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Steroidal alkaloids contain both steroidal and alkaloid properties in terms of chemical
properties and pharmacological activities. Due to outstanding biological activities such as
alkaloids and similar pharmacological effects to other steroids, steroidal alkaloids have
received special attention in anticancer activity recently. Substituted groups in chemical
structure play markedly important roles in biological activities. Therefore, the effective way
to obtain lead compounds quickly is structural modification, which is guided by structure—
activity relationships (SARs). This review presents the SAR of steroidal alkaloids and
anticancer, including pregnane alkaloids, cyclopregnane alkaloids, cholestane alkaloids,
C-nor-D-homosteroidal alkaloids, and bis-steroidal pyrazine. A summary of SAR can
powerfully help to design and synthesize more lead compounds.

Keywords: steroidal alkaloids, structure-activity relationships, anticancer, drug design, medicinal potential

INTRODUCTION

Steroidal alkaloids as one large and important class of alkaloids are mainly found in various plants
from Solanaceae, Buxaceae, Apocynaceae, and Liliaceae, marine invertebrates, and amphibians
(Figure 1) (1-3). According to the carbon skeleton, they can be divided into five types: pregnane
alkaloids, cyclopregnane alkaloids, cholestane alkaloids, C-nor-D-homosteroidal alkaloids, and bis-
steroidal pyrazine (2).

Steroidal alkaloids are nitrogen-containing derivatives of natural steroids, having the basic
steroidal skeleton and a nitrogen atom, which contain both steroidal and alkaloid properties in
terms of chemical properties and pharmacological activities (4). Therefore, they have significantly
outstanding biological activities as alkaloids and similar pharmacological effects to other steroids
(4). Previous pharmacological studies have shown that steroidal alkaloids own a variety of
pharmacological activities, such as anticancer, anti-inflammatory, antimicrobial, and analgesic
(1, 5).

Cancer is considered as one of the most threatening diseases worldwide (6). Currently, the
treatments used to treat cancer include four main strategies: chemotherapy, radiotherapy, surgery,
and immunotherapy (7, 8). The anticancer natural products include alkaloids (vinblastine,
camptothecin), terpenoids (farnesol, geraniol, paclitaxel), anthranilic acid derivatives (tranilast),
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FIGURE 1 | The Main Sources of Steroidal Alkaloids.
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polyphenolic compounds (gossypol), lignans (podophyllotoxin),
and so on (9). Among these, alkaloids and their analogues
account for almost the majority of clinical anticancer drugs (10).
Due to the particularity of the structure and potent activities,
steroidal alkaloids have received more and more attention for the
treatment of cancer in recent years. There are many drugs developed
into clinical treatment drugs. At present, most discoveries of new
drugs are based on structural modifications through structure-
activity relationships. For instance, the hydrochloride of
solanamine is used as an antineoplastic drug for preclinical study.
Cyclopamine has completed phase I clinical trial as a potential
antitumor drug by companies Curis and Genentech (11).
Steroidal alkaloids are important and potential bioactive
agents, having a promising feature in the treatment of cancer.
More exploitation of new drugs is based on structural
modification referring to SAR. Therefore, it is necessary to
systematically summarize the structure-activity relationships of
steroid alkaloids to design and synthesize potent anticancer drugs.
In this review, any search (including literature and PhD and
MSc dissertations) published before 1950 and up to 2020 was
performed in the following databases: Web of Science, Science
Direct, Scifinder, and the China National Knowledge
Infrastructure (CNKI). “Steroidal alkaloids” and “anticancer”
were used as keywords in literature searches, and 881
references were obtained in total, of which 189 references meet
the requirements. Through these literatures, we summarized the
structure—-activity relationships of steroid alkaloids in anticancer.
This review focuses on the extensive structure-activity
relationships of steroidal alkaloids in the area of anticancer
activity. From different carbon skeleton points of view, the
differences of activity caused by structural changes were
discussed. This review will provide a reference for the
discovery of steroidal alkaloid as anticancer drugs.

PREGNANE ALKALOIDS

Pregnane alkaloids are also called C-21 steroidal alkaloids, which
are mainly found in the Holarrhena, Kibatalia, Paravallaris, and
Marsdenia genera of Apocynaceae as well as the Sarcococca and
Pachysandra genera of the Buxaceae. Due to their good
anticancer activity, pregnane alkaloids have been reported in
many literatures, patents, and graduation papers. Based on
previous studies, preliminary SAR about the cytotoxic activity
of pregnane alkaloids was affected by substituents at C-3, 5, 6, 7,
15, 16, 17, and 21. The schematic diagram of structure-activity
relationships of pregnane alkaloids is shown in Figure 2.

The substituted forms of C-16 and 17 in pregnane alkaloids
are of great importance for the anticancer activity. Huo et al.
isolated hookerianine A (1), hookerianine B (2), sarcorucinine G
(3), and epipachysamine D (4) from Sarcococca hookeriana Baill
and evaluated the above three compounds in SW480, SMMC-
7721, PC3, MCEF-7, and K562 cell lines. Compared to
epipachysamine D (4), sarcorucinine G (3) with C-16, C-17
double bond presented better cytotoxicity (Figure S1). And
hookerianine B (2) with the epoxy group at C-16 and C-17
was stronger than epipachysamine D (4) on cytotoxicity (12).
Qin et al. synthesized novel pregn-17(20)-en-3-amine derivatives
and performed derivatives of chemotaxis assay against human
breast cancer cells (Table S1). Although the results demonstrated
that the derivatives had no cytotoxicity on MDA-MB-231 cells,
some of them displayed strong inhibitory effects against
migration such as 5a, 5¢c, 8e, 8f, 9a, 9g, 10a, and 10f (Figure
S1). Among these, 10f (ICsy value = 0.03 uM) showed the best
potency. A majority of C-16 hydroxyl derivatives (7a, 7c-e, 8b,
and 8g) presented strong toxicity. A minority of C-16 carbonyl
derivatives (10b-c and 9e) presented the toxicity. The derivatives
without the substituted group at the C-16 position showed no
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FIGURE 2 | Summary of Structure-activity Relationship of Pregnane Alkaloids.

toxicity, except 5a and 5¢ (ICso value < 1 uM). The activities of
these C-16 carbonyl derivatives including 9a, 9g, 10a, and 10f
were better than other two kinds of derivatives, which indicated
that ¢, P-unsaturated fragment in ring D might be key for
activities. It was worth noting that, except for 3-piperidin-1-yl
derivatives, the activities of 33-substituted derivatives were better
than 3o-substituted derivatives among the derivatives without
the substituted group on C-16 (5a-e, 5g vs 6a-e, 6g), but it did not
appear the same phenomenon among C-16 carbonyl
derivatives (13).

The earlier conclusion has been proved that the presence of a
5,6-double bond played an important role in an antiproliferative
effect. Compounds 11-13 (the synthetic analogs of solanidine)
researched by Minorics et al. showed the effective inhibitory
effects against HL-60 cell lines, which verified the earlier
conclusion (14). Badmus et al. isolated holamine (14) and
funtumine (15) from Holarrhena floribunda and tested for
their inhibited proliferation against MCF-7, HeLa, HT-29, and
KMST-6 (Figure S1). Holamine (14) displayed cytotoxic effects

on HL-60 and P-388, while funtumine (15) exhibited no
cytotoxicity. Therefore, it was speculated that the presence of
5,6-double bond can strengthen cytotoxicity. However, this SAR
showed a little effect on the cytotoxic activity against HT-29,
HeLa, MCF-7, and KMST-6 cell lines (15).

C-3 is one of the most important positions of the substituent
group to affect the activity; the relative configuration of C-3 is also
the influential factor. Pregn-17(20)-en-3-amine derivatives by
Qin et al. showed results that for compounds with no
substituent at C-16, except for 3-piperidine-1-yl derivatives, the
activity of 3f-substituted derivatives was better than that of 3o~
substituted derivatives (5a vs 6a, 5b vs 6b, 5¢ vs 6¢, 5d vs 6d, 5e vs
6e,and 5g vs 6g). Among pregn-17(20)-en-3-amine derivatives,
the activities of 3o-piperidin-1-yl derivatives were better than
those of 33-piperidinl-yl derivatives (5f vs 6f, 7f vs 8f, and 9f vs
10f) (Figure S1). According to the results, Qin et al. speculated
that the relative configuration of the 3o-piperidine-1-group
might be beneficial for some tumor migration targets, and the
3o-piperidin-1-yl group was an effective functional group for the
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antimigration activity (13). Shaojie Huo et al. concluded
structure-activity relationships by comparing hookerianine A
(1) and epipachysamine D (4) that steroidal alkaloids with the
phenylacetyl group instead of the benzoyl group at C-3 can
enhance the cytotoxicity against SW480, SMMC-7721, PC3,
and K562 human cells (Figure S1) (12). Paravallarine (16), 7R-
hydroxyparavallarine (17), gitingensine (18), methylgitingensine
(19), and N-acetylgitingensine (20) were isolated from Kibatalia
laurifolia and tested for cytotoxic activity against KB cell lines by
Phi et al. The results showed that paravallarine (16) presented
cytotoxicity with ICs, of 12.8 uM, gitingensine (18) and
methylgitingensine (19) displayed weak cytotoxicity with ICsg
ranged from 21 to 42 uM, and N-acetylgitingensine (20) showed
no cytotoxicity (ICso > 50 uM) (Figure S1). It was observed that
the acetylation of C-3 amino reduced the cytotoxic activity against
KB cells (16). Since paravallarine (16) was more active than
methylgitingensine (19), allowing a conclusion that the
configuration of C-3 can influence cytotoxic activity (16).
Minorics et al. compared the inhibitory effects of compound 12
having the 3-hydroxy group with compounds 11 and 13
containing the 3-acetate group in HL-60 cells. Compound 12
exhibited more effective inhibition activity than compounds 11
and 13 (Figure S1). The results indicated that there was an
influence on the biological activity when the C-3 hydroxyl group
of ring A is present or absent (14). The cytotoxicity of compounds
21 and 22 were evaluated using the NCI-H187 cell line by
Cheenpracha et al. (Figure S1). Compound 21 displayed weak
cytotoxicity against the NCI-H187 cell line with ICs, values of
18.2 uM, whereas compound 22 had no cytotoxicity. Based on the
results, the methylamino group at C-3 may be better than the N,
N-dimethylamino group on cytotoxic activity (17).

