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Abstract

Background: Vitamin D decomposition products target a myristic acid sidechain of the predominant glycerophospholipid constructed
in the biomembranes of Helicobacter pylori, causing gastric cancer in humans, and disrupt the membrane structure, followed by bacte-
riolysis. No earlier studies, however, elucidate whether vitamin D decomposition products interact with the glycerophospholipids that
construct the eukaryotic biomembranes and confer whatever cell disorders. Methods: A gastric cancer cell line, MKN45, and a non-
cancer cell line, Vero, were used in this study. Cell injury activities of vitamin D decomposition products (VDP1 and VD2-1) and a VDP1
derivative (VD3-7) were examined by the 3-(4,5-di-methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Identification
of a glycerophospholipid was performed by “H-nuclear magnetic resonance (NMR). Fatty acid composition and glycerophospholipid
molecular species were analyzed by gas chromatography/mass spectrometry (GC/MS) and liquid chromatography/mass spectrometry
(LC/MS), respectively. Structure collapse-induction activity of VDP1, VD2-1 and VD3-7 to glycerophospholipid vesicles was exam-
ined using the pigment-containing lamellar vesicles. Results: MKN45 cells exhibited higher susceptibility to the cell injury activity of
VDP1 and VD2-1 than Vero cells. In the analysis of biomembrane lipids, the glycerophospholipid phosphatidylcholine (PC) molecular
species turned out to conspicuously differ between MKN45 cells and Vero cells. Contents of myristoyl-PC were higher in MKN45 cells
than in Vero cells, while contents of oleoyl-PC were higher in Vero cells than in MKN45 cells. Meanwhile, the contents of palmitoyl- and
palmitoleoyl-PC were almost equal between these cells. We next examined the structure collapse-induction activity of VDP1, VD2-1
and VD3-7 on the lamellar vesicles prepared with dimyristoyl-PC, dipalmitoyl-PC and dioleoyl-PC. The vitamin D decomposition prod-
ucts and a VDP1 derivative induced the structural collapse of dimyristoyl- and dipalmitoyl-PC lamellar vesicles but almost no structural
collapse of dioleoyl-PC lamellar vesicles. These results suggest that the contents of myristoyl-PC in biomembranes are associated with
the susceptibility of eukaryotic cells to the cell injury activity of VDP1, VD2-1 and VD3-7. In addition, no VD3-7 affected the viability
of Vero cells and selectively decreased the viability of MKN45 cells. Conclusions: In the future, we will expect to be capable of devel-
oping novel antitumor agents targeting the myristic acid sidechain of biomembranal PC using a vitamin D decomposition product as the
fundamental structure.
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1. Introduction humans [2-4] than the intact vitamin D3 [5]. We, therefore,
identified with a vitamin D3 decomposition product, VDP1,
that potently induces bacteriolysis in H. pylori. VDP1 is an
indene compound arranged a carbonyl and an alkyl in the
frame. As with VDP1, a vitamin Dy decomposition prod-
uct, VD2-1, also acts as a significant bactericidal agent on
H. pylori [6,7]. VDPI and VD2-1 are considered to bind
to the characteristic glycerophospholipids comprising the
biomembranes of H. pylori, to induce the structural change
to a myristic acid sidechain of its glycerophospholipid, to
thereby destabilize the bacterial membrane conformation,
and to ultimately lead this pathogen to lysis [8]. In sum,

Vitamin D is a hormone generated from steroidal com-
pounds such as ergosterol and 7-dehydrocholesterol. Er-
gosterol and 7-dehydrocholesterol are precursors of vita-
mins Dy and D3, respectively [1]. Vitamins D metabolized
to the activation form exhibit various hormonal actions in
the exogenous calcium ion incorporation, bone metabolism
and innate immune system. Apart from this, a previous
study by our group demonstrated that the decomposition
products obtained from abiotic degradation of vitamin D3
confer more potent bactericidal action to Helicobacter py-
lori, causing gastritis, peptic ulcers and gastric cancers in
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we elucidated the biological activity of vitamin D decom-
position products in a prokaryote. Meanwhile, no earlier
studies, however, examine whether vitamin D decomposi-
tion products exhibit whatever biological activities in eu-
karyotic cells. In this study, we investigate the cell injury
activity of VDP1 and VD2-1 to gastric cancer cells and de-
scribe the possibility of the development of novel antitumor
medicines using VDP1 and VD2-1 as fundamental struc-
tures.

