in the literature [22–30] (Figure 3); however,
they are not as commonly reported as azoles [12,17,31–46]. This is likely due to the limited number
of functional groups on lanosterol that can be synthetically modified [47], in addition to the difficult
and time-consuming syntheses involved with sterol functional-group manipulation. The preferred
substrate of SDM is compound 2, which is the most potent natural inhibitor of SDM [25]. Compound 2

has a half-maximal inhibitory concentration (IC50) value of 7.8 μM against SDM, and it can be made
synthetically in nine steps starting from lanosterol [25,48].

Figure 3. Sterol-based inhibitors of sterol 14α-demethylase (SDM).

14α-Methylenecyclopropyl-Δ7-24,25-dihydrolanosterol (5 or MCP) was observed to be
a competitive inhibitor of F105-containing T. brucei CYP51 (TbCYP51)and Lesihmania infantum
orthologos, while for T. cruzi, MCP was presumed to act as a mechanism-based inhibitor
(suicide substrate) [24]. The cyclopropyl ring of MCP is presumably opened as MCP binds to T. cruzi
CYP51 (TcCYP51), forming a covalent bond with the prosthetic heme group [24]. The crystal structure
of TbCYP51 covalently bound with MCP has been reported [24]. Despite MCP having the same Kd
values of 0.5 μM for both TbCYP51 and TcCYP51, the observed half-maximal effective concentration
(EC50) of MCP against T. brucei was >50 μM, while T. cruzi cell growth was inhibited by 50% at a MCP
concentration of 3 μM [49]. MCP inhibits TcCYP51 more than TbCYP51, which is likely due to MCP
acting as a suicide substrate for TcCYP51 and as a competitive inhibitor for TbCYP51 [24].
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MCP can be synthesized in three steps starting with 3β-acetyloxylanost-7-en-30-ol (13)
(Figure 4) [24]. Compound 13 can be synthesized directly from lanosterol in 12 steps [29,48].
Oxidation of compound 13 with Fetizon’s reagent produced 3β-acetyloxylanost-7-en-30-al (14),
which was then converted into MCP (5) via a Wittig reaction using a cyclopropyltriphenylphosphium
ylide, followed by acetyl deprotection with lithium aluminum hydride (LAH) [24].

Figure 4. The synthesis of 14α-methylenecyclopropyl-Δ7-24,25-dihydrolanosterol (MCP) (5).

15α-Fluorolanost-7-en-3β-ol (6) was noted to be a weak competitive inhibitor of SDM with
a Ki value of 315 μM [28]. Metabolic studies have indicated that compound 6 is converted
to 15α-fluoro-3β-hydroxylanost-7-en-32-al by hepatic microsomal SDM and that the 15α-fluoro
substitution blocks further metabolic conversion into other cholesterol biosynthetic intermediates [28].
The starting material used to synthesize compound 6 was 3β-benzoyloxy-lanost-7-en-15α-ol (15)
(Figure 5) [50,51]. Compound 15 was reacted with diethylaminosulfur trifluoride (DAST) to install the
fluorine at C-15, and the benozyl protecting group was removed by LAH [28].

Figure 5. The synthesis of 15α-fluoroIanost-7-en-3β-ol (6).

4,4-Dimethyl-14α-ethynylcholest-7-en-30-ol (7) was observed to have Kd values of 1.2 μM against
TbCYP51 and 1.3 μM against TcCYP51 [49]. Compound 7 had a weaker affinity for both TbCYP51
and TcCYP51 in comparison to MCP. Compound 16 (Figure 6) is the starting material required to
synthesize compound 7, and compound 16 can be synthesized in 11 steps starting from lanosterol [23].
Aldehyde 16 was reacted with the ylide of chloromethyltriphenylphosphonium chloride, followed
by the addition of n-butyllithium to introduce the desired alkyne functionality (Figure 6) [29].
The tetrahydropyran (THP) protecting group was removed by the use of pyridinium p-toluenesulfonate
(PPTS) in ethanol to yield compound 7 [29].

Figure 6. The synthesis of 4,4-dimethyl-14α-ethynylcholest-7-en-30-ol (7).

Lanost-8-en-32-alkoxime-3β-ol (8) was reported as having an IC50 value of 1.1 μM against
SDM [25]. Compound 8 was readily prepared from 3β-benzoyloxy-lanost-8-en-32-al (17) in two steps
(Figure 7) [52]. The aldehyde functional group of compound 17 was converted into an oxime by the
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use of hydroxylamine hydrochloride in pyridine [52]. The benzoyl protecting group was removed
using potassium hydroxide in ethanol to yield compound 8 [52].

Figure 7. The synthesis of lanost-8-en-32-alkoxime-3β-ol (8).

A stereochemical preference of the 32-vinyl alcohols (compounds 9a and 9b; Figure 8) was
observed against SDM [25]. The 32S-isomer (compound 9a) was observed to have an IC50 value of
0.75 μM against SDM in comparison to the 32R-isomer (compound 9b), which has a reported IC50

value of 3.20 μM [25]. This result illustrates the importance of having optimized stereochemistry
in SDM inhibitors. Compounds 9a and 9b were readily prepared from lanost-8-en-32-al-3β-ol (3)
via a Grignard reaction using vinyl magnesium bromide in THF [52]. The Grignard reaction was
compatible without needing a protecting group for the 3β alcohol. The two diastereoisomers 9a and
9b were successfully separated by medium pressure liquid chromatography (MPLC) [52].

Figure 8. The synthesis of 4,4-dimethyl-14α-(1′hydroxy-2′-vinyl)-5α-cholest-8-en-3β-ols.

Aldehyde 10 and epoxide 11 (Figure 9) were both observed to inhibit total cholesterol and
lathosterol biosynthesis by >89% at an inhibitor concentration of 10 μM, and these compounds
were believed to inhibit SDM [27]. Compounds 10 and 11 have Ki values of 3 and 0.61 μM,
respectively, while the 32R-oxiranyllanost-7-en-3β-ol isomer has a Ki value of 2 μM [27]. The synthesis
of 32S-oxiranyllanost-7-en-3β-ol (11) and the 32R isomer started with a Wittig reaction between
aldehyde 14 and the ylide of (methoxymethyl)triphenylphosphonium chloride to yield compound 18

(Figure 9) [22]. Cleavage of the methyl enol ether of compound 18 was achieved by the use of perchloric
acid to yield aldehyde 10 [22]. Corey–Chaykovsky reaction conditions were then used to transform
compound 10 into compound 11 [22]. A 6:1 diastereomeric mixture of 32S-oxiranyllanost-7-en-3β-ol
(11) and 32R-oxiranyllanost-7-en-3β-ol was obtained, and this mixture was successfully purified by
high-performance liquid chromatography (HPLC) [22].
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Figure 9. The synthesis of 32S-oxiranyllanost-7-en-3β-ol (11).

