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Abstract: A series of two new and twenty earlier synthesized branched extra-amino-triterpenoids
obtained by the direct coupling of betulinic/betulonic acids with polymethylenpolyamines, or by
the cyanoethylation of lupane type alcohols, oximes, amines, and amides with the following
reduction were evaluated for cytotoxicity toward the NCI-60 cancer cell line panel, α-glucosidase
inhibitory, and antimicrobial activities. Lupane carboxamides, conjugates with diaminopropane,
triethylenetetramine, and branched C3-cyanoethylated polyamine methyl betulonate showed high
cytotoxic activity against most of the tested cancer cell lines with GI50 that ranged from 1.09 to 54.40µM.
Betulonic acid C28-conjugate with triethylenetetramine and C3,C28-bis-aminopropoxy-betulin were
found to be potent micromolar inhibitors of yeast α-glucosidase and to simultaneously inhibit
the endosomal reticulum α-glucosidase, rendering them as potentially capable to suppress tumor
invasiveness and neovascularization, in addition to the direct cytotoxicity. Plausible mechanisms of
cytotoxic action and underlying disrupted molecular pathways were elucidated with CellMinner
pattern analysis and Gene Ontology enrichment analysis, according to which the lead compounds
exert multi-target antiproliferative activity associated with oxidative stress induction and chromatin
structure alteration. The betulonic acid diethylentriamine conjugate showed partial activity against
methicillin-resistant S. aureus and the fungi C. neoformans. These results show that triterpenic
polyamines, being analogs of steroidal squalamine and trodusquemine, are important substances for
the search of new drugs with anticancer, antidiabetic, and antimicrobial activities.

Keywords: lupane triterpenoids; betulinic acid; betulonic acid; polyamine; squalamine; trodusquemine;
spermidine; cytotoxicity; NCI-60 cancer cell line panel; α-glucosidase; antimicrobial; CellMinner;
Gene Ontology

1. Introduction

Pentacyclic triterpenoids are natural products which are widespread in the plant kingdom
and are useful substrates for the synthesis of various compounds with important bioactivities [1–3].
The introduction of nitrogen-containing substituents into a triterpenoid scaffold resulted in a series of
anticancer, antimicrobial, and antiviral agents [4–11]. Conjugates of steroids and polyamines have
been actively investigated in recent years as potential new cationic steroidal antibiotics [12]. The most
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known compound is squalamine, which has been shown to inhibit mitogen-induced proliferation and
the migration of endothelial cells in vitro and caused significant in vivo inhibition of angiogenesis [13].
This steroidal broad-spectrum antibiotic exhibits activity against Gram-positive and Gram-negative
bacteria, fungi, and viruses [14]. Trodusquemine (spermine analog of squalamine) has tremendous
potential both as an antiobesity and an antidiabetic pharmacotherapeutic [15]. The high biological
activity of squalamine stimulated numerous studies on the design and synthesis of its analogs, including
monoterpene [16] and triterpene-based derivatives [17–21]. Some triterpene–spermine conjugates
form dynamic supramolecular networks in solutions which influence their cytotoxicity [22].

The main chemical modifications of triterpenic acids with polyamines are based on direct coupling
with commercially available di- and tri-amines [4,8,11], as well as 1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetic acid (DOTA) oligo-methylene amines [8]. On the other hand, we have successfully
introduced a polyamine chain into the triterpene core by the reactions of cyanoethylation followed by
a reduction of the nitrile group based on triterpenic alcohols, oximes, amines, and amides, and this
approach allowed us to obtain a broad library of branched extra-amino-triterpenoids [6,9,17,18,20,23,24].
In this paper, we focused on the evaluation of their cytotoxicity toward the NCI-60 cancer cell line
panel, α-glucosidase inhibitory, and antimicrobial activities, as well as synthesis of two new lupane
carboxamides. We were interested if triterpenic polyamine derivatives can become an alternative
group of polyvalent compounds, as was established for squalamine and trodusquemine, and to open a
new area of their detailed study.

2. Results and Discussion

2.1. Chemistry

Two new lupane type amides 2 and 4 were synthesized by the acid chloride method from betulonic
1 and 3β,28-diacetoxy-(20R)-lupane-29-oic 3 [25] acids through the interaction with homopiperazine or
liquid ammonia (Scheme 1). The target derivatives were purified by column chromatography in good
yields and their structure was confirmed by the NMR spectra, in which the signals of amide bond were
found at δ 4.00 and 5.55 ppm in 1НNMR spectra, and δ 174.51 and 177.56 ppm in 13C NMR spectra,
respectively. As mentioned above, a series of branched extra-amino-triterpenoids 5–26 were synthesized
according to already described methods [6,9,18,20,23,24,26–28] (Figure 1). These compounds are
presented by C2, C3, or C28-derivatives of betulin, betulinic, and betulonic acids, methyl betulonate,
or azepanobetulin. The lupane triterpene core is coupled with di- and polymethylenepolyamines,
L-lysine, or piperazine. For the compounds 8, 13, 18, 19, and 21, the polyamine chain was introduced
by the cyanoethylation with the following reduction of the nitrile group. A total of twenty-two lupane
triterpenoids with amide/alkane polyamino-fragments were evaluated for cytotoxicity toward the
NCI-60 cancer cell line panel, antimicrobial activity, and as inhibitors of α-glucosidase.
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Scheme 1. Synthesis of compounds 2 and 4. Reagents and conditions: (a) 1. (COCl)2, CH2Cl2, 25 ◦C, 1
h; 2. homopiperazine, CHCl3, 22 ◦C, 2 h; (b) 1. (COCl)2, CH2Cl2, 25 ◦C, 1 h; 2. NH3, CHCl3, 22 ◦C, 6 h.
Compound 3 [25].

Figure 1. Compound 5 [26]; compounds 6, 7, 11, 12, 14, 15, 16, 19 [23]; compounds 8, 9, 13 [18]; 10 [27];
17 [28]; 18, 25, 26 [6]; 20, 21 [20]; 22, 24 [24]; 23 [9].
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2.2. Biological Evaluation

2.2.1. Evaluation of In Vitro Antiproliferative Activity by NCI

In vitro one-dose (10−5 M) anticancer assays (http://www.dtp.nci.nih.gov) of compounds 2, 4–22,
and 24–26 were performed using a full panel of about 60 human tumor cell lines representing nine
different types of human cancers: leukemia, melanoma, lung, colon, central nervous system (CNS),
ovarian, renal, prostate and breast cancers, in accordance with the protocol of the Drug Evaluation
Branch, National Cancer Institute (NCI), Bethesda, and described elsewhere [29–31]. Results for each
tested compound were reported as the percentage of growth of the treated cells when compared to
the untreated control cells (negative numbers indicate cell death) (see Supplementary Materials and
Table 1).

According to the NCI criteria (reduction of the growth of any one of the cancer cell lines to
ca. 32% or less), compounds 7, 12, 13, 15–17, 20, 22, and 26 did not show cytotoxic activity against
the studied cell lines. Compounds 2, 9, 24, and 25 displayed mild sensitivity against few cell lines
(leukemia SR and HL-60(TB)). Amide 8 inhibited the cell growth of the colon cancer cell line HT29 and
breast cancer MDA-MB-231/ATCC. Betulonic acid Boc-diethylentriamine conjugate 14 showed activity
against leukemia cell lines CCRF-CEM, HL-60(TB), MOLT-4, RPMI-8226, non-small cell lung cancer
HOP-92, NCI-460, colon cancer HCT-116, HT29, SW-620, CNS cancer SF-295, SNB-75, U251, melanoma
SK-MEL-5, renal cancer ACHN, CAKI-1, UO-31, prostate cancer PC-3, and breast cancer MCF7,
MDA-MB-231/ATCC, and T-47D, whereas C3-aminopropoxy-betulinic acid polyamine conjugate 19
was active towards leukemia CCRF-CEM, K-562, MOLT-4, RPMI-8226, and SR, non-small cell lung
cancer NCI-460, colon cancer COLO 205, HCT-116, HT29, KM12, SW-620, CNS cancer U-251, melanoma
LOX IMVI, ovarian cancer IGROV1, OVCAR-8, and breast cancer MCF7 (Table 1).

Lupane carboxamides 4, 5, and betulinic acid diethylentriamine conjugate 6 showed the greatest
antiproliferative activity towards all 59 cell lines, resulting in 57 cases of cancer cell lethality from
−8.82% to −97.54% for compound 4, in 49 cases of cancer cell lethality from −1.70% to −100% for
compound 5 and 57 cases of cancer cell lethality from −4.72% to −100% for compound 6. Betulonic
acid conjugates with 1,3-diaminopropane 10 and triethylenetetramine 11, as well as cyanoethylated
amidoxime 21 were somewhat less active and exhibited the cell growth of 58 (48 cases of cancer cell
lethality from −2.14% to −100%), 52 (50 cases of cancer cell lethality from −4.36% to −96.35%) and 50
(11 cases of cancer cell lethality from −0.38% to −84.68%) cell lines, respectively (Table 2).

Compounds 4–6, 10, 11, and 21, which possessed considerable anti-proliferative activity (Table 2),
were selected for an advanced assay against a full panel (approximately 60 cell lines) at five
concentrations at 10-fold dilution (100, 10, 1, 0.1, and 0.001 µM). A 48-h continuous drug exposure
protocol was used and a sulforhodamine B (SRB) [31] protein assay was used to estimate cell growth.
The result of tested compound is given by three response parameters (GI50, TGI and LC50) for
each cell line from log concentration versus % growth inhibition curves on nine cancer disease (see
Supplementary Materials). The GI50 value (growth inhibitory activity) corresponds to the concentration
of the compound causing a 50% decrease in net cell growth (Table 3).

http://www.dtp.nci.nih.gov
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Table 1. In vitro anticancer activity in 60 human tumor cell lines for compounds 2, 7–9, 12–20, 22 and 24–26 at 10 µM.

Compounds Mean
Growth, %

Range of
Growth, % Sensitive Cell Lines, %

2 89.47 8.04 to 126.62 Leukemia: SR (8.04)

7 99.22 53.80 to 146.79 not active

8 80.54 20.45 to 135.21 Colon Cancer: HT29 (24.32); Breast Cancer: MDA-MB-231/ATCC (20.45)

9 72.02 25.88 to 115.11 Leukemia: HL-60(TB) (25.88)

12 98.94 59.08 to 140.73 not active

13 104.76 85.83 to 118.03 not active

14 36.65 -33.78 to 73.79

Leukemia: CCRF-CEM (14.95), HL-60(TB) (−14.34), MOLT-4 (11.67), RPMI-8226 (22.20); Non-Small Cell
Lung Cancer: HOP-92 (8.07), NCI-460 (20.60); Colon Cancer: HCT-116 (17.53), HT29 (23.68), SW-620

(28.83); CNS Cancer: SF-295 (31.97), SNB-75 (23.86), U251 (27.93); Melanoma: SK-MEL-5 (−8.44); Renal
Cancer: ACHN (23.51), CAKI-1 (18.57), UO-31 (17.41); Prostate Cancer: PC-3 (19.12); Breast Cancer: MCF7

(22.21), MDA-MB-231/ATCC (−33.78), T-47D (28.02)

15 90.11 56.79 to 114.03 not active

16 100.79 59.32 to 140.95 not active

17 98.74 79.25 to 111.36 not active

19 63.02 −39.45 to 140.99

Leukemia: CCRF-CEM (11.76), K-562 (1.52), MOLT-4 (10.06), RPMI-8226 (29.30), SR (18.41); Non-Small
Cell Lung Cancer: NCI-460 (−16.23); Colon Cancer: COLO 205 (18.88), HCT-116 (12.60), HT29 (4.21),

KM12 (31.48), SW-620 (7.33); CNS Cancer: U251 (−39.45); Melanoma: LOX IMVI (5.71); Ovarian cancer:
IGROV1 (27.33), OVCAR-8 (−28.27); Breast Cancer: MCF7 (14.49)

20 100.53 87.76 to 111.05 not active

22 101.76 80.54 to 123.09 not active

24 93.62 21.69 to 131.79 Leukemia: SR (21.69)

25 91.74 21.22 to 112.08 Leukemia: SR (21.22)

26 90.51 60.92 to 125.91 not active
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Among the tested compounds, the highest cytotoxic activity in five-dose testing mode screening
was observed for the betulinic acid amide 5 with GI50 ranges from 1.09 µM to 13.20 µM against all
panels of NCI60. Thus, its GI50 value was 1.97 µM against colon cancer cell line HCT-116; 1.78 µM
against CNS cancer cell line SF-539; 1.77 µM and 1.09 µM against melanoma cancer cell lines LOX IMVI
and SK-MEL-28, respectively; 1.98 µM against renal cancer cell line CAKI-1; and a GI50 of 1.97 µM
was observed against breast cancer cell line MDA-MB-468. Compound 4 exhibited activities with GI50

ranges from 1.10 µM to 54.40 µM against all panels of NCI60 and the highest cytotoxic activity was
against non-small cell lung cancer cell line HOP-62. For compound 6 (GI50 ranges from 2.95 µM to
20.10 µM) the best value was against prostate cancer cell line PC-3, for compound 10 (GI50 ranges
from 6.95 µM to 38.90 µM)—against colon cancer cell line HT29, for compound 11 (GI50 ranges from
5.60 µM to 50.0 µM)—renal cancer RXF 393 and compound 21 exhibited remarkable activity against
breast cancer cell line MDA-MB-468 (GI50 ranges from 2.02 µM to 50.0 µM) (see the Supplementary
Materials).

