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Abstract: NADPH oxidases (NOX), catalyzing the reduction of molecular oxygen to form the superoxide radical anion 
(•O2

-) and hydrogen peroxide (H2O2), are involved in several pathological conditions, such as stroke, diabetes, atheroscle
rosis, but also in chronic neurodegenerative diseases such as Parkinson’s disease, Alzheimer’s disease, or multiple sclero
sis. GKT136901 is a novel NOX 1/4 inhibitor with potential application in the areas of diabetic nephropathy, stroke, or 
neurodegeneration. In the present study, we investigated additional pharmacological activities of the compound with re
spect to direct free radical scavenging. GKT136901 did not interact with nitric oxide (•NO), •O2

-, or hydroxyl radicals 
(•OH), but it acted as selective scavenger of peroxynitrite (PON) already in the submicromolar concentration range. Alpha 
synuclein (ASYN) is a protein involved in the pathogenesis of Parkinson’s disease and a known target for PON dependent 
tyrosine nitration. Submicromolar concentrations of GKT136901 prevented tyrosine nitration and di tyrosine dependent 
dimer formation of ASYN by PON as indicated by Western blot and mass spectrometric analysis. GKT136901 itself was 
degraded when exposed to PON. In a human neuronal cell model, GKT136901 prevented both the depletion of reduced 
intracellular glutathione, and the degeneration of neurites when present during PON treatment of the cells. When 
GKT136901 was applied after PON treatment, no protective effect was observed, thus excluding an impact of 
GKT136901 on cellular death/survival pathways. In summary, selective scavenging of PON is an additional pharmacol
ogical property of the NOX 1/4 inhibitor GKT136901, and this may add to the efficiency of the drug in several disease 
models. 
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1. INTRODUCTION 

NADPH oxidases (NOX) are a class of transmembrane 
multicomponent enzyme complexes that catalyze the transfer 
of an electron from NADPH to molecular oxygen to generate 
superoxide (•O2

-) or hydrogen peroxide (H2O2) [1]. Enzy-
matic NOX activity was first identified in association with 
the phagocyte respiratory burst, a defence mechanism 
against pathogens [2, 3]. Enzyme complexes homologous to 
the phagocytic NOX have been subsequently identified in 
several different cell types and tissues [4, 5]. Today, the class 
of NOX enzymes comprises seven homologues. NOX-2 rep-
resents the originally discovered phagocytic NOX isoform 
[6, 7]. Other members are NOX-1, the human NOX-3, NOX-
4, NOX-5, and the dual oxidases Duox-1 and Duox-2 [8-12]. 
Several NOX isoforms can serve as regulators of normal cell 
function by taking a role in the cellular redox regulatory sys-
tem [13, 14]. Under pathophysiological conditions, such as 
hypoxia, diabetes, or inflammation, excessive and sustained 

*Address correspondence to this author at the University of Konstanz; PO 
Box M657; 78457 Konstanz, Germany; Tel: +49 7531-88-5053;  
Fax: +49-7531-88-5039; E-mail: Stefan.Schildknecht@uni-konstanz.de

activation of NOX can result in high fluxes of •O2
-. The •O2

-

ion alone, even at high concentrations, is usually not cyto-
toxic because of the presence of cytosolic and mitochondrial 
superoxide dismutases (Cu,Zn-SOD and Mn-SOD). Al-
though it belongs to the oxygen radicals, •O2

- is only a weak 
oxidant and can even be regarded as reductant. High fluxes 
of •O2

- can represent a threat to cell viability, when nitric 
oxide (•NO), formed by one of three isoforms of nitric oxide 
synthase (NOS), is generated at a similar rate [15]. The radi-
cals •NO and •O2

- form peroxynitrite (ONOO-) in an only 
diffusion-limited reaction [16, 17]. With a pKa of 6.6, 
ONOO- exists in a cell partially in its protonated form per-
oxynitrous acid (ONOOH) that decomposes spontaneously 
into the highly reactive hydroxyl radical (•OH) and the nitro-
gen dioxide radical (•NO2) [18, 19]. In contrast to •O2

- and 
•NO alone, •OH and •NO2 represent highly reactive free radi-
cal species, capable of attacking proteins, lipids, and DNA. 
Nitration of tyrosine residues in proteins is predominantly 
mediated by the •NO2 radical.  

Selective inhibitors for the different NOS and NOX iso-
forms are expected to prevent oxidative damage under patho-
logical conditions. While selective NOS-2 inhibitors such as 
AMT (2-Amino-5,6-dihydro-6-methyl-4H-1,3-thiazine) are 
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available, the development of NOX isoform-selective inhibi-
tors is still in its infancy [20]. The peptide inhibitor 
Gp91phox ds-tat has a high selectivity for NOX-2 [21], but 
most of currently available NOX inhibitors display only little 
isoform selectivity and have a broad cross-reactivity. 
Diphenyleneiodonium (DPI), for example, is rather a general 
inhibitor of flavin-containing enzymes and inhibits also other 
enzymes such as NOS or xanthine oxidase [20]. The rela-
tively new compound VAS2870 has been shown to inhibit 
not only NOX, but to interfere with signaling pathways that 
are involved in cell survival/cell death [22, 23]. The cur-
rently most widely used compound in basic research how-
ever is apocynin. It requires activation by peroxidases that 
are typically not sufficiently expressed in most cell types 
apart from leukocytes [24, 25]. Furthermore, apocynin is a 
direct scavenger of •O2

- and therefore acts as an •O2
- antioxi-

dant rather than as an inhibitor of •O2
- generating NOX en-

zymes [26]. The pyrazolopyridine dione derivative 
GKT136901 has recently been identified as a selective 
NOX-1/NOX-4 inhibitor with a Ki of around 160 nM for 
NOX-1 and NOX-4 (human), compared with a Ki of 1500 
nM for NOX-2 [23, 27]. Potential fields of application that 
involve NOX-1 are atherosclerosis, hypertension, inflamma-
tion, or cancer; NOX-4 is involved in idiopathic pulmonary 
fibrosis, chronic kidney diseases, or neurodegenerative dis-
eases [28-32]. In the brain NOX-1 and -4 are expressed not 
only in microglia and astrocytes, but also in neurons [15, 33-
36].  

