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ARTICLE INFO ABSTRACT

Keywords: Aiming at overcoming multidrug resistance (MDR) in cancer, we have been studying Momordica balsamina, a
Momordica balsamina vegetable known as African pumpkin. Five undescribed cucurbitane-type triterpenoids (balsaminaepoxide, bal-
Cucurbitaceae

saminatriol, balsaminoic acid, balsaminal, and balsaminol G) along with five known cucurbitacins were isolated
from the methanol extract of Momordica balsamina aerial parts, whose structures were elucidated by spectro-
scopic data, mainly 1D and 2D NMR experiments. Compounds were evaluated for their ability as P-glycoprotein
(P-gp/ABCB1) inhibitors in multidrug resistant human ABCBI-transfected mouse lymphoma cells (L5178Y,
MDR) and resistant human colon adenocarcinoma cells (COLO 320), using the rhodamine-123 exclusion test, by
flow cytometry. Several compounds, which were found to be non-cytotoxic, strongly inhibited P-gp efflux ac-
tivity in a dose-dependent manner in both cell models. In MRD mouse lymphoma cells, balsaminol G and kar-
avilagenin B were the most active, while in resistant colon adenocarcinoma cells, the strongest inhibitory activity
was found for balsaminaepoxide, balsaminatriol and karavilagenin C, being several-fold more active than the
positive control verapamil. In chemosensitivity assays, in a model of combination chemotherapy, selected
compounds showed to interact synergistically with doxorubicin, thus substantiating their potential as MDR re-
versers. The strongest synergistic interaction was found for balsaminal and balsaminol G.
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1. Introduction Triterpenes with the cucurbitane skeleton are the most characteristic

secondary metabolites from Momordica genus (Chen et al., 2005;

The genus Momordica L. (Cucurbitaceae) comprises more than 50
species distributed in the warm tropics, mainly in Africa and Southeast
Asia (Bharathi and John, 2013). Momordica balsamina L., also known as
African pumpkin, balsam apple or southern balsam pear, is widespread
in tropical and subtropical regions. Characterized by high nutritional
content (Thakur et al., 2009), namely proteins, carbohydrates and
minerals, M. balsamina is considered a gifted food for poor rural com-
munities where the leaves and fruits are cooked and eaten as a vegetable
(Flyman and Afolayan, 2007; Hassan and Umar, 2006). In addition,
M. balsamina has been widely used in African traditional medicine for
the symptomatic treatment of diseases such as diabetes and malaria
(Benoit-Vical et al., 2006).
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Kaushik et al., 2015; Shah et al., 2014). These compounds are known to
have many biological activities (Chen et al., 2005), namely anticancer
and anti-inflammatory properties (Ren and Kinghorn, 2019).

Cancer is a leading cause of death globally. Multidrug resistance
(MDR) is often the principal obstacle to the success of chemotherapy.
One of the most important mechanisms of MDR is the overexpression of
ABC-transporter proteins, which act as efflux pumps. The three major
ABC proteins associated with MDR are P-glycoprotein (P-gp/ABCB1),
multidrug resistance-associated protein 1 (MRP1/ABCC1) and breast
cancer resistance protein (BCRP/ABCG2), the first being the most
frequently implicated in MDR. The development of compounds able to
inhibit P-gp efflux-activity, hence re-establishing the accumulation of
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anticancer agents in cancer cells, has been considered an important
strategy for reversing MDR (Stefan, 2019).

In our previous studies, we have isolated several structurally related
cucurbitane-type triterpenoids from the aerial parts of M. balsamina
(Moénico et al., 2019; Ramalhete et al., 2009a, 2009b, 2010, 2011a,
2011b). Most of them, including acyl derivatives, were shown to be
potent MDR reversers by inhibiting P-gp efflux-pump activity (Monico
et al., 2019; Ramalhete et al., 2009b, 2016). Additionally, when eval-
uated for their antiproliferative activity against sensitive cancer cells
and corresponding multidrug resistant sublines, using as models gastric,
pancreatic and colon cancer entities, some of these compounds were
able to selectively kill resistant cancer cells, thus exhibiting collateral
sensitivity effect (Ramalhete et al., 2018), which is thought to be among
the most promising strategies for tackling MDR. More recently, three
triterpenoids, sharing a new 5/6/3/6/5-fused pentacyclic carbon skel-
eton, named cucurbalsaminane, were isolated from M. balsamina. They
also displayed strong MDR-reversing activity (Monico et al., 2019).

Therefore, based on these promising results and aiming at finding
effective plant-derived compounds with anti-MDR activity, e. g (Cardoso
et al., 2021a, 2021b; Ferreira et al., 2018, 2020a, 2020b; Neto et al.,
2019; Paterna et al., 2017), we have further studied this species. Thus,
herein, we report the isolation and structural elucidation of ten
cucurbitane-type triterpenoids (Fig. 1), from the MeOH extract of
M. balsaming, including five undescribed compounds (1-5) along with
karavilagenins A — C (6-8), and kuguacins B (9) and C (10). Using
human ABCBI-gene transfected L5178Y mouse lymphoma cells and
resistant human colon adenocarcinoma cells, we report their ability as
P-gp inhibitors, along with their cytotoxicity. Additionally, drug com-
bination studies with the anticancer drug doxorubicin were performed.
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Fig. 1. Structures of compounds 1-10.
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2. Results and discussion
2.1. Chemistry

Fractionation of the ethyl acetate soluble part of the methanol
extract (Monico et al., 2019) of the air-dried powdered aerial parts of
M. balsamina yielded five undescribed cucurbitacins (1-5), together
with the known compounds 6-10, which were identified as kar-
avilagenins A (6) (Chang et al., 2008; Nakamura et al., 2006), B (7)
(Chang et al., 2008; Nakamura et al., 2006) and C (8) (Nakamura et al.,
2006; Ramalhete et al., 2009b), and kuguacins B (9) (Chen et al., 2008)
and C (10) (Chen et al., 2008) by comparison of their spectroscopic data
with those reported in the literature.

