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Blue Fluorescence Generated during Lipid Oxidation of Rat Liver
Microsomes Cannot Be Derived from Malonaldehyde but Can Be from
Other Aldehyde Species
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Generation of blue fluorescence together with phospholipid hydroperoxides and aldehyde species in rat liver
microsomes during oxidation with FeCl,-ADP-ascorbic acid was monitored, and the kind of lipid oxidation prod-
ucts participating in the formation of blue fluorescence was investigated. Contents of phospholipid hydroperox-
ides were increased in an early stage of oxidation, and were decreased in an advanced stage of oxidation. Con-
tents of components that liberated malonaldehyde, 4-hydroxyalkenals and other unsaturated aldehydes under
the acidic assay conditions were increased in the advanced stage of oxidation. Water-soluble blue fluorescence
with a maximum at 440-—450 nm determined after separation through gel filtration accumulated in the advanced
stage of oxidation, and was characterized as resistant to borohydride treatment and to be little dependent on pH
values of the solvent. Wavelength of the maximum fluorescence and characteristics of the fluorescence were simi-
lar to those of fluorescence with maxima at 440—450 nm formed by reaction of unoxidized microsomes, bovine
serum albumin or methylamine with alkenals, and different from those of fluorescence with maxima at above
460 nm obtained by the reaction with a mixture containing malonaldehyde. Hence, blue fluorescence accumu-
lated in oxidized microsomes cannot be derived from free malonaldehyde but can be from other aldehyde species

including alkenals.

Key words

Blue fluorescence generated in living cells has been re-
ferred to as an age-related lipofuscin-like substance and also
an index of aging.! ™ Blue fluorescence is believed to be de-
rived from the reaction of proteins with lipid oxidation prod-
ucts in living cells in situ.' > However, because of the diffi-
culty in isolating blue fluorescence from tissues its character-
istic nature remains obscure. In earlier studies, lipid-soluble
blue fluorescence showing an excitation maximum at 340—
380nm and a fluorescence maximum at 420—490 nm was
extracted with chloroform-methanol,%” and many reports
using this organic solvent extraction method have ap-
peared.>® Several other studies have claimed that water-solu-
ble blue fluorescence is a better index than lipid-soluble blue
fluorescence.** 12 Furthermore, our recent studies have
demonstrated that chloroform-methanol extraction produces
an artificial blue fluorescence and that the amount of blue flu-
orescence generated in tissues may be overestimated by this
organic solvent extraction method."

It has been found in several model systems that blue fluo-
rescence is generated by reaction of proteins/amino acids
with lipid oxidation products.'—>!*!) Malonaldehyde (MA),
one of these lipid oxidation products, has received attention
because the aldehyde produces blue fluorescent 1,4-dihy-
dropyridine 3,5-dicarbaldehyde derivatives by reaction with
proteins under physiological conditions."™>'*!> However, it
has been shown that aldehyde species other than MA»!4!%
and lipid peroxy radicals'®'” can also contribute to the for-
mation of similar blue fluorescence on proteins.

In the present study, rat liver microsomes were oxidized
and the oxidation products were monitored. Phospholipid hy-
droperoxides were found to be generated in an early stage of
oxidation, and components that liberated MA and other alde-
hyde species under acidic conditions were accumulated in an
advanced stage of oxidation. It was further shown that water-
soluble blue fluorescence accumulated in the advanced stage
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of oxidation was originated not from free MA but from other
aldehyde species including alkenals.

MATERIALS AND METHODS

Analysis Fluorescence spectra and intensities were mea-
sured using a Hitachi 650—60 fluorescence spectrophotome-
ter (Tokyo, Japan) with a xenon-lamp with excitation and flu-
orescence slit widths set at 10 nm. The instrument was stan-
dardized with a solution of 0.1 um quinine sulfate in 0.1Mm
sulfuric acid to give a fluorescence intensity of 1.00 at
450 nm when excited at 350 nm. Relative fluorescence inten-
sity (Ry) of the solution against that of the quinine sulfate so-
lution was determined. R;; unit was calculated by multiplying
R by the volume (ml) of the solution, and the relative molar
fluorescence intensity (R,,;) of the compound was calculated
by multiplying R, by 0.1/the molar concentration of the com-
pound. Buffers used for fluorescence measurement were
0.1 M HCI-0.1 M KCI (pH 1.0), 0.1 HCI-0.1 m glycine (pH
2.0), 0.1 m tartaric acid-0.1 M NaOH (pH 3.0), 0.1 m acetate
(pH 5.0), 0.1 M phosphate (pH 7.0), 0.1 M Tris—0.1 M HCI (pH
9.0), 0.1m NaOH-0.1m NaH,PO, (pH 11.0) and 0.1m
NaOH-0.1 M KCI (pH 13.0).

