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Abstract
This study investigated the effect of reactive carbonyl species (RCS)-trapping agents on the
formation of protein carbonyls during depletion of brain glutathione (GSH). To this end, rat brain
slices were incubated with the GSH-depletor diethyl maleate in the absence or presence of
chemically different RCS scavengers (hydralazine, methoxylamine, aminoguanidine,
pyridoxamine, carnosine, taurine and z-histidine hydrazide). Despite their strong reactivity
towards the most common RCS, none of the scavengers tested, with the exception of hydralazine,
prevented protein carbonylation. These findings suggest that the majority of protein-associated
carbonyl groups in this oxidative stress paradigm do not derive from stable lipid peroxidation
products like malondialdehyde (MDA), acrolein and 4-hydroxynonenal (4-HNE). This conclusion
was confirmed by the observation that the amount of MDA-, acrolein- and 4-HNE-protein adducts
does not increase upon GSH depletion. Additional studies revealed that the efficacy of hydralazine
at preventing carbonylation was due to its ability to reduce oxidative stress, most likely by
inhibiting mitochondrial production of superoxide and/or by scavenging lipid free radicals.
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Introduction
Carbonylation constitutes the major and most common oxidative modification of proteins
[1]. Protein carbonyls (PCOs) have been shown to affect the function and/or metabolic
stability of the modified proteins [2] and thus they are likely to play an important role in the
pathophysiology of disorders with considerable oxidative stress. Carbonylation of brain
proteins has been implicated in the aetiology and/or progression of several
neurodegenerative disorders including Alzheimer’s disease [3], Parkinson’s disease [4],
amyotrophic lateral sclerosis [5] and multiple sclerosis [6].
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Carbonyl groups are introduced into proteins by two distinct mechanisms: oxidative (direct)
and non-oxidative (indirect). Oxidative mechanisms, which are metal ion-catalysed, involve
the direct reaction of certain reactive oxygen species (e.g. hydrogen peroxide, lipid
hydroperoxides, etc.) with protein side-chains. Common amino acid targets of direct
oxidative processes leading to carbonylation are Thr, Lys, Arg and Pro. Threonine side-
chains are oxidized to α-amino-β-ketobutyric acid while oxidative deamination of Lys, Arg
and Pro generates α-aminoadipic semi-aldehyde and glutamic semi-aldehyde [7]. Non-
oxidative carbonylation of proteins involves the reaction of the nucleophilic centres in Cys,
His or Lys residues with reactive carbonyl species (RCS). RCS are carbonyl-containing
molecules derived from the oxidation of lipids (e.g. 4-hydroxynonenal (4-HNE),
malondialdehyde (MDA), acrolein) and carbohydrates (e.g. glyoxal, methylglyoxal) [7].

To understand the process underlying the formation and accumulation of PCOs during
oxidative stress, we recently utilized a brain slices system where carbonyls are induced by
acute depletion of cellular glutathione (GSH) with diethyl maleate (DEM) or with 1,2-bis(2-
chloroethyl)-1-nitrosourea [8]. We found that under these conditions there is an increased
mitochondrial production of reactive oxygen species (ROS), which leads to extensive lipid
peroxidation (LPO) and protein carbonylation by a metal ion-catalysed process likely
involving the formation of hydroxyl radical. More recently we demonstrated that LPO is
required for the carbonylation of cytoskeletal and membrane proteins [9]. Furthermore,
evidence was presented suggesting that the mechanism underlying LPO-mediated protein
carbonylation is the direct oxidation of amino acid side-chains by lipid hydroperoxides (or
their immediate decomposition products lipid peroxyl and lipid alkoxyl radicals) rather than
the attachment of RCS like 4-HNE and MDA.

