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A new non-cytotoxic [(+)-17β-hydroxystrebloside (1)] and two known cytotoxic [(+)-3′-de-O-

methylkamaloside (2) and (+)-strebloside (3)] cardiac glycosides were isolated and identified from 

the combined flowers, leaves, and twigs of Streblus asper collected in Vietnam, with the absolute 

configuration of 1 established from analysis of its ECD and NMR spectroscopic data and 

confirmed by computational ECD calculations. A new 14,21-epoxycardanolide (3a) was 

synthesized from 3 that was treated with base. A preliminary structure-activity relationship study 

indicated that the C-14 hydroxy group and the C-17 lactone unit and the established conformation 

are important for the mediation of the cytotoxicity of 3. Molecular docking profiles showed that 

the cytotoxic 3 and its non-cytotoxic analogue 1 bind differentially to Na+/K+-ATPase. Compound 

3 docks deeply in the Na+/K+-ATPase pocket with a sole pose, and its C-10 formyl and C-5, C-14, 

and C-4’ hydroxy groups may form hydrogen bonds with the side-chains of Glu111, Glu117, 

Thr797, and Arg880 of Na+/K+-ATPase, respectively. However, 1 fits the cation binding sites with 

at least three different poses, which all depotentiate the binding between 1 and Na+/K+-ATPase. 

Thus, 3 was found to inhibit Na+/K+-ATPase, but 1 did not. In addition, the cytotoxic and Na+/K+-

ATPase inhibitory 3 did not affect glucose uptake in human lung cancer cells, against which 3 
showed potent activity, indicating that this cardiac glycoside mediates its cytotoxicity by targeting 

Na+/K+-ATPase but not by interacting with glucose transporters.
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1. Introduction

The genus Streblus (Moraceae) contains about 25 species,1 of which Streblus asper Lour., a 

medium-sized tree, is used in several systems of traditional medicine.2 The potential 

antitumor activity of S. asper has been investigated in both in vitro and in vivo studies,3–5 

and cardiac glycosides have been characterized as the main active components, of which 

their content varies among the different plant parts of S. asper. 6‒9

Cardiac glycosides are well-known Na+/K+-ATPase inhibitors that contribute to the 

treatment of congestive heart failure and also have been investigated extensively for their 
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potential anticancer activities.10,11 Recently, Na+/K+-ATPase has been studied as a 

promising molecular target for the discovery of new anticancer drugs,12 and its ion-transport 

function but not the receptor function was found to be involved in the inhibition of MDA-

MB-231 human breast cancer cell migration by cardiac glycosides.13

In a continuing search for anticancer agents,14,15 several new and known cytotoxic cardiac 

glycosides were obtained from an earlier investigation on the stem bark of S. asper, of which 

(+)-strebloside was found to show in vivo antitumor efficacy mediated potentially by 

inhibiting Na+/K+-ATPase, NF-κB, and mutant p53 expression through induction of the 

ERK pathways.4,5 Following this prior work, the cardiac glycosides of the combined 

flowers, leaves, and twigs of S. asper collected in Vietnam have been investigated, leading to 

the isolation and characterization of a new compound, (+)-17β-hydroxystrebloside (1). Also, 

obtained were two known analogues, (+)-3′-de-O-methylkamaloside (2) and (+)-strebloside 

(3). Preliminary structure-activity relationships in terms of Na+/K+-ATPase and glucose 

transport inhibitory effects of (+)-strebloside (3) and binding profiles between 1 or 3 and Na
+/K+-ATPase were investigated.

2. Results and discussion

2.1. Isolation and bioactivity of cardiac glycosides from Streblus asper

The combined flowers, leaves, and twigs of S. asper collected in Vietnam were extracted 

with MeOH, and then the extract was partitioned with n-hexane and CHCl3. When the 

cytotoxic CHCl3 partition was subjected to chromatographic separation guided by inhibitory 

activity against the HT-29 human colon cancer cell line, a new cardiac glycoside, (+)-17β-

hydroxystrebloside (1), and two known analogues, (+)-3′-de-O-methylkamaloside (2)4 and 

(+)-strebloside (3),4 were isolated (Fig. 1).

Compound 1 was purified as an amorphous colorless powder with a molecular formula of 

C31H46O11, 16 Da (one oxygen atom) more than 3, as shown by a sodiated molecular ion 

peak at m/z 617.2936 (calcd 617.2932) observed in its HRESIMS, in conjunction with the 
1H and 13C NMR spectroscopic data (Table 1).16 The IR spectrum showed hydroxy group 

absorption at νmax 3479 cm−1, and the 1H and 13C NMR data of 1 (Table 1) exhibited 

characteristic resonances for a cardiac glycoside.4 Comparison of these NMR spectroscopic 

data with those of (+)-strebloside (3) indicated that 1 and 3 contain an identical saccharide 

moiety and a similar steroid core, but the substitution at the C-17 position was found to be 

different (Fig. 1). Previously, the conformation and α- and β-configured protons of (+)-

digoxin and (+)-strebloside (3) have been reported.4,17 Based on these determinations, the 
1H and 13C NMR spectroscopic data of 1 have been assigned completely, with its α- or β-

configured protons being proposed (Table 1).

