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May Serum Levels of Advanced Oxidized Protein Products
Serve as a Prognostic Marker of Disease Duration in Patients
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Abstract

Protein and amine halogenation is a type of oxidative stress induced by phagocytic overstimulation, and its role
in Parkinson’s disease (PD) has not been discerned. We have detected that advanced oxidized protein products,
markers of protein halogenation, are reliably enhanced in serum of patients with PD (n = 60) relative to control
subjects (n = 45, p < 0.012), and to a lesser extent in the cerebrospinal fluid. Amine halogenation, as evaluated
through 3-chlorotyrosine, is not affected. Mieloperoxidase and hydrogen peroxide levels, halogenative factors of
phagocytes, are devoid of changes. Levels of advanced oxidized protein products are progressively reduced over
time, and the duration of PD is larger in the Hoehn-Yahr-stage-2/3 patients (n = 34) with low serum levels
(R2 = 0.0145, p < 0.003). Levodopa treatment contributes to this reduction (R2 = 0.259, p < 0.001). These protein
products are not cytotoxic, unlike 3-chlorotyrosine, but they are known to form inflammatory mediators after
conjugation with serum albumin. Our observations lead to the hypothesis that the serum level of advanced
oxidized protein products is a prognostic marker of PD duration, and these oxidized proteins could participate
in the development of parkinsonian neurodegeneration. Antioxid. Redox Signal. 18, 1296–1302.

Introduction

Oxidative stress, defined as a imbalance between the
production of reactive oxygen and nitrogen species

(ROS/RNS) and antioxidant mechanisms, is present in Par-
kinson’s disease (PD) (3). Several oxidation markers can be
detected in blood, brain tissue, and cerebrospinal fluid (CSF) of
patients with PD, such as lipid peroxidation, 8-hydro-
xyguanosine, protein carbonyls, and advanced glycation end
products (3). Characterizing other markers of oxidative stress is
of great interest for biomedicine. In this context, protein and
amine halogenation is a type of oxidative stress induced by
phagocytic overstimulation whose role in PD has not been
discerned. Advanced oxidized protein products (AOPP) are
markers of halogenative stress, and they are known to be

augmented in several diseases such as diabetes mellitus, ure-
mic syndrome, atherosclerosis, systemic sclerosis, and acquired
immunodeficiency syndrome (AIDS) (8). These products orig-
inate as a result of the action of free radicals such as chloramines
and hypoclorous acid on proteins. This halogenative process
could also modify free amines such as tyrosine, leading to the
formation of 3-chlorotyrosine, another marker for halogenative
oxidation. There is a basal level of halogenative stress due to
normal phagocyte activity, but the antioxidant glutathione
system can clean the oxidant hypochlorous acid (HOCl) (8).
The main objectives of the present study were to determine in
the blood serum and CSF of patients: (i) the presence of AOPP
and 3-chlorotyrosine, main oxidative markers for protein and
amine halogenation, respectively, and (ii) antioxidant capacity
of fluids through 36-h self-oxidation kinetics.
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Results and Discussion

First, we verified that main clinical characteristics were
similar between the PD and control groups, except for hy-
pertension ( p < 0.01), as shown in Table 1. We quantified
AOPP levels through enzyme-linked immunosorbent assay
(ELISA), and they were found to be higher in serum and CSF
of patients with PD relative to control subjects, but only serum
AOPP values were significantly different (t = 2.58, p < 0.012;
see Table 1). Taking into account the Hoehn-Yahr stages of the
disease to measure AOPP levels at the four disease stages,
one-way analysis of variance (ANOVA) indicated a Hoehn-
Yahr-stage effect on serum AOPP levels (Table 2). Thus,
AOPP levels were progressively reduced in serum (F3,56 = 4.6,
p < 0.05), and stage-3 and 4 patients showed significantly
lower levels of AOPP ( p < 0.05 vs. stage-1 and 2 patients,
Newman–Keuls test), and these values were found not to be
different from controls. The lower AOPP levels the higher the
Hoehn-Yahr stage. Regarding CSF, AOPP levels were also
progressively reduced, but differences were not found to be
significant, because CSF AOPP are not detectable in a large
group of patients. CSF AOPP levels are quite low in stage-4
patients, similar to controls. The number of years of duration
of each stage was observed to be progressively enhanced as
expected (F3,56 = 6.6, p < 0.001; see Table 2); hence, AOPP
changes decreased over time.