2. Materials and Methods
2.1 VDPI1, VD2-1 and VD3-7

After a condensation product was generated by an
aza-Diels-Alder reaction of vitamin D and 4-phenyl-1,2,4-
triazoline-3,5-dione (PTAD), VDP1 and VD2-1 (Fig. 1)
were chemically synthesized via an oxidation reaction
of the condensation product using a ruthenium chloride-
periodate [6,7]. VD3-7 was a VDP1 derivative with a car-
bonyl substituted to a fluorine in the VDP1 molecule [7].

VDP1 VvD2-1

Fig. 1. Chemical structures of VDP1 and VD2-1.
(1R,3aR,7aR)-1-[(1R)-1,5-dimethylhexyl]octahydro-7a-
methyl-4H-inden-4-one; VD2-1, ((1R,3aR,7aR)-1-((2R,E)-5,6-
dimethylhept-3-en-2-yl)-7a-methyloctahydro-4H -inden-4-one.

VDPI1,

2.2 Cell Lines and Cultures

This study examined two cell lines, MKN45 cells (Ge-
neticLab Co., Ltd., Sapporo, Japan) and Vero cells (a do-
nation item from Yuichi Ishida of Vaxxinova K.K.), that
had been maintained in our laboratory. MKN45 cells are
a poorly differentiated adenocarcinoma cell line obtained
from the human stomach, and Vero cells are a non-cancer
epithelial cell line obtained from the kidney of the African
green monkey. These cell lines are commercially available,
and the strain numbers of the MKN45 cell line and the Vero
cell line are JCRB0254 and RCB0001, respectively. The
cells were cultured in RPMI 1640 (Sigma-Aldrich Inc., St.
Louis, MO, USA) medium supplemented with 10% heat-
inactivated fetal calf serum (ThermoFisher Scientific Inc.,
Tokyo, Japan), 10 mM HEPES (ThermoFisher Scientific
Inc., Tokyo, Japan) and 2 mM L-glutamine at 37 °C in a
humidified 5% CO- incubator. Incidentally, the cell lines
used in this study were validated by a short tandem repeat
(STR) profiling and tested negative for mycoplasma.

2.3 Assay of Cell Injury Activity

After washing once with phosphate-buffered saline
(PBS) by centrifugation, the cell suspension (100 pL) ad-
justed to 4 x 10° cells/mL using the culture medium was
inoculated into the same culture medium (100 pL) contain-
ing various concentrations of either VDP1, VD2-1 or VD3-
7 and incubated for 24 h at 37 °C in the CO5 incubator.
After a 20 pL volume of 3-(4,5-di-methylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) (Sigma-Aldrich Inc.,
St.  Louis, MO, USA) reagent (5 mg/mL in PBS) was
added to the cell culture, the cell suspension was further
incubated for 2 h under the same conditions and the super-
natant was removed. The formazan blue, a MTT metabo-
lite crystalizing only in viable cells, was solubilized in an
isopropanol solution (200 pL) containing 5% formic acid,
and the absorbance (As40 nm) of the formazan blue solu-
tion (150 uL) was measured at a wavelength of 540 nm.
Viability of the cells incubated in the presence of either
VDPI, VD2-1 or VD3-7 was calculated by relative As40 nm
against the A4 nm in the cells incubated in the absence of
VDPI1, VD2-1 and VD3-7. Half maximum inhibitory con-
centrations (IC5p) were expressed with the concentrations
of VDP1, VD2-1 and VD3-7 that had reduced the As40 nm
values to the half values when Ag4o nm value in the cells
without VDP1, VD2-1 and VD3-7 was converted into a rel-
ative value.

2.4 Extraction of Lipids

After washing three times with PBS by centrifugation,
the cell pellets were suspended in distilled water (8 mL),
added into chloroform—methanol (2:1) mixture solvents (40
mL) in a glass bottle, vigorously shaken in the bottle and
incubated overnight at 4 °C. After the upper solution was
removed, solvent of the lower solution was vaporized at 60
°C by a rotary-evaporator (Nihon Biichi K.K., Tokyo, Japan
) in order to obtain lipids. After the dry weight of lipids was
measured, lipids (approximately 15 mg) were solubilized in
a chloroform solvent (1 mL).

