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Abstract

Reactive oxygen species (ROS) and reactive nitrogen species are believed to be one of the most important
culprits in the pathogenesis of cardio/cerebrovascular diseases. Intensive researches have been conducted to
target free radicals as potential treatment for cardio/cerebrovascular diseases. The 2-[[(1,1-dimethylethyl)
oxidoimino]-methyl]-3,5,6-trimethylpyrazine (TBN), a novel nitrone derivative of tetramethylpyrazine, has
been demonstrated to exhibit significant therapeutic effects in ischemic stroke and Parkinson’s models due to
its multiple functions, including calcium overload blockade and free radical-scavenging activity. In the present
study, we found that TBN had significant radical trapping effect in cell-free assays. Additionally, TBN
effectively blocked tert-butylhydroperoxide (#BHP)-induced murine H9c2 cardiomyoblast cell death,
suppressed H9c2 cell apoptosis and reversed the decrease in mitochondrial membrane potential.
Furthermore, TBN markedly inhibited #BHP-induced ROS generation and free radical NO and ONOO™.Taken
together, these results suggest that TBN might be a potential candidate for the treatment of ischemic cardio/
cerebrovascular diseases by targeting free radicals.
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Introduction

Reactive oxygen species (ROS) and reactive nitrogen
species (RNS) are a family of molecules that include
molecular oxygen and its derivatives produced in all
aerobic cells. They usually act as second messengers in
cell signaling that are essential for various biological
processes in normal cells Z. It has been well documented
that they regulate many signal transduction pathways by
directly reacting with and/or modifying the structures of
proteins, enzymes, transcription factors and genes to
modulate their functions.

Reactive oxygen species ROS, which are mainly

generated in mitochondria, includes three types:

(02_)1
(H,0,) and hydroxyl radical (OH), Approximately 1-3%

superoxide anion radical hydrogen peroxide
of the oxygen taken up by the cell escapes from the

mitochondrial electron transport chain, and is
constitutively present in the form of 0,%% 0, is
subsequently converted to H,0, by dismutation of O, or
directly from the action of oxidase enzymes. Hydroxyl
radical a(OH), a highly reactive species that can be
converted from H,O,by Fenton reaction, will modify
base pairs and cause strand breaks and result in DNA
damage. RNS, often refers to nitric oxide (NO) and
peroxynitrite (ONOO™). Nitric oxide radical (NO) can
arise from L-arginine catalyzed by cytosolic or
mitochondrial nitric oxide synthases (NOS) °, while in the
presence of 0,7, NO will react with O, instantly to form

peroxynitrite (ONOO™).

It has been demonstrated that ischemia is a restriction
of blood supply generally due to congestion, as the

limitation of blood flow to the tissue eventually
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culminates cell damage. However, the re-introduction of
oxygen to the ischemic tissues results in a burst of ROS
and RNS production, which can subsequently cause fatal
damage in cellular components. This type of tissue
damage is referred to as ischemia reperfusion injury °.
Any aberrance in reactive species, in particular those
derived from NO and O, , have been shown to cause
cellular oxidative damage and trigger specific signaling
events that culminate in altered cellular physiology 7.
Normal tissues have a defense system against these
toxic ROS and RNS, however, ischemia reperfusion
injury overwhelms the protective mechanisms and
results in ROS and RNS burst, which is the culprit of the
pathogenesis and/or progression of ischemic cardio/

cerebro vascular disease.

Edaravone (3-methyl-1-phenyl-2-pyrazoline-5-one,
Figure 1), designed and marketed as a neuroprotectant
by Mitsubishi

(Tokyo, Japan)’, acts as a potent antioxidant and

Tanabe Pharma Corporation

effective free radical scavenger against oxidative stress

and neuronal apoptosis’®??, and is used for the purpose

of aiding neurological recovery following acute ischemic

10, 13

cerebral infarction Besides, it also exhibits

preventive effects on myocardial injury in patients with
acute myocardial infarction % 5,

Tetramethylpyrazine (2,3,5,6-tetramethylpyrazine,

TMP, Figure 1) is the main active ingredient of
traditional Chinese medicine Ligusticum  wallichii
Franchat (Chuan Xiong). It has been demonstrated that

TMP exerts potential radical-scavenging and anti-

oxidative activities /n vitro %% and has been used in
the therapy of cerebral ischemic disease ‘%%’ and

myocardial ischemia-reperfusion injury % %,

Edaravone

0
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Disodium (fert-butylimino) methyl) benzene-1, 3-
disulfonate N-oxide (NXY-059, Figure 1), a disulfonyl
derivative of spin trap a-phenyl-tert-butyl nitrone (PBN)
2% 2 that has potent radical-trapping property, was
designed as a neuroprotective compound for ischemic
stroke #?/, Although the SAINT III (Stroke-Acute
Ischemic NXY Treatment III) clinical trial failed in 2006
% the concept of using radical-trapping property of
nitrone moiety as neuroprotective agents for ischemic

reperfusion injury therapy remains viable.

