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Oxidative stress appears to be directly involved in the patho-
genesis of the neurodegeneration of dopaminergic systems in
Parkinson disease. In this study, we formed four dopamine mod-
ification adducts derived from docosahexaenoic acid (C22:6/
w-3) and arachidonic acid (C18:4/w-6), which are known as the
major polyunsaturated fatty acids in the brain. Upon incubation
of dopamine with fatty acid hydroperoxides and an in vivo
experiment using rat brain tissue, all four dopamine adducts
were detected. Furthermore, hexanoyl dopamine (HED), an
arachidonic acid-derived adduct, caused severe cytotoxicity in
human dopaminergic neuroblastoma SH-SY5Y cells, whereas
the other adducts were only slightly affected. The HED-induced
cell death was found to include apoptosis, which also seems to be
mediated by reactive oxygen species generation and mitochon-
drial abnormality. Additionally, the experiments using monoa-
mine transporter inhibitor and mouse embryonic fibroblast NIH-
3T3 cells that lack the monoamine transporter indicate that the
HED-induced cytotoxicity might specially occur in the neuronal
cells. These data suggest that the formation of the docosahexae-
noic acid- and arachidonic acid-derived dopamine adducts in
vitro and in vivo, and HED, the arachidonic acid-derived dopa-
mine modification adduct, which caused selective cytotoxicity
of neuronal cells, may indicate a novel mechanism responsible
for the pathogenesis in Parkinson disease.

Parkinson disease (PD)? is a neurodegenerative disorder
characterized by a dramatic loss of dopaminergic neurons in
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the substantia nigra and the subsequent deficiency of dopamine
in the brain areas (1). Until now, very little is known about why
and how the PD neurodegenerative process begins and progresses;
however, an increasing body of evidence suggests that oxidative
stress, mitochondrial dysfunction, and impairment of the ubig-
uitin-proteasome system may be involved in the pathogenesis of
PD (2-5). Recent studies indicate that there are high levels of basal
oxidative stress in the substantia nigra pars compacta in the nor-
mal brain, and this is increased in PD (6).

Oxidative stress in the brain easily leads to the lipid peroxi-
dation reaction because of a high concentration of polyunsatu-
rated fatty acids, such as docosahexaenoic acid (DHA, C22:6/
w-3) and arachidonic acid (AA, C18:4/w-6), which are present
in the brain (7). The polyunsaturated fatty acids are located
almost exclusively in the SN2 position of the phosphoglycerides
found in the neural cell membranes. The beneficial physiolog-
ical effects of DHA and AA have been frequently reported (8, 9);
however, the fatty acids are highly unsaturated, thus making
them particularly susceptible to peroxidation. During the lipid
peroxidation reaction, lipid hydroperoxides are generated as
primary products. Subsequent decomposition leads to the for-
mation of reactive mediates including aldehydes, which can
covalently modify biomolecules. We have recently found that
lipid hydroperoxides, the primary peroxidative products, can
universally react with primary amino groups to form N-acyl-
type (amide linkage) adducts (10-15). In our previous studies,
the formation of linoleic acid-derived lysine modification
adducts, N°-(hexanoyl) lysine and N°®-(azelayl) lysine, and
DHA-derived adducts, N*-(succinyl) lysine and N°-(propanoyl)
lysine, have been identified in vitro or in vivo by liquid chroma-
tography-MS/MS or immunochemical analysis. In addition,
the formation of N°-(hexanoyl) lysine also was detected, as well
as N°-(glutaryl) lysine, during the reaction of oxidized AA with
the lysine residue. The N-acyl-type adducts are specific to the
peroxidation of polyunsaturated fatty acids; therefore, their for-
mations are useful markers for the lipid peroxidation, protein
modification, and related dysfunction that occur in these fatty
acid-enriched tissues.

Dopamine is the endogenous neurotransmitter produced by
nigral neurons. Dopamine loss can trigger not only prominent
secondary morphological changes, such as density reduction of
the dendritic spines, but also changes in the density and sensi-
tivity of dopamine receptors (1); therefore, it is a sign of PD
development. The reasons for dopamine loss are attributed to
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the molecular instability of dopamine. Some possible causes of
dopamine loss are abnormalities of dopaminergic neurons (16),
dopamine degradation by monoamine oxidase A (17) or auto-
oxidation (18) and the reaction with amino acid cysteine (19).
Dopamine is a member of catecholamine family. The catechol
structure contributes to high oxidative activation of dopamine.
Additionally, the N termini in the structure of dopamine may
represent another reactive spot; however, little experimental
evidence proves this. Based on our previously described reac-
tion between lipid hydroperoxides and N-terminal residues, we
focused on the possibility that reactive hydroperoxide species
derived from lipid peroxidation may modify dopamine to form
amide linkage dopamine adducts.