2.5 Analysis of Lipids by Thin-Layer Chromatography
(TLC)

Lipids (50 pg or 200 pg) dotted onto a silica gel
plate (Merck) for TLC were developed on the plate sur-
face together with chloroform—methanol-acetone—water
(10:10:1:1) mixture solvents and dried. After a 60% sul-
furic acid solution was sprayed on the TLC plate surface,
whole lipids were detected by heating the TLC plate at 180
°C. Phospholipids were detected by spraying a Dittmer’s
reagent on the TLC plate surface.

2.6 Fractionation of Lipids by Silica Gel Column
Chromatography

Whole lipids (approximately 15 mg) solubilized
in chloroform solvent (1 mL) were put on a column
(1-centimeter diameter; S-centimeter height) filled with
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chloroform-activated silica gel beads (Iatrobeads 6RS-
8060; Mitsubishi Kagaku Iatron Inc., Tokyo, Japan).
Individual lipids were eluted from the column using
in the order of chloroform solvent (10 mL), acetone
solvent (10 mL), acetone—methanol (9:1) mixture sol-
vents (10 mL), acetone—methanol (8:2) mixture sol-
vents (10 mL), acetone—methanol (7:3) mixture solvents
(10 mL), acetone—methanol (6:4) mixture solvents (10
mL), acetone—methanol (5:5) mixture solvents (10 mL),
acetone—methanol (4:6) mixture solvents (10 mL), acetone—
methanol (3:7) mixture solvents (10 mL) and acetone—
methanol (2:8) mixture solvents (10 mL). After eluates
were vaporized by a rotary evaporator, lipids were obtained.

2.7 Analysis of Lipids by Proton Nuclear Magnetic
Resonance (*H-NMR)

Lipid fractions separated by silica gel column chro-
matography were dissolved in a deuterated chloroform
solvent containing a small amount of tetramethylsilane.
A 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC)
was dissolved in the same solvent and used as a reference
lipid species. Lipid solution was put in a 'H-NMR spec-
trometer ECA500 device (JEOL Ltd., Tokyo, Japan) and
chemical-shift signals of the lipids were detected based on
the baseline signal (0.0 ppm) of chemical-shift of tetram-
ethylsilane. The following conditions were adopted for the
'H-NMR analysis: resonance frequency, 500.1 MHz; tem-
perature, 23 °C.

2.8 Analysis of Fatty Acid Composition of
Phosphatidylcholine (PC)

PC specimen was stirred in methanol solvent (1 mL)
containing 5% hydrochloric acid, and then heated for 30
min at 70 °C. After cooling at room temperature, distilled
water (1 mL) was added to the solution containing methano-
lized PC, stirred, and then hexane (1 mL) was added to the
solution. After the solution was shaken for 30 s and cen-
trifuged, fatty acid methyl esters derived from PC speci-
mens were obtained from the upper solution. Fatty acid
methyl ester solution (1 pL) was injected together with an
internal standard palmitic acid-ds; methyl ester into a TC70
column (GL Sciences Inc., Tokyo, Japan) equipped with a
GCMS-QP2010 Ultra device (Shimadzu Techno-Research
Inc., Tokyo, Japan), and spectra of fatty acid methyl ester
were detected by an electron ionization mass spectrometry.
Fatty acids were identified by comparison to mass spectra
of fatty acids registered in a computer database library. Ra-
tio of fatty acid composition was calculated based on the
magnitude of the peak area of each fatty acid spectrum.

2.9 Analysis of PC Molecular Species

PC specimen dissolved in chloroform—methanol (1:1)
mixture solvents (3 uL) was injected together with an inter-
nal standard DMPC-d5, into an XBridge C8 column (Wa-
ters Co., Tokyo, Japan ) equipped to a LC30A Nexera (Shi-

&% IMR Press

madzu Techno-Research Inc., Tokyo, Japan)-Triple Quad
5500 (AB Sciex Co., Tokyo, Japan) system device, and
spectra of PC molecular species were scanned by an electro-
spray ionization mass spectrometry with a negative mode.
Individual PC molecular species were determined by the
fatty acid pairs, which were identified by the analysis of
the fatty acid composition. Ratio for each PC molecular
species was calculated from the magnitude of the peak area
of each mass spectrum.