The present study was designed to determine if carbonylation of brain proteins that takes
place during acute GSH depletion indeed occurs by an oxidative mechanism. To achieve this
objective we have (1) investigated the possible presence of protein-bound lipid aldehydes
using antibodies against MDA, 4-HNE and acrolein and (2) tested the efficacy of several
RCS-trapping agents (hydralazine, methoxylamine, aminoguanidine, pyridoxamine,
carnosine, taurine and histidine hydrazide) at preventing protein carbonylation in rat brain
slices incubated with DEM. The results show that GSH depletion does not generate protein
carbonyls by the indirect (non-oxidative) mechanism. This was confirmed by the finding
that none of the RCS scavengers tested, with the exception of hydralazine, prevented protein
carbonylation. Additional studies revealed that the efficacy of hydralazine is mostly due to
its antioxidant properties. A preliminary account of these results has been presented in
abstract form [10].

Materials and methods
Chemicals

Aminoguanidine, apocynin, L-carnosine, clorgyline, deprenyl, DEM, hydralazine,
hydroxylamine, methoxylamine and taurine were purchased from Sigma-Aldrich (St. Louis,
MO). Pyridoxamine was from Fluka (Ronkonkoma, NY). z-Histidine hydrazide was from
Peninsula Laboratories (San Carlos, CA). 15-Hydroper oxy-5,8,11,13-eicoanotetraenoic acid
(15-HpETE) was obtained from Cayman Chemicals (Ann Arbor, MI). Anti-4-HNE
(AB46544), anti-MDA (AB27642) and anti-acrolein (AB37110) rabbit polyclonal
antibodies were from Abcam (Cambridge, MA). All other reagents were of the highest
purity available.
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Incubation of rat brain slices
Forty-day old Sprague-Dawley male rats were used throughout. Housing and handling of the
animals as well as the euthanasia procedure were in strict accordance with the NIH Guide
for the Care and Use of Laboratory Animals and were approved by the Institutional Animal
Care and Use Committee. Animals were killed by decapitation and the brains were rapidly
removed and sliced in two directions at right angle in sections 400 µm-thick using surgical
grade, carbon steel razor blades. Slices corresponding to ~ 80 mg of tissue were transferred
to flasks containing 3 ml of Hank’s balanced salt solution supplemented with 10 mM D-
glucose and were incubated at 37°C under 95% O2/5% CO2. Drugs were added at the
beginning of the incubation period as indicated in the figure legends. After 2 h, aliquots
were taken from the supernatant for H2O2 determination using the Fe/xylenol orange (FOX)
assay [11]. Tissue sections were then collected by low-speed centrifugation and rinsed twice
with 2 ml of ice-cold saline solution. Slices were homogenized by sonication in PEN buffer
(10 mM sodium phosphate pH 7.0, 1 mM EDTA and 0.1 mM neocuproine) containing 1
mM 4,5-dihydroxy-1,3-benzene sulphonate and 0.5 mM dithiothreitol to prevent further
protein oxidation. Homogenates were kept at −20°C until use. Protein concentration was
assessed with the Bio-Rad DCT protein assay using bovine serum albumin (BSA) as
standard.

Determination of non-protein thiols (NPSHs)
NPSHs, which are made mostly of GSH and small amounts of cysteine and homocysteine,
were determined spectrophotometrically with 5,5’-dithiobis(2-nitrobenzoic) acid [12].

Measurement of lipid peroxidation
Lipid peroxidation was assessed by measuring the amount of thiobarbituric acid reactive
substances (TBARS) in the tissue homogenates as described previously [13].

Measurement of protein carbonylation by western blotting
Protein carbonyl groups were measured by western blot analysis using the OxyBlot™
protein oxidation detection kit (Intergen Co., Purchase, NY) as we described earlier [9]. In
brief, proteins (5 µg) were incubated with 2,4-dinitrophenyl-hydrazine to form the 2,4-
dinitrophenyl (DNP) hydrazone derivatives. Proteins were separated by sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and blotted to polyvinylidene
difluoride (PVDF) membranes. DNP-containing proteins were then immunostained using
rabbit anti-DNP antiserum (1:500) and goat anti-rabbit IgG conjugated to horseradish
peroxidase (HRP) (1:2000). Blots were developed by enhanced chemioluminescence (ECL)
using the Western Lightning ECL™ kit from Perkin-Elmer (Boston, MA). The developed
films were scanned in a Hewlett Packard Scanjet 4890 and the images quantified using the
NIH image analysis program version 1.63.