In the present study, we chemically synthesized four dopa-
mine-modified adducts derived from DHA and AA. We were
particularly interested in the formation of the dopamine
adducts by chemical reactions and in vivo experiments, as well
as the cytotoxicity evaluation using neuronal cells. All four do-
pamine adducts were detected upon incubation of dopamine
with fatty acid hydroperoxides and an iz vivo experiment using
rat brain tissue. Furthermore, we focused on an AA-derived
adduct HED, which induced severe cytotoxicity in human do-
paminergic neuroblastoma SH-SY5Y cells compared with
other adducts. The HED-induced cell death was found to
include apoptosis that might be mediated by reactive oxygen
species (ROS) and mitochondrial abnormality in SH-SY5Y
cells. In addition, we found that the presence of monoamine
transporters in the cells was essential for the HED-induced
cytotoxicity, suggesting the specificity of the cytotoxicity to the
cells. Taken together, the DHA- and AA-derived dopamine
adducts may be useful biomarkers of the dopamine deficiency,
and the formation of these adducts may indicate a novel mech-
anism responsible for the pathogenesis in Parkinson disease.

EXPERIMENTAL PROCEDURES

Materials—DHA, arachidonic acid, lipoxidase, GBR 12909
dihydrochloride, imipramine hydrochloride, N-acetyl-Asp-
Glu-Aal-Asp-al, and RNase were obtained from Sigma-Aldrich
(Tokyo, Japan). Dopamine'HCl was purchased from Nacalai
Tesque, Inc. (Kyoto, Japan). Linoleic acid, hexanoic anhydride,
glutaric anhydride, propanoic anhydride, succinic anhydride,
lauric anhydride, and nonanoic anhydride were obtained from
Wako Pure Chemical Industries, Ltd. (Osaka, Japan). The anti-
bodies against cytochrome ¢ oxidase IV and poly(ADP-ribose)
polymerase (PARP) were purchased from Cell Signaling Tech-
nology, Inc. (Boston, MA). Active caspase-3 rabbit monoclonal
antibody was purchased from Epitomics, Inc. (Burlingane, CA).

Synthesis of N-Acyl Dopamine Adducts—The N-acyl dopa-
mine adducts were chemically synthesized by incubating dopa-
mine (0.5 mm) with carboxylic or methylic anhydride (0.5 mm)
in 5 ml of 100 mm sodium phosphate buffer (pH 7.4)-saturated
sodium acetate (1:1, v/v) for 60 min at room temperature. Suc-
cinic anhydride and propanoic anhydride were utilized for pre-
paring the succinyl dopamine (SUD) and propanoyl dopamine
(PRD), respectively; Hexanoic anhydride and glutaric anhy-
dride were used for synthesizing the HED and glutaroyl dopa-
mine (GLD), respectively. The synthesized adducts were puri-
fied by reverse phase HPLC using a Develosil ODS-HG-5
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column (20 X 250 mm) in an isocratic system of 15 or 50%
acetonitrile containing 0.1% trifluoroacetic acid at the flow rate
of 6 ml/min. The elution profiles were monitored by absorb-
ance at 280 nm. The amino residues in the dopamine adducts
were identified by the ninhydrin reaction. The mass, structure,
and formula of the synthesized molecule were identified by
HPLC-MS, NMR, and electrospray ionization time-of-flight
mass spectrometry analyses, respectively.

HPLC-Tandem Mass Spectrometry—The HPLC-MS/MS
analysis was carried out using an API 2000 triple quadrupole
mass spectrometer (Applied Biosystems) through a Turbolon-
Spray source. Chromatography was carried out on a Develosil
ODS-HG-3 column (2.0 X 250 mm) using an Agilent 1100
HPLC system. The chromatographic separation was performed
by a gradient elution as follows: 0 —10 min, linear gradient from
0.1% formic acid to 50% aqueous acetonitrile containing 0.1%
formic acid; 10—15 min, hold; 15-20 min, linear gradient to
0.1% formic acid; flow rate = 0.2 ml/min. The instrument
response was optimized by infusion experiments with the stand-
ard compounds using a syringe pump at the flow rate of 5 ul/min.
The dopamine adducts were detected using electrospray ioniza-
tion MS/MS in the multiple reaction monitoring mode.

In Vitro Modification of Dopamine—DHA hydroperoxides
were prepared from the DHA auto-oxidative reaction, and AA
hydroperoxides were prepared using 15-lipoxygenase. The lev-
els of lipid hydroperoxide were determined using a lipid
hydroperoxide assay kit (Cayman Chemical Co., Ann Arbor,
Michigan). Dopamine (2 mm) was incubated with 10 mm of
DHA or AA hydroperoxides in phosphate buffer (pH 7.4) at
37 °C for different times. The reaction was terminated by
immediate freezing at —80 °C. AA hydroperoxide was prepared
as described previously (11).