Compound 1 was isolated as a white amorphous powder with [«]
+92.1 (¢ 0.1, CHCl3). The IR spectrum revealed an absorption band for a
hydroxyl group at 3441 cm™?, while its molecular formula was deduced
as C31Hs5004, from its HRESITOFMS spectrum, which showed a sodium
adduct ion at m/z 511.37696 [M -+ Nal™ (caled for C3;Hs204Na,
511.37578), consistent with six degrees of unsaturation. The 'H NMR
spectrum (Table 1) showed proton resonances corresponding to seven
singlets of tertiary methyl groups (6y 0.67, 0.90, 0.93, 0,97, 1.15, 1.23,
1.25), a secondary methyl at &y 0,89 (3H, d, J = 6.4 Hz), one methoxy at
8y 3.28, and four oxymethine protons (8y 2.65, d, J = 8.4 Hz; 3.37, brd,
J = 5.0 Hz; 3.45 brs and 3.50, dd, J = 8.4 and 2.2 Hz). Furthermore, a
vinylic NMR signal of a tri-substituted double bound at &y 5.77 (d, J =
5.0 Hz) was also observed. The 13¢ NMR spectrum (Table 2) displayed
31 carbon resonances, identified by a DEPT experiment as nine methyl
groups (including a methoxy at §c 56.2), seven methylenes, nine
methines (including one sp2 at 8¢ 120.7, and four oxygenated at 8¢ 68.1,
68.3,76.7 and 77.2), and six quaternary carbons (one sp? at 5; 146.9 and
one oxygenated at 8¢ 59.1). The 'H-'H COSY and HMQC spectra
allowed the establishment of two spin systems (Fig. 2a), namely (A) -CH
(OH)-CH2-CH,-CH-C=CH-CH(OCH3)- and (B) —CH(CH3)-CH-CH
(OH)-CH-, which, together with the heterocorrelations observed in the
HMBC spectrum, indicated a triterpene of the cucurbitane-type, having
an axially-oriented hydroxyl group at C-3 (based on the small coupling
constants of H-3, J3eq, 2ax = J3eq 2¢q), @ double bond at C-5 and a
methoxy at C-7, as karavilagenin C (8) (Nakamura et al., 2006; Ram-
alhete et al., 2009b).

The oxygenated carbon resonances at §c 59.1, 68.1 and 68.3,
observed in the 1*C NMR spectrum, along with two proton signals at 5y
3.50(dd, J =8.4, 2.2 Hz), and 2.65 (d, J = 8.4 Hz), provided evidence for
a hydroxyl group and an epoxide at the side chain, which were located at
C-23 and C-24/C-25, respectively, substantiated by the HMBC spectrum
through 2JC_H and 3JC_H heteronuclear correlations between H-23 (84
3.50), Me-26 (8y 1.23) and Me-27 (8y 1.25) with C-24 (8¢ 68.3) and
between H-20 (8y 1.39) and H-24 (8y 2.65) with C-23 (3¢ 68.1).

The relative configuration of the stereocenters of the tetracyclic
nucleus of 1 was found to be identical to that of karavilagenin C (8) as
determined by a NOESY spectrum (Fig. 2b), taking into consideration
the coupling constant pattern and cucurbitacins biogenesis (Xu et al.,
2004). Concerning the side chain, the configuration at C-23 (R) and C-24
(S) was substantiated by the Nuclear Overhauser effects observed be-
tween H-23 and H-24, together with their coupling constant values
[H-23 (J = 8.4, 2.2 Hz) and H-24 (J = 8.4 Hz)], which were similar to
those found for alisol B, a protostane-type triterpenoid that shares the
same side chain (Jin et al., 2012; Nakajima et al., 1994). Therefore,
compound 1 was determined to be 24(S),25-epoxy-7-methoxycucurbit-
5-ene-3f,23(R)-diol, and named balsaminaepoxide.