Table 2. Percentage cell growth of sixty human tumor cell line anticancer screening data of the tested
compounds 4–6, 10, 11, 21 at single dose assay (10 µM concentration)a.

Subpanel Tumor Cell Lines
Percentage Cell Growth for Compounds

4 5 6 10 11 21

Leukemia

CCRF-CEM −12.36 3.11 5.18 1.39 −11.29 7.42
HL-60(TB) −23.06 1.17 −23.98 1.25 −35.58 0.90
K-562 3.10 4.57 −15.78 1.10 −16.99 5.42
MOLT-4 −29.06 1.86 1.18 2.76 −16.31 −26.81
RPMI-8226 −18.26 −19.77 −8.15 −6.66 −30.74 3.28
SR 10.81 15.50 −4.72 23.66 4.96 1.86

NSC Lung Cancer

A549/ATCC 9.89 −69.33 −64.63 −4.70 −76.50 15.82
EKVX −25.21 −10.31 −11.36 −15.68 11.37 53.13
HOP-62 −72.98 −72.18 −69.12 −26.80 43.09 32.54
HOP−92 −83.15 −62.83 −65.35 −55.49 −65.19 −14.95
NCI-H226 −58.51 −50.47 −23.56 36.64 74.30 2.42
NCI-H23 −40.35 −27.08 −51.70 −8.47 −35.23 21.79
NCI-H322M −78.19 −58.91 −83.84 −68.83 −81.08 46.12
NCI-H460 −61.81 −37.45 −100.00 −43.19 −90.93 4.23
NCI-H522 −61.13 −53.76 −57.83 −16.98 −69.70 13.36

Colon Cancer

COLO 205 −52.98 −66.21 −19.47 7.82 −47.48 17.60
HCC-2998 −68.10 −39.02 −90.36 −23.40 −90.04 26.92
HCT-116 −84.18 −24.80 −26.53 1.97 −80.70 4.16
HCT-15 −44.10 6.36 −24.81 −22.06 −36.56 34.28
HT29 −77.68 −49.47 −39.56 3.90 −77.42 3.88
KM12 −62.05 −63.59 −52.23 −25.31 −81.93 10.89
SW-620 −55.13 −4.49 −86.66 −36.18 −76.71 21.96

CNS Cancer

SF-268 −61.04 4.41 −30.99 −16.88 −38.68 29.14
SF-295 −50.75 −57.70 −84.72 −26.39 −54.47 36.56
SF-539 −83.91 −70.46 −100.00 −36.20 −92.71 −2.29
SNB-19 −39.95 1.30 −74.52 −29.49 −78.54 28.93
SNB-75 −47.83 −39.09 −79.32 −51.56 −41.55 18.44
U251 −51.40 −69.32 −71.65 −13.77 −81.82 −39.66
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Table 2. Cont.

Subpanel Tumor Cell Lines
Percentage Cell Growth for Compounds

4 5 6 10 11 21

Melanoma

LOX IMVI −85.52 −72.80 −41.03 1.37 −68.23 14.56
MALME-3M −88.97 −57.05 −100.00 −18.76 −72.82 25.27
M14 −44.25 8.80 −30.98 5.07 −62.82 26.57
MDA-MB-435 −63.78 −4.44 −89.21 −32.41 −49.89 14.55
SK-MEL-2 −77.63 −31.18 −65.39 −24.21 56.36 36.23
SK-MEL-28 −73.19 0.38 −98.68 −31.42 −73.91 29.25
SK-MEL-5 −71.94 −39.59 −90.10 −23.93 −86.18 −84.68
UACC-257 −46.24 −6.08 −39.58 −46.67 −10.66 8.82
UACC-62 −82.97 −23.23 −100.00 −22.62 −77.94 −25.76

Ovarian Cancer

IGROV1 −71.25 −58.08 −81.43 −6.94 −84.81 18.78
OVCAR−3 −76.19 −46.59 −66.02 −45.89 −72.48 −34.55
OVCAR-5 −77.37 −21.57 −83.37 −47.68 −44.11 50.59
OVCAR-8 −31.70 −64.82 −12.90 −3.81 −75.03 13.17
NCI/ADR-RES −57.29 −8.91 −13.05 −9.52 −73.33 17.06
SK-OV-3 −11.89 −45.72 −14.17 −27.22 70.49 34.60

Renal Cancer

786-0 −73.99 −72.16 −83.51 −22.61 −84.46 −11.47
A498 −81.70 −28.33 −32.64 −44.82 80.81 −0.38
ACHN −75.68 −80.29 −100.00 −49.24 −83.29 13.94
CAKI-1 −45.80 −64.30 −93.59 −54.52 −8.79 18.52
RXF 393 −64.94 −49.35 −82.88 −42.28 −71.88 −43.14
SN12C −91.61 −45.76 −53.68 −34.74 −88.48 −71.91
TK-10 −35.40 −69.84 −67.30 −32.23 −77.68 37.88
UO-31 −97.54 −100.00 −100.00 −34.32 −96.35 19.03

Prostate Cancer

PC-3 −47.42 −24.47 1.07 −53.78 −24.64 4.49
DU-145 −69.87 −32.96 −8.34 −100.00 −56.67 27.53

Breast Cancer

MCF7 −45.58 −12.52 −60.54 −8.46 −57.97 12.44
MDA-MB-231/ATCC −88.58 −28.40 −56.94 −47.78 −92.38 5.09
HS 578T −32.99 −1.70 −23.26 −4.98 47.76 24.26
BT-549 −55.13 −21.60 −51.94 −2.14 58.31 4.40
T-47D −8.82 −24.75 −32.56 −12.76 −4.36 15.11
MDA-MB-468 −40.40 −56.03 −48.60 −19.87 −49.06 4.41

a Survival of cells cultivated in the presence of 10 µM of compound under examination (in percent) compared with
control cells (without the addition of compound to the culture medium) is given. Negative values correspond to
cell death.

In general, lupane amides, conjugates with di- and polymethylenepolyamines (compounds 4–6,
10, 11) and cyanoethylated derivative (compound 21) showed high cytotoxic activity against the most
of the tested cancer cell lines. The pronounced activity was observed for amides 4 and 5, while
derivatives with polyamine chain 10 and 21 showed less inhibition. Comparison of cytotoxicity of
betulinic and betulonic acid conjugates with triethylenetetramine 6 and 11 showed that 3-oxo-group is
more important, except some cell lines (leukemia CCRF-CEM, HL-60 (TB), K-562, RPMI-8226, colon
cancer HCT-116, KM12, melanoma SK-MEL-2, renal cancer A498, ACHN, and prostate cancer PC-3)
(Table 3).
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Table 3. In vitro cytotoxic effects of compounds 4–6, 10, 11 and 21 and standard drugs doxorubicin
(DRB) and 5-fluorouracil (5-FU) against NCI’s human tumor cell line screen.

Panel/Cell Line
4 5 6 10 11 21 DRB 5-FU

GI50
a

(µM)
GI50
(µM)

GI50
(µM)

GI50
(µM)

GI50
(µM)

GI50
(µM)

GI50
(µM)

GI50
(µM)

Leukemia

CCRF-CEM 5.19 4.49 4.55 22.1 9.65 11.7 0.08 9.97
HL-60(TB) 2.76 3.59 7.33 16.5 8.88 5.18 0.19 2.30
K-562 4.09 3.04 6.90 9.84 8.20 2.23 - 3.58
MOLT-4 3.29 3.43 11.5 12.9 6.96 2.52 0.03 0.35
RPMI-8226 2.63 3.53 2.81 17.2 6.78 4.91 0.08 0.04
SR 3.32 4.14 6.76 9.05 5.91 2.87 0.03 -

Non-Small Cell Lung Cancer

A549/ATCC 3.97 2.11 4.97 19.6 7.69 5.27 0.06 0.18
EKVX 9.28 2.96 10.5 23.3 7.34 4.77 0.41 -
HOP-62 1.10 3.21 16.5 18.3 7.91 12.5 0.07 0.39
HOP-92 5.21 2.69 4.61 10.8 2.93 6.90 0.10 77.9
NCI-H226 7.28 4.11 15.5 21.2 7.74 5.43 0.05 54.7
NCI-H23 9.42 2.26 14.7 22.6 9.14 7.59 0.15 0.33
NCI-H322M 13.0 2.59 15.1 17.6 7.32 >50.0 - -
NCI-H460 13.4 2.12 14.7 14.0 9.40 11.1 0.02 0.05
NCI-H522 4.94 3.13 10.3 21.0 8.72 8.34 0.03 7.27

Colon Cancer

COLO 205 4.31 3.63 15.9 21.0 8.74 9.02 0.18 0.15
HCC-2998 10.4 3.96 14.1 21.4 7.16 13.8 0.26 0.05
HCT-116 3.57 1.97 4.40 13.9 6.65 2.89 0.08 0.22
HCT-15 4.04 3.28 11.5 21.7 7.65 5.77 6.46 0.11
HT29 3.73 2.56 14.6 6.95 7.17 6.70 0.12 0.17
KM12 3.86 3.20 6.81 17.3 8.47 9.35 0.27 0.21
SW-620 7.70 3.88 14.7 22.5 7.91 4.45 0.09 0.92

CNS Cancer

SF-268 6.95 4.34 13.5 23.0 7.53 11.4 0.10 1.62
SF-295 8.57 3.39 13.8 22.6 9.42 21.4 0.10 -
SF-539 5.52 1.78 11.1 17.9 7.53 11.0 0.12 0.06
SNB-19 11.9 4.57 12.9 24.7 8.50 12.6 0.04 3.81
SNB-75 5.59 2.74 11.1 32.1 6.26 31.2 0.07 78.7
U251 5.10 2.54 12.7 17.7 7.34 4.30 0.04 0.92

Melanoma

LOX IMVI 10.2 1.77 14.9 25.5 8.72 4.32 0.07 0.24
MALME-3M 10.5 2.39 14.6 23.3 7.40 11.8 0.12 0.05
M14 7.38 6.05 11.0 24.7 8.38 11.9 0.18 0.98
MDA-MB-435 5.23 8.65 13.4 28.7 8.70 9.70 0.25 0.07
SK-MEL-2 10.8 7.63 16.8 27.3 >50.0 13.8 0.17 56.7
SK-MEL-28 12.0 1.09 16.0 22.1 8.49 17.1 0.21 1.03
SK-MEL-5 3.80 5.22 11.1 19.4 6.98 3.02 0.08 0.46
UACC-257 4.83 13.2 15.1 20.6 7.91 5.35 0.14 3.55
UACC-62 5.46 4.20 9.29 27.4 8.96 2.32 0.12 0.52

Ovarian Cancer

IGROV1 13.2 3.32 16.1 21.5 6.42 14.9 0.17 1.22
OVCAR-3 3.95 2.07 12.2 15.7 7.65 5.17 0.39 0.01
OVCAR-4 4.72 3.54 14.1 25.6 7.39 12.3 0.37 4.43
OVCAR-5 14.4 3.78 18.6 14.8 8.78 16.7 0.41 10.9
OVCAR-8 54.4 3.12 18.8 27.7 8.41 9.66 0.10 1.74
NCI/ADR-RES 7.74 3.17 18.9 24.8 8.41 13.5 7.16 0.31
SK-OV-3 13.4 8.18 17.5 17.7 10.6 10.8 0.22 21.8
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Table 3. Cont.