The NOX inhibitors currently used in basic research such 
as apocynin, or DPI, demonstrated significant off-target ef-
fects. For studies that investigate the mode of action of NOX 
inhibitors in disease models, it is necessary to distinguish 
between the direct effect of the compound on the respective 
enzyme activities, and the scavenging of oxidants that occurs 
independently from NOX inhibition. In the present study, we 
examined whether the interaction of the NOX-1/4 inhibitor 
GKT136901 [23, 27] with biologically important reactive 
oxygen species could be pharmacologically relevant for its 
mode of action. The compound was found to be a potent and 
selective scavenger of PON when present already in the 
submicromolar concentration range. This activity may ex-
plain some of GKT136901’s effects in complex disease 
models and it needs to be taken into account as additional 
mode of action, independently from the drug’s direct inhibi-
tion of NOX-1 and NOX-4.  

2. MATERIALS AND METHODS 

Materials: GKT136901 (2-(2-chlorophenyl)-4-methyl-5-
(pyridin-2-ylmethyl)-1H-pyrazolo[4,3-c]pyridine-3,6(2H,5H)-
dione) and VAS2870 (1,3-Benzoxazol-2-yl-3-benzyl-3H-
[1,2,3]triazolo[4,5-d]pyrimidin-7-yl sulfide; CAS-no. 7224 
56-31-7) were synthesized according to published protocols 
[23, 27]. Sin-1 (3-morpholino-sydnonimine) (peroxynitrite 
generator), and Spermine-NONOate (nitric oxide donor) 
were purchased from Cayman Chemicals (Ann Arbor, MI). 
Dihydrorhodamine 123 (DHR 123) and TEMPONE-H were 
from Molecular Probes (Carlsbad, CA), L-012 was from 
Wako (Neuss, Germany). Wildtype alpha synuclein (ASYN), 
ascorbic acid, uric acid, apocynin, Cu,Zn-superoxide dismu-
tase (Cu,Zn-SOD), KO2, and AAPH (2,2´-azobis[2-methyl- 

propionamidine] dihydrochloride, were from Sigma (St. 
Louis, MO). Sin-1 and Spermine-NONOate solutions were 
prepared freshly before each experiment. PON was from 
Merck (Darmstadt, Germany). Photometric determinations of 
PON stock concentrations were performed routinely (!max:
302 nm; ": 1670 L mol-1 cm-1). PON was diluted in 4.7% 
NaOH. When PON was used, an equal amount of equimolar 
HCl was added to the respective sample. In cell-free experi-
ments, PON (in NaOH) and the corresponding volume of 
equimolar HCl were added carefully as separate droplets in 
the inner ring of a reaction tube, closed and vortexed instan-
taneously and rigorously.  

Radical detection: The interaction between GKT136901 
and PON was monitored by the oxidation of dihydrorho-
damine 123 (DHR 123) (2 "M) or by the luminol-derivative 
L-012 (100 "M) in 10 mM potassium phosphate buffer, pH 
7.4 containing desferoxamine (100 "M, to prevent Fenton-
chemistry reactions). The radical generating systems were 
incubated with the test compounds for 3 min at 37°C before 
the radical detection dyes DHR 123 or L-012 were added 
and incubated for 15 min. Both dyes were chosen, since they 
are relatively selective for steady-state PON levels in the 
submicromolar range. DHR 123 fluorescence (!ex=485 nm/ 
!em=538 nm) as well as L-012 luminescence were detected 
in 96-well plates using a TECAN Infinite M200 reader. The 
interaction of GKT136901 with superoxide was assessed in a 
system composed of luminol (100 "M) and KO2 (20 "M) as 
superoxide source in the presence and absence of 250 U/ml 
Cu,Zn-SOD. Values obtained with SOD were subtracted as 
background.  

•
NO-detection: Interaction between •NO and GKT 

136901 was investigated by the use of the •NO-releasing 
compound Spermine-NONOate (10 "M) and an •NO-
electrode (Ami NO-700, Innovative Instruments, Quee 
Brooks Court, FL) in 10 mM potassium phosphate buffer, 
pH 7.4. The electrode was calibrated every day with NaNO2

standards in 0.1 M H2SO4 plus 100 "M potassium iodide. 
The current difference between baseline buffer signal and the 
peak following addition of NaNO2 served for calibration of 
the instrument. Measurements were performed in stirred 
glass tubes at 37°C. 

Hydroxyl (
•
OH) radical generation: 2-desoxyribose is a 

target for •OH, its degradation serves as measure for •OH 
generation. For optical detection, derivatization of 2-
desoxyribose degradation products and thiobarbituric acid is 
catalyzed in the assay. Hydroxyl radicals were generated by 
a combination of ferrous iron (Fe2+) and H2O2 and detected 
by measurement of the formation of chromogens (at 532 nm) 
that originate from the interaction of desoxyribose degrada-
tion products with thiobarbituric acid. 100 "l of a 150 mM 
NaCl solution (pH 7.4) were combined freshly with 50 "l of 
0.7 mM EDTA, 50 "l of 0.5 mM Fe2+ and 100 "l of sample 
in water. Hydroxyl radical generation was then initiated by 
the addition of 50 "l 0.5 mM H2O2. The mixture was incu-
bated with additional 100 "l of 5 mM 2-desoxyribose for 20 
min at 37°C under gentle shaking. Then, 250 "l of 1% 
thiobarbituric acid (in 50 mM NaOH) and 250 "l of 2.8% 
trichloroacetic acid (in water) were added, vortexed thor-
oughly, shortly centrifuged to remove debris, and read at 532 
nm.  



