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a b s t r a c t

There has been some dispute regarding reaction products formed at physiological peroxynitrite fluxes in
the nanomolar range with phenolic molecules, when used to predict the behavior of protein-bound
aromatic amino acids like tyrosine. Previous data showed that at nanomolar fluxes of peroxynitrite,
nitration of these phenolic compounds was outcompeted by dimerization (e.g. biphenols or dityrosine).
Using 3-morpholino sydnonimine (Sin-1), we created low fluxes of peroxynitrite in our reaction set-up to
demonstrate that salicylaldehyde displays unique features in the detection of physiological fluxes of
peroxynitrite, yielding detectable nitration but only minor dimerization products.

By means of HPLC analysis and detection at 380 nmwe could identify the expected nitration products
3- and 5-nitrosalicylaldehyde, but also novel nitrated products. Using mass spectrometry, we also
identified 2-nitrophenol and a not fully characterized nitrated dimerization product. The formation of
2-nitrophenol could proceed either by primary generation of a phenoxy radical, followed by addition of
the NO2-radical to the various resonance structures, or by addition of the peroxynitrite anion to the
polarized carbonyl group with subsequent fragmentation of the adduct (as seen with carbon dioxide).
Interestingly, we observed almost no 3- and 5-nitrosalicylic acid products and only minor dimerization
reaction.

Our results disagree with the previous general assumption that nitration of low molecular weight
phenolic compounds is always outcompeted by dimerization at nanomolar peroxynitrite fluxes and
highlight unique features of salicylaldehyde as a probe for physiological concentrations of peroxynitrite.
& 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Oxidative stress conditions are a hallmark of a large number of
cardiovascular, neurodegenerative and inflammatory diseases as
well as cancer [1–6]. Recent evidence, that is mainly based on
genetic animal models with altered formation and detoxification
of reactive oxygen species (ROS), suggests that oxidative stress is
not only a consequence, but also a trigger of these pathological
states (summarized in [7]). Among the various forms of ROS in
biological systems, peroxynitrite, the product of the fast combi-
nation of the nitric oxide radical (�NO) and superoxide anion ra-
dical (O2

��) [8], is of special interest [9]. Since �NO has important
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functions as a messenger, its trapping by O2
�� becomes a reg-

ulatory process and even the resulting peroxynitrite possesses
new functions in redox regulation [10,11].

The assessment of peroxynitrite formation under physiological
conditions is a challenge since the low fluxes of �NO and O2

�� are
in the nano- to micro-molar range and its high reactivity only al-
lows indirect measurements of its reaction products with target
molecules in vivo [12]. Fortunately, the nitration of protein-bound
tyrosine residues can serve as a footprint [13] that can be detected
in a large number of the afore mentioned diseases [1,14,15]. In
case of manganese superoxide dismutase [16,17] or prostacyclin
synthase [18,19] such tyrosine nitrations can lead to inactivation,
in other cases like a-synuclein to conformational changes [20,21]
and possible pathological consequences have been suggested.

A valid approach to determine peroxynitrite in biological sys-
tems is the addition of low molecular weight compounds that, by a
fast reaction with peroxynitrite, outcompete biological targets and
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. (A) HPLC detection of external standards for salicylaldehyde and its expected nitration and oxidation products. All compounds were detected by their absorption at
280, 330 and 380 nm, as well as by their fluorescence (Ex. 292 nm/Em. 408 nm). Original chromatograms are shown. (B) HPLC detection of the reaction products of authentic
peroxynitrite with salicylaldehyde. Samples of varied peroxynitrite concentration were incubated with 1 mM salicylaldehyde for 5 min at 37 °C and subjected to HPLC
measurements with detection at 380 nm absorbance wavelength. Original chromatograms as well as quantification of products are shown. (C) HPLC detection of the reaction
products of the peroxynitrite donor Sin-1 with salicylaldehyde. Samples of varied Sin-1 concentration were incubated with 1 mM salicylaldehyde for 90 min at 37 °C and
subjected to HPLC measurements with detection at 380 nm absorbance wavelength. Original chromatograms as well as quantification of products are shown.
(D) Peroxynitrite (150 mM) was incubated with 1 mM salicylaldehyde for 5 min at 37 °C in the presence of the hydroxyl radical scavenger D-mannitol, the carbon dioxide
donor KHCO3, the competitive reaction target acetaldehyde, or the 1e-antioxidants/free radical scavengers ascorbate and L-tyrosine. Before the reaction all stock solutions (in
0.2 M potassium phosphate buffer at pH 7.4) were checked for pH and adjusted when necessary to 7.4 (this was the case for the stock solution of 100 mM ascorbic acid and
100 mM bicarbonate). The samples were subjected to HPLC measurements with detection at 380 nm absorbance wavelength. Data are mean7SEM of 2 independent
experiments.
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form stable and characteristic products. Evidently, tyrosine in its
free form can be used since it forms 3-nitrotyrosine upon reaction
with peroxynitrite [22] as also observed with phenol [23]. How-
ever, at physiological fluxes of peroxynitrite mainly dimerization
products are formed with tyrosine [24] and phenol [23] and even
doubts have been raised that �NO and O2

�� can form 3-nitrotyr-
osine [25–27]. Subsequent studies have clearly shown that �NO
and O2

�� can form 3-nitrotyrosine, especially when reacting with
protein-bound tyrosine [22,28–30] and also biological proof for
this reaction was provided using activated immune cells [31,32]. A
detailed chemical view on the relevant reaction steps in the
tyrosine/�NO/O2

�� system was later provided by Goldstein and
coworkers [33]. In addition, 3-nitrotyrosine may also result from
the enzymatic activation of nitrite by peroxidases and hydrogen
peroxide. Depending on the nature of invading pathogens, nitra-
tion of tyrosine residues will either involve peroxynitrite or the
peroxidase/nitrite/hydrogen peroxide [34].

So far there is no literature available on the reaction of salicy-
laldehyde with peroxynitrite. Here, we show that salicylaldehyde
is nitrated efficiently by nanomolar fluxes of nitric oxide/super-
oxide, generated by the peroxynitrite donor 3-morpholino syd-
nonimine (Sin-1), at a level comparable to bolus additions of au-
thentic peroxynitrite. In contrast, the NO donor spermine NON-
Oate showed almost no reactivity and peroxidase-driven nitration
of salicylaldehyde only occurs at high nitrite and hydrogen per-
oxide concentrations.
2. Materials and methods

2.1. Chemicals

Sin-1 hydrochloride (3-morpholinosydnonimine HCl) was from
Calbiochem-Novabiochem Corporation (La Jolla, CA, USA). Sper-
mine NONOate (N-[4-[1-(3-aminopropyl)-2-hydroxy-2-nitrosohy-
drazino]butyl]-1,3-propanediamine) was purchased from Cayman
Chemical Company (Ann Arbor, USA). Xanthine oxidase (E.C.
1.1.3.22) grade III from buttermilk was purchased from Sigma
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(Steinheim, Germany). Salicylaldehyde and all related products as
well as all buffer salts were purchased from Sigma-Aldrich, Fluka
or Merck at the highest purity grade available. An alkaline per-
oxynitrite stock solution (80 mM in aqueous NaOH) was synthe-
sized according to the “quenched flow” method as previously
published [35] and stored at �80 °C.