4,4-Dimethyl-14α-aminomethyl-cholest-8-en-3β-ol (12) and 4,4-dimethyl-14α-aminomethyl-cholest-
7-en-3β-ol (20) were observed to be active against T. cruzi SDM with apparent Kd values of 5.1 and
1.3 μM, respectively [30]. These two amino derivatives have around a 3-fold stronger inhibitory effect on
Candida albicans SDM in comparison to T. cruzi SDM and produce IC50 values of around 4 μM against
C. albicans growth [30]. 4,4-Dimethyl-14α-aminomethyl-cholest-8-en-3β-ol (12) can be synthesized starting
with compound 16 (Figure 10) [30]. The aldehyde functional group of compound 16 was converted into
an oxime with hydroxylamine hydrochloride, which in turn was transformed into nitrile 19 with acetic
anhydride and pyridine [30]. Nitrile 19 was then reduced to a primary amine with lithium aluminum
hydride and aluminum trichloride to yield compound 20, which was easily isomerized into compound
12 with acidic methanol [30].

Figure 10. The synthesis of 4,4-dimethyl-14α-aminomethyl-cholest-8-en-3β-ol (12).

3. Azole SDM Inhibitors

Azoles are the largest class of SDM inhibitors, and this group of inhibitors is continuously
expanding with the creation of new drugs or molecules with drug-like properties. 1,2,4-Triazole
fungicides such as difenoconazole (Score® (Syngenta, Basel, Switzerland)), epoxiconazole (Opal®

(TRC, North York, ON, Canada)), flusilazole (Punch® (DuPunt, Wilmington, DE, USA)), and so forth
are well-known SDM inhibitors used against agricultural relevant fungal diseases, including powdery
mildews, rusts, and leaf-spotting fungi from Ascomycetes and Basidiomycetes [17]. Human fungal
infections have been treated with antifungal azoles for a long period of time; chlormidazole was the
first azole drug, introduced in 1958 for the treatment of topical mycosis [53]. The older antifungal
azoles that were predominately discovered in the 1950–1960s have undergone numerous structural
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modifications to yield the next generation of antifungal azole drugs. In addition, many of these
older antifungal azole drugs have reemerged or undergone structural modifications to be used as
potential anti-trypanosomiasis drugs. The renaissance of using old antifungal agents for treating
or attempting to treat trypanosomiasis was largely driven by large pharmaceutical companies not
prepared to invest heavily in neglected diseases that are prevalent in developing countries where
there would be no chance of cost recovery [53,54]. Some of the classic azoles used as standards
for fungal SDM inhibition include ketoconazole, fluconazole, itraconazole, and posaconazole,
and structures of these drugs are shown in Figure 11. Fluconazole (Diflucan®) was released by
Pfizer Canada Inc, Kirkland, QC, Canada and was active against Candida spp., while itraconazole
(Sporanox®) was released from Janssen Pharmaceutica in the early 1990s and was active against
both Candida spp. and Aspergillus spp. [17]. Itraconazole from Janssen Pharmaceutica, Beerse,
Belgium was approved for use in 1992, while posaconazole (Noxafil®) from the Schering-Plough
Research Institute, Kenilworth, New Jersey, USA was approved by the food and drug administration
(FDA) in 2006 [53]. Posaconazole was noted to be more effective than amphotericin B in the
treatment of Aspergillus spp. infections, and it is structurally similar to itraconazole (Figure 11) [53].
(R)-N-(1-(2,4-Dichlorophenyl)-2-(1H-imidazol-1-yl)ethyl)-4-(5-phenyl-1,3,4-oxadi-azol-2-yl)-benzamide
(VNI) (Figure 11), a new-generation imidazole, has been shown to exert a curative effect for both
acute and chronic Chagas disease in a murine model with 100% survival and no observable side
effects [14,55]. VNI is available at a low cost (<0.10/mg) and has good oral bioavailability, low toxicity,
and favorable pharmacokinetics, which makes this compound an attractive candidate for clinical trials
to treat patients with Chagas disease [55].

 

Figure 11. Azole inhibitors of sterol 14α-demethylase (SDM).

Fluconazole is a water-soluble, well-tolerated, and cheap first-generation antifungal drug that
penetrates the blood–brain barrier [21]. Fluconazole has reported minimum inhibitory concentrations
(MIC90) required to inhibit the growth of various Candida spp. isolates by 90% ranging from 2 to
64 mg/mL [56]. Fluconazole was observed to maintain an in vivo effective dose for 50% (ED50)
of the murine population with <1.0 mg/kg for 5 days when orally administered in a murine
candidiasis model, making it 50 times more potent than ketoconazole [57]. The plasma half-life
for fluconazole was 6.1 h, and 75% of the drug was excreted in urine with no changes to its
structure [12]. The 2,4-difluorophenyl side was chosen because it was the only phenyl analog that
was water-soluble (8 mg/mL), which was needed to enable it to be formulated for intravenous
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administration. Fluconazole went through safety studies and passed evaluation in humans, where it
was shown to very successful in the treatment of C. albicans and C. neoformans infections but was not
as effective against Aspergillus infections when compared with itraconazole [12]. Fluconazole has
a reported Kd value of 0.23 μM against T. cruzi SDM and an EC50 value of approximately 40 μM against
T. cruzi, while fluconazole has a Kd value of 0.34 μM for T. brucei SDM [21,58]. Fluconazole has an
in vitro IC50 value of 8 μM against T. cruzi, and a crystal structure of T. cruzi SDM cocrystallized with
fluconazole has been reported [21,59–61]. A 6 week oral course of fluconazole was shown to be safe
and useful for treating leishmaniasis caused by Leishmania major [62].

There are several different ways to synthesize fluconazole. One of the popular routes
is the oxirane ring opening of 1-[[2-(2,4-difluorophenyl)oxiranyl]methyl]-1H-1,2,4-triazole with
1,2,4-triazole and potassium carbonate [17]. One of the more recent syntheses of fluconazole
uses a semi-continuous flow method (Figure 12) [39]. 2,4-Difluorobromobenzene (21) was reacted
with isopropyl magnesium chloride in THF to form a Grignard reagent that was reacted under
flow conditions with 1,3-dichloroacetone (22) to yield 2-(2,4-difluorophenyl)-1,3-dichloro-2-propanol
(23) [39]. The synthesis of fluconazole was completed with the nucleophilic attack of intermediate 23

with two 1,2,4-triazoles without using flow chemistry [39].

Figure 12. Synthesis of fluconazole using flow-injection methodology (adapted from [39]).

An interesting synthesis of fluconazole is the 18F-labeled synthesis of [4-18F]fluconazole
(Figure 13) [38]. Under Friedyl–Crafts acylation conditions, m-fluoroacetanilide (24) was reacted
with chloroacetylchloride to yield N-[4-(2-chloroacetyl)-3-fluorophenyl]acetamide, which was reacted
with 1,2,4-triazole to produce compound 25 (Figure 13) [38]. Corey–Chaykovsky conditions were used
to convert intermediate 25 into an epoxide that was ring-opened by 1,2,4-triazole, and the N-acetyl
group was removed by acid hydrolysis to form compound 26. [4-18F]Fluconazole was obtained
by a modified Schiemann reaction using 25% tetrafluoroboric acid, sodium nitrite, and potassium
[18F]-fluoride [38]. [4-18F]Fluconazole was synthesized to measure the pharmacokinetics of fluconazole
in rats by radioactive measurements of excised tissues and in rabbits by positron emission tomography
(PET) [38]. A uniform distribution of radioactivity in most organs was observed in both species upon
equilibration of [4-18F]fluconazole [38].
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Figure 13. Synthesis of [4-18F]fluconazole.