Reaction of oxidized brain proteins with carbonyl scavengers
Proteins from DEM-treated brain slices were precipitated with 1% sulphosalicylic acid and
suspended 20 mM sodium phosphate buffer pH 7.5 containing 2 mM EDTA. Aliquots (50
µg of protein) were incubated at 20°C in the absence or presence of various carbonyl
scavengers. After 2 h, proteins were derivatized with DNPH and analysed by western
blotting as described above.

Assessment of MDA-, 4-HNE- and acrolein-protein adducts by western blotting
Proteins from control and GSH-depleted brain slices were separated by SDS-PAGE and
blotted against PVDF membranes. RCS-protein adducts were detected using polyclonal
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rabbit antibodies against MDA (1:1000), 4-HNE (1:1000) and acrolein (1:2000) and HRP-
conjugated goat anti-rabbit IgG (1:2000). Blots were developed by ECL as described above.

Additional assays
The effect of hydralazine (50 µM–50 mM) on the rate of pyrogallol auto-oxidation was
carried out as described by Semsei et al. [14]. The effectiveness of RCS-scavengers at
removing MDA was assessed by titrating the unreacted dialdehyde with thiobarbituric acid
[13]. The efficacy of RCS-trapping drugs at scavenging 4-HNE was measured by titrating
the unreacted unsaturated alkenal with N-methyl-2-phenylindole in the presence of
methanesulphonic acid [6]. The ability of RCS-trapping agents at scavenging acrolein was
determined with treating unreacted acrolein with cysteine ethyl ester and then titrating the
excess thiols with 5,5’-dithiobis(2-nitrobenzoic) acid.

Statistical analysis
Results were analysed for statistical significance with Student’s unpaired t-test utilizing the
GraphPad Prism® (version 4) program (GraphPad Software Inc., San Diego, CA).

Results
DEM-induced protein carbonylation in brain slices

DEM is an α,β-unsaturated dicarboxylic acid that conjugates to GSH via a reaction catalysed
by glutathione-S-transferase [15]. Incubation of brain slices with 10 mM DEM for 2 h
diminishes NPSHs by 85% and increased TBARS and PCO levels by 70% and 100%,
respectively [8]. As described in our previous study [9], the majority of the carbonylated
proteins from both control and DEM-treated slices have molecular weights between 40–120
K. Among these species are the major cytoskeleton proteins including α/β-tubulin, β-actin,
the neuronal intermediate filament proteins and glial fibrillary acidic protein.

Effect of carbonyl scavengers on DEM-induced protein carbonylation in brain slices
The detailed chemical structure of the carbonyl trapping agents used in this study is shown
in Figure 1. These agents include three hydrazines (hydralazine [16], aminoguanidine [17]
and z-histidine hydrazide [18]) and four primary amines (methoxylamine [19],
pyridoxamine [20], carnosine [21] and taurine [22]). We chose several, chemically different
RCS scavengers because their reactivity toward various RCS differs considerably [23]. In
cell-free systems we found that only the three hydrazines and to a lesser extent carnosine,
effectively trap MDA (Figure 2A), while all the scavengers showed high reactivity towards
4-HNE (Figure 2B). Except for aminoguanidine, most drugs also adducted the highly
reactive acrolein (Figure 2C). It is important to note that these scavengers were also able to
prevent the formation protein-RCS adducts in tissue slices incubated with MDA or 4-HNE,
indicating that they are cell-permeable (data not shown). We then tested the ability of these
RCS scavengers to prevent the appearance of protein carbonyls in brain sections incubated
with DEM. As shown in Figure 3, none of the carbonyl scavengers prevented DEM-induced
glutathione depletion and, among the seven drugs tested, only hydralazine (50–500 µM)
inhibited the formation of protein carbonyls. Aminoguanidine shows an effect only at
concentrations ≥ 1 mM [9]. The observation that just hydralazine prevents PCO formation
was surprising and suggests that either protein carbonylation takes place through an indirect
mechanism and that only hydralazine effectively traps RCS in intact cells or that the efficacy
of this drug is due to some property that is unrelated to RCS adduction.