In Vivo Detection of Dopamine Adducts—Brain homogenates
of 7- and 27-week-old male F344/NSIc rats were used to detect
the dopamine adducts. Briefly, the rat brain was removed and
homogenized with phosphate-buffered saline containing 5%
dibutylhydroxytoluene (5 mm) and EDTA (250 mm). After the
addition of the deuterated dopamine adducts (20 um) as the
internal standard, the homogenates were centrifuged at 3,000
rpm for 10 min. The pellet was then dissolved in 100 ul of
methanol. The detection was carried out by HPLC-MS/MS.

Cell Cultures and Drug Treatment Procedures—SH-SY5Y
human dopaminergic neuroblastoma cells and NIH-3T3 mouse
embryonic fibroblast cells were kindly donated by Dr. Maruyama
(National Institute for Longevity Science). SH-SY5Y cells and
NIH-3T3 cells were grown in Cosmedium-001 (Cosmo-Bio,
Tokyo, Japan) containing 5% FBS and DMEM containing 10%
FBS, respectively, and maintained at 37 °C in an atmosphere of 5%
CO, in air. The 80% confluent cells were allowed to medium
change with FBS-free DMEM overnight. The dissolved drugs were
diluted by 1/500 or 1/1000 and added to fresh FBS-free DMEM to
achieve the required concentration.

Assessment of Cell Viability—Cell viability was evaluated by an
MTT assay. SH-SY5Y cells in 96-well plates were incubated with
drugs for different times, followed by further incubation with 500
pg/mlMTT at 37 °C for 2 h. Cell viability in some experiments was
also measured using PI and Hoechst 33258 staining.
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FIGURE 1. Proposed chemical formation scheme and HPLC-MS/MS analysis of DHA- and AA-derived
dopamine adducts. A, proposed reaction scheme of DHA- and AA-derived dopamine adduct formation. B, the
[MH]* ion m/z 254, 210, 252, and 268 of SUD, PRD, HED, and GLD, respectively, were subjected to collision-
induced dissociation, and the daughter ions were scanned (upper left panel). The proposed structures of indi-
vidual ions are shown (upper right panel). The chemical structure composition of the dopamine adducts is

proposed by fragmental analysis (lower panel).

ROS Measurement—Endogenous ROS level was detected by
flow cytometry using H,DCE-DA (2',7',-dichlorodihydrofluo-
rescein diacetate) (Molecular Probes). Briefly, the drug-treated
cells were incubated with H,DCF-DA for 30 min, and the fluo-
rescence of dichlorofluorescein (DCF) was measured using an
EPICS Elite Flow Cytometer.

DNA Fragmentation Assay—The drug-treated SH-SY5Y
cells were collected, suspended in 0.2 ml of lysis buffer (20 mm
Tris-HCI, pH 7.5, 10 mm EDTA, and 0.5% Triton X-100), and
incubated at room temperature for 10 min. The samples were
then centrifuged at 12,000 X g for 10 min, and the supernatant
containing the DNA cleavage products was incubated with 0.2
mg/ml proteinase K at 37 °C for 1 h followed by 0.1 mg/ml
RNase A for 30 min at 50 °C. The DNA fragments were purified
by phenol/chloroform extraction and ethanol precipitation and
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then separated on an ethidium bro-
mide (0.5 mg/ml)-containing 2%
agarose gel.

Subcellular Fraction of SH-SY5Y
Cell—The cells are harvested by
centrifugation at 600 X gfor 10 min,
washed with phosphate-buffered
saline, and resuspended with 5 vol-
umes of Solution A (0.25 M sucrose,
20 mm HEPES-KOH, pH 7.5, 10 mMm
KCl, 1.5 mm MgCl,, 1 mm EDTA, 1
mM EGTA, 1 mm dithiothreitol, 0.1
mM phenylmethylsulfonyl fluoride).
The cellular suspension was homoge-
nized with a glass-glass homogenizer
with 20 up and down passes of the
pestle. The homogenate was then
centrifuged at 750 X gfor 10 min. The
resulting supernatant was collected
and then centrifuged at 10,000 X g for
15 min. The pellet was used as the
mitochondrial fraction.

Western Blot Analysis—The cells
were washed twice with phosphate-
buffered saline, pH 7.0, and lysed
with lysis buffer (50 mm Tris-HCI,
pH 7.5, 150 mm NaCl, 1% Triton
X-100, 0.5% sodium deoxycholate,
0.1% SDS, 100 wg/ml phenylmethyl-
sulfonyl fluoride). After protein
quantification, equal amounts of the
protein (total protein, 20-50 ug)
were boiled with Laemmli sample
buffer for 5 min at 100 °C. The sam-
ples were run on 10% SDS-polyac-
rylamide gels, transferred to a nitro-
cellulose membrane, incubated
with 5% skim milk in TTBS (Tris-
buffered saline containing 10%
Tween 20) for blocking, washed,
and treated with the primary anti-
bodies. After washing with TTBS,
the blots were further incubated for
1 h at room temperature with the IgG antibody coupled to
horseradish peroxidase in TTBS. The blots were then washed
three times in TTBS before visualization. An ECL kit was used
for detection.