Ketoconazole developed by Janssen Pharmaceutica was approved by the FDA in 1981 and
was the first broad-spectrum antifungal agent with oral activity; its reported MIC90 values range
from 0.06 to 4 μg/mL against various Candida spp. [12,53]. Ketoconazole is highly active against
Trichophyton mentagrophytes at 0.1 μg/mL, while Trichophyton rubrum and C. neoformans are inhibited
at 1 μg/mL [12]. Ketoconazole has been shown to prolong the survival of mice infected with
T. cruzi; however, curing effects were not observed [63,64]. Ketoconazole has a reported Kd value of
4.4 μM against cloned TbCYP51 [65]. Ketoconazole at a concentration of 0.1 μM in conjunction with
24(R,S)-25-epiminolanosterol (EL) at a concentration of 0.3 μM exerts strong antiproliferative effects on
T. cruzi epimastigotes, leading to >80% inhibition of growth [66].

The synthesis of ketoconazole (Figure 14) started with the ketalization of
3′,5′-dichloroacetophenone (27) with glycerine, and the crude product was brominated [31].
Benzylation of the resulting primary alcohol produced a mixture of cis/trans isomers, and the desired
cis isomer (28) was obtained by crystallization from ethanol [31]. After the bromine atom was
displaced by nucleophilic attack by imidazole, the benzoyl ester was cleaved by sodium hydroxide to
produce an alcohol that was activated as a mesylate (29). Mesylate 29 was reacted with the sodium salt
of 1 acetyl-4-(4-hydroxyphenyl)piperazine to produce ketoconazole [31].

Figure 14. Synthesis of ketoconazole.
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Itraconazole has MIC90 values ranging from 0.03 to 64 μg/mL against various Candida spp. and
a MIC90 value of 2.7 μg/mL against Malassezia furfur [12]. Itraconazole was noted to have potent in vitro
activity against C. neoformans [67]. Itraconazole was observed to successfully achieve irreversible
damage against various fungi, including C. albicans, C. neoformans, T. rubrum, Paracoccidiodes brasiliensis,
and Aspergillus fumigatus [12,68]. Itraconazole absorption is enhanced by food intake, and oral
solutions provide higher serum concentrations in comparison to capsules [12,69,70]. Itraconazole is
very active in vitro against Microsporum canis and other dermatophytes associated with scalp ringworm
infections [12]. The selectively index of itraconazole for fungal SDM versus human SDM was reported
to be 25, which was much better than the selectively index of ketoconazole [53,71]. Itraconazole was
observed to have an ED50 value of 1 μM against T. brucei parasites, and when combined with
25-azalanosterol (AZAL), parasite death resulted [2]. Itraconazole exhibited in vitro activity against
Leishmania mexicana mexicana amastigotes in macrophages, and 50% inhibition of ergosterol synthesis
was observed at 0.15 μM, which was more potent than that observed for ketoconazole (0.21 μM) [72].
Itraconazole has been reported to successfully treat cutaneous leishmaniasis; however, it was not
as effective against Leishmania braziliensis [53,73–75]. It is noted that itraconazole has not been able
to completely eradicate T. cruzi from experimentally infected animals or human patients in studies
investigating it as a possible treatment for Chagas disease [76].

The synthesis of itraconazole can be started by reacting compound 30 with sodium
hydride and 1 acetyl-4-(4-hydroxyphenyl)piperazine to yield cis-1-acetyl-4-[4-[[2-(2,4-dichlorophenyl)-
2-(1H-1,2,4-triazol-1-ylmethyl)-1,3-dioxolan-4-yl]methoxy] phenyl]-piperazine (Figure 15) [34].
The N-acetyl group can be removed by sodium hydroxide, and the unprotected piperazine nitrogen
under basic conditions with potassium carbonate can undergo a nucleophilic aromatic substitution
with p-chloronitrobenzene to yield compound 31. The aromatic nitro group was reduced to an aniline
functional group with hydrogen gas and 5% platinum on carbon, and the aniline derivative was
converted into a carbamate with phenyl chloroformate [34]. Reacting the carbamate with hydrazine
produced the hydrazine carboxamide 32. Compound 32 was initially treated with formamidine
acetate and then with 2-bromobutane in the presence of potassium hydroxide to yield itraconazole
(Figure 15) [34].

 

Figure 15. The synthesis of itraconazole.

Posaconazole (Figure 11) has already been registered in the European Union (2005),
Australia (2005), and the United States of America (2006) as a prophylactic for invasive fungal infections
in addition to azole-resistant candidiasis [77]. Posaconazole was observed to have a MIC value of
20 nM and an IC50 value of 14 nM against the epimastigote form of T. cruzi and a MIC value of 3 nM
and an IC50 value of 0.25 nM against the clinically relevant intracellular amastigote form in vitro [78].
Posaconazole demonstrated potent in vivo anti-parasitic activity in a murine model of acute Chagas
disease, which was most likely due to its high binding affinity for TcCYP51, good pharmacokinetic
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properties, and long terminal half-life [77,78]. The crystal structure of posaconazole bound to SDM of
T. brucei has been solved and provides valuable insights into how posaconazole binds to its target [60].
Posaconazole is active against nitrofuran- and nitroimidazole-resistant T. cruzi strains and is able
to induce radical parasitological cures in both chronic and acute experimental Chagas disease [76].
An Argentinean woman in Spain who suffered from chronic Chagas disease was successfully treated
with posaconazole, although requiring concurrent immunosuppressive therapy [79]. The woman was
initially treated with benznidazole, which only resulted in a reduction of T. cruzi levels and not an
eradication as was achieved with the use of posaconazole [79]. The major drawback of posanconazole is
that it is very expensive to produce (>$1000/patient) as it is very low yielding (<1% overall), which will
limit its widespread use in developing countries even if it is successful in obtaining approval for
treating Chagas disease [55,77,79].

One of the well-established synthetic routes for the synthesis of posaconazole starts with the
enzymatic desymmetrization of the homochiral diol (33) with hydrolase Novo SP 435 and vinyl
acetate, followed by iodocyclization to produce compound 34 (Figure 16) [37,80]. It should be noted
that 169 hydrolases were screened in order to make the first step a practical synthetic route [37].
A 1,2,4-triazole displaced the iodine in compound 34, and the acetate group was replaced with
a tosylate to yield compound 35. Compound 35 was then reacted with compound 36 under basic
conditions, and the benzyl group was removed under acidic conditions to yield posaconazole [81,82].

 

Figure 16. Synthesis of posaconazole.