2.2. Detection and quantification of salicylaldehyde products

Reactions were performed in 0.1 M potassium phosphate buffer
at pH 7.4 and 37 °C and all reactive compounds were handled as
described previously [30]. Authentic peroxynitrite was rapidly
mixed using a Vortex mixer with salicylaldehyde and incubated for
5 min. All reactions of Sin-1, spermine NONOate, NADPH oxidase
inhibitor-VAS2870, xanthine oxidase with hypoxanthine as well as
horseradish peroxidase/nitrite/hydrogen peroxide were incubated
for 90 min under the above described conditions. 50 ml aliquots of
the samples were subjected to high performance liquid chroma-
tography (HPLC) analysis. The system consisted of a control unit,
two pumps, a mixer, detectors, a column oven, a degasser, an
autosampler (AS-2057 plus) from Jasco (Groß-Umstadt, Germany),
and a C18-Nucleosil 100-3 (125�4) column from Macherey &
Nagel (Düren, Germany). A high-pressure gradient was employed
with the organic solvent (90 vv% acetonitrile/10 vv% water) and
50 mM citrate buffer pH 2.2 as mobile phases with the following
percentages of the organic solvent: 0 min, 10%; 14.5 min, 42%;
15 min, 10%; 16.5 min, 10%. The flow was 1 ml/min, compounds
were detected by their absorption at 280, 330 and 380 nm, and
salicylic acid was also detected by fluorescence (Ex. 292 nm/Em.
408 nm). Typical retention times of all standards are shown in
Fig. 1.

2.3. Characterization of new products by high resolution mass
spectrometry

LC–MS experiments were carried out on an Agilent 1290 In-
finity UHPLC system (Agilent Technologies, Santa-Clara, California,
U.S.A.) equipped with a binary pump and an autosampler. The
chromatographic separation was performed using an Acquity UPLC
BEH C18 1.7 μm (2.1�50 mm2) column (Waters, Eschborn, Ger-
many). A gradient was applied using a mobile phase 0.1% formic
acid in water (A) and 0.1% formic acid in acetonitrile (B) at a flow
rate of 0.3 ml/min with the following percentages of (B): 0 min,
2%; 1 min, 2%; 5 min, 95%; 5.5 min, 95%: 6 min, 2%. The LC system
was coupled to an Agilent 6540 Accurate-Mass Q-TOF mass spec-
trometer equipped with atmospheric pressure chemical ionization
(APCI) source. APCI was performed in negative ion mode scanning
m/z from 100 to 500 amu at a scan rate of 5 spectra s�1,using the
following source settings: gas temperature 360 °C, gas flow 8 l/
min, nebulizer 35 psi, capillary voltage 3200 V, fragmentator:
120 V. Collision energy in MS/MS mode was 12 V. Data were ac-
quired and analyzed with Masshunter Workstation Software
(Agilent Technologies).

2.4. Isolation of white blood cells

Leukocytes and the sub-fraction of neutrophils were isolated
from human whole blood using the dextran sedimentation and
Ficoll centrifugation protocol as described previously [36]. Total
blood cell count and the purity of the fractions were evaluated
using an automated approach with a hematology analyzer KX-21N
(Sysmex Europe GmbH, Norderstedt, Germany). The typical con-
stitution of the blood cell fractions was previously described in
detail [37].
3. Results

3.1. Reaction of salicylaldehyde with authentic peroxynitrite

In order to determine the effectiveness of salicylaldehyde as a
detection molecule for the presence of peroxynitrite in the ex-
perimental system, we started our investigations by utilizing an
exploratory set-up with excess quantities of authentic peroxyni-
trite as bolus additions. By means of HPLC we were able to detect
and quantify almost all reaction products, among them being the
expected 3- and 5-nitrosalicylaldehyde at high yield, 5-ni-
trosalicylic acid at low yield and a prominent unknown nitration
product, which was later identified as 2-nitrophenol (Fig. 1A and
B). There was an almost linear increase in these products with
increasing peroxynitrite concentrations. Interestingly, there were
only traces of salicylic acid and no 3-nitrosalicylic acid formed
under these conditions (Fig. 1B). Formation of 2-nitrophenol by
150 mM peroxynitrite was suppressed by approximately 20% and
46% by 50 or 250 mM uric acid, respectively, whereas the yield of
nitration was decreased by 37% and 64% by 50 or 250 mM seleno-
methionine, respectively (not shown). Both inhibitors have been
used since uric acid efficiently scavenges nitrogen dioxide formed
by homolytic cleavage of peroxynitrite [30,38] and seleno-me-
thionine readily accepts an oxygen atom from peroxynitrite anion
[30,39]. With phenol as a substrate, uric acid had been found to be
a more efficient inhibitor for the nitration than seleno-methionine
(IC50 40 versus 250 mM) [30]. The less efficient inhibition of the
reaction of salicylaldehyde and peroxynitrite by both compounds
might reflect fast reaction kinetics but does not provide direct
evidence for a polar or radical-based mechanism of the reaction.
For the purpose of our search for a selective peroxynitrite in-
dicator, the exact mechanism is not important. Nevertheless, ad-
ditional experiments with antioxidant compounds were per-
formed for better insight into the reaction mechanism. D-mannitol
(hydroxyl radical scavenger), bicarbonate (carbon dioxide source),
acetaldehyde (competitive reaction target), ascorbate and L-tyr-
osine (1e-antioxidants), MnTMPyP (manganese porphyrin) were
used at high concentrations (Fig. 1D). D-mannitol had no effect
excluding an essential role of free hydroxyl radicals for the product
yield. Bicarbonate had no effect on the nitration yield speaking
against an essential role of peroxynitrite–carbon dioxide adduct
formation for the nitration mechanism. Acetaldehyde showed
competitive inhibition of salicylaldehyde nitration at 100-fold
excess, whereas at 10-fold excess the inhibitory effect was only
minor. Ascorbate and L-tyrosine were quite efficient supressors of
salicylaldehyde nitration when incubated at equimolar or 10-fold
excess over salicylaldehyde, supporting at least radical inter-
mediates in the reaction mechanism of salicylaldehyde and per-
oxynitrite. Finally, the manganese porphyrin increased the nitra-
tion yield, again supporting radical intermediates that could in-
teract with transition metals.

3.2. Reaction of salicylaldehyde with nitric oxide/superoxide gener-
ated by Sin-1

In order to determine the effectiveness of salicylaldehyde as a
detection molecule for the presence of nanomolar (physiological)
fluxes of peroxynitrite, we incubated the salicylaldehyde solution
with the peroxynitrite donor Sin-1. Especially at lower Sin-1
concentrations (r100 mM), the peroxynitrite donor was almost as
efficient as authentic peroxynitrite bolus additions in nitrating
salicylaldehyde (Fig. 1C). Besides high amounts of 3- and 5-ni-
trosalicylaldehyde as well as 2-nitrophenol, low concentrations of
5-nitrosalicylic acid as well as some other products with longer
retention times were formed (which would be compatible with
the formation of low levels of nitrated dimerization products).