A 13C NMR spectroscopic resonance for C-17 of 1 was observed at δC 86.4 rather than at δC 

50.6 for 3,4 indicating an additional hydroxy group to be substituted at the C-17 position, as 

supported by the HMBC correlations observed between H-16, H-18, and H-22 and C-17 

(Fig. 2). This inference was also evidenced by the 13C NMR spectroscopic resonances at δC 

51.7 (C-13), δC 88.5 (C-14), δC 29.9 (C-15), δC 37.0 (C-16), δC 12.6 (C-18), and δC 171.5 
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(C-20), which were different from those at δC 49.6, 85.4, 32.1, 27.0, 15.7, and 174.3 for 

these respective carbons of 3 (Table 1).4

Comparison of the specific rotation value and 1D and 2D NMR spectroscopic data of 1 with 

those of 3 indicated that both 1 and 3 have the same configuration for their respective 

glycose moiety and the A-, B-, and C-ring system, but that for their D-ring proved to be 

different, as implied by their NOESY correlations (Fig. 2). The 1H NMR resonances at δ 
4.45 and δ 4.78 for the respective OH-5 and OH-17 of 1 were assigned by the HMBC 

correlations observed between OH-5 and C-4, C-5, and C-6, and between OH-17 and C-20. 

NOESY correlations between H-8 and OH-5 and OH-17 of 1 (Fig. 2) indicated that a β-

configured hydroxy group is connected at C-17 of 1. This was also supported by the 13C 

NMR spectroscopic resonances at δC 21.1, 33.9, 51.7, and 88.5 for C-11–C-14 of 1, 

respectively, rather than those proposed at δC 22.1, 40.0, 49.6, and 85.4 for these same 

carbon atoms of 3 (Table 1),4 owing to effects from the different orientation of the C-17 

lactone unit.18,19 A pronounced difference was observed for the NMR resonances for C-12 

and H-12 at δC 33.9 and δH 1.00, 1.25 in 1 when compared with those at δC 40.0 and δH 

1.38 and 1.51 in 3 (Table 1),4 which could result from the anisotropic effects of the C-23 

carbonyl group.20 Thus, a 3S, 5S, 8R, 9S, 10S, 13S, 14S, 17R, 1’R, 2’R, 3’S, 4’S, 5’R 
absolute configuration could be defined for 1, with the structure being assigned as (3β)-3-

[(2,3-di-O-methyl-β-D-fucopyranosyl)oxy]-5β,14β,17β-trihydroxy-19-oxo-17-epi-
card-20(22)-enolide, namely, (+)-17β-hydroxystrebloside.

This absolute configuration determination for 1 was also confirmed by computational 

TDDFT ECD calculations. Six and seven conformers for the respective 17β- and 17α-

hydroxystrebloside have been yielded from a conformer search, and one conformer with 

100% of population for the β-epimer and two conformers with respective 63% and 32% of 

populations for the α-epimer have been characterized by facilitating a Boltzmann 

distribution. An overview of all of the calculated ECD spectra of 17β-hydroxystrebloside 

from the M062X, CAM-B3LYP, and wB97XD functionals was consistent with its 

experimental ECD spectrum (Fig.3A), and the best fit M062X was selected for the ECD 

calculations. Compound 1 was confirmed as 17β-hydroxystrebloside from its consistent 

experimental ECD with the computational ECD calculated for 17β-hydroxystrebloside but 

not for its 17α epimer (Fig.3B).

As characterized previously, the known cardiac glycosides, (+)-3′-de-O-methylkamaloside 

(2) and (+)-strebloside (3), were identified by comparison of their spectroscopic data with 

literature values.4

All chromatographically and spectroscopically pure compounds 1‒3 (Figs. S1‒S3, 

supplementary data) isolated from S. asper were evaluated for their cytotoxicity against the 

human HT-29 colon cancer, OVCAR3 ovarian cancer, and MDA-MB-435 melanoma cell 

lines, using paclitaxel as the positive control.5 The known compounds 2 and 3 showed potent 

cytotoxicity, with IC50 values in the range 0.079‒0.93 μM, but the new compound 1 did not 

exhibit any discernible activities at the concentrations used (Table 2). This indicated that 

C-17 isomerization accompanied by introducing a hydroxy group resulted in activity being 
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abolished, and thus the C-17 position may be inferred as important for mediation of the 

cytotoxicity of 3.

2.2. Synthesis and cytotoxicity of (+)-20,22-dihydro-14,21-epoxystrebloside

Previously, several cardiac glycosides have been isolated from the stem bark of S. asper, 
with some of their derivatives being synthesized. A preliminary structure-activity 

relationship study indicated that the C-3 saccharide residue and the C-5 and C-14 hydroxy 

and C-10 formyl groups were all important for (+)-strebloside (3) to mediate its cytotoxicity 

toward HT-29 cells.4 To test the importance of the C-17 lactone unit of this compound, a 

new derivative (3a) containing a saturated C-17 lactone ring and an additional cyclic 14,21-

epoxy unit was synthesized herein from 3 (Scheme 1).

The new product (3a) showed a sodiated molecular ion peak at m/z 601.2979 for a 

molecular formula of C31H46O10 (calcd 601.2983), which is the same as that of 3. Closely 

similar NMR resonances for the saccharide moiety were observed for 3 and 3a, but those for 

their steroid core were found to be different (Table 1 and Figs. S3 and S4, Supplementary 

Data). The 13C NMR resonances at δC 174.3 and 118.0 assigned for the C-20 and C-22 

double bond of 3 were found to be replaced by those at δC 35.6 and 35.1 for these respective 

carbons of 3a (Table 1), and that at δC 73.6 for C-21 of 3 changed to δC 102.5 in 3a, 

indicating 3a as being a 20,22-dihydro cardiac glycoside hemiacetal. Both C-14 and C-21 of 

3a were found to be connected by an oxygen atom, as supported by the HMBC correlation 

observed between H-21 and C-14 and its 13C NMR spectroscopic resonances at δC 37.9 

(C-8), 31.6 (C-12), 43.7 (C-13), 87.7 (C-14), 27.4 (C-15), 19.7 (C-16), and 46.9 (C-17). 