Statistical Analysis—All of the data were analyzed using Bon-
ferroni/Dunn’s multiple comparison procedure.

OOH

Lipid hydroperoxide

m/z 91

m/z 154

NNV
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RESULTS

Chemical Formation of DHA- and AA-derived Dopamine
Adducts—Based on the observations that lipid hydroperoxides,
the primary products of lipid peroxidation, could universally
react with primary amino groups to form N-acyl-type (amide
linkage) adducts, and also within the chemical structure of do-
pamine, an amino residue is present, we chemically synthesized
the four amide linkage dopamine adducts, SUD, PRD, HED,
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and GLD, that were derived from DHA and AA, respectively
(Fig. 1A). The chemical structures of the authentic adducts
were identified by NMR (supplemental Figs. S1-S4). The for-
mation of these dopamine adducts was further confirmed by
HPLC-MS/MS analysis. Collision-induced dissociation of the
authentic adducts SUD (m/z 254), PRD (m/z 210), HED (m/z
252), and GLD (m/z 268) produced the same daughter ions at
m/z 91 and 137. SUD, PRD, and HED also produced daughter
ions at m/z 154, whereas GLD did not. These ions were assigned
the structures shown in Fig. 1B. The ion at m/z 137 was detected
with the highest peak intensity in the fragments, and this ion
was also identified to be derived from the dopamine spectra.

In Vitro Detection of Dopamine Adducts—To determinate
the in vitro formation of the dopamine adducts, the reaction of
dopamine with DHA or AA hydroperoxides were carried out.
The reaction mixture was analyzed by HPLC-MS/MS based on
the information in the collision-induced dissociation spectra.
As shown in Fig. 2, the peaks indicating SUD, PRD, HED, and
GLD were successfully detected at m/z 254 — 137, m/z 210 —
137, m/z 252 — 137, and m/z 268 — 137, respectively. The
retention times were consistent with those of the authentic
adducts.

In Vivo Detection of Dopamine Adducts—It has been
reported that polyunsaturated fatty acids such as DHA and AA
are significantly enriched in the brain (20) and that there are
high levels of basal oxidative stress in the normal brain, which
increases with aging (21). To investigate whether the DHA- and
AA-derived dopamine adducts can be formed in vivo, the brains
of 7- and 27-week-old male F344/NSIc rats were removed, and
the homogenates were used. The detection of the dopamine
adducts in the homogenates was carried out by HPLC-MS/MS.
The whole adducts were detected in the 7- and 27-week rat
brains in both the positive ion mode and negative ion mode of
liquid chromatography-MS/MS (data not shown). The level of
adduct formation was shown in Fig. 3. The HED and PRD,
which are derived from the C terminus of AA and DHA, were
more significantly formed than SUD and PRD; however, no
significant difference of adduct level was found between the 7-
and 27-week-old rats.

Identification of HED as a Potent Inducer of Neuronal
Apoptosis—In recent years, several dopamine oxidants and do-
pamine-modified adducts have been reported, such as neu-
romelanin (22), aminochrome (23), 6-OHDA (24), and 5-S-sys-
thynildopamine (19), in which 6-OHDA has been generally
known as a potent neurotoxin (25-27). We hypothesized that
some of these DHA- and AA-derived dopamine adducts could
cause neuronal cell death. To test this hypothesis, the effect of
these dopamine adducts on the cell viability in SH-SY5Y cells
was studied. After treatment with 100 uMm of the sample for 24 h,
among the tested dopamine adducts, HED and PRD induced
about 80 and 30% of the cell death, respectively. On the other
hand, SUD and GLD had almost no influence on the cell viabil-
ity (Fig. 4A), suggesting that the death of SH-SY5Y cells was
induced only by the C terminus-derived adducts and not by the
C terminus-derived adducts. Of interest, two HED analogs,
nonanoyl dopamine (NOD) and lauroyl dopamine (LAD),
which were synthesized in this study and characterized by
more carbons than HED in the methyl terminus, also showed
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FIGURE 2. HPLC-MS/MS analysis of the dopamine adducts formed during
the reaction of dopamine with oxidized DHA and AA hydroperoxides.
Dopamine (2 mm) was incubated with lipid hydroperoxides (10 mm) in 0.1 m
phosphate buffer (pH 7.4) at 37 °C. Shown is selected ion monitoring of the
transitions from m/z 254 (A), 210 (B), 252 (C), and 268 (D) to m/z 137 for SUD,
PRD, HED, and GLD, respectively. Top panels, authentic dopamine adduct;
bottom panels, reaction mixture of DHA- or AA hydroperoxides with
dopamine.
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FIGURE 3. Formation of the dopamine adducts in vivo. The levels of dopa-
mine adduct formed in rat brain were determined by HPLC-MS/MS (data are
shown as the means = S.D. (n = 5)).

a significant toxicity to SH-SY5Y cells (Fig. 4B), suggesting
that the number of carbons in the C terminus-derived dopa-
mine adducts might be associated with the adduct-induced
cell death.