Fig. 2. LC–MS and LC–MS/MS analysis of reaction products of Sin-1 with salicylaldehyde. (A) LC–MS base peak chromatogram (APCI negative ion mode) with suggested
structures based on accurate mass determination. The table shows characteristics of all detected products: Retention time, observed mass/charge ratios (m/z), molecular
formulas, calculated mass/charge ratios (m/z) of [M–H]�-ions and measurement errors (ppm). (B) MS/MS spectrum of dimeric reaction product at 3.38 min (m/z 286) with
suggested fragment ions.
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Formation of 2-nitrophenol by 500 mM Sin-1 was suppressed by
approximately 42% to 55% by 100 or 300 U/ml polyethylene-gly-
colated superoxide dismutase, respectively, whereas 2-ni-
trophenol formation was decreased by only 12% by 100 mM uric
acid and by only 19% by 100 mM seleno-methionine, respectively
(not shown). These inhibitor data demonstrate that removal of
superoxide from the system prevents the nitration of salicylalde-
hyde but cannot identify the exact nature, polar or free radical-
based, of the reaction mechanism [30].

3.3. Identification of new products

The unknown products from reactions shown in Figs. 2 and 3
were identified by liquid chromatography and high resolution
mass spectrometry. High resolution accurate mass measurements
can be used to determine the elemental composition of an un-
known compound due to its characteristic mass defect. Fig. 2
shows a typical base peak chromatogram of the salicylaldehyde
and Sin-1 reaction with suggested structures fitting to the major
peaks as well as a table summarizing the accurate mass determi-
nations and molecular formulas of all detected products. Assuming
C, H, O, N compositions and measurement error o4 ppm, un-
ambiguous identifications of molecular formulas for all reaction
products were obtained. The unknown nitration product in Fig. 1B
and C (tR¼11.6 min) was identified as 2-nitrophenol, which was
later confirmed and quantified by external and internal standards.
The unknown nitration product in Fig. 1C (tR¼14.2 min) was
identified as a dimerization product of salicylaldehyde and 3-ni-
trosalicylaldehyde, which could not be quantified due to lack of
suitable commercial standard. The dimeric structure was sup-
ported by MS/MS-Data. Fig. 2 shows the APCI negative ion MS/MS
spectrum of m/z 286 with suggested fragment ions.

3.4. Reaction of salicylaldehyde with nitric oxide generated by
spermine NONOate (SPE/NO)

In order to verify the effectiveness of salicylaldehyde as a de-
tection molecule in the presence of nanomolar (physiological)
fluxes of nitric oxide alone, we incubated the aerobic salicylalde-
hyde solution with the nitric oxide donor SPE/NO. Importantly, the
nitric oxide donor alone up to a concentration of 1000 mM yielded
only marginal nitration of the salicylaldehyde (Fig. 3A), which was
only 1/30 of the nitration observed with the peroxynitrite donor
Sin-1. This was an important finding since usually phenolic com-
pounds are nitrated by higher SPE/NO concentrations at atmo-
spheric oxygen tensions in the buffer solutions (most probably by
an autoxidation mechanism of �NO with molecular oxygen yield-
ing nitrogen dioxide radicals [40]).

3.5. Reaction of salicylaldehyde with superoxide generated by xan-
thine oxidase (XO).

Since peroxynitrite is formed from �NO and superoxide, it was
important to also identify salicylaldehyde products upon reaction
with superoxide to exclude any potential interference with the
product pattern of peroxynitrite (although nitration by superoxide
can be excluded). The only detectable product from the reaction
solution of salicylaldehyde and xanthine oxidase/hypoxanthine
was salicylic acid, which increased in a linear fashion in depen-
dence of the XO concentration (Fig. 3B). Although these data im-
plied efficient oxidation of salicylaldehyde by superoxide or hy-
drogen peroxide, subsequent experiments with XO (20 mU/ml)



Fig. 3. (A) HPLC detection of the reaction products of the nitric oxide donor spermine NONOate (SPE/NO) with salicylaldehyde. Samples of varied SPE/NO concentration were
incubated with 1 mM salicylaldehyde for 90 min at 37 °C and subjected to HPLC measurements with detection at 380 nm absorbance wavelength. Original chromatograms as
well as quantification of products are shown. (B) HPLC detection of the reaction products of the superoxide producing system xanthine oxidase (XO) with salicylaldehyde.
Samples of varied XO concentration were incubated with 1 mM hypoxanthine and 1 mM salicylaldehyde for 90 min at 37 °C and subjected to HPLC measurements with
fluorescence detection (Ex. 292 nm/Em. 408 nm wavelengths). Original chromatograms as well as quantification of products are shown. (C) Representative reaction mixture
of 1 mM hydrogen peroxide with 1 mM salicylaldehyde for 90 min at 37 °C and subjected to HPLC measurements with fluorescence detection (Ex. 292 nm/Em. 408 nm
wavelengths). (D) Reaction of XO (33.3 mU/ml) with increasing concentrations of SPE/NO and 1 mM salicylaldehyde and 1 mM hypoxanthine for 90 min at 37 °C and pH 7.4.
Data are mean7SEM of 4 independent experiments. (F) Reaction of Sin-1 (100 mM) with increasing concentrations of salicylaldehyde for 90 min at 37 °C and pH 7.4. Data are
mean7SEM of 2 independent experiments.
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and hypoxanthine (1 mM) in the presence of 100 or 300 U/ml
polyethylene-glycolated superoxide dismutase did not decrease
the yield of salicylic acid (even a slight increase was observed at
higher SOD concentration) and salicylaldehyde oxidation was also
present without the XO substrate hypoxanthine (not shown). Ap-
parently, the oxidation of salicylaldehyde by XO and hypoxanthine
is a result of the direct conversion of the aldehyde by the oxi-
doreductase activity.

By performing another control with hydrogen peroxide, we
conclude that salicylaldehyde does not yield salicylic acid from
salicylaldehyde (Fig. 3C), indicating that hydrogen peroxide as a
break-down product from xanthine oxidase reaction is unlikely to
cause the oxidation of the aldehyde. Reaction mixtures with a
fixed concentration of XO (33.3 mU/ml) and increasing con-
centrations of SPE/NO yielded a maximum of 2-nitrophenol for-
mation, clearly identifying peroxynitrite as the nitrating species
(Fig. 3D). The optimal concentration of salicylaldehyde for the
nitration yield was already reached at 1 mM and showed a plateau
for product formation even when the concentration of salicy-
laldehyde was further increased (Fig. 3F).