Compound 2 was isolated as a white powder with [a] ]230 +79.1(c0.1,
CHCl3) molecular formula, C31Hs204, as inferred from its HRESITOFMS
spectrum through the ion at m/z 511.37739 [M + Na]® (caled for
C31H5004Na, 511.37578). When comparing the NMR data of compound
2 with those of 1, it could be concluded that they shared the same tri-
terpenic nucleus, differing only in the C-17 side chain. Therefore, be-
sides the signals corresponding to the tetracyclic scaffold, the NMR data
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Table 1
1H NMR data for compounds 1-5 (5 in ppm, J in Hz, 300 MHz)."
No. 1° 2" 3 4b 5"
6y (J in Hz)
1 1.42, m; 1.56, m 1.56, m 1.42, m; 1.70, m 1.14, m; 1.59, m 1.72, m
2 1.73, m; 1.91, m 1.74, m; 1.88, m 1.61, m; 1.69, m 1.74, m 1.82, m; 1.98, m
3 3.45, brs 3.50, bs 3.37, bs 3.51, bs 3.64, bs
6 5.77, d (5.0) 5.81,d (4.7) 5.88, d (4.9) 5.84, d (4.6) 6.08, d (2.1)
7 3.37, brd (5.0) 3.41, bd (5.4) 3.33,d (5.3) 3.41,d (5.3) -
8 1.99, d (3.0) 2.04, bs 2.08, s 2.05, bs 2.40, s
10 2.21, dd (11.0, 6.0) 2.26, dd (11.8; 5.1) 2.14, m 2.27 dd (11.8, 5.3) 2.70, td (7.4, 1.8)
11 1.39, m; 1.61, m 1.49, m; 1.61, m 1.39, m; 1.53, m 1.63, m 1.45, m; 1.78, m
12 1.44, m; 1.64, m 1.53, m 1.29, m; 1.39, m 1.30, m; 1.66, m 1.60, m; 1.73, m
15 1.30, m 1.31, m 1.18, m 1.20, m; 1.35, m 1.57, m; 1.06, m
16 1.33, m; 1.87, m 1.64, m; 1.73, m 1.33, m; 1.89, m 1.35, m; 1.88, m
17 1.36, m 1.42, m 1.38, m 1.49, m 1.45, m
18 0.90, s 0.94, s 0.81,s 0.97, s 0.87, s
19 0.93, s 0.91, s 1.20, s 1.00, s 0.96, s
20 1.39, m 1.73, m 2.01, m 2.13, m 1.54, m
21 0.89,d (6.4) 0.92,d (6.4) 1.05, d (6.0) 0.98, d (6.6) 0.89,d (6.1)
22 0.88, m; 1.69, m 0.93, m; 1.52, m 1.96, m; 2.38, m 2.13, m; 2.46 dd (15.0, 4.1) 1.78, m; 2.17, m
23 3.50, dd (8.4, 2.2) 3.67, ddd (10.9,6.6,1.9) - 9.75, bs 5.49, ddd (15.6,8.1,5.4)
24 2.65,d (8.4) 3.77,d (6.6) - - 5.37,d (15.6)
25 - - - - -
26 1.23,s 4.98,bs; 4.93,bs - - 1.23,s
27 1.25,s 1.71,s - - 1.23,s
28 0.97, s 1.01,s 0.92, s 1.03, s 1.13,s
29 1.15,s 1.19,s 1.17,s 1.21, s 1.24,s
30 0.67, s 0.69, s 0.59, s 0.71, s 0.81, s
7-OMe 3.28,s 3.32, s 3.24,s 3.34,s -
25-OMe - - - - 3.13,s

# Assignments were based on DEPT, HMQC, COSY, and HMBC experiments.

b Data were recorded in CDCls.
¢ Data were recorded in CgDg.

Table 2
13C NMR spectroscopic data for compounds 1-5. (§ in ppm, 75 MHz)".

No. 1° 2P 3 4P 5"

1 21.1 21.2 21.4 21.2 21.0
2 28.7 28.7 29.3 28.7 28.8
3 76.7 76.9 76.6 76.9 76.8
4 41.7 41.9 41.8 41.9 42.9
5 146.9 146.9 146.7 147.0 169.2
6 120.7 121.0 120.9 121.0 126.0
7 77.2 77.4 77.3 77.4 203.0
8 47.8 47.9 48.8 48.1 59.9
9 33.9 34.1 34.3 34.1 36.0
10 38.7 38.8 39.1 38.8 40.4
11 32.7 32.8 32.9 32.7 31.4
12 30.2 30.3 30.4 30.2 29.9
13 46.2 46.3 46.3 46.4 45.8
14 47.9 48.0 48.3 48.1 48.6
15 34.6 34.7 34.9 34.7 34.7
16 27.8 28.0 27.9 28.1 27.9
17 50.9 51.0 50.3 50.3 49.7
18 15.4 15.5 15.4 15.5 15.5
19 28.8 29.0 29.3 29.0 28.0
20 31.9 32.6 341 32.0 36.3
21 18.6 18.6 19.8 20.2 19.0
22 40.2 39.8 41.7 51.3 39.5
23 68.1 69.6 178.6 203.6 128.5
24 68.3 80.3 - - 136.9
25 59.1 144.8 - - 75.0
26 19.1 114.2 - - 26.2
27 25.0 18.0 - - 25.9
28 27.8 27.8 27.9 27.9 28.0
29 25.4 25.5 25.7 25.5 25.0
30 18.0 18.1 18.2 18.1 18.1
7-OMe 56.2 56.4 56.2 56.4 -
25-OMe - - - - 50.4

@ Assignments were based on DEPT, HMQC, COSY, and HMBC experiments.

b Data were recorded in CDCls.
¢ Data were recorded in CgDg.

of 2 (Table 1) indicated the presence of one allylic tertiary methyl group,
(8y 1.71), two oxygenated methines (8yg 3.67 and 3.77; 8¢ 69.6 and 80.3)
and a terminal double bond (6y 4.93, brs; 4.98, brs; 8 144.8 and 114.2).
Detailed analysis of the 'H-'H COSY and HMQC spectra of 2 substan-
tiated these structural features, allowing to deduce the side chain as -CH
(CH3)-CH,-CH(OH)-CH(OH)-C(CH3)=CHy where the position of the
functional groups was supported by the HMBC spectrum. In this way,
3JH_C and 2JH_C long-rang correlations between H-24 and C-22/C-23/C-
25/C-26/C-27 provided evidence for a diol system at C-23 and C-24, and
the terminal double bond was corroborated by the 3Ju.c correlation
between Me-27 and C-26. The relative configuration of the side chain
stereocenters of 2, namely the diol system at C-23/C-24, was deduced
based on the coupling constant values of H-23 and H-24 [H-23 (J =10.9,
6.6, 1.9 Hz); H-24 (J = 6.6 Hz)], which were identical to those reported
for the tetracyclic triterpene alisol G, bearing a cycloartane scaffold and
the same side chain [H-23 (J = 10.7, 6.5, 1,7 Hz); H-24 (J = 6.5 Hz)]
(Yoshikawa et al., 1993). The NOE cross-peaks observed between
Me-21/H-23, H-23/Me-27 and Me-27/H-24 substantiated the assign-
ment. Thus, the structure of 2 was determined to be 7f-methox-
ycucurbita-5,25-diene-3f,23(R),24(R)-triol, and named balsaminatriol.