2.10 Preparation of PC Lamellar Vesicles

PC powder (30 mg) was dispersed into distilled wa-
ter (1 mL) and sonicated at room temperature until floating
substances changed to gel-like precipitates. The gel-like
precipitates recovered by centrifugation were suspended in
distilled water (200 pnL) containing Coomassie brilliant blue
(CBB: 20 pg) and incubated for three days at 4 °C to pre-
pare the CBB-containing PC lamellar vesicles. The CBB-
containing PC lamellar vesicles were then washed with dis-
tilled water via centrifugation until the supernatant changed
to a clear fluid. Finally, optical densities of the CBB-
containing PC lamellar vesicle suspension were adjusted
using distilled water to 2.0 at a wavelength of 660 nm.

2.11 Assay of Structure Collapse-Induction Activity of
VDPI, VD2-1 and VD3-7 to PC Lamellar Vesicles

CBB-containing PC lamellar vesicle suspension (200
pL) was incubated for 5 min at room temperature with-
out shaking in the presence or absence of each ethanol
(10 pL)-solubilized vitamin D decomposition product (100
pg) and a VDPI1 derivative (100 pg). After PC lamellar
vesicles were removed by centrifugation, the absorbance
(As90 nm) of the supernatant (150 pL) was measured at a
wavelength of 590 nm. Collapse indexes of PC lamellar
vesicles in the presence of each vitamin D decomposition
product and a VDP1 derivative were calculated by relative
As90 nm against the Asgg nm in the absence of those prod-
ucts. Incidentally, we used a 21% hydrochloric acid as the
positive control and confirmed that the 21% hydrochloric
acid completely causes the collapse of all lamellar vesicles
prepared with PC molecular species examined.

2.12 Statistical Significance Analysis

Statistical significance was evaluated by a Student’s
t-test. Difference (p < 0.01 and p < 0.05) of statistical sig-
nificance was calculated by the data obtained from indepen-
dent experiments that were repeated three times.

3. Results

3.1 Cell Injury Activity of VDP1 and VD2-1 to MKN45
Cells and Vero Cells

We first examined the cell injury activity of VDP1 and
VD2-1 in MKN4S5 cells and Vero cells. After MKN45 cells
and Vero cells were incubated for 24 h in the presence of
either VDP1 or VD2-1 at various concentrations, the viabil-
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ity of the cells was measured by an MTT assay. In MKN45
cells, VDP1 and VD2-1 rapidly caused a decline in cell via-
bility at the 40 pg/mL and 30 pg/mL concentrations, respec-
tively, and almost completely abolished the cell viability at
the 70 pg/mL concentration (Fig. 2A). Meanwhile, in Vero
cells, VDP1 and VD2-1 rapidly decreased cell viability at
the 60 pg/mL concentration, and almost completely led to
cell death at the 100 pg/mL and 80 pg/mL concentrations,
respectively. 1Csq of VDP1 and VD2-1 were 39.1 + 1.6
pg/mL and 29.3 + 3.4 pg/mL, respectively, for the viabil-
ity of MKN45 cells. Meanwhile, IC5g of VDP1 and VD2-1
were 62.9 + 1.3 pg/mL and 55.9 £ 0.7 pg/mL, respectively,
for the viability of Vero cells. Intriguingly, IC59 of VDP1
and VD2-1 for MKN45 cells were statistically lower than
those of VDP1 and VD2-1 for Vero cells (Fig. 2B). Hence,
MKN45 cells were more sensitive to the cell injury activity
of VDP1 and VD2-1 than Vero cells. These results suggest
the possibility that the difference in sensitivity to the cell
injury activity of VDP1 and VD2-1 between MKN45 cells
and Vero cells is due to differences in glycerophospholipid
compositions in the biomembranes of these cells.