Since halogenation is related to overstimulation of phago-
cytes, which release hydrogen peroxide, and myeloperox-
idase is the main phagocytic enzyme leading to the formation

of halogenated proteins, both hydrogen peroxide and this
peroxidase were quantified in serum and CSF. The findings
indicated that levels of this enzyme in serum and CSF were
not found to be different between patients and control sub-
jects, as shown in Table 1. Besides, hydrogen peroxide was
undetectable in both fluids.

To further characterize AOPP-related effects, we studied
the kinetics of self-oxidation of AOPP in serum and CSF. This
spectrometric method was based on that previously used for
measuring lipoprotein oxidation in plasma and CSF (4). It was
observed again that basal AOPP levels were significantly
higher in serum of stage-1 and 2 patients versus controls
( p < 0.05), but not stage-3 and 4 patients. Self-oxidation

Table 1. Clinical Parameters and Halogenation

Markers in Patients and Controls

PD
(n = 60)

Control
(n = 45) p

Clinical parameters
Age (year) 63.4 – 6.9 67.9 – 10 NS
Gender, male n (%) 29 (48) 28 (62) NS
Body–mass index 24.2 – 3 24.3 – 3.5 NS
Hypertension n (%) 24 (40) 8 (17.7) < 0.01
Dyslipidemia n (%) 13 (22) 8 (17.7) NS
Vit A/E supplement 13 (22) 9 (20) NS
Statin use n (%) 7 (12) 3 (7) NS
Aspirin n (%) 9 (15) 4 (9) NS
Hoehn-Yahr stage 2.1 – 0.13
Duration of disease (y) 7.8 – 1.2
Total UPDRS 37.4 – 4
UPDRS III 24.6 – 2.4
UPDRS IV 2.9 – 1.6

Halogenation markers
Serum

AOPP (lM) 399.4 – 76 148.4 – 37 < 0.012
3-chlorotyrosine Nd Nd
Mieloperoxidase (ng/ml) 52.2 – 10 47.1 – 12 NS
Hydrogen peroxide Nd Nd

Cerebrospinal fluid
AOPP (lM) 4.3 – 2.0 0.8 – 0.5 NS
3-chlorotyrosine Nd Nd
Mieloperoxidase (pg/ml) 103 – 23 88 – 15 NS
Hydrogen peroxide Nd Nd

Mean – SEM. Statistical comparisons were carried out with the
v2 test (qualitative variables) or the Student t-test (quantitative
variables).

AOPP, advanced oxidized protein products; PD, Parkinson’s
disease; nd, nondetectable; NS, nonsignificant; UPDRS, unified
Parkinson’s disease rating scale.

Innovations

We report for the first time to our knowledge the pres-
ence of halogenative oxidation stress in serum and, to a
lesser extent, in the cerebrospinal fluid of parkinsonian
patients, leading to excess of advanced oxidized protein
products, without changes in halogenated amines such as
3-chlorotyrosine. Serum concentration of these protein
products is progressively reduced over time, and levodopa
treatment contributes to this reduction. These protein
products are not cytotoxic, unlike 3-chlorotyrosine, but
they form inflammatory mediators after conjugation with
serum albumin. Our observations lead to the hypothesis
that the serum level of advanced oxidized protein products
is a prognostic marker of duration of Parkinson’s disease,
and these oxidized proteins could participate in the de-
velopment of neurodegeneration or contribute to the cas-
cade of events leading to neuronal degeneration.