3.6. Biological utilization of salicylaldehyde as a detection molecule

One of the important parameters for the probe is its suitability
for measurements in biological samples. We are showing here that
salicylaldehyde can be used for the detection of low fluxes of
peroxynitrite in a cellular system consisting of isolated human
neutrophils (PMN) upon stimulation with zymosan A (Zym A) and
simultaneous incubation with the �NO donor SPE/NO. Under these
conditions the formation of 2-nitrophenol from salicylaldehyde
was observed (Fig. 4A). Although the yield of nitrated product was
very low, these data demonstrate that salicylaldehyde could be a



Fig. 4. HPLC detection of the reaction products of hydrogen peroxide or isolated human neutrophils with salicylaldehyde. (A) Samples of human neutrophils (106 cells/ml)
stimulated with phorbol ester (1 mM) were incubated with 1 mM salicylaldehyde in the presence of spermine NONOate (100 mM) for 90 min at 37 °C and subjected to HPLC
measurements with detection at 380 nm absorbance wavelength. Original chromatograms are shown. (B) Samples of human neutrophils (2�106 cells/ml) stimulated with
zymosan A (50 mg/ml) were incubated with 1 mM salicylaldehyde in the presence of increasing spermine NONOate concentrations for 90 min at 37 °C in the presence or
absence of the NADPH oxidase inhibitor VAS2870 (10 mM). The quantification shows the difference between 2-nitrophenol yields without minus with VAS2870 treatment. (C,
D) HPLC detection of the reaction products of horseradish peroxidase (HRP), nitrite and hydrogen peroxide with salicylaldehyde. Samples of fixed HRP (0.1 mM) and varied
nitrite/hydrogen peroxide concentrations were incubated with 1 mM salicylaldehyde for 90 min at 37 °C and subjected to HPLC measurements with detection at 380 nm
absorbance wavelength. Original chromatograms (C) as well as quantification of products (D) are shown.
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potential probe for the detection of peroxynitrite under cellular
conditions. Increasing concentrations of SPE/NO in the presence of
stimulated neutrophils resulted in a maximum of 2-nitrophenol
when the background (SPE/NO alone effect) was subtracted
(Fig. 4B). This was done by calculating the 2-nitrophenol difference
between NADPH oxidase (oxidative burst)-stimulated and NADPH
oxidase blocked (VAS2870) neutrophils. The VAS2870-treated cells
lack substantial superoxide formation [41,42] and accordingly only
the increasing SPE/NO concentrations will contribute to the overall
2-nitrophenol formation. In contrast, in the absence of VAS2870,
the oxidative burst-generated superoxide will react with SPE/NO
to produce peroxynitrite, which again should yield a maximum at
approximately equimolar concentrations of superoxide and NO.

3.7. Interference of salicylaldehyde peroxynitrite detection with
peroxidase-catalyzed nitration in the presence of inorganic nitrite
and hydrogen peroxide

Previous work reported a significant role of peroxidase-trig-
gered nitration reactions in the presence of nitrite/hydrogen per-
oxide [25,26], although this mechanism is not operative in all in-
flammatory conditions (mainly depending on the pathogen) [34].
It is known that horseradish peroxidase (HRP) in the presence of
hydrogen peroxide and nitrite may lead to similar product for-
mation as the peroxynitrite reaction mixture and even may in-
volve peroxynitrite as an intermediate [43]. Indeed, we observed
appreciable nitration levels of salicylaldehyde at high nitrite/hy-
drogen peroxide concentrations (both 1 mM) (Fig. 4C and D),
whereas the 200 mM mixture yielded less nitration than 100 mM
Sin-1. Based on these findings a contribution of peroxidase-cata-
lyzed nitration of salicylaldehyde in biological samples cannot be
excluded on a mechanistic basis.
4. Discussion

One of the major challenges in the field of reactive oxygen
species is the lack of specific tools to detect and quantify reactive
oxygen and nitrogen species [44]. Measurement of such molecules
in biological systems constitute even bigger problems [45]. In our
experimental set-up we selected salicylaldehyde as a potential
marker for peroxynitrite. The peroxynitrite molecule possesses an
extremely short half-life and is highly reactive either with other
free radicals present in the system, or with surrounding oxidizable
biological molecules (e.g. reactive thiol, thioethers, amino or al-
dehyde groups, as well as activated aromatic rings such as phenol)
[46]. In our approach, we selected salicylaldehyde as a probe since
in addition of being a nitratable phenol it contains an oxidizable
aldehyde group. Together, both groups could provide selectivity in
the action of peroxynitrite on this compound. In order to validate
our concept that salicylaldehyde can be used as a selective per-
oxynitrite detector, we used different chemical systems to gen-
erate peroxynitrite or its precursor radicals, superoxide and nitric
oxide. As shown in Fig. 1A, salicylaldehyde was able to react with
synthesized ONOO- in a dose dependent manner and gave char-
acteristic nitrated products. The HPLC profile clearly depicts the
presence of 3- and 5-nitrosalicylaldehyde, as it is confirmed by the
HPLC analysis of the appropriate standards (Fig. 1B). At the same
time almost no dimerization products were identified by this
method. While conducting the initial measurements, we observed
several products, for which appropriate standards were lacking. In
order to characterize them, we performed LC/MS with MS/MS
analysis and were able to show that the major unidentified pro-
duct was 2-nitrophenol. In minor quantities we observed novel
dimerization products, as can be taken from Figs. 1C and 2.

Hence, with bolus additions of chemically synthesized perox-
ynitrite the expected nitration in the ortho- and para-positions of



Fig. 5. Product yield of the reaction of salicylaldehyde and low fluxes of perox-
ynitrite by Sin-1. Of note, the major products are 2-nitrophenol and nitrated sali-
cylaldehydes, whereas nitrated and non-nitrated salicylic acids as well as several
dimerization products represent only minor reaction products.
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the phenolic group as well as some radical-derived dimerization
products could be verified. Of main interest was the identification
of 2-nitrophenol as a major metabolite. The elimination of the
formyl group with concomitant introduction of the nitro-group
appears like a special feature of peroxynitrite. For the purpose of
our investigation it is of minor significance whether the formyl
group leaves as a formiate, as the sum equation suggests, or
whether the mechanism involves primary formation of a phenoxy
radical with secondary addition of the nitrogen dioxide radical to
the radical resonance structures in ortho- and para-positions of
the phenolic group (although we could detect no para-product in
our reactions) or whether the peroxynitrite anion adds to the
polarized carbonyl group with secondary radical fragmentation of
the peroxide intermediate. It rather was the question whether
2-nitrophenol formation is characteristic for peroxynitrite as a
biological intermediate.