There are relatively a few studies on C-7, C-15, and C-21.
Through previous studies, the following conclusions can be
drawn. Kam et al. investigated the cytotoxicity of holamine
(23) and 15R-hydroxyholamine (24) in HL-60 cells and P-388
cells. Compound 23 exhibited higher cytotoxicity than
compound 24, which showed that the C-15 hydroxyl might
slightly reduce the cytotoxic activity (Figure S1) (18). In the
experiment of Phi et al., paravallarine (16) exhibited cytotoxicity
against KB cells exhibiting IC5, values of 12.8 uM, whereas, 7R-
hydroxyparavallarine (17) was not cytotoxic (ICsq above 50 M)
(Figure S1). It can be inspected that the C-7 hydroxyl
group leads to the decrease in cytotoxic activity (16). Minorics
et al. concluded that the substituent groups at C-21 were
a key factor for cytostatic efficacy when compared with 11, 12,
and 13 (14).

CYCLOPREGNANE ALKALOIDS

Cyclopregnane alkaloids are also called C-24 steroidal alkaloids,
which contain a characteristic seven-membered system in ring B
(1). Among them, cortistatin from marine sponge Corticium
simplex and cyclopregnane alkaloids from the family Buxus had
been widely studied. The schematic diagram of SAR is shown
in Figure 3.

Cortistatins were first found by Aoki et al., which are
compounds with unique structure and potent biological
activities, and were isolated from the marine sponge Corticium
simplex (19). In the reports, Aoki et al. summarized the
structure-activity relationships of cortistatin (25-35) (Figure
§2). Cortistatin E-H (29-32) exhibited weak growth inhibitory
activity and poor selective indices against HUVECs, which
showed that isoquinoline moiety was essential for potency and
selectivity (19). Cortistatin ] (33) had more potential with high
selectivity than cortistatin K (34) and cortistatin L (35), which
suggested that the position of the diene system was of more
importance for the activities against HUVECs than the role of
the hydroxyl group at the A-ring (Figure S2). And it was
speculated that the functional group in ring-A and ring-B
might play an important role in selective and antiproliferative
activity against HUVECs (19). However, cortistatins ] (33), K
(34), and L (35) showed comparable antiproliferative and
selective activities against KB3-1, Neuro2A, K562, and NHDF
compared with 25, which indicated that structural modifications
of ring-A or ring-B played a role but not a key one (19).
Therefore, it is necessary to prove the role of functional groups
on ring A in antiproliferative activity through further
studies (19).

In 2013, Kotoku et al. converted ring-CD of vitamin D, to
analogue 36 of cortistatin A (25), obtained analogue 37
(composition of 37a (8,14-cis) and 37b (8,14-trans)) with a
CD-cis-fused skeleton accidentally, and evaluated for
cortistatin A (25) and their analogues (Figure S3). Cortistatin
A (25) and analogue 36 with the CD-trans-fused skeleton exerted
antiproliferative potency against HUVEC with ICs, at 0.0018
and 0.035 uM, respectively. On the other hand, analogue 37 with
the CD-cis-fused skeleton only exhibited weak antiproliferative
effect (ICso: 1.5 uM) with weak selectivity (ninefold).
Furthermore, structures at the CD-ring part of 37a and
37bwere bent, which did not resemble with compound 25 and
compound 36 according to molecular mechanics (MM). The
results indicated that the stereoscopic structure of the CD-ring of
cortistatin A (25) played an essential role in the HUVEC-
selective antiproliferative activity (20). Kotoku et al., Aoki
et al., and Kobayashi et al. concluded structure-activity
relationships through the structure and inhibitory activity of
cortistatins B (26) and D (28): the hydroxyl group in ring D led to
the decrease in inhibitory activity against HUVECs (Figure S3)
(19, 21, 22).

The design and synthesis of analogues 38, 39, 40, and 36 of
cortistatin A (25) were carried out by Kotoku et al. to improve
potent inhibiting activities and antitumor activities (Figure S3).
Analogues 38 and 40 exhibited moderate growth inhibitory
activity against HUVECs (ICsy: 2.0 and 15 uM) over KB3-1
cells (IC5p: 18 and 20 uM), whereas analogues 39 and 36
exhibited potential growth inhibitory activity against HUVEC
(ICs0: 0.1 and 0.035 uM) over KB3-1 cells (ICsq: 10.5 uM each)
(21). Moreover, analogues 39 and 36 (>100-fold) showed more
selectivity than analogues 38 (9-fold) and 40 (1.5-fold). Besides,
the geometrical isomers of 38 and 40 exhibited weaker
antiproliferative and selective activity. The results revealed that
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FIGURE 3 | Summary of Structure-activity Relationship of Cyclopregnane Alkaloids.

the plane construction of the tetracyclic core part was essential
for selective and antiproliferative activity against HUVECs. The
activity of compound 39 was more potential than that of
byproduct 41, showing that the resemblance in structure
compared to cortistatin A (25) is also an important element
(Figure S3) (21).

Cyclopregnane alkaloids were mainly found in the genus
Buxus, containing the basic steroidal skeleton with a
cyclopropyl ring at C-9 and C-10. For this kind of compounds,
there were a few reports on pharmacological activities, and there
are no clear structure-activity relationships for the time being.
But according to Qiu’s experiment, we can observe that
cyclopregnane alkaloids display strong cytotoxic activity
against HeG2 and K562 cell lines through compounds 42, 43,
44, 45, and 46 (IC59<6 uM) and showed no cytotoxicity against
A549, SW480, SMMC-7721, HL-60, and MCEF-7 cell lines
through compounds 47, 48, 49, and 50 (ICs5,>40 uM) (Figure
$4) (23).

On the other hand, compounds 51 and 52 isolated from the
genus Buxus having a similar structure of cyclopregnane
alkaloids showed relatively good cytotoxicity against A-549 and
SW480 cell lines.

CHOLESTANE ALKALOID

Cholestane alkaloid is one type of C-27 steroidal alkaloid found
in many plants in families Solanaceae and Liliaceae. According to

current studies, we divided cholestane alkaloids into solasodine
(including glycoalkaloid and not glycoalkaloid) and others to
summarize the SAR. The schematic diagram of SAR of
solasodine is shown in Figure 4 and others are shown
in Figure 5.

Solasodine (Glycoalkaloid)

Previous studies have indicated that both the aglycone and sugar
residues were critical for cytotoxic activity (24, 25). Aglycone was
far less inactive than its glycoalkaloid, which showed the essence
of sugar moieties (26-28). Some studies also showed that the
variation of aglycone did not significantly influence the cytotoxic
activity when sugar moieties were kept identical (24, 26, 27). But
further study indicated that the activities of some steroidal
glycoalkaloid were changed due to the variation of the
aglycone. Therefore, it was concluded that the key factors in
the activity of solasodine were comprised of two main units,
sugar moieties and the substitution of aglycone. The glycosidic
moieties included the quantity and the position of o-L-
rhamnose, and the type and order of sugar (24, 27, 29).

Ding et al. isolated, purified, and identified SS (compound
53), PBi-solasonine (compound 54), SM (compound 55), f3,-
solamargine (compound 56), y-solamargine (compound 57),
and solanigroside P (compound 58) from Solanum nigrum L
and investigated their anticancer activity against MGC-803 cells
by MTT (Figure S5). They noted that steroidal alkaloids
containing trisaccharides (compounds 53 and 55) showed
better results on activity than those containing disaccharides
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FIGURE 4 | Summary of Structure-activity Relationship of Cholestane Alkaloid —Solasodine (glycoalkaloid).

(compounds 54 and 56) or monosaccharides (compound 57).
Compound 54 containing three sugar units with two o-L-
rhamnose had the highest antiproliferative activity among
compounds 51-56, which suggested that the quantity of a-L-
rhamnose was critical for the activity (Figure S5) (29). In 2015,
Akter et al. isolated SGA 1 (compound 59) from the leaves of
Blumea lacera and tested the cytotoxicity of SGA 1 and SGA
analogues including f-solamargine (compound 60), o-
solamargine (compound 61), and khasianine (compound 62)
(Figure S5). Khasianine exhibited weak cytotoxic effect on MCF-
7 cells. SGA 1 and B-solamargine displayed remarkable
cytotoxicity against all tested cell lines. A comparison of
khasianine, SGA, and f3-solamargine was performed, in which
aglycone of glycoalkaloids were the same, but the quantity and
the position of o-L-rhamnose were varied. The results suggested
that the second additional Rha (Rha-Rha-Glc-aglycone) led to
the significant enhancement of the activity, and the third
additional Rha (Rha-Rha-Glc(Rha)-aglycone) had little further

effect on cytotoxicity. Furthermore, it is concluded that two
terminal o-L-Rha have positive influence on cytotoxicity (24).
Chang’s study indicated that o-solamargine (compound 61)
with (@-L-Rha-(1-2)-o-L-Rha-(1-4)-B-D-Glc-(1-aglycone)
showed significant activity against human hepatoma cells, but
khasianine (compound 62) with (o-L-Rha-(1-4)-8-D-Glc-(1-
aglycone) exhibited weak activation effect. The comparison
between a-solamargine and khasianine showed that the 2'-
rhamnose moiety may impact significantly on triggering cell
death. It was suggested that the enhancement of the biological
activity was because the dihedral angle of the glycosidic bond is
changed by 2’-rhamnose moiety (26). Among the six compounds
isolated from Blumea lacera by Ding et al., compounds 53, 54,
and 55 having o-L-rhamnopyranose attached to C-2 of B-D-
glucose or galactose displayed significant cytotoxic effects against
MGC-803 cells. Compound 56 with a-L-rhamnopyranose at the
C-4 and compound 57 without a-L-rhamnopyranose showed
little antiproliferative activities. The results inspected that a-L-
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FIGURE 5 | Summary of Structure-activity Relationship of Cholestane Alkaloid (Others).

rhamnopyranose at C-2 was important for inhibition activities
(29). Compound 54 had far higher activity than compound 56,
suggesting that the type of sugar or the position of rhamnose had
an effect on the activity (29). Xiang et al. investigated the
cytotoxicity of five steroidal glycoalkaloids isolated from
Solanum nigrum L. against five human cancer cell lines
including HL-60, U-937, Jurkat, K562, and HepG2 cell lines.
Compound 66 with the same aglycone as 67 had greatly higher
activity than 67, showing that the type of sugar moiety played an
important role in cytotoxic activity (Figure S5) (29).
Esteves-Souza et al. reported the inhibited cell proliferation
evaluation of solasonine (compound 68) and its acetylation.
Solasonine (compound 68) showed antiproliferative effect

against Ehrlich carcinoma cells with ICso at 74.20 + 6.26 uM,
but 68a furnished by the acetylation of 68 was inactive,
suggesting that the acetylation of sugar moieties may reduce
the antiproliferative activity (Figure S5) (27).