3.2 Analysis of Lipids of MKN45 Cells and Vero Cells

We next extracted whole lipids from MKN45 cells and
Vero cells by an organic solvent distribution method and an-
alyzed lipids by TLC with chloroform—methanol-acetone—
water (10:10:1:1) solvents. As a consequence, differences
in the detection levels were obviously observed in lipids
with high polarity. In the TLC analysis using a Dittmer’s
reagent, lipids with high polarity turned out to be phos-
pholipids (PL1 and PL2). PL1 was detected with denser
staining in MKN45 cells than in Vero cells, while PL2 was
detected with denser staining in Vero cells than in MKN45
cells (Fig. 3A). Meanwhile, PL3, PL4 and PL5 were not ob-
served with a conspicuous difference in the qualitative de-
tection between MKN4S5 cells and Vero cells. After PL1 and
PL2 were purified from whole lipids extracted from either
MKN45 cells or Vero cells by silica gel-column chromatog-
raphy with an acetone—methanol solvent system, purified
PL1 and PL2 were subjected to a proton nuclear magnetic
resonance (\H-NMR) in order to identify those phospho-
lipids (Fig. 3B,C). As a consequence, signals of chemical
shifts detected in PL1 and PL2 almost corresponded with
the signals of chemical shifts detected in DMPC used as a
comparative control phospholipid in *H-NMR analysis. In
sum, PL1 and PL2 turned out to be clusters of PC molecules
that differ in polarity. PC is the most prevalent glycerophos-
pholipid composing biomembranes of eukaryotic cells, but
individual PC molecules possess fatty acid sidechains with
different carbon chain lengths. These results suggest the
possibility that the difference in polarities in PC molecules
is due to the difference in carbon chain lengths of fatty acid
sidechains in PC molecules.

3.3 Fatty Acid Composition of PC of MKN45 Cells and
Vero Cells

Next, we analyzed fatty acid composition of PC (PL1
and PL2) purified from either MKN45 cells or Vero cells.
After fatty acid methyl esters obtained by methanolysis of
PC were separated via a cyanopropyl-silphenylene siloxane
column using a palmitic acid-d3; methyl ester as the inter-
nal standard, the individual fatty acid methyl esters were
detected as spectra by an electron ionization mass spectrom-
etry. Each spectrum of fatty acid methyl ester was verified
against the spectra of fatty acid methyl esters registered in
the computer database library, and fatty acids were identi-
fied. The percentage of each fatty acid was calculated by
the magnitude of the peak area of the spectrum detected by
the gas chromatography/mass spectrometry (GC/MS). As a
consequence, PC of MKN45 cells possessed saturated fatty
acid (14:0, 16:0, and 18:0) with a higher percentage than
PC of Vero cells (Supplementary Table 1). Especially, the
percentage of myristic acid (14:0) in MKN4S5 cells’ PC was
approximately 2.7-fold higher than that of myristic acid in
Vero cells” PC. Apart from this, the percentage of palmi-
toleic acid (16:1) in MKN45 cells’ PC was approximately
2-fold higher than that of palmitoleic acid in Vero cells’ PC.
Conversely, PC of Vero cells possessed unsaturated fatty
acid (18:1, 18:2, and 20:1) with a higher percentage than
PC of MKN45 cells. Percentages of linoleic acid (18:2)
and eicosenoic acid (20:1) of Vero cells’ PC were approxi-
mately 2-fold and 3.5-fold higher, respectively, than those
of linoleic acid and eicosenoic acid of MKN45 cells’ PC.

3.4 Analysis of PC Molecular Species of MKN45 Cells and
Vero Cells

We next examined PC molecular species of MKN45
cells and Vero cells. After purified PC was separated into
individual PC molecules via a C8 column using DMPC-
ds4 as the internal standard, each PC molecule was de-
tected as a spectrum by an electrospray ionization mass
spectrometry in negative mode. PC molecular species were
determined based on mass spectra of PC molecules, and
the data of fatty acid composition were shown in Supple-
mentary Table 1. The percentage of each PC molecular
species was determined by the magnitude of the peak area of
the spectrum detected by the liquid chromatography/mass
spectrometry (LC/MS). As a consequence, MKN45 cells
contained greater amounts of myristoyl-PC (14:0) molec-
ular species than Vero cells (Supplementary Table 2).
Palmitoyl-PC (16:0) molecular species had almost equal
contents between MKN45 cells and Vero cells. The per-
centage of palmitoleoyl-PC (16:1) molecular species in to-
tal PC was somewhat higher in MKN45 cells than in Vero
cells. Meanwhile, Vero cells contained greater amounts of
oleoyl-PC (18:1) molecular species than MKN45 cells. For
instance, the contents of DMPC were approximately 3.5-
fold higher in MKN45 cells than in Vero cells. The total
contents of dipalmitoyl-PC (DPPC) and dipalmitoleoyl-PC
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Fig. 2. Cell injury activity of VDP1 and VD2-1 to MKN4S5 cells and Vero cells. (A) Cell suspension was incubated for 24 h in the
presence of various concentrations of either VDP1 (upper panel) or VD2-1 (lower panel). After the incubation, an MTT reagent was
added to the cell culture, and incubated for 2 h under the same conditions. After the cell supernatant was removed, MTT metabolites,
formazan blue crystallizing only in viable cells, were solubilized in an isopropanol solution containing 5% formic acid, and the absorbance
(As40 nm) of the formazan blue solution was measured at a wavelength of 540 nm. Viability of the cells in the presence of each vitamin
D decomposition product was calculated by relative As40 nm against the As4o nm in the cells in the absence of those products. Data were
denoted with the mean value + standard deviation obtained from three independent experiments. (B) Based on the results in panel A, IC5¢
was calculated, and a statistically significant difference (p < 0.05) was evaluated by a Student’s ¢-test. MTT, 3-(4,5-di-methylthiazol-2-

