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Neuronal cells

Vitamin K is an essential cofactor of y-glutamyl carboxylase
of Gla proteins related to blood coagulation and bone formation.'
There are two different kinds of natural vitamin K homologues:
vitamin K, (also called phylloquinone (PK)), which has a phytyl
group for a side chain, and vitamin K, (also called menaquinone-
n (MK-n)), which has an isoprene unit (Fig. n.>?

0]

QLT LI

(0] 3 o n-1

Vitamin K (Phylloguinone: PK) Vitamin Ky (Menaquinone-n: MK-n)

Figure 1. Natural vitamin K homologues

We have reported that MK-4 is biosynthesized in the body by
conversion from other dietary vitamin K homologues such as PK
or MK-7, and is accumulated in various tissues, especially in
brain.*’ Therefore, we anticipated that MK-4 would play an

important role in the body. In fact, it has been clarified that MK-4
showed various biological activities except the y-glutamyl
carboxylation reaction, such as SXR-mediated transcriptional
activity, protective effects from oxidative stress, and so on.”® We
especially focused on the differentiation activity from neural
progenitor cells (NPCs) to neuronal cells, and synthesized some
vitamin K analogues for the purpose of increasing the biological
activities. In the previous study, we found that the biological
activities of vitamin K analogues were increased by introduction
of a phenyl group at the o-terminal position,” and we have
already succeeded in obtaining some analogues more potent than
MK-4."""" The most potent analogue 1 among our analogues
contained a m-methylphenyl group at the o-terminal side chain of
MK-3 (Fig. 2)."

Based on these previous observations, we predicted that an
alkyl group, including the methyl group, would play an important
role for differentiation activities, and the potency might parallel
the number or position of alkyl groups, which were bound to the
terminal phenyl group. Therefore, we synthesized new vitamin K
analogues, introduced a phenyl group modified with 2 or 3
methyl groups or a tert-butyl group at the -terminal position of



isoprene unit (Fig. 2). At the same time, the ability of the
compounds to induce cell differentiation was evaluated. We
report here the synthetic method of the analogues and the results
of the biological activity assays.

Figure 2. Vitamin K analogues with methylphenyl group or tert-butylphenyl
group introduced at the side chain.

The synthetic scheme of the desired compounds is shown in
Scheme 1. We chose geranyl acetate (8a) or farnesyl acetate (8b)
as a starting material for the synthesis of the side chain part. The
intermediates of the side chain parts 9a,b were obtained from
8a,b in 3 steps by our reported method.” Then, the intermediates
9a,b were converted to 10a,b — 15a,b with introduction of an
alkylated phenyl group by Grignard reaction.'” Regarding the
amount of Grignard reagents, which were successively prepared
from commercially available alkylated phenyl bromide reagents
and magnesium tips, we used a ten-fold molar excess with
respect to the side chain part 9a,b. The chemical yields of the
reaction ranged from 19-86%. The yields depended on the kinds
of Grignard reagents so that the reactivity differed with respect to
the nature of the reagents. Finally, the side chain part (10a,b —
15a,b) was coupled with menadione (16) according to the
Friedel-Crafts reaction.

Menadione (16) was converted to hydroquinone form by
reduction with sodium dithionate. Then the coupling reaction
with side chain part 10a,b — 15a,b in the presence of the catalytic
amount of BF;°OEt, gave coupling product 2a,b —7a,b in 11%-
48% yield." Totally, 12 kinds of compounds were synthesized in
this study. The physiochemical stability of the compounds tended

to decrease as the number of methyl groups attached to the
phenyl group increased, therefore requiring that resulting
compounds be preserved under refrigeration.

Before evaluating the biological activities of the compounds,
we examined the cytotoxicity by MTT cell proliferation assay.
No toxicity was observed about any of the compounds. We first
tried to investigate neurite elongation activity of the compounds
by evaluation of mRNA expression of growth associated protein
43 and tubulin BIII as neural differentiation markers after
addition of 1 uM MK-4 to PC12 cells, which is a cell line widely
used as a model for neural differentiation, in the presence of
nerve growth factor. However, no differences were observed
between control and MK-4. Possibly, the reactivity of the cell
line was low against MK-4.