Liu et al. investigated the synthesis of 1-o-hydroxysolanine
(compound 69), obtained a series of intermediate products and
unexpected products from diosgenin, and tested their
cytotoxicity (Figure S5). Among the compounds tested
[compounds 70, 71-74, and solasodine (75)], only epoxide 75
had moderate inhibiting activities against PC3, Hela, and HepG2
cells lines at the concentration of 10 uM, suggesting that the
epoxy group at C-1 and C-2 might impact the cytotoxic activity
(Figure S5) (30).
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In the experiment of Ding et al., compound 58 having the
same sugar moieties as compound 56 was more active (IC5y =
20.10 pg/ml) than compound 56. The results suggested that the
hydroxyl group on C-12 of steroidal alkaloid skeleton may be a
factor on the activities (29).

Among steroidal glycoalkaloids tested by Xiang et al.,
compounds 63-66 contain identical sugars, but the aglycones
are variable in rings A and B. Compound 66 showed the most
powerful potency to all cell lines, but compounds 63-65
exhibited no cytotoxicity (Figure S5). Based on the result, it
was speculated that the carbonyl group on C-6/7 (compounds 64
and 65) and the five-membered ring A (compound 63) led to the
decrease in anticancer activity (25).

Gu et al. isolated 70-OH solamargine (compound 76) and
7a-OH solasonine (compound 77) together with known
compounds 78 and 79 from the fruits of Solanum nigrum
(Figure S5). Compounds 78 and 79 displayed cytotoxic
activities against MGC803, HepG2, and SW480 cell lines with
the ICsq values ranging from 7.02 £ 0.60 to 23.79 + 1.42uM. On
the other hand, compounds 80 and 81 containing hydroxyl
groups located at the C-7 showed no cytotoxicity, suggesting
that the C-7 hydroxyl group of the aglycone decreased the
cytotoxicity (Figure S5) (31).

Solasodine (Not Glycoalkaloid)

In 2012, Zha et al. synthesized novel solasodine derivatives and
investigated their cell growth inhibitory effect against PC-3 cell
lines. Analogue 91 displayed the highest antiproliferative activity
against PC-3 cell line among solasodine derivatives (compounds
82-92), but analogue 90 (3-hydroxyl) and analogue 92 (33-p-
tertbutylbenzoyl) with the similar structure as analogue 91
showed inferior activity (Figure $6). The results suggested that
substituent groups at C-3 may play a role in inhibitory activities
in vitro. Moreover, solasodine derivatives that performed
etherization and esterization at C-3 (analogues 84-89), except
analogue 89 (1-naphthoyl), did not show enhancement of the
antiproliferative activity (32). In the same year, Zha et al. also
reported a series of structural modification of soladulcidine and
tested inhibitory effects of synthetic compounds against PC-3 cell
lines in vitro. Among the C-3 hydroxyl group modified
compounds, soladulcidine 93 showed inhibitory effects against
prostate gland adenocarcinoma (PC-3) cell line, and its
derivatives 94-100 were inactive, suggesting that hydroxyl
groups at C-3 were better than other substituents tested
(Figure S6) (33).

Others

Sunassee et al. reported the growth inhibition against National
Cancer Institute (NCI) 60 cell lines of Plakinamines N (101), O
(102) I (103), and J (104), which were isolated from Corticium
niger by guided separation technology (Figure S7). Plakinamines
N (101), O (102), and J (104) with a substituted pyrrolidine ring
showed potent cytotoxicity against all 60 cell lines with ICs, of
11.5, 2.4, and 1.4 uM, while plakinamine I (103) with the fused
piperidine ring system displayed only modest activity. It was
speculated that the steroidal side chain at C-20 may influence the
cytotoxic activity (34). In the experiment performed by Abdel-

Kader et al., they tested compounds isolated from Eclipta alba
cytotoxicity against the M-109 cell line and activity against
Candida albicans including (20S, 25S)-22,26-imino-cholesta-
5,22(N)-dien-3B-ol (verazine, 105) ecliptalbine [(20R)-20-
pyridyl-cholesta-5-ene-33,23-diol] (106), and 25p8-
hydroxyverazine (107) (Figure S7). Although they believed
that antifungal activity is the main activity of these compounds
rather than antitumor activity due to the weak cytotoxicity, it
also can be observed the structure-activity relationships of
cytotoxicity by Abdel-Kader et al. The cytotoxicity of
compound 105 was greater than that of compound 106, which
might be due to the change of the imine to a pyridine moiety in
the side chain (35). Lee et al. reported the cytotoxicity of
lokysterolamine A (108), plakinamine E (109), and
plakinamine F (110) isolated from the sponge Corticium sp.
(Figure S7). We can observe that the nitrone group in the side
chain slightly reduced cytotoxicity against the human leukemia
cell line K562 by comparing plakinamine E (109) with
lokysterolamine A (108) (36). Zampella et al. isolated
plakinamine I (compound 103) from the marine sponge
Corticium sp., synthesized their derivatives, compounds 113
and 114, and evaluated for their cytotoxicities against MCF7
cell lines (Figure S7). Their results showed that the cytotoxicity
of compounds 113 and 114 were relatively good in comparison to
plakinamine I (compound 103), suggesting that the side chain of
the chain structure or the circular structure exerts no obvious
influence on cytotoxicity (37).

Ridley et al. reported the isolation and identification of
plakinamine I-K (103, 104, 115) and dihydroplakinamine K
(116) from the marine sponge Corticium niger (Figure S7).
These compounds were tested for cytotoxicity against the
human colon tumor cell line HCT-116. Plakinamine K (115)
and dihydroplakinamine K (116) having the same skeleton apart
from the presence of double bond at C-24 and C-25 showed
comparable potency against the human colon tumor cell line
HCT-116, suggesting that the presence of the A**** double bond
had a little or no effect on cytotoxicity (38). Abdel-Kader et al.
compared 25f-hydroxyverazine (107) with verazine (105),
concluding that the introduction of the hydroxy group at C-25
reduced the cytotoxic activity against the M-109 cell line (35).

Fedorov et al. synthesized 14 steroidal alkaloids (117-130)
containing benzimidazole or benzothiazole moieties, with the
compounds from Japanese sponge Stelletta hiwa aensis as the
parent cores (Figure S7). They tested the cell inhibitory effects of
these compounds against HeLa and HepG2 cell lines and
summarized the structure-activity relationships. The SAR study
showed that the 6-substituted benzimidazole compounds were
more active than the 6-substituted benzothiazole compounds
regarding inhibitory effects by comparing compound 121 with
compound 129 (39). Among bnorcholesteryl and benzimidazole
derivatives, electron-withdrawing groups led to the decrease in
cytotoxicity such as compound 118, compound 120, and
compound 122, and electron-donating groups had little
influence such as compound 121, compound 123, and
compound 125 (39). In comparison with compounds 119, 127,
and 128, the isoxazolidine ring substituted with C-6 imine moiety
or ring B did not play a positive role in anticancer activity. In
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comparison with compounds 121, 127, and 130, the pyridine ring
in benzimidazole can reduce the cytotoxic activity (39). It is also
at the C-6 position wherein, dendrogenin A (DDA, compound
131) was a potential derivative, which contains imidazol joined
with 6-ethylamino founded by Sandrine Silvente-Poirot and co-
workers, displaying anticancer properties (40, 41).

Sun et al. isolated 3-O-acetylveralkamine (132) and
veralkamine (133) from Veratrum taliense, and they were
evaluated for their cytotoxic effects against HL-60, SMMC-
7721, A-549, MCEF-7, and SW480 cell lines (Figure S7).
Compound 132, regarded as the acetylated derivative of
compound 133, had higher activity than compound 133,
suggesting that acetylation at the C-3 position may enhance
the cytotoxic activity (42). This conclusion that compound 121
was more active than compound 122 was also proved in the
experiment of Fedorov et al. (Figure S7) (39). However, some
experimental results did not fit this inference. For example,
compounds 118 and 120 with the acetyl group at the C-3
position were less active than compounds 117 and 119 with
the hydroxy group at the C-3 position, respectively (Figure S7).
It was deduced preliminarily that these results may be due to
electron-withdrawing groups of the benzimidazole at C-6 (39).
Fuchs’ team showed that the cytostatic activity of compounds
with the acetylated hydroxy group at C-3 was lower than that of
derivatives with the free hydroxy group at C-3 (43). Therefore, it
is necessary to have further study in order to verify the
correctness of the conclusion. Compounds 111 and 112 and
their amination products 11la and 112a, the intermediate
products in the process of synthesizing derivatives of 19-
acetoxy-3o-amino-5a-cholestane, were synthesized by
Zampella et al. (Figure S7). Compounds 11la and 112a
possessed no cytotoxic activity, and compounds 111 and 112
exhibited good cytotoxicity. The results revealed that the 3o
amino group played an important role in observed cytotoxicity
rather than the 3a-azido group (37).