TBN (2-[[(1, 1-dimethylethyl) oxidoimino]-methyl]-3,
5, 6-trimethylpyrazine, Figure 1), a TMP derivative
armed with a powerful nitrone moiety, was designed as
a dual-functional agent targeting overload of calcium
and free radicals by our group #. We had previously
demonstrated that TBN possessed significant free radical
-scavenging activity against various radicals, including
(OH),
(ONOO™) # %, Furthermore, we have also revealed that

hydroxyl superoxide (O,") and peroxynitrite

TBN remarkably protects neuronal cells from oxidative

injury /n vitro % and rats from ischemic stroke %% %,

Due to the high reactivity of reactive species with the
surrounding biological macromolecules and relatively
short duration of existence, the determination of ROS
and RNS scavenging effects of target compounds in
intracellular compartments is difficult &, Up to now, there
were very few systematic evidence demonstrated the
radical scavenging effectiveness among edaravone, TMP
and NXY-059. Herein,

scavenging and antioxidant effects of TBN in comparison

we determine the radical-

with edaravone, TMP and NXY-059 /n vitro, providing
experimental evidence for identifying TBN as a potential
therapeutic agent of ischemic cardio/cerebrovascular

disease.

Materials and Methods

Chemicals and Reagents

www.openaccesspub.org | JAA CC-license

=)
(jpen

TBN and NXY-059 were synthesized and purified in our

laboratory as described previously %, TMP, edaravone,

2,2-diphenyl-1-picrylhydrazyl (DPPH),
N,N-dimethyl-4-nitrosoaniline (p-NDA), H,0,, pyrogallol,
2-amino-2-hydroxymethyl-propane-1,3-diol (Tris),
3-aminophthalhydrazide (luminol), tert-butyl

hydroperoxide (£BHP),
hydrochloride (SIN-1) and diethylamine NONOate
diethylammonium salt (DEA NONOate) were purchased
from Sigma Aldrich (St Louis, Mo, USA). Hoechst 33342,
MitoProbe JC-1 assay kit, MitoSOX™ Red Mitochondrial

Indicator,

3-morpholinosydnonimine

Superoxide
diacetate (H,DCF-DA),
123),
diacetate (DAF-FM DA), Dulbecco's modified Eagle's
medium (DMEM), fetal bovine serum (FBS), 0.25%
Trypsin-EDTA, Penicillin-Streptomycin (10,000 U/ml),
phosphate buffered saline (PBS), were obtained from
Invitrogen, Life technologies (Carlsbad, CA, USA). All

2',7'-dichlorodihydrofluorescein
dihydrorhodamine 123 (DHR

4-amino-5-methylamino-2',7'-difluorofluorescein

other reagents were purchased from Sigma Aldrich

unless otherwise specified.

2.2,
DPPH, OH, O, and ONOO™ by cell-free assays

Determination of radical-trapping activity against

The comparison of free radical-trapping activities among
TBN, TMP, NXY-059 and edaravone (5, 20, 80, 320 uM
used for all compounds) against
2,2-diphenyl-1-picrylhydrazyl radical (DPPH), hydroxyl
radical (OH), superoxide anion (O,”) and peroxynitrite
(ONOO™) were determined by cell-free assays according
to the previously published procedures with minor

modification ** %,

DPPH Radical-Scavenging Activity. One hundred
microliter methanol (control) or a methanolic solution of
each test compound was added in 96-well plates, and
then 100 I
concentration 50 pM) was added into each well. The

methanolic solution of DPPH (final

plates were incubated in the dark at room temperature

for 50 min. The measurement at 517 nm was measured
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using a plate reader (BioTek Synergy 4, Winooski,
USA). The the DPPH

was calculated as follows:

Vermont, clearance of
radical
Clearance (%)= [(Aw—At) /Aai] % 100. Where A was
and A:

absorbance of each sample solution at the time t = 50

the absorbance of the control, was the

min.