 367 

HPLC analysis. Detection of GKT136901 was per-
formed on a Kontron HPLC system (Goebel Analytik, 
Au/Hallertau, Germany) composed of a model 560 autosam-
pler, a model 520 pump unit, and a model 535 diode array 
detector set at 260 nm. Separation was carried out on a C18 
nucleosil column (125 x 4 mm; 5 "m particle size) from Ma-
cherey Nagel (Düren, Germany) at room temperature. The 
mobile phase for GKT136901 analysis consisted of acetoni-
trile : water : triethylamine: sulphuric acid (12.50 : 86.18: 
1.04 : 0.28 v/v; pH 2.3). The mobile phase was degassed 
with an online vacuum degasser and delivered isocratically 
at a flow-rate of 1.0 ml/min at an average pressure of 120 
bar. Data analysis was performed with Geminyx III software 
(Goebel Analytik). 

Cell culture: LUHMES cells are conditionally immortal-
ized human fetal ventral mesencephalic neuronal precursor 
cells that were obtained by clonal selection. Differentiated 
LUHMES cells show a clear dopaminergic phenotype which 
was described in detail previously [37, 38]. Cells were 
propagated in Advanced DMEM/F12 (Gibco/Invitrogen, 
Darmstadt, Germany), 1x N2 supplement (Invitrogen), 2 mM 
L-glutamine (Gibco), and 40 ng/ml recombinant bFGF (R+D 
Systems; Minneapolis, MN). The differentiation process was 
initiated by addition of differentiation medium consisting of 
advanced DMEM/F12, 1x N2 supplement, 2 mM L-
glutamine, 1 mM dibutyryl-cAMP (Sigma), 1 "g/ml tetracy-
cline (Sigma), and 2 ng/ml recombinant human GDNF (R+D 
Systems). After 2 days, cells were trypsinized and collected 
in Advanced DMEM/F12 medium. Cells were seeded onto 
24-well plates at a density of 160.000 cells/cm2. The differ-
entiation process was continued for additional 4 days. For 
the Sin-1/ PON treatment experiments, differentiation me-
dium was exchanged to Hank´s balanced salt solution 
(HBSS) 1 h prior to the experiment and for the decomposi-
tion period of 4 h for Sin-1 to avoid interference with ascor-
bic acid in the medium. Then, advanced DMEM/F12 without 
additions was added for the remaining incubation period of 
20 h. 

Immunocytochemistry and analysis of neurite degen-
eration: Cells were fixed with 4% paraformaldehyde for 20 
min at RT, permeabilized with 0.2% Triton X-100, washed, 
and blocked with 1% BSA (Calbiochem, San Diego, CA) in 
PBS for 1 h. For visualization of cell morphology, cells were 
stained with a polyclonal anti-!-III-tubulin antibody (Co-
vance, Munich, Germany; 1:1000) in 1% BSA/PBS at 4°C 
over night. After washing, the secondary antibody (anti-
mouse-IgG, Alexa 488, Molecular Probes; 1:1000) in 1% 
BSA/PBS was added for 1 h, nuclei were stained by Hoechst 
dye H-33342 (1 "g/ml) for 20 min. For visualization, an 
Olympus IX 81 microscope (Hamburg, Germany) equipped 
with a F-view CCD camera was used. For quantitative 
evaluation of the neurite area, the !-III-tubulin-stained cells 
were analysed using an automated microplate-reading micro-
scope (Array-Scan II# HCS Reader, Cellomics, Pittsburgh, 
PA) equipped with a Hamamatsu ORCA-ER camera (resolu-
tuion 1024 x 1024; run at 2 x 2 binning) as previously de-
scribed [39]. Briefly, nuclei were identified as objects ac-
cording to their intensity, size, area and shape. A virtual area 
corresponding to the cell soma was defined around each nu-
cleus. The total !-III-tubulin pixel area per field minus the 
soma areas in that field was defined as neurite mass.  

Alpha synuclein nitration: Purified wildtype ASYN 
(Sigma) (10 "g/200 "l potassium phosphate buffer 100 mM, 
pH 7.4) was treated in the presence of various concentrations 
of test compounds with 1 "M PON. Five "l of PON (stock 1 
mM in 4.7% NaOH) and 5 "l of 4.7% HCl were carefully 
placed in the inner lid of a reaction tube. After gentle clos-
ing, the samples were rapidly vortexed for optimal nitration 
at constant pH. 

Western-blot: ASYN from the nitration experiments 
was loaded onto a 12% SDS gel (0.1 "g/lane). Proteins were 
transferred onto nitrocellulose membranes (Amersham, 
Buckinghamshire, UK), blocked with 5% milk in PBS-
Tween (0.1%) for 2 h. Monoclonal antibodies directed 
against ASYN (1:1000) (BD, Frankin Lakes, NJ, USA) or 
against 3-nitrotyrosine (3-NT) (1:250) (HBT, HM5001, 
Uden, The Netherlands) were incubated at 4°C over night. 
The horseradish-peroxidase conjugated secondary antibody 
(Goat-anti-mouse IgG, Cyman Chemicals, Ann Arbor, MI, 
USA) was incubated for 45 min. For quantitative evaluation, 
luminescence was detected and quantified by a FUSION 
SLTM system (Peqlab, Erlangen, Germany).  

Resazurin metabolization assay: Resazurin (Sigma) 
was added to the cell culture medium in a final concentration 
of 2.5 "g/ml, fluorescence was measured in 15 min intervals 
("ex=530 nm; "em=590 nm) over a period of 1 h.  