To distinguish between the above possibilities, we determined by western blot analysis
whether or not RCS-protein adducts are formed in GSH-depleted brain slices. As depicted in
Figure 4, antibodies against MDA, acrolein and 4-HNE labelled a number of distinct bands
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and the intensity of neither the whole lane not the individual modified proteins was changed
in DEM-treated sections. This indicates that MDA-protein, ACR-protein and 4-HNE-protein
adducts are not formed to any appreciable degree in this model of oxidative stress and that
the effect of hydralazine on protein carbonylation is not due to its ability to remove RCS.

The possibility that hydralazine reacts directly with protein carbonyls was examined by
incubating carbonylated proteins derived from DEM-treated brain slices with hydralazine
(0.1–1 mM). Only 1 mM hydralazine efficiently reduced the amount of protein bound
carbonyls, suggesting that the effectiveness of 50 µM hydralazine at preventing protein
carbonylation in intact cells is unlikely caused by a direct reaction between the drug and
protein-bound carbonyl groups (Figure 5A). Interestingly, 100 µM hydralazine was found to
partially inhibit the 15-HpETE-induced oxidation of proteins (Figure 5B) and this could be
due to scavenging of alkoxyl and peroxyl radicals produced during the metal ion-catalysed
decomposition of the lipid hydroperoxide and/or to the sequestration of iron and copper
ions. In any case, the concentration of hydralazine needed to cause this effect in a cell-free
system is still higher than that required to suppress PCO formation in GSH-depleted brain
sections (see below).

Antioxidant properties of hydralazine
Because hydralazine is known to have antioxidant properties in several oxidative stress
settings [24] and based on the observation that it also lowers the levels of TBARS in GSH-
depleted brain sections (data not shown), we hypothesized that this drug may just be
reducing oxidative stress and indirectly carbonyl formation. To address this issue, we
determined hydrogen peroxide and PCO levels in DEM-treated brain slices incubated with
different concentrations of hydralazine. As shown in Figure 6, both H2O2 levels and the
amount of protein carbonyls diminished with increasing concentrations of hydralazine (0.5–
500 µM), indicating that the inhibitor is acting mostly as an antioxidant.

A series of additional studies were conducted to ascertain the mechanism underlying the
antioxidant properties of hydralazine. We first investigated the possibility that hydralazine
could be scavenging peroxides (H2O2, lipid hydroperoxides) or superoxide radicals. Figure
7A shows that hydralazine does not react with either H2O2 or 15-HpETE, even at high
concentrations (0.5 mM). The ability of hydralazine to scavenge superoxide was tested with
pyrogallol. In the pyrogallol system, superoxide radicals are formed from molecular oxygen
and the detecting system is the pyrogallol itself. Hydralazine reduced superoxide levels only
at a concentration ≥ 5 mM, which is 1000-times higher than that required to abolish H2O2
production (Figure 7B). Thus, the most likely mechanism underlying the antioxidant effects
of hydralazine is the inhibition of processes responsible for ROS production.

In a previous study we showed that most of the superoxide generated during GSH depletion
comes from mitochondria (inhibited by carbonyl cyanide 3-chlorophenylhydrazone) and to a
lesser extent from cytochrome P-450 (inhibited with proadifen), but not from xanthine
oxidase (unaltered by oxypurinol) [8]. However, other possible sources of superoxide that
are targeted by hydralazine, like NADPH oxidase [24] and monoamine oxidase (MAO) [25],
were not investigated in that study. To address this issue, brain slices were incubated with
DEM in the presence or absence of apocynin (NADPH oxidase inhibitor [26]), clorgyline
(MAO-A inhibitor [25]), deprenyl (MAO-B inhibitor [25]) or hydroxylamine (MAO-A/B
inhibitor [27]). As shown in Figure 8, protein carbonylation was not decreased by any of
these drugs, indicating that these enzymes are not involved in the generation of superoxide
during GSH depletion. In sum, the above results are in agreement with previous findings
suggesting that hydralazine reduces superoxide production from mitochondria [28,29]. At
this time, however, we cannot rule out the possibility that hydralazine acts also by
scavenging of lipid alkoxyl and peroxyl radicals, mainly because the concentration of these
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radicals and hydralazine in the cell membranes may be quite different than those used in our
cell-free experiment (Figure 5B).