Then, we investigated the neural differentiation-inducing
activity of the vitamin K analogues using NPCs. We prepared the
NPCs from embryonic mouse brain. Our findings showed that the
reactivity of the NPCs toward MK-4 was higher than in cultured
cell lines. The general method for preparation was according to
our previous way. In short, (i) neural stem cells were dissociated
from embryonic day 14 mouse cerebrum and cultured according
to the method previously described. '”'" " (ii) After the cells
were seeded and cultured for 24 h, they were treated with 1 M
of the vitamin K analogues every second day for 4 days. We
confirmed the differentiation of the NPCs by an
immunofluorescence staining method. If the specific antigen
microtubule-associated protein 2 (Map2) was expressed on the
surface of neuronal cells that had successfully differentiated from
progenitor cells, the sample emitted red fluorescence. The
differentiation could be evaluated from the resulting fluorescence
with fluorescence microscopy (Fig. 3). Our analogues including
7a and 7b selectively differentiated NPCs to neuronal cells since
the differentiated cells were mostly observed with red
fluorescence. With compounds 2a and 4a, we did not observe
neurite elongation as compared to other compounds.
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Scheme 1. Reagents and conditions: (a) Grignard reagent, Cul, THF, 50 °C, 1 h, 19-86%; (b) Na,S,0,, Et,0, quant; (c) 10a,b-15a,b, BF;Et,0, dioxane:
EtOAc (1:1), 70 °C, 3 h, 11-48%.
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Figure 3. Vitamin K derivatives induced neuronal differentiation of NPCs

isolated from an embryonic mouse cerebrum. The cells were treated with the
indicated compounds at 1 M. After 48 h, cells were immunostained with
markers for neurons (Map2, red) and with DAPI (blue) for nuclei. Mature
neurons were observed with Map?2 (red) after treatment with MK-4 and the
synthesized analogues induced neuronal differentiation.

We next undertook the quantitation of the mRNA of Map2
and f-actin of the cells using real-time PCR methodology to
measure differentiation activity into neuronal cells (Fig. 4).

For purposes of comparison, the sample treated with EtOH
served as the baseline, untreated control, while the samples
treated with MK-4 served as positive controls. The MK-4 was
twice as effective as the EtOH control. Compound 7b showed the
most potent activity among the analogues and the potency was
almost the same activity as MK-4. Compound 7a also
significantly exhibited neural differentiation activity. However,

most compounds did not show significant activity compared to
the control group. Interestingly, the compounds 2a and 4a
significantly suppressed expression of mRNA of Map?2 at levels
less than the EtOH control. From the results of the fluorescent
immunostaining as shown in Fig. 3, it is possible that these
compounds might have an inhibitory effect on neural
differentiation. We have not clarified why compounds 2a and 4a
suppressed expression of the mRNA, but MK-2 and MK-3
analogues with a m-methylphenyl group introduced at the side
chain showed potent neural differentiation activities.'® We
therefore predicted that the number and the position of methyl
groups attached to terminal phenyl group as well as the length of
the isoprene unit would influence the neural differentiation
activity.

Our results indicated that the cell differentiation activity of the
vitamin K derivatives depended on the structure of the side chain
part and the number and the position of the alkyl groups bound to
the phenyl group at the o-terminal position. The o-terminal fert-
butylphenyl group, as a “bulky” functional group, showed the
most potent activity, while the methylphenyl groups did not
increase or decrease differentiation activity. We previously
reported that the QSAR analysis of the vitamin K derivatives
suggested that introduction of bulky and highly lipid soluble
substituents to the o-terminal phenyl group of vitamin K would
increase the differentiation activity.'® This results obtained here
proved our prediction to be correct.

In conclusion, we successfully obtained novel vitamin K
derivatives based on natural MK-4, and found that some of them
had potent differentiation activity toward neuronal progenitor
cells. In contrast, we also obtained compounds that inhibited
neural differentiation. These derivatives are the only chemical
compounds which have an ability to selectively affect neural
differentiation. We clarified that significant differences in
differentiation activity could be obtained by altering the
functional group of the side chain. A more detailed examination
is underway to clarify the functional mechanism of the vitamin K
analogues regarding accelerating or suppressing of neural
differentiation and to synthesize compounds which are much
more potent.
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Figure 4. Differentiation-inducing activity of vitamin K, analogues (MK-2 analogues 2a-7a, MK-3 analogues 2b-7b). Neuronal progenitor cells were
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