'H- and *C-NMR spectra were obtained on a Bruker AM-
400 FT-NMR spectrometer (Switzerland) using CDCl, as a
solvent and tetramethylsilane as an internal standard. Charac-
terization of *C-NMR signals was done by distortionless en-
hancement by polarization transfer (DEPT) technique. Mass
spectrum was obtained with a Hitachi M-80 machine (Tokyo)
by electron impact (EI) technique.

Materials Adenosine-5’-diphosphate ~ monopotassium
salt (ADP-K) was obtained from Oriental Yeast Company
(Tokyo). Phosphatidylcholine (egg yolk) (PC) and phos-
phatidylethanolamine (egg yolk) (PE) were obtained from
Nippon Fats and Oil Liposome Company (Tokyo). PC hy-
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droperoxide (PCOOH) and PE hydroperoxide (PEOOH)
were prepared just before use according to the method of
Miyazawa et al.'® Briefly, PC and PE were photooxidized at
10°C for 10h in the presence of methylene blue, and methyl-
ene blue was removed by passing through a column of
florisil. Peroxide values of PCOOH and REOOH were esti-
mated to be 1380—1680 and 770—840 neq/mg, respectively.
Cytochrome ¢ and luminol were purchased from Sigma
Chemical Company (St. Louis, MO, U.S.A.) and Wako Pure
Chemical Industries (Osaka), respectively. Bovine serum al-
bumin (BSA) was obtained from Sigma. Thiobarbituric acid
(TBA), silica gel 60 (70—230 mesh) and silica gel 60 F-254
for thin-layer chromatography (TLC) were obtained from
Merck (Darmstadt, Germany). LPO-586 (N-methyl-2-
phenylindole) was obtained from Bioxytech S.A. (Bonneul
sur Marne, France). Sephadex G-10 was obtained from Phar-
macia Company (Upsala, Sweden).

cis-3-Hexen-1-ol, cis-3-nonen-1-ol, 3-chloroperoxyben-
zoic acid (50—60%), pyridinium chlorochromate, trans-2-
hexenal (hexenal) and frans-2-nonenal (nonenal) were ob-
tained from Aldrich Chemical Company (Milwaukee, WIS,
US.A)). Tetramethoxypropane (TMP) was obtained from
Tokyo Chemical Company (Tokyo). Free MA was prepared
just before use by dissolving TMP in 0.1 M HCI, and the pH
value was immediately adjusted with 0.1 NaOH. 4-Hy-
droxy-2(E)-nonenal (HNE) and 4-hydroxy-2(E)-hexenal
(HHE) were prepared according to the method of Gardner et
al." For preparation of HNE, a solution of cis-3-nonen-1-ol
(71 mg) in 2ml of chloroform, 130 mg of 3-chloroperoxy-
benzoic acid was added at 0 °C. Resulting 3,4-epoxynonanol
(66.7 mg) was obtained as colorless oil, after addition of 2ml
of 10% NaHCO; to the reaction mixture, extraction with di-
ethyl ether, and finally silica gel column chromatography
using a solvent system composed of n-hexane : ethyl acetate
(3:1, v/v). '"H-NMR spectrum (ppm): 3.85 (2H, m, 1-CH,),
3.09 (1H, m, 3-CH), 2.94 (1H, m, 4-CH), 1.87, 1.65(2H, m,
3-CH,), 1.53 (4H, m, 5,6-CH,), 1.32 (4H, m, 7,8-CH,) and
0.89 (3H, t, CH;). “C-NMR (ppm): 60.8 (1-C), 56.7 (4-C),
55.0 (3-C), 31.7 (7-C), 30.7 (2-C), 27.9 (5-C), 26.2 (6-C),
22.6 (8-C) and 14.0 (9-C). To a solution of 3,4-epoxynonanol
(60 mg) in 0.7 ml of methylene chloride 87 mg of pyridinium
chlorochromate was added and the solution was rigorously
stirred at room temperature. Resulting HNE (8.6 mg) was ob-
tained as colorless oil, after silica gel column chromatogra-
phy of the reaction mixture as described above. 'H-NMR
spectrum (ppm): 9.62 (1H, d, CHO, J=7.7 Hz), 6.85 (1H, dd,
3-CH, J=15.7, 4.7Hz), 6.35 (1H, ddd, 2-CH, J=15.7, 7.7,
1.6 Hz) and 4.46 (1H, dtd, 4-CH, J=4.7, 1.6 Hz). *C-NMR
(ppm): 193.4 (1-C), 158.7 (3-C), 130.8 (2-C), 71.2 (4-C),
36.6 (5-C), 31.6 (6-C), 24.9 (7-C), 22.5 (8-C) and 13.9 (9-C).
Similarly, HHE (26 mg) was prepared from cis-3-hexen-1-ol
as colorless oil. "H-NMR spectrum (ppm): 9.60 (1H, d, CHO,
J=7.9Hz), 6.80 (1H, dd, 3-CH, J=14.3, 4.7Hz), 6.32 (IH,
ddd, 2-CH, J=14.3, 7.9, 1.6 Hz) and 4.4 (1H, m, 4-CH).