These values varied from those at δC 41.8, 40.0, 49.6, 85.4, 32.1, 27.0, and 50.6 observed for 

C-8 and C-12–C-17, respectively, in 3,4 owing to the formation of a cyclic hemiacetal, as 

substantiated by the HMBC correlations between H-17 and C-12–C-16 and C-20–C-22, 

between H-21 and C-14, C-17, C-20, C-22, and C-23, and between H-7, H-12, and H-18 and 

C-14 of 3a (Fig. S6, Supplementary Data).

A positive Cotton effect (CE) around 235 nm arising from the n→π* transition of the α,β-

unsaturated lactone unit to indicate the 17R configuration of 3 was missing in the ECD 

spectrum of 3a,4 owing to the loss of the α,β-unsaturated lactone unit. Comparison of the 

specific rotation value and 1D and 2D NMR spectroscopic data of 3a with those of 3 
demonstrated that the configuration of the glycose moiety and the A-, B-, and C-ring system 

of both compounds is the same, but that for their D ring and lactone unit is different. A 3S, 

5S, 8R, 9S, 10S, 13R, 14S, 17R, 20S, 21S, 1’R, 2’R, 3’S, 4’S, 5’R absolute configuration 

could be defined for 3a, as supported by the NOESY correlations observed between H3-18 

and both of H-20 and H-21 of 3a (Fig. S6, Supplementary Data). Thus, 3a was assigned as 

(+)-20,22-dihydro-14,21-epoxystrebloside.

Several 14,21-epoxycardanolides have been reported in the 1920s, including 

isostrophanthidin and isodigitoxigenin, which were produced from the treatment of 

strophanthidin and digitoxigenin, respectively, with base.21–23 Following these 

investigations, the absolute configuration of 3β-hydroxy-14,21-epoxy-5β,14β-cardanolide 

and its 12β-hydroxy derivative was established by analysis of their NMR spectroscopic data,
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24 and the molecular structure of (21R)-3β-acetoxy-14,21-epoxy-5β,14β-card-20(22)-

enolide was determined by analysis of its single-crystal X-ray diffraction data.25 The 

mechanism of production of 14,21-epoxycardanolides has been discussed briefly in 

literature,22,23 and the details of the formation of 3a from 3 were proposed herein as shown 

in Scheme 2. This could involve base-mediated isomerization of the C-20 and C-22 double 

bond followed by opening of the resulting β,γ-unsaturated lactone unit, which produces a 

formyl group at the C-20 position. Attack of the base-activated C-14 hydroxy group on the 

resultant aldehyde, followed by re-formation of the lactone unit, would result in the 

generation of 3a.

When evaluated for the cytotoxicity toward HT-29, MDA-MB-435, and OVCAR3 human 

cancer cells, this chromatographically and spectroscopically pure synthetic cardiac glycoside 

3a (Fig. S4, Supplementary Data) did not exhibit any evident activities (Table 2), indicating 

that both the C-14 hydroxy group and the unsaturated C-17 lactone unit and its conformation 

are important factors for the cytotoxicity of (+)-strebloside (3).

2.3. Docking studies

As discussed above, (+)-strebloside (3) showed cytotoxicity in the nM range toward human 

cancer cells, but its analogue, (+)-17β-hydroxystrebloside (1), did not, which could result 

from differential interactions between these cardiac glycosides and their molecular targets. 

Previously, (+)-strebloside (3) was proposed to mediate its cytotoxicity through inhibition of 

Na+/K+-ATPase activity.5 It binds to Na+/K+-ATPase, and its docking profile is similar to 

that published for digitoxin, indicating that both cardiac glycosides share a similar Na+/K+-

ATPase-targeted mechanism to mediate their cytotoxicity.5

In the present work, computer-simulated docking profiles for the cytotoxic (+)-strebloside 

(3) and its non-cytotoxic analogue, (+)-17β-hydroxystrebloside (1), were investigated. 

Compound 3 adopts a binding pose similar to that of ouabain bound to Na+/K+-ATPase in 

the crystal structure 4HYT (Figs. 4A, 4B, and 5B).26,27 The α-surface of the steroid core of 

3 interacts with bulky hydrophobic side chains of αM4–αM5, and its C-10 formyl and C-5 

and C-14 hydroxy groups on the β-surface orient toward αM1–αM2 and αM6. These α 
helices provide several polar residues for the formation of hydrogen bonds between the C-10 

formyl and C-5, C-14, and C-4’ hydroxy groups of 3 and the side-chains of Glu111, Glu117, 

Thr797, and Arg880 of Na+/K+-ATPase, respectively (Fig. 4D).