Discussion
In this study, we present evidence that RCS-trapping drugs do not prevent the carbonylation
of brain proteins during depletion of the antioxidant glutathione. Commonly used RCS-
scavengers like aminoguanidine, pyridoxamine, methoxylamine, carnosine, taurine and z-
histidine hydrazide were unable to reduce the appearance of protein carbonyls during DEM-
induced oxidative stress. Only hydralazine prevented PCO accumulation at relatively low
concentrations, but the effect is due to its antioxidant properties rather than to its ability to
trap RCS or to react with PCOs directly. This suggests that the majority of protein-
associated carbonyl groups in this oxidative stress paradigm do not derive from stable LPO
products like MDA, acrolein and 4-HNE. This conclusion was confirmed by the observation
that the amount of MDA-, acrolein- and 4-HNE-protein adducts does not increase in GSH-
depleted sections. Thus, this system is best suited to test the effect of antioxidants on protein
carbonylation rather than to explore the efficacy of new RCS-trapping agents.

Oxidation of polyunsaturated fatty acids gives rise to three major products, all of which are
know to introduce carbonyl groups into proteins. These compounds include (i) dialdehydes
(e.g. MDA), which react with lysine residues to form carbonyl derivatives; (ii) α,β-
unsaturated aldehydes (e.g. 4-HNE, 4-hydroxy-2-hexenal, acrolein), which undergo a
Michael addition reaction with the ε-amino group of lysine residues, the thiol group of
cysteine residues and the imidazole group of histidine residues; and (iii) lipid
hydroperoxides, which can undergo metal ion-catalysed decomposition to produce alkoxyl
and peroxyl radicals that can react directly with amino acid residues. Previous work from
our laboratory suggested that lipid hydroperoxide-mediated oxidation is the major
mechanism by which brain proteins (particularly cytoskeletal and membrane proteins) are
carbonylated during acute GSH depletion [9]. In the present study we have strengthened this
conclusion by the finding that none of the classical RCS scavengers prevent the
carbonylation of proteins but more importantly by the absence of MDA-, 4-HNE- and ACR-
protein adducts as measured on western blots. Lipid hydroperoxide-induced protein
carbonylation was initially proposed by Refsgaard et al. [30], who discovered that metal-
catalysed oxidation of proteins is greatly enhanced by addition of polyunsaturated fatty
acids. These investigators speculated that alkoxyl radicals, derived from metal-catalysed
heterolytic cleavage of lipid hydroperoxides, are responsible for the introduction of
carbonyls into proteins by a mechanism that might involve site-specific interaction with
lysine residues. Lipid-derived alkoxyl radicals were found to be involved also in the
oxidation of retinal proteins in diabetes [31], suggesting that this mechanism is more
common than previously thought.