Hydroxyl Radical-Scavenging Activity. The p-
NDA, FeSO,and H,0, were freshly prepared in N,-
double-distilled H,O (ddH,0)

concentration of 1.0 mM, 20 mM and 1.0 mM

purged, to get a
respectively. While all of the test compounds were
freshly dissolved in ddH,0 before the experiment, then
300 pl ddH,0 (control) or different concentration of each
test compound, 50 1]
p-NDA, 125 pl H,0, and 125 pl Fe?* were added to
48-well

generated by the Fenton reaction (Fe?* + H,0, — Fe** +

plate in order. Hydroxyl free radical was
OH + OH). The bleaching of p-NDA was monitored as
the loss in absorbance at 440 nm for 100 s on a BioTek
Synergy 4. The Clearance was calculated as follows:
Clearance (%)=[1 — (Ao— Ai00)/Ag] %100, where A is
the absorbance at the time t=0 s, and Aipis the

absorbance at t=100 s.

Superoxide Anion-Scavenging Activity. Pyrogallol
was dissolved in 10 mM HCI solution while Tris-HCI was
prepared in Ny-purged ddH,0 to get a concentration of
2.0 mM and 50 mM, respectively. In each well of a
48-well plate, 250 pl Tris-HCI buffer (pH 8.2), 300 pl
ddH,0 or different concentration of each test compound,
50 pl pyrogallol (final concentration 0.17 mM) was
added one after another. The autoxidation rate of
pyragallol was presented as the increase of absorbance
per second at 320 nm (dA/dt) for 300 s on a BioTek
Synergy 4. The inhibition ratio of pyrogallol autoxidation
was the

Clearance (%) = (dAcn /dt — dAsampie/dt) /dAqn/ dt x100.

calculated according to formula:

Peroxynitrite-Scavenging Activity. Luminol and

SIN-1 were dissolved in ice-water bathed PBS separately

www.openaccesspub.org | JAA CC-license
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to get a concentration of 1.0 mM and 3 mg/ml. Firstly,
150 ul PBS, 250 pl of PBS (control) or each test
compound, 50 ul into the

luminol were pipetted

luminometer tube before been positioned into the
measurement chamber. Finally the reaction was initiated
by adding 50 pl ice-colded SIN-1 with an injector. Then
the luminescence was measured on an ultra-sensitive
tube (Berthold Lumat LB 9507, Bad
Wildbad, Germany) at the time interval of 100 s for 2000
s. The clearance at peak height represented the
trapping ONOO".
calculated as  follows:

luminometer

compounds’
The
Clearance (%) = [(Aar — Asample) /Acn] % 100.

ability  of

clearance was

Cell Culture

Murine H9c2 cardiomyoblasts (ATCC CRL-1446,

Rockville, MD, USA) were maintained in DMEM
supplemented with 10% FBS and 1%
streptomycin (100 U/ml), at 37 °C in a humidified

atmosphere with 5% CO,. Cells were passaged regularly

penicillin-

and sub-cultured to [080% confluence, then starved
with serum free DMEM for 24 h before experimental

procedures.

Effects of t-BHP, DEA NONOate and SIN-1 on cells
viability of H9¢2

H9c2 cells were seeded in the 96-well plate (5x103
cells/well) for 24 h growth, then exposed to increasing
doses of #BHP, DEA NONOate or SIN-1 for 24 h. The
impairment of cell viability was determined by MTT

method as described previously .

Effects on t-BHP-induced cell death in H9c2 cells

In order to determine the effects of target compounds
on £BHP-induced cell death, the H9c2 cells were seeded
in the 96-well plate (5x10° cells/well) for 24 h growth,
then pretreated with NXY-059, TMP, TBN (10, 300, 100,
300 pM) or edaravone (5 uM) for 2 h, respectively,
before #BHP was added for another 24 h incubation to

induced cell damage. Cell viability was measured by MTT
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method as described previously %.