Glutathione detection: Cells were washed twice with 
PBS and lysed in 200 "l of 1% sulfosalicylic acid (w/v) on 
ice. The lysates were collected, sonicated 3-4 times on ice 
and centrifuged at 12.000 x g for 5 min at 4°C to remove cell 
debris. Glutathione was determined by a DTNB (5,5´-
dithiobis(2-nitrobenzoic acid)) reduction assay. Supernatants 
were diluted 1:10 in H2O, 100 "l sample was mixed with 100 
"l assay mixture containing 300 "M DTNB, 0.5 U/ml glu-
tathione-reductase, 400 "M NADPH, 1 mM EDTA in 100 
mM sodium phosphate buffer, pH 7.5 (all Sigma). DTNB 
reduction was measured photometrically at 405 nm in 5 min 
intervals over 30 min. Total protein content of each sample 
was detected after neutralization of the precipitated protein 
pellet with 100 mM NaOH by BCA reagent (Pierce, Thermo 
Scientific, Rockford, IL). GSH standard curves (Sigma) were 
performed by serial dilutions ranging from 1000 nM to 7.8 
nM.

Electron paramagnetic resonance (EPR): measure-
ments were performed at 20'C using a MiniScope spec-
trometer (MS200, Magnettech GmbH) equipped with a vari-
able temperature unit (Temperature Controller TC-H02, 
Magnettech GmbH). Samples were loaded into glass capil-
laries (outer diameter 1 mm) with typical sample volumes of 
10 "l. Spectra were obtained in X-band (9.44 GHz) with a 
modulation amplitude of 0.6 G, microwave attenuation 10 
dB and a sweep width of 100 G. The signal-to-noise ratio 
was improved by accumulation of 10 spectra featuring 60 s 
scan time each. 

Mass spectrometric analysis: Alpha synuclein samples 
were analyzed by reversed phase liquid chromatography 
nanospray tandem mass spectrometry (LC-MS/MS) using an 
LTQ-Orbitrap mass spectrometer (Thermo Fisher) and an 
Eksigent nano-HPLC. The dimensions of the reversed-phase 
LC column were 5 <m, 200 Å pore size C18 resin in a 75 <m 
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i.d. ? 10 cm long piece of fused silica capillary (Hypersil 
Gold C18, New Objective). After sample injection, the col-
umn was washed for 5 min with 95% mobile phase A (0.1% 
formic acid in water) and 5% mobile phase B (0.1% formic 
acid in acetonitrile), peptides were eluted using a linear gra-
dient from 5 % mobile phase B to 40% mobile phase B 
within 65 min, then to 80% B within 5 min, at 300 nL/min. 
The LTQ-Orbitrap mass spectrometer was operated in a data 
dependent mode in which each full MS scan (30 000 resolv-
ing power) was followed by five MS/MS scans where the 
five most abundant molecular ions were dynamically se-
lected and fragmented by collision-induced dissociation 
(CID) using a normalized collision energy of 35% in the 
LTQ ion trap. Dynamic exclusion was allowed. Tandem 
mass spectra were searched against the Swissprot human 
protein database using Mascot (Matrix Science) with “none” 
enzyme cleavage (because of the use of the unspecific prote-
ase pepsin), static cysteine alkylation by iodoacetamide, and 
variable nitration of Tyr and methionine oxidation. 

All GKT136901 samples were analyzed by MS using an 
Esquire 3000 mass spectrometer (BrukerDaltonics) and an 
Agilent 1100 micro-HPLC, equipped with a Vydac MS C18 
reversed phase column (Grace). After sample injection, the 
column was washed for 5 min with 90% mobile phase A 
(0.1% formic acid) and 10% mobile phase B (0.1% formic 
acid in acetonitrile). GKT136901 was eluted using 80% mo-
bile phase B, with a flow rate of 50 "l/min. MS data were 
aquired in a mass range of m/z=200 to m/z=600. 

Statistics: Values are expressed as the mean ± SD. If not 
otherwise indicated, experiments were performed at least 
three times with four technical replicates in each experiment. 
Data were analyzed by one-way ANOVA or Student´s t-test 
as appropriate, differences were determined by Bonferroni´s 
post hoc test (Prism or Origin software). If not otherwise 
indicated, means were considered as statistically significant 
at p < 0.05. 

3. RESULTS 

Scavenging of peroxynitrite-derived free radicals but 
not nitric oxide by GKT136901. Under physiological con-
ditions, peroxynitrite (ONOO-) partially exists in its proto-
nated form peroxynitrous acid (ONOOH) that undergoes 
cleavage into the hydroxyl radical (•OH) and the •NO2 radi-
cal, which is the principal nitrating agent. To investigate a 
potential novel pharmacological activity of GKT136901 as 
antioxidant, in addition to its direct action as NOX1/4 inhibi-
tor, we tested its scavenging properties of PON-derived free 
radicals. The assay was based on the oxidation of DHR123 
to rhodamine by the PON-generating compound Sin-1 that 
has a t1/2 of ! 45 min in the buffer used. PON generated un-
der these conditions has a t1/2 of ! 1-2 s, so that a steady-state 
PON level of roughly 0.01% of the applied Sin-1 concentra-
tion is generated. Oxidation of DHR123 was significantly 
slowed by the presence of 0.1 "M GKT136901 and almost 
completely prevented by 10 "M GKT136901 (Fig. 1A). In-
teraction of GKT136901 with •NO was investigated with the 
help of a •NO-selective electrode. To ensure selective detec-
tion of •NO, the electrode was tested for potential responses 
to PON, •O2

