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Salsolinol, a catechol neurotoxin, induces oxidative modification

of cytochrome ¢

Jung Hoon Kang*

Department of Genetic Engineering, Cheongju University, Cheongju 360-764, Korea

Methyl-6,7-dihydroxy-1,2,3,4-tetrahydroisoquinoline (salsolinol),
an endogenous neurotoxin, is known to perform a role in the
pathogenesis of Parkinson’s disease (PD). In this study, we
evaluated oxidative modification of cytochrome c occurring after
incubation with salsolinol. When cytochrome ¢ was incubated
with salsolinol, protein aggregation increased in a dose-
dependent manner. The formation of carbonyl compounds and
the release of iron were obtained in salsolinol- treated cyto-
chrome c. Salsolinol also led to the release of iron from
cytochrome c. Reactive oxygen species (ROS) scavengers and
iron specific chelator inhibited the salsolinol-mediated cytoch-
rome ¢ modification and carbonyl compound formation. It is
suggested that oxidative damage of cytochrome ¢ by salsolinol
might induce the increase of iron content in cells, subsequently
leading to the deleterious condition which was observed. This
mechanism may, in part, provide an explanation for the
deterioration of organs under neurodegenerative disorders such
as PD. [BMB Reports 2013; 46(2): 119-123]

INTRODUCTION

The catechol isoquinoline derivatives are endogenous com-
pounds that are present in the mammalian brain (1), and are
also detected in the urine of patients suffering from Parkinson’s
disease (PD) who have been treated with L-DOPA (2). The rep-
resentative catechol isoquinoline compound is referred to as
salsolinol (1-methyl-6,7-dihydroxy-1,2,3,4-tetrahydro-isoquino-
line). Increased salsolinol levels are detected in the brain of
PD patients (3, 4). Previous studies have shown that salsolinol
is toxic to dopaminergic neurons under both in vitro and in
vivo conditions. It has also been reported that salsolinol in
conjugation with iron undergoes redox cycling to generate re-
active oxygen species (ROS), most notably hydroxyl radicals,
which induce DNA strand scission and cell death (5).
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Iron is the most abundant heavy metal in the human body,
and is particularly abundant in the brain. Although iron re-
quired for oxidative metabolism, it can also be toxic, owing its
ability to catalyze ROS generation (6). Iron accumulates pro-
gressively with aging in some regions of the brain, often to the
high levels which are associated with oxidative stress; this
process has been previously shown to promote neuro-
degeneration (7, 8). The iron released from cytochrome ¢, and
its associated toxicity, has also been implicated as a risk factor
for age of onset for certain neurodegenerative diseases, namely
PD and Alzheimer’s disease (AD) (9, 10).

Cytochrome ¢ is well known as the penultimate electron
transport protein of the eukaryotic respiratory chain (11). The
covalent, posttranslational attachment of a heme ¢ moiety to
the nuclear-encoded apoprotein confers the native structure
(12). The heme is necessary for the protein to attain its proper
three-dimensional folding pattern (13). In the mitochondria,
cytochrome c transfers an electron from cytochrome c reduc-
tase to cytochrome c oxidase. These electron transfer reactions
are mediated by a conserved cytochrome c-binding epitope
(14, 15).

Recent discoveries implicate this protein in two other bio-
logical processes, apoptosis and oxidative stress (16, 17).
Apoptosis, also referred to as programmed cell death, is a key
to development and is linked to human diseases, such as can-
cer and neurodegeneration (18, 19). The cellular damage in-
duced by oxidative stress has also been associated with several
diseases, including Parkinson’s disease (PD). More specifically,
it has been shown that cytochrome c is co-localized with
o-synuclein aggregates in Lewy bodies, the pathological hall-
marks of PD (15). It has also been shown that cytochrome ¢
catalyzes the H,O»induced aggregation of a-synuclein (17).
Although all of these observations are archetypical results in-
ducible by free radicals, it is not yet clearly understood how
free radicals are generated by the effect of cytochrome ¢, or
which initial and cascading radical species are responsible for
these damages in vivo.