However, in contrast to 3, which docks deeply in the Na+/K+-ATPase pocket with a sole 

pose, compound 1 fits the cation binding sites with at least three different poses (Figs. 4C, 

5A, and 5C–5E). In the first binding pose (Figure 5C), the lactone unit of 1 can overlay the 

ouabain binding pose in the crystal structure 4HYT,26 but the D-ring of its steroid moiety 

rotates around 30°. This rotation results in the orientational change of the α-surface of its 

steroid core, from αM4–αM5 to αM4 and αM1, and, in turn, the hydrogen bond between its 

OH-14 group and the Thr797 side-chain of Na+/K+-ATPase is lost. In the second binding 

pose (Figure 5D), the C-23 carbonyl group of 1 docks to a small hydrophobic groove on the 

side of the pocket lined by Ile320, Ala323 (αM4) and Ile780 and Phe783 (αM5) of Na+/K+-

ATPase, and this docking breaks the hydrogen bond network between 1 and Na+/K+-
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ATPase. In the third binding pose (Figure 5E), the steroid moiety of 1 moves towards the 

entrance of the hydrophobic cavity, owing to the opposite orientation of its lactone unit, 

which results in breaking of the hydrogen bond network between 1 and Na+/K+-ATPase. The 

hydrogen bonds between the C-10 formyl and C-5, C-14, and C-4’ hydroxy groups of 3 and 

the respective side-chains of Glu111, Glu117, Thr797, and Arg880 of Na+/K+-ATPase seem 

to contribute greatly to the binding between 3 and Na+/K+-ATPase, but these H-bonds are 

broken in all of three different binding poses of 1. Thus, compound 1 binds to Na+/K+-

ATPase less strongly than 3, which may result in the lack of cytotoxicity of 1.

To test the effect of the C-17 configuration on the binding between 1 and Na+/K+-ATPase, a 

docking profile was generated and depicted for its 17-epimer, 17α-hydroxystrebloside (1a), 

which showed that the binding between 1a or 3 and Na+/K+-ATPase is similar, but is 

different from that between 1 and Na+/K+-ATPase (Figs. 4 and 5 and Fig. S7, 

Supplementary Data). Compounds 1a and 3 share a similar binding pose, but the OH-17 

group of 1a was found to be surrounded by several hydrophobic residues within a 5 Å 

distance, including L125, I800, and T797 sidechains of Na+/K+-ATPase (Fig. S7, 

Supplementary Data), which may affect the binding between 1a and Na+/K+-ATPase. Also, 

OH-17 of 1a docks to a hydrophobic pocket, which should result in an energy penalty.28 

Thus, 1a could not bind Na+/K+-ATPase as strongly as 3, indicating that the substituent, 

configuration, and conformation of the C-17 lactone unit are all important for the binding 

between 3 and Na+/K+-ATPase.

2.4. Na+/K+-ATPase inhibition

In our previous investigation, (+)-strebloside (3) was reported to inhibit potently Na+/K+-

ATPase activity (IC50 159.7 nM) (Fig. 4F),5 and the substituents at the C-10, −12, and −17 

of the cardiac glycosides evaluated were found to be critically important for their inhibition 

of Na+/K+-ATPase.29 Thus, the non-cytotoxic cardiac glycoside, (+)-17β-hydroxystrebloside 

(1), was tested for its ability to inhibit Na+/K+-ATPase activity. The cellular enzyme 

adenosine 5′-triphosphatase from the porcine cerebral cortex was treated with various 

concentrations of 1, and, as expected, it did not show any activity at a concentration less than 

100 μM (IC50 231.9 μM) (Fig. 4E).

2.5. Glucose transport inhibition

The inhibition of Na+/K+-ATPase may result in a higher intracellular Na+/K+ ratio followed 

by preventing calcium exit and a resultant higher concentration of cytoplasmic calcium. 

Thus, calcium uptake into the sarcoplasmic reticulum could be increased by the sarco/

endoplasmic reticulum (ER) calcium ATPase2 (SERCA2) transporter, which leads to tumor 

cell apoptosis through cell cycle arrest and caspase activation.10 In addition, Na+ has been 

found to be required in extracellular solutions to drive glucose transport, for which the 

energy is provided by the sodium gradient maintained by the Na+/K+ pump across the brush-

border membrane, and Na+/glucose cotransporters (SGLTs) depend critically on the 

stoichiometry of the Na+ and sugar fluxes to accumulate sugar.30 Accordingly, the sugar 

pump could be closely related to the sodium pump, as supported by Na+/K+-ATPase 

inhibitors ouabain and thevetin, of which both compounds inhibited completely the active 

transport of 3-methylglucose across the intestine of frogs in vitro.31
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Cancer cells require an increase in glucose uptake and metabolism to meet the energy and 

biomass synthesis for their rapid proliferation rates, and these cells take a majority of 

glucose in via glucose transporters, which thus have become important targets for the 

development of anticancer agents.32 Using a procedure reported previously,33 the Na+/K+-

ATPase inhibitory (+)-strebloside (3) was tested for its effects on glucose uptake in H1299 

human lung cancer cells, against which this cardiac glycoside showed potent cytotoxicity. 

However, the results obtained showed that 3 did not inhibit glucose uptake in H1299 cells 

(Fig. 6), indicating that (+)-strebloside (3) mediates its cytotoxicity toward H1299 cells 

through a molecular signaling exclusive of glucose transport.

The major challenges for the development of cardiac glycoside-like anticancer drugs are 

their especially narrow therapeutic index, limited selectivity, resistance shown by rodent 

subunits of the Na+/K+-ATPase, and the limited promise shown in cancer clinical trials to 

date.15 As concluded previously, such problems may correlate with the inhibition of Na+/K
+-ATPase by cardiac glycosides.11 The present investigation indicates that the OH-14β 
group and the C-17 unsaturated lactone unit play important roles in the mediation of the 

cytotoxicity of 3 and in the binding between this compound and Na+/K+-ATPase. The 

inhibition of Na+/K+-ATPase by 3 was also found to be blocked by C-17 isomerization and 

introduction of a hydroxy group at this position, indicating that further structural 

modifications of (+)-strebloside (3) could result in the production of modified cardiac 

glycosides showing an improved antineoplastic activity to combat the problems of the 

limited clinical trial outcomes.