Table 2. Serum and Cerebrospinal Fluid Advanced Oxidized Protein Products Levels,

Duration of Disease, and Parkinson’s Disease Hoehn-Yahr Stages

PD

Control H-Y stage 1 H-Y stage 2 H-Y stage 3 H-Y stage 4

Serum AOPP (lM) 142.4 – 47 551.7 – 89a 390.3 – 86a 245.4 – 52b 121.5 – 34b

CSF AOPP (lM) 0.7 – 0.5 5.1 – 2.5 8.2 – 5.4 2.9 – 1.3 0.3 – 0.1
Duration (years) 4.8 – 0.6 10.4 – 1.2 12.2 – 0.8 14.4 – 0.6

Mean – SEM, ap < 0.05 versus controls; bp < 0.05 versus stage-1 and 2 patients (Newman-Keuls).
H-Y, Hoehn and Yahr; CSF, cerebrospinal fluid; AOPP, advanced oxidized protein products.
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yielded sigmoid kinetic profiles in every case, as shown
in Figure 1. The lag phase was significantly shorter in patients
in stage-1, 2, and 3 PD relative to controls (stage 1, 245 –
30 min; stage 2, 250 – 37 min; stage 3, 342 – 35 min; controls,
496 – 45 min; p < 0.01), but it was found to be similar to con-
trols in stage-4 patients (482 – 33 min). AOPP levels remained
significantly enhanced in stage-1 and 2 patients up to 36 h
( p < 0.05 vs. controls at every time point, Student’s t-test), and
AOPP levels of stage-3 patients were found to be enhanced
relative to controls from 18 h on ( p < 0.05 vs. controls at every
time point, Student’s t-test), as shown in Figure 1A. These
data indicate that basal AOPP levels are reliably enhanced in
stage-1 and 2 patients due to basal halogenative oxidation,
and all patients’ sera, except stage 4 ones, possess a reduced
antihalogenative capacity relative to controls, because their
lag phase was significantly shortened. Regarding the CSF,
basal AOPP levels were very low in every group, as shown in
Figure 1B. Self-oxidation yielded sigmoid kinetic profiles in all
cases. The lag phase was observed to be significantly shorter
in stage-1 and 2 patients relative to controls ( p < 0.05), stage-3,
and 4 subjects (stage 1, 275 – 35 min; stage 2, 282 – 37 min;
stage 3, 485 – 44 min; stage 4, 488 – 35 min; controls, 496 –
45 min). AOPP levels of stage-1 and 2 patients were found to
be enhanced relative to those of controls and stage-3 and
4 patients from 22 h onward ( p < 0.05 at every time point,
Student’s t-test). These data indicate that basal AOPP levels

are very low in all patients, and CSF of stage-1 and 2 patients,
but not stage 3 and 4 ones, presents a reduced anti-
halogenative capacity, because the lag phase was significantly
shortened, and 36-h AOPP levels were significantly enhanced.

Next, since halogenative oxidation can also yield haloge-
nated amines, we evaluated the presence of 3-chlorotyrosine
in serum and CSF from patients with PD with mass spec-
trometry. 3-chlorotyrosine (retention time = 9.17 to 10.20 min)
was not detected in any fluid, and only several unknown
compounds with different retention times were observed in
the MS spectra, as shown in Figure 2. Considering their po-
tentially cytotoxic effect, we were interested to know if halo-
genated proteins and amines are neurotoxic for dopamine
neurons, which are those cells mostly affected in PD. LDH
assays of cultured dopamine neurons from substantia nigra of
rat pups were carried out, and this study revealed that LDH
release was dose-dependently enhanced after 3-chlorotyr-
osine (dose effect, F4,25 = 927, p < 0.001; n = 6 per group), as
shown in Figure 3, but not AOPP, which were devoid of ef-
fects. Doses of 8 and 16 nmol chlorotyrosine enhanced cell
death significantly ( p < 0.01 vs. control; Newman–Keuls). Ta-
ken together, these data indicate that halogenative oxidation
modifies proteins, not free amines. Although 3-chlorotyr-
osine, unlike AOPP, was observed to be cytotoxic of dopa-
mine neurons, it seems that it does not contribute to in vivo PD
damage.

FIG. 1. Kinetics of self-oxidation of serum (A) and CSF (B) during 36 h. It can be observed that all curves have three
phases: the lag phase, during which the oxidation rate was close to zero; the propagation phase, presenting a fast accu-
mulation of AOPP; and the plateau phase with an oxidation rate close to zero again. Mean, (A) *p < 0.05 stage-1 and 2 patients
versus stage 4 and controls, #p < 0.05 stage 3 versus stage 4 and controls from 18th hour onward; (B) *p < 0.05 versus stage-3
and 4, and controls (Student’s t-test). AOPP, advanced oxidized protein products; CSF, cerebrospinal fluid.