Remarkably, HED was a potent inducer of SH-SY5Y cell
death compared with SUD, PRD, and GLD. Because the main
cause of neuronal cell death has been postulated to be apopto-
sis, we then characterized whether HED-induced cell death in
SH-SY5Y cells includes apoptosis. As shown in Fig. 54, the
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FIGURE 4. Identification of HED as a potent inducer of cell death in
SH-SY5Y cells. The cells were exposed to 100 um sample for 24 h. Cell viability
was measured by the MTT assay. In the MTT assay, the data are expressed as
percentages of control culture conditions. A, potential comparison of cell
death induction by DHA- and AA-derived dopamine adducts. B, effect of car-
bon numbers in C terminus in the structure of dopamine-derived adducts to
cell viability in the cells (data are shown as the means = S.D. (n = 3); **¥,
indicates p < 0.001).

120

exposure to HED led to a dose-dependent decrease in the viable
cells. When the SH-SY5Y cells were exposed to 10 um HED for
4 h, the fragmented nuclei were found in cells exhibiting the
typical morphological features of apoptosis (Fig. 5B). In addi-
tion, the gel electrophoresis of DNA from the SH-SY5Y cells
exposed to HED also displayed nucleosomal DNA fragmenta-
tion (Fig. 5C). HED treatment also led to the time- and dose-
dependent cleavage of PARP, resulting in the accumulation of
the 85-kDa fragment and decreasing in the 116-kDa protein, as
well as in the accumulation of the active caspase-3 (Fig. 5D),
both of which are hallmarks of apoptosis. Moreover, the pre-
treatment with the caspase-3 inhibitor significantly prevented
SH-SY5Y cells from HED-induced DNA fragmentation (Fig.
5E), providing further evidence that HED induced a caspase-3-
mediated apoptotic cell death.

Regulation of HED-induced Apoptosis in SH-SY5Y Cells—We
next investigated the signaling mechanism underlying the
HED-induced apoptosis. It is well accepted that ROS genera-
tion is a key contributor to neuronal apoptosis induced by neu-
rotoxin compounds (28). Hence, experiments were first carried
out to assess ROS generation induced by the HED treatment
and the possibility that the HED-induced apoptosis is mediated
via ROS generation in SH-SY5Y cells. As shown in Fig. 64, HED
led to about a 3.5-fold increased ROS generation in the cells
compared with the Me,SO-treated cells, whereas the other
three dopamine adducts, SUD, PRD, and GLD, had much less of
an effect on the cells. Furthermore, after the HED treatment for
30 min, a dose-dependent increase in ROS generation was
found by DCF fluorescence staining (Fig. 6B). The pretreatment
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with N-acetyl-L-cysteine, a potent antioxidant, clearly inhibited
the PARP cleavage (Fig. 6C), indicating that ROS generation
might be critically involved in the HED-induced apoptosis.

It is widely accepted that mitochondrial dysfunction may
play very important roles in neuronal cell death (29). Here, we
examined cytochrome c release from mitochondria in the cells,
which are an important feature of mitochondrial change and a
potent inducer of caspase-3 activation. As shown in Fig. 6D,
dose- and time-dependent decreases of cytochrome c expres-
sion in the mitochondrial fraction were obviously observed in
HED-treated cells.

Effect of Monoamine Transporter Inhibition on HED-induced
Apoptosis and ROS Generation—Monoamine transporters
including the dopamine transporter (DAT), norepinephrine
transporter (NET), and 5-HT transporter (5-HTT), which are
of fundamental importance for proper signaling between neu-
rons, have been reported to associate with experimental neuro-
toxins-induced toxicity (30). HED possesses a dopamine-based
chemical structure; therefore, in this study we hypothesized
that the above-described HED cytotoxicity that occurred in the
SH-SY5Y cells might be mediated by some monoamine trans-
porters. To evaluate this hypothesis, we used the monoamine
transporter inhibitor to investigate the effect of DAT, NET, and
5-HTT on HED-induced apoptosis and ROS generation. As
shown in Fig. 7A, the pretreatment with both GBR12909 and
imipramine, the inhibitors of DAT and NET/5-HHT, respec-
tively, clearly inhibited the occurrence of the HED-induced
PARP cleavage and active caspase-3 expression in the SH-SY5Y
cells. Furthermore, ROS generation by HED was also found to
be suppressed in these two inhibitor-pretreated cells. The result
that both monoamine transporter inhibitors showed markedly
inhibitive effect on the HED-induced apoptosis and ROS gen-
eration suggested that HED might be primarily transported
into the SH-SY5Y cells by the monoamine transporters and
inflicted damage on the cells.