Evaluation of nuclei morphological changes of H9c2 cells
by Hoechst 33342 staining

The H9c2 cells were cultured on cover slips (1x10*
cells) in 6-well plates and starved for 24 h, pretreated
with 300 uM TBN or edaravone for 2 h, and then 150 uM
#BHP was added to the culture for another 24 h.
Following fixation with 1% formalin for 10 min at room
temperature, Hoechst 33342 (10 pg/ml) was added to
the cover slips for 30 min under dark condition to stain
the nuclei. Cells were observed and photographed under
a fluorescence microscope (Olympus IX71, Shibuya-ku,
Tokyo, Japan). Tetraplicate cells were prepared in each
experimental condition. Apoptotic indices were
determined by direct visualization and counting of a
minimum of at least 200 cells from five randomly
selected fields in each treatment, and expressed as a
percentage of the total number of nuclei counted. The
apoptotic index was calculated as the ratio of number of
apoptotic cells to total cells counted in the field x40

objective .

Assessment of mitochondrial membrane potential in
HIc2 cells

The mitochondrial membrane potential (Aym) was
determined by a MitoProbe™ ]C-1 assay kit (Invitrogen).
Briefly, H9c2 cells seeded in Costar 96-well clear bottom
black side microplate (5x10° cells/well) were pretreated
with or without 0.1, 1, 10, 100 pM target compounds for
2 h and then exposed with 150 uM #BHP for another 1
h. Subsequently, the medium was replaced with 2 uM 1C
-1 and incubated for 30 min at 37 °C, 5% CO,. The
unbound dye was removed by washing with PBS twice,
while the fluorescence of J-monomer and J-aggregates
were quantified under area scan mode on a BioTek
Synergy 4. The result was presented as the ratio of red/
green fluorescence values relative to the untreated
control.

Carbonyl cyanide m-chlorophenylhydrazone

(CCCP, 10 upM) served as a positive control for this

www.openaccesspub.org | JAA CC-license
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experiment.

2.8. Determination of hydrogen peroxide scavenging
effect induced by #BHP in H9c2 cells

H9c2 cells seeded in Costar 96-well clear bottom black
side microplate (5x10° cells/well) were pretreated with
or without 0.1, 1, 10, 100 pM target compound for 2 h,
then 150 uM £BHP was added to the culture for another
1 h. hydrogen peroxide scavenging activity was detected
by employing 10 uM H,DCF-DA incubated in the dark at
37 °C for 30 min. The relative fluorescence intensity was

analyzed under area scan mode on BioTek Synergy 4.

Determination of anti-superoxide anion activity induced
by t-BHP in H9c2 cells

MitoSOX Red mitochondrial superoxide indicator, a
highly selective fluorogenic dye for detection of
superoxide in the mitochondria of live cells, exhibits red
fluorescence upon oxidation by superoxide %*. H9c2 cells
seeded in Costar 96-well clear bottom black side
microplate (5x10° cells/well) were pretreated with or
without 0.1, 1, 10, 100 puM target compound for 2 h,
followed by exposing to 150 uM £#BHP for another 1 h.
Subsequently, the culture medium was replaced by 5 uM
MitoSOX Red in the dark at 37 °C for 30 min. Detection
of oxidative MitoSOX Red was performed on a BioTek
Synergy 4. The fluorescence intensity of control served
at 100%, while the increased ratio of the relative
fluorescence intensity presented as the amount of

superoxide in the cells.

Determination of NO and ONOO™ scavenging activity in
HIc2 cells

DEA NONOate can release NO in a controlled manner
under physiological conditions nothing to do with the cell

39, 40
type and cellular enzyme ,

while SIN-1 generates
NO and O, in equimolar amounts, and then forms the
ONOO~ * % DAF-FM DA and

Dihydrorhodamine 123 (DHR 123) were used as

very reactive

selective fluorogenic dye for detection of NO * * and
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ONOO™* % in this experiment, respectively.

DEA NONOate and SIN-1 were dissolved in water at a
final concentration of 50 mM each and store in small
aliquots under - 80 °C until use. H9c2 cells seeded in
Costar 96-well clear bottom black side microplate (5x10°
cells/well) were pretreated with or without 25, 50, 100,
200 pM target compounds for 2 h, then co-incubated
with 1500 uM DEA NONOate or 1600 uM SIN-1 in serum
-free DMEM for another 1 h. Following this, the medium
was replaced with 5 yM DAF-FM DA or 10 uM DHR 123
in the dark at 37 °C for 30 min. After washing twice with
PBS, the fluorescent intensity were quantified under
area scan mode on a BioTek Synergy 4. The increased
ratio of relative fluorescence intensity compared to
control group presented as the encasement amount of
RNS in the cells.