In the current study, the effects of salsolinol on the oxidative
modification of cytochrome ¢ were assessed. The results dem-
onstrated that salsolinol induced cytochrome c aggregation via
free radical generation. Salsolinol-mediated cytochrome c
modification, in turn, resulted in the release of iron from the
protein.
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RESULTS AND DISCUSSION

All cellular components are vulnerable to oxidative stress. The
damage that oxidative stress causes to proteins includes side
chain modification and main chain fragmentation. One of the
biological markers for oxidative damage in proteins is the ac-
cumulation of carbonyl compounds (20). In the present study,
salsolinol led to the oligomerization of cytochrome c (Fig. 1A),
and the formation of carbonyl formation (Fig. 1B). These phe-
nomena were increased in a salsolinol concentration-depend-
ent manner. Metal catalyzed oxidation may cause covalent
modification of proteins by introducing carbonyl groups into
the amino acid residues of proteins (21). The autoxidation of
salsolinol induced ROS formation that oxidizes amino acid
residues at or near that cation-binding site, which then in-
troduces carbonyl groups. Such an oxidative modification is an
indicator of oxidative stress and may be significant in several
physiological and pathological processes (22, 23). The partic-
ipation of ROS in the oligomerization of cytochrome c by sal-
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Fig. 1. Oxidative modification of cytochrome c after incubation
with salsolinol. 20 pM cytochrome ¢ was incubated with various
concentrations of salsolinol in 10 mM phosphate buffer (pH 7.4)
at 37°C for 24 h. Reactions were stopped at the indicated time
by freezing at —80°C. (A) The pattern of protein bands was ana-
lyzed via SDS-PAGE. The positions of the molecular weight mark-
ers (kDa) are indicated on the left. (B) To determined the for-
mation of carbonyl compounds, the reaction mixtures were re-
acted with 2,4-dinitrophenyl hydrazine and then the derivatives
were measured using spectrophotometry.
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solinol was studied by examining the protective effects of ROS
scavengers. When cytochrome ¢ was incubated with salsolinol
in the presence of ROS scavengers, azide, formate, glutathione
and N-acetyl-cysteine prevented the oligomerization of cyto-
chrome c (Fig. 2A). These scavengers also prevented the for-
mation of carbonyl compounds (Fig. 2B). The results suggest
that ROS might play a critical role in the mechanism of salsoli-
nol-mediated cytochrome ¢ modification.

Trace metals such as iron and copper, which are present in
a variety of biological systems, may interact with active oxy-
gen species, ionizing radiation or microwave radiation, to
damage macromolecules (24-26). In some biological cells, the
cleavage of metalloproteins by oxidative damage may lead to
increases in the levels of metal ions (27). The participation of
iron in the salsolinol-mediated cytochrome ¢ modification was
investigated by an examination of the protective effects of the
iron chelator, deferoxamine (DFX). When cytochrome ¢ was
incubated with salsolinol in the presence of DFX, the oligome-
rization of cytochrome c (Fig. 3A) and carbonyl compound for-
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Fig. 2. The effect of ROS scavengers on salsolinol-mediated cyto-
chrome ¢ aggregation and carbonyl compound formation. 20 uM
cytochrome ¢ was incubated with 0.5 mM salsolinol in 10 mM
phosphate buffer (pH 7.4) at 37°C for 24 h in the presence of
ROS scavengers. (A) The pattern of protein bands was analyzed via
SDS-PAGE. Lane 1, cytochrome c control; lane 2, oxidized cyto-
chrome ¢ (without ROS scavenger); lane 3, 100 mM azide; lane 4,
100 mM formate; lane 5, 20 mM glutathione (GSH); lane 6, 20
mM N-acetyl cysteine (NAC). (B) The formation of carbonyl com-
pounds was determined by spectrophotometry.
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mation (Fig. 3B) were inhibited in a DFX concentration- de-
pendent manner. The reaction of cytochrome ¢ with 0.5 mM
salsolinol resulted in a time-dependent increase in the release
of free iron ions (Fig. 3C). Through Fenton-like reactions, hy-
droxyl radicals can be formed from H,O; in the presence of a
transition metal ion, such as iron or copper. Therefore, iron
ions released from salsolinol-damaged cytochrome ¢ may lead
to a pro-oxidant condition in cells.