Rat Liver Microsomes Wistar male rats were fed a nor-
mal solid diet CE-2 type containing 4.4% soybean oil and
7.3 mg vitamin E (Nippon-Haigo Shiryou, Tokyo) for 10—
20 weeks. Rats were sacrificed by bleeding from common
carotid arteries after anesthetization with chloroform. The
liver was quickly isolated and washed well with cold physio-
logical saline. Microsomes were obtained from 12.0g wet
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weight of liver according to the method of Albro et al”” A
microsomal suspension in 30 ml of 25 mm 3-(N-morpholino)-
propanesulfonic acid buffer (pH 7.4) containing 0.25 M man-
nitol was obtained.

Oxidation of Rat Liver Microsomes A 30-ml microso-
mal suspension was mixed with 30 ml of 0.05M Tris—0.15m
KCI buffer (pH 7.5) containing 2.0mM ADP-K-2.0mm
sodium ascorbate—24 um FeCl,, and the mixture was incu-
bated at 37 °C for 6 h. A 2.0-ml suspension containing unoxi-
dized or oxidized microsomes was extracted with an equal
volume of chloroform—methanol (2: 1, v/v), and the mixture
was centrifuged at 3000 rpm for 10min. The organic layer
was dehydrated with dried sodium sulfate and evaporated at
below 30 °C to dryness to be redissolved into 100 g1 of chlo-
roform-methanol (1: 1, v/v) for PCOOH and PEOOH deter-
minations. The suspension of unoxidized or oxidized micro-
somes, or its supernatant obtained by centrifugation at
4300 rpm for 10 min was subjected to TBA and LPO-586 as-
says. For determination of blue fluorescence, the supernatant
(60 ml) was lyophilized to subject to a column (0.9X100 ¢cm)
of Sephadex G-10 equilibrated with 0.01 m NaCl containing
0.02% NaN,.

Reaction of Rat Liver Microsomes with Lipid Oxida-
tion Products A 30-ml microsomal suspension was mixed
with 30ml of 0.05m Tris—0.15m KCI buffer (pH 7.5) con-
taining 1.0 meg/ml PCOOH, 2.0 mm hexenal, 2.0 mm HNE or
2.0mmM free MA, and the mixture was incubated at 37 °C for
6h. The supernatant obtained by centrifugation of the sus-
pension at 4300 rpm for 10 min was lyophilized and passed
through the column of Sephadex G-10 to obtain blue fluores-
cent fractions.

Synthesis of 1,4-Dihydropyridine 3,5-Dicarbaldehyde
Derivatives Ia—Ic Three 1,4-dihydropyridine 3,5-dicar-
baldehyde derivatives Ja—Ic substituted with unsaturated or
hydroxyunsaturated alkyl chains at the 4-position were pre-
pared.

Ia A mixture of 147 mg (1.5 mmol) of methylammonium
chloride, 147mg (1.47mmol) of hexenal and 492mg
(2.9 mmol) of free MA in 15ml of 70% methanol-0.1 m
phosphate buffer (pH 7.0) was incubated at 37 °C for 24 h.
The reaction mixture was extracted with 50ml of chloro-
form. The extract was evaporated to dryness and subjected to
silica gel column chromatography using ethyl acetate as a
solvent. The product was further purified by TLC using ethyl
acetate as a solvent. Greenish yellow crystals of Ia (12.8 mg)
were obtained in a yield of 4%. "H-NMR spectrum (ppm):
9.36 (2H, s, 3,5-CHO), 6.72 (2H, s, 2,6-CH), 5.49 (1H, tdd,
CH=CHCH,, J=6.1, 15.4Hz), 5.31 (1H, dtd, CH=CHCH,,
J=14.3, 15.4Hz), 4.42 (1H, d, 4-CH, J=6.1 Hz), 3.37 (3H, s,
NCH;), 1.90 (2H, q, CH=CHCH,, J=14.3Hz), 1.31 (2H, m,
CH,CH,CH,) and 0.82 (3H, t, CH,CH,).