Panel/Cell Line
4 5 6 10 11 21 DRB 5-FU

GI50
a

(µM)
GI50
(µM)

GI50
(µM)

GI50
(µM)

GI50
(µM)

GI50
(µM)

GI50
(µM)

GI50
(µM)

Renal Cancer

786-0 10.9 2.03 12.4 23.2 7.80 6.42 0.13 0.72
A498 12.8 12.2 19.6 22.9 42.6 21.7 0.10 0.35
ACHN 5.78 2.44 12.0 21.7 13.8 10.5 0.08 0.27
CAKI-1 3.24 1.98 5.92 21.9 5.87 10.2 0.95 0.07
RXF 393 4.28 2.10 13.2 17.1 5.60 5.64 0.10 2.61
SN12C 5.65 3.00 13.5 20.8 7.56 7.28 0.07 0.49
TK-10 14.7 2.79 15.8 23.9 10.1 13.8 - 1.12
UO-31 7.57 1.72 11.7 38.9 6.85 15.6 0.49 1.42

Prostate Cancer

PC-3 2.67 2.83 2.95 12.6 6.26 2.26 0.32 2.36
DU-145 9.94 3.21 14.1 17.5 7.47 13.4 0.11 0.36

Breast Cancer

MCF7 3.27 2.91 13.2 10.7 7.38 3.67 0.03 0.07
MDA-MB-31/ATCC 11.8 1.97 15.1 21.1 8.03 10.3 0.51 6.60
HS 578T 12.4 5.74 20.1 40.5 8.30 30.2 0.33 9.77
BT-549 8.17 3.99 15.0 23.8 8.91 11.3 0.23 10.6
T-47D 2.91 4.55 10.9 13.1 7.52 3.47 0.06 8.12
MDA-MB-468 3.96 3.20 8.88 12.6 8.09 2.02 0.05 -

a GI50 was the drug concentration resulting in a 50% reduction in the net protein increase (as measured by SRB
staining) in control cells during the drug incubation, determined at five concentration levels (100, 10, 1.0, 0.1 and
0.01 µM). LC50 is a parameter of cytotoxicity and reflects the molar concentration needed to kill 50% of the cells. The
symbol “-” designates the absence of data.

Furthermore, a mean graph midpoint (MG-MID) is calculated giving an averaged activity
parameter over all cell lines. The compounds 4–6, 10, 11, and 21 showed GI50-MID values of 7.87,
3.67, 12.15, 20.46, 9.17, and 10.25 µM respectively (Table 4). The criterion for the selectivity of these
compounds depends upon the ratio obtained by dividing the full panel MID (the average sensitivity of
all cell lines towards the test agent) by their individual subpanel MID (the average sensitivity of all
cell lines of a particular subpanel towards test agent). Ratio of 3–6 refer to moderate selectivity, ratios
greater than six indicate high selectivity towards the corresponding cell line, while compounds not
meeting either of these criteria are rated as nonselective [32]. In this context, the tested compounds
were found to be nonselective with broad spectrum antitumor activity against the nine tumor subpanels
tested with selectivity ratios ranges of 0.49–2.22.

To compare the patterns of cancer cell line sensitivity towards the most potent compounds 4–6,
10, 11 and 21 a heatmap for pGI50 values was generated (Figure 2). Euclidean distance analysis
revealed that patterns of cancer cell growth inhibition significantly differ between all the hit compounds,
suggesting that they exploit different mechanisms of antiproliferative activity. For example, the most
potent compound 5 shares virtually no similarity with activity patterns of other agents. Compounds 4
and 21 are both relatively selective against five out of six leukemia and, to a lesser extent, colon cancer
cell lines, as well as MCF7 and T47D breast cancer, and PC-7 prostate cancer cells. Overall, HCT-116,
RPMI-8226, A549, and PC-3 cell lines are the most sensitive to all the compounds analyzed.

A raw comparison of the activities of compounds 4–6, 10, 11 and 21 with respect to the activity
reported for the standard drugs doxorubicin and 5-fluorouracil, used by NCI as control [33], reflects
that the activity displayed for these compounds was lower than for the doxorubicin except colon cancer
HCT-15 (compounds 4, 5, and 21) and ovarian cancer NCI/ADR-RES (compound 5). Comparison of the
compounds 4–6, 10, 11, and 21 activities with 5-fluorouracil showed that the studied compounds were
more active against cell lines of leukemia CCRF-CEM with the exception compound 10, NSCL cancer
HOP-92, and NCI-H226, CNS cancer SNB-75, melanoma SK-MEL-5 with exception compound 11,
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ovarian cancer SK-OV-3, and breast cancer T-47D with the exception compounds 6 and 10. Furthermore,
compound 4 also showed the best inhibition of NSCL cancer NCI-H522 cell line; compound 5—leukemia
K-562, NSCL NCI-H522, ovarian cancer OVCAR-3 and OVCAR-4, breast cancer MDA-MB-31/ATCC and
HS578T; compound 11—ovarian cancer OVCAR-4 and breast cancer HS-578T; compound 21—leukemia
K-562 and prostate cancer PC-3 (Table 3). These results suggest that the compounds 4–6, 10, 11, and 21
are promising structures for our future drug development antitumor studies.

Table 4. Selectivity ratio of the compounds 4–6, 10, 11 and 21 towards NCI nine tumor subpanels.

Panel
Compound 4 Compound 5 Compound 6

MIDa MIDb Selectivityc MIDa MIDb Selectivityc MIDa MIDb Selectivityc

Leukemia

7.87

3.55 2.22

3.67

3.20 1.15

12.15

6.64 1.83
NSCL cancer 7.50 1.05 2.79 1.32 11.88 1.02
Colon Cancer 5.37 1.47 3.21 1.14 11.72 1.04
CNS cancer 7.27 1.08 3.23 1.14 12.52 0.97
Melanoma 7.80 1.01 5.58 0.66 13.58 0.89

Ovarian Cancer 15.97 0.49 3.88 0.95 14.10 0.86
Renal Cancer 8.12 0.97 3.53 1.04 13.02 0.93

Prostate cancer 6.31 1.25 3.02 1.22 8.53 1.42
Breast cancer 7.09 1.11 3.73 0.98 13.86 0.88

Panel
Compound 10 Compound 11 Compound 21

MIDa MIDb Selectivityc MIDa MIDb Selectivityc MIDa MIDb Selectivityc

Leukemia

20.46

14.59 1.40

9.17

7.73 1.19

10.25

4.90 2.09
NSCL cancer 18.71 1.09 7.58 1.21 12.43 0.83
Colon Cancer 17.82 1.15 7.68 1.19 7.42 1.38
CNS cancer 23.00 0.89 7.76 1.18 15.32 0.67
Melanoma 24.33 0.84 12.84 0.71 8.81 1.16

Ovarian Cancer 24.63 0.83 8.24 1.11 11.86 0.86
Renal Cancer 23.80 0.86 12.52 0.73 11.39 0.89

Prostate cancer 15.05 1.36 6.87 1.33 7.83 1.31
Breast cancer 20.30 1.01 8.04 1.14 10.16 1.00

MIDa—Average sensitivity of all cell line in µM; MIDb—Average sensitivity of all cell line of particular subpanel in
µM; Selectivityc—ratio MIDa: MIDb.

2.2.2. CellMinerTM and Gene Enrichment Analysis

Given the promising activity of lead compounds, we performed a preliminary evaluation of their
mechanism of action using the CellMiner [34] pattern comparison tool. The premise of this approach is
in the assumption that drugs with similar cytotoxic activity profile share molecular target or mechanism
of action. Hence, pGI50 values obtained for NCI60 cell lines for compounds 4–6, 10, 11, and 21 were
used as seeds to identify significant (p < 0.05) correlations with compounds that were previously
tested at NCI. Results were filtered to exclude weak correlations (Pearson’s coefficient r < 0.5) and
substances with unknown mechanisms of action (Table 5). We also identified correlations between
the 60-cell line gene expression patterns and cancer cell lines sensitivity profiles using CellMiner and
Gene Ontology (GO) term enrichment analysis to further elucidate plausible molecular effectors and
targets of compounds’ action (Supplementary Material Table S1). By analyzing the NCI-60 cell lines
for a correlation between their transcriptome and their sensitivity to the cytotoxic effects, we found
genes that were significantly correlated (p < 0.05) with their in vitro antiproliferative activity. Given
the different activity profiles of lead compounds, it is reasonable to discuss them separately.

No analogs have been found for compound 4, which renders its selectivity towards cancer cell
lines as unseen among drugs with known mechanisms of action. Moreover, there was no structural
similarity between 4 and the top ten agents with the most similar activity patterns (0.56 < r < 0.64,
data not shown). Accordingly, no significant correlations in gene expression patterns were identified
(Supplementary Material Table S1).
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Figure 2. Heatmap for pGI50 values of compounds 4–6, 10, 11 and 21 obtained in the NCI-60 screen.
The color gradient ranges from green (low activity) to red (high activity). White cells indicate the
absence of data for the corresponding cell line. The hierarchical clustering of pGI50 activity patterns
was done using the Euclidian distance method and the average linkage cluster algorithm.
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Table 5. Possible mechanism of action for the lead compounds according to CellMinera.

Compounds Pearson’s Correlation b P Value NSC c Name Mechanism of Action FDA Status

4 - - - - - -

5 0.545 0.000024 727038 CDDO-Im Nrf2 -

6

0.672 0 88536 Calusterone Hormone FDA approved
0.65 0 12198 Dromostanolone propionate Hormone FDA approved

0.62 0 734945 N-(4-Aminophenyl)-4-(3-(3,4-dihydroisoquinolin-
2(1H)-yl)prop-1-en-2-yl)benzamide HDAC -

0.537 0.000012 736101 4-(3-(10H-Phenothiazin-10-yl)prop-1-en-2-yl)-N-
(2-aminophenyl)benzamide HDAC -

0.565 0.000024 730001 N-(2-Aminophenyl)-4-(3-(3,4-dihydro-1H-pyrido
[3,4-b]indol-2(9H)-yl)prop-1-en-2-yl)benzamide HDAC -

0.507 0.000041 92339 Fluphenazine Antipsychotic FDA approved

0.517 0.000063 734949 4-[3-(3,4-Dihydro-1H-isoquinolin-2-yl)prop-1-en-
2-yl]-N-pyrazin-2-ylbenzamide HDAC -

10
0.563 0.000004 776422 LDK-378 ALK inhibitor FDA approved
0.537 0.000014 777193 LDK-378 ALK inhibitor FDA approved
0.511 0.000035 12198 Dromostanolone propionate Hormone FDA approved

11 0.507 0.000379 221019 Wortmannin PI3K inhibitor Clinical trial

21
0.578 0.000002 12198 Dromostanolone propionate Hormone FDA approved
0.537 0.000014 126771 Dichloroallyl lawsone DNA/RNA synthesis inhibitor -

a The drug activity levels used were expressed as pGI50 and obtained from the Developmental Therapeutics Program (DTP) at http://dtp.cancer.gov/index.html. b Pearson’s correlations
between the compound and NCI synthetic library, only correlations with r > 0.5 were considered. c National Service Center Number assigned by the Developmental Therapeutics Program
(NCI) for compounds tested in the NCI-60 assay. The symbol “-” designates the absence of data.

http://dtp.cancer.gov/index.html
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Interestingly, for compound 5 the second best-correlated agent in CellMiner turned out to be
CDDO-Im, a well-known anticancer triterpenoid that selectively induces ROS-mediated apoptosis in
cancer cells by targeting several key regulatory proteins, especially by activating Keap1-Nrf2-ARE
signaling [35]. This finding is supported by gene enrichment analysis (Supplementary Material Table S2
and Figure S49). It was shown that the activity of compound 5 was significantly associated with genes
involved in oxidative stress response, namely PRDX1 that encodes peroxiredoxin-1, thiol-specific
peroxidase, which catalyzes the reduction of hydrogen peroxide and organic hydroperoxides to
protect cancer cell from ROS toxicity. CDDO-Im is known to act via rapid depletion of mitochondrial
thiol glutathione that results in the accumulation of ROS [36]. It appears that a similar cellular
response mediates cytotoxicity of compound 5, although precise molecular mechanism is likely to be
different since 5 lacks electrophilic enone moieties essential for covalent binding to C151 of Keap1 [37].
Constitutive activation of Keap1-NRF2 enables adaptation to high endogenous ROS levels in the
majority of cancer cells, which might explain nearly even GI50 values of compound 5 in various
cell lines.