y1)-2,5-diphenyltetrazolium bromide; ICs, half maximum inhibitory concentrations.

were almost equal between MKN45 cells and Vero cells.
Conversely, the contents of dioleoyl-PC (DOPC) were ap-
proximately 1.6-fold higher in Vero cells than in MKN45
cells. In sum, taken together with Supplementary Ta-
bles 1,2, MKN45 cells turned out to abundantly possess PC
molecular species with shorter fatty acid sidechains than
Vero cells, and conversely, Vero cells turned out to abun-
dantly possess PC molecular species with longer fatty acid
sidechains than MKN45 cells (Fig. 4A).
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3.5 Structure Collapse-Induction Activity of VDPI and
VD2-1 to PC Lamellar Vesicles

Next, the structure collapse-induction activity of
VDP1 and VD2-1 to PC lamellar vesicles was exam-
ined. PC lamellar vesicles containing CBB were prepared
with either DMPC, DPPC or DOPC (Fig. 4B), and CBB-
containing PC lamellar vesicles were incubated for 5 min
in the presence or absence of either VDP1 or VD2-1. Af-
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Fig. 3. Analysis of lipids extracted from MKN45 cells and Vero cells. (A) Lipids dotted onto a silica gel plate for TLC were developed

on the plate surface together with chloroform—methanol-acetone—water (10:10:1:1) mixture solvents and dried. After a 60% sulfuric acid

solution was sprayed on the TLC plate surface, whole lipids were detected by heating the TLC plate at 180 °C (left panel). Phospholipids

were detected by spraying a Dittmer’s reagent on the TLC plate surface (right panel). WL, whole lipids; PL, phospholipids; M, MKN45
cells; V, Vero cells. (B) Whole lipids extracted from either MKN45 cells (M) or Vero cells (V) were fractionated by silica gel column
chromatography with an acetone—methanol solvent system, and phospholipids (PL1 and PL2) contained in fractions 9 (9) and 10 (10)
were detected by TLC analysis using a 60% sulfuric acid solution. (C) Chemical shift-signals of DMPC, PL1 (fraction 10) purified from
MKN45 cells’ lipids and PL2 (fraction 9) purified from Vero cells’ lipids were detected by 'H-NMR. TLC, thin layer chromatography;

DMPC, 1,2-dimyristoyl-sn-glycero-3-phosphocholine.

ter the incubation, the strengthen of the structure collapse-
induction activity of VDP1 and VD2-1 to each PC lamel-
lar vesicle was calculated as a collapse index by measure-
ment of CBB levels eluted from PC lamellar vesicles. As
a consequence, VDP1 and VD2-1 induced structural col-
lapse to the lamellar vesicles composed of either DMPC or
DPPC, while these vitamin D decomposition products in-
duced almost no structural collapse to the lamellar vesicles
composed of DOPC (Fig. 4C).

3.6 Cell Injury Activity of VD3-7 to MKN45 Cells and Vero
Cells

We next examined the cell injury activity of a VDP1
derivative VD3-7 to MKN45 cells and Vero cells (Fig. 5A).
Intriguingly, VD3-7 had no influence on the viability of
Vero cells but exhibited the significant cell injury activity
to MKN45 cells (Fig. 5B). IC59 was a45.2 £ 1.9 pg/mL in
MKN4S5 cells and was much higher than 100 pg/mL in Vero
cells. Next, we examined the structure collapse-induction
activity of VD3-7 to the lamellar vesicles prepared with ei-
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Fig. 4. PC molecular species composition of MKN45 cells and Vero cells, and Structure collapse-induction activity of VDP1 and

