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Abstract

Mitochondria, which synthesize ATP, are particularly concentrated in highly energy-dependent tissues such as the
brain and muscle, and their dysfunction is involved in the development of Alzheimer’s and Parkinson's disease.
Menaquinone-4 (MK-4), a vitamin K, homolog, is involved in the mitochondrial electron transport chain. In our
previous study, we synthesized the menahydroquinone-4 (MKH) ester derivative and reported that it exhibits better
intracellular delivery than MK-4. In this study, we investigated the effects of MKH derivatives on mitochondrial
inhibitor-induced cell death. Both MK-4 and MKH derivatives suppressed cell death induced by rotenone (ROT,
complex I inhibitor) and decreased mitochondrial membrane potential, reactive oxygen species (ROS)
overproduction, and intracellular CoQq levels. In addition, MKH derivatives functioned as MKH prodrugs in
NIH/3 T3 cells. Furthermore, MK-4 and MKH derivatives attenuated the cytotoxicity induced by 3 -nitropropionic
acid (3-NP, complex II inhibitor) and carbonyl cyanide-m-chlorophenylhydrazone (CCCP, uncoupler). In
conclusion, MK-4 and MKH derivatives protect NIH/3 T3 cells by suppressing mitochondrial dysfunction, using
delivered MKH.
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Fig.1 Schematic illustration of the vitamin K cycle.
VK, vitamin K; MK-4 , menaquinone-4 ; MKH, menahydroquinone-4 ; MKO, menaqui-
none-4 epoxide; VKDP, vitamin K-dependent protein; GGCX, y-glutamyl carboxylase.
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Fig.2 Suppressive effect of MK-4 and MKH derivatives on ROT-induced cell death.
NIH/3T3 cells were treated with 0.03-3 uM MK-4, MKH-DMG, or MKH-SUC for 24 h
in the presence of 10 uM ROT. *** p<0.001 vs vehicle; ### p<0.001 vs ROT; {1 p<0.01
vs 0.3 uM MKH-DMG (Tukey'’s test) . Mean+SD (n=3) .
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Fig. 3 Influence of MK-4 and MKH derivatives on ROT-induced MMP depression and ROS overproduction.
NIH/3T3 cells were treated with 3 uM MK-4, MKH-DMG, or MKH-SUC for 6 h in the presence of 10
uM ROT. MMP was evaluated by JC- 1 staining (a), intracellular ROS levels were determined by DCFH-
DA staining (b). *#* p<0.001 vs vehicle; ### p<0.001 vs ROT (Tukey's test). Mean = SD (n=3).
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Fig. 4 Intracellular MK-4 , MKO, and native CoQ,/CoQoH, levels.
NIH/3 T3 cells were treated with 3 uM MK-4 , MKH-DMG, or MKH-SUC for 6 h or 24 h in the pres-
ence of 10 uM ROT. Intracellular MK-4 or MKO levels at 6 h (a) and 24 h (b), CoQ, levels (c) and
CoQyH, levels (d) at 24 h s p<0.001 vs vehicle; ### p<0.001 vs ROT; # p<0.05 vs ROT (Tukey’s
test). Mean+SD (n=3).
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Fig.5 Suppressive effect of MK-4 and MKH derivatives on cell death induced by complex-II inhibitors and
uncoupler. NIH/3 T3 cells were treated with 0.03 -3 uM MK-4 , MKH-DMG, or MKH-SUC for 24 h
in the presence of 2.5 mM 3-NP (a), 10 uM CCCP (b). *** p<0.001 vs vehicle; ### p<0.001 vs
3-NP or CCCP (Tukey's test). Mean+SD (n=3).
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