VNI (Figure 11) is a potent inhibitor of T. cruzi SDM and is nontoxic and highly selective [55].
Mice infected with an acute or chronic T. cruzi infection were treated orally with VNI at 25 mg/kg
for 30 days, which resulted in 100% survival of the infected mice [55]. VNI cocrystallized with both
T. cruzi and T. brucei SDM has been reported [21,83]. The Kd value for VNI against T. brucei SDM is
0.37 μM, and it is 0.09 μM against T. cruzi SDM [14,83]. VNI exhibits low general cytotoxicity and
a potent cellular effect on T. cruzi amastigotes, with an EC50 value of 1.2 nM, in addition to an excellent
selectivity index (human/T. cruzi of >50,000) [14]. An advantage of VNI, unlike posaconazole or
fluconazole, is that it does not induce T. cruzi gene expression, which means it is not as likely to cause
drug resistance [14]. As mentioned earlier, VNI is available at a low cost (<$0.10/mg), which makes
this compound an attractive candidate for clinical trials [55]. A 2-fluoro-4-(2,2,2-trifluoroethoxy)phenyl
derivative of VNI was recently reported to inhibit C. albicans and A. fumigatus SDM by 89% and 65%,
respectively [46]. This 2-fluoro-4-(2,2,2-trifluoroethoxy)phenyl derivative of VNI was observed to have
a Kd value of 10 nM against C. albicans SDM and of 20 nM against A. fumigatus, while posaconazole
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had a Kd value of 81 nM against C. albicans SDM and of 131 nM against A. fumigatus [46]. A crystal
structure of A. fumigataus SDM cocrystallized with this VNI derivative was obtained [46].

VNI can be synthesized in five steps that are scalable to multi-gram quantities with >98% purity
as needed for in vivo animal studies (Figure 17) [84]. The racemic epoxide (37) was resolved with
(S,S)-Co(salen) and then opened with imidazole under basic conditions to yield compound 38 [84].
Compound 38 was reacted with diphenylphosphoryl azide to replace the secondary alcohol with
an azide group and was subsequently reduced with lithium aluminum hydride to yield amine
39 [84]. VNI was obtained by reacting compounds 39 and 40 under amide bond coupling conditions
with 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide hexafluoro-phosphate
(HATU) [84].

Figure 17. Synthesis of (R)-N-(1-(2,4-dichlorophenyl)-2-(1H-imidazol-1-yl)ethyl)-4-(5-phenyl-1,3,4-oxadi-
azol-2-yl)-benzamide (VNI).

4. 24-SMT Inhibitors

24-SMT catalyzes a methylation–deprotonation reaction that involves electrophilic alkylations of
a double bond at C-24 by a methyl cation originating from S-adenosyl methionine (SAM) (Figure 18) [4].
The majority of characterized 24-SMTs are multifunctional and possess a very high substrate specificity,
often yielding only a single C-24 methylated olefin product; however, there are a few atypical 24-SMTs
that convert substrates to a variety of 24-alkyl(idene) products including T. brucei SMT1 and Glycine max
SMT1 [4]. The various pathways possible with 24-SMT catalysis are outlined in Figure 18.
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Figure 18. Different C24-alkylation pathways for sterol C24-methyltransferase (24-SMT) substrates
(adapted from [4]). Nu: sterol nucleus.

The structures of 24-SMT inhibitors typically have a modified lanosterol side chain (Figure 19).

Figure 19. Structures of sterol C24-methyltransferase (24-SMT) sterol-based inhibitors.

Most of the inhibitors outlined in Figure 19 are suicide/irreversible inhibitors that have an electron
withdrawing group strategically placed at or near position 25 on the sterol side. The cyclopropylidine
derivatives (43–44) are spring-loaded electrophiles that are opened irreversibly with nucleophilic
attack from 24-SMT (Figure 20).

 

Figure 20. Proposed inhibitory mechanism of TbSMT with 26,27-dehydrolanosterol (DHL) (adapted
from Miller et al., 2017). Nu: lanosterol nucleus.
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Having a strong electron withdrawing group near the Δ24–25 bond, such as fluorine, affects the
intermediate cation formation and timing of the C-24 methylation reaction, promoting partitioning
towards irreversible covalent modification over turnover products (Figure 21) [5].

Figure 21. C24-methylation pathway of 26-fluorolanosterol (26-FL) (47) with TbSMT. Adapted from [5].

24(R,S)-25-Epiminolanosterol (EL; 41) has a reported IC50 value of around 0.3 μM against
C. neoformans and has comparable activity to itraconazole [6]. EL was observed to be a potent
non-competitive inhibitor of 24-SMT from sunflower embryos with a Ki value of 3.0 nM, while sitosterol
and 24(28)-methylene cycloartenol were observed to be competitive inhibitors, with Ki values of 26 and
14 μM, respectively [85]. EL as 2-tritio-24(R,S)-25-epiminolanosterol was reported to inhibit 24-SMT
of Gibberella fujikuroi and was metabolized to 25-aminolanosterol and lanosterol [86]. EL is a potent
inhibitor against C. albicans 24-SMT with a Ki value of 11 nM and an IC50 value of 5 μM [3]. EL added
to cultures of rat hepatoma cells (H4) interrupted the conversion of lanosterol to cholesterol [87].
EL caused the accumulation of zymosterol at 45 μM and at 4.5 μM caused the accumulation of
desmosterol [87]. H4 rat hepatoma cells seeded into either full growth or lipid-depleted medium
containing 22.5 μM EL would not grow unless the media was supplemented with low-density
lipoproteins (60 μg/mL) [87].

EL was observed to have a Ki value of 49 nM against T. brucei 24-SMT [88]. An amastigote form
of T. cruzi proliferating in a liver infusion tryptose medium was treated with EL, and growth was
completely arrested; lysis occurred at an EL concentration of 6 μM [89]. EL was recently reported as
an inhibitor of Acanthamoeba spp. trophozoite growth with an IC50 value of 7 nM, and in this study,
EL yielded 20-fold higher inhibition compared to the reference drug voriconazole [90]. EL exhibited
tight biding against both 24- and 28-SMT with Ki values of around 9 nM [90]. EL (41) can readily be
synthesized directly from unprotected lanosterol with an excess of iodine azide and the addition of
LAH (Figure 22) [91].

Figure 22. The synthesis of 24(R,S),25-epiminolanosterol (EL).

There are several different ways EL is thought to inhibit 24-SMT (Figure 23). EL could have its
aziridine nitrogen atom protonated (path A) and then form an ammonium salt that can electrostatically
interact with a polar amino acid in the active site of 24-SMT (such as a carboxylate group) [92].
Alternatively, EL could be methylated by 24-SMT and donate its N-methyl group to the active-site
residue of 24-SMT, thereby inactivating it [92].
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Figure 23. Proposed pathways for inhibition of sterol C24-methyltransferase (24-SMT) with
24(R,S)-25-epiminolanosterol (EL) (adapted from [92]).

AZAL was reported to have a Ki value of 54 nM and an IC50 value of 3 μM against 24-SMT
of C. albicans [3], while it had a Ki value of 30 nM against 24-SMT from sunflower embryos [3,85].
AZAL was noted to be a potent inhibitor of the ascomycetous fungus P. brasiliensis (Pb) with an IC50

value of 30 nM and a Ki value of 14 nM against Pb 24-SMT [93]. AZAL was observed to inhibit
P. brasiliensis growth much more than for the related yeasts Saccharomyces cerevisiae and C. albicans [93].
AZAL has a Ki value of 39 nM against T. brucei 24-SMT and an ED50 value of 1 μM against T. brucei
parasites [2,88]. AZAL failed to inhibit cultured human epithelial cells (HEK) with an ED50 value of
>50 μM and a therapeutic index of 25 [2]. AZAL has a reported IC50 value of approximately 1 μM
against both the procylic and bloodstream forms of T. brucei, and the bloodstream form of T. brucei was
not rescued with cholesterol absorption from the host, highlighting the importance of ergosterol in
cell proliferation of the parasite [94]. Combing AZAL and itraconazole at ED50 concentrations to the
bloodstream form of T. brucei in lipid-depleted medium resulted in cell death and significant growth
inhibition when grown in full growth medium [2].