With this respect it was essential to show that the simulta-
neous generation of �NO and O2

�� as the bioloogical source of
peroxynitrite gave the same results as with authentic peroxyni-
trite. The autoxidation of Sin-1 provides equal fluxes of �NO and
O2

�� , lead to formation of 2-nitrophenol and addition of PEG–SOD
inhibited this nitration reaction (Fig. 1C). The control with �NO
generated by SPE/NO alone was negative at low concentrations of
the �NO donor but resulted in some 2-nitrophenol formation at
high SPE/NO concentrations which was also observed previously
[22], probably through autoxidation of �NO by molecular oxygen
leading to nitrogen dioxide radicals (Fig. 3A). However, such high
fluxes of �NO are beyond the physiological range as well as the
oxygen concentrations in tissues. The formation of nitrogen di-
oxide radicals from �NO and O2 proceeds with 3rd order kinetics
and therefore is negligible under cellular levels of both reactants.
Controls with superoxide generated by xanthine oxidase only re-
sulted in oxidation of salicylaldehyde to salicylic acid, an obviously
XO dependent direct oxidation (Fig. 3B). Importantly, simulta-
neous generation of �NO and O2

�� by SPE/NO and XO with in-
creasing concentrations of the �NO donor (thereby shifting the
�NO / O2

�� ratio) resulted in a bell-shaped curve as previously
reported for peroxynitrite-specific detection probes [22,40,47],
clearly indicating specific reaction of salicylaldehyde with perox-
ynitrite to form 2-nitrophenol (Fig. 3C).

On the other hand, if superoxide is generated under cellular
conditions in our set-up with phorbol ester- or zymosan A-sti-
mulated human neutrophils and NO was co-generated from the
NO donor SPE/NO, added salicylaldehyde yielded 2-nitrophenol in
small but significant amounts (Fig. 4A and B). This proves that
salicylaldehyde can be used as a probe and can effectively compete
with the various cellular targets for peroxynitrite, however, leav-
ing the question whether this comes from peroxynitrite directly or
peroxidase-catalyzed reaction. Previously, nitration of phenolic
compounds such as tyrosine was also reported to proceed via
(myelo)peroxidase-catalyzed reactions in the presence of hydro-
gen peroxide and inorganic nitrite [25,32,43,48–50]. Since perox-
ynitrite and peroxide/H2O2/nitrite reactivity leave the same foot-
print in biological systems, namely protein tyrosine nitration,
there is ongoing discussion in the literature on the origin of ni-
trated proteins [25,26,29,32,48] with evidence of peroxynitrite
being the essential/nitrating intermediate in the peroxide/H2O2/
nitrite system [43] and molecular proof of differential contribution
of these nitration pathways in response to different inflammatory
stimuli [34]. Both nitration pathways are operative under in-
flammatory conditions due to the presence of immune cells with
high peroxidase levels as well as NO/nitrite formation from in-
ducible NO synthase as well as superoxide/hydrogen peroxide
from the activated phagocytic NADPH oxidase [5,51,52]. Since
previous (myelo)peroxidase inhibitors had to be used at rather
high concentrations and had antioxidant properties (e.g.
4-aminobenzhydrazide) it was not easy to distinguish between
peroxynitrite and peroxide/H2O2/nitrite reactivity, which will be
improved with the recent development of highly specific and
sensitive inhibitors of (myelo)peroxidase. With our last experi-
ment, we also provide evidence for peroxide/H2O2/nitrite medi-
ated nitration of salicylaldehyde, which however, only yields ap-
preciable amount of products when supraphysiological con-
centrations of H2O2/nitrite were employed (Fig. 4C,D). An essential
experiment in the future will be to quantify the nitration yield of
salicylaldehyde in interferon-γ/lipopolysaccharide-stimulated
J774A-1 macrophages, which are devoid of myeloperoxidase [53],
in comparison with myeloperoxidase-containing immune cells.
However, this study will probably require a more sensitive de-
tection method for nitrated salicylaldehyde products such as
electrochemical or mass spectrometric quantification.

Almost complete absence of nitrated salicylate products can be
well explained by the low reactivity of salicylate for peroxynitrite-
derived free radicals in comparison with other phenolic compounds
such as tyrosine [54]. Despite the fact that salicylate is one of the
most efficient scavengers of the hydroxyl radical [55], salicylate
required 10-fold higher peroxynitrite concentrations to yield 50%
nitration of the tyrosine reaction. Since oxidation of the aldehyde
group in salicylaldehyde and simultaneous nitration in one com-
bined reaction is highly unlikely, there will be either nitration in the
first place, which will make the compound less reactive (due to
steric and electron density reasons), or there will be conversion of
the aldehyde to the carboxylic acid in the first place, which will
result in a deactivated aromatic ring system, respectively. Likewise,
another group reported that salicylate prevents NO/superoxide
mediated lipid peroxidation under formation of dihydroxybenzoic
acid but the employed Sin-1 concentration to generate peroxynitrite
was very high (5 mM) [56], again highlighting the rather low re-
activity of salicylate for peroxynitrite. To our best knowledge sali-
cylaldehyde was never studied directly with respect to its reactivity
for peroxynitrite, although metal complexes of salicylaldehyde ef-
ficiently prevented nitration of tyrosine and were proposed as SOD
mimics [57]. In general, peroxynitrite was reported to react with
aliphatic aldehydes to form various products via adduct formation
in a first step, followed by free radical mechanism [58], supporting
the here presented product yield (Fig. 5).
5. Conclusions

In order to adapt the here presented test for routine studies on
peroxynitrite fluxes in biological systems the optical detection
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used here can be replaced by electrochemical or mass spectro-
metric detection for an increase in sensitivity and specificity. By
using 1 mM salicylaldeyde concentrations, the incubation of the
samples can be performed over 60–120 min without losing es-
sential amounts of the substrate by the ubiquitous presence of
aldehyde oxidases and dehydrogenases under formation of sal-
icylic acid. It is even likely that oxidases and dehydrogenases are
physiologically inactivated under the formation of peroxynitrite
since this seems to be one of the functions of peroxynitrite for-
mation in the process of redox regulation. The reactive aldehyde
group in salicylaldehyde probably serves as a major reaction
center, similar to reaction described for carbon dioxide with per-
oxynitrite [59–62], leading to the formation of mono-nitrated,
rather than dimerization products even at nanomolar peroxyni-
trite fluxes. This makes salicylaldehyde a unique phenolic reaction
partner of peroxynitrite with special features preventing the pre-
viously reported highly abundant dimerization of other phenolic
compounds at low fluxes of peroxynitrite.
Conflict of interest

none.
Acknowledgments

The present work was supported by continuous funding by
Stufe1 and NMFZ programs of the Johannes Gutenberg-University
Mainz as well as University Medical Center Mainz (A.D.). Several
authors were supported by the European Cooperation in Science
and Technology (COST Action BM1203/EU‐ROS, Brussels, Belgium
to Y.M., M.D. and A.D.). Yuliya Mikhed holds a stipend from the
International PhD Program on the “Dynamics of Gene Regulation,
Epigenetics and DNA Damage Response” from the Institute of
Molecular Biology gGmbH, (Mainz, Germany) funded by the
Boehringer Ingelheim Foundation.
References

[1] H. Ischiropoulos, J.S. Beckman, Oxidative stress and nitration in neurodegen-
eration: cause, effect, or association? J. Clin. Investig. 111 (2003) 163–169.

[2] K.K. Griendling, G.A. FitzGerald, Oxidative stress and cardiovascular injury:
Part I: basic mechanisms and in vivo monitoring of ROS, Circulation 108
(2003) 1912–1916.