3. Conclusion

The well-known cardiac glycoside, (+)-strebloside (3), has been characterized as the main 

cytotoxic component of S. asper, which binds to Na+/K+-ATPase and inhibits the activity of 

this enzyme. However, (+)-17β-hydroxystrebloside (1), a C-17 hydroxylated (+)-strebloside 

(3) isolated in the present investigation of S. asper, did not show any activities against 

human cancer cells and Na+/K+-ATPase. Investigation of the docking profiles of 1 and 3 
indicates that the C-17 lactone unit is important, with its substituent, configuration, and 

conformation all play a key role in the binding between 3 and Na+/K+-ATPase. Thus, it 

seems that (+)-strebloside (3) targets Na+/K+-ATPase to mediate its cancer cell cytotoxicity, 

and modification of 3 could produce some new Na+/K+-ATPase-independent antitumor 

cardiac glycosides to contribute to the development of new anticancer agents from (+)-

strebloside (3).

4. Materials and methods

4.1. General

Optical rotations were measured at room temperature on an Anton Paar polarimeter (Anton 

Paar, Graz, Austria). UV spectra were recorded on a Hitachi U2910 ultraviolet 

spectrophotometer. ECD measurements were performed using a JASCO J-810 

spectropolarimeter. IR spectra were recorded on a Nicolet 6700 FT-IR spectrometer. 1H and 
13C, DEPT 90, DEPT 135, HSQC, HMBC, NOESY, and COSY NMR spectra were recorded 

at room temperature on a Bruker Avance II 400, a Bruker Avance III HD 700, or a Bruker 

Ren et al. Page 8

Bioorg Med Chem. Author manuscript; available in PMC 2021 February 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Avance III HD 800 MHz NMR spectrometer. ESIMS or HRESIMS data were collected on a 

Bruker Maxis 4G Q-TOF mass spectrometer in the positive-ion mode. Column 

chromatography was conducted using silica gel (65 × 250 or 230 × 400 mesh, Sorbent 

Technologies, Atlanta, GA, USA). Analytical thin-layer chromatography (TLC) was 

performed on precoated silica gel 60 F254 plates (Sorbent Technologies, Atlanta, GA, 

USA). Sephadex LH-20 was purchased from Amersham Biosciences, Uppsala, Sweden. For 

visualization of TLC plates, H2SO4 was used as a spray reagent. All procedures were carried 

out using solvents purchased from commercial sources and employed without further 

purification. Paclitaxel and reagents for chemical synthesis were purchased from Sigma-

Aldrich (St. Louis, MO, USA) (purity ≥ 98%).

4.2. Plant material

A sample of the combined flowers, leaves, and twigs of Streblus asper (acquisition number 

AA06919) was collected in January 2010 by D.D.S. and T.N.N. (voucher specimen: DDS 
14849) from a tree (eight-meters tall) at Dahang Village (11° 40.53’ N; 109° 10.3’ E), Nui 

Chua National Park, Ninh Hai District, Ninh Thuan Province, Vietnam. The voucher 

herbarium specimen has been deposited at the John G. Searle Herbarium of the Field 

Museum of Natural History, Chicago, IL, USA, under the accession number F-2300803.

4.3. Extraction and isolation

The milled air-dried combined flowers, leaves, and twigs of S. asper (sample AA06919, 

3400 g) was extracted with MeOH (5 L × 7) at room temperature. The solvent was 

evaporated in vacuo, and the dried MeOH extract (170.0 g, 5.0%) was resuspended in 10% 

H2O in MeOH (1000 mL) and partitioned with n-hexane (800, 500, and 500 mL) to yield an 

n-hexane-soluble residue (31.0 g, 0.9%). Then, 200 mL of H2O were added to the aqueous 

MeOH layer, and this was partitioned with CHCl3 (800, 500, and 500 mL). The combined 

CHCl3 partition was washed with a 1% aqueous solution of NaCl, to partially remove plant 

polyphenols, and the solvent was evaporated to afford a CHCl3-soluble extract (20.0 g, 

0.6%). The CHCl3-soluble extract exhibited cytotoxicity toward the HT-29 human colon 

cancer cell line (IC50 < 5.0 μg/mL). Both the n-hexane- and water-soluble extracts were 

inactive (IC50 >20.0 μg/mL) in the bioassay system used. The CHCl3-soluble extract (19.5 

g) was subjected to silica gel column chromatography (6.0 × 45 cm) and eluted with a 

gradient of DCM (CH2Cl2)-MeOH. Eluates were pooled by TLC analysis to give 21 

combined fractions (D2F1−D2F21), and fraction D2F7 was deemed active against HT-29 

cells (IC50 <1 μg/mL).

Fraction D2F7 was chromatographed over a silica gel column (4.5 × 40 cm), eluted with a 

gradient of DCM-MeOH to yield three pooled subfractions, D2F7F1–D2F7F3. Of these, 

fraction D2F7F1 was chromatographed over a silica gel column (4.5 × 40 cm), eluted with a 

gradient of DCM-MeOH, and purified by separation over a Sephadex LH-20 column, eluted 

with DCM-MeOH (1:1), affording (+)-strebloside4 (3, 150 mg). Fraction D2F7F2 was 

separated by silica gel chromatography (2.5 × 30 cm), eluted with a gradient of DCM-

MeOH, and purified by separation over a Sephadex LH-20 column, eluted with DCM-

MeOH (1:1), to yield (+)-17β-hydroxystrebloside (1, 5.0 mg). Fraction D2F7F3 was 

separated over a series of silica gel columns (1.5 × 20 cm), eluted with a gradient mixture of 

Ren et al. Page 9

Bioorg Med Chem. Author manuscript; available in PMC 2021 February 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



DCM-MeOH, and purified by separation over Sephadex LH-20 columns, eluted with DCM-

MeOH (1:1), to afford (+)-3′-de-O-methylkamaloside4 (2, 1.0 mg).