AZAL can readily be synthesized via three different synthetic routes, which are outlined in
Figure 24 [4,95,96]. All three routes involve converting the Δ24–25 double bond of lanosterol into an
activated carbonyl group (aldehyde, carboxylic acid, or ester) followed by nucleophilic attack with
dimethylamine. Each synthetic route was completed with protecting group removal by LAH.

 

Figure 24. Three synthetic routes used to prepare 25-azalanosterol (AZAL).
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26,27-Dehydrolanosterol (DHL; 43) was reported as an inhibitor of Acanthamoeba spp. trophozoite
growth, with an IC50 value of 6 μM making it a much weaker binder in comparison to EL (IC50 of
7 nM) [90]. DHL is metabolized to a favorable substrate, which irreversibly inhibits Tb-24SMT, and the
ED50 values of DHL incubated with procyclic or bloodstream forms of T. brucei are 10 and 20 μM,
respectively [97]. 26,27-Dehydrozymosterol (DHZ) was reported to inhibit 24-SMT from C. albicans with
a Ki value of 9 μM and a reported kinact value of 0.03 min−1 [3]. [3-3H]26,27-Dehydrozymosterol was
noted to inhibit 24-SMT from S. cerevisiae with an apparent Ki value of 1.1 μM [98]. DHZ also inhibits
SMT2-2 of Glycine max (soybean) with a Ki value of 9.3 μM and a Kinact value of 0.023 min−1 [99],
while DHZ irreversibly inhibits Arabidopsis SMT2 with a Ki value of 49 μM and a kinact value of
0.009 s−1 [100]. T. brucei 24-SMT was inhibited by DHZ with a Ki value of 29 μM and a kinact value
of 0.26 min−1. Against T. brucei 24-SMT, DHZ was noted to be a weaker inhibitor in comparison
to EI and AZAL [88]. DHL cannot inhibit T. brucei 24-SMT or yeast 24-SMT because “uncharged”
4,4-dimethylsterols cannot bind productively to these types of SMT [88]. 26,27-Dehydrocycloartenol
(DHC; 53) was observed to be a substrate for soybean SMT with Km and kcat values of 10 mM and
0.018, respectively [101]. There are two main pathways along which DHL can irreversibly inhibit
TbSMT (Figure 20) [97]. Path A has a carbocation intermediate on carbon 24, while path A has the
intermediate on carbon 27, and both carbocations are reactive with SMT. Either biosynthetic route
results in the metabolized DHL to irreversibly bind to TbSMT, and the resulting prosthetic group was
hydrolyzed with potassium hydroxide in methanol to yield the C-24 or C-27 alcohol (Figure 23) that
was characterized by gas chromatography–mass spectrometry (GCMS).

The 26,27-dehydrosterols can be prepared in a few steps starting with the 3-acetylated sterol
(Figure 25). The 24–25 double bond of the corresponding sterol is transformed into an aldehyde
by ozonolysis with a reductive workup [102]. The 26,27-cyclopropylidine moiety is installed
via a Wittig reaction using the desired sterol aldehyde and the phosphorus ylide formed from
cyclopropyltriphenylphosphonium bromide and butyllithium [102]. The acetate group was easily
removed with LAH.

 

Figure 25. Synthesis of cyclopropylidine sterol derivatives. Nu: sterol nucleus (cycloartenol, lanosterol,
or zymosterol).

Another class of 24-SMT inhibitors comprises sulfur-containing sterols such as 25-thialanosterol
(45) and 25-thialanosterol iodide (46) (Figure 19) [103]. 24-SMT from C. albicans was irreversibly
inhibited with 25-thialanosterol with a Ki value of 5 μM and an apparent kinact value of 0.013 min−1,
while the corresponding sulfonium salt was a reversible transition-state inhibitor with a Ki value
of 20 nM [103]. 24-Thialanosterol was observed to inhibit C. albicans 24-SMT with an IC50 value of
20 μM [3]. 25-Thialanosterol iodide has a Ki value of 86 nM against T. brucei 24-SMT and an ED50 value
of 2 μM against both the procyclic and bloodstream forms of the T. brucei parasite [2]. 24-SMT can
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methylate the 25-sulfur atom of 25-thialanosterol to form a sulfonium cation that can act as a methyl
donor to irreversibly methylate SMT (Figure 26) [4].

Figure 26. Proposed inhibitory mechanism of SMT with 25-thialanosterol (adapted from [4]).

The synthesis of 25-thialanosterol (45) and 25-thialanosterol iodide (46) is outlined in
Figure 27 [103]. The synthesis started with ozonolysis of acetylated lanosterol (49) to yield
3-acetoxylanosta-8,24-dienol-26-al. 3-Acetoxylanosta-8,24-dienol-26-al was then reduced with sodium
borohydride to yield an alcohol that was activated as a tosylate. Methanethiolate then displaced the
tosylate group to yield 25-thialanosterol (45). Treatment of 25-thialansterol with methyl iodide yielded
25-thialanosterol iodide (46).

Figure 27. Synthesis of 25-thialanosterol and 25-thialanosterol salt.

26-Fluorolanosterol (26-FL; 47) is metabolically converted by T. brucei into a fluorinated substrate
(26-fluorozymosterol) that irreversibly binds to 24-SMT and inhibits ergosterol biosynthesis and growth
of both the procyclic and bloodstream forms of T. brucei [5]. T. brucei cell-based studies were conducted
with 26-FL, and IC50 values for the procyclic and bloodstream forms were 3 and 16 μM, respectively,
while 26-FL had no effect on HEK cell growth at up to 100 μM [5]. In order to further investigate the
preferred substrate for TbSMT, 26-fluorocholesta-5,7,24-trienol (26-FCT) was synthesized (Figure 28).
26-FCT was synthesized instead of 26-fluorozymosterol because of the difficulty in obtaining sufficient
amounts of zymosterol to enable synthetic manipulation. 26-FCT was observed to be a competitive
inhibitor of 24-SMT with respect to zymosterol and exhibited a Ki value of 75 μM [5]. 26-FCT was
confirmed to be a metabolite of 26-FL when metabolized by the procyclic form of T. brucei by GCMS
with an authentic sample of 26-FCT [5]. 26-FCT has an excellent partition ration of 1.08, comparing
favorably with eflornithine, which has a partition ratio of 3.3 against L-ornithine decarboxylase [5].
Both 26-FL and 26-FCT exhibit desirable drug characteristics with good specificity and low toxicity,
and they might be useful in treating sleeping sickness or other protozoan infections [5]. When 26-FL is
methylated by TbSMT, two carbocations can form as short-lived intermediates that can be transformed
into various turnover products (Figure 27) [5]. The kill product is where the 24-SMT enzyme has
a prosthetic group attached, whereby SMT is irreversibly inhibited.