FIG. 2. Mass spectrometry (MS) spectra of chlorotyrosine standard 1 ppm, and representative MS spectra of serum and
CSF of patients with Parkinson’s disease. The transitions for chlorotyrosine are 216.2/135.0, 216.2/170.0, and 216.2/199.1,
with retention times from 9.17 to 10.20 min. (To see this illustration in color, the reader is referred to the web version of this
article at www.liebertpub.com/ars.)
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To further analyze AOPP properties, simple linear regres-
sion analyses between AOPP levels and clinical characteristics
were carried out to discern clinical correlations. No significant
regressions were observed in controls, and AOPP levels were
not affected by any clinical feature. However, in patients with
PD, serum AOPP levels were found to be related to the
Hoehn-Yahr stage (R2 = 0.114, T = 4.4, p < 0.01), and to levo-
dopa dosage (R2 = 0.259, T = 6.4, p < 0.001). The higher the
Hoehn-Yahr stage or levodopa dose, the lower serum AOPP
levels. Besides, considering individual duration of disease
and AOPP levels in stage-2/3 patients, a significant regression
was observed between this group of patients and serum
AOPP levels (R2 = 0.0145, T = 3.28, p < 0.003), as shown in
Figure 4. It seems that serum AOPP levels predict how large
the disease is in this group of patients. Thus, 9 patients (out of
13) with disease duration longer than 10 years showed serum
AOPP levels lower than 350 lM. This effect was not found to
be related to levodopa dosage, although treatment with high
levodopa doses contributed to global reduction of serum
AOPP levels as explained. Hoehn-Yahr stages 2 and 3 were
selected, because patients are not at either initial or very ad-
vanced timepoint of the disease. Finally, the Tibbling-Link

index was quantified to confirm that CSF protein levels were
not influenced by blood levels. The Tibbling-Link index in the
PD group was lower than 0.7 in every case, except for one
patient, and it was observed not to be different relative to the
control group (0.46 – 0.01 PD; 0.41 – 0.01 controls). Hence, no
inflammation of the blood–brain barrier was detected in
patients with PD, discarding any meningeal inflammatory
process.

In summary, our results in a random sample of patients
with PD show that there are indicators of halogenative oxi-
dation stress and lower antihalogenative capacity in serum
and, to a lesser extent, CSF of PD, characterized by enhanced
levels of AOPP without changes in free 3-chlorotyrosine. In
other words, PD serum and CSF show excess of protein ha-
logenation without chloramines. The findings also indicate
that serum and CSF AOPP levels are progressively reduced
over time, and antihalogenative capacity recovered too. Le-
vodopa contributes to these changes.

Metabolism of AOPP has been associated to several dis-
eases previously (8), where blood phagocytes are over-stim-
ulated, and the formation of HOCl and chloramines from
chloride and released hydrogen peroxide is enhanced.

FIG. 3. Values of the LDH
assay in cultured neurons of
rat substantia nigra and incu-
bated with 3-chlorotyrosine or
AOPP at several doses (nmol/
100 ll Neurobasal). Cell death
is calculated from LDH release.
Mean – SEM, **p < 0.01 versus 0
dose (Student’s t-test). LDH,
lactate dehydrogenase.