The activity of compound 6 correlates the most with calusterone and dromostanolone propionate,
anabolic-androgenic steroids used to treat breast cancer. Another strong similarity was found to
benzamide histone deacetylase (HDAC) inhibitors and neuroleptic drug fluphenazine. The latter
inhibits lymphocyte and myeloma cell proliferation due to anti-serotonergic properties [38]. Calusterone
reduces the specific estradiol-receptor interaction [39], and HDAC inhibitors also repress estrogen
receptor-dependent signaling [40]. Gene expression pattern of compound 6 strongly suggests
the involvement of the immune component (Supplementary Material Table S3 and Figure S50).
Many upregulated genes in cell lines sensitive to 6 encode chemokine and interleukin receptors
(CX3CR1, IL10RA, IL21R, IL2RG, CCR2, CCR3). TNFRSF18 encodes a receptor for TNFSF18 which
is also known as glucocorticoid-induced TNFR-related protein and is considered as a co-stimulatory
immune checkpoint molecule. It is involved in the regulation of T cell receptor-mediated cell death [41]
and NF-kappa-B activation to regulate blood-cell production [42]. IL-21 is also noted to have anti-tumor
effects through continued and increased CD8+ cell response [43]. TNFRSF17 is implicated in leukemia,
lymphomas, and multiple myeloma [44,45]. Collectively, these correlations may serve as an explanation
of experimentally observed selectivity of compound 6 towards leukemia cells and highlight its potential
for the treatment of hematological malignancies.

Compound 10 shares similar patterns of growth inhibition with anaplastic lymphoma kinase
inhibitor LDK-378 and dromostanolone propionate. Gene ontology enrichment analysis revealed three
main functional categories that were significantly enriched: chromatin organization and assembly,
DNA binding and steroid hormone signaling pathways (Supplementary Material Table S3 and
Figure S51). The upregulation of PPA2, PPA1, and PRUNE pyrophosphatase genes indicates that 10
might also act through the disruption of mitochondrial membrane potential [46].

Compound 11 shows a moderate correlation with the activity spectrum of PI3K inhibitor
wortmannin. It is also associated with the overexpression of genes involved in chromatin remodeling
(CHD8, PHF8) and apoptosis (PKN1; see Supplementary Material Table S5 and Figure S52). Possible
mechanistic link is in the fact that wortmannin is also implicated in DNA replication, chromatin
remodeling, apoptosis [47,48] and acts as autophagy inhibitor [49]. Whether compound 11 inhibits
phosphatidylinositol 3-kinase pathway remains to be elucidated.

Two agents have similar activity patterns as compound 21—dromostanolone propionate and
dichloroallyl lawsone. Dromostanolone propionate modulates steroid hormone receptor pathways.
It is known that estrogen and growth factor receptor synergy drive malignant progression [50].
Inhibitor of dihydroorotate dehydrogenase dichloroallyl lawsone hampers pyrimidine biosynthesis
and depletes the pool of uridine nucleotides necessary for DNA replication [51]. In turn, cytotoxicity
of 21 is associated with a wide range of genes involved in nucleic acid metabolism (DDX5, RPUSD4,
PUS3), gene transcription (ZNRD1, CTDP1, EIF4A3, CREBZF, HELB), apoptosis (PDCD7, WNT10B),
and mitochondrial function (SUPV3L1, ATP5B, NDUFA5, NDUFB10, ATP5A1; see Supplementary
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Material Table S6 and Figure S53). It appears that compound 21 acts via steroid hormone response
elements inducing multiple changes in gene expression profile that ultimately result in cell cycle arrest.

Thus, CellMiner and GO terms gene expression pattern analysis for the most potent cytotoxic
compounds suggests that their mechanism of action is associated with induction of oxidative stress
and chromatin structure alteration, possibly via interaction with steroid hormone response elements.
Noteworthy, several works reported that polyamine analogs disrupt the association of estrogen
receptors with co-activators and down-regulation of estrogen response element activity, which results
in cancer cell growth inhibition [52–54]. Therefore, the development of triterpenic polyamine conjugates
opens an interesting possibility to modulate several tumor progression related pathways.

2.2.3. α-Glucosidase Inhibition

Pentacyclic triterpenoids, including lupane type, are a well-known source of potent α-glucosidase
inhibitors [55–58]. Moreover, certain triterpenoids were described to combine cytotoxicity towards
cancer cells and α-glucosidase inhibitory properties [59,60]. Glycosylation and cleavage of glycosidic
bonds are essential metabolic processes that mediate multiple cellular processes. In particular, neutral
glucosidases I and II (NAG) of endoplasmic reticulum are responsible for glycoprotein procession
and maturation, and targeting these glucosidases is now being recognized as a possible approach to
tackle cancer [61]. Only several types of NAG inhibitors have been identified to date. Iminosugars like
N-methyldeoxynojirimycin and catanospermine are among the most studied [62]. It was shown that
NAG inhibitors reduce tumor-associated angiogenesis, cell migration, and overall tumor growth [63].
Hence, α-glucosidase inhibition could be considered as an activity adjacent and complementary to
direct cytotoxicity towards cancer cells.

Interestingly, squalamine, while not being cytotoxic per se [64], prevents tumor growth and
progression due to the inhibition of angiogenesis [13], although the underlying mechanism is believed
to be different from glucosidase inhibition [65]. Betulinic acid inhibits yeast α-glucosidase activity
and interferes with N-linked glycan modifications to cell-surface intercellular adhesion molecule-1
(ICAM-1) in human lung carcinoma A549 cells in a similar manner to castanospermine, an inhibitor of
endoplasmic reticulum α-glucosidases I and II [66]. A previous study showed that adhesion molecules,
such as ICAM-1, are associated with metastatic progression [67]. Taken together, these considerations
prompted us to evaluate a series of lupanes with amide function or polyamine chain 11, 12, 16, 18, and
22–26 for α-glucosidase inhibition. Initially, they were screened against α-glucosidase of S. cerevisiae as
an accessible and high-throughput model. Confirmatory experiments were performed on isolated
rough endoplasmic reticulum vesicles from rat liver, which contain neutral α-glucosidases I and II in a
membrane-bound form. The results are shown in Table 6.

Among tested compounds, three yeast α-glucosidase inhibitors were identified. Betulonic acid
C28-conjugate with triethylenetetramine 11 and C3,C28-bis-aminopropoxy-betulin 18 were found to
be the most potent. C2-urea methyl betulonate 25 but not its thiourea analog 26 was found to be active,
as well. Other tested compounds proved to be inactive up to 100 µM concentration. Compounds
11 and 18 were also found to inhibit the α-glucosidase activity of rat liver endoplasmic reticulum.
Lupanes 22 and 24 that comprise spermidine moiety at C28 via imine bond were even more active.
Compound 12 showed only marginal inhibitory properties. Compounds 11 and 18 [19] have not only
notable cytotoxic activity, but also inhibit endoplasmic reticulum α-glucosidase. Further studies should
be performed to establish structural requirements for NAG inhibition and, moreover, to evaluate its
contribution to antitumor activity in animal models that allow taking into account tumor invasiveness
and vascularization. We believe that a combination of cytotoxic and α-glucosidase inhibitory properties
is an attractive approach for the development of novel anticancer agents that warrants further research
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Table 6. Inhibition of α-glucosidases by the compounds 11, 12, 16, 18 and 22–26.

Compounds Yeast α-Glucosidase,
IC50 ± SE (µM)

Rat Liver ER Neutral α-Glucosidase Inhibition,
m ± SD (%)

100 µM 10 µM

11 4.84 ± 1.02 43.60 ± 7.98 * 15.03 ± 8.98
12 >100 23.59 ± 1.34 * 10.21 ± 3.49
16 >100 14.94 ± 6.31 9.05 ± 6.68
18 5.70 ± 1.09 36.51 ± 14.90 * 56.64 ± 4.24 *
22 >100 58.52 ± 8.21 * 31.42 ± 7.96 *
23 >100 5.85 ± 8.03 −1.34 ± 2.22
24 >100 54.62 ± 15.38 * 26.96 ± 2.33 *
25 53.3 ± 5.7 9.62 ± 6.94 8.76 ± 9.63
26 >100 26.60 ± 13.03 11.63 ± 9.09

Acarbose 436.7 ± 10.2 74.55 ± 3.76 * (1 mM)
24.09 ± 6.48 * (100 µM) 5.68 ± 4.68

* p < 0.05 vs. enzyme control (Mann-Whitney U-test, n = 3).

2.2.4. Antibacterial and Fungicidal Activities

As it was mentioned above, steroidal polyamine conjugate squalamine could be considered as a
polyvalent agent with the antiangiogenic and antimicrobial activities [68]. We were interested to know
if lupane polyamine derivatives possess antibacterial properties. For this purpose, compounds 2, 12, 25,
and 26 were evaluated at the University of Queensland (Australia) using five bacterial strains, including
Gram-negative Escherichia coli, Klebsiella pneumonia, Acinetobacter baumannii, and Pseudomonas aeruginosa,
and Gram-positive methicillin-resistant Staphylococcus aureus (MRSA). The antifungal activity was
determined against Candida albicans and Cryptococcus neoformans. The primary screening of the
antimicrobial activity of compounds 2, 12, 25, and 26 were carried out in one concentration of 32 mg/mL
in tests of the inhibition of cell reproduction. Samples with inhibition value above 80% were classed as
actives. Samples with inhibition values between 50 and 80% were classed as partial actives. It was
found that tested compounds 2, 25, and 26 did not inhibit the growth of pathogenic microorganisms
in the studied concentration, whereas betulonic acid diethylentriamine conjugate 12 showed partial
activity against methicillin-resistant S. aureus and the fungi C. neoformans (Table 7).

Table 7. % Growth inhibition of compound 2, 12, 25 and 26 at concentration 32 µg/mL.

Compounds

Gram-Positive Bacteria Gram-Negative Bacteria Fungi

S. aureus E. coli K.
pneumonia

P.
aeruginosa

A.
baumannii

C.
albicans

C.
neoformans

Strain
ATCC
43300

Strain
ATCC
25922

Strain
ATCC
700603

Strain
19606

Strain
ATCC
27853

Strain
ATCC
90028

Strain
H99,

ATCC
208821

2 40.30 1.96 0.98 8.34 33.07 4.14 −5.90
12 71.80 −9.57 9.20 7.72 19.49 11.74 62.56
25 19.78 −5.34 2.44 −8.92 40.86 13.97 −7.93
26 12.66 −7.03 −3.89 −4.64 28.24 5.83 −13.04

3. Materials and Methods

3.1. Chemistry

3.1.1. General

The spectra were recorded at the Center for the Collective Use “Chemistry” of the Ufa Institute
of Chemistry of the UFRC RAS and RCCU “Agidel” of the UFRC RAS. 1H and 13C-NMR spectra
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were recorded on a “Bruker AM-500” (Bruker, Billerica, MA, USA, 500 and 125.5 MHz respectively,
δ, ppm, Hz) in CDCl3, internal standard tetramethylsilane. Mass spectra were obtained on a liquid
chromatograph–mass spectrometer LCMS-2010 EV (Shimadzu, Kyoto, Japan). Melting points were
detected on a micro table “Rapido PHMK05“ (Nagema, Dresden, Germany). Optical rotations were
measured on a polarimeter “Perkin-Elmer 241 MC” (Perkin Elmer, Waltham, MA, USA) in a tube
length of 1 dm. Elemental analysis was performed on a Euro EA-3000 CHNS analyzer (Eurovector,
Milan, Italy); the main standard is acetanilide. Thin-layer chromatography analyses were performed
on Sorbfil plates (Sorbpolimer, Krasnodar, Russia) using the solvent system chloroform–ethyl acetate,
40:1. Substances were detected by 10% H2SO4 with subsequent heating to 100–120 ◦C for 2–3 min.
Betulonic 1 and 3β,28-diacetoxy-(20R)-lupane-29-oic 3 acids were synthesized accordingly [25,69].