Compound 3 was isolated as a white amorphous powder, [a]3> +
49.5. Its IR spectrum showed absorption bands of carboxyl and hydroxyl
functions at 3422 cm™! and 1703 cm™}, respectively. Its molecular
formula, CyyH4404, consistent with six degrees of unsaturation, was
deduced from its HRESITOFMS spectrum that exhibited a sodium adduct
ion at m/z 455.31404 [M + Na]™ (calcd for CoyH4404Na: 455.31318).
The 'H NMR and '3C NMR data of compound 3 (Tables 1 and 2) were
similar to those of compounds 1 and 2, having however only 27 signals
in the '3C NMR spectrum. In effect, the carbon signals assignable to the
side chain from C-24 to C-27, as well as the corresponding proton res-
onances in the 'H NMR spectrum, were absent, indicating for compound
3 a nor-cucurbitane-type scaffold. In the '3C NMR data, seven methyls
(being one a methoxy), seven methylenes, seven methines and six qua-
ternary carbons were observed. Extensive analysis of the 2D NMR data



C.D. Silva et al.

b)

Phytochemistry 203 (2022) 113354

Fig. 2. Key (a) H-'H COSY, HMBC and (b) NOESY correlations of balsaminaepoxide (1). Energy minimization of the 3D structure of 1 was carried out in MOE
(Molecular Operating Environment) through the MOPAC semi-empirical quantum chemistry program, using the PM3 Hamiltonian and a root mean square gradient at

0.01 kcal/mol/A?. PyMOL was used to visualize the pictures of the models of 1.

of 3 allowed the assignment of the side chain fragment: -CH(CH3)-
CH2-COOH. The presence of a carboxylic acid group at C-23 was sub-
stantiated by the HMBC correlations between H-20 (3J) and H-22 (ZJ)
with C-23. Taken together with the NOESY spectrum, the structure of
compound 3 was determined to be 24,25,26,27-tetranor-7f-methox-
ycucurbit-5-ene-3p-hydroxy-23-oic acid, and named balsaminoic acid.

Compound 4, isolated also as a white amorphous powder, bears a
molecular formula of Cy;H4403, as determined by HRESITOFMS m/z
417.33678 [M + H]™ (caled for CoyHys505 417.33632). Its IR spectrum
showed absorption bands of hydroxyl and carbonyl groups at 3418 cm ™
and 1717 em ™, respectively. When comparing the NMR data of 4 (Ta-
bles 1 and 2) with those of compound 3, the carboxylic group at C-23
was replaced by an aldehyde function (8 9.75 and 8¢ 203.6), which was
also supported by the strong paramagnetic effect (~ 10 ppm) observed at
C-22 (8¢ 51.3), as expected (a-carbon). In the HMBC spectrum, the ZJC_H
correlation from H-22 (8 2.46 (dd, J = 15.0; 4.1 Hz) and 2.13 m)] to C-
23 (8¢ 203.6) also corroborated the above assignment. Similar NOESY
correlations to those observed for compounds 1-3 supported the relative
configuration of the tetracyclic scaffold of 4, which was established as
24,25,26,27-tetranor-7 p-methoxycucurbit-5-ene-3p-hydroxy-23-al, and
named balsaminal.

Compound 5 exhibited a protonated molecule at m/z 471.38403 [M
+ H]* in the HRESITOFMS spectrum, corresponding to the molecular
formula C31H5003 (caled for C3;Hs103: 471.38327). The IR spectrum
displayed absorption bands for a hydroxyl function and a conjugated
carbonyl group at 3447 and 1645 cm ™}, respectively. The 'H and 'C
NMR spectra of 5 showed resonances for seven tertiary methyl groups

(Tables 1 and 2), a secondary methyl (64 0.89 d, J = 6.1 Hz; 8¢ 19.0), a
methoxy group (8y 3.13; 8¢ 50.4), one oxygenated methine (5 3.64 brs;
8¢ 76.8), a di-substituted double bound (6y 5.49 dd, J = 15.6, 8.1, 5.4 Hz
and 8y 5.37 d, J = 15.6 Hz; 5¢ 128.5 and 136.9), and an a,f-unsaturated
carbonyl system (8y 6.08 d, J = 2.1 Hz; 8¢ 126.0, 169.2 and 203.0). The
HMBC 2JC7H correlation from H-8 (8y 2.40) to C-7 (8¢ 203.0) and the
strong paramagnetic effects observed at C-5 (8¢ 169.2, Ad ~ +22),
owing to mesomeric effects, supported the presence of the enone feature
in ring B. As a result, the structure of 5 was elucidated as 25-methox-
ycucurbita-5,23(E)-diene-3f-hydroxy-7-one, and named balsaminol G.

2.2. Cytotoxic activity of compounds

The cytotoxic activity of compounds 1-10 was assessed on sensitive
and resistant human colon adenocarcinoma cells (COLO 205, sensitive;
COLO 320, resistant) and on L5178Y parental (L5178Y, PAR) and
human ABCBI1-gene transfected (L5178Y, MDR) mouse T-lymphoma
cells through the thiazolyl blue tetrazolium bromide (MTT) assay
(Table S1, Supporting Information). As displayed in Table S1 (Sup-
porting Information), the compounds were non-cytotoxic or showed
weak cytotoxicity in both cell lines and corresponding sublines (ICs >
25 pM in colon adenocarcinoma cells line and ICsg > 28 pM in mouse T-
lymphoma cells).