In the experiment of Sunassee et al., the comparison between
plakinamines O (102) and J (104) indicated that substitution of
the acetyl group at C-4 may cause the decrease in cytotoxic
activity (Figure S7) (34). In the experiment of Lee et al,
lokysterolamine A (108) showed superior activity against the
human leukemia cell line K562 compared to plakinamine F
(110), showing that a 4-hydroxy group may be a better
substituent group than the 4-carbonyl group on cytotoxic
activity (Figure S7) (36).

Among compounds 137-143 (compounds 137-140 with the
acetyl group at C-12, compounds 138-140 with the glucose
group at C-3) isolated from Veratrum grandiflorum Loes and
tested for inhibition activities on the Hh pathway by Gao et al,,
compounds 139-141 and 143 showed prominent inhibitory
activity, and compounds 142, 144, and 145 exhibited no
inhibitory activities (Figure S7). A primary SAR study showed
that the acetyl group at C-12 may play an important role on the
activity, and the C-3 glucose groups had little influence on the
activity (44).

In Zampella’s experiment, compound 137 with 5¢-hydrogen
showed better activities than compound 138 with 583-hydrogen,

which revealed that the relative configuration of hydrogen at C-5
may have an effect on cytotoxicity (Figure S7) (37). In order to
find compounds with antitumor activity in natural plants, Wang
et al. studied the antitumor effects of steroidal alkaloids and
extracted them from different solvents including chloroform, n-
hexane, and water from cultivated Bulbus Fritillariae ussuriensis.
Verticine as well as imperialine were isolated and investigated
their cytotoxicity against LLC, A2780, HepG2, and A549 cells
lines. It can be observed that the activity of verticine was far
higher than that of imperialine against LLC, and slightly higher
against HepG2 and A549 cells lines, implying that methyl groups
at C-8 or C-13 can enhance the cytotoxicity (45).

Fuchs’ team demonstrated that the configuration of the C-16-
OH played an important role in cytotoxic activity. The 160-OH
epimer displayed weak effect on cytotoxicity even at 0.1 uM
concentration (43).

C-nor-D-HOMOSTEROIDAL ALKALOIDS

C-nor-D-Homosteroidal alkaloids are the other type of C-27
steroidal alkaloids. According to whether the E-ring is open or
not, we divided C-nor-D-Homosteroidal alkaloids into
cyclopamines and veratramines. The schematic diagram of
SAR of cyclopamine is shown in Figure 6 and that of
veratramine is shown in Figure 7.

Cyclopamine

Cyclopamine (143) is composed of four rings (named C-nor-D-
homosteroid including rings A, B, C, and D) joined at the C-17
position by the cyclic tetrahydrofuran and piperidine systems
(namely rings E and F) (Figure S8).

A SAR study showed that the parallel fused skeleton of rings
C, D, E, and F played a little role in the activity of the
compounds, while the complete structure of ring E, the N
atom on the F ring, and the o-type lone pair electron were
necessary for the activity (46, 47). And the C-17 (R)-
configuration and the C-22 configuration also are essential
elements because these can affect the orientation of piperidinic
nitrogen in space (47).

Zhang et al. completed the synthesis of cyclopamine
derivatives (144a-k, 145a-k) by the method of “Click”
chemistry in order to preliminarily construct a library of
carbohydrate-cyclopamine conjugates (Figure S8). Compound
145f (ICsq = 33 uM) with oL rhamnose linked to an atom on the
F ring of cyclopamine owns higher solubility and antitumor
activity against lung cancer cell line A549 than cyclopamine
(ICsp = 49 uM). However, the antitumor activity of cyclopamine
connected with S-D sugar including monosaccharides,
disaccharides, and trisaccharides was significantly decreased
(145a, 145d, 145k) or even inactive (145b, 145g-j) (46, 48). It
can be concluded that the connection of the N atom to L-type
sugar moiety by a-L glycosidic moiety can maintain high activity
and greatly improve solubility; -D glycosidic moiety may lead
the decrease in activities (46). In 2008, Zheng et al. synthesized
the cyclopamine analogues including compounds 146-151 from
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FIGURE 6 | Summary of Structure-activity Relationship of Cyclopamine.

the connection of N atom to sugar
moiety by f-D glycosidic moiety
methylation at N atom

cyclopamine compounds with
monosaccharides, disaccharides and
trisaccharides (except a-L-pentose)
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jervine through the methods of reduction, oxidation, and
methylation, and tested the activity against human pancreatic
cancer Aspc-1 and human gastric cancer SGC-7901. Compound
146 showed prominent inhibition activity against Aspc-1 and
SGC-7901 cells, while its methylation products, compound 147
and compound 150, showed no activity, suggesting that
methylation at the N atom on the F ring reduced inhibition
effects (Figure S8) (49). A previous study also proved that the
connection of the N atom on ring F to some specific molecules
(such as peptide) could improve the targeting of the
compound (46).

Exo-cyclopamine (152) with an exo-methylene group at
positions 13 and 14 was synthesized by Giannis et al. in 2011,
which has good activity and stable acid (Figure S8) (50). Because
of the advantages, in 2013, Giannis et al. synthesized compounds
153 and 154 for further study, which had the same skeleton as
compound 152 except for the substituents at C-25 (Figure S8)
(51). Compared with compound 143 (cyclopamine) and
compound 152 with the C-25 (R)-configured methyl group,
compound 153 with the C25 (s)-configured methyl group
and compound 154 with the A***” exocyclic double bond
showed better inhibition effects against SHh-LIGHT II cells
through expressing the Glil-dependent luciferase. These results
suggested that the stereocenter of C-25 configuration affects
the Hh inhibition (47).

Jervine (compound 155) is an 11-oxo derivative of cyclopamine
(Figure S8). In Zheng’s experiment, among the three reduction
products at C-11 of Jervine (compound 143, compound 156, and
compound 157), only cyclopamine (compound 143) with the C-11
methylene group showed good inhibitory activity, while
compound 156 and compound 157 with the C-11 hydroxy
group showed comparably weak inhibitory activity to Jervine
(Figure S8). The results showed that the substituents at C-11
were closely related to the antitumor activity. The methylene
group at C-11 enhanced the antitumor activity, and the
hydroxyl and carbonyl groups decreased the activity (49).

Sinha et al. have reported that the oxidization of the hydroxyl
group to a carbonyl moiety at C-3 enhanced the activity (46).
Also, in the experiment of Zheng, only compound 146 had
relatively good inhibitory activity on Aspc-1 and SGC-7901
cells, whereas the oxidation products and methylation products
of Jervine (compounds 146-151) show little activities (Figure
$8). This result also indicated the conclusion that the oxidation
of hydroxyl at the C-3 position may enhance the antitumor
activity (49). Khanfar et al. were interested in jervine and
veratrum alkaloids due to the reported possible inhibition of
the HH signal. They tested the activity of jervine analogues
(compounds 158-160) and veratrum alkaloids (155, 161-165)
including natural alkaloids, biocatalytic alkaloids, and
semisynthetic alkaloids and preliminarily summarized the
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FIGURE 7 | Summary of Structure-activity Relationship of Veratramine.

structure-activity relationships (Figure S8). Compound 158
showed no inhibitory effects against PC-3 cells at 50 uM
concentration, while most compounds exhibited inhibition
activity. The results indicated that C-3 S-glucosidation may
reduce the antiproliferative activity (52). Among compounds
155 and 158-165, except compound 158 and compound 165, all
compounds exhibited excellent antimigratory activity against
PC-3 cells at 50 uM concentration, suggesting that C-3 S-
glucosidation (158) or the reduction of A>S double bond (165)
played a negative role in antimigratory activity (52). Thorson
et al. established a library of cyclopamine glycosides with the
general skeleton of compound 166 to evaluate the effect of
nonmetabolic sugars on cyclodopamine (Figure S$8). In all
derivatives, 166 showed better results (3.5-12 times) on the Hh
inhibitory effect against lung cancer cell line NCI-H460 than that

of cyclopamine (143). Among them, compound 166a with D-
arabinoside showed the highest potency (Glsq = 6.4 + 0.5 uM)
(53). Compared with compound 167 (ECso = 0.3 = 0.05 uM),
compound 168 with sulfonamide at C-3 (ECso = 0.007 + 0.002
UM), compound 169 with pyrazole at C-3 (ECso = 0.013 + 0.008
uM), and compound 170 with lactam at C-3 (ECsy = 0.025 £
0.005 uM) exhibited better efficacy against C3H10T1/2 cell line,
suggesting that acceptor or donor groups at C-3 may play an
essential role in activities (Figure S8) (54).

Gu et al. summarized a SAR exploration according to the
collation and analysis of a large number of literatures, indicating
that the double bonds at positions 5-6 and 12-13 are not
necessary for the activity of the compound (46). However, in
the experiment of Tremblay et al., the decreased inhibition
activities of C3H10T1/2 cell differentiation of synthetic
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compound 171 may be associated with the removal of the C-3
hydroxyl group or the reduction of the A>® double bond (Figure
$8) (54).

In the experiment of Khanfar et al., compound 165 showed
great inhibitory effects against PC-3 cells at the 50 uM dose,
while compound 160 with the same skeleton except o-
hydroxylation at C-1 exhibited no antiproliferative activity,
implying that the decrease in inhibitory effects may be due to
o-hydroxylation at C-1 (Figure S8) (52).