3.1.2. Synthesis of 28-(1,4-Diazepan-1-yl)-28-oxolup-20(29)-en-3-one 2

A solution of betulonic acid 1 (1 mmol, 0.46 g) in anhydrous CHCl3 (20 mL) and (COCl)2 (3 mmol,
0.26 mL) was stirred at room temperature for 2 h, then concentrated to dryness under reduced pressure.
A resulting acid chloride was dissolved in anhydrous CHCl3 (30 mL) and treated with homopiperazine
(1.5 mmol, 0.15 g) and three drops of Et3N. The mixture was stirred at room temperature for 3 h,
washed with 5% HCl solution (2 × 100 mL) and H2O (100 mL), dried over CaCl2, the solvent was
removed under reduced pressure. The product was purified by column chromatography with Al2O3

using CHCl3 and a mixture of CHCl3–EtOH (100:1) as eluents. Yield 0.41 g (76%); m.p. 145 ◦C; [α]D
20

-6◦ (с0.05, CHCl3); δH (500.13 MHz, CDCl3) 0.89, 0.94, 0.95, 0.98, 1.03 (5s, 15H, 5CH3), 1.13–1.53 (m,
25H, CH and CH2), 1.65 (s, 3H, H-30), 1.80–2.5 (m, 6H, CH2), 2.80–3.12 (m, 4H, CH2), 4.00 (br. s., 1H,
NH), 4.55 and 4.69 (both d, 2J = 2.0 Hz, 2H, H-29); δC (125.76 MHz, CDCl3) 14.64, 15.87, 15.98, 19.64,
19.75, 21.00, 21.68, 25.67, 26.60, 29.33, 29.67, 29.89, 31.38, 32.23, 33.68, 34.14, 36.11, 36.94, 36.99, 39.66,
40.64, 42.03, 45.62, 45.73, 46.76, 47.32, 50.22, 52.62, 52.85, 54.96, 55.08, 109.25 (C-29), 151.13 (C-20), 174.51
(C-28), 218.14 (C-3); Anal. Calcd for C35H56N2O2: C, 78.31; H, 10.51; N, 5.22. Found: C, 79.71; H, 10.87;
N, 5.32.

3.1.3. Synthesis of 3β,28-Diacetyloxy-(20R)-29-amino-29-oxolupane 4

A solution of compound 3 (1 mmol, 0.56 g) in anhydrous CHCl3 (20 mL) and (COCl)2 (3 mmol,
0.26 mL) was stirred at room temperature for 2 h and then concentrated to dryness under reduced
pressure. A resulting acid chloride was dissolved in anhydrous CHCl3 (30 mL) and treated with
liquid NH3, then stirred at room temperature for 2 h, washed with 5% HCl solution (2 × 100 mL) and
H2O (100 mL), dried over CaCl2, the solvent was removed under reduced pressure. The product was
purified by column chromatography with Al2O3 using CHCl3 as eluent. Yield 0.46 g (83%); m.p. 56 ◦C;
[α]D

20 -175◦ (с0.05, CHCl3); δH (500.13 MHz, CDCl3) δH (500.13 MHz, CDCl3) 0.83, 0.84, 0.85, 0.94, 1.03
(5s, 15H, 5CH3), 1.12–1.83 (m, 29H, CH and CH2), 2.20 (c, 3H, OCOCH3), 2.50 (br. s., 1H, H-15), 3.59 (s,
3H, COOCH3), 4.20–4.51 (m, 2H, H-28), 5.55 (br. s., 2H, NH2); δC (125.76 MHz, CDCl3) 14.71, 15.96,
16.05, 16.12, 16.50, 17.96, 18.12, 20.89, 21.03, 21.31, 23.06, 23.64, 26.89, 27.74, 27.93, 29.62, 33.85, 34.15,
37.02, 37.77, 38.37, 40.94, 42.61, 42.95, 43.67, 46.44, 49.09, 49.92, 55.30, 62.45 (C-28), 80.86 (C-20), 171.02
(O-C=O), 171.65 (O-C=O), 177.56 (CONH2); Anal. Calcd for C34H55NO5: C, 73.21; H, 9.94; N, 2.51.
Found: C, 73.40; H, 10.00; N, 2.62.

3.2. Pharmacological Studies

3.2.1. In Vitro Cancer Screen in NCI, USA

The screening is a two-stage process, beginning with the evaluation of all compounds against
the 60 cell lines at a single dose of 10−5 M. Compounds which exhibit significant growth inhibition
are evaluated against the 60-cell panel at five concentration levels. The human tumor cell lines of the
cancer-screening panel are grown in RPMI 1640 medium containing 5% fetal bovine serum and 2 mM
l-glutamine. For a typical screening experiment, cells are inoculated into 96 well micro titer plates in
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100 mL at plating densities ranging from 5000 to 40,000 cells/well depending on the doubling time
of individual cell lines. After cell inoculation, the micro titer plates are incubated at 37 ◦C, 5% CO2,
95% air and 100% relative humidity for 24 h prior to addition of experimental drugs. After 24 h, two
plates of each cell line are fixed in situ with TCA, to represent a measurement of the cell population for
each cell line at the time of drug addition (Tz). Experimental drugs are solubilized in dimethylsulfoxide
at 400-fold the desired final maximum test concentration and stored frozen prior to use. At the time
of drug addition, an aliquot of frozen concentrate is dissolved and diluted to twice the desired final
maximum test concentration with complete medium containing 50 mg/mL gentamicin. An additional
four, 10-fold, or 1

2 log serial dilutions are made to provide a total of five drug concentrations plus
control. Aliquots of 100 mL of these different drug dilutions are added to the appropriate micro
titer wells already containing 100 mL of medium, resulting in the required final drug concentrations.
Following drug addition, the plates are incubated for an additional 48 h at 37 ◦C, 5% CO2, 95% air,
and 100% relative humidity. For adherent cells, the assay is terminated by the addition of cold TCA.
Cells are fixed in situ by the gentle addition of 50 mL of cold 50% TCA (final concentration, 10% TCA)
and incubated for 60 min at 4 ◦C. The supernatant is discarded, and the plates are washed five times
with tap water and air dried. Sulforhodamine B (SRB) solution (100 mL) at 0.4% in 1% acetic acid is
added to each well, and plates are incubated for 10 min at room temperature. After staining, unbound
dye is removed by washing five times with 1% acetic acid and the plates are air dried. Bound stain
is subsequently solubilized with 10 mM Trizma base, and the absorbance is read on an automated
plate reader at a wavelength of 515 nM. For suspension cells, the methodology is the same except
that the assay is terminated by fixing settled cells at the bottom of the wells by gently adding 50 mL
of 80% TCA (final concentration, 16% TCA). Using the seven absorbance measurements (time zero
(Tz), control growth (C), and test growth in the presence of drug at the five concentration levels (Ti)),
the percentage growth is calculated at each of the drug concentrations levels. Percentage growth
inhibition is calculated as:

[(Ti_Tz)/(C_Tz)]_100 for concentrations for which Ti_Tz

[(Ti_Tz)/Tz]_100 for concentrations for which Ti < Tz

Three dose response parameters are calculated for each experimental agent. Growth inhibition of
50% (GI50) is calculated from [(Ti_Tz)/(C_Tz)]_100 1

4 50, which is the drug concentration resulting in a
50% reduction in the net protein increase (as measured by SRB staining) in control cells during the
drug incubation. The drug concentration resulting in total growth inhibition (TGI) is calculated from
(Ti 1

4 Tz). The LC50 (concentration of drug resulting in a 50% reduction in the measured protein at the
end of the drug treatment as compared to that at the beginning) indicating a net loss of cells following
treatment is calculated from

[(Ti_Tz)/Tz]_100
1
4

_50

Values are calculated for each of these three parameters if the level of activity is reached; however,
if the effect is not reached or is exceeded, the value for that parameter is expressed as greater or less
than the maximum or minimum concentration tested [29–31].

3.2.2. CellMiner and Gene Ontology Enrichment Analysis

Analysis of the GI50 data from the NCI60 cell line screening for the compounds 4–6, 10, 11,
and 21 was performed using pattern comparison functionality of CellMiner (http://discover.nci.nih.gov/

cellminer/) [34]. GO term enrichment analysis and functional profiling of genes with expression profiles
that were significantly correlated (p < 0.5) with the test compounds’ cytotoxicity profile across the
NCI-60 panel of cancer cell lines were performed with a Cytoscape 3.8.0 (Institute for Systems Biology,
Seattle, WA, USA) and BiNGO 3.0.3 plugin (Ghent University, Ghent, Belgium) [70]. Significantly
enriched biological processes and cellular components were evaluated using a hypergeometric test

http://discover.nci.nih.gov/cellminer/
http://discover.nci.nih.gov/cellminer/
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corrected for multiple hypothesis testing (p < 0.05) using a Benjamini–Hochberg false discovery rate
(FDR) correction.

3.2.3. Yeast α-Glucosidase Activity Assay

In a 96-well flat transparent plate, the 0.12 U/mL enzyme solution (EC 3.2.1.20, expressed in
S. cerevisiae, Sigma #G0660, St. Louis, MO, USA) was incubated with test compounds in 67 mM PBS
(pH 6.8) at 37 ◦C for 5 min. Then, p-nitrophenyl-α-d-glucopyranoside (Sigma #N1377, St. Louis,
MO, USA) was added to 1 mM final concentration and an increase in absorbance was recorded for 15 min
at 405 nm wavelength with Infinite M200 PRO microplate reader (Tecan, Austria). Test compounds
were dissolved in DMSO and diluted to the desired concentration in 67 mM PBS (pH 6.8) supplemented
with 0.01% Tween 80 to avoid aggregation. Final DMSO concentration was <0.25% in sample wells,
and it was also introduced in control and blank wells. Acarbose was used as a positive control. Due to
the absence of normal distribution of data, a Mann–Whitney U-test was used to determine statistical
significance versus enzyme control using GraphPad Prism 8.0.1.

3.2.4. Endoplasmic Reticulum α-Glucosidase Activity Assay

Endoplasmic reticulum was isolated from hepatocytes of decapitated male Sprague-Dawley rats,
which were starved overnight and sacrificed the next morning. All experiments were approved by
Volgograd regional ethic committee. The whole procedure was performed at 4 ◦C. In brief, a fresh tissue
sample from an animal was washed twice with 10 mL of PBS to remove residual blood. The tissue was
placed on a paper towel in order to absorb excess liquid and blood clots, if present. It was cut further
into small pieces (1.5–2 cm) and washed once more. After blotting, the tissue was cut into smaller slices
(0.3–0.5 cm) and homogenized in isotonic extraction buffer (50 mM HEPES, pH 7.8, with 1.25 M sucrose,
5 mM EGTA, and 125 mM NaCl supplemented with 1% v/v protease inhibitor cocktail for mammalian
cells, Sigma #P8340, St. Louis, MO, USA) with UltraTurrax T10 (IKA, Germany). Homogenate was
centrifuged at 1000× g for 10 min at 4 ◦C. After removal of the floating lipid layer by aspiration,
supernatant was separated and centrifuged at 12,000× g for 15 min. at 4 ◦C. The supernatant fraction,
which is the post mitochondrial fraction (PMF), was used for isolation of rough endoplasmic reticulum
(RER) enriched microsomes by precipitation with 8 mM CaCl2 added dropwise. The final concentration
of CaCl2 was 7 mM. Resulting sample was centrifuged at 8000 g for 10 min. at 4 ◦C. The supernatant
was discarded, and the pellet was suspended in isotonic extraction buffer (0.3 mL of buffer for each g
of original tissue). The suspension was homogenized completely to afford RER enriched microsomes.
In a 96-well flat transparent plate 25 µL of the isolated RER microsomes were incubated with 50 µL of
test compounds in 67 mM PBS (pH 6.8) at 37 ◦C for 10 min. Then, p-nitrophenyl-α-d-glucopyranoside
(Sigma #N1377, St. Louis, MO, USA) was added to 1 mM final concentration and increase in absorbance
was recorded for 42 min at 405 nm wavelength with Infinite M200 PRO microplate reader (Tecan,
Austria). Concentration of RER microsomes was adjusted to achieve an increase in optical density of
~0.2 in control samples after 30 min. of incubation. Test compounds were prepared as described above
for the yeast α-glucosidase assay.