2.3. P-gp-mediated MDR reversal activity

Compounds 1-10 were assessed for their ability as P-gp inhibitors,
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by the standard rhodamine-123 functional assay, on both sensitive
mouse T-lymphoma and human colon adenocarcinoma cell lines and
corresponding MDR sublines. The inhibition of P-gp efflux activity is
given by fluorescence activity ratio (FAR), which represents the accu-
mulation of rhodamine-123 between resistant (COLO 320 and L5178Y-
MDR) and sensitive (COLO 205 and L5178Y-PAR) cells. All the com-
pounds were tested at 2 and 20 pM, and in some cases (5, 7, 8) at 0.2 pM.
Verapamil was used as positive control (20 pM). In the human ABCBI-
gene transfected mouse lymphoma cells, compounds with FAR values
higher than 1 are classified as active P-gp inhibitors and those with FAR
values > 10 as strong inhibitors. The same classification cannot be
applied in COLO 320 MDR cells owing to their lower P-gp expression
values.

The results are summarized in Table 3. As it can be observed, in
mouse lymphoma cells, excepting compound 3, which was barely active,
all the compounds revealed to inhibit strongly the P-gp efflux activity at
the highest concentration tested (20 pM), exhibiting balsaminol G (5)
and karavilagenin B (7) the highest FAR values (137.8 and 91.3,
respectively). In the same way, compounds 5, and 7 were also the
strongest inhibitors at 2 uM (FAR = 14.8, 40.4, respectively), being more
active than the positive control verapamil, at ten-fold higher concen-
tration (FAR = 6.6 at 20 pM). A strong activity was also previously found
for compound 8 (FAR = 42.0) at 2 pM (Ramalhete et al., 2009b).

Similarly, in the human resistant COLO 320 adenocarcinoma cells, in
spite of being observed a decrease on FAR values, compounds 5, 7 and 8
were also among the most active, acting in a dose dependent effect (FAR
values ranging from 1.9 to 3.4 at 2 pM, and from 14.7 to 21.8 at 20 pM).
However, the strongest FAR values at 20 pM were found for compounds
1 (FAR = 3.5 and 23.8, at 2 and 20 pM, respectively) and 2 (FAR = 3.1
and 29.8, at 2 and 20 pM, respectively). When compared with verapamil
(FAR = 4.0 at 20 pM), compounds 1 and 2 were six and seven-fold more
active, respectively (at 20 pM).

The compounds (1-10) share the cucurbitane skeleton, having
compounds 1-4 and 6-8 a methoxy group at C-7, whereas compounds 5,
9 and 10 bear a ketone group at this position integrated in an enone
system. When comparing the results of compounds from the first set
(1-4 and 6-8), the presence of hydroxyl groups at the side chain appears
to play an important role in reversing MDR activity on both cell lines (7,
FAR = 40.4 and 91.3 at 2 and 20 pM, respectively - L5178Y-MDR; FAR
= 3.4 and 18.2 at 2 and 20 pM, respectively -COLO 320). It is interesting
to note that the nor-cucurbitanes 3 and 4 showed a marked decrease of
FAR values (at 2 pM), highlighting the importance of the side chain for
the activity in both cell lines. This conclusion was substantiated by the
results observed for the nor-cucurbitane 10, with a carbonyl group at C-
7. In fact, in these three compounds, bearing an o,p-unsaturated
carbonyl group in ring B (5, 9 and 10), compounds 5 and 9, which differ
from 10 only in the side chain, showed a higher activity in both cell lines
(Table 3). These results are in agreement with those that we have pre-
viously found for other nor-cucurbitane-type triterpenoids (Monico
et al., 2019; Ramalhete et al., 2009b, 2016).

Aiming at finding correlation between FAR values obtained in the
transport assay and some physicochemical properties of compounds
1-10, the molecular descriptors molecular weight (MW), molecular
volume (MV), logarithm of the octanol/water partition coefficient (log
P), topological polar surface area (TPSA) and hydrogen-bonding po-
tential were calculated, using Molinspiration Cheminformatics free web
services and Virtual Computational Chemistry Laboratory software
(Table S2) (Molinspiration, 2021; Tetko et al., 2005; VCCLAB, 2021). By
analysis of Table S2 of compounds 1-10, although no statistical corre-
lation with FAR values was found, it could be observed that the most
active compounds (5 and 7) on L5178Y mouse lymphoma cells were
among the most lipophilic (log P values of 7.0 and 6.7, respectively).
They are characterized by TPSA values of 46.5 and 49.7 A2, respectively,
molecular weight of 470 (5) and 472 (7) g/mol, and a similar molecular
volume (5, 493.4 A3; 7,499.3 A3). Moreover, they can establish four or
five hydrogen bonds. Conversely, when comparing the physicochemical
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properties of compounds 1 and 2, which showed the best activity on the
human colon adenocarcinoma cells, it is interesting to note that they are
among the compounds with the lowest log P values (5.2 and 5.0,
respectively). Moreover, they showed the highest molecular weight
(488 g/mol), TPSA values (1, 62.2 A% 2, 69.9 A?) and H-bonding po-
tential (7 and 6 hydrogen bonds). The molecular volume of both com-
pounds was also among the highest observed (1, 503.7 A3; 2,508.2 10\3).
Based on these results, it can be deduced that the inhibition of P-gp
efflux activity of these compounds depends on several factors, including
the intrinsic characteristics of the studied cell lines.