In order to determine the target site against the salsolinol on
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Fig. 3. Effects of iron chelator on salsolionl-mediated cytochrome ¢
aggregation and carbonyl compound formation and salsolinol-medi-
ated iron release from cytochrome c. 20 pM cytochrome ¢ was in-
cubated with 0.5 mM salsolinol in 10 mM phosphate buffer (pH
7.4) at 37°C for 24 h in the presence of DFX. (A) The pattern of
protein bands was analyzed via SDS-PAGE. Lane 1, cytochrome ¢
control; lane 2, oxidized cytochrome c (without DFX); lane 3, 0.1
mM DFX; lane 4, 0.5 mM DFX; lane 5, 1T mM DFX; lane 6, 5 mM
DFX. (B) The formation of carbonyl compounds was determined by
spectrophotometry. (C) The reaction mixture contained 20 pM cyto-
chrome ¢ and 0.5 mM salsolinol in 10 mM phosphate buffer at pH
7.4, and was incubated for various periods of time as: cytochrome c
alone (M); cytochrome c plus salsolinol (@). Free iron ions were de-
termined with a colorimetric reagent using bathophenanthroline
sulfonate.
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the protein, cytochrome ¢ which had been reacted with salso-
linol was evaluated by amino acid analysis following acid and
alkaline hydrolysis of the modified proteins. Cytochrome c ex-
posure to salsolinol produced particularly losses of histidine,
isoleucine, lysine, methionine, phenylalanine and tyrosine res-
idues (Fig. 4). Presumably, the primary, secondary and tertiary
structure of a protein greatly influences the reactivity of each
amino acid. The amino acid losses presented in Fig. 4 would
be expected to have a dramatic effect on cellular structure and
function. Cytochrome c is a small globular protein that con-
tains a covalently-bound heme, located in an internal pocket
formed by highly-conserved amino acid residues (28).
Porphyrins are covalently bound to Cys-14 and Cys-17, with
the fifth and sixth coordination positions of the heme-Fe inter-
acting with His-18 and Met-80, respectively. Thus, it is sug-
gested that iron binding sites were modified during the re-
action of cytochrome c with salsolinol. Consequently, iron be-
came almost free form the ligand, and was released from the
oxidatively-damaged protein. Taken together the present find-
ings suggest that salsolinol-mediated cytochrome c oligomeri-
zation might be due to oxidative damage resulting from ROS
generated by a combination of the autoxidation of salsolinol
and the Fenton-like reaction of free iron ions released from ox-
idatively-damaged cytochrome c.

Alterations in iron homeostasis/metabolism may be involved
in the pathogenesis of neurodegenerative disease. Iron re-
leased from cytochrome ¢ may trigger oxidative stress, which
can result in the progressive neurodegeneration of the sub-
stantia nigra and may ultimately result in PD (17). The toxicity
of salsolinol may be augmented by its ROS-generating activity
in neurodegenerative disorders. It has been noted in previous
studies that salsolinol induces DNA strand breaks in PC12
cells and neurons in the presence of copper or iron (5, 29). A
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Fig. 4. Modification of amino acid residues in cytochrome c by
salsolinol. Cytochrome ¢ was incubated in 10 mM potassium
phosphate buffer (pH 7.4) at 37°C with the following conditions:
20 puM cytochrome c alone (dark bar); 20 uM cytochrome ¢ plus
0.5 mM salsolinol (gray bar). After incubation for 24 h, the ami-
no acid composition of acid and alkaline hydrolysates was de-
termined, as described in Materials and Methods.
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recent report has also shown that salsolinol increases ROS
generation and effects a significant reduction in glutathione
levels in SH-SY5Y cells (30).

In conclusion, the findings of the current study demonstrate
that salsolinol induces the oxidative modification of cyto-
chrome ¢ and subsequent iron release, and that this phenom-
enon involves free radical generation. Salsolinol-mediated cy-
tochrome ¢ modification may be associated with the patho-
genesis of PD, as well as related disorders.

MATERIALS AND METHODS

Materials

Horse cytochrome ¢, salsolinol, azide, formate, N-acetyl--cys-
teine, glutathione, trichloroacetic acid (TCA) and deferoxamine
(DFX) were obtained from Sigma (St. Louis, MO, USA). Chelex
100 resin (sodium form) was obtained from Bio-Rad (Hercules,
CA, USA). All solutions were treated with Chelex 100 resin in
order to remove any traces of transition metal ions.