Accumulation of PCOs has been implicated in the aetiology and/or progression of several
neurodegenerative disorders such as Alzheimer’s disease [3], Parkinson’s disease [4] and
amyotrophic lateral sclerosis [5]. Our recent discovery that carbonylation of CNS proteins is
augmented in multiple sclerosis [6,32] and its animal model experimental allergic
encephalomyelitis [33] suggests that this type of protein modification may play a critical
pathophysiological role in inflammatory demyelinating diseases as well. Therefore,
approaches to reduce the extent of protein carbonylation may be beneficial for treating these
disorders. In recent years carbonyl trapping has received considerable attention as a specific
treatment for conditions with severe carbonyl stress. Carbonyl trapping agents like those
tested in this study react with RCS at a faster rate than do cell macromolecules, thereby
ensuring the safe excretion of drug-carbonyl conjugates. However, this approach is effective
only if protein carbonylation takes place by an indirect mechanism, which does not seem to
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be the case during acute depletion of glutathione. Furthermore, α-aminoadipic semi-
aldehyde and glutamic semi-aldehyde, which result from direct oxidation of lysine, arginine
and proline residues, are the major carbonylated amino acids in CNS proteins during ageing
and in neurodegenerative disorders [34,35]. Thus, in most cases, prevention of protein
carbonylation will have to be achieved with agents that reduce oxidative stress, limit LPO
and/or interfere with the direct oxidation of amino acids. The anti-hypertensive hydralazine
seems to possess all of these properties since it reduced oxidative stress in intact cells
(Figure 6) and interfered with lipid hydroperoxide-induced protein carbonylation in a cell-
free system (Figure 5B) and there is also evidence that it strongly inhibits LPO [36].
Preliminary studies in our laboratory have shown that administration of hydralazine reduces
CNS damage and decrease neurological symptoms of rats with acute experimental
autoimmune encephalomyelitis, suggesting that this drug could be potentially useful for
treating neuroinflammatory disorders.