Many studies focused on the modification of cyclopamine
(143) in order to improve the activities. However, according to
the patent of Beachy et al., derivatives of 143 in acidic conditions
showed lower biological activities and stabilities. For example,
compound 172 with the carbamate group at C-3 and compound
173 with a bulky substituent at amino radical significantly
reduced the inhibitory effect of differentiation in C3H10T1/2
cells (Figure S8) (55).

In the course of the research, scientists had also found some
compounds with potential for development. Compound 145f
with a-L-pentose on the ring F synthesized by Zhang et al. had
obvious inhibitory activity against lung cancer A450 cells with
ICso of 33 uM in the preliminary biological activity test. And
145f had higher inhibitory activity on the Hedgehog signal
pathway than that of control (cyclopamine) (48). Compound
174 reported by Goff et al., a glucuronide-cyclopamine
compound, significantly reduced the survival rate of malignant
glioma U87 cell line with IC5, of 21 uM, which had similar effect
with cyclopamine in the control group (ICso = 15.5 uM) (Figure
§8). Compared with cyclopamine, compound 174 showed
obvious low toxicity and high effectiveness, having a significant
research value in vivo activity for further study (56). KAAD-
cyclopamine (compound 175) synthesized by Philipp et al. was a
derivative substituted on the F ring of cyclopamine, showing
higher aqueous solubility, more prominent activity, and lower
toxicity (Figure S8) (57).

Veratramine

Veratramine (161) has a similar chemical structure with
cyclopamine, and the biggest difference is that ring E of
veratramine is opened (Figure S8).

Guo et al. synthesized and tested five veratrylamine analogues
(compounds 176-180) from veratrylamine (161) and
preliminarily summarized the structure-activity relationships
(Figure S8). Compound 176, considered as the oxidation
product at C-3 of compound 161 (veratramine), showed
comparable antiproliferative activities against SGC-7901 and
ASPC-1 compared to compound 161. The result revealed that
oxidation of the 3-hydroxyl group to the carbonyl group of
compound 161 did not affect the activity (58). It should be
pointed out that, in the experiment of Mohammed et al., among
veratranes (155, 158-165), only compound 163 exhibited great
inhibitory effects at 10 uM, suggesting that oxidation to a C-3
group with the A>® double bond migration from A*® led to the
enhancement of antiproliferative activities. The chemical
modification may remedy the decrease in activity caused by
opened ring E (Figure S8) (52).

In the experiment of Guo et al., compounds 178, 179, and 180
exhibited comparable or slightly higher activities than
cyclopamine or veratramine (Figure S8). Moreover,
compounds 178 and 179 had significantly higher activity than
cyclopamine and veratramine against ASPC-1. The results
suggested that the introduction of nicotinic acid and p-
nitrobenzoic acid modified at piperidine ring enhanced the
inhibitory effects (58).

Guo et al. also reported that the activity of compound 177
determined as the dimethylated product was weaker than that of
compound 176 (Figure S8). It was speculated that the decrease in
activity was because methylation in piperidine ring obscured the
possible active groups such as -OH and-NH (58).

Veratrum alkaloids compound 164 reported by Mohammed
et al. with A" double bond displayed the highest antimigratory
activity against the PC-3 cell line, while compound 163 exhibited
only moderate activity (Figure $8). The results suggest that A"
double bond played a positive role in antimigratory activity (52).

BIS-STEROIDAL PYRAZINE ALKALOIDS

Bis-steroidal pyrazine alkaloids, including cephalostatins isolated
from marine tubeworm Cephalodiscus gilchristi, ritterazines
isolated from marine organisms Ritterella tokioka, and their
analogues, are a kind of steroid-alkaloid hybrids with a
complex structure (59). The ritterazines and cephalostatins are
dense ring compounds, which are fused by two steroidal
spirocyclic units with 5/5 or 5/6 spiroketals via centra pyrazine
heterocycles at C-2 and C-3 and show extremely significant
antitumor activity (59-61). The schematic diagram of SAR of
cyclopamine is shown in Figure 8.

The nonsymmetric structure of bis-steroidal pyrazine
alkaloids played an important role in activities. In 2013,
Iglesias-Arteaga et al. published a review on cephalostatins and
ritterazines by summarizing the literature in 2012 and before.
Iglesias-Arteaga et al. reported that symmetrical cephalostatins
and ritterazines showed inferior activity, and unsymmetrical
compounds were more active. For example, cephalostatin 12
(compound 192) and ritterazine K (compound 210) with polar
units as well as ritterazines N (compound 213) and R (compound
217) with nonpolar units showed decreased anticancer activity,
although they consist of the most powerful potent core units
[including northern and southern hemispheres of cephalostatin
1, southern hemisphere of cephalostatin 7 (compound 187), and
northern hemisphere of ritterazine G (compound 206)]. And
cephalostatin 13 (compound 193), ritterazines J (compound
209), ritterazines L (compound 211), ritterazines M
(compound 212), ritterazines O (compound 214), and
ritterazines S (compound 218), which are nearly symmetric,
exhibited lower activity (Figure S9). In addition, the most
potent compounds contained significantly different steroidal
portions (62).

Nawasreh continued to study the synthesis of
multihydroxylated cephalostatin analogues and synthesized
compound 226, compound 227, and borohydride compound
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228 of compound 226. Compound 227 and compound 226 with
A"*'* double bond showed relatively good activity against HM
02, HEP G2, and MCF 7, while compound 228 lacking it showed
very weak activity (Figure §9) (63). In addition, in the review of
Iglesias-Arteaga et al., most of bis-steroidal pyrazine alkaloids
contained A'"*'® double bond on at least one side, and most
cephalostatins contained it on both sides (62). These results
suggested that A'*'> double bond was important for biological
activity, particularly in the methoxy region (62-64). Ritterazine I
(compound 208) with 14-H and 143-OH was more active than
ritterazine Z (compound 225) with 14’a-H or ritterazine U
(compound 220) with 14’a-OH. As well as cephalostatin 4
(compound 184) with 14’f3,15'3-epoxide was more active than
cephalostatins 14 (compound 194) or cephalostatins 15
(compound 195) with 14’15’ a-epoxides (Figure S9). The

results suggested that the o configuration of the compounds at
C-14,15 (or C-14/,15’) was superior to 3 configuration (62).
There are five common motifs (I-V) that presented most of
alkaloids and three rare motifs (VI-VIII) (Figure S10) by
Iglesias-Arteaga et al. Compounds with S-hydroxyl or carbonyl
groups at 12 and 12’ positions are active. And the hydroxyl group
appears to be the intrinsic group of units I, III, and IV, while the
ketone group is the intrinsic functional group of units II and V
(62). In 1997, Fukuzawa et al. isolated ritterazines N-Z
(compounds 212-225) from Ritterella tokioka and modified
these by reduction, methanolysis, oxidation, and acetylation to
obtain compounds 229-236 (Figure S9). Ritterazine H
(compound 207), determined as the oxidation derivative at C-
12 of ritterazine B (compound 201), showed inferior activity to
ritterazine B (compound 201), suggesting the importance of the
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C-12 hydroxyl group (64). LaCour et al. had reported that C-12
B-hydroxyl in North G played a positive role in the activity, since
compounds with C-12 -hydroxy had invariably higher activity
than their counterparts with C-12 keto or C-12 acetoxy groups
(65). By comparing with compounds 232-236, Fukuzawa et al.
found that the more acetyl groups to introduce, the weaker the
activity to exhibit, further proving the importance of the
hydroxyl group at C-12 (64). However, in the review of
Iglesias-Arteaga et al., compounds containing the aromatic C-
ring in the southern hemisphere and special spiroketal systems
including the phenolic hydroxyl group at C-12 showed inferior
activity, such as cephalostatins 5 (compound 185) and 6
(compound 186) (62).

In the experiment of Fukuzawa et al., ritterazine Y
(compound 224) and ritterazine B (compound 201) had the
same skeleton except substituent groups at C7’ and C17'.
Ritterazine B (compound 201) containing hydroxyl groups at
C7’ and C17 was more active than ritterazine B (compound 201)
without hydroxyl groups, suggesting that C7’ and C17’ hydroxyl
groups may play a positive role in the activity (64). However,
Iglesias-Arteaga et al. showed that additional hydroxylation at C-
7" or C-9’ played no or little role in the activity, while it slightly
reduced the activity in some situations (9'a-OH) (62). Therefore,
it was speculated that the C-17 hydroxyl group plays an
important role in the activity and the C7" hydroxyl group has
a little effect.

It was mentioned in Iglesias-Arteaga ‘s article that the o-
hydroxyl group at C-17 was the intrinsic group of core unit I and
is often present in unit III (polar domains), but not in units II, IV,
and V (nonpolar domains). The active alkaloids contain at least
one o-hydroxyl group at C-17 or C-17" (62). Gryszkiewicz-
Wojtkielewicz et al. also reported that the o-hydroxyl group
was considered to be a potential functional group (61). By
comparing ritterazines T (compound 219) with ritterazines A
(compound 200), and ritterazines Y (compound 224) with
ritterazines B (compound 201), it can be concluded that the
activity of compounds with the 17a-OH group (or 17'a-OH
group) was significantly superior to that of analogous
compounds without this group (62). In 1998, LaCour et al.
synthesized ritterostatin Gyly (237), ritterostatin Gyls (238),
and cephalostatin 1(181) totally for the first time (Figure S9).
Ritterostatin Gylg lacking the 17a-hydroxyl group was far less
active than ritterostatin Gyly, which further verified the
importance of the 17¢-hydroxyl group (65).

Fukuzawa et al. reported that 5/6 spiroketal markedly
contributed to cytotoxic activity through comparing the
cytotoxicity of ritterazines B (compound 201) and C
(compound 202). And the cytotoxicity of compounds 229, 230,
and 231 also supported this conclusion (Figure S9). Therefore, it
was speculated that the arrangement of 5/6 spiroketal was
important for cytotoxicity (64).