Influence of HED to NIH-3T3 Cell Lines—To characterize
whether the HED-induced cytotoxicity is specific to neuronal
cells, we investigated the effect of HED on apoptotic cell death
and ROS generation in mouse embryonic fibroblast NIH-3T3
cells in comparison with that of the SH-SY5Y cells. A dose-de-
pendent analysis revealed that HED led to no apoptotic cell
death in the NIH-3T3 cells based on Hoechst 33258 and PI
nuclear staining (Fig. 8A4). A further quantitative analysis of the
apoptotic cells by flow cytometry also indicated a significant
apoptosis in SH-SY5Y cells, whereas not in the NIH-3T3 cells
(Fig. 8B). Moreover, no ROS generation was found in the HED-
treated NIH-3T3 cells; on the other hand, the HED analogs,
NOD and LAD, also induced only a slight ROS generation in the
NIH-3T3 cells (Fig. 8C). These data and the fact that monoa-
mine transporter is absent in NIH-3T3 cells suggest that the
HED-induced cytotoxicity might be specific to neuronal cells.

DISCUSSION

The nervous system is particularly vulnerable to the delete-
rious effect of ROS, and one of the main reasons is that the brain
contains high concentrations of polyunsaturated fatty acid that
are highly susceptible to lipid peroxidation (31, 32). In recent
years, an increasing body of evidence suggests that oxidative

JOURNAL OF BIOLOGICAL CHEMISTRY 34891



DHA- and AA-derived Dopamine Adducts

A B
120

100

Cell viability (%)
F-s [=;] (=]
o (=] (-]

L]
=]

Apoptotic cells
(% total number cells)
- N W &

OO0 09

L= =]

60 e

significantly induced a monoamine
transporter-mediated ROS genera-
tion and apoptosis in the SH-SY5Y
cells. These data suggest that the
DHA- and AA-derived dopamine
adducts may be useful biomarkers,
and their formation may be criti-
cally involved in the pathogenesis of
Parkinson disease.

PD is one of the most common
neurodegenerative disorders among
the aged, and its pathological hall-
mark is the selective degeneration of
dopaminergic neurons in the sub-
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ture of oxidative stress, has been
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3 which is shown by such occurrences
as increased malondialdehyde levels
(39), HNE-modified proteins (40)
and cholesterol lipid hydroperoxide
(41), and lipoprotein oxidation in
cerebrospinal fluid and plasma (42).

"

FIGURE 5. Apoptosis induced by HED. A, dose- and time-dependent cytotoxicity of HED. SH-SY5Y cells were
exposed to 0-100 um HED for different retention times. Cell viability was measured by the MTT assay.
B, chromatin condensation in SH-SY5Y cells exposed to 10 um HED. The cells were fixed with paraformaldehyde,
stained with Hoechst 33258, and examined by fluorescence microscopy. Upper left panel, control (Cont) cells
staining. Upper right panel, HED-treated cells staining. Lower graph, statistical analysis of apoptotic cells. C, DNA
fragmentation in SH-SY5Y cells exposed to 25 um HED or other samples for 12 h. Nucleosomal DNA fragmen-
tation was visualized by agarose gel electrophoresis. D, PARP cleavage and active caspase-3 expression in
SH-SY5Y cells exposed to 0-10 um HED for 4 h and 8 h. The cleavage of PARP and expression of active caspase-3
were tested by Western blotting and statistically analyzed. E, effect of caspase-3 inhibitors on HED-induced
DNA fragmentation. The inhibitor used was AC-DEVD-CHO. The SH-SY5Y cells were treated with 25 um HED for
12 h in the presence or absence of inhibitor for 30 min. DNA fragmentation was visualized by agarose gel
electrophoresis. All of the data are shown as the means =+ S.D. (n = 3) (significantly different from control: *

indicates p < 0.05, ** indicates p < 0.01, and *** indicates p < 0.001).

stress is pathologically involved in neurodegenerative disorders
(33) including PD and Alzheimer disease. It is also generally
accepted that lipid peroxidation, a central feature of oxidative
stress, is an important reaction leading to oxidative damage in
biomolecules, such as DNA and proteins (34—36). In the pres-
ent study, we determined the formation of brain polyunsatu-
rated fatty acid-derived dopamine adducts in vitro and in vivo.
We also found that HED, an AA-derived dopamine adduct,
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The sources of lipid peroxidation
in the brain are thought to mainly
originate from the peroxidation of
DHA and AA because of their high
contents in the brain relative to
other organs (43) and highly unsat-
urated properties. In our previous
reports, we have described that
DHA and AA hydroperoxide, the
primary products of fatty acid per-
oxidation, can universally react with
primary amino groups to form
amide linkage adducts including
N¢-(succinyl) lysine, N*-(propanoyl)
lysine, N°-(hexanoyl) lysine, and
N¢-(glutaryl) lysine; however, through this study it is now rec-
ognized that DHA and AA hydroperoxides can also modify do-
pamine by an N-acyl-type adduct-formed reaction (Fig. 1).