3.2.5. Antibacterial and Antifungal Assays

Samples were prepared in DMSO and water to a final testing concentration of 32µg/mL, in 384-well,
non-binding surface plate (NBS) for each bacterial/fungal strain, and in duplicate (n = 2) and keeping
the final DMSO concentration to a maximum of 1% DMSO. All the sample-preparation was done using
liquid handling robots. Compounds that showed solubility issues during stock solution preparation
are detailed in the datasheet.

Antibacterial Assay

All bacteria were cultured in cation-adjusted Mueller Hinton broth (CAMHB) at 37
◦

C overnight.
A sample of each culture was then diluted 40-fold in fresh broth and incubated at 37 ◦C for 1.5–3 h.
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The resultant mid-log phase cultures were diluted (CFU/ ml measured by OD600), then added to each
well of the compound containing plates, giving a cell density of 5 × 105 CFU/mL and a total volume of
50 µl. All the plates were covered and incubated at 37 ◦C for 18 h without shaking.

Inhibition of bacterial growth was determined measuring absorbance at 600 nm (OD600), using a
Tecan M1000 Pro monochromator plate reader. The percentage of growth inhibition was calculated for
each well, using negative control (media only) and positive control (bacteria without inhibitors) on the
same plate as references. The significance of the inhibition values was determined by modified Z-scores,
calculated using the median and MAD of the samples (no controls) on the same plate. Samples with
inhibition value above 80% and Z-score above 2.5 for either replicate were classed as actives. Samples
with inhibition values between 50% and 80% and Z-score above 2.5 for either replicate were classed as
partial actives.

The percentage of growth inhibition was calculated for each well, using negative control (media
only) and positive control (bacteria without inhibitors) on the same plate. The MIC was determined
as the lowest concentration at which the growth was fully inhibited, defined by inhibition of ≥ 80%.
The maximal percentage of growth inhibition is reported as DMax, indicating any compounds with
partial activity. Hits were classified by MIC ≤ 16 µg/mL in either replicate.

Antifungal Assay

Fungi strains were cultured for 3 days on Yeast Extract-Peptone Dextrose (YPD) agar at 30 ◦C.
A yeast suspension of 1 × 106 to 5 × 106 CFU/mL (as determined by OD530) was prepared from five
colonies. The suspension was subsequently diluted and added to each well of the compound-containing
plates giving a final cell density of fungi suspension of 2.5 × 103 CFU/mL and a total volume of 50 µl.
All plates were covered and incubated at 35

◦

C for 24 h without shaking.
Growth inhibition of C. albicans was determined measuring absorbance at 530 nm (OD530),

while the growth inhibition of C. neoformans was determined measuring the difference in absorbance
between 600 and 570 nm (OD600–570), after the addition of resazurin (0.001% final concentration) and
incubation at 35 ◦C for an additional 2 h. The absorbance was measured using a Biotek Synergy HTX
plate reader. The percentage of growth inhibition was calculated for each well, using negative control
(media only) and positive control (fungi without inhibitors) on the same plate. The significance of the
inhibition values was determined by modified Z-scores, calculated using the median and MAD of the
samples (no controls) on the same plate. Samples with an inhibition value above 80% and Z-score
above 2.5 for either replicate (n = 2 on different plates) were classed as actives. Samples with inhibition
values between 50% and 80% and a Z-score above 2.5 for either replicate were classed as partial actives.

In both cases, the percentage of growth inhibition was calculated for each well, using negative
control (media only) and positive control (fungi without inhibitors) on the same plate. The MIC was
determined as the lowest concentration at which the growth was fully inhibited, defined by inhibition
of ≥80% for C. albicans and an inhibition ≥70% for C. neoformans. Due to a higher variance in growth
and inhibition, a lower threshold was applied to the data for C. neoformans. The maximal percentage of
growth inhibition is reported as DMax, indicating any compounds with marginal activity. Hits were
classified by MIC ≤ 16 µg/mL in either replicate.

4. Conclusions

In general, these results show that triterpenic polyamines being analogs of steroidal squalamine and
trodusquemine are important substances for the search of new drugs with anticancer, antidiabetic and
antimicrobial activities. We have found that lupane type C28 and C29-carboxamides, C28-conjugates
with triethylenetetramine, and branched C3-cyanoethylated polyamine possess high cytotoxic
activity against NCI-60 cancer cell line panel with GI50 range from 1.09 to 54.40 µM along with
good water solubility up to 100 µM. CellMinner pattern comparison analysis suggests that lead
compounds exert multi-target antiproliferative activity associated with oxidative stress induction
and chromatin structure alteration. Betulonic acid C28-conjugate with triethylenetetramine and
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C3,C28-bis-aminopropoxy-betulin were also potent α-glucosidase inhibitors. The betulonic acid
diethylentriamine conjugate showed partial activity against methicillin-resistant S. aureus and the fungi
C. neoformans. The study of possible mechanisms of action for these compounds will be the task for our
further investigations.

Supplementary Materials: The Supplementary Materials are available online. Figures S1–S2: 1H and 13C spectra
for compounds 2 and 4, Figures S3–S30: Anticancer screening data of compounds 4–6, 10, 11 and 21, Table S1–S6:
Gene ontology (GO) term enrichment analysis for compounds 4–6, 10, 11 and 21, Figures S31–S35: Network
visualization of GO for compounds 5, 6, 10, 11 and 21.

Author Contributions: O.B.K. brought the idea, managed the research, and prepared the manuscript; G.V.G.
conducted chemical experiments; A.G.M. conducted funding acquisition; D.A.B. conducted biological experiments,
computational analysis, and prepared the manuscript.; E.V.S. conducted biological experiments; A.A.S. provided
resources and the supervision of biological experiments. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by Federal program AAAA-A19-119020890014-7.

Acknowledgments: We thank the National Cancer Institute for the screening of cytotoxicity of compounds 2,
4–22, and 24–26. The antimicrobial screening was performed by CO-ADD (The Community for Antimicrobial
Drug Discovery), funded by the Wellcome Trust (UK) and The University of Queensland (Australia). D.A.B.
gratefully acknowledges the Council on grants of the President of the Russian Federation (SP-595.2018.4).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Kvasnica, M.; Urban, M.N.; Dickinson, J.; Sarek, J. Pentacyclic triterpenoids with nitrogen- and
sulfur-containing heterocycles: Synthesis and medicinal significance. Nat. Prod. Rep. 2015, 32, 1303–1330.
[CrossRef] [PubMed]

2. Salvador, J.A.R.; Leal, A.S.; Valdeira, A.S.; Gonçalves, B.M.F.; Alho, D.P.S.; Figueiredo, S.A.C.; Silvestre, S.M.;
Mendes, V.I.S. Oleanane-, ursane-, and quinone methide friedelane-type triterpenoid derivatives: Recent
advances in cancer treatment. Eur. J. Med. Chem. 2017, 142, 95–130. [CrossRef] [PubMed]

3. Sousa, J.L.C.; Freire, C.S.R.; Silvestre, A.J.D.; Silva, A.M.S. Recent Developments in the Functionalization of
Betulinic Acid and Its Natural Analogues: A Route to New Bioactive Compounds. Molecules 2019, 24, 355.
[CrossRef] [PubMed]

4. Bildziukevich, U.; Kaletova, E.; Saman, D.; Sievanen, E.; Kolehmainen, E.T.; Slouf, M.; Wimmer, Z. Spectral
and microscopic study of self-assambly of novel cationic spermine amides of betulinic acid. Steroids 2017,
117, 90–96. [CrossRef]

5. Bildziukevich, U.; Rarova, L.; Janovska, L.; Saman, D.; Wimmer, Z. Enhancing effect of cystamine in its
amides with betulinic acid as antimicrobial and antitumor agent in vitro. Steroids 2019, 148, 91–98. [CrossRef]

6. Kazakova, O.B.; Brunel, J.M.; Khusnutdinova, E.F.; Negrel, S.; Giniyatullina, G.V.; Lopatina, T.V.; Petrova, A.V.
A-ring modified triterpenoids and their spermidine-aldimines with strong antibacterial activity. Molbank
2019, M1078. [CrossRef]

7. Khusnutdinova, E.F.; Apryshko, G.N.; Petrova, A.V.; Kukovinets, O.S.; Kazakova, O.B. The synthesis and
selective cytotoxicity of new Mannich bases derivatives of 19- and 28-alkynyltriterpenoids. Russ. J. Org. Chem.
2018, 1, 123–127. [CrossRef]

8. Kahnt, M.; Hoenke, S.; Fischer, L.; Al-Harrasi, A.; Csuk, R. Synthesis and cytotoxicity evaluation of
DOTA-conjugates of ursolic acid. Molecules 2019, 24, E2254. [CrossRef]

9. Medvedeva, N.I.; Kazakova, O.B.; Lopatina, T.V.; Smirnova, I.E.; Giniyatullina, G.V.; Baikova, I.P.; Kataev, V.E.
Synthesis and antimycobacterial activity of triterpenic A-ring azepanes. Eur. J. Med. Chem. 2018, 143,
464–472. [CrossRef]

10. Smirnova, I.E.; Kazakova, O.B. Structure—Anti-influenza Type a Activity Relationship among a Series of
Nitrogen Lupane Triterpenoids. Nat. Prod. Commun. 2018, 13, 1267–1270. [CrossRef]

11. Spivak, A.Y.; Khalitova, R.R.; Nedopekina, D.A.; Gubaidullin, R.R. Antimicrobial properties of amine- and
guanidine-functionalized derivatives of betulinic, ursolic and oleanolic acids: Synthesis and structure/activity
evaluation. Steroids 2020, 154, 108530. [CrossRef]

http://dx.doi.org/10.1039/C5NP00015G
http://www.ncbi.nlm.nih.gov/pubmed/26030604
http://dx.doi.org/10.1016/j.ejmech.2017.07.013
http://www.ncbi.nlm.nih.gov/pubmed/28754470
http://dx.doi.org/10.3390/molecules24020355
http://www.ncbi.nlm.nih.gov/pubmed/30669472
http://dx.doi.org/10.1016/j.steroids.2016.07.007
http://dx.doi.org/10.1016/j.steroids.2019.04.004
http://dx.doi.org/10.3390/M1078
http://dx.doi.org/10.1134/S1068162018010090
http://dx.doi.org/10.3390/molecules24122254
http://dx.doi.org/10.1016/j.ejmech.2017.11.035
http://dx.doi.org/10.1177/1934578X1801301008
http://dx.doi.org/10.1016/j.steroids.2019.108530


Molecules 2020, 25, 4833 21 of 24

12. Savage, P. Antibacterial properties of cationic steroid antibiotics. FEMS Microbiol. Lett. 2002, 217, 1–7.
[CrossRef] [PubMed]

13. Sills, A.K., Jr.; Williams, J.I.; Tyler, B.M.; Epstein, D.S.; Sipos, E.P.; Davis, J.D.; McLane, M.P.; Pitchford, S.;
Cheshire, K.; Gannon, F.H.; et al. Squalamine inhibits angiogenesis and solid tumor growth in vivo and
perturbs embryonic vasculature. Cancer Res. 1998, 58, 2784–2792. [PubMed]

14. Moore, K.S.; Wehrli, S.; Roder, H.; Rogers, M.; Forrest, J.N.; McCrimmon, D.; Zasloff, M. Squalamine:
An aminosterol antibiotic from the shark. Proc. Natl. Acad. Sci. USA 1993, 90, 1354–1358. [CrossRef]

15. Lantz, K.A.; Hart, S.G.; Planey, S.L.; Roitman, M.F.; Ruiz-White, I.A.; Wolfe, H.R.; McLane, M.P. Inhibition
of PTP1B by Trodusquemine (MSI-1436) Causes Fat-specific Weight Loss in Diet-induced Obese Mice.
Obes. Silver Spring 2010, 18, 1516–1523. [CrossRef]

16. Borselli, D.; Lieutaud, A.; Thefenne, H.; Garnotel, E.; Pagès, J.M.; Brunel, J.M.; Bolla, J.M. Polyamino-isoprenic
derivatives block intrinsic resistance of P. aeruginosa to doxycycline and chloramphenicol in vitro. PLoS ONE
2016, 1–16. [CrossRef]