Kumar et al. synthesized 23-deoxy-25-epi ritterostatin Gyly
(compound 239) and tested the activities against NCI-60 cancer
cell lines. The results showed that 25-epi ritterostatin Gy1ly (239)
was 50- to 1,000-fold more effective in bioactivity evaluation than
that of 23-deoxy-25-epi ritterostatin Gyly (compound 240),

which suggested that the 23-hydroxyl group of cephalostatin
and ritterazine played an important role (Figure S9) (61).
Iglesias-Arteaga et al. summed up the conclusion through
cephalostatins 1 (181), 10 (190), 11 (191), 13 (193), 18 (198),
and 19 (199) that methoxylation or hydroxylation at C-1 or C-1’
led to a decrease in the activity (Figure S9) (62).

CONCLUSION

Steroidal alkaloids have good anticancer potential. However, due
to the imperfect research and its own side effects, the application
of steroidal alkaloids is limited. Therefore, there is an urgent need
to force us to study the extraction, separation, structural
modification, and pharmacological effects of steroidal alkaloids.

To aid the discovery of steroidal alkaloids, we summarize the
steroid alkaloids with anticancer activity and conclude the
structure-activity relationships. According to the preliminary
SAR results, the cytotoxic activity of pregnane alkaloids is
affected by C-6, C-7, C-5, C-6, C-3, C-7, C-15, and C-21
substituents. The C-3 position was the most important site to
affect the activity; the substituent and configuration of C-3 are
both important influential factors. Many scientists had focused
on the modification of C-3. According to their results, 10f (ICs,
value = 0.03 uM) is the most potential compound to treat cancer.
Meanwhile, C-16 and C-17 are important active sites. It can be
concluded that the double bond at C-16, 17, the epoxidation at
C-16, 17, and the hydroxyl group at C-16 can all improve
anticancer activities. Besides, the double bond at C-5 and C-6
also can improve anticancer activities, and the substituent groups
at C-21 are also key factors for cytostatic efficacy.

The main sources of cyclopregnane alkaloids are cortistatins
from marine sponge Corticium simplex and cyclopregnane
alkaloids from the family Buxus. Research on the anticancer
activity of cyclopregnane alkaloids is more focused on
cortistatins, but there are a few reports on cyclopregnane
alkaloids from the family Buxus. Important factors affecting
the activity of cyclopregnane alkaloids include isoquinoline
moiety, the plane construction of the tetracyclic core part, and
the resemblance in structure compared to cortistatin A.

In terms of structure, cholestane alkaloids are the most
variable alkaloids in terms of structure among steroidal
alkaloids, which can be divided into solasodine and other types.
Both the aglycone and sugar residues are critical for cytotoxic
activities. The factors related to sugar residues affect the activity of
solasodine including the number of sugars, the number of o-L-
rhamnose, the position of o-L-rhamnose, the order of sugar, and
the type of sugar. The C-6 position of cholestane is the focus
during the research. Scientists changed the substituents at C-6 to
compare their activities. Dendrogenin A (DDA) containing
imidazol joined with 6-ethylamino is a potential derivative.

For C-nor-D-Homosteroidal alkaloids, people pay more
attention to cyclopamine. The high activity of cyclopamine is
affected by many factors, including the complete structure of ring
E, the N atom on the F ring, the o-type lone pair electron, C17
(R)-configuration, the C-22 configuration, and the stereocenter
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of C25-configuration. The ways to improve the activity of
cyclopamine include methylation at C-11, the oxidation of
hydroxyl at C-3, and the presence of acceptor or donor groups
at C-3. However, cyclopamine is limited due to its high toxicity.
KAAD-cyclopamine is a potential analogue of cyclopamine,
showing higher aqueous solubility, more prominent activity,
and lower toxicity.

Scientists’ research on bis-steroidal pyrazine alkaloids is
focused on cephalostatins and ritterazines. According to the
preliminary SAR, the ways to improve biological activity are
the nonsymmetric structure of bis-steroidal pyrazine alkaloids
and the presence of these groups including A14,15 double bond,
o configuration of compounds at C-14,15 (or C-14',15"), C-12 f3-
hydroxyl, C7" and C17’ hydroxyl groups, a-hydroxyl group at C-
17, 5/6 spiroketal, and the 23-hydroxyl group.

The review shows a summary concerning extensive SAR of
steroidal alkaloids including pregnane alkaloids, cyclopregnane
alkaloids, cholestane alkaloids, C-nor-D-homosteroidal
alkaloids, and bis-steroidal pyrazine in the area of anticancer
activity. This review is convenient for more scientists to modify
steroidal alkaloids and the analogues, as well as to conduct more
in vivo and preclinical studies to achieve the purpose of reducing
toxicity and increasing efficiency. And it greatly saves time to
find more active and selective drugs and makes it possible to
design new and effective anticancer drugs in the short term.

REFERENCES

1. Jiang Q, Chen M, Cheng K, Yu P, Shi Z. Therapeutic Potential of Steroidal
Alkaloids in Cancer and Other Diseases. Med Res Rev (2016) 36(1):119-43.
doi: 10.1002/med.21346

2. Li S. Review and Expectation of the Study on Quantitative Analysis of
Steroidal Alkaloid. Drug Stanoaros China (2001) 2(4):8-11. doi: 10.3969/
j.issn.1009-3656.2001.04.002

3. Xiaojing L. Thermokinetic Study on the Metabolism of Bacteria by
Steroids and Isoquinoline Alkaloids in Traditional Chinese Medicine.
[master’s thesis]. [Shan Dong|: Qufu Normal Univ (2003). doi: 10.7666/
d.Y516224

4. Yang BY, Zhen-Peng XU, Liu Y, Kuang HX. Research Progress on
Quantitative Analysis Methods of Steroidal Alkaloids. Chin ] Exp
Traditional Med Formulae (2018) 24(16):221-34. doi: 10.13422/j.cnki.syfjx.
20181311

5. Dey P, Kundu A, Chakraborty HJ, Kar B, Choi WS, Lee BM, et al. Therapeutic
Value of Steroidal Alkaloids in Cancer: Current Trends and Future
Perspectives: Steroidal Alkaloids in Cancer. Int J Cancer (2018) 145
(7):1721-44. doi: 10.1002/ijc.31965

6. Tantawy MA, Nafie MS, Elmegeed GA, Ali I. Auspicious Role of the Steroidal
Heterocyclic Derivatives as a Platform for Anti-Cancer Drugs. Bioorg Chem
(2017) 73:128. doi: 10.1016/j.bioorg.2017.06.006

7. Lou JS, Yao P, Tism K. Cancer Treatment by Using Traditional Chinese
Medicine: Probing Active Compounds in Anti-Multidrug Resistance During
Drug Therapy. Curr Med Chem (2017) 25(38):5128-41. doi: 10.2174/
0929867324666170920161922

8. Peng J, Liang X. Progress in Research on Gold Nanoparticles in Cancer
Management. Medicine (2019) 98(18):e15311. doi: 10.1097/MD.
0000000000015311

9. Coseri S. Natural Products and Their Analogues as Efficient Anticancer

Drugs. Mini Rev Med Chem (2009) 9(5). doi: 10.2174/138955709788167592

Zhidan Z. Synthesis of Steroidal Alkaloids Solanidine and Demissidine

[master’s thesis]. [Shang Hail: Shanghai Normal Univ.

Renghui Y. Research Status and Progress of Steroids. Technol Wind (2016)

000(018):260-1. doi: 10.19392/j.cnki.1671-7341.2016180227

10.

11.

AUTHOR CONTRIBUTIONS

YZ and HY conceived the project. YH reviewed the literature and
drafted the article. GL contributed to classifying the literature.
CH and XZ revised the manuscript. All authors contributed to
the article and approved the submitted version.

FUNDING

This work was supported by the National Natural Science
Foundation of China [No. 81873089] and Scientific Research
Projects of Tianjin Education Commission [No. 2018K]J004], the
National Key Research and Development Program of China
[2021YFE0203100] and the Natural Science Foundation of
Liaoning [2021-MS-214]. The funders had no role in the study
design, data collection and analysis, decision to publish, or
preparation of the manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fonc.2021.
733369/full#supplementary-material

12. Huo SJ, Wu JC, He XC, Pan LT, Du J, et al. Two New Cytotoxic Steroidal
Alkaloids From Sarcococca Hookeriana. Mol (Basel Switzerland) (2018) 24
(1):1-7. doi: 10.3390/molecules24010011

Qin N, Jia M, Wu XR, Shou XA, Liu Q, Gan CC, et al. Synthesis and Anti-
Metastatic Effects of Pregn-17(20)-En-3-Amine Derivatives. Eur | Med Chem
(2016) 124:490-9. doi: 10.1016/j.ejmech.2016.08.058

Minorics R, Szekeres T, Krupitza G, Saiko P, Giessrigl B, Wolfling J, et al.
Antiproliferative Effects of Some Novel Synthetic Solanidine Analogs on HI-
60 Human Leukemia Cells In Vitro - Sciencedirect. Steroids (2011) 76(1):156—
62. doi: 10.1016/j.steroids.2010.10.006

Badmus JA, Ekpo OE, Hussein AA, Meyer M, Hiss DC. Cytotoxic and Cell
Cycle Arrest Properties of Two Steroidal Alkaloids Isolated From Holarrhena
Floribunda (G. Don) T. Durand & Schinz Leaves. BMC Complementary Altern
Med (2019) 19(1):1-9. doi: 10.1186/s12906-019-2521-9

Phi TD, Pham VC, Mai HT, Litaudon M, Gue Ritte F, Nguyen VH, et al.
Cytotoxic Steroidal Alkaloids From Kibatalia Laurifolia. J Natural Prod (2011)
74(5):1236-40. doi: 10.1021/np200165t

Cheenpracha S, Boapun P, Limtharakul T, Laphookhieo S, Pyne SG.
Antimalarial and Cytotoxic Activities of Pregnene-Type Steroidal Alkaloids
From Holarrhena Pubescens Roots. Natural Prod Lett (2019) 33(6):782-8.
doi: 10.1080/14786419.2017.1408108

Kam TS, Sim KM, Koyano T, Toyoshima M, Hayashi M, Komiyama K.
Cytotoxic and Leishmanicidal Aminoglycosteroids and Aminosteroids From
Holarrhena Curtisii. / Natural Prod (1998) 61(11):1332-6. doi: 10.1021/
np970545f

Aoki S, Watanabe Y, Tanabe D, Arai M, Suna H, Miyamoto K, et al. Structure-
Activity Relationship and Biological Property of Cortistatins, Anti-Angiogenic
Spongean Steroidal Alkaloids. Bioorg Med Chem (2007) 15(21):6758-62.
doi: 10.1016/j.bmc.2007.08.017

Kotoku N, Mizushima K, Tamura S, Kobayashi M. Synthetic Studies of
Cortistatin a Analogue From the Cd-Ring Fragment of Vitamin D2. Chem
Pharm Bull (2013) 61(10):1024-9. doi: 10.1248/cpb.c13-00375

Kobayashi M, Kotoku N, Arai M. Search for New Medicinal Seeds From
Marine Organisms. In: Shibasaki M, Iino M, Shibasaki H, editors.
Chembiomolecular Science. Springer, Tokyo (2012). p.93-11. doi: 10.1007/
978-4-431-54038-0_9

13.