26-FL was synthesized by the method used to synthesize 26-fluorocycloarentol (Figure 28A) [104].
The 3-hydroxy group of lanosterol was acetylated, and then the 26 methyl group was oxidized to an
aldehyde (54) with selenium dioxide. The aldehyde was then reduced to the alcohol with sodium
borohydride, and then the fluorine atom was installed via DAST. The acetate group was removed by
potassium hydroxide in methanol to yield 26-FL.
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Figure 28. (A) Synthesis of 26-fluorolanosterol (26-FL) (47); (B) synthesis of 26-fluorocholesta-
5,7,24-trienol (26-FCT) (48).

The synthesis of 26-FCT started with compound 55, which can be synthesized in eight steps
starting with ergosterol (Figure 28B) [105]. Compound 55 was then acetylated, the Δ5 and Δ7 double
bonds were protected with 4-phenyl-1,2,4-triazoline-3,5-dione (PTAD), and the Δ24–25 double bond
was successfully installed with the use of mesyl chloride and triethylamine to yield compound 56.
The last four steps in the synthesis of 25-FCT were similar to the last four steps in the synthesis of
26-FL, except that global deprotection in the last step was accomplished with LAH.

5. Bifunctional 24-SMT and SDM Inhibitors

Compounds 57 and 58 (Figure 29) were designed to be dual functional SDM and 24-SMT
inhibitors [106]. These compounds completely inhibited SDM from rat liver microsomes at 10 μM and
showed reasonable in vitro potencies against C. albicans, C. neoformans, A. fumigatus, T. mentagrophytes,
Candida. pseudotropicalis, and Candida. krusei with MIC values ranging from <0.1 to 50 mg/mL [106].
Compounds 57 and 58 were then tested in vivo against a murine candidiasis antifungal model,
and unfortunately both compounds were ineffective against the induced infection. No explanation
was provided as to why these compounds were ineffective in the in vivo model.

Figure 29. Structures of compounds designed to be bifunctional SDM and sterol C24-methyltransferase
(24-SMT) inhibitors.

6. Conclusions

The inhibition of ergosterol biosynthesis in fungi and parasitic protozoa via the inhibition of SDM
or 24-SMT with small molecules has been shown to be effective. Azole antifungals that target SDM
have already been approved for the treatment of various fungal infections; however, they have not
been officially approved to treat protozoan infections, despite various azoles advancing to clinical trials.
Posaconazole was investigated in two phase II clinical trials as a possible agent to treat Chagas disease,
and on the basis of the results provided thus far, it is unlikely that posaconazole will progress to phase
III clinical trials [107–109]. The inhibition of fungal and protozoan 24-SMT with rationally designed
molecules that are specific, selective, and non-toxic to humans have the potential to be used as the next
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generation of drugs to treat fungal infections or neglected tropical diseases that are demonstrating
resistance against current therapies. It is anticipated that in the near future, both fungal and protozoan
infections will be treated with a combination therapy that utilizes the cocurrent administration of
a SDM and a 24-SMT inhibitor.
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Abstract: Alkaloids compose a large class of natural products, and mono-methylated polyamines are
a common intermediate in their biosynthesis. In order to evaluate the role of selectively methylated
natural products, synthetic strategies are needed to prepare them. Here, N-methylcadaverine is
prepared in 37.3% yield in three steps. The alternative literature two-step strategy resulted in
reductive deamination to give N-methylpiperidine as determined by the single crystal structure.
A straightforward strategy to obtain the mono-alkylated aliphatic diamine, cadaverine, which avoids
potential side-reactions, is demonstrated.

Keywords: alkaloid; granatane; N-methylcadaverine; N-methylpiperidine. reductive deamination

1. Introduction

Polyamines (PAs) are abundant in nature. Some of the most common examples include
putrescine (1,4-diaminobutane), cadaverine (1,5-diaminopentane), spermidine (N-(3-aminopropyl)
-1,4-diaminobutane), and spermine (N,N′-Bis(3-aminopropyl)-1,4-diaminobutane) [1]. Each of these
PAs have been recruited by multiple lineages to perform various biological functions. For instance,
all of the abovementioned PAs play a critical role as primary metabolites by mediating fundamental
developmental processes [2]. More specifically, PAs in mammals and bacteria participate in the regulation
of gene expression and gene transcription [1,3].

Plants utilize PAs for similar functions such as cell proliferation and cell signaling [2]. Additionally,
PAs are employed for organ and pollen development [4]. PAs covalently bind to hydroxylcinnamate to
form hyrdroxy-cinnamic acid amides (HCAAs), which drive pollen development and the pollen–pistil
interaction during fertilization [4]. Contrary to mammals and bacteria, plants also utilize PAs for
secondary metabolic purposes, such as stress responses [5].

Due to their sessile nature, plants produce phytoalexins and other specialized metabolites in
order to mediate their responses with both the abiotic and biotic forces present in their surrounding
environment [5]. Alkaloids comprise a large class of specialized metabolites that play key roles in
these interactions. For example, steroidal alkaloids are known to cause inhibition of the fungal species
Phytophthora cactorum, a known cause of root rot [6]. PAs have been implicated in alkaloid biosynthesis,
specifically in piperidine and pyrrolidine alkaloids. Alkaloids are defined as nitrogen containing
cyclic compounds. Alkaloids also have significant pharmacological properties. The alkaloids
scopolamine and atropine are known for their anticholinergic and antispasmodic properties [7].
Alternatively, the alkaloids pseudopelleterine and N-methylpelleterine have historically been used for
their anthelminthic (anti-worming) properties [5].

Scopolamine and atropine are compounds that originate from plants of the Solanaceae family.
Both compounds belong to the class of alkaloids termed tropane alkaloids. Tropane alkaloids share
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a common N-methyl-8-azabicyclo[3.2.1]-octane core skeleton. Tropane alkaloids can also be categorized
as a sub-class of pyrrolidine alkaloids because a pyrrolidine ring is part of the bicyclic structure. The PAs
putrescine and spermidine are known intermediates of tropane alkaloid biosynthesis [7,8]. In addition,
tropanes are constitutional isomers of granatane alkaloids, containing a one carbon difference in their
bicyclic moieties.

Granatane alkaloids are found predominantly in the species P. granatum (pomegranate). Granatane
alkaloids are a sub-class of piperidine alkaloids, due to the presence of a piperidine ring in their
core skeleton. The granatanes include the compounds N-methylpelleterine, pelleterine, and the
bicyclic compound pseudopelletierine (N-methyl-9-azabicyclo[3.3.1]-nonane base structure) (Figure 1).
Granatane alkaloids in P. granatum originate from the amino acid lysine. The evidence for this
biosynthetic origin is based on the incorporation of radio-labeled [2-14C] lysine into the first
ring of N-methylpelletierine during in planta feeding studies [9]. The results of these studies
suggest a symmetrical intermediate in the formation of the piperidine ring. The symmetrical
polyamine cadaverine is the product of the decarboxylation of lysine (Figure 2). When fed to whole
pomegranate plants, radio-labeled [1,5-14C] cadaverine incorporated into the granatanes pelletierine,
N-methylpelletierine, and pseudopelletierine. Additionally, the mono-methylation of cadaverine
is a proposed enzymatic step in granatane alkaloid formation [5] (Figure 2). Currently, feeding
studies using N-methylcadaverine (1) are not possible since commercial sources are not available.
Therefore, a synthetic route to producing this compound would aid in the overall understanding of
granatane biosynthesis.