VD2-1 to PC lamellar vesicles. (A) PC molecular species composition of MKN45 cells and Vero cells. (B) Chemical structures of
DMPC (upper), DPPC (middle) and DOPC (lower). (C) After CBB-containing lamellar vesicles prepared with either DMPC, DPPC or
DOPC were incubated for 5 min in the solution (200 pL) containing either VDP1 (100 pg) or VD2-1 (100 pg), the absorbance (As90 nm)
of the supernatant was measured at a wavelength of 590 nm. The collapse index was calculated by the relative Asgo nm Of supernatant

in CBB-containing PC lamellar vesicles incubated in the presence of either VDP1 or VD2-1 against the Asgo nm Of supernatant in CBB-

containing PC lamellar vesicles incubated without VDP1 and VD2-1. Data were denoted with the mean value + standard deviation

obtained from three independent experiments, and statistical significance difference (p < 0.05) was evaluated by a Student’s #-test. NS,

no statistical significance. DPPC, dipalmitoyl-phosphatidylcholine; DOPC, dioleoyl-phosphatidylcholine; CBB, Coomassie brilliant

blue; PC, phosphatidylcholine.

ther DMPC, DPPC or DOPC. As with the case of VDP1 and
VD2-1, VD3-7 also induced the structure collapse to the
DMPC and DPPC lamellar vesicles but almost no structure
collapse to the DOPC lamellar vesicles (Fig. 5C). These re-
sults imply the development of a novel antitumor medicine
using a vitamin D decomposition product as the fundamen-
tal structure.

4. Discussion

In the case of dimyristoyl-phosphatidylethanolamine
(DMPE) and dipalmitoyl-PE (DPPE), VDP1 and VD2-1
exhibit selective structure collapse-induction activity not

&% IMR Press

to the DPPE lamellar vesicles but to the DMPE lamellar
vesicles [6,7,9]. In addition to the hydrophobic interac-
tion between an alkyl of vitamin D decomposition prod-
ucts and fatty acid sidechains of PE, electrostatic attrac-
tion between a carbonyl of vitamin D decomposition prod-
ucts and a phosphate head moiety of PE plays an impor-
tant role in the intermolecular interaction between those
compounds. On this basis, the lack of selectivity in the
structure collapse-induction activity of VDP1 and VD2-1
to the DMPC lamellar vesicles may be due to the phospho-
rylcholine conformation in a PC molecule. Meanwhile, a
previous study by our group elucidated that VD3-7 weak-
ened both the antibacterial activity against H. pylori and the
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Fig. 5. Cell injury activity of VD3-7 to MKN45 cells and Vero cells. (A) Chemical structure of VD3-7, (1R,7aR)-4-fluoro-7a-methyl-1-
((R)-6-methylheptan-2-yl)octahydro-1H-inden. (B) MTT assay was carried out using a VD3-7 by the same method described in Fig. 2A.
(C) The structure collapse-induction activity of VD3-7 was evaluated by the same method described in Fig. 4C. Data were denoted with

the mean value 4 standard deviation obtained from three independent experiments, and statistical significance difference (p < 0.01) was

evaluated by a Student’s ¢-test. NS, no statistical significance.

structure collapse-induction activity against DMPE lamel-
lar vesicles [7]. However, in this study, VD3-7 exhibited
the selective cell injury activity to MKN45 cells and exerted
the structure collapse-induction activity to DMPC lamellar
vesicles. These results mean the possibility that a fluorine
in the VD3-7 molecule is the functional group selectively
interacting with a phosphorylcholine moiety of PC. In the
future, we will need to develop more accurate assay meth-
ods for evaluating the structure collapse-induction activity
of vitamin D decomposition products and their derivatives
on the PC lamellar vesicles and to determine the optimal
functional group to selectively act on the phosphorylcholine
moiety of PC. Meanwhile, as with the dioleoyl-PE (DOPE)
lamellar vesicles, VDP1, VD2-1 and VD3-7 induced almost
no structural collapse of DOPC lamellar vesicles. It is not
well understood as to why VDP1, VD2-1 and VD3-7 ex-
hibit no structure collapse-induction activity to the DOPE
and DOPC lamellar vesicles, but these vitamin D decompo-
sition products and a VDP1 derivative are predicted to be
incapable of causing the structural change in the long fatty
acid sidechains regardless of the structures of the phosphate
head moiety of glycerophospholipids.