17. Giniyatullina, G.V.; Flekhter, O.B.; Tolstikov, G.A. Synthesis of squalamine analogues on the basis of lupane
triterpenoids. Mendeleev Commun. 2009, 19, 32–33. [CrossRef]

18. Giniyatullina, G.V.; Kazakova, O.B.; Medvedeva, N.I.; Sorokina, I.V.; Zhukova, N.A.; Tolstikova, T.G.;
Tolstikov, G.A. Synthesis of aminopropylamino derivatives of betulinic and oleanolic acids. Russ. J. Bioog.
Chem. 2013, 39, 329–337. [CrossRef]

19. Giniyatyllina, G.V.; Smirnova, I.E.; Kazakova, O.B.; Yavorskaya, N.P.; Golubeva, I.S.; Zhukova, O.S.;
Pugacheva, R.B.; Apryshko, G.N.; Poroikov, V.V. Synthesis and anticancer activity of aminopropoxytriterpenoids.
Med. Chem. Res. 2015, 24, 3423–3436. [CrossRef]

20. Kazakova, O.B.; Giniyatullina, G.V.; Tolstikov, G.A. Synthesis of a-secomethylenamino- and substituted
amidoximotriterpenoids. Russ. J. Bioog. Chem. 2011, 37, 619–625. [CrossRef]

21. Kazakova, O.B.; Giniyatullina, G.V.; Medvedeva, N.I.; Tolstikov, G.A. Synthesis of a triterpene-spermidine
conjugate. Russ. J. Org. Chem. 2012, 48, 1366–1369. [CrossRef]

22. Bildziukevich, U.; Malík, M.; Özdemir, Z.; Rárová, L.; Janovská, L.; Šlouf, M.; Šaman, D.; Šarek, J.; Nonappa;
Wimmer, Z. Spermine amides of selected triterpenoid acids: Dynamic supramolecular system formation
influences the cytotoxicity of the drugs. J. Mater. Chem. B 2020, 8, 484–491. [CrossRef] [PubMed]

23. Giniyatullina, G.V.; Kazakova, O.B.; Salimova, E.V.; Tolstikov, G.A. Synthesis of new betulonic and oleanonic
acid amides. Chem. Nat. Comp. 2011, 47, 68–72. [CrossRef]

24. Kazakova, O.B.; Giniyatullina, G.V.; Tolstikov, G.A.; Baikova, I.P.; Zaprutko, L.; Apryshko, G.N. Synthesis
and antitumor activity of aminopropoxy derivatives of betulin, erythrodiol, and uvaol. Rus. J. Bioorg. Chem.
2011, 37, 369–379. [CrossRef] [PubMed]

25. Kazakova, O.B.; Medvedeva, N.I.; Suponitskii, K.Y. Synthesis and molecular structure of 3β,28-diacetoxy-
(20R)-lupan-29-oic acid. Chem. Nat. Comp. 2012, 41, 83–85. [CrossRef]

26. Wiemann, J.; Heller, L.; Perl, V.; Kluge, R.; Ströhl, D.; Csuk, R. Betulinic acid derived hydroxamates and
betulin derived carbamates are interesting scaffolds for the synthesis of novel cytotoxic compounds. Eur. J.
Med. Chem. 2015, 106, 194–210. [CrossRef] [PubMed]

27. Pal, A.; Ganguly, A.; Chowdhuri, S.; Yousuf, M.; Ghosh, A.; Barui, A.K.; Kotcherlakota, R.; Adhikari, S.;
Banerjee, R. Bis-Arylidene Oxindole–Betulinic Acid Conjugate: A Fluorescent Cancer Cell Detector with
Potent Anticancer Activity. ACS Med. Chem. Lett. 2015, 6, 612–616. [CrossRef]

28. Alakurtti, S.; Yli-Kauhaluoma, J.; Mäkelä, T.; Koskimies, S.; Bergström, S.; Hokkanen, H.; Menzler-Hokkanen, I.
Betulin Derived Compounds as Anti-Feedants for Plant Pests. U.S. Patent 20120035224A1, 9 February 2012.

29. Grever, M.R.; Schepartz, S.A.; Chabner, B.A. The National Cancer Institute: Cancer drug discovery and
development program. Semin. Oncol. 1992, 19, 622–638.

30. Boyd, M.R.; Paull, K.D. Some practical considerations and applications of the National Cancer Institute
in vitro anticancer drug discovery screen. Drug Rev. Res. 1995, 34, 91–109. [CrossRef]

31. Monks, A.; Scudiero, D.; Skehan, P.; Shoemaker, R.; Paull, K.; Vistica, D.; Hose, C.; Jangley, J.; Cronisie, P.;
Viagro-Wolff, A.; et al. Feasibility of a highflux anticancer drug screen using a diverse panel of cultured
human tumor cell lines. J. Natl. Cancer Inst. 1991, 83, 757–766. [CrossRef]

32. Acton, E.M.; Narayanan, V.L.; Risbood, P.A.; Shoemaker, R.H.; Vistica, D.T.; Boyd, M.R. Anticancer Specificity
of Some Ellipticinium Salts against Human Brain Tumors in vitro. J. Med. Chem. 1994, 37, 2185–2189.
[CrossRef] [PubMed]

http://dx.doi.org/10.1111/j.1574-6968.2002.tb11448.x
http://www.ncbi.nlm.nih.gov/pubmed/12445638
http://www.ncbi.nlm.nih.gov/pubmed/9661892
http://dx.doi.org/10.1073/pnas.90.4.1354
http://dx.doi.org/10.1038/oby.2009.444
http://dx.doi.org/10.1371/journal.pone.0154490
http://dx.doi.org/10.1016/j.mencom.2009.01.013
http://dx.doi.org/10.1134/S1068162013020064
http://dx.doi.org/10.1007/s00044-015-1392-y
http://dx.doi.org/10.1134/S1068162011050086
http://dx.doi.org/10.1134/S1070428012100181
http://dx.doi.org/10.1039/C9TB01957J
http://www.ncbi.nlm.nih.gov/pubmed/31834347
http://dx.doi.org/10.1007/s10600-011-9832-5
http://dx.doi.org/10.1134/S1068162011030101
http://www.ncbi.nlm.nih.gov/pubmed/21899058
http://dx.doi.org/10.1007/s10600-012-0163-y
http://dx.doi.org/10.1016/j.ejmech.2015.10.043
http://www.ncbi.nlm.nih.gov/pubmed/26547057
http://dx.doi.org/10.1021/acsmedchemlett.5b00095
http://dx.doi.org/10.1002/ddr.430340203
http://dx.doi.org/10.1093/jnci/83.11.757
http://dx.doi.org/10.1021/jm00040a010
http://www.ncbi.nlm.nih.gov/pubmed/8035425


Molecules 2020, 25, 4833 22 of 24

33. Montoya, A.; Quiroga, J.; Abonia, R.; Nogueras, M.; Cobo, J.; Insuasty, B. Synthesis and in Vitro Antitumor
Activity of a Novel Series of 2-Pyrazoline Derivatives Bearing the 4-Aryloxy-7-chloroquinoline Fragment.
Molecules 2014, 19, 18656–18675. [CrossRef] [PubMed]

34. Reinhold, W.C.; Sunshine, M.; Liu, H.; Varma, S.; Kohn, K.W.; Morris, J.; Doroshow, J.; Pommier, Y. CellMiner:
A Web-Based Suite of Genomic and Pharmacologic Tools to Explore Transcript and Drug Patterns in the
NCI-60 Cell Line Set. Cancer Res. 2012, 72, 3499–3511. [CrossRef] [PubMed]

35. Yates, M.S.; Tauchi, M.; Katsuoka, F.; Flanders, K.C.; Liby, K.T.; Honda, T.; Gribble, G.W.; Johnson, D.A.;
Johnson, J.A.; Burton, N.C.; et al. Pharmacodynamic characterization of chemopreventive triterpenoids as
exceptionally potent inducers of Nrf2-regulated genes. Mol. Cancer Ther. 2007, 6, 154–162. [CrossRef]

36. Samudio, I.; Konopleva, M.; Hail, N.; Shi, Y.X.; McQueen, T.; Hsu, T.; Evans, R.; Honda, T.;
Gribble, G.W.; Sporn, M.; et al. 2-Cyano-3,12-dioxooleana-1,9-dien-28-imidazolide (CDDO-Im) directly
targets mitochondrial glutathione to induce apoptosis in pancreatic cancer. J. Biol. Chem. 2005, 280,
36273–36282. [CrossRef]

37. Cuadrado, A.; Rojo, A.I.; Wells, G.; Hayes, J.D.; Cousin, S.P.; Rumsey, W.L.; Attucks, O.C.; Franklin, S.;
Levonen, A.L.; Kensler, T.W.; et al. Therapeutic targeting of the NRF2 and KEAP1 partnership in chronic
diseases. Nat. Rev. Drug Discov. 2019, 14–16. [CrossRef]

38. Stadtmauer, E.A.; Siegel, D.; Vogl, D.T.; Stinnett, J.; Narayanan, G.; Bapsy, P.P.; Ganesan, T.; Jain, M.;
Prasad, S.V.S.; McNair, D.S.; et al. A Phase 1 Trial of Fluphenazine HCl (Fz), a Serotonin Antagonist,
in Relapsed and Refractory Multiple Myeloma. Blood 2008, 112, 5188. [CrossRef]

39. Di Carlo, F.; Conti, G.; Reboani, C. Interference of gestagens and androgens with rat uterine oestrogen
receptors. J. Endocrinol. 1978, 77, 49–55. [CrossRef]

40. Rocha, W.; Sanchez, R.; Deschênes, J.; Auger, A.; Hébert, E.; White, J.H.; Mader, S. Opposite Effects of Histone
Deacetylase Inhibitors on Glucocorticoid and Estrogen Signaling in Human Endometrial Ishikawa Cells.
Mol. Pharmacol. 2005, 68, 1852–1862. [CrossRef]

41. Nocentini, G.; Giunchi, L.; Ronchetti, S.; Krausz, L.T.; Bartoli, A.; Moraca, R.; Migliorati, G.; Riccardi, C. A new
member of the tumor necrosis factor/nerve growth factor receptor family inhibits T cell receptor-induced
apoptosis. Proc. Natl. Acad. Sci. USA 1997, 94, 6216–6221. [CrossRef]

42. Liu, B.; Li, Z.; Mahesh, S.P.; Pantanelli, S.; Hwang, F.S.; Siu, W.O.; Nussenblatt, R.B. Glucocorticoid-induced
Tumor Necrosis Factor Receptor Negatively Regulates Activation of Human Primary Natural Killer (NK)
Cells by Blocking Proliferative Signals and Increasing NK Cell Apoptosis. J. Biol. Chem. 2008, 283, 8202–8210.
[CrossRef]

43. Moroz, A.; Eppolito, C.; Li, Q.; Tao, J.; Clegg, C.H.; Shrikant, P.A. IL-21 Enhances and Sustains CD8 + T Cell
Responses to Achieve Durable Tumor Immunity: Comparative Evaluation of IL-2, IL-15, and IL-21. J. Immunol.
2004, 173, 900–909. [CrossRef]

44. Zhao, C.; Inoue, J.; Imoto, I.; Otsuki, T.; Iida, S.; Ueda, R.; Inazawa, J. POU2AF1, an amplification target at
11q23, promotes growth of multiple myeloma cells by directly regulating expression of a B-cell maturation
factor, TNFRSF17. Oncogene 2008, 27, 63–75. [CrossRef]

45. Chapellier, M.; Peña-Martínez, P.; Ramakrishnan, R.; Eriksson, M.; Talkhoncheh, M.S.; Orsmark-Pietras, C.;
Lilljebjörn, H.; Högberg, C.; Hagström-Andersson, A.; Fioretos, T.; et al. Arrayed molecular barcoding
identifies TNFSF13 as a positive regulator of acute myeloid leukemia-initiating cells. Haematologica 2019, 104,
2006–2016. [CrossRef] [PubMed]

46. Lundin, M.; Baltscheffsky, H.; Ronne, H. Yeast PPA2 gene encodes a mitochondrial inorganic pyrophosphatase
that is essential for mitochondrial function. J. Biol. Chem. 1991, 266, 12168–12172. [PubMed]