4.3.1. (+)-17β-Hydroxystrebloside (1)—Amorphous colorless powder; [α]20
D +31.0 

(c 0.1, MeOH); UV (MeOH) λmax (log ε) 215 (4.09) nm; ECD (MeOH, nm) λmax (Δε) 

244.1 (9.06); IR (dried film) νmax 3478, 1737, 1645, 1427, 1171, 1050 cm−1; 1H and 13C 

NMR data, see Table 1; positive-ion HRESIMS m/z 617.2936 (calcd for C31H46O11Na, 

617.2932).

4.4. Base hydrolysis of (+)-strebloside (3)

To a 25 mL glass vial equipped with a magnetic stirrer, containing 17.3 mg (0.03 mmol) of 

(+)-strebloside (3), 5 mL of NaOH saturated MeOH were added, and the vial was sealed. 

After the mixture was stirred at 60 °C overnight and then cooled to room temperature, 1 N 

HCl was added until the pH value being around 7.0. The solution was extracted with DCM 

(5 mL × 3), and the organic layer was washed with distilled H2O followed by evaporation at 

reduced pressure. The residue was purified by silica gel column chromatography, using 

DCM-MeOH (20:1→1:1), to afford 1.0 mg (0.002 mmol) of 3a (5.6%).

4.4.1. (+)-20(22)-Dihydro-14,21-epoxystrebloside (3a)—Amorphous colorless 

powder; [α]20
D +16.0 (c 0.1, MeOH); IR (dried film) νmax 3481, 1713, 1455, 1213, 1060 

cm−1; 1H and 13C NMR data, see Table 1; positive-ion HRESIMS m/z 601.2979 (calcd for 

C31H46O10Na, 601.2983).

4.5. ECD Calculations

The 2D structures of 17α- and 17β-hydroxystreblosides were converted to 3D coordinates 

with the MMFF9434 force field in OpenBabel 2.3.1.35 The confab function within 

OpenBabel was then used to sample at most one-million conformers with at least a 0.5 Å 

RMSD cut-off. The conformers were re-ranked after optimizations, followed by a frequency 

calculation in a self-consistent reaction field (SCRF) model of methanol at the wB97XD/6–

31G(d,p)36,37 level calculated with Gaussian 16.38 A Boltzmann distribution using thermal 

free energy was then applied to the conformers to obtain the populations. Gaussian 16 was 

then used to calculate excited state structures of the most populated conformers. TDDFT 

was used to calculate 8 N-states at three separate levels of theory, wB97XD, CAM-B3LYP,39 

and M062X,40 and all of TDDFT calculations used the Def2TZVP basis set.41,42 

Functionals and basis sets were selected based on previous investigations,43,44 and the 

calculated spectra were weighted based on their Boltzmann populations and translated by 

plus of 15 nm for those from wB97XD and CAM-B3LYP and 10 nm for M062X on the x-

axis.

4.6. Cell Lines

All cell lines were purchased from the American Type Culture Collection (ATCC, Manassas, 

VA, USA) and cultured at 37 °C in 5% CO2. The human HT-29 colon and OVCAR3 ovarian 

cancer and MDA-MB-435 melanoma cell lines were cultured in RPMI 1640 medium, 

supplemented with FBS (10%), penicillin (100 units/mL), and streptomycin (100 μg/mL). 

The H1299 human non-small cell lung cancer cell line was maintained in Dulbecco’s 
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Modified Eagle Medium (DMEM containing 25 mM glucose) supplemented with FBS 

(10%), penicillin (100 units/mL), and streptomycin (100 μg/mL).

4.7. Cytotoxicity Assays

The cytotoxicity of all the cardiac glycosides presented was screened against the cancer cell 

lines selected, using a procedure reported previously.4,5 Briefly, for cytotoxicity tested 

against HT-29, MDA-MB-435, or OVCAR3 cells, after log-phase-growth, cells were seeded 

in 96-well clear flat-bottomed plates (Microtest 96, Falcon) and treated with the samples or 

paclitaxel (the positive control) (both dissolved in DMSO and diluted to different 

concentrations required) or the vehicle (DMSO) for 72 h. Viability of cells was evaluated by 

a commercial absorbance assay (CellTiter 96 AQueous One Solution Cell Proliferation 

Assay, Promega Corp., Madison, WI, USA), with the IC50 values calculated from the vehicle 

control. For cytotoxicity tested against the H1299 human non-small cell lung cancer cell 

line,4 cell proliferation was assessed using the MTT proliferation assay kit (Cayman 

Chemical, Ann Arbor, MI, USA). After cells were seeded in each well of a 96-well plate and 

treated with the samples for 24 h, they were treated with MTT for 4 h. Then, the medium 

was removed, and 100 μL Crystal Dissolving Solution were added to each well. The 

absorbance of the solution was measured at 570 nm, with IC50 values calculated from the 

vehicle control.