[3] K.K. Griendling, G.A. FitzGerald, Oxidative stress and cardiovascular injury:
part II: animal and human studies, Circulation 108 (2003) 2034–2040.

[4] M. El Assar, J. Angulo, L. Rodriguez-Manas, Oxidative stress and vascular in-
flammation in aging, Free Radic. Biol. Med. 65 (2013) 380–401.

[5] S. Karbach, P. Wenzel, A. Waisman, T. Munzel, A. Daiber, eNOS uncoupling in
cardiovascular diseases–the role of oxidative stress and inflammation, Curr.
Pharm. Des. 20 (2014) 3579–3594.

[6] I.P. Nezis, H. Stenmark, p62 at the interface of autophagy, oxidative stress
signaling, and cancer, Antioxid. Redox Signal 17 (2012) 786–793.

[7] A.F. Chen, D.D. Chen, A. Daiber, F.M. Faraci, H. Li, C.M. Rembold, I. Laher, Free
radical biology of the cardiovascular system, Clin. Sci. 123 (2012) 73–91.

[8] R. Kissner, T. Nauser, P. Bugnon, P.G. Lye, W.H. Koppenol, Formation and
properties of peroxynitrite as studied by laser flash photolysis, high-pressure
stopped-flow technique, and pulse radiolysis, Chem. Res. Toxicol. 10 (1997)
1285–1292.

[9] J.S. Beckman, W.H. Koppenol, Nitric oxide, superoxide, and peroxynitrite: the
good, the bad, and ugly, Am. J. Physiol. 271 (1996) C1424–C1437.

[10] A. Daiber, M. Oelze, S. Daub, S. Steven, A. Schuff, S. Kroller-Schon, M. Hausding,
P. Wenzel, E. Schulz, T. Gori, T. Munzel Vascular, Redox signaling, redox
switches in endothelial nitric oxide synthase and endothelial dysfunction, in:
I. Laher (Ed.), Systems Biology of Free Radicals and Antioxidants, Springer-
Verlag, Berlin Heidelberg, 2014, pp. 1177–1211.

[11] V. Ullrich, R. Kissner, Redox signaling: bioinorganic chemistry at its best, J.
Inorg. Biochem. 100 (2006) 2079–2086.

[12] M. Barzegar Amiri Olia, C.H. Schiesser, M.K. Taylor, New reagents for detecting
free radicals and oxidative stress, Org. Biomol. Chem. 12 (2014) 6757–6766.

[13] J.P. Crow, J.S. Beckman, Reaction between nitric oxide, superoxide, and
peroxynitrite: footprints of peroxynitrite in vivo, Adv. Pharmacol. 35 (1995)
17–43.

[14] I.V. Turko, F. Murad, Protein nitration in cardiovascular diseases, Pharmacol.
Rev. 54 (2002) 619–634.

[15] K.S. Aulak, M. Miyagi, L. Yan, K.A. West, D. Massillon, J.W. Crabb, D.J. Stuehr,
Proteomic method identifies proteins nitrated in vivo during inflammatory
challenge, Proc. Natl. Acad. Sci. US A 98 (2001) 12056–12061.

[16] L.A. MacMillan-Crow, J.P. Crow, J.D. Kerby, J.S. Beckman, J.A. Thompson, Ni-
tration and inactivation of manganese superoxide dismutase in chronic re-
jection of human renal allografts, Proc. Natl. Acad. Sci. USA 93 (1996)
11853–11858.

[17] L.A. MacMillan-Crow, J.P. Crow, J.A. Thompson, Peroxynitrite-mediated in-
activation of manganese superoxide dismutase involves nitration and oxida-
tion of critical tyrosine residues, Biochemistry 37 (1998) 1613–1622.

[18] M.H. Zou, V. Ullrich, Peroxynitrite formed by simultaneous generation of nitric
oxide and superoxide selectively inhibits bovine aortic prostacyclin synthase,
FEBS Lett. 382 (1996) 101–104.

[19] M. Zou, C. Martin, V. Ullrich, Tyrosine nitration as a mechanism of selective
inactivation of prostacyclin synthase by peroxynitrite, Biol. Chem. 378 (1997)
707–713.

[20] B.I. Giasson, J.E. Duda, I.V. Murray, Q. Chen, J.M. Souza, H.I. Hurtig,
H. Ischiropoulos, J.Q. Trojanowski, V.M. Lee, Oxidative damage linked to
neurodegeneration by selective alpha-synuclein nitration in synucleinopathy
lesions, Science 290 (2000) 985–989.

[21] S. Schildknecht, H.R. Gerding, C. Karreman, M. Drescher, H.A. Lashuel, T.
F. Outeiro, D.A. Di Monte, M. Leist, Oxidative and nitrative alpha-synuclein
modifications and proteostatic stress: implications for disease mechanisms
and interventions in synucleinopathies, J. Neurochem. 125 (2013) 491–511.

[22] A. Daiber, M. Bachschmid, J.S. Beckman, T. Munzel, V. Ullrich, The impact of
metal catalysis on protein tyrosine nitration by peroxynitrite, Biochem. Bio-
phys. Res. Commun. 317 (2004) 873–881.

[23] A. Daiber, M. Mehl, V. Ullrich, New aspects in the reaction mechanism of
phenol with peroxynitrite: the role of phenoxy radicals, Nitric Oxide 2 (1998)
259–269.

[24] S. Pfeiffer, K. Schmidt, B. Mayer, Dityrosine formation outcompetes tyrosine
nitration at low steady-state concentrations of peroxynitrite. Implications for
tyrosine modification by nitric oxide/superoxide in vivo, J. Biol. Chem. 275
(2000) 6346–6352.

[25] S. Pfeiffer, A. Lass, K. Schmidt, B. Mayer, Protein tyrosine nitration in cytokine-
activated murine macrophages. Involvement of a peroxidase/nitrite pathway
rather than peroxynitrite, J. Biol. Chem. 276 (2001) 34051–34058.

[26] S. Pfeiffer, A. Lass, K. Schmidt, B. Mayer, Protein tyrosine nitration in mouse
peritoneal macrophages activated in vitro and in vivo: evidence against an
essential role of peroxynitrite, FASEB J. 15 (2001) 2355–2364.

[27] S. Pfeiffer, B. Mayer, Lack of tyrosine nitration by peroxynitrite generated at
physiological pH, J. Biol. Chem. 273 (1998) 27280–27285.

[28] T. Sawa, T. Akaike, H. Maeda, Tyrosine nitration by peroxynitrite formed from
nitric oxide and superoxide generated by xanthine oxidase, J. Biol. Chem. 275
(2000) 32467–32474.

[29] C.D. Reiter, R.J. Teng, J.S. Beckman, Superoxide reacts with nitric oxide to ni-
trate tyrosine at physiological pH via peroxynitrite, J. Biol. Chem. 275 (2000)
32460–32466.