2.4. Combination assay with doxorubicin

In order to study the type of in vitro interaction between the test
compounds (excepting compounds 3 and 10) and the anticancer drug
doxorubicin, they were evaluated in a combination chemotherapy
model on MDR mouse T-lymphoma cells. On the assay, several con-
centrations of compounds and doxorubicin were used and the extension
of interactions between doxorubicin and the tested compound was
calculated and expressed using the combination index (CI) value defined
by Chou and Talalay (Chou, 2010). As it can be observed in Fig. 3, all the
compounds displayed a synergistic interaction with doxorubicin,
showing balsaminol G (5), and balsaminal (4) the strongest interaction
(CI value of 0.29) with doxorubicin. Interestingly, compound 5 showed
the highest FAR value in the transport assay at 20 pM (FAR = 137.8)
with the same cell line.

Doxorubicin is a P-gp substrate. Therefore, the efficacy of this anti-
cancer drug, which is used to treat many types of solid and haemato-
logical tumours, has been hampered by P-gp overexpression, which
affects the pharmacokinetics of doxorubicin and thus contributes to drug
resistance. The clinical use of this anticancer drug has been limited by its
side effects, one of the most serious being its toxicity to the cardiac
muscle, where P-gp expression level is variable. Doxorubicin efficacy
and toxicity has been reported to depend on the expression and function
of ABC efflux proteins, such as P-gp, and cation uptake transporters
(Otter et al., 2022). Thus, intracardiac concentrations of various com-
pounds may be modified, depending on the individual P-gp level.

3. Conclusions

Cucurbitane-type triterpenoids from the M. balsamina were previ-
ously reported by our group as promising P-gp inhibitors. Therefore,
aiming at finding new active compounds for structure-activity rela-
tionship studies, we have further investigated this species. Five unde-
scribed cucurbitane-type triterpenoids (1-5), along with five known
cucurbitacins (6-10), were isolated and assessed for their ability as MDR
reversers on multidrug resistant mouse T-lymphoma and human colon
adenocarcinoma cell lines, using both functional and chemosensitivity
assays. In human transfected mouse lymphoma cells, the most active
compounds were balsaminol G (5) and karavilagenin B (7), which were
many-fold more active than the positive control verapamil. However, all
compounds, expecting 3, were found to be very strong inhibitors at 20
uM. In combination assays in the same cell line, these compounds, which
were found non-cytotoxic, interacted synergistically with the anticancer
drug doxorubicin, corroborating the results obtained in the transport
assay. In turn, in human resistant COLO 320 adenocarcinoma cells, the
strongest FAR values were found for compounds 1, 2, and 8, which were
five to seven-fold more active than verapamil at 20 pM.

4. Experimental
4.1. General procedures
Optical rotations were obtained using a PerkinElmer 241 polarim-

eter. Infrared spectra were taken on an Affinity-1 (Shimadzu) FTIR
infrared spectrophotometer. NMR spectra were recorded on a Bruker
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Table 3
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Effects of compounds 1-10 on P-gp mediated R123 efflux, in ABCBI-transfected mouse T-lymphoma (L5178Y-MDR) cells and in resistant human colon adenocar-

cinoma cells (COLO 320).

1-4, 6-8 > 9,10
)
compound FAR®
R concentration L5178Y-MDR COLO 320
pM
Balsaminaepoxide (1) 2.0 9.7 3.5
20.0 70.9 23.8
Balsaminatriol (2) 2.0 5.1 3.1
20.0 74.0 29.8
Balsaminoic acid (3) 2.0 1.1 1.2
20.0 1.6 1.6
Balsaminal (4) 2.0 1.4 0.7
20.0 58.2 4.9
Balsaminol G (5) 0.2 1.0 -
2.0 14.8 1.9
20.0 137.8 14.7
Karavilagenin A (6) 2.0 7.0 1.7
20.0 55.0 7.4
Karavilagenin B (7) 0.2 1.1 -
2.0 40.4 3.4
20.0 91.3 18.2
Karavilagenin C 8)"° 0.5 1.5 -
1.0 15.0 -
2.0 42.0 3.1
20.0 46.0 21.8
Kuguacin B (9) 2.0 6.1 1.6
20.0 57.0 7.6
Kuguacin C (10) 2.0 1.5 1.4
20.0 16.4 2.2
Verapamil 20.0 6.7 4.0
DMSO 2.0% 1.1

? FAR = (MDRgreated/MDR contror)/(Parentalieatea/Parentalcongrol)-

b The results for karavilagenin C (8) were obtained previously (Ramalhete et al., 2009b).
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Fig. 3. Evaluation of the interaction between selected compounds (1, 2, 4-9)
and doxorubicin on ABCBI-transfected mouse T-lymphoma (L5178Y - MDR)
cells. Combination index (CI) values presented in the picture are the mean +
standard deviation (SD) for an inhibitory concentration of 50 % (ICsp). 0.1 < CI
< 0.3: strong synergy; 0.3 < CI < 0.7: synergy; 0.7 < CI < 0.9: moderate to
slight synergy; 0.9 < CI < 1.1 nearly additive; 1.10 < CI < 1.45: moderate
antagonism; 1.45 < CI < 3.30: antagonism (Chou, 2006).

Advance 300 NMR spectrometer (*H 300 MHz; '3C 75 MHz), using
CDCl; as solvent. 'H and '3C chemical shifts are expressed in 6 (ppm)
referenced to the solvent used and the proton coupling constants J are in
hertz (Hz). High-resolution mass spectra (HRMS) were recorded on a
FTICR-MS Apex Ultra (Briiker Daltonics) Tesla mass spectrometer. Col-
umn chromatography (CC) was carried out on SiO; (Merck 9385) or
Combiflash system (Teledyne-Isco; Lincoln, NE, USA), using SiO5 or C;g
pre-packed columns. TLC was performed on pre-coated SiO5 Fas4 plates
(Merck 5554 and 5744) and visualized under UV light and by spraying
with sulfuric acid-methanol (1:1) followed by heating. HPLC was done
on a Merck-Hitachi instrument, with UV detection (254 nm), using a
Merck LiChrospher 100 RP-18 (10 pm x 250 mm x 10 mm) column.