14.

15.

16.

17.

18.

19.

20.

21.

Frontiers in Oncology | www.frontiersin.org

September 2021 | Volume 11 | Article 733369


https://www.frontiersin.org/articles/10.3389/fonc.2021.733369/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2021.733369/full#supplementary-material
https://doi.org/10.1002/med.21346
https://doi.org/10.3969/j.issn.1009-3656.2001.04.002
https://doi.org/10.3969/j.issn.1009-3656.2001.04.002
https://doi.org/10.7666/d.Y516224
https://doi.org/10.7666/d.Y516224
https://doi.org/10.13422/j.cnki.syfjx.20181311
https://doi.org/10.13422/j.cnki.syfjx.20181311
https://doi.org/10.1002/ijc.31965
https://doi.org/10.1016/j.bioorg.2017.06.006
https://doi.org/10.2174/0929867324666170920161922
https://doi.org/10.2174/0929867324666170920161922
https://doi.org/10.1097/MD.0000000000015311
https://doi.org/10.1097/MD.0000000000015311
https://doi.org/10.2174/138955709788167592
https://doi.org/10.19392/j.cnki.1671-7341.2016180227
https://doi.org/10.3390/molecules24010011
https://doi.org/10.1016/j.ejmech.2016.08.058
https://doi.org/10.1016/j.steroids.2010.10.006
https://doi.org/10.1186/s12906-019-2521-9
https://doi.org/10.1021/np200165t
https://doi.org/10.1080/14786419.2017.1408108
https://doi.org/10.1021/np970545f
https://doi.org/10.1021/np970545f
https://doi.org/10.1016/j.bmc.2007.08.017
https://doi.org/10.1248/cpb.c13-00375
https://doi.org/10.1007/978-4-431-54038-0_9
https://doi.org/10.1007/978-4-431-54038-0_9
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Huang et al.

Potential of SA in Cancer

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

Arai M, Kobayashi M. Search for New Medicinal Seeds From Marine
Organisms. Chembiomol Sci (2013). doi: 10.1007/978-4-431-54038-0_9

Jie Z, Qin XY, Zhang SD, Xu XS, Fu JJ. Chemical Constituents of Plants From the
Genus Buxus. Chem Biodiversity (2014) 20(9):61-75. doi: 10.1515/hc-2013-0239
Akter R, Uddin SJ, Tiralongo J, Darren Grice I, Tiralongo E. A New Cytotoxic
Steroidal Glycoalkaloid From the Methanol Extract of Blumea Lacera Leaves.
] Pharm Pharm Sci: Publ Can Soc Pharm Sci Societe Can Des Sci Pharm (2015)
18(4):616-33. doi: 10.18433/]3161Q

Xiang L, Wang Y, Yi X, He X. Steroidal Alkaloid Glycosides and Phenolics
From the Immature Fruits of Solanum Nigrum. Fitoterapia (2019)
137:104268. doi: 10.1016/j.fitote.2019.104268

Li-Ching C, Tong-Rong T, Jeh-Jeng W, Kou-Wha K. The Rhamnose Moiety of
Solamargine Plays a Crucial Role in Triggering Cell Death by Apoptosis.
Biochem Biophys Res Commun (1998) 242(1):21-5. doi: 10.1006/bbrc.1997.7903
Andressa ES, Da S, Fernandes A, De C, Raimundo BF, Aurea E. Cytotoxic
Activities Against Ehrlich Carcinoma and Human K562 Leukaemia of
Alkaloids and Flavonoid From Two Solanum Species. ] Braz Chem Soc
(2002) 13(6):838-42. doi: 10.1590/50103-50532002000600017

Gan KH, Lin CN, Won §J. Cytotoxic Principles and Their Derivatives of
Formosan Solanum Plants. ] Natural Prod (1993) 56(1):15. doi: 10.1021/
np50091a003

Xia D, Zhu F, Yang Y, Min L. Purification, Antitumor Activity In Vitro of
Steroidal Glycoalkaloids From Black Nightshade (Solanum Nigrum L.). Food
Chem (2013) 141(2):1181-6. doi: 10.1016/j.foodchem.2013.03.062

Liu G, Xie F, Zhao GD, Wang DF, Lou HX, Liu ZP. Synthetic Studies Towards
la-Hydroxysolasodine From Diosgenin and the Unexpected Tetrahydrofuran
Ring Opening in the Birch Reduction Process. Steroids (2015) 04:214-9.
doi: 10.1016/j.steroids.2015.10.006

Xin-Yue G, Xiao-Fei S, Lun W, Zhou-Wei W, Fu L, Bin C, et al. Bioactive
Steroidal Alkaloids From the Fruits of Solanum Nigrum. Phytochemistry
(2018) 147:125-31. doi: 10.1016/j.phytochem.2017.12.020

Zha XM, Zhang FR, Shan JQ, Zhang YH, Liu JO, Sun HB, et al. Synthesis and
Evaluation of In Vitro Anticancer Activity of Novel Solasodine Derivatives.
Chin Chem Lett (2010) 20(9):1087-90. doi: 10.1016/j.cclet.2010.04.020

Xiao MZ, Fei RZ, Jia QS, Yan KC, Yi HZ, Liu ,J, et al. Synthesis and In Vitro
Antitumor Activities of Novel Soladulcidine Derivatives. ] China Pharm Univ
(2010) 41(6):493-8. doi: CNKI:SUN:ZGYD.0.2010-06-006

Sunassee SN, Ransom T, Henrich CJ, Beutler JA, Gustafson KR. Steroidal
Alkaloids From the Marine Sponge Corticium Niger That Inhibit Growth of
Human Colon Carcinoma Cells. J Natural Prod (2013) 77(11):2475-80.
doi: 10.1055/s-0033-1348635

Abdel-Kader MS, Bahler BD, Malone S, Werkhoven M, Troon FV, David,
et al. Dna-Damaging Steroidal Alkaloids From Eclipta Alba From the
Suriname Rainforestl. J Natural Prod (1998) 61(10):1202-8. doi: 10.1021/
np970561c

Lee HS, Seo Y, Rho JR, Shin J, Paul VJ]. New Steroidal Alkaloids From an
Undescribed Sponge of the Genus Corticium. J Natural Prod (2001) 64
(11):1474. doi: 10.1021/np0101649

Zampella A, D'Orsi R, Sepe V, Marino SD, Borbone N, Valentin A, et al.
Isolation of Plakinamine I: A New Steroidal Alkaloid From the Marine Sponge
Corticium Sp. And Synthesis of an Analogue Model Compound. Eur ] Org
Chem (2005) 2005(20):4359-67. doi: 10.1002/¢joc.200500364

Ridley CP, Faulkner DJ. New Cytotoxic Steroidal Alkaloids From the
Philippine Sponge Corticium Niger. J Natural Prod (2003) 66(12):1536-9.
doi: 10.1021/np0302706

Fedorov SN, Stonik VA, Honecker F, Dyshlovoy SA. Structure-Activity
Relationship Studies of New Marine Anticancer Agents and Their Synthetic
Analogues. Curr Med Chem (2016) 24(42):4779-99. doi: 10.2174/
0929867324666161121115404

Silvente-Poirot S, Medina PD, Record M, Poirot M. From Tamoxifen to
Dendrogenin a: The Discovery of a Mammalian Tumor Suppressor and
Cholesterol Metabolite. Biochimie (2016) 30:109-14. doi: 10.1016/j.biochi.2016.05.016
Poirot M, Silvente-Poirot S. When Cholesterol Meets Histamine, it Gives Rise
to Dendrogenin a: A Tumour Suppressor Metabolite 1. Biochem Soc Trans
(2016) 44:631-7. doi: 10.1042/bst20150232

Yun S, Chen JX, Lin Z, Jia S, Yan L, Qiu MH. Three New Pregnane Alkaloids
From Veratrum Taliense. Helv Chim Acta (2012) 95(7):1114-20. doi: 10.1002/
hlca.201100461

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Guo C, Lacour TG, Fuchs PL. On the Relationship of Osw-1 to the
Cephalostatins. Bioorg Med Chem Lett (1999) 9(3):419-24. doi: 10.1016/
S0960-894X(98)00743-4

Gao LJ, Chen FY, Li XY, Xu SF, Huang WH, Ye YP. Three New Alkaloids
From Veratrum Grandiflorum Loes With Inhibition Activities on Hedgehog
Pathway. Bioorg Med Chem Lett (2016) 26(19):4735-8. doi: 10.1016/
j.bmcl.2016.08.040