Ib A mixture of 147mg (1.5mmol) of methylammo-
nium chloride, 210 mg (1.48 mmol) of nonenal and 492 mg
(2.9mmol) of free MA in 15ml of 70% methanol-0.1 m
phosphate buffer (pH 7.0) was incubated at 37 °C for 24h.
From the reaction mixture greenish yellow crystals (20.5 mg)
of Ib were obtained in a yield of 5.5%. EI mass spectrum
(mlz): 261 [M™] (4), 232 [M"~29] (6), 176 (12), 151 (100),
122 (5), 108 (4) and 94 (3). 'H-NMR spectrum (ppm): 9.30
(2H, s, 3,5-CHO), 6.72 (2H, s, 2,6-CH), 5.47 (1H, tdd, CH=
CHCH,, J=6.0, 15.8 Hz), 5.29 (1H, dtd, CH=CHCH,, J=
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15.8 Hz), 4.42 (1H, d, 4-CH, J=6.0Hz), 3.35 (3H, s, NCH,),
1.90 2H, q, CH=CHCH,), 1.30 (8H, m, (CH,),CH;) and
0.81 (3H, t, CH,CH.,).

Ic A mixture of 41 mg (0.6 mmol) of methylammonium
chloride, 95 mg (0.61 mmol) of HNE and 199 mg (1.2 mmol)
of free MA in 15ml of 70% methanol-0.1M phosphate
buffer (pH 7.0) was incubated at 37 °C for 24 h. From the re-
action mixture yellow oil (5 mg) of Ic was obtained in a yield
of 2.7%. EI mass spectrum (m/z): 277 [M*] (6), 259 [M*—18]
(6), 242 (8) 230 (12), 176 (16), 151 (100), 135 (4), 112 (8),
86 (16) and 67 (4). 'H-NMR spectrum (ppm): 9.30 (2H, s,
3,5-CHO), 6.75 (2H, s, 2,6-CH), 5.70 (1H, dd, CH=CHCH,,
J=6.0, 15.8Hz), 5.33 (1H, d, CH=CHCH,, J=15.8Hz),
4.47 (1H, d, 4-CH, J=6.0 Hz), 3.25 (3H, s, NCH,), 1.90 (2H,
m, CH=CHCH,), 1.20 (8H, m, (CH,),CH,) and 0.86 (3H, t,
CH,CH,).

HPLC-Chemiluminescence Assay of PCOOH and
PEOOH The contents of PCOOH and PEOOH in microso-
mal suspensions were determined by HPLC-chemilumines-
cence method after extraction with chloroform—methanol.'®
A 50-u1 portion of the solution of the extract was subjected
to HPLC using a Hitachi L-6200 Intelligent Pump equipped
with a column (4.6 X250 mm) of YMC A-012 S-5 120 A SIL
(Yamamura Chemical Laboratories, Kyoto) and a mobile
phase composed of chloroform—methanol (1:9, v/v) at a
flow rate of 1.1 ml/min. A solution composed of 10 pg/ml
cytochrome ¢ and 1 gg/ml luminol in 50 mm borate buffer
(pH 9.3) was mixed with the eluate at a flow rate of
1.0ml/min and chemiluminescence generated was detected
using a JASCO 825-CL Intelligent CL detector (Tokyo). The
chemiluminescent peaks due to PEOOH and PCOOH exhib-
ited retention times of 3.1 min and 5.5 min, respectively. The
amounts (neq) of PCOOH and PEOOH were determined by
comparing their peak areas with a calibration curve of the
peak areas of the standard solutions of PCOOH and PEOOH
(0—100 neq).

TBA Reactive-Substances (TBARS) Assay TBA-reac-
tive substances in the microsomal suspension and its super-
natant were determined according to the previously described
method?"?? with slight modification. Into a test tube with a
screw cap, a 200-ul microsomal suspension or its super-
natant, 650 il of a mixture of 0.20 ml of 5.2% sodium dode-
cyl sulfate, 50 ul of 0.8% butylated hydroxytoluene solution
in glacial acetic acid, 1.50 ml of 0.8% TBA solution in water
and 1.70 ml of water with or without EDTA at the final con-
centration of 2 mwm, and finally 150 ul of 20% acetate buffer
(pH 3.5) were placed in this order. The mixture was kept at
5°C for 60 min and then heated at 100 °C for 60 min. The
mixture was extracted with 1.0 ml of a mixture of 1-butanol-
pyridine (15:1, v/v). Absorbance at 532nm of the extract
was measured. The amount of red pigment reflecting the
TBA-reactive substances was calculated using an extinction
coefficient of the pigment: 156000.