Statistical analysis

Each assay was carried out three times in order to
determine the reproducibility. Data were expressed as
standard deviation (SD) and

calculations were performed using prism 6.0 GraphPad

mean =+ statistical

software (GraphPad, San Diego, CA, USA). Comparisons
between the different groups were performed by one-

D
(jpen

way analysis of variance (ANOVA) followed by Turkey’s
test. p < 0.05 were considered significant.

Results

Free radical-scavenging effect in cell-free assays

The results showed that the effect on various radical-
trapping different

concentration-dependent from 5 to 320 yM. The radical-

among four compounds was
scavenging effects of TBN were more potent than TMP
and NXY-059 against DPPH (Fig. 2A), O, (Fig. 2B) and
ONOO™ (Fig. 2C) at the same concentration, even close
to edaravone. However, TBN was slightly better than
TMP, while weaker than NXY-059 and edaravone in

terms of OH-trapping activity (Fig. 2D).

Effects of t-BHP, DEA NONOate or SIN-1 on H9c2 cell
viability and comparison of cytoprotection of TMP and
NXY-059, TBN against t-BHP induced cell death

As shown in Fig. 3A, all the three inducers impaired
HO9c2 cells viability in a concentration dependent
manner. A reduction of 50.5 + 3.6% was observed with
150 pyM #BHP, 46.4 = 5.5% with 1600 pM DEA
NONOate, and 48.0 + 3.5% with 1600 uM SIN-1. We

chose the concentration of #BHP 150 uM, DEA NONOQOate

50+ DPPH*
9 ™P
3 [ NXY-059
g BN
B
S FE= Edaravone
)

5 20 80 320
Concentration (uM)

100+ ONOO™

80+
o ™P
@ 601 3 NXY-059
g . &8 BN
= 404
S EZE Edaravone
o

2

5 20 80 320
Concentration (uM)

B
304 0. —

T™P
NXY-059
TBN

Edaravone

BEUY

—
)
I

Clearance (%)

Concentration (M)

80~ *OH

S T™MP
\ BN
[ NXY-059
EZE Edaravone

Clearance (%)
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1500 pM and SIN-1 1600 pM in our subsequent
TBN  significantly the
impairment of 150 UM
£BHP on H9c2 cells (Fig. 3B). Compared to TMP and
NXY-059, TBN was more efficient than TMP and NXY-
059 against #BHP induced cell death. Edaravone (5 pM)

experiments. ameliorated

served as a positive control, also mildly increased the
cell viability.

3.3. Evaluation of nuclei morphological change of
A

§ —— t,BF]P
= e == SIN-1
= 754§ T—=maa. -&- DEA NONOate
= S3mg
3
= e
&}

T T T T T T T T T 1

200 400 600 800 1000 1200 1400 1600 1800 2000

Concentration (LM)
B 100+ —
~ god
g
= NXY-059
= 0 T™P
2 BN
= 404 =
2 Edaravone
)
O 204
0 T
Ctrl

|F|gure 3 Effect of #BHP, SIN-1 and DEA NONOate on H9c2 cell . mitochondrial O,
|V|ab|I|ty (A). H9c2 cell viability was decreased by #BHP (10- 800.
1

||.1M), SIN-1 (10-2000 pM) and DEA NONOate (10-2000 pM) in aI

D
(jpen

organized structure, while cells stimulated with #BHP
were identified as those with a nuclei exhibiting brightly
stain of condensed chromatin or nuclear fragments (Fig.
4A). NXY-059, TMP, TBN or edaravone pretreatment all
markedly ameliorated #BHP-induced apoptosis (Fig.
4B).

Assessment of the mitochondrial membrane potential in
HI9c2 cells

CCCP (10 uM) caused quick mitochondrial membrane
depolarization, created a strong, single positive green
fluorescence, served as a control. The pretreatment of
all  the
concentration dependently reverse the Aym loss caused
by #BHP. Compared to TMP and NXY-059, TBN was
more potent in reversing the Aym loss impaired by
BHP (Fig. 5).

four compounds could efficiently and

H-0;
O, trapping effect in H9c2 cells

Intracellular and mitochondrial

All  four compounds significantly decreased the
H.0,
O, stimulated by #BHP in H9c2 cells. TBN was superior
to NXY-059 and TMP against intracellular H,O, and

induced by #BHP at the same

elevation of intracellular and mitochondrial

1 concentration, it was even better than the effect of

 concentration-dependent manner which measured by MTT method. | €daravone at higher concentration (Fig. 6A