Wang D, Jiang Y, Wu K, Wang S, Wang Y. Evaluation of Antitumor
Property of Extracts and Steroidal Alkaloids From the Cultivated Bulbus
Fritillariae Ussuriensis and Preliminary Investigation of Its Mechanism of
Action. BMC Complementary Altern Med (2015) 15(1):29. doi: 10.1186/
512906-015-0551-5

Wen-Long GU, Yang Y, Cai J, Min JI. The Antineoplastic Effect of
Cyclopamine and its Analogies. Prog Pharm Sci (2009) 33(2):631-7.
doi: 10.3969/j.issn.1001-5094.2009.02.004

Tovine V, Mori M, Calcaterra A, Berardozzi S, Botta B. One Hundred Faces of
Cyclopamine. Curr Pharm Design (2016) 22(12):16580-81. doi: 10.2174/
1381612822666160112130157

Zhang J, Garrossian M, Gardner D, Garrossian A, Chang Y-T, Yun Kyung K,
et al. Synthesis and Anticancer Activity Studies of Cyclopamine Derivatives.
Bioorg Med Chem Lett (2008) 18(4):1359-63. doi: 10.1016/j.bmcl.2008.01.017
Zheng XH, Guan TW, Han XR, Wang SS, Zhao WJ. Synthesis and Antitumor
Activity of Cyclopamine Analogues. Natural Prod Res Dev (2015) 27(5):890—
5. doi: 10.16333 /j.1001-6880. 2015.05.027

Heretsch P, Buttner A, Tzagkaroulaki L, Zahn S, Kirchner B. Exo-
Cyclopamine-a Stable and Potent Inhibitor of Hedgehog-Signaling. Chem
Commun R Soc Chem (2011) 47(26):7362-4. doi: 10.1002/chin.201146188
Moschner J, Chentsova A, Eilert N, Rovardi I, Heretsch P, Giannis A.
Cyclopamine Analogs Bearing Exocyclic Methylenes Are Highly Potent and
Acid-Stable Inhibitors of Hedgehog Signaling. Beilstein | Org Chem (2013) 9
(1):2328-35. doi: 10.3762/bjoc.9.267

Khanfar MA, Sayed KE. The Veratrum Alkaloids Jervine, Veratramine, and
Their Analogues as Prostate Cancer Migration and Proliferation Inhibitors:
Biological Evaluation and Pharmacophore Modeling. Med Chem Res (2013)
22(10):4775-86. doi: 10.1007/s00044-013-0495-6

Goft RD, Thorson JS. Enhancement of Cyclopamine via Conjugation With
Nonmetabolic Sugars. Org Lett (2012) 14(10):2454-7. doi: 10.1021/01300703z
Tremblay MR, Lescarbeau A, Grogan MJ, Tan E, Lin G, Austad BC, et al.
Discovery of a Potent and Orally Active Hedgehog Pathway Antagonist (Ipi-
926). ] Med Chem (2009) 52(14):4400. doi: 10.1021/jm900305z

Beachy PA, Chen JK, Taipale A. Regulators of the Hedgehog Pathway,
Compositions and Uses Related Thereto. Baltimore, MD: U.S. John Hopkins
University School of Medicine. U.S. Patent No 9,440,988 B2 (2011).

Yang SQ, Feng CL, Wang YC, Min JI. Advances in the Researches on
Derivatives of Cyclopamine. Guangzhou Chem Industry (2013) 41(9):23-6.
doi: 10.3969/j.issn.1001-9677.2013.09.010

Taipale J, Chen JK, Cooper MK, Wang B, Mann RK, Milenkovic L,
et al. Effects of Oncogenic Mutations in Smoothened and Patched can be
Reversed by Cyclopamine. Nature (2000) 406(6799):1005-9. doi: 10.1038/
35023008

Guo XH, Zheng XH, Wang SS, Wang D, Yuan-Yang YU, Zhao WJ. Synthesis of
Veratramine Analogs and Evaluation of Their Antiproliferative Activities on
Cancer Cell In Vitro. Fine Chem (2015) 32(11):1266-70. doi: 10.13550/
j.jxhg 2015.11.012

Tian W. The Chemistry of Pyrazino - Bis - Steroids. Chin ] Org Chem (2000)
20(1):11-21. doi: CNKL:SUN:YJHU.0.2000-01-001

Fukuzawa S, Matsunaga S, Fusetani N. Isolation and Structure Elucidation of
Ritterazines B and C, Highly Cytotoxic Dimeric Steroidal Alkaloids, From the
Tunicate Ritterella Tokioka. ] Org Chem (1995) 60(3):608-14. doi: 10.1021/
jo00108a024

Kumar RN, Lee S. Synthesis and Bioactivity of Bis-Steroidal Pyrazine 23-
Deoxy-25-Epi Ritterostatin Gnln. Steroids (2017) 126:74-8. doi: 10.1016/
j.steroids.2017.07.008

Iglesiasarteaga MA, Morzycki JW. Cephalostatins and Ritterazines. Alkaloids
Chem Biol (2013) 72(4):153. doi: 10.1002/9783527619405.ch6a

Nawasreh M. Chemo- and Regioselective Hydroboration of A14,15 in Certain
Cephalostatin Analogue. Chin Chem Lett (2008) 19(12):1391-4. doi: 10.1016/
j.cclet.2008.09.055

Frontiers in Oncology | www.frontiersin.org

September 2021 | Volume 11 | Article 733369


https://doi.org/10.1007/978-4-431-54038-0_9
https://doi.org/10.1515/hc-2013-0239
https://doi.org/10.18433/J3161Q
https://doi.org/10.1016/j.fitote.2019.104268
https://doi.org/10.1006/bbrc.1997.7903
https://doi.org/10.1590/S0103-50532002000600017
https://doi.org/10.1021/np50091a003
https://doi.org/10.1021/np50091a003
https://doi.org/10.1016/j.foodchem.2013.03.062
https://doi.org/10.1016/j.steroids.2015.10.006
https://doi.org/10.1016/j.phytochem.2017.12.020
https://doi.org/10.1016/j.cclet.2010.04.020
https://doi.org/CNKI:SUN:ZGYD.0.2010-06-006
https://doi.org/10.1055/s-0033-1348635
https://doi.org/10.1021/np970561c
https://doi.org/10.1021/np970561c
https://doi.org/10.1021/np0101649
https://doi.org/10.1002/ejoc.200500364
https://doi.org/10.1021/np0302706
https://doi.org/10.2174/0929867324666161121115404
https://doi.org/10.2174/0929867324666161121115404
https://doi.org/10.1016/j.biochi.2016.05.016
https://doi.org/10.1042/bst20150232
https://doi.org/10.1002/hlca.201100461
https://doi.org/10.1002/hlca.201100461
https://doi.org/10.1016/S0960-894X(98)00743-4
https://doi.org/10.1016/S0960-894X(98)00743-4
https://doi.org/10.1016/j.bmcl.2016.08.040
https://doi.org/10.1016/j.bmcl.2016.08.040
https://doi.org/10.1186/s12906-015-0551-5
https://doi.org/10.1186/s12906-015-0551-5
https://doi.org/10.3969/j.issn.1001-5094.2009.02.004
https://doi.org/10.2174/1381612822666160112130157
https://doi.org/10.2174/1381612822666160112130157
https://doi.org/10.1016/j.bmcl.2008.01.017
https://doi.org/10.16333 /j.1001-6880. 2015.05.027
https://doi.org/10.1002/chin.201146188
https://doi.org/10.3762/bjoc.9.267
https://doi.org/10.1007/s00044-013-0495-6
https://doi.org/10.1021/ol300703z
https://doi.org/10.1021/jm900305z
https://doi.org/10.3969/j.issn.1001-9677.2013.09.010
https://doi.org/10.1038/35023008
https://doi.org/10.1038/35023008
https://doi.org/10.13550/j.jxhg.2015.11.012
https://doi.org/10.13550/j.jxhg.2015.11.012
https://doi.org/CNKI:SUN:YJHU.0.2000-01-001
https://doi.org/10.1021/jo00108a024
https://doi.org/10.1021/jo00108a024
https://doi.org/10.1016/j.steroids.2017.07.008
https://doi.org/10.1016/j.steroids.2017.07.008
https://doi.org/10.1002/9783527619405.ch6a
https://doi.org/10.1016/j.cclet.2008.09.055
https://doi.org/10.1016/j.cclet.2008.09.055
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Huang et al.

Potential of SA in Cancer

64. Fukuzawa S, Matsunaga S, Fusetani N. Isolation of 13 New Ritterazines From
the Tunicate Ritterella Tokioka and Chemical Transformation of Ritterazine
B1. J Org Chem (1997) 62(13):4484-91. doi: 10.1021/j0970091r

Lacour TG, Guo C, Bhandaru S, Boyd MR, Fuchs PL. Interphylal Product
Splicing: The First Total Syntheses of Cephalostatin 1, the North Hemisphere
of Ritterazine G, and the Highly Active Hybrid Analogue, Ritterostatin Gy1y.
Printed At Catholic Mission Press (1998) 120(4):692-707. doi: 10.1021/
j2972160p

65.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Huang, Li, Hong, Zheng, Yu and Zhang. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Oncology | www.frontiersin.org

September 2021 | Volume 11 | Article 733369


https://doi.org/10.1021/jo970091r
https://doi.org/10.1021/ja972160p
https://doi.org/10.1021/ja972160p
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	Potential of Steroidal Alkaloids in Cancer: Perspective Insight Into Structure–Activity Relationships
	Introduction
	Pregnane Alkaloids
	Cyclopregnane Alkaloids
	Cholestane Alkaloid
	Solasodine (Glycoalkaloid)
	Solasodine (Not Glycoalkaloid)
	Others

	C-nor-D-Homosteroidal Alkaloids
	Cyclopamine
	Veratramine

	Bis-Steroidal Pyrazine Alkaloids
	Conclusion
	Author Contributions
	Funding
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