47. Zewail, A.; Xie, M.W.; Xing, Y.; Lin, L.; Zhang, P.F.; Zou, W.; Saxe, J.P.; Huang, J. Novel functions of the
phosphatidylinositol metabolic pathway discovered by a chemical genomics screen with wortmannin.
Proc. Natl. Acad. Sci. USA 2003, 100, 3345–3350. [CrossRef] [PubMed]

48. Hossain, M.Z.; Akter, R.; Kleve, M.G.; Gealt, M.A. Wortmannin induces MCF-7 breast cancer cell death
via the apoptotic pathway, involving chromatin condensation, generation of reactive oxygen species, and
membrane blebbing. Breast Cancer Targets Ther. 2012, 4, 103–113. [CrossRef]

49. Blommaart, E.F.C.; Krause, U.; Schellens, J.P.M.; Vreeling-Sindelarova, H.; Meijer, A.J. The Phosphatidylinositol
3-Kinase Inhibitors Wortmannin and LY294002 Inhibit Autophagy in Isolated Rat Hepatocytes. Eur. J. Biochem.
1997, 243, 240–246. [CrossRef]

http://dx.doi.org/10.3390/molecules191118656
http://www.ncbi.nlm.nih.gov/pubmed/25405285
http://dx.doi.org/10.1158/0008-5472.CAN-12-1370
http://www.ncbi.nlm.nih.gov/pubmed/22802077
http://dx.doi.org/10.1158/1535-7163.MCT-06-0516
http://dx.doi.org/10.1074/jbc.M507518200
http://dx.doi.org/10.1038/s41573-018-0008-x
http://dx.doi.org/10.1182/blood.V112.11.5188.5188
http://dx.doi.org/10.1677/joe.0.0770049
http://dx.doi.org/10.1124/mol.105.014514
http://dx.doi.org/10.1073/pnas.94.12.6216
http://dx.doi.org/10.1074/jbc.M708944200
http://dx.doi.org/10.4049/jimmunol.173.2.900
http://dx.doi.org/10.1038/sj.onc.1210637
http://dx.doi.org/10.3324/haematol.2018.192062
http://www.ncbi.nlm.nih.gov/pubmed/30819903
http://www.ncbi.nlm.nih.gov/pubmed/1648084
http://dx.doi.org/10.1073/pnas.0530118100
http://www.ncbi.nlm.nih.gov/pubmed/12615994
http://dx.doi.org/10.2147/BCTT.S31712
http://dx.doi.org/10.1111/j.1432-1033.1997.0240a.x


Molecules 2020, 25, 4833 23 of 24

50. Pietras, R.J.; Marquez-Garban, D.C. Membrane-Associated Estrogen Receptor Signaling Pathways in Human
Cancers. Clin. Cancer Res. 2007, 13, 4672–4676. [CrossRef]

51. Bennett, L.L.; Smithers, D.; Rose, L.M.; Adamson, D.J.; Thomas, H.J. Inhibition of synthesis of pyrimidine
nucleotides by 2-hydroxy-3-(3,3-dichloroallyl)-1,4-naphthoquinone. Cancer Res. 1979, 39, 4868–4874.

52. Shah, N.; Thomas, T.J.; Lewis, J.S.; Klinge, C.M.; Shirahata, A.; Gelinas, C.; Thomas, T. Regulation of estrogenic
and nuclear factor κB functions by polyamines and their role in polyamine analog-induced apoptosis of
breast cancer cells. Oncogene 2001, 20, 1715–1729. [CrossRef] [PubMed]

53. Thomas, T.; Kulkarni, G.D.; Gallo, M.A.; Greenfield, N.; Lewis, J.S.; Shirahata, A.; Thomas, T.J. Effects of
natural and synthetic polyamines on the conformation of an oligodeoxyribonucleotide with the estrogen
response element. Nucl. Acids Res. 1997, 25, 2396–2402. [CrossRef] [PubMed]

54. Vijayanathan, V.; Thomas, T.J.; Nair, S.K.; Shirahata, A.; Gallo, M.A.; Thomas, T. Bending of the estrogen
response element by polyamines and estrogen receptors α and β: A fluorescence resonance energy transfer
study. Int. J. Biochem. Cell Biol. 2006, 38, 1191–1206. [CrossRef] [PubMed]

55. Zhang, B.; Xing, Y.; Wen, C.; Yu, X.; Sun, W.; Xiu, Z.; Dong, Y. Pentacyclic triterpenes as α-glucosidase
and α-amylase inhibitors: Structure-activity relationships and the synergism with acarbose. Bioorg. Med.
Chem. Lett. 2017, 27, 5065–5070. [CrossRef]

56. Olennikov, D.N.; Gornostai, T.G.; Penzina, T.A.; Borovskii, G.B. Lupane triterpenoids and sterols from
Inonotus rheades Mycelium and their anti-glucosidase activity. Chem. Nat. Compd. 2017, 53, 988–990.
[CrossRef]

57. Khusnutdinova, E.F.; Petrova, A.V.; Thu, H.N.T.; Tu, A.L.T.; Thanh, T.N.; Thi, C.B.; Babkov, D.A.;
Kazakova, O.B. Structural modifications of 2,3-indolobetulinic acid: Design and synthesis of highly potent
α-glucosidase inhibitors. Bioorg. Chem. 2019, 88, 102957. [CrossRef] [PubMed]

58. Gundoju, N.; Bokam, R.; Yalavarthi, N.R.; Azad, R.; Ponnapalli, M.G. Betulinic acid derivatives: A new class
of α-glucosidase inhibitors and LPS-stimulated nitric oxide production inhibition on mouse macrophage
RAW 264.7 cells. Nat. Prod. Res. 2019, 33, 2618–2622. [CrossRef]

59. Ouyang, J.-K.; Dong, L.-M.; Xu, Q.-L.; Wang, J.; Liu, S.-B.; Qian, T.; Yuan, Y.-F.; Tan, J.-W. Triterpenoids with
α-glucosidase inhibitory activity and cytotoxic activity from the leaves of Akebia trifoliate. RSC Adv. 2018, 8,
40483–40489. [CrossRef]

60. Nguyen, T.P.; Le, T.D.; Phan, N.M.; Bui, T.D.; Mai, D.T. Triterpene saponins with α-glucosidase inhibition
and cytotoxic activity from the leaves of Schefflera sessiliflora. J. Asian Nat. Prod. Res. 2016, 18, 542–550.
[CrossRef]

61. Gerber-Lemaire, S.; Juillerat-Jeanneret, L. Glycosylation Pathways as Drug Targets for Cancer: Glycosidase
Inhibitors. Mini-Rev. Med. Chem. 2006, 6, 104–1052. [CrossRef]

62. Liu, X.; Zang, X.; Yin, X.; Yang, W.; Huang, J.; Huang, J.; Yu, C.; Ke, C.; Hong, Y. Semi-synthesis of
C28-modified triterpene acid derivatives from maslinic acid or corosolic acid as potential α-glucosidase
inhibitors. Bioorg. Chem. 2020, 97, 103694. [CrossRef] [PubMed]

63. Pili, R.; Chang, J.; Partis, R.A.; Mueller, R.A.; Chrest, F.J.; Passaniti, A. The α-Glucosidase I Inhibitor
Castanospermine Alters Endothelial Cell Glycosylation, Prevents Angiogenesis, and Inhibits Tumor Growth.
Cancer Res. 1995, 55, 2920. [PubMed]

64. Teicher, B.A.; Williams, J.I.; Takeuchi, H.; Ara, G.; Herbst, R.S.; Buxton, D. Potential of the aminosterol,
squalamine in combination therapy in the rat 13,762 mammary carcinoma and the murine Lewis lung
carcinoma. Anticancer Res. 1998, 18, 2567.

65. Akhter, S.; Nath, S.K.; Tse, G.M.; Williams, J.; Zasloff, M.; Donowitz, M. Squalamine, a novel cationic steroid,
specifically inhibits the brush- border Na+/H+ exchanger isoform NHE3. Am. J. Physiol. Cell Physiol. 1999,
276, C136–C144. [CrossRef]

66. Hiramatsu, R.; Fukuhara, S.; Mitsuda, S.; Yokomichi, T.; Kataoka, T. Betulinic acid and oleanolic acid, natural
pentacyclic triterpenoids, interfere with N-linked glycan modifications to intercellular adhesion molecule-1,
but not its intracellular transport to the cell surface. Eur. J. Pharmacol. 2015, 767, 126–134. [CrossRef]
[PubMed]

67. Wong, C.W.; Dye, D.E.; Coombe, D.R. The role of immunoglobulin superfamily cell adhesion molecules in
cancer metastasis. Int. J. Cell Biol. 2012, 340296. [CrossRef] [PubMed]

68. Brunel, J.M.; Salmi, C.; Loncle, C.; Vidal, N.; Letourneux, Y. Squalamine: A Polyvalent Drug of the Future?
Curr. Cancer Drug Targets 2005, 5, 267–272. [CrossRef]

http://dx.doi.org/10.1158/1078-0432.CCR-07-1373
http://dx.doi.org/10.1038/sj.onc.1204247
http://www.ncbi.nlm.nih.gov/pubmed/11313919
http://dx.doi.org/10.1093/nar/25.12.2396
http://www.ncbi.nlm.nih.gov/pubmed/9171091
http://dx.doi.org/10.1016/j.biocel.2005.12.015
http://www.ncbi.nlm.nih.gov/pubmed/16767802
http://dx.doi.org/10.1016/j.bmcl.2017.09.027
http://dx.doi.org/10.1007/s10600-017-2180-3
http://dx.doi.org/10.1016/j.bioorg.2019.102957
http://www.ncbi.nlm.nih.gov/pubmed/31077913
http://dx.doi.org/10.1080/14786419.2018.1462182
http://dx.doi.org/10.1039/C8RA08894B
http://dx.doi.org/10.1080/10286020.2015.1121999
http://dx.doi.org/10.2174/138955706778195162
http://dx.doi.org/10.1016/j.bioorg.2020.103694
http://www.ncbi.nlm.nih.gov/pubmed/32120080
http://www.ncbi.nlm.nih.gov/pubmed/7540952
http://dx.doi.org/10.1152/ajpcell.1999.276.1.C136
http://dx.doi.org/10.1016/j.ejphar.2015.10.017
http://www.ncbi.nlm.nih.gov/pubmed/26460147
http://dx.doi.org/10.1155/2012/340296
http://www.ncbi.nlm.nih.gov/pubmed/22272201
http://dx.doi.org/10.2174/1568009054064642


Molecules 2020, 25, 4833 24 of 24

69. Flekhter, O.B.; Nigmatullina, L.R.; Baltina, L.A.; Karachurina, L.T.; Galin, F.Z.; Zarudii, F.S.; Tolstikov, G.A.;
Boreko, E.I.; Pavlova, N.I.; Nikolaeva, S.N.; et al. Synthesis of betulinic acid from betulin extract and study of
the antiviral and antiulcer activity of some related terpenoids. Pharm. Chem. J. 2002, 36, 484–487. [CrossRef]

70. Maere, S.; Heymans, K.; Kuiper, M. BiNGO: A Cytoscape plugin to assess overrepresentation of Gene
Ontology categories in Biological Networks. Bioinformatics 2005, 21, 3448–3449. [CrossRef]

Simple Availability: Simples of the compounds 1–26 are available from the authors.

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1023/A:1021844705853
http://dx.doi.org/10.1093/bioinformatics/bti551
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Chemistry 
	Biological Evaluation 
	Evaluation of In Vitro Antiproliferative Activity by NCI 
	CellMinerTM and Gene Enrichment Analysis 
	-Glucosidase Inhibition 
	Antibacterial and Fungicidal Activities 


	Materials and Methods 
	Chemistry 
	General 
	Synthesis of 28-(1,4-Diazepan-1-yl)-28-oxolup-20(29)-en-3-one 2 
	Synthesis of 3,28-Diacetyloxy-(20R)-29-amino-29-oxolupane 4 

	Pharmacological Studies 
	In Vitro Cancer Screen in NCI, USA 
	CellMiner and Gene Ontology Enrichment Analysis 
	Yeast -Glucosidase Activity Assay 
	Endoplasmic Reticulum -Glucosidase Activity Assay 
	Antibacterial and Antifungal Assays 


	Conclusions 
	References