4.2. Plant material

The aerial parts of Momordica balsamina L. (Cucurbitaceae) were
collected in Gaza, Mozambique (Latitude: 23° 44’ S; Longitude: 32° 44’
E), in November 2015 (wet season). The plant material was identified by
Prof. Silva Mulhovo. A voucher specimen (30 SM) has been deposited at
the herbarium (LMA) of the Instituto de Investigacao Agronémica,
Maputo, Mozambique.

4.3. Extraction and isolation

The air-dried powdered aerial parts of M. balsamina (4.5 kg) were
extracted exhaustively with methanol (8 x 15 L), at room temperature.
After evaporating the methanol, at 40 °C, it was obtained a residue of
865 g, which was suspended in MeOH-H20 solution (1:2) and extracted
with EtOAc. The resulting crude EtOAc extract was dried (Na;SO4) and
evaporated, yielding a residue of 535 g that was chromatographed over
silica gel (3 kg), with mixtures of n-hexane-EtOAc and EtOAc-MeOH of
increasing polarity, giving rise to eight fractions (fraction A-H), after
TLC analysis.

Fraction E (27.0 g), obtained with n-hexane-EtOAc (3:2), was chro-
matographed using a silica gel column, yielding fifteen fractions
(Fg1.FE15). Fraction Fgy (8.2 g, n-hexane-EtOAc; 3:2 to 1:1), yielded 2.2 g
of compound 8, after recrystallization (n-hexane-EtOAc). The mother
liquors residue of Fgy (6.0 g) was repeatedly chromatographed, over
silica gel and silica RP-18, yielding five compounds, namely compounds
1 (148 mg), 2 (133 mg), 3 (32 mg), 6 (32 mg) and compound 7 (22 mg),
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whereas compound 4 (10 mg) was obtained after further purification by
semi-preparative HPLC (MeOH-H0; 4:1).

Fraction Fgg (4.3 g, n-hexane-EtOAc; 1:1 to 3:2) was fractionated on a
Combiflash system (silica RP 18), with HoO-MeOH (1:0 to 0:1; 8 mL/
min), giving rise to nine fractions (Fgg, o — Fro. 1). Compound 10 (75 mg)
was obtained from fraction Fgg p (658 mg; HoO— MeOH; 1:3) by using a
Combiflash system (n-hexane-AcOEt and AcOEt-MeOH), and further
purification by recrystallization (n-hexane-AcOEt). Fraction Fgg g (912
mg; HoO-MeOH; 3:17) was subjected to column chromatography, twice,
affording 23 mg and 35 mg of compounds 5 and 9, respectively.

4.4. Spectroscopic data

Balsaminaepoxide [24(S),25-epoxy-7/-methoxycucurbit-5-ene-3f3,23
(R)-diol] (1): amorphous white powder; [0:]12)0 + 92.1 (¢ 0.1, CHCl3); IR
(NaCl) viax 3441, 2955, 29 230, 2874, 1659, 1456, 1381, 1084, 756
em™!; 'H and !3C NMR, see Tables 1 and 2; HRESITOFMS m/z
511.37696 [M + Na]™ (caled for C31Hs204Na, 511.37578).

Balsaminatriol [7p-methoxycucurbita-5,25-diene-34,23(R),24(R)-
triol] (2): amorphous white powder; [0:]1230 + 79.1 (¢ 0.1, CHCl3); IR
(NaCl) vy 3405, 2951, 2874, 1655, 1466, 1454, 1381, 1082, 936, 758
em™!; 'H and 3C NMR, see Tables 1 and 2; HRESITOFMS m/z
511.37739 [M + Na]™ (caled for C3;Hs204Na, 511.37578).

Balsaminoic acid (24,25,26,27-tetranor-7f-methoxycucurbit-5-ene-3-
hydroxy-23-oic acid) (3): Amorphous white powder; [oc]ZD3 +49.5(c 0.1,
MeOH); IR (NaCl) vpax 3422, 2951, 2874, 1703, 1643, 1454, 1383,
1080, 756 cm ™~ %; 'H and 13C NMR, see Tables 1 and 2; HRESITOFMS m/z
455.31404 [M + Na] ™ (caled for Co7H4404Na, 455.31318).

Balsaminal  (24,25,26,27-tetranor-7f-methoxycucurbit-5-ene-3p-hy-
droxy-23-al) (4): Amorphous white powder; [oc]]z)?’ +10.2 (c 0.1, CHCly);
IR (NaCl) vmax 3418, 2955, 2926, 2872, 1717, 1653, 1456, 1379, 1084,
758 cm™Y; 'H and !3C NMR, see Tables 1 and 2; HRESITOFMS m/z
417.33678 [M + H]" (caled for Co7Hys03, 417.33632).

Balsaminol G (25-methoxycucurbita-5,23(E)-diene-3/-hydroxy-7-one)
(5): Amorphous white powder; [«] 2% + 76 (c 0.1, CHCls); IR (NaCl) Vmax
3447, 2957, 2928, 2874, 1645, 1464, 1379, 1298, 1076, 978, 754 cm ™ ;
'H and 3C NMR, see Tables 1 and 2; HRESITOFMS m/z 471.38403 [M +
H]* (caled for C31Hs103, 471.38327).