FIG. 4. Linear regression be-
tween serum AOPP levels
and corresponding duration
of Parkinson’s disease (years)
of all stage-2 and 3 patients
(n534).
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Myeloperoxidase catalyzes this process and, as a conse-
quence, AOPP are formed due to oxidative stress. Since
AOPP can conjugate with human serum albumin (HSA)
giving AOPP-HSA conjugates, inflammatory mediators (2), it
can be hypothesized that AOPP could be linked to inflam-
matory processes in PD. Prior studies have indicated that the
other type of advanced oxidized products, advanced glyco-
sylation-end products, are involved in neurodegenerative
diseases (6). Our study is the first one, to our knowledge,
reporting enhanced formation of AOPP in PD, at early stages
of the disease. Of note is that the duration of disease in stage-2
and 3 patients is statistically correlated to serum AOPP levels,
and low AOPP levels predict a larger duration of PD. It seems
that the AOPP level in serum, not CSF, is a prognostic marker
of disease duration, likely because it is a factor contributing to
neuroinflammation or that halogenated proteins in blood
contribute to the cascade of events leading to neuronal de-
generation. Finally, our findings revealed that levodopa
treatment was negatively correlated with serum AOPP levels.
The contribution of levodopa therapy to oxidative damage is
still debated, but our results are in accordance with Prigione
et al., who found that levodopa daily dosage is inversely
correlated with ROS levels in PD (7). Thus, it seems that
levodopa exerts an antihalogenative effect as far as serum
AOPP levels are concerned. Such a correlation was not found
for the remainder pharmacological treatments based on do-
pamine receptor agonists or rasagiline, or for the progressive
reduction of AOPP levels in CSF. In blood, levodopa is known
to give several metabolites with a strong antioxidant capacity
such as hydroxytyrosol, and it is possible that a levodopa
metabolite rather than levodopa by itself would be the anti-
halogenative compound.

Notes

Participants

Patients suffering from PD, clinically and single-photon-
emission computerized tomography (SPECT)-based diag-
nosed, were included in the study. Patients were classified
according to the Hoehn-Yahr stages, UPDR scales, and
duration of PD in years. Duration of PD was calculated on
the basis of the year when first symptoms were reported by
the patient. All participants were nonsmokers or nonalcohol
drinkers. Smoking was defined as a current smoker who
consumed cigarettes on a daily basis or occasional smokers
who consumed cigarettes less than on a daily basis. Alcohol
use was defined as drinking > 210 g per week. Control
subjects were recruited from either patients’ relatives or
volunteers subjected to intradural anesthesia for traumato-
logic surgery in the Surgery Unit of Hospital Macarena
(without any neurological disorder). Individuals presenting
with any of liver, renal, and cardiac dysfunction, malab-
sorption, autoimmune diseases, diabetes mellitus, rheuma-
toid arthritis, AIDS, and infectious conditions (oxidative
stress markers in peripheral blood may be altered in such
conditions) were excluded from the both PD and control
groups.

Clinical information was gathered from each patient: age,
gender, body weight, hypertension, dyslipidemia, fasting
blood sugar, coffee drinking, smoking, taking of vitamin A/E
supplement, statins and aspirins, daily levodopa dose, type
and dose of dopamine agonists, and rasagiline. Hypertension

was diagnosed when blood pressure repeatedly exceeded
140 mmHg (systolic) and/or 90 mmHg (diastolic) or when a
subject was taking antihypertensive medication to control
hypertension. Use of vitamin A/E was defined as daily in-
take. Drinking coffee was defined as daily intake of at least
300 ml of coffee.

CSF collection

CSF was collected by using lumbar puncture. Five ml of
CSF was collected and stored in polypropylene tubes (Euro-
tube) protected by the light, and rapidly aliquoted, coded, and
frozen at - 80�C for further analyses. A 1 ml collection in a
glass tube was employed to observe the absence of traumatic
puncture and to quantify red cells before storing. CSF with
excess of red cells was discarded ( > 500 red cells/ll).

Blood collection

Blood was collected by cephalic vein puncture. Five ml of
blood was collected in gel-coated tubes to induce blood co-
agulation, and to obtain serum (BD Vacuotainer). Serum was
centrifuged at 2500 rpm during 10 min to separate clot and
trapped cells, and then it was immediately frozen at - 80�C.

Tibbling-link index

CSF was collected in polypropylene tubes. Simultaneously,
blood sample was obtained. CSF samples were centrifuged at
450 g for 10 min, and the supernatant was recovered. Then,
paired CSF and serum were aliquoted and stored under bio-
banking conditions until studies were performed. Albumin
and IgG were quantified by standard immunochemical
nephelometry in serum and CSF samples (SIEMENS BN II
system). IgG indices were calculated as previously described
(5). It has been defined that IgG oligoclonal bands are not
detected in patients with IgG indices smaller than 0.45;
however, indices higher than 0.77 reflect intrathecal IgG
synthesis.