- LPO-586 Assay LPO-586 assay of the microsomal
supsension and its supernatant was carried out according to
the reagent manual (Bioxytech S.A.).*? To 200 i1 of the mi-
crosomal suspension or its supernatant, 650 ul of 8.6 mm N-
methyl-2-phenylindole in acetonitrile—methanol (3:1, v/v),
and 150 ul of concentrated hydrochloric acid or 10.4m
methane sulfonic acid were placed in this order. The mixture
in hydrochloric acid was heated at 45 °C for 60 min, and the
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mixture in methane sulfonic acid at 45°C for 40 min. Ab-
sorbance at 586 nm of the mixture was measured. The stan-
dard solutions of 0—1mm TMP in Tris buffer or HNE di-
ethylacetal in acetonitrile were similarly treated. Content of
MA-precursors was calculated from the calibration curve of
TMP treated in hydrochloric acid, and content of MA- plus
4-hydroxyalkenal-precursors was calculated from the calibra-
tion curve of TMP or HNE diethylacetal in methane sulfonic
acid.

RESULTS

Lipid Oxidation Products in Oxidized Rat Liver Micro-
somes Rat liver microsomes suspended in Tris—KCl buffer
(pH 7.4) were oxidized with 1.0mm ADP-K-1.0 mm sodium
ascorbate—12 um FeCl, at 37°C for 6h. It has been shown
that the combination of Fe(II) and ascorbate effectively in-
duced lipid peroxidation of microsomes.”® Fe(Il) chelated
with ADP may reduce molecular oxygen to produce superox-
ide and finally hydroxyl radical to cause lipid peroxidation.
Primary lipid oxidation products PCOOH and PEOOH in the
unoxidized (control) and oxidized microsomal suspensions
were determined by HPLC-chemiluminescence method'®
after extraction of the suspensions with chloroform—
methanol. HPLC of unoxidized microsomal suspension did
not give any significant chemiluminescent peaks due to
PEOOH and PCOOH (Fig. 1A). HPLC of 10-min oxidized
microsomal suspension gave two chemiluminescent peaks
due to PEOOH and PCOOH at retention times of 3.1 and
5.5min, respectively (Fig. 1B). Contents of PEOOH and
PCOOH produced were estimated to be 1.81 and 3.63 neq/ml
suspension, respectively. In contrast, HPLC of 60-min (Fig.
1C) or 6-h oxidized (data not shown) microsomal suspension
gave no chemiluminescent peaks due to these hydroperox-
ides. The results indicate that primary lipid oxidation prod-
ucts of phospholipids were produced in the early stage of ox-
idation, but they were completely destroyed and changed into
the secondary lipid oxidation products in the advanced stage

A
PEOOH PCOOH

Chemiluminescence, arbitrary unit

e ——
N . .

0 4 8
Retention time (min)

Fig. 1. HPLC-Chemiluminescence Determination of PCOOH
PEOOH of Unoxidized and Oxidized Microsomal Suspensions

and

Rat liver microsomes suspended in Tris—KC! buffer (pH 7.4) were unoxidized (A) or
oxidized at 37°C for 10min (B) and for 60 min (C) with 1.0mm ADP-K-1.0mm
sodium ascorbate-12 tm FeCl, and extracted with chloroform-methanol.
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Fig. 2. Red Pigment Formation in TBA Assay of Unoxidized and Oxi-

dized Microsomal Suspensions and Their Supernatants

Rat liver microsomes suspended in Tris-KCl buffer (pH 7.4) were unoxidized or oxi-
dized at 37°C for 6h with 1.0mm ADP-K-1.0mm sodium ascorbate—-12 um FeCl,.
TBA assay with EDTA (E) and without EDTA (E23) (see Materials and Methods sec-
tion) of the microsomal suspensions and their supernatants was performed.
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Fig. 3. Contents of MA-Precursors, and MA- plus 4-Hydroxyalkenal-Pre-

cursors in Unoxidized and Oxidized Microsomal Suspensions and Their Su-
pernatants Determined by LPO-586 Assay

Rat liver microsomes suspended in Tris—K.Cl buffer (pH 7.4) were unoxidized or oxi-
dized at 37°C for 6h with 1.0mm ADP-K-1.0mm sodium ascorbate—12 um FeCl,.
MA-precursors () and MA- plus 4-hydroxyalkenal-precursors (F2) (see Materials and
Method section) of the microsomal suspensions and their supernatants were deter-
mined.

of oxidation.