 

(a) (b)

N-methylconiine

(S)-Pipecoline

Piperine

Figure 1. Natural products biosynthesized from N-methylcadaverine or N-methylpiperidine.
The compounds in panel (a) are granatane alkaloids. The bolded atoms in panel (a) are from the
proposed precursor N-methylcadaverine. The natural products in panel (b) are piperidine alkaloids.
The bolded atoms show the piperidine ring from N-methylpiperidine.
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Piperidine alkaloids compose a broader class of alkaloids also found in plants. Piperidine alkaloids
are classified as compounds with a nitrogen containing six-membered core ring structure (Figure 1).
However, piperidine alkaloids can be monocyclic or heterocyclic. Piperidine alkaloids are found
in black pepper (Psilocaulon absmile) and poisonous hemlocks (Conium maculatum) (Figure 1) [10].
N-methylconiine, as well as other piperidine alkaloids found in Conium maculatum have been used for
their analgesic abilities [11]. Substituted six-membered N-heterocycles are found in numerous natural
products and pharmaceutical compounds that are commonly used today, such as the aforementioned
N-methylconiine [12]. Hameed et al. (1992) utilized N-methylpiperidine (2) as a starting material for
the synthesis of morphine analogs [13]. Alongside the synthesis of 2, substituted N-heterocycles can
be further synthesized for pharmaceutical purposes at a lesser cost [13].

 

Figure 2. Proposed biosynthetic pathway of granatane alkaloid formation in Punica grantum [5].
The abbreviations above the arrows correspond with the presumed enzymes in the granatane pathway.
LDC—lysine decarboxylase, CMT—cadaverine methyl-transferase, MCO—methylcadaverine oxidase,
PKS—polyketide synthase P450—Cytochrome P450.

A major hindrance to studying alkaloid biosynthesis is the lack of commercially available
selectively N-methylated polyamines such as: 1. To perform classical biochemical experiments
on piperidine alkaloid producing plants, the synthesis of N-methylated polyamines is necessary.
Monoalkylation of polyamines can present a challenge in achieving selectivity and also in limiting the
extent of methylation [14,15]. Here, the synthesis of N-methylcadaverine and N-methylpiperidine by
reductive amination of a nitrile is reported [16,17].

2. Results and Discussion

2.1. Synthesis of N-Methylpiperidinium Chloride (2·HCl)

In an attempt to prepare N-methylcadaverine, the procedure reported by Jourdain, Caron,
and Pommelet (Scheme 1) was followed [1]. N-Methylbenzylamine and 5-bromovaleronitrile react
to yield 5-(benzyl(methyl)amino)pentanenitrile (3) (Scheme 1) as reported [1]. Both the reduction
of the nitrile to a primary amine and the removal of the benzyl group were reported to proceed by
hydrogenation over palladium on charcoal (Pd/C) (Scheme 1). Following the reported procedure,
a material was recovered that did not match with 1 spectroscopically [1]. Instead, the 1H and 13C
NMR spectra were consistent with a more symmetrical system with only four proton and carbon
environments as opposed to the expected six (Figures S3 and S4). The mass spectrum suggested the
loss of one amine. The product was concluded to be the cyclized product, N-methylpiperidinium
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chloride (2·HCl) (Figure S13). This species can be formed during the hydrogenation reaction, by initial
deprotection of the tertiary amine to a secondary amine. This amine can attack the carbon of the
Pd-activated nitrile to cyclize while forming the new C-N bond [16,17] (Figure 3). Reduction results
first in deamination and finally the formation of 2·HCl. The crystal structure of the observed product
confirmed our conclusion that the synthesized product was 2·HCl (Figure 4). In the structure,
the chloride ion-pairs with the piperidinum through an NH hydrogen bond with a fairly typical
Cl-N distance of 3.075 Å and is in close contact with CH hydrogen atoms on adjacent molecules [18,19].
All of the other metrical parameters are as expected.

Scheme 1. Synthesis of N-methylpiperidine hydrochloride (2·HCl) [1]. The proposed product 1,
is shown in parenthesis.

Figure 3. Proposed mechanism of cyclization from compound 3 to the final product 2·HCl.

Figure 4. X-ray structure of 2·HCl. The thermal ellipsoids are represented at 50% probability. Carbon,
hydrogen, nitrogen, and chlorine atoms are represented by dark gray, light gray, purple, and green
ellipsoids, respectively.
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2.2. Synthesis of N-Methylcadaverine Hydrochloride, (1·2 HCl)

To obtain the desired N-methylcadaverine, the initial reaction scheme was revised (Scheme 2).
The revised reaction still proceeds through 3. To circumvent cyclization of the product, the nitrile was
first reduced to a primary amine with lithium aluminum hydride (LAH). The reduction of the nitrile
produced N1-benzyl-N1-methylpentane-1,5-diamine (4, Scheme 2). The removal of the benzyl group
was subsequently achieved through a 48-h hydrogenation reaction over Pd/C. The desired product is
isolated as the hydrochloride salt, 1·2 HCl.

Scheme 2. Synthesis of N-methylcadaverine hydrochloride (1·2HCl).

3. Materials and Methods

3.1. General Methods

The materials N-methybenzylamine (>97%, Tokyo Chemical Industry; Portaland, OR, USA),
5-bromovaleronitrile (95%, Santa Cruz Biotechnology; Dallas, TX, USA), Methanol (Fisher ACS
grade; Madison, WI, USA), Ethanol (absolute, Pharmco; Toronto, ON, Canada), Potassium Iodide
(99%, EMD Chemicals; Burlington, MA, USA), Potassium carbonate anhydrous (99%, EMD Chemicals;
Burlington, MA, USA), Magnesium sulfate anhydrous (99%, J.T. Baker; Phillipsburg, NJ, USA),
and Palladium/Carbon (10% wet, Oakwood Chemical; Estill, CA, USA) were used as purchased.
Anhydrous tetrahydrofuran was obtained by passing HPLC grade THF over a bed of activated
molecular sieves in a commercial (LC Technologies Solutions Inc.; Salisbury, MD, USA) solvent
purification system (SPS). All NMR spectra were collected using a JEOL ECS 400 MHz NMR
spectrometer (JEOL; Tokyo, Japan). All IR spectra were obtained using a Nicolet iS 5 FT-IR
spectrometer equipped with a Specac Di Quest ATR accessory (Thermo Scientific; Madsion, WI, USA),
high-resolution mass spectra (HRMS) were obtained on a Thermo Exactive MS with an Orbitrap mass
analyzer in ESI mode, and CHN analysis were obtained on-site with a Perkin Elmer 2400 Series II
CHNS/O Analyzer (Perkin Elmer; Waltham, MA, USA).