Biochemical measures

Serum and CSF aliquots were unfrozen and sonicated
with a buffer solution. For measuring AOPP, myeloperox-
idase, and hydrogen peroxide, commercial kits were used
(AOPP; OxiSelect AOPP Assay kit, Cell Biolabs; myeloper-
oxidase, Human mieloperoxidase (MPO) Instant ELISA;
eBioscience, hydrogen peroxide; Thermo Scientific Pierce
Quantitative Peroxide Assay Kit). Other aliquots were used
for measuring levels of self-oxidized AOPP through ELISA.
These samples were incubated at 37�C in quartz cuvettes and
protected against light, and allowed to self-oxidize in contact
with the atmospheric air during 36 h. The absorbance was
measured at 320 nm in cuvettes (10-mm optical pathway).
ELISA measures were performed at the beginning and the
end of the incubation period. In every case, serum was di-
luted 150-fold with phosphate-buffered saline (PBS), and
CSF was not diluted.

Self-oxidation kinetics

This method was based on that previously used for mea-
suring lipoprotein oxidation in plasma and CSF (4), and taken
into account that most AOPP present a maximum absorbance
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at 320 nm (9). Thus, previous studies have demonstrated that
chromophores detected at 320 nm are mostly related to the
presence of modified tyrosines (AOPP) induced by the ac-
tivity of MPO in the presence of hydrogen peroxide and
chloride (23). To register the oxidation rate, serum was diluted
150-fold with PBS that contained 0.6 M NaCl, pH 7.4, treated
with Chelex 100 ion-exchange resin (Bio-Rad) for 1 h. The
sample was incubated at 37�C for 6 h in the absence of exog-
enous oxidant and in contact with atmospheric air. The ab-
sorbance was measured at 320 nm in quartz cuvettes (10-mm
optical pathway), and registered at 30-min intervals up to
36 h. CSF was not diluted, and maintained at 37�C. Absor-
bance was measured every 30 min up to 36 h too. In both
serum and CSF, sigmoid kinetic curves are obtained, with
three phases: the lag phase, during which the oxidation rate
was close to zero; the propagation phase, presenting a fast
accumulation of AOPP; and the plateau phase with an oxi-
dation rate close to zero again.

Mass spectrometry

Chromatographic separation was performed using a
PelkinElmer Series 200 HPLC system coupled to an Applied
Biosystems QTRAP LC/MS/MS system consisting of an hy-
brid triple quadruple linear ion-trap (QqQlit) mass spec-
trometer equipped with an electrospray ion source. HPLC
analyses were performed on a 100 · 2.1-mm Xselect HSS PFP
reversed-phase column with a particle size of 2.5 lm (Waters).
The flow rate was 0.2 ml min - 1. Chromatographic separation
was performed using a binary gradient consisting of (A) water
and (B) methanol. Both components contained 0.05% tri-
fluoroacetic acid (v/v). The elution profile was 10% B (1 min)
and a lineal gradient up to 90% B (9 min), 90% B (5 min), and
followed by 5 min of re-equilibration of the column before the
next run. Injection volume was 20 ll. Multiple Reaction
Monitoring experiment was applied where the precursor ions
and fragment ions were monitored at Q1 and Q3, respectively.
The transitions for chlorotyrosine are 216.2/135.0, 216.2/
170.0, and 216.2/199.1. For HPLC-ESI-MS/MS analyses, the
mass spectrometer was set to the following optimized tune
parameters: curtain gas 20 psi, ion spray voltage 5500 V, and
source temperature 350�C.