Secondary lipid oxidation products, i.e., precursors that
liberated MA and other aldehyde species under the acidic
assay conditions, were determined by TBA and LPO-586 as-
says. It is claimed that in the TBA assay with EDTA precur-
sors liberating MA produce red pigment quantitatively, and
in the assay without EDTA precursors liberating alkenals and
alkadienals produce the same red pigment in a lesser
amount.”'*? Figure 2 shows the amounts of red pigment
from the microsomal suspensions and their supernatants. In
the assay with EDTA, the amount of red pigment in the mi-
crosomal suspension was extensively increased after 6-h oxi-
dation, and similar extent of increase in the amount of the
pigment in the supernatant was obtained. The results indicate
that MA-precursors were produced during the oxidation and
most of them became water-soluble and were released into
the supernatant. The levels of MA-precursors were estimated
to be about 22 nmol/ml suspension, which were much higher
than those of the phospholipid hydroperoxides (PCOOH+
PEOOH, 5.4neq/ml) produced in the early stage of oxida-
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Fig. 4. Fluorescence Spectrum of the Supernatant of Microsomal Suspen-
sion Oxidized at 37°C for 6 h with 1.0mm ADP-K~1.0 mM Sodium Ascor-
bate—12 um FeCl,

tion. Primary phospholipid hydroxperoxides formed in the
earyl stage of oxidation were transitory components and
readily degraded in the advanced stage of oxidation, while
MA -precursors were stable and accumulated in the advanced
stage of oxidation. In the assay without EDTA, the amount of
red pigment in the microsomal suspension and in the super-
natant increased to a slightly higher extent than that in the
assay with EDTA. The results indicate that alkenal- plus
alkadienal-precursors were also generated during the oxida-
tion to be released into the supernatant.

Contents of MA-precursors, and MA- plus 4-hydroxyalke-

" nal-precursors were determined by LPO-586 assay in hy-

drochloric acid and methane sulfonic acid, respectively.??

Because violet-color development from 4-hydroxyalkenal-
precursors may be suppressed in the presence of other alde-
hydes, their contents may be underestimated under the assay
conditions.”” Figure 3 shows the contents of MA-precursors,
and MA- plus 4-hydroxyalkenal-precursors in the microso-
mal suspensions and their supernatants. Contents of MA-pre-
cursors in the microsomal suspension were increased by the
oxidation, and a similar amount of the precursors was re-
leased into the supernatant. Contents of MA- plus 4-hydroxy-
alkenal-precursors were increased to a slightly higher extent
by the oxidation and were released in the supernatant. MA-
precursor contents obtained by LPO-586 assay were similar
to those obtained by TBA assay.

The results obtained by TBA and LPO-586 assays indicate
that precursors of MA, alkenals, alkadienals and 4-hydroxy-
alkenals were accumulated during oxidation and most of
them became water-soluble to be released into the super-
natant. It is not known what kinds of precursors accumulated,
but MA-precursors cannot be produced by the reaction of
free MA and amino components on a basis of the fluores-
cence study described below.

Blue Fluorescence in Oxidized Rat Liver Microsomes
The supernatant of the microsomal suspensions oxidized for
6h showed blue fluorescence at 446 nm together with green
fluorescence at 530nm when excited at 354nm (Fig. 4).
Green fluorescence may be due to flavin-containing sub-
stances because the fluorescence maximum was similar to
that of flavins.'” Blue fluorescence was separated by passing
through a column of Sephadex G-10; blue fluorescence was
eluted between the void and the bed volumes of the column
and green fluorescence was tightly adsorbed to the gels (Fig.
5). The blue-fluorescent peak fractions composed of multiple
components were collected, and the fluorescence spectra and
intensities of the fractions were measured (Fig. 6A). Blue flu-
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Gel Filtration of the Supernatant of the Oxidized Microsomal Sus-

The supernatant of the microsomal suspension (30 ml) oxidized at 37 °C for 6 h with
1.0mm ADP-K-1.0 mm sodium ascorbate—12 um FeCl, was lyophilized and subjected
to gel filtration through a column (0.9X 100 cm) of Sephadex G-10 equilibrated with
0.01 M NaCt containing 0.2% NaN,. Blue fluorescence at 433——458 nm when excited at
352—360 (O) and green fluorescence at 508—528 nm when excited at 373—380 nm
(O) were monitored.
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Fig. 6. Spectra and Intensities (R; Unit) of Blue Fluorescence of the Su-
pernatants of Oxidized (A) and Unoxidized Microsomal Suspensions (B)
(30 ml) after Gel Filtration Shown in Fig. 5

orescence showed a single fluorescence maximum at 446 nm
when excited at 360 nm. Fluorescence intensity (R, unit) of
the fractions was 5 times as high as that of the same fractions
obtained from unoxidized microsomal supernatant (Fig. 6B).
Hence, oxidation of microsomes resulted in generation of
water-soluble blue fluorescence that was released into the su-
pernatant. Blue fluorescence from oxidized microsomes was
quite resistant to treatment with 0.1 M sodium borohydride
(data not shown). Fluorescence spectra and intensities were
only slightly affected by the pH values of the solution be-
tween pH 1 and 13 (Fig. 7).