3.2. Synthesis of 5-(Benzyl(methyl)amino)pentanenitrile (3)

N-methylbenzylamine (121.18 g·mol−1, 6.05 g, 49.9 mmol) was dissolved in 150 mL of anhydrous
ethanol and 10.32 g of potassium carbonate (138.20 g·mol−1, 74.67 mmol) and 1.24 g of potassium
iodide (166.00 g·mol−1, 7.47 mmol) were suspended in the solution. The mixture was brought to reflux
and 12.15 g of 5-bromopentanitrile (162.03 g·mol−1, 74.98 mmol) dissolved in 50 mL of anhydrous
ethanol was added to the suspension dropwise over the course of 3 h. The solution was stirred
under reflux for 72 h. Upon cooling, the salts were filtered off and the filtrate was taken to dryness.
To the residue was added 100 mL of 2 M HCl solution and unreacted reagents were extracted via
ether (3 × 50 mL). The aqueous layer was neutralized with 2 M NaOH solution and the final product
was extracted with diethyl ether (3 × 100 mL). The organic solution was dried over MgSO4 and the
solvent was removed. A light-yellow liquid (8.45 g) was collected giving 3 in 83.7% yield. 1H-NMR

(CDCl3) = 1.67 (m, 4H); 2.20 (s, 3H); 2.30 (t, 2H) (t, J = 6.6Hz); 2.38 (t, 2H) (t, J = 6.9Hz); 3.48 (s, 2H);
7.24–7.36 (m, 5H). 13C-NMR (CDCl3) = 139.21 (s, 1C), 129.04 (s, 2C), 128.35 (s, 2C), 127.11 (s, 1C),
127.11 (s, 1C), 119.92 (s, 1C), 62.59 (s, 1C), 55.90 (s, 1C), 42.26 (s, 1C), 26.27 (s, 1C), 23.24 (s, 1C),
16.99 (s, 1C). FTIR (ATR, cm−1): 3029 (s, Csp2–H), 2949 (vs, Csp3–H) 2245 (vs, C≡N).
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3.3. Synthesis of N-Methylpiperidine Chloride (2·HCl)

Compound 3 (203.17 g·mol−1, 3.95 g, 19.4 mmol) was dissolved in 15 mL of methanol and 1 mL
of concentrated hydrochloric acid was added to the solution. The solution was transferred to a 250 mL
Fisher-Porter bottle and 3.85 g of 10% (w/w) palladium on wet carbon was added to the reactor.
The reactor was sealed and charged with 5 atm of H2. The mixture was stirred at room temperature
for 24 h. The mixture was filtered through a bed of Celite to remove the Pd on carbon (Note that the
Pd on carbon is pyrophoric at this stage and should not be allowed to dry or be placed in contact with
organics). To crystalize the product as the hydrochloride salt, 1 mL of concentrated HCl was added
to the solution. The volatile solvents were evaporated using a rotary-evaporator and the residual
water was removed under high vacuum to give milky-white crystals (2.62 g, 93.4%). X-ray diffraction
quality crystals of 2·HCl were grown by slow cooling of supersaturated solution of 2·HCl dissolved
in hot acetone. 1H-NMR (D2O spiked with acetone-d5) = 3.31, 3.27 (d, 2H), 2.76 (t, 2H), 2.65 (s, 3H),
1.78, 1.75 (d, 2H), 1.55 (m, 3H), 1.28 (m, 1H). 13C-NMR (D2O spiked with Acetone-d5) = 20.62 (s, 1C),
22.99 (s, 2C), 43.16 (s, 1C), 54.91 (s, 1C). FTIR (ATR, cm−1): 3005 (m, N+–H), 2947 (s, Csp3–H). HRMS

(ESI) m/z: [M + H]+ Calculated for C6H14N 100.1821; Found 100.1122.

3.4. Synthesis of N1-Benzyl-N1-methylpentane-1,5-diamine (4)

In a 250 mL round bottom flask, 100 mL of degassed anhydrous THF was added under a nitrogen
atmosphere and 4.04 g of (3) (202.30 g·mol−1, 20.0 mmol) was added with a syringe through a septum.
The solution was cooled in an ice bath and 4.54 g of lithium aluminum hydride (37.95 g·mol−1,
119 mmol) was added to the solution under a positive flow of nitrogen. After addition of lithium
aluminum hydride, the mixture was allowed to warm to room temperature and subsequently refluxed
for 48 h. After 48 h, the mixture was cooled to 0 ◦C and quenched using Fieser’s method [20].
The formed salts were removed by filtration and the remaining solution was taken to dryness to
give the desired crude product as a light-yellow liquid. The crude product was further purified by
column chromatography (first washed by DCM and next by MeOH–MeCN–Et3N (4:5:1)) (3.16 g, 76.6%)
was collected. 1H-NMR (CDCl3) = 7.29 (m. 5H), 3.45 (s, 2H), 2.66 (t, 2H), 2.34 (t, 2H), 2.15 (s, 3H),
1.50 (m, 2H), 1.42 (m, 2H), 1.33 (m, 2H). 13C-NMR (CDCl3) = 139.30 (s, 1C), 129.15 (s, 2C), 128.26 (s, 2C),
126.96 (s, 1C), 62.45 (s, 1C), 57.51 (s, 1C), 42.35 (s, 1C), 42.24 (s, 1C), 33.74 (s, 1C), 27.35 (s, 1C), 24.77 (s, 1C).
FTIR (ATR, cm−1): 3357 (w, N–H), 3292 (w, N–H), 3025 (s, Csp2–H), 2930 (s, Csp3–H).

3.5. Synthesis of N-Methylcadaverine (1·2 HCl)

A methanol (15 mL) solution of (4) (206.18 g·mol−1, 1 g, 4.8 mmol) was added to 250 mL
Fisher-Porter bottle. Concentrated hydrochloric acid (0.25 mL) and 300 mg of 10% (w/w) palladium
on wet carbon were added to the reactor respectively and it was charged with hydrogen gas (60 psi).
The mixture was stirred at room temperature for 48 h. The mixture was filtered, and 1 mL of
concentrated hydrochloric acid solution was added to this solution and then it was taken to dryness to
give N-methyl cadaverine as a white solid. (549 mg, 60.2%. 1H-NMR (D2O) = 2.79(m, 4H), 2.49 (s, 3H),
1.51 (m, 4H), 1.26 (m. 2H). 13C-NMR (Acetonitrile-d6) = 48.93 (s, 1C), 39.36 (s, 1C), 32.86 (s, 1C),
27.21 (s, 1C), 25.31 (s, 1C), 22.84 (s, 1C). FTIR (ATR, cm−1): 3011(vw, N+–H), 2729 (s, N+–H),
2932 (s, Csp3–H). HRMS (ESI) m/z: [M + H]+ Calculated for C6H17N2 117.2126; found 117.1386.

4. Conclusions

A synthetic method for mono-methylated polyamines is necessary to continue biochemical
analysis of piperidine alkaloid biosynthesis. The three-step method used in this paper allows for the
straightforward synthesis of the mono-methylated polyamine, cadaverine, without a possible side
reaction to N-methylpiperdine.
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Supplementary Materials: Images of all 1H-, 13C-NMR and FTIR spectra are available online. The crystal
structure information for compound 2·HCl was deposited with the CCDC as a private communication with
deposition number 1542426.
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