[30] A. Daiber, S. Daub, M. Bachschmid, S. Schildknecht, M. Oelze, S. Steven,
P. Schmidt, A. Megner, M. Wada, T. Tanabe, T. Munzel, S. Bottari, V. Ullrich,
Protein tyrosine nitration and thiol oxidation by peroxynitrite-strategies to
prevent these oxidative modifications, Int. J. Mol. Sci. 14 (2013) 7542–7570.

[31] M. Galinanes, B.M. Matata, Protein nitration is predominantly mediated by a
peroxynitrite-dependent pathway in cultured human leucocytes, Biochem. J.
367 (2002) 467–473.

[32] E. Linares, S. Giorgio, R.A. Mortara, C.X. Santos, A.T. Yamada, O. Augusto, Role of
peroxynitrite in macrophage microbicidal mechanisms in vivo revealed by
protein nitration and hydroxylation, Free Radic. Biol. Med. 30 (2001)
1234–1242.

[33] S. Goldstein, G. Czapski, J. Lind, G. Merenyi, Tyrosine nitration by simultaneous
generation of (.)NO and O-(2) under physiological conditions. How the radi-
cals do the job, J. Biol. Chem. 275 (2000) 3031–3036.

[34] M.L. Brennan, W. Wu, X. Fu, Z. Shen, W. Song, H. Frost, C. Vadseth, L. Narine,
E. Lenkiewicz, M.T. Borchers, A.J. Lusis, J.J. Lee, N.A. Lee, H.M. Abu-Soud,
H. Ischiropoulos, S.L. Hazen, A tale of two controversies: defining both the role
of peroxidases in nitrotyrosine formation in vivo using eosinophil peroxidase
and myeloperoxidase-deficient mice, and the nature of peroxidase-generated
reactive nitrogen species, J. Biol. Chem. 277 (2002) 17415–17427.

[35] S. Goldstein, J. Lind, G. Merenyi, Chemistry of peroxynitrites as compared to
peroxynitrates, Chem. Rev. 105 (2005) 2457–2470.

[36] A. Daiber, M. August, S. Baldus, M. Wendt, M. Oelze, K. Sydow, A.L. Kleschyov,
T. Munzel, Measurement of NAD(P)H oxidase-derived superoxide with the
luminol analogue L-012, Free Radic. Biol. Med. 36 (2004) 101–111.

[37] P. Wenzel, E. Schulz, T. Gori, M.A. Ostad, F. Mathner, S. Schildknecht, S. Gobel,
M. Oelze, D. Stalleicken, A. Warnholtz, T. Munzel, A. Daiber, Monitoring white
blood cell mitochondrial aldehyde dehydrogenase activity: implications for
nitrate therapy in humans, J. Pharmacol. Exp. Ther. 330 (2009) 63–71.

[38] K.M. Robinson, J.T. Morre, J.S. Beckman, Triuret: a novel product of peroxyni-
trite-mediated oxidation of urate, Arch. Biochem. Biophys. 423 (2004)
213–217.

[39] K. Esposito, R. Marfella, M. Ciotola, C. Di Palo, F. Giugliano, G. Giugliano,
M. D'Armiento, F. D'Andrea, D. Giugliano, Effect of a mediterranean-style diet

http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref1
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref1
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref1
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref2
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref2
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref2
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref2
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref3
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref3
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref3
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref4
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref4
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref4
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref5
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref5
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref5
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref5
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref6
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref6
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref6
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref7
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref7
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref7
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref8
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref8
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref8
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref8
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref8
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref9
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref9
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref9
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref10
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref10
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref10
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref10
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref10
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref10
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref11
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref11
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref11
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref12
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref12
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref12
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref13
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref13
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref13
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref13
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref14
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref14
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref14
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref15
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref15
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref15
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref15
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref16
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref16
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref16
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref16
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref16
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref17
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref17
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref17
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref17
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref18
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref18
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref18
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref18
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref19
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref19
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref19
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref19
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref20
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref20
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref20
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref20
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref20
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref4949
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref4949
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref4949
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref4949
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref4949
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref22
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref22
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref22
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref22
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref23
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref23
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref23
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref23
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref24
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref24
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref24
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref24
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref24
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref25
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref25
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref25
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref25
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref26
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref26
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref26
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref26
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref27
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref27
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref27
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref28
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref28
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref28
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref28
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref29
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref29
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref29
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref29
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref30
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref30
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref30
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref30
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref30
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref31
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref31
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref31
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref31
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref32
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref32
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref32
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref32
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref32
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref33
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref33
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref33
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref33
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref34
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref34
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref34
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref34
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref34
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref34
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref34
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref35
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref35
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref35
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref36
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref36
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref36
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref36
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref37
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref37
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref37
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref37
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref37
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref38
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref38
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref38
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref38
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref39
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref39


Y. Mikhed et al. / Redox Biology 7 (2016) 39–47 47
on endothelial dysfunction and markers of vascular inflammation in the
metabolic syndrome: a randomized trial, JAMA 292 (2004) 1440–1446.

[40] A. Daiber, S. Schildknecht, J. Muller, J. Kamuf, M.M. Bachschmid, V. Ullrich,
Chemical model systems for cellular nitros(yl)ation reactions, Free Radic. Biol.
Med. 47 (2009) 458–467.

[41] M. Oelze, S. Kroller-Schon, P. Welschof, T. Jansen, M. Hausding, Y. Mikhed,
P. Stamm, M. Mader, E. Zinssius, S. Agdauletova, A. Gottschlich, S. Steven,
E. Schulz, S.P. Bottari, E. Mayoux, T. Munzel, A. Daiber, The sodium-glucose co-
transporter 2 inhibitor empagliflozin improves diabetes-induced vascular
dysfunction in the streptozotocin diabetes rat model by interfering with oxi-
dative stress and glucotoxicity, Plos One 9 (2014) e112394.

[42] S. Kroller-Schon, S. Steven, S. Kossmann, A. Scholz, S. Daub, M. Oelze, N. Xia,
M. Hausding, Y. Mikhed, E. Zinssius, M. Mader, P. Stamm, N. Treiber,
K. Scharffetter-Kochanek, H. Li, E. Schulz, P. Wenzel, T. Munzel, A. Daiber,
Molecular mechanisms of the crosstalk between mitochondria and NADPH
oxidase through reactive oxygen species-studies in white blood cells and in
animal models, Antioxid. Redox Signal 20 (2014) 247–266.

[43] J.B. Sampson, Y. Ye, H. Rosen, J.S. Beckman, Myeloperoxidase and horseradish
peroxidase catalyze tyrosine nitration in proteins from nitrite and hydrogen
peroxide, Arch. Biochem. Biophys. 356 (1998) 207–213.

[44] X. Chen, X. Tian, I. Shin, J. Yoon, Fluorescent and luminescent probes for de-
tection of reactive oxygen and nitrogen species, Chem. Soc. Rev. 40 (2011)
4783–4804.