-, or hydroxyl radicals (•OH). In all these cases, 
no significant output was detected (not shown). As a source 

of •NO, the •NO generating compound Spermine-NONOate 
was selected. Spermine-NONOate has a t1/2 of ! 45 min un-
der the buffer conditions of the assay, and it releases 2 moles 
of •NO per mol Spermine-NONOate. The fluxes of free •NO 
were not significantly affected by the presence of 
GKT136901. A direct interaction of •NO with GKT136901 
does therefore not appear to play a pharmacological role in 
biological models (Fig. 1B). In order to investigate the rele-
vance of these findings in a cell system, human dopaminer-
gic neurons (LUHMES) were treated either with Sin-1 or 
Spermine-NONOate for 6 h in the presence of varying con-
centrations of GKT136901. The levels of reduced glu-
tathione (GSH) in the neurons were chosen as intracellular 
readout. GSH can be oxidized by PON into its oxidized 
GSSG form. Treatment of cells with an •NO-donor in the 
presence of oxygen can result in GSH depletion and the for-
mation of nitrosoglutathione (GSNO). GKT136901 concen-
tration-dependently prevented the drop in GSH evoked by 
Sin-1, but had no effect on the Spermine-NONOate depend-
ent depletion of intracellular GSH levels (Fig. 1C). The data 
indicate that GKT136901, next to its role as NOX-1/4 inhibi-
tor, serves as selective scavenger of PON, respectively the 
•NO2 radical, in biological systems. In the present study, 
LUHMES cells were used as neuronal model. The protective 
effect of GKT136901 in this model may in theory be due to 
the drug’s peroxynitrite scavenging properties, or due to its 
role as inhibitor of NOX. To distinguish between these two 
mechanisms, we measured the expression of NOX family 
members on the mRNA level and NOX activity by radical 
detection in the LUHMES cells exposed to various condi-
tions of cell activation. We did not detect any significant 
NOX activity or mRNA expression (not shown). Therefore, 
in all experiments including LUHMES and GKT136901, a 
significant contribution of NOX enzyme inhibition to the 
effects observed can be excluded.  

Selective scavenging of PON by GKT136901. The 
scavenging capacity of GKT136901 on PON-derived radi-
cals was directly compared in the Sin-1/DHR123 system 
with the best-known •NO2-scavenger uric acid and with an-
other NOX inhibitor, VAS2870. While VAS2870 was inac-
tive at concentrations up to 100 "M, GKT136901 appeared 
even more efficient in scavenging PON-derived free radicals 
than uric acid (Fig. 2A). To confirm our finding in a different 
test system, L-012 was chosen as alternative radical detec-
tion dye. Both GKT136901 as well as uric acid were even 
slightly more efficient in preventing L-012 oxidation, com-
pared with DHR123 oxidation (Fig. 2B). The observed dif-
ference between the two dyes is most likely based on their 
different interaction with peroxynitrite, or, more exactly, 
with its radical dissociation products. Under physiological 
buffer conditions, peroxynitrite partially exists in its proto-
nated form peroxynitrous acid (ONOOH) that decomposes 
into the nitrogen dioxide (•NO2) radical and the hydroxyl 
radical (•OH) [40]. Both radical species interact with DHR 
123 and L-012. The respective contribution of •NO2 or •OH to 
DHR 123 or L-012 oxidation is not known, but most likely it 
is not identical. This would explain the variations in the curves 
obtained with DHR 123 or L-012 (Fig. 2A & B). As the widely 
used NADPH oxidase inhibitors apocynin and DPI have been 
reported to exert significant off-target effects, they were also 
tested for their PON-scavenging properties. Ascorbic acid,
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Fig. (1). Interaction of GKT136901 with peroxynitrite or nitric oxide. (A) GKT136901 was preincubated with the peroxynitrite
generating compound Sin 1 (50 "M) for 3 min, followed by dihydrorhodamine 123 (DHR 123) (2 "M), and incubated for additional 15 min 
at 37°C. Upon oxidation of DHR 123, fluorescent rhodamine is generated. (B) To investigate the interaction of GKT136901 with nitric oxide 
(•NO), the •NO donor Spermine NONOate (10 "M) was added to GKT136901 present in the concentrations as indicated. Nitric oxide was 
measured by a •NO selective electrode over a period of 120 s. (C) Human dopaminergic neurons (LUHMES) were treated with GKT136901 
in the concentrations as indicated for 15 min. Then, the peroxynitrite generating compound Sin 1 (500 "M) or the •NO generating compound 
Spermine NONOate (250 "M) were added for 6 h, levels of reduced glutathione (GSH) were detected in cell homogenates. The data are the 
means ± S.D. of three independent experiments with four technical replicates respectively. The statistical significance was determined by one
way ANOVA, followed by Bonferroni’s post hoc test. *p < 0.05 versus PON. 
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Fig. (2). GKT136901 as scavenger of peroxynitrite. GKT136901, VAS2870, DPI, apocynin, ascorbic acid, or the peroxynitrite scavenger 
uric acid, present in the concentrations indicated, were treated with the peroxynitrite generating compound Sin 1 (50 "M) for 3 min, followed 
by the addition of (A) + (C) DHR 123 (2 "M), or (B) L 012 (100 "M) and incubated for additional 15 min. Fluorescence of rhodamine, re
spectively luminescence of L 012 were detected. (D) Molecular structures of GKT136901, VAS2870, apocynin, and uric acid. The data are 
the means ± S.D. of four independent experiments with eight technical replicates respectively. The graphs illustrate sigmoidal dose response 
curves obtained by the equation y=Max+(Max Min)/(1+10^((logEC50 x)*Hill slope)). Rectangular hyperbola were obtained by nonlinear 
regression, y=Max*x/Kd+x. The statistical significance was determined by one way ANOVA, followed by Bonferroni’s post hoc test. *

p < 
0.05 versus PON.

as a general antioxidant, served as positive control. Signifi-
cant inhibition of DHR123 oxidation was observed with 
apocynin concentrations > 1 "M (Fig. 2C). Together with a 
previous report on the •O2