In order to know participation of primary and secondary
lipid oxidation products in the blue fluorescence formation in
the supernatant of microsomal suspension, maximum wave-
length of blue fluorescence from oxidized microsomes was
compared with that from unoxidized microsomes treated
with 0.5meg/ml PCOOH, 1 mm hexenal, I mm HNE and
I mm MA (Table 1). Wavelength of the maximum fluores-
cence appearing at 440—450 nm when treated with PCOOH
or hexenal were similar to that from oxidized microsomes,
that appearing at 430 nm on treatment with HNE was some-
what shorter, and that appearing at 460 nm on treatment with
MA was somewhat longer, suggesting that phospholipid hy-
droperoxides and their degradation product alkenals con-
tributed to the blue fluorescence formation in the oxidized
microsomes.

323

A B
1.0 |
=t
& /)\0_0\0\0\0
0.5F -
U L 1 1 0 L 1 ! 1 i 1 1
300 400 500 1 3 5 7 9 11 13
Wavelength (nm) pH
Fig. 7. Spectra (A) and Intensities at the Maximum Fluorescence (B) at

the Different pH Values of Blue Fluorescescence After Gel Filtration Shown
in Fig. 5

Table 1. Spectra and Intensities of Blue Fluorescent Fractions Obtained
through Gel Filtration of the Supernatants of Microsomal Suspensions Oxi-
dized or Treated with Lipid Oxidation Products

Maximum
Microsome R; unit
Excitation/fluorescence (nm)

Oxidized microsomal suspension® 362/446 5.66
Unoxidized microsomal suspension®

+0.5 meq/ml PCOOH 362/441 13.56

+1.0 mm hexenal 372/443 6.90

+1.0mm HNE 354/430 9.90

+1.0mm MA 396/460 6.00

a) Microsomal suspension oxidized at 37°C for 6h with 1.0mm ADP-K-1.0mm
sodium ascorbate—12 um FeCl,. b) Microsomal suspension incubated with the indi-
cated lipid oxidation product at 37 °C for 6 h.
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Fig. 8. Spectra of Blue Fluorescence Generated in the Reaction of BSA

with Hexenal (A), Nonenal (B), HHE (C) or HNE (D)

A mixture of BSA (10 mg/ml) and 10 mm hexenal, nonenal, HHE or HNE in 0.5%
sodium dodecyl sulfate-0.05M phosphate buffered saline (pH 7.4) was incubated at
37°C for 24 h. Fluorescence spectra of the mixture were measured.

Fluorescence spectra of the reaction mixture of BSA
treated with hexenal, nonenal, HHE and HNE were com-
pared (Fig. 8). BSA treated with hexenal and nonenal showed
wavelengths of maximum fluorescence at 440-—450nm
whereas those treated with HHE and HNE showed shorter
wavelengths of maximum fluorescence at 400—430nm.
Maximum wavelength of blue fluorescence from oxidized
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Fig. 9. Structure of Fluorescent 1,4-Dihydropyridine 3,5-dicarbaldehyde Derivatives with Substitution of Unsaturated or Hydroxyunsaturated Groups at

the 4-Position
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Fig. 10. Fluorescence Spectra of la—e¢ in Methanol before (—) and after
(---) Treatment with 0.1 M Sodium Borohydride

microsomes was closer to that from the reaction with alke-
nals than from the reaction with 4-hydroxyalkenals. Fluores-
cence from these aldehydes was resistant to treatment with
0.1 M sodium borohydride, and fluorescence spectra and in-
tensities of these mixtures were little affected by the pH val-
ues of the solution between pH 3 and pH 11 (data not
shown). The results suggest that alkenals contributed to the
blue fluorescence formation in the oxidized microsomes.
Fluorescence characteristics of highly fluorescent 1,4-di-
hydropyridine 3,5-dicarbaldehyde derivatives produced in the
reaction of protein amino groups and MA alone** " or in
combination with alkanals under physiological conditions
have been demonstrated.>’ > All of the known derivatives
show fluorescence maxima at above 460nm.>*>* Fluores-
cence of the derivatives is destroyed by borohydride treat-
ment,”® which may be due to the reduction of one of two 3-
or 5-aldehyde groups.’ Fluorescence intensities of the deriv-
atives are decreased in a strongly acidic medium.” Here, al-
ternative 1,4-dihydropyridine 3,5-dicarbaldehyde derivatives
produced from MA in combination with alkenals or 4-hy-
droxyalkenals under physiological conditions were isolated
to compare their fluorescence characteristics with those from
oxidized microsomes. Highly fluorescent 3,5-dihydropyri-