Dopamine is a natural neurotransmitter in the brain, and its
deficiency is a sign of Parkinson disease (44). Although the rea-
son for dopamine loss is not fully understood, some consider-
ations include dopaminergic neuron abnormalities, dopamine
degradation by monoamine oxidase A, and auto-oxidation and

8h
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FIGURE 6. ROS generation and cytochrome crelease during HED-induced
apoptosis. A, comparison of ROS generation inducted by DHA- and AA-de-
rived dopamine adducts. The SH-SY5Y cells were treated with 10 um dopa-
mine adducts for 30 min and exposed to H,DCF-DA for 30 min. The fluores-
cence of DCF was measured by flow cytometer. B, dose-dependent ROS
generation induced by HED. DCF fluorescence imaging was determined by
fluorescence microscope. C, effect of antioxidant N-acetyl-L-cysteine on HED-
induced PARP cleavage and accumulation of active caspase-3. 50 mm
N-acetyl-L-cysteine was administrated in SH-SY5Y cells for 30 min before HED
treatment. D, cytochrome c release induced by HED. The SH-SY5Y cells were
treated with different concentrations of HED for 0, 4, and 8 h. The expressions
of cytochrome ¢ and cytochrome c oxidase IV (COX IV) in the mitochondrial
fraction of HED-treated cells were assessed by Western blot. All of the data are
shown as the means = S.D. (n = 3) (significantly different from control: *
indicates p < 0.05, ** indicates p < 0.01, and *** indicates p < 0.001. DMSO,
dimethyl sulfoxide; Cont, control.

modification (17-19). The in vitro and in vivo detections of
DHA- and AA-derived dopamine adducts established in this
study (Figs. 2 and 3) may indicate an additional clue to the
causes of dopamine deficiency in PD. Although the level of the
dopamine adducts was not obviously increased in the 27-week-
old rat brain compared with the 7-week-old rat brain, 27 weeks
represents only middle age for a rat, and the level of basal oxi-
dative stress is increased with age (45—47); therefore, further
study should confirm these adduct formations in the brain
using aging model rats such as rats 1 year old and more and also
PD model animals.

Dopamine-derived metabolites have been reported to inflict
damage on neuronal cells (48). For example, 6-OHDA, a
hydroxylated analog of dopamine, has been demonstrated to
induce apoptosis in several neuronal cell lines (49 —52). In addi-
tion, dopamine auto-oxidation generating dopamine quinone
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FIGURE 7. Effect of monoamine transporter inhibitors on apoptosis and
ROS generation. The inhibitors used were GBR 12909 and imipramine for
DAT and NET/5-HTT, respectively. 1 um inhibitors were administrated in
SH-SY5Y cells for 30 min before drug treatments. A, effect of monoamine
transporter inhibitors on HED-induced PARP cleavage and accumulation of
active caspase-3. Cleaved PARP and the expression of active caspase-3 were
statistical analyzed. B, effect of monoamine transporter inhibitors on HED-
induced and HED analog-induced ROS generation. All of the data are shown
as the means = S.D. (n = 3) (significantly different from control: *** indicates
p < 0.001; significantly different from HED alone: # indicates p < 0.05, and ##
indicates p < 0.01). Cont, control.

can react with protein sulfhydryl groups leading to structural mod-
ifications of proteins and reduced levels of glutathione (53). In the
present study, we found that HED, an AA-derived dopamine
adduct, caused significant cell death in SH-SY5Y cells (Fig. 4A).
Furthermore, the events including DNA fragmentation, chroma-
tin condensation, PARP cleavage, and accumulation of active
caspase-3 (Fig. 5) suggest that HED-induced cell death includes
apoptosis. The precise mechanisms regulating apoptotic events in
neuronal cells remain largely unclear; however, high levels of ROS
generation and the increases in the mitochondrial permeability
appear to be common occurrences in many forms of apoptotic
neuronal cell death. The finding that HED induced a significant
ROS generation and that N-acetyl-L-cysteine pretreatment clearly
blocked the apoptosis suggests that ROS generation is an essential
trigger for HED-induced apoptosis in the SH-SY5Y cells. The
source of ROS generation has not been identified; however, the
catechol ring is kept in the structure of HED like dopamine and
6-OHDA; therefore, the catechol oxidation might be one of the
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FIGURE 8. No cytotoxicity was induced by HED in NIH3T3 cells compared
with in SH-SY5Y cells. A, apoptotic cells imaging. NIH3T3 cells were treated
with different concentrations of HED for 12 h. Pl and Hoechst staining were
performed by fluorescence microscope. B, numbers of apoptotic cells. The
apoptotic cells were analyzed by Pl staining by using a flow cytometer. C, ROS
generation. The fluorescence of DCF was measured by flow cytometer. The
data are shown in Band C as the means = S.D. (n = 3). Cont, control.