4.8. Molecular modeling

For the docking profiles presented in Figures 4 and 5, the chain A of the crystal structure 

4HYT (ouabain) was used as the receptor, which was prepared by MGLTools45 to add non-

polar hydrogens and charges. The 3D structure of (+)-17β-hydroxystrebloside (1) was built 

in Maestro and prepared by LigPrep from Schrodinger Suite 2018–2 [Schrödinger Suite 

2018–2 Protein Preparation Wizard (Schrödinger, LLC, New York, NY, 2018)]. The 

geometric optimization was performed using the OPLS3 (optimized potentials for liquid 

simulation 3) force field with all possible ionization states at pH 7.4 ± 0.1 created by Epik [a 

software program for pK(a) prediction and protonation state generation].46 Sixteen 

conformations of 1 generated by LigPrep were used for the molecular docking against the 

receptor by Autodock VINA.47 A rectangular box (25 × 25 × 30 Å3) centered around the 

center of Leu793, Ile787, Glu117 and Gln111 defines the region that the ligands can explore, 

which could cover nearly all of the α-M1–M6 of Na+/K+-ATPase. (+)-Strebloside (3) was 

also docked to the receptor, with ouabain from 4HYT used as the reference.26

For molecular modeling presented in Figure S7 (Supplementary Data), molecular docking 

profiles were produced following a protocol reported previously.5 Briefly, protein and ligand 

were prepared from the Schrödinger Release 2016–1, and the Protein Preparation Wizard 

was used to optimize the crystal structure of the Na+/K+-ATPase in complex with (+)-

digoxin (PDB code 4RET).48 Restrained minimization was performed on the hydrogens, 

with RMSD heavy atoms being converged to less than 0.30 Å, using the OPLS3 force field. 

The 2D structure of 17α-hydroxystrebloside (1a) with defined chiral atoms was built in 

Maestro, and the 3D structure was created by LigPrep. OPLS3 was used for ligand 

geometric optimization, with all possible ionization states created at pH 7.4 by Epik. All the 

chiral atoms were kept during LigPrep, and default values were utilized for other parameters 
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for protein and ligand preparations. Molecular docking was performed using GOLD 

v5.2.2,49 with the above prepared protein and ligands. The active site for Na+/K+-ATPase 

was defined as being within 10 Å around the catalytic site of in the prepared protein. The 

best scoring pose for each compound was selected for further analysis, and illustrations were 

made using Chimera.50

4.9. Na+/K+-ATPase activity assay

Na+/K+-ATPase activity was assessed using a luminescent ADP detection assay (ADP-Glo 

Max Assay; Promega) that measures enzymatic activity by quantitating the ADP produced 

during the enzymatic first half-reaction.5 Specifically, 10 μL of assay buffer containing 

adenosine 5′-triphosphatase (ATP) from porcine cerebral cortex (Sigma) were added to the 

wells of a 96-well plate followed by 10 μL of DMSO or the test compounds dissolved in 

DMSO. After 5.0 μL of ATP were added to each well followed by a 15-min incubation, 25 

μL of ADP-Glo Reagent were added. After a 40-min incubation, 50 μL of kinase detection 

reagent were added to each well followed by a 60-min incubation. Then, ATP was measured 

via a luciferin/luciferase reaction using a Synergy Mx (BioTek, Winooski, VT, USA) to 

assess luminescence.

4.10. Glucose uptake assay

Using a protocol reported previously,33,51 after H1299 cells grown in 24-well plates were 

washed and treated with FBS-free DMEM for 1.5 h, the cell were washed and incubated for 

30 min in glucose free KRP medium. WZB117 (used as the positive control) or (+)-

strebloside was then added to cells at a final concentration of 30 μM. The cells were 

incubated for 15 min, and then glucose uptake was initiated by adding 37 MBq/L 2-deoxy-

D-[3H]glucose and 1 mM regular glucose as the final concentrations to cells. After 40 min 

incubation, the glucose uptake was terminated by phosphate-buffered saline. Cells were 

lysed, and the radioactivity retained in the cell lysates was measured by an LS 6000 series 

liquid scintillation counter (Beckman Coulter, Inc., Fullerton, CA, USA). The data were 

analyzed statistically using Student’s t-test, by comparison of the data from the experimental 

samples with those from the vehicle control, and p < 0.05 was set as the level of significant 

difference.

4.11. Statistical analysis

The in vitro measurements were performed in triplicate and are representative of three 

independent experiments, where the values generally agreed within 10%. The dose response 

curve was calculated for IC50 determinations using non-linear regression analysis (Table 

Curve2DV4; AISN Software Inc. Mapleton, OR, USA). Differences among samples were 

assessed by one-way ANOVA followed by Tukey-Kramerʼs test, and the significance level 

was set at p < 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Structures of cardiac glycosides (1–3) isolated from the combined flowers, leaves, and twigs 

of S. asper and a reference compound, ouabain, for the docking studies.
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Fig. 2. 
COSY (▬, 1H→1H) and key HMBC (↷,1H→13C) (upper) and selected NOESY ( , 
1H→1H) (below) correlations of 1.
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Fig. 3. 
Overlay of the experimental ECD spectrum of (+)-17β-hydroxystrebloside (1) (black, 

obtained in MeOH and corrected by subtracting a spectrum of the appropriate solution in the 

absence of the samples recorded under identical conditions) and (A) three TDDFT 

calculated ECD spectra of 1 with functionals M062X (green), CAM-B3LYP (blue), and 

wB97XD (red) on the Def2TZVP basis set and (B) the TDDFT calculated ECD spectra of 

17β-hydroxystrebloside (blue) at the M062X/Def2TZVP level of theory and the Boltzmann 

weighted ECD spectrum of 17α-hydroxystrebloside (red).
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Fig. 4. 
The docking box (A), binding poses of ouabain (B, yellow sticks, from the crystal structure), 

1 (C, cyan sticks) and 3 (D, blue sticks) in Na+/K+-ATPase pocket and inhibition of Na+/K+-