- scavenging properties of apo-
cynin [26], these data indicate that apocynin, in contrast to 
GKT136901, must rather be considered as a relatively unse-
lective scavenger of free radical species. PON scavenging by 
apocynin was observed at ! 10 fold higher concentrations 
compared with GKT136901 (Fig. 2C). With respect to the 
structures, the scavenging of free radicals, especially •NO2-
radicals by uric acid was investigated in detail by Beckman 
and coworkers and may be explained by the formation of the 
triuret intermediate [41]. Apocynin contains an activated 
aromatic ring system with a phenolic •OH- and a methoxy 
group (both are +M ligands) explaining the potent free radi-
cal scavenging activity of this compound. Interestingly, nei-
ther the structures of GKT136901 nor VAS2870 contain 
classical antioxidant moieties and therefore provide no ex-
planation for the observed differences in the antioxidant, free 
radical scavenging properties of these compounds. Only one 
tertiary and one secondary amine in GKT along with the 
cyclic amido-group (as in uric acid) may confer some anti-
oxidant activity (Fig. 2D). 

To further explore the selectivity of the interaction of 
GKT136901 with PON, the scavenging properties towards 
authentic PON, •O2

-, and hydroxyl radicals (•OH) were com-
pared. As independent test system for the interaction with 
PON, EPR spectroscopy was applied to follow formation of 
the stable TEMPONE radical, originating from the interac-

tion of TEMPONE-H with PON. GKT136901 and uric acid 
almost completely prevented TEMPONE formation. In con-
trast to that, the NOX inhibitor VAS2870 was inactive in this 
assay (Fig. 3A). 

A potential interaction of GKT136901 with superoxide 
(•O2

-) was investigated by incubation with KO2 and using 
luminol as detecting reagent. To ensure selectivity of the test 
for •O2

-, all experiments were performed in parallel in the 
presence of superoxide dismutase (SOD), ascorbic acid was 
used as positive control. GKT136901 did not show any ef-
fect on KO2-dependent luminol oxidation in the pharmaco-
logically relevant concentration range (Fig. 3B).  

Interaction of GKT136901 with •OH radicals was inves-
tigated in a system composed of Fe2+ and H2O2 as •OH gen-
erating components and 2-desoxyribose as •OH-target. After 
treatment, 2-desoxyribose levels were detected by derivatiza-
tion with thiobarbituric acid and optical detection. DMSO, as 
a known efficient scavenger of •OH, served as positive con-
trol. Neither GKT136901, nor VAS2870 displayed signifi-
cant interaction with •OH (Fig. 3C). These observations in-
dicate a selective interaction of GKT136901 with PON, re-
spectively •NO2, but not with other biologically relevant re-
active oxygen- or nitrogen species. 

Decomposition of GKT136901 by PON. We addressed 
the question whether GKT136901 would possibly be chemi-
cally modified under conditions associated with the produc-
tion of PON. The compound was treated with increasing 
concentrations of PON and quantified before and after the
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Fig. (3). Interaction of GKT136901 with different radical species. (A) EPR spectra monitoring the interaction of GKT136901 with per
oxynitrite. The spin trap TEMPONE H (100 "M) was treated with authentic peroxynitrite (PON, 5"M), in the presence of GKT136901 (5 
"M), VAS2870 (5 "M), or uric acid (50 "M). The stable TEMPONE radical was detected by EPR spectroscopy. The graphs are representa
tive of three different experiments. The control shows the background signal of TEMPONE H without PON treatment. (B) Interaction of 
GKT136901 with superoxide (•O2

-). GKT136901 or ascorbic acid were treated with KO2 (20 "M). Luminol (100 "M) served as •O2
- detection 

dye. To exclude an involvement of other free radical species, GKT136901 was co incubated with superoxide dismutase (SOD, 250 U/ml). (C)
Interaction of GKT136901 with hydroxyl radicals (•OH). GKT136901, VAS2870, or the •OH scavenger DMSO were incubated with an •OH
generating system consisting of Fe2+ (50 "M) and H2O2 (50 "M). Degradation of 2 desoxyribose by •OH was photometrically detected by 
derivatization with thiobarbituric acid (TBA). The data are the means ± S.D. of three independent experiments with four technical replicates 
respectively. The graphs illustrate sigmoidal dose response curves obtained by the equation y=Max+(Max Min)/(1+10^((logEC50 x)*Hill 
slope)). Rectangular hyperbola were obtained by nonlinear regression, y=Max*x/Kd+x. The statistical significance was determined by one
way ANOVA, followed by Bonferroni’s post hoc test. *p < 0.05 versus PON.

reaction by HPLC analysis. The results suggest that 
GKT136901 was destroyed by the reaction with PON (Fig. 
4A). To compare the stability of the drug towards other reac-
tive oxygen species, GKT136901 was treated with Sin-1, 
authentic PON, KO2, or the •OH-generating compound 
AAPH. HPLC analysis showed that the amount of 
GKT136901 was reduced by roughly 20% by incubation 
with AAPH or KO2. Treatment with PON lead to an almost 
complete disintegration of GKT136901 (Fig. 4B). Samples 

of PON-treated GKT136901 were furthermore examined by 
mass spectrometry. The results confirmed the disappearance 
of the GKT136901 peak (m/z 367 Da) and suggested the 
generation of degradation products of GKT136901 as results 
of a complex disintegration (Fig. 4C). We next tested 
whether the reaction products still had PON-scavenging 
properties. GKT136901, in a first experimental step, was 
treated with authentic PON or KO2. Following this reaction 
and the decomposition of the oxidant, the resulting mixtures 
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were added to the Sin-1/DHR123 detection system. 
GKT136901 that was not treated with PON before showed 
an inhibition of the Sin-1-dependent oxidation of DHR123 as 
expected. However, pretreatment with PON resulted in a 
concentration-dependent loss of GKT136901’s ability to 
prevent Sin-1-mediated DHR123 oxidation (Fig. 5A). Prein-
cubation of GKT136901 with KO2 did not affect the com-
pound’s ability to prevent DHR123 oxidation by Sin-1 (Fig. 
5B). As a control, VAS2870 was tested. It inhibited Sin-1 
dependent oxidation of DHR123 only to a minor extent, no 
matter whether it was pretreated with PON or not (Fig. 5C). 
Thus, it appears that GKT136901 is selectively destroyed by 
PON and that the degradation products do not show anti-
oxidative reactivity. 