In vitro study

Primary cultures of substantia nigra neurons were estab-
lished as previously described (1). Postnatal pups (P0) were
killed by decapitation under aseptic conditions, and the brains
were removed and placed in cold Hank’s balanced salt solu-
tion (HBSS; GIBCO, Invitrogen Corp.). Under a dissecting
microscope, a 0.8–1.0-mm-thick coronal section of the mes-
encephalon was made using a scalpel, and the regions con-
taining substantia nigra were carefully isolated. Tissue was
digested in a solution of papain (20 units/ml; Worthington)
with 0.2 mg/ml l-cysteine in the Dulbecco’s modified Eagle’s
medium (DMEM; Sigma-Aldrich) and 100 mM CaCl2 and
50 mM EDTA for 40 min at 37�C in an incubation bath.
Afterward, tissue was mechanically dissociated with a pipette
and centrifuged (1000 rpm) during 5 min. The pellet was col-
lected and layered on the top of the inactivation medium
containing 10% Fetal calf serum, 1% trypsin inhibitor, and 1%
bovine serum albumin in the DMEM and centrifuged for
5 min. The pellet was resuspended with a feeding medium

consisting on Neurobasal-A supplemented with 2% B27 and
1% Glutamax (Invitrogen Corp.) with adequate antibiotic,
and cells were counted. The cell suspension was adjusted at
30,000 cells per well on a standard 96-well plate. Each rat pup
produced enough cells for 3–4 wells. Cultures were main-
tained at 37�C in 5% CO2-containing atmosphere.

Exposure to 3-chlorotyrosine (Sigma-Aldrich) and AOPP
(AOPP-HSA, 0.14 lmol AOPP/mg protein; Cell Biolabs)
was initiated after 4–5 days in vitro. The medium was
removed and changed to Neurobasal without B27 for 2 h.
3-chlorotyrosine (0, 1, 2, 8, and 16 nmol in Neurobasal) and
AOPP (0, 2.5, 5, 10, and 20 nmol in Neurobasal) were added
to neurons. After 30 min, this culture medium was removed,
and cultures were gently washed twice with Neurobasal
and then further incubated for 24 h, to carry out the lactate
dehydrogenase (LDH) assay (Cytotoxicity Detection kit;
Roche). Total LDH release was calculated by incubating
untreated cells with 0.5% Triton X-100 for 1 h to induce
maximal cell lysis. Basal death was calculated from un-
treated wells without B27. Treatment values were then ex-
pressed as the percent of the maximal LDH release.
Background LDH release (medium alone) was subtracted
from the experimental values.

Statistics and ethics

We enrolled 60 patients, comprising four Hoehn-Yahr
stages (stage 1, n = 16; stage 2, n = 24; stage 3, n = 10; stage 4,
n = 10) and 45 controls. Differences in halogenation markers
and clinical characteristics between the PD and control groups
were analyzed by the w2 test or Student’s t-test (independent
samples). In patients and controls, simple regression analysis
was used for searching for correlations between halogenation
markers and clinical factors. Comparisons between clinical
characteristics and oxidative markers within patients at dif-
ferent PD stages were analyzed by the w2 test and one-way
ANOVA followed by Newman–Keuls’ test or Student’s t-test
where appropriate. When two factors were considered (e.g.,
AOPP levels in all groups before and after self-oxidation),
two-way ANOVA was used, followed by Bonferroni correc-
tion and Newman–Keuls’ test. If needed, normalization was
verified with the Shapiro–Wilk test. Informed consent forms
under a protocol approved by the University of Seville and
Macarena Hospital internal ethics and scientific boards were
obtained from all the subjects, and the subjects’ consent was
obtained according to the Declaration of Helsinki (BMJ 1991;
302: 1194).
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Abbreviations Used

AIDS¼ acquired immunodeficiency syndrome
ANOVA¼ analysis of variance

AOPP¼ advanced oxidized protein products
CSF¼ cerebrospinal fluid

DMEM¼Dulbecco’s modified Eagle’s medium
ELISA¼ enzyme-linked immunosorbent assay

FCS¼ Fetal calf serum
HBSS¼Hank’s Balanced Salt Solution
HOCl¼hypochlorous acid
HSA¼human serum albumin
H-Y¼Hoehn and Yahr

LDH¼ lactate dehydrogenase
MPO¼mieloperoxidase

PD¼Parkinson’s disease
RNS¼ reactive nitrogen species
ROS¼ reactive oxygen species

SPECT¼ single-photon-emission computerized tomography
UPDRS¼unified Parkinson’s disease rating scale
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