0.6
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0.4
0.3
0.2
0.1

0

Rmi
T T T T

9 11 13
pH

Fig. 11. Fluorescence Intensities of Ia (O), Ib (O) and Ie (A) at the Fluo-
rescence Maximum in the Aqueous Solution at Different pH Values

dine 3,5-dicarbaldehydes with unsaturated or hydroxyunsatu-
rated alkyl chains at the 4-position were obtained (Fig. 9)
from the reaction of methylamine and MA in combination
with hexenal (Ia), nonenal (Ib) or HNE (Ic). Ia, Ib and Ic
showed excitation and fluorescence maxima at 406/464 (R, ;:
0.5), 405/464 (R_;: 0.5) and 405/463 nm (R;: 0.5), respec-
tively, in 0.1 m phosphate buffer (pH 7.0) (Fig. 10). Wave-
lengths of maximum fluorescence of these compounds were
above 460nm as were those of known 1,4-dihydropyridine
3,5-dicarbaldehydes. Fluorescence of these compounds in
methanol was readily destroyed by borohydride treatment
(Fig. 10), and fluorescence of the compounds was quenched
completely at pH 1 (Fig. 11). Hence, characteristics of blue
fluorescence from oxidized microsomes were far different
from those of 1,4-dihydropyridine 3,5-dicarbaldehydes pro-
duced in the reaction of MA alone or in combination with
alkanals, alkenals and 4-hydroxyalkenals.

DISCUSSION

For the assays of secondary lipid oxidation products by
TBA and LPO-586 which involve heating in acidic media, it
is claimed that in addition to free aldehydes, components lib-
erating free aldehydes under the acidic assay conditions can
be determined. Because of high reactivity of aldehyde
species to proteins,'*'> free aldehydes generated in the ad-
vanced stage of oxidation of microsomes may have reacted to
proteins or other materials. Hence, bound forms of these
aldehyde species to proteins, i.e., precursors of these aldehy-
des, can be exclusively determined in these assays. Water-
soluble blue fluorescence generated in the oxidized micro-
somes showed a fluorescence maximum at 446 nm. Fluores-
cence spectra and intensities of blue fluorescence were little
changed by borohydride treatment and by the pH value of the
solution between pH 1 and 13. Generally, blue fluorescence
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has been believed to originate from the reaction of proteins
with primary lipid hydroperoxides'®'” or secondary lipid ox-
idation aldehydic products'*'> based on observations in
model systems. Various fluorescent 1,4-dihydropyridine 3,5-
dicarbaldehydes with saturated, unsaturated or hydroxyunsat-
urated alkyl chains at the 4-position obtained earlier’*
and in the present study showed fluorescence maxima at
above 460nm. The fluorescence of all the derivatives was
completely destroyed by borohydride treatment, and their flu-
orescence intensities were greatly decreased in a strongly
acidic medium. Because characteristics of blue fluorescence
generated in oxidized microsomes are different from those of
various 1,4-dihydropyridine 3,5-dicarbaldehydes, free MA
cannot participate in the blue fluorescence generation in the
oxidized microsomes. Although a high amount of MA-deriv-
atives was produced during microsome oxidation, they may
exist in forms which cannot participate in the generation of
blue fluorescence.

Aldehyde species other than MA also produce similar blue
fluorescence by reaction with €-amino groups of proteins in
model systems.*'*!> Alkanals may give blue fluorescence
with maxima at 400—430nm by reaction with primary
amines in the presence of oxygen, which is resistant to boro-
hydride treatment.”® However, studies of the chemistry of
alkanals are complicated by their tendency to undergo aldol
condensation to give branched chain alkenals in the presence
of primary amines.”® Various alkenals produce fluorescence
with maxima at 410—460nm by reaction with g-amino
groups that is partially resistant to borohydride treatment and
whose fluorescence intensity is slightly decreased in an
acidic medium and is higher in an alkaline medium.**—?
Blue fluorescence from HNE shows an emission maximum
at 430 nm.*" In the present model studies, fluorescence spec-
tra of the reaction mixture of BSA treated with alkenals
showed wavelengths of maximum fluorescence at 440—
450nm, whereas those treated with 4-hydroxyalkenals
showed shorter wavelengths of maximum fluorescence at
400—430nm; fluorescence from both aldehydes was resis-
tant to borohydride, and fluorescence spectra and intensities
were little affected by the pH values of the solution. Maxi-
mum wavelength of blue fluorescence from oxidized micro-
somes was closer to those from the reaction with alkenals
than from the reaction with 4-hydroxyalkenals.

Another possible candidate is fluorescent dityrosine
formed by reaction of tyrosine residues in proteins by reac-
tion of phospholipid hydroperoxides, but the major blue fluo-
rescence generated in oxidized microsomes may not be due
to dityrosine because dityrosine fluoresces with a maximum
at shorter wavelength of 410 nm.'%'”

Hence, the major blue fluorescence generated in oxidized
microsomes is not due to free MA but to alkenals, and MA-
precursors in oxidized microsomes in high content do not
contribute to the formation of blue fluorescence.
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