Prevention of alpha synuclein (ASYN) nitration by 

GKT136901. ASYN is a key component in the pathogenesis 
of Parkinson’s disease (PD) and a known target for several 
posttranslational modifications. The protein contains 4 tyro-
sine residues, its tyrosine-nitration has been shown both in
vitro as well as in vivo in post mortem brain samples of hu-
man PD patients. As ASYN is also one of the most abundant 
brain proteins, it was chosen as a disease-relevant target for 
PON-mediated nitrations. The protein was treated with PON 
in the presence of varying concentrations of GKT136901 or 
VAS2870. Uric acid served as positive control. GKT136901 
concentration-dependently prevented the nitration (3-NT) of 
the ASYN monomer (Fig. 6A). Exposure of ASYN to PON 
also resulted in the formation of a protein band with a mo-
lecular mass of two ASYN monomers, indicating a covalent 
dimer formation, potentially via di-tyrosine formation. The 

formation of ASYN dimers was prevented by GKT136901 
(Fig. 6A). The presence of VAS2870 affected nitration or 
dimer formation by PON only marginally. To obtain more 
detailed information on the tyrosine residues actually nitrated 
under the experimental conditions employed, ASYN was 
treated with 5 "M PON in the presence and absence of 5 "M
GKT136901 and analyzed by LC-MS/MS mass spectrome-
try. Similar to our previous observations, tyrosine residues 
Tyr125, Tyr133, and Tyr136, but not Tyr39, were nitrated by 
PON. GKT136901 prevented the nitration of all three tyro-
sine residues. (Fig. 6B) provides a schematic summary of 
mass spectrometry data.  

Protection of human neuronal cells from PON by 

GKT136901. The protection of cells from PON-toxicity by 
GKT136901 was finally tested in a cell culture model of 
human dopaminergic neurons (LUHMES) (Fig. 7A). 
LUHMES cells possess no significant NOX activity, hence 
the influence of GKT136901 must be due to its peroxynitrite 
scavenging properties alone. For a quantitative assessment, 
neurite mass was detected with an automated microscope 
system, general cell viability was detected with the resazurin 
reduction assay (Fig. 7B). PON treatment alone lead to se-
vere damage of neurite integrity and ultimately lead to cell 
death. In one set of experiments, GKT136901 was added 5 
min before the cells were treated with authentic PON 
(GKT136901 ! PON) to study the compound’s PON scav-
enging properties. A second set of experiments was per-
formed to exclude that GKT136901 may have protected the 
cells due to an inhibition of death signaling cascades. In this 
set, cells were treated with PON first, and then, a few 

Fig. (4). Decomposition of GKT136901 by treatment with peroxynitrite. (A) GKT136901 (10 "M) was treated with various concentra
tions of peroxynitrite and then quantified by HPLC analysis. (B) GKT136901 was treated with the hydroxyl radical generator AAPH (100 
"M), KO2 (10 "M) as a source of superoxide, the peroxynitrite generating compound Sin 1 (100 "M), or with authentic peroxynitrite (10 
"M) for 24 h, GKT136901 was then quantified by HPLC analysis. (C) GKT136901 (10 "M) before and after treatment with 10 "M of 
authentic PON was analyzed by LC MS/MS mass spectrometry. The experiments were performed three times independently. 
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Fig. (5). PON pretreated GKT136901 loses its PON scavenging properties. GKT136901 (5 "M) or VAS2870 (5 "M) in a first step were 
treated with various concentrations of peroxynitrite (PON), or with KO2. PON and KO2 have a half life time in the range of seconds in aque
ous solutions of neutral pH. After 5 min, the PON and KO2 treated GKT136901/VAS2870 samples were exposed to the peroxynitrite
generating compound Sin 1 (50 "M) and DHR 123 (2 "M) as radical detection dye. The capacity of pre treated GKT136901/VAS2870 to 
inhibit Sin 1 mediated DHR123 oxidation was detected. The data are the means ± S.D. of three independent experiments with four technical 
replicates respectively. The statistical significance was determined by one way ANOVA, followed by Bonferroni’s post hoc test. *

p < 0.05 
versus PON. 
 

 

Fig. (6). GKT136901 prevents the nitration and dimer formation of alpha synuclein (ASYN). (A) Human recombinant ASYN (10 
"g/200 "l) was nitrated by authentic peroxynitrite (1 "M) in the presence of GKT136901 or VAS2870. Control samples received no per
oxynitrite, uric acid (UA, 100 "M) was applied as a known peroxynitrite scavenger. Samples were subjected to Western blot analysis and 
stained with an anti ASYN antibody, as well as with an anti 3 nitrotyrosine (3 NT) antibody. Graphs represent the quantitative evaluation of 
three independent experiments. (B) For the identification of nitrated tyrosine residues, a total amount of 10 "g in aliquots of 1 "g of human 
ASYN was nitrated by authentic PON (5 "M) in the presence and absence of GKT136901 (5 "M). Pooled aliquots were digested by pepsin 
and subjected to LC MS/MS analysis. Human ASYN contains four tyrosines at the positions 39, 125, 133, and 136. 

minutes later, with GKT13690 (PON ! GKT136901). In 
both sets of experiments, the cells were exposed to 
GKT136901 for about the same time intervals. Uric acid was 
used in the same experiments as control for a PON scavenger 
without effect on cell death signaling. Both GKT136901 and 
the PON-scavenger uric acid protected the cells from PON 

induced damage when present at the time point of PON addi-
tion, but not when given 5 min later (Fig. 7A & B). 