Previous studies by our group demonstrated that
VDP1 and VD2-1 confer a specific bacteriolytic action to
the bacteria that retain myristoyl-PE as the most predomi-
nant biomembranal lipid components, while these vitamin
D decomposition products confer no bacteriolytic action
to the bacteria that retain palmitoyl-PE as the most pre-
dominant biomembranal lipid components. On this ba-
sis, VDP1 and VD2-1 are considered to target the myris-
tic acid sidechain in a PE molecule, to induce the structural
change to its fatty acid sidechain, to thereby destabilize the
membrane construction and to ultimately lyse the bacte-
rial cells [1,8]. As shown in Fig. 4A, MKN45 cells con-
tained myristoyl-PC (14:0) in more abundance than Vero
cells, whereas Vero cells contained oleoyl-PC (18:1) in
more abundance than MKN45 cells. Based on ICsg, the
susceptibilities of MKN45 cells to the cell injury activity of
VDP1 and VD2-1 were approximately 1.6-fold and 1.9-fold
higher, respectively, than those of Vero cells to the cell in-
jury activity of the same vitamin D decomposition products.
Meanwhile, the percentage of myristoyl-PC in total PC con-
tents in MKN45 cells was approximately 1.7-fold higher
than that of myristoyl-PC in total PC contents in Vero cells.
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On this basis, the susceptibility of eukaryotic cells to the cell
injury activity of VDP1 and VD2-1 seems to be associated
with the contents of myristoyl-PC in the biomembranes. In
addition, the percentage of oleoyl-PC in total PC contents
in Vero cells was approximately 1.6-fold higher than that of
oleoyl-PC in total PC contents in MKN45 cells. This means
the possibility that oleoyl-PC decreases the susceptibility to
the cell injury activity of VDP1 and VD2-1 in Vero cells by
preventing of interaction between those vitamin D decom-
position products and biomembrane myristoyl-PC. In the
future, we will need to clarify the intermolecular interac-
tion between VDP1, VD2-1 and PC molecular species and
to elucidate the mechanism for the eukaryotic cell disorder
activity of vitamin D decomposition products. In addition,
we will also need to analyze whether other phospholipids
(PL3 to PLS5) are biomembrane lipid components involved
in the cell injury activity of VDP1 and VD2-1 to MKN45
cells and Vero cells.

5. Conclusions

Previous studies by our group revealed a unique an-
tibacterial activity of VDP1 and VD2-1 to H. pylori, a gas-
trointestinal pathogen for humans. These vitamin D de-
composition products specifically disordered the lipid bi-
layers of H. pylori, followed by bacteriolysis. Direct tar-
get of VDPI1 and VD2-1 is considered to be a myristic acid
sidechain of myristoyl-PE (especially DMPE) contained in
the lipid bilayers. In this study, we examined the cell injury
activity of VDP1 and VD2-1 in a gastric cancer cell line
and a non-cancer cell line. As a consequence, VDP1 and
VD2-1 were considered to interact at least with myristoyl-
PC in the lipid bilayer of these cell lines and to confer the
cell injury action to those cells. In eukaryotic cells, the
contents of myristoyl-PC in the biomembranes appeared to
be associated with the susceptibility to the cell injury ac-
tivity of VDP1 and VD2-1. Actually, a VDP1 derivative,
VD3-7, significantly exhibited the cell injury activity not
to non-cancer cells but to gastric cancer cells with con-
tained high levels of myristoyl-PC. This implies the pos-
sibility that VD3-7 reacts more sensitively to the differ-
ence in myristoyl-PC contents in the biomembranes. A
previous study by another group elucidated that breast can-
cer cells possess glycerophospholipids with a shorter fatty
acid sidechain, such as myristic acid, in more abundance
than non-cancer cells [10]. These results mean the possi-
bility that not only gastric cancer cells but also breast can-
cer cells exhibit high susceptibility to the cell injury activ-
ity of VDPI and VD2-1. In the future, the development
of novel medicines using vitamin D decomposition prod-
ucts will be expected in both fields of R&D of antibacterial
agents and antitumor agents, targeting a characteristic glyc-
erophospholipid in the biomembranes of pathogenic bacte-
ria and cancer cells.
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VDPI, (1R,3aR,7aR)-1-[(1R)-1,5-
dimethylhexyl]octahydro-7a-methyl-4H-inden-4-one;
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yl)octahydro-1H-inden.
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