Protein oxidative modification

Protein concentrations were determined using the BCA meth-
od (31). 20 uM cytochrome ¢ modification was induced via in-
cubation with salsolinol in phosphate buffer (pH 7.4) at 37°C.
After the incubation of the reaction mixtures, the mixtures
were placed onto a Vivaspin ultrafiltration spin column
(Sartorius Stedim Biotech, Goettingen, Gerrman) and were
centrifuged for 1 h at 13,000 rpm to remove the salsolinol.
The mixture was then washed with Chelex 100-treated water
and centrifuged for 1 h at the same speed to remove any re-
maining salsolinol. This procedure was repeated four times, af-
ter which the filtrates were dried in a freeze-dryer and dis-
solved with 10 mM potassium phosphate buffer (pH 7.4). The
free radical scavenger-induced protection against salsoli-
nol-mediated cytochrome ¢ modification was induced by the 5
min of preincubation of the enzyme with free radical scav-
engers at room temperature, after which the mixture was re-
acted with salsolinol for 24 h at 37°C. The unreacted reagent
was then washed through a Microcon filter (Amicon).

Analysis of cytochrome ¢ modification

The samples were treated with 7 pl of concentrated sample
buffer (0.25 M Tris, 8% SDS, 40% glycerol, 20% B-mercaptoe-
thanol, 0.01% bromophenol blue) and were then boiled for 10
min at 100°C prior to electrophoresis. Each sample was then
subjected to SDS-PAGE via the Laemmli method (32), using an
18% acrylamide slab gel. The gels were stained with 0.15%
Coomassie Brilliant Blue R-250.

Detection of carbonyl compounds

The carbonyl contents of the proteins were determined via
spectrophotometric assays, as described elsewhere (33). Both
native and oxidized proteins were incubated with 10 mM
2,4-DNPH in 2.5 M HCl for 1 h at room temperature. After in-
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cubation, 20% TCA was added to the samples, and the tubes
were left in an ice bucket for 10 min and then centrifuged for
5 min with a tabletop centrifuge to collect the protein precip-
itates, after which the supernatants were discarded. Another
wash was performed using 10% TCA, and the protein pellets
were mechanically broken using a pipette tip. Finally, the pel-
lets were washed 3 times with ethanol-ethyl acetate (1 : 1)
(v/v) to remove any free DNPH. The final precipitates were dis-
solved in 2 ml of 6 M guanidine hydrochloride solution and
left for 10 min at 37°C with general vortex mixing. Carbonyl
contents were calculated from the absorbance (370 nm) with
an absorption coefficient & of 22,000 M cm’”.

Determination of free iron ions concentration

The concentration of iron ions released from oxidatively dam-
aged cytochrome ¢ was determined by using bathophenanthro-
line sulfonate in the method described previously (34). The re-
action mixture contained 20 uM cytochrome ¢, 0.5 mM salsoli-
nol in a total volume of 0.5 ml. The reaction was initiated by
the addition of salsolinol and was incubated for various periods
of time at 37°C. After incubation, the mixtures were placed into
a Vivaspin ultrafiltration spin column (Sartorius Stedim Biotech,
Goettingen, Gerrman) and were then centrifuged at 13,000
rpm for 1 h. The colorimetric reagent was added to the filtrate
prior to analysis by UV/VIS spectrophotometry (Shimadzu,
UV-1601) at 535 nm. The final concentrations of the color re-
agent were 1% ascorbate, 0.02% bathophenanthroline sulfo-
nate and 1% acetic acid-acetate buffer (pH 4.5).

Amino acid analysis

Aliquots of modified and native cytochrome ¢ were hydro-
lyzed at 110°C for 24 h after the addition of 6 N HCI. Since
acid hydrolysis destroys tryptophan, the tryptophan content of
oxidized and native cytochrome c preparations was de-
termined by alkaline hydrolysis, as described previously (35).
The amino acid content of acid and alkaline hydrolysates was
determined by HPLC separation of their phenylisothiocyanate-
derivatives by using a Pico-tag free amino acid analysis col-
umn and a 996 photodiode array detector (Waters, USA).

Statistical analysis

Values are expressed as the means + S.D of three to five sepa-
rate experiments. The statistical differences between the means
were determined by the Student t-test.
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