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Abstract

Hepatocellular carcinoma (HCC) is the poor prognosis disease because of its very frequent recurrence even after
the “curative” treatment. Thus, the effective and safe long-term anti-tumor agent is required. Reduced cellular
uptake of menaquinone-4 (MK-4), a vitamin K, homolog, in HCC limits its usefulness as a safe long-term anti-
tumor agent for recurrent HCC and produces des-y-carboxy prothrombin (DCP). We hypothesized that effective
delivery of menahydroquinone-4 (MKH) , the active form of MK-4 for y-glutamyl carboxylation, into HCC cells is
critical for regulating HCC growth, and may enable it to be applied as a safe anti-tumor agent. In this study, we veri-
fied this hypothesis using menahydroquinone-4 1,4-bis-N,N-dimethylglycinate hydrochloride (MKH-DMG), a pro-
drug of MKH, and demonstrated its effectiveness. Intracellular delivery of MKH and subsequent growth inhibition
of PLC/PRF/5 and Hep3B (DCP-positive) and SK-Hep-1 (DCP-negative) cells after MKH-DMG administration
was determined and compared with MK-4. The activity of MKH-DMG against tumor progression in the liver along-
side DCP formation was determined in a spleen-liver metastasis mouse model. MKH-DMG exhibited greater intrac-
ellular delivery of MKH in vitro (AUC, 7, of MKH) and increased growth inhibitory activity against both DCP-
positive and DCP-negative HCC cell lines. The phenomena of MKH delivery into cells in parallel with simultaneous
growth inhibition suggested that MKH is the active form for growth inhibition of HCC cells. Cell cycle arrest and
apoptosis were determined to be involved in the growth inhibition mechanisms of MKH prodrug. In the spleen-liver
metastasis mouse model, MKH-DMG showed significant inhibition of tumor progression in the liver, and a substan-
tial decrease in plasma DCP levels. Our results suggest that an MKH prodrug is a promising new candidate anti-
tumor agent for safe long-term treatment of HCC. Furthermore, we prepared anionic MKH hemi-succinate prodrug
(MKH-SUC) and neutral MKH acetate prodrug (MKH-ACT), besides cationic MKH-DMG, and evaluated MKH
delivery and growth inhibitory activity in vitro. MKH-SUC showed high cell-permeability and effective release of
MKH in HCC cells, and also exhibited strong growth inhibitory action, compared with MKH-ACT and MK-4 in
PLC/PRF/5 cells. These results indicate that MKH-SUC has a good potential as the MKH delivery system for HCC
and might overcome the limitation of pharmacological effect of MKH with the clinical use of MK-4.
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Fig. 2. MKH delivery via MKH-DMG into HCC cell lines. Intracellular MK-4 and MKO
concentration-time profiles following 25 uM MKH-DMG treatment of PLC/PRF/5 (A),
Hep3B (C), and SK-Hep-1 (E) cells. Intracellular MK-4 and MKO concentration-time profiles
following 25 uM MK-4 treatment of PLC/PRF/5 (B), Hep3B (D), and SK-Hep-1 (F) cell
lines. Symbols: [ll, MK-4; &, MKO; @, MK-4+MKO after MKH-DMG treatment. [_], MK-4;
A, MKO; O, MK-4+MKO after MK-4 treatment. Error bars indicate mean + SD (n = 3).

Table 1. Growth inhibition ICs, values of MK-4 and MKH-DMG against HCC cell lines after treatment with

MK-4 or MKH-DMG.

ICso value (uM) @

. PLC/PRF/5 Hep3B SK-Hep-1
Time (h)

MK- 4 MKH- MK-4 MKH- MK-4 MKH-
DMG DMG DMG

48 - 52 1203 39 141 59
(48-56) (587-2465) (35-43) (128-156) (56-63)

72 295 24 667 37 111 31
(187-465) (22-27) (225-1974) (36-38) (101-122) (30-33)

96 98 14 140 26 84 31
(88-109) (12-16) (101-194) (24-27) (76-92) (29-33)

PLC/PRF/5 and Hep 3 B, DCP-positive cells; SK-Hep- 1, DCP-negative cells.

“ICso values are presented as mean and 95 % confidence interval (in parentheses).
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Fig. 3. Effect of MKH-DMG on cell cycle and expression of cell cycle-related protein in HCC
cells. (A) Flow cytograms of MKH-DMG-treated cells. Indicated percentage values represent
DNA content in G1- and S-phase per number of whole DNA. (B) Effects of MKH prodrug on
expression of cell cycle regulatory proteins and NF-«xB.
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Fig. 5. HCC growth inhibitory effects of MKH-DMG in a splenic—liver metastasis mouse model. (A)
Macroscopic appearance of mouse liver. (B) Total liver weight. (C) Percentage of cancer surface
area/total liver surface area. (D) DCP levels in plasma. Central horizontal line, mean; error bar, SD.
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