The antioxidant properties of hydralazine have been reported in several studies and have
been attributed to: (1) inhibition of ROS-generating enzymes such as NADPH oxidase [24],
monoamine oxidase [25] and xanthine oxidase [37], (2) scavenging of superoxide and
peroxynitrite [29] and (3) decreased mitochondrial superoxide production [28,29]. In this
study we ruled out the participation of NADPH oxidase and monoamine oxidases in the
generation of ROS during GSH depletion and that of xanthine oxidase was excluded in our
previous study [8]. In addition, we have eliminated the possibility of a direct reaction of
superoxide, hydrogen peroxide and lipid hydroperoxides with hydralazine. The possibility
that hydralazine reduces protein carbonylation by scavenging peroxynitrite is also unlikely
since this oxidant is not produced in this oxidative stress paradigm as demonstrated by the
lack of nitrotyrosine [9]. Furthermore, addition of two peroxynitrite-scavengers (uric acid
and dimethylthiourea) [8] and a nitric oxide synthetase inhibitor aminoguanidine (this study)
has no effect on protein oxidation in this system. All of these findings, along with recent
observations that hydralazine does not inhibit cytochrome P-450 [38], point to mitochondria
as the most likely target of hydralazine in the DEM-treated brain sections. There is some
evidence that hydralazine reduces the mitochondrial production of superoxide and
consequently hydrogen peroxide [28,29] and we are currently investigating the molecular
mechanism underlying this effect.
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Figure 1.
Chemical structure of the various carbonyl-trapping agents used in this study. z-,
carbobenzoxy-.
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Figure 2.
Ability of carbonyl scavengers to trap various RCS in a cell-free system. MDA (36 µM), 4-
HNE (25 µM) and acrolein (100 µM) were incubated for 2 h at room temperature in the
presence or absence of various carbonyl scavengers (1 mM). After incubation, the amount of
unreacted RCS was determined as described in Materials and methods. Values are expressed
as the percentage of RCS trapped by the scavenger and represent the mean ± SEM of three
separate incubations. The concentration of acrolein in these experiments was 4-times higher
than that of 4-HNE solely because the sensitivity of the assays for measuring each
unsaturated alkenal is different. Abbreviations: HY, hydralazine; MET, methoxylamine;
AG, aminoguanidine; PYR, pyridoxamine; CAR, carnosine; TAU, taurine; z-HH, z-histidine
hydrazide.
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Figure 3.
Effect of carbonyl scavengers on DEM-induced protein carbonylation. Rat brain slices were
incubated with 10 mM DEM in the absence or presence of two different concentrations of
various carbonyl scavengers. After 2 h, slices were homogenized in PEN buffer and aliquots
of the homogenate were used to determine the PCOs by western blot as described in
Materials and methods. (A) Representative OxyBlot. The molecular weight markers are:
phosphorylase b (97K), bovine serum albumin (69K), ovalbumin (43K) and carbonic
anhydrase (29K). Other abbreviations are as in Figure 2. (B) Protein carbonylation levels
obtained from western blots and NPSH levels determined spectrophotometrically with 5,5′-
dithiobis(2-nitrobenzoic) acid. Values are expressed as percentage of control and represent
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the mean ± SEM of 3–4 experiments. Control values for carbonyls and NPSHs are 0.21 ±
0.02 nmol/mg protein and 10.8 ± 0.8 nmol/mg protein, respectively. Asterisks denote those
numbers that are significantly different (p < 0.05) from DEM-treated slices.
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Figure 4.
Detection of RCS-protein adducts in control and GSH-depleted brain slices. Rat brain slices
were incubated in the absence (control) or presence of 10 mM DEM. After 2 h, slices were
homogenized in PEN buffer and aliquots of the homogenate were analysed by western
blotting using antibodies against the various RCS as described in Materials and methods.
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Figure 5.
(A) Effect of hydralazine on protein-bound carbonyl groups. Oxidized proteins prepared
from DEM-treated brain slices were incubated for 2 h in the absence or presence of two
different concentration of hydralazine as described in Materials and methods. PCOs were
derivatized with DNPH and analysed by OxyBlot. The antioxidant trolox (1 mM) was
included in some samples to ascertain that further protein oxidation does not occur during
the incubation period. (B) Effect of hydralazine on lipid hydroperoxide-induced protein
carbonylation in a cell-free system. Proteins prepared from control brain slices were
incubated for 2 h with 15-HpETE in the absence or presence of two different concentration
of hydralazine. After incubation PCOs were derivatized with DNPH and analysed by
OxyBlot.
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Figure 6.
Effect of increasing concentrations of hydralazine on DEM-induced protein carbonylation
and hydrogen peroxide production. Rat brain slices were incubated with 10 mM DEM in the
absence or presence of increasing concentrations (0.5–500 µM) of hydralazine. After 2 h,
aliquots from the incubation media were removed and used to determine H2O2 levels using
the FOX assay. Slices were homogenized in PEN buffer and aliquots of the homogenate
were used to determine PCOs by OxyBlot. Values are expressed as percentage of control
and represent the mean ± SEM of 3–4 experiments. Asterisks denote values that are
significantly different (p < 0.05) from DEM-treated slices.
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Figure 7.
(A) Effect of hydralazine on hydrogen peroxide and lipid hydroperoxide stability. Hydrogen
peroxide and the lipid hydroperoxide 15-HpETE were incubated in the absence or presence
of two different concentrations of hydralazine. After 2 h, residual peroxide levels were
determined with the FOX assay as described in Materials and methods. (B) Effect of
hydralazine on the stability of pyrogallol-generated superoxide. Pyrogallol (0.2 mM) was
incubated in the absence or presence of two different concentrations of hydralazine and the
rate of auto-oxidation was determined as described in Materials and methods. Values are
expressed as percentage of control (i.e. without hydralazine) and represent the mean ± SEM
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of three experiments. Asterisks denote values that are significantly different (p < 0.05) from
controls.
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Figure 8.
Effect of NADPH oxidase and MAO inhibitors on DEM-induced protein carbonylation. Rat
brain slices were incubated with 10 mM DEM in the absence or presence of a NADPH
oxidase inhibitor (apocynin) or MAO inhibitors (clorgyine, deprenyl and hydroxylamine).
After 2 h, slices were homogenized in PEN buffer and aliquots of the homogenate were used
to determine the PCOs by OxyBlot as described in Materials and methods. (A)
Representative OxyBlots. (B) Protein carbonylation levels obtained from the western blots.
Values are expressed as percentage of control and represent the mean ± SEM of three
experiments. Asterisk denotes the value that is significantly different (p < 0.05) from DEM-
treated slices.
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