important causes for ROS generation in the HED-treated
SH-SY5Y cells. The regulation of neuronal apoptosis is generally
characterized by several signaling mediators such as p53, Bcl-2
family proteins, and cytochrome ¢ release (54). A significant
release of cytochrome ¢ from mitochondrial fraction in HED-
treated SH-SY5Y cells was found (Fig. 6), suggesting that the apo-
ptosis may be critically mediated via a mitochondrial abnormality;
however, the changes of Bcl-2, Bax, and phosphorylated p53
expression were not seen (data not shown); therefore, the
upstream regulators of mitochondrial abnormality remain to be
elucidated in further studies.

Monoamine transporters are of fundamental importance for
proper signaling between neurons. Plasma membrane trans-
porters, the major subclass of intracellular transporters (55),
include the DAT, NET, and 5-HTT. In this study, pretreatment
with inhibitors of DAT, NET, and 5-HTT significantly sup-
pressed ROS generation and apoptosis events induced by HED
(Fig. 7). In the case of 6-OHDA, similar to HED, a high affinity
for several catecholaminergic plasma membrane transporters,
such as DAT and NET, is also essential for its entrance into the
neuronal cells to inflict damage. The dependence of monamine
transporter is considered to be due to a structural similarity
between the monamine transporter and dopamine and norepi-
nephrine. The necessity of the monoamine transporter in HED-
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induced cytotoxicity was further demonstrated by the result
that HED could not induce apoptotic cell death and ROS gen-
eration in the monoamine transporter-absent NIH-3T3 cells
(Fig. 8), which also indicates that HED may selectively induce
cytotoxicity in different cell lines.

PRD, HED, NOD, and LAD, which have 3, 6, 9, and 12 of
carbons in the methyl terminus based on the dopamine struc-
ture, respectively, caused apparent cell death and ROS genera-
tion in SH-SY5Y cells in the order of PRD < HED ~ NOD =~
LAD (Figs. 4B and 7B), which suggests that the specific carbon
number in the C terminus might be required for the dopamine
adduct-induced cytotoxicity. On the other hand, SUD and
GLD, which are C terminus adducts, showed no toxicity to the
SH-SY5Y cells. Moreover, to further confirm the difference of
the cytotoxicity between the C terminus and the C terminus in
dopamine adducts, we synthesized a compound named hexa-
noyl dihydroxyphenylalaine (HEDOPA), which structurally
distinguishes HED as HEDOPA that possesses a more C termi-
nus than HED, by the reaction of hexanoly acid with dihydroxy-
phenylalanine (L.-DOPA), which is the precursor of dopamine.
Following HEDOPA treatment in the SH-SY5Y cells compared
with HED, HEDOPA did not alter the viability and induce ROS
generation in the cells (data not shown). These results reveal
that the C terminus may structurally inhibit the transport of
dopamine adducts into the cells and subsequently block the
induction of cytotoxicity.

The formation of the dopamine adducts in the study are
established by free polyunsaturated acid. In fact, either DHA or
AA is located almost exclusively in the SN2 position of phos-
phoglycerides found in the neural cell membranes (56, 57);
however, free fatty acid levels are reported to increase with
aging because of an increasing degradation by phospholipase
A, (58-60), which selectively acts on phosphoglycerides (61).
DHA is the most enriched polyunsaturated fatty acid in the
brain, and it has been implicated that DHA concentration is
decreased in Alzheimer disease brain (62); hence, the DHA-
derived dopamine adducts formed in this study may be useful
biomarkers for not only PD but also Alzheimer disease.

In summary, we synthesized four dopamine adducts derived
from DHA and AA and revealed the in vivo formation during
the reaction of lipid hydroperoxides with dopamine. We
observed HED, an AA-derived dopamine adduct, as a potent
neurotoxin based on the significant induction of ROS genera-
tion and apoptosis in human neuroblastoma SH-SY5Y cells.
The mechanism of HED-induced apoptosis has not been fully
established in this study; however, it seems to be mediated by
ROS generation, mitochondrial abnormalities, and monoa-
mine transporter. The HED-induced cytotoxicity is confirmed
by an in vitro experimental system in this study, and further
studies showing the existence and the cytotoxicity in human
subjects are needed.
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