4. DISCUSSION 

In the present study, we identified the selective scaveng-
ing of peroxynitrite (PON) as a novel pharmacological prop-



374

erty of the NOX-1/4 inhibitor GKT136901. The scavenging 
properties were first quantified in defined chemical assay 
systems. Then, the biological relevance of this interaction 
was illustrated by GKT136901’s ability to prevent nitration 
of alpha synuclein (ASYN), as well as by its protection of 
human dopaminergic neurons from peroxynitrite (PON) in-
sult. The selectivity of PON scavenging is based on our ob-
servation that GKT136901 interacted neither with superox-
ide (•O2

-) nor nitric oxide (•NO), and only moderately with 
hydroxyl radicals (•OH). The selectivity for PON, respec-
tively the •NO2 radical, among other biologically relevant 
radical species, opens several fields of potential applications 
of the compound, either independently, or in concert with its 
inhibitory properties of NOX-1/4.  

Similar to previous observations with minocycline or 
acetaminophen [42, 43], we observed a decomposition of 
GKT136901 to several products present at low concentra-
tions following PON treatment. The reaction products, origi-
nating from the interaction of GKT136901 and PON, did no 
longer serve as PON scavengers (Fig. 5). These observations 
may be relevant for potential clinical applications, as 
GKT136901 would be typically used under conditions of an 
inflammatory activation of tissues that is frequently associ-
ated with the formation of PON. Our findings suggest that 
data obtained in experimental models or in clinical studies 
with drugs such as GKT136901, need to be interpreted with 
respect to its dual action as NOX-1/4 inhibitor and PON 
scavenger. In this context, it is important to highlight that 
PON, although mostly associated with its detrimental effects 
when formed excessively, serves as cellular regulatory mole-
cule under normal, physiological conditions, e.g. as regulator 
of prostanoid synthesis by serving as mediator of the so-
called peroxide tone, or as regulator of muscle growth [13, 
14, 44]. Under conditions of cell activation that are not nec-
essarily associated with cell death conditions, PON plays 
numerous roles as modulator of cellular signaling cascades. 
The cysteine-rich zinc-finger motifs in the N-terminal do-
main of protein kinase C (PKC) for example, are a target for 
PON-mediated oxidations [45]. PON-dependent activation of 
PKC can be involved in the phosphorylation and activation 
of e.g. ERK1/2 or p38, and thereby contribute to cell death 
[46, 47]. Other prominent examples of PON-mediated regu-
lation are e.g. the nitration of I%B# that results in the activa-
tion of NF-%B, or PARP activation by PON-mediated DNA 
damage [48, 49]. These examples illustrate the significant 
role of PON as intracellular regulator both under normal, but 
also under pathophysiological conditions. In a rat diabetic 
nephropathy model, impaired ERK-1/2 activation by the 
application of a NOX-1/4 inhibitor was recently detected 
[30]. This illustrates the necessity to distinguish between the 
direct NOX inhibitory properties and the PON-scavenging 
properties of GKT136901, which is indeed complicated by 
the fact that •O2

- represents one of PON’s adducts.  

In the present work, we demonstrated the selective scav-
enging of PON by the NOX-1/4 inhibitor GKT136901. Con-
tribution of NOX-1 and NOX-4 to oxidative stress condi-
tions have been shown in ischemic injury, in diabetic neph-
ropathy, in hepatocyte apoptosis, or during inflammatory 
activation of glial cells and even in cortical neurons in the 
brain [35, 50]. All these pathophysiological conditions are 
characterized not only by elevated •O2

- levels, but also by an 
increased generation of •NO, thus allowing the formation of 

PON [51]. Considering the role of PON as intracellular sig-
naling molecule and its scavenging by low micromolar con-
centrations of GKT136901, the compound could have the 
potential to significantly influence inflammation related sig-
naling pathways involved in the execution of cell death. 

Fig. (7). Protection of dopaminergic neurons by GKT136901.

(A) Human dopaminergic neurons (LUHMES) in Hanks’ balanced 
salt solution (HBSS) were pre treated with 10 "M GKT136901 or 
50 "M uric acid for 5 min and then treated with authentic peroxyni
trite (200 "M) (GKT!PON). For comparison, cells were treated 
with PON first, GKT136901 or uric acid was added after 1 min 
(PON!GKT). After 5 min, HBSS was replaced by normal 
LUHMES medium, cells were kept for additional 20 h. The cells 
were fixed and stained with an anti " III tubulin antibody. Scale 
bar = 100 "m. (B) For quantitative assessment of neurite mass, cells 
were fixed, stained for " III tubulin and for nuclear DNA (Hoechst 
H 33342), and analyzed by an automated microscope system. 
Analysis was performed with an algorithm allowing discrimination 
between cell bodies and neurites. Cell viability was additionally 
assessed by the resazurin reduction assay. The data are the means ±
S.D. of three independent experiments with four technical replicates 
respectively. The statistical significance was determined by one
way ANOVA, followed by Bonferroni’s post hoc test. *

p < 0.05 
versus PON.
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ABBREVIATIONS 

AAPH = 2,2-Azobis [2-methyl-propionamidine] 

ASYN = Alpha synuclein 

DHR = Dihydrorhodamine 

GSH = Glutathione 

NOS = Nitric oxide synthase 

NOX = NADPH oxidase 

PON = Peroxynitrite 

Sin-1 = 3-morpholino-sydnonimine 

SOD = Superoxide dismutase 

UA = Uric Acid 
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