ATPase by 1 (E) and 3 (F).5
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Fig. 5. 
The overlaid binding poses of 1 (cyan sticks) and 3 (blue sticks) (A) and 3 (blue sticks) and 

ouabain (yellow sticks) (B) and different binding poses of 1 (cyan sticks) (C–E) in Na+/K+-

ATPase pocket.
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Fig. 6. 
Cytotoxicity of 3 against H1299 cells and glucose transport inhibition in the cells. H1299 

human lung cancer cells were treated by vehicle, WZB117 (30 μM, positive control), or 3 
(30 μM) for 15 min. After glucose uptake was initiated by 2-deoxy-D-[3H]glucose, cells 

were lysed and the radioactivity of the cell lysates was measured. The result showed that 

compound 3 showed cytotoxicity toward H1299 cells (IC50 0.29 μM), but it did not inhibit 

glucose transport (columns, means, n = 3; bars, SE; **p ≤ 0.01; ***p ≤ 0.001).
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Scheme 1. 
Synthesis of compound 3a from 3. Reagents and conditions: (a) MeOH saturated with 

NaOH, 65 °C, overnight.
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Scheme 2. 
Plausible mechanism of formation of 3a from 3.
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Table 1.

1H and 13C NMR spectroscopic data of 1 and 3a
a
.

position 1
b

1
c

3a
b

3a
c

1 23.2 CH2 α 1.25 m 23.8 CH2 α 1.18 m

β 2.03 m β 2.17 m

2 25.2 CH2 α 1.51 m 25.3 CH2 α 1.50 m

β 2.03 m β 1.97 m

3 73.1 CH α 4.23 br s 72.8 CH α 4.23 t (2.9)

4 34.3 CH2 α 1.75 m 34.4 CH2 α 1.74 m

β 1.97 m β 1.99 m

5 73.0 C 73.3 C

6 36.4 CH2 β 1.72 m 36.4 CH2 β 1.69 m

α 2.00 m α 2.11 dt (14.1, 4.5)

7 18.2 CH2 α 1.67m 17.8 CH2 α 1.72 m

β 2.34 m β 2.21m

8 41.7 CH β 2.08 m 37.9 CH β 1.96 m

9 39.4 CH α 1.44 m 38.7 CH α 1.59 m

10 54.4 C 54.9 C

11 21.1 CH2 α 1.32 m 20.6 CH2 α 1.41 m

β 1.55 m β 1.49 m

12 33.9 CH2 α 1.00 m 31.6 CH2 1.29 m

β 1.25 m 1.28 m

13 51.7 C 43.7 C

14 88.5 C 87.7 C

15 29.9 CH2 α 1.88 m 27.4 CH2 α 1.94 m

β 2.05 m β 2.01 m

16 37.0 CH2 2.30 m 19.7 CH2 α 1.54 m

β 1.83 m

17 86.4 C 46.9 CH α 1.83 m

18 12.6 CH3 β 1.06 s 15.0 CH3 β 0.98 s

19 208.5 CH β 9.97 s 208.4 CH β 10.12 s

20 171.5 C 35.6 CH β 2.98 m

21 73.3 CH2 4.83 d (18.5) 102.5 CH β 5.84 d (5.7)

5.02 d (18.4)

22 116.6 CH 5.84 br s 35.1 CH2 β 2.79 dd (18.0, 9.2)

α 2.39 d (18.0)

23 173.8 C 174.4 C

1′ 100.1 CH α 4.35 d (6.8) 99.9 CH α 4.35 m

2′ 80.1 CH β 3.25 m 80.1 CH β 3.23 m

3′ 84.0 CH α 3.23 m 84.0 CH α 3.22 m

4′ 68.5 CH α 3.82 m 68.6 CH α 3.82 m
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position 1
b

1
c

3a
b

3a
c

5′ 70.5 CH α 3.55 m 70.5 CH α 3.54 m

6′ 16.5 CH3 β 1.36 (6.4) 16.5 CH3 β 1.35 d (6.5)

OH-5 4.45 br s

OH-17 4.78 br s

OCH3-2′ 61.4 CH3 α 3.56 s 61.4 CH3 α 3.55 s

OCH3-3′ 57.7 CH3 β 3.48 s 57.8 CH3 β 3.48 s

a
Assignments of chemical shifts are based on the analysis of 1D- and 2D-NMR spectra. CH3, CH2, CH, and C multiplicities were determined by 

DEPT 90, DEPT 135, and HSQC experiments.

b13C NMR spectroscopic data (δ) measured in CDCl3 at 100.61 MHz and referenced to the solvent residual peak at δ 77.16.16

c1H NMR spectroscopic data (δ) measured in CDCl3 at 400.13 MHz and referenced to the solvent residual peak at δ 7.26.16
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Table 2

Cytotoxicity against human cancer cells of 1–3 and 3a
a
.

compound HT-29
b

MDA-MB-435
c

OVCAR3
d

1 >20 >20 >20

2 0.93 0.64 0.62

3 0.17 0.079 0.13

3a >20 >20 >20

Paclitaxel
e 0.0008 0.0015 0.0015

a
IC50 values are the concentration (μM) required for 50% inhibition of cell viability for a given test compound after a 72 h treatment and were 

calculated using nonlinear regression analysis with measurements performed in triplicate and representative of three independent experiments, 
where the values generally agreed within 10%.

b
IC50 value toward the HT-29 human colon cancer cells.

c
IC50 value toward the MDA-MB-435 human melanoma cells.

d
IC50 value toward the OVCAR3 human ovarian cancer cells.

e
Positive control.
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