4.5. Cell lines and cell culture

L5178Y mouse T-lymphoma cells (ECACC catalog no. 87111908, U.
S. FDA, Silver Spring, MD, U.S.) were prepared and maintained with
colchicine to give rise the MDR line (Choi et al., 1991; Cornwell et al.,
1987; Pastan et al., 1988). Both MDR and PAR cell line were cultured in
McCoy’s 5 A medium supplemented with 10% heat-inactivated horse
serum, L-glutamine and antibiotics (penicillin, streptomycin). These
cells were then incubated in a humidified atmosphere (5% CO5, 95% air)
at 37 °C. Regarding the human colon adenocarcinoma cell lines (COLO
205 sensitive and the resistant COLO 320/MDR-LRP expressing P-gp),
namely ATCC-CCL-220.1 (COLO 320), and CCL-222(COLO 205) were
purchased from LGC Promochem, Teddington England. The cells were
cultured in RPMI 1640 medium supplemented with 10%
heat-inactivated fetal bovine serum, 2 mM L-glutamine, 1 mM Na py-
ruvate, and 100 mM HEPES. The semi adherent human colon cancer
cells were detached with 0.25% trypsin and 0.02% EDTA for 5 min at
37 °C.

4.6. Cytotoxicity assay

Prior to evaluation in a rhodamine-123 accumulation assay, the
cytotoxic effects of compounds 1-10 were tested in a range of decreasing
concentrations (maximum concentration 100 pM), on both mouse
lymphoma and human colon adenocarcinoma cell lines, in 96-well flat-
bottomed microtiter plates. First, the compounds were diluted in 100 pL
of medium. Then, 1 x 10~* cells in 100 pL of medium were added to
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each well, with the exception of the medium control wells. The culture
plates were initially incubated at 37 C for 24 h, and at the end of the
incubation period, 20 pL of MTT (thiazolyl blue tetrazolium bromide.
Sigma-Aldrich Chemie GmbH, Steinheim) solution of 5 mg/mL in
phosphate-buffered saline (PBS) was added to each well and incubated
for another 4 h. Then, 100 pL of 10% SDS (sodium dodecyl sulfate,
Sigma) solution (10% in 0.01 N HCl) was added into each well, and the
plates were further incubated overnight at 37 C. Cell growth was
determined by measuring the optical density (OD) at 550 nm (ref. 630
nm) with a Multiscan EX ELISA reader (ThermoLabsSystems, Cheshire,
WA, USA). The percentage of inhibition of cell growth was determined
as 100 — [(ODsample — ODmediumcontrol)/(ODcellcontrol — ODme-
diumcontrol)] x 100. In this formula, ICs is defined as the inhibitory
dose that reduces the growth of the compound-exposed cells by 50%.
The ICsq values are expressed as means + SD from three experiments.

4.7. Rhodamine-123 accumulation assay

For the rhodamine-123 accumulation assay PAR and MDR mouse T-
lymphoma cells or human COLO 205 and COLO 320 colon adenocarci-
noma cells were adjusted to a density of 2 x 10° cells/mL, resuspended
in serum-free McCoy’s 5 A medium or RPMI 1640, respectively, and
distributed in 0.5 mL aliquots into Eppendorf centrifuge tubes. Then,
aliquots (10 pL) of test compounds were added at various concentrations
(2 or 20 pM), and verapamil (positive control, EGIS Pharmaceuticals
PLC, Budapest, Hungary) was added at 20 pM. DMSO at 2% was also
added as solvent control. The samples were incubated for 10 min at
room temperature, after which 10 pL (5.2 mM final concentration) of the
indicator rhodamine 123 was added. After 20 min of incubation at 37 °C,
the samples were washed twice and resuspended in 0.5 mL phosphate-
buffered saline (PBS) for analysis by flow cytometry (Partec CyFlow
Space Instrument, Partec GmbH, Miinster, Germany). The resulting
histograms were evaluated regarding mean fluorescence intensity (FL-
1), standard deviation, both forward scatter (FSC) and side scatter (SSC)
parameters, and the peak channel of 20 000 individual cells belonging to
the total and the gated populations (Supporting Information). The
fluorescence activity ratio (FAR) was calculated on the basis of the
quotient between FL-1 of treated/untreated resistant cell line (ABCB1-
transfected mouse lymphoma or COLO 320 human colon adenocarci-
noma cells) over the respective treated/untreated sensitive cell line
(PAR mouse lymphoma or COLO 205 human colon adenocarcinoma
cells).

4.8. Drug combination assay

The combination assay was performed using a fixed ratio of the test
compound across a concentration gradient. Doxorubicin (2 mg/mL,
Teva Pharmaceuticals, Budapest, Hungary) was serially diluted in the
horizontal direction (14.7-0.1 pM) and the dilution of compounds
vertically in a 96-microtiter plate to a final volume of 200 pL of medium
per well.

The MDR mouse T-lymphoma and COLO 320 human colon adeno-
carcinoma cells were then distributed in 100 pL aliquots into wells at a
concentration of 2 x 10°/mL, and the plates were incubated for 72 h at
37 °C in a CO, incubator. At the end of the incubation period, the cell
growth was determined by MTT staining method, as described earlier.
Drug interactions were assessed according to Chou (Chou, 2006, 2010),
using the CalcuSyn v2.2 software. Briefly, each dose-response curve (for
individual agents as well as combinations) was fit to a linear model using
the median effect equation, in order to obtain the median effect value
(corresponding to the ICsp) and slope (m). The extent of interaction
between drugs was expressed using the combination index, in which a CI
value close to 1 indicates additivity, while a CI < 1 is defined as synergy
and a CI > 1 as antagonism.
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