Cytotoxicity and molecular modeling investigations ON (+)-Digoxin and Its hydrolyzed Products
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(+)-Digoxin (1) is a well-known cardiac glycoside long used to treat congestive heart failure and found more recently to show anticancer activity. Herein, one known [(+)-digoxigenin (2)] and two new analogues, (+)-8(9)-β-anhydrodigoxigenin (3), and (+)-17-epi-20,22-dihydro-21α-hydroxydigoxin (4), were synthesized from acid and alkaline hydrolysis of (+)-digoxin (1), with the mechanism of the generation of 3 and 4 being proposed. The product 3 could be generated from an acid-mediated hydrolysis of 1 to form 2 followed by 1,2-hydride shift concurrent with hydration of 2. While, 4 may be produced from a base-mediated isomerization of C-17, de-conjugation of the unsaturated lactone, opening of the resulting lactone unit and a subsequent hydration of the resulting formyl group followed by cyclization of the intermediate hydrate. The cytotoxicity of 1–4 and (+)-digitoxin (5) was evaluated toward a small panel of human cancer cell lines, which showed that compounds 1, 2, and 5 exhibited activity, but neither 3 nor 4 was active in this regard. A preliminary structure-activity relationship investigation conducted indicated that the C-12 and C-14 hydroxy groups and the C-17 unsaturated lactone unit are important for 1 to mediate its cytotoxicity toward human cancer cells, but the C-3 glycosyl residue seems to be less critical for such an effect. Molecular docking profiles showed that binding between 1 or 5 and Na+/K+-ATPase was similar, but 1 has a sterically unfavorable HO-12β substituent, which could affect its binding to Na+/K+-ATPase. Thus, 1 showed a decreased cytotoxicity when compared with 5. Introducing a 3β-glycosyl unit to the steroid core of a cardenolide could fill the large vacant space around the glycosyl residue to enhance the binding affinity, and thus 1 was found to exhibit more potent cancer cell cytotoxicity than 2. In addition, 1 and 4 were found to bind differentially to Na+/K+-ATPase. The HO-12β, HO-14β, and HO-3'aα hydroxy groups of 1 may form hydrogen bonds with the side-chains of Asp121 and Asn122, Thr797, and Arg880 of Na+/K+-ATPase, respectively, but the altered lactone unit of 4 results in a rotation of its steroid core, which depotentiates the binding between this compound and Na+/K+-ATPase. Thus, 1 inhibited Na+/K+-ATPase, but 4 did not. These results implied that (+)-digoxin mediates its cytotoxicity through inhibition of Na+/K+-ATPase, and both the therapeutic index and clinical trial outcomes of (+)-digoxin may be improved by modification at its HO-14β or the 17β-lactone moiety, as these may target Na+/K+-ATPase differentially or to interact with different molecular targets.
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