[45] J.F. Woolley, J. Stanicka, T.G. Cotter, Recent advances in reactive oxygen species
measurement in biological systems, Trends Biochem. Sci. 38 (2013) 556–565.

[46] X. Chen, H. Chen, R. Deng, J. Shen, Pros and cons of current approaches for
detecting peroxynitrite and their applications, Biomed. J. 37 (2014) 120–126.

[47] M.G. Espey, S. Xavier, D.D. Thomas, K.M. Miranda, D.A. Wink, Direct real-time
evaluation of nitration with green fluorescent protein in solution and within
human cells reveals the impact of nitrogen dioxide vs. peroxynitrite me-
chanisms, Proc. Natl. Acad. Sci. USA 99 (2002) 3481–3486.

[48] A.J. Kettle, C.J. van Dalen, C.C. Winterbourn, Peroxynitrite and myeloperox-
idase leave the same footprint in protein nitration, Redox Rep. 3 (1997)
257–258.

[49] M. Mehl, A. Daiber, S. Herold, H. Shoun, V. Ullrich, Peroxynitrite reaction with
heme proteins, Nitric Oxide 3 (1999) 142–152.

[50] A. Daiber, C. Schoneich, P. Schmidt, C. Jung, V. Ullrich, Autocatalytic nitration
of P450CAM by peroxynitrite, J. Inorg. Biochem. 81 (2000) 213–220.
[51] C. He, H.C. Choi, Z. Xie, Enhanced tyrosine nitration of prostacyclin synthase is
associated with increased inflammation in atherosclerotic carotid arteries
from type 2 diabetic patients, Am. J. Pathol. 176 (2010) 2542–2549.

[52] N.W. Kooy, S.J. Lewis, J.A. Royall, Y.Z. Ye, D.R. Kelly, J.S. Beckman, Extensive
tyrosine nitration in human myocardial inflammation: evidence for the pre-
sence of peroxynitrite, Crit. Care Med. 25 (1997) 812–819.

[53] M.N. Alvarez, G. Peluffo, L. Piacenza, R. Radi, Intraphagosomal peroxynitrite as
a macrophage-derived cytotoxin against internalized Trypanosoma cruzi:
consequences for oxidative killing and role of microbial peroxiredoxins in
infectivity, J. Biol. Chem. 286 (2011) 6627–6640.

[54] M.S. Ramezanian, S. Padmaja, W.H. Koppenol, Nitration and hydroxylation of
phenolic compounds by peroxynitrite, Chem. Res. Toxicol. 9 (1996) 232–240.

[55] Z. Maskos, J.D. Rush, W.H. Koppenol, The hydroxylation of the salicylate anion
by a Fenton reaction and T-radiolysis: a consideration of the respective me-
chanisms, Free Radic. Biol. Med. 8 (1990) 153–162.

[56] M. Hermann, S. Kapiotis, R. Hofbauer, M. Exner, C. Seelos, I. Held, B. Gmeiner,
Salicylate inhibits LDL oxidation initiated by superoxide/nitric oxide radicals,
FEBS Lett. 445 (1999) 212–214.

[57] J. Vanco, O. Svajlenova, E. Ramanska, J. Muselik, J. Valentova, Antiradical ac-
tivity of different copper(II) Schiff base complexes and their effect on alloxan-
induced diabetes, J. Trace Elem. Med. Biol.: Organ Soc. Miner. Trace Elem. 18
(2004) 155–161.

[58] F.S. Knudsen, C.A. Penatti, L.O. Royer, K.A. Bidart, M. Christoff, D. Ouchi, E.
J. Bechara, Chemiluminescent aldehyde and beta-diketone reactions promoted
by peroxynitrite, Chem. Res. Toxicol. 13 (2000) 317–326.

[59] A. Denicola, B.A. Freeman, M. Trujillo, R. Radi, Peroxynitrite reaction with
carbon dioxide/bicarbonate: kinetics and influence on peroxynitrite-mediated
oxidations, Arch. Biochem. Biophys. 333 (1996) 49–58.

[60] A. Gow, D. Duran, S.R. Thom, H. Ischiropoulos, Carbon dioxide enhancement of
peroxynitrite-mediated protein tyrosine nitration, Arch. Biochem. Biophys.
333 (1996) 42–48.

[61] R. Meli, T. Nauser, P. Latal, W.H. Koppenol, Reaction of peroxynitrite with
carbon dioxide: intermediates and determination of the yield of CO3*- and
NO2*, J. Biol. Inorg. Chem. 7 (2002) 31–36.

[62] C.X. Santos, M.G. Bonini, O. Augusto, Role of the carbonate radical anion in
tyrosine nitration and hydroxylation by peroxynitrite, Arch. Biochem. Biophys.
377 (2000) 146–152.

http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref39
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref39
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref39
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref40
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref40
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref40
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref40
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref41
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref41
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref41
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref41
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref41
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref41
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref42
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref42
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref42
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref42
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref42
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref42
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref42
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref43
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref43
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref43
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref43
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref44
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref44
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref44
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref44
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref45
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref45
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref45
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref46
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref46
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref46
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref47
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref47
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref47
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref47
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref47
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref48
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref48
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref48
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref48
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref49
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref49
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref49
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref50
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref50
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref50
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref51
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref51
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref51
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref51
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref52
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref52
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref52
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref52
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref53
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref53
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref53
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref53
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref53
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref54
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref54
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref54
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref55
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref55
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref55
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref55
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref56
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref56
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref56
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref56
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref57
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref57
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref57
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref57
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref57
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref58
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref58
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref58
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref58
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref59
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref59
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref59
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref59
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref60
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref60
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref60
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref60
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref61
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref61
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref61
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref61
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref62
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref62
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref62
http://refhub.elsevier.com/S2213-2317(15)30008-2/sbref62

	Formation of 2-nitrophenol from salicylaldehyde as a suitable test for low peroxynitrite fluxes
	Introduction
	Materials and methods
	Chemicals
	Detection and quantification of salicylaldehyde products
	Characterization of new products by high resolution mass spectrometry
	Isolation of white blood cells

	Results
	Reaction of salicylaldehyde with authentic peroxynitrite
	Reaction of salicylaldehyde with nitric oxide/superoxide generated by Sin-1
	Identification of new products
	Reaction of salicylaldehyde with nitric oxide generated by spermine NONOate (SPE/NO)
	Reaction of salicylaldehyde with superoxide generated by xanthine oxidase (XO).
	Biological utilization of salicylaldehyde as a detection molecule
	Interference of salicylaldehyde peroxynitrite detection with peroxidase-catalyzed nitration in the presence of inorganic...

	Discussion
	Conclusions
	Conflict of interest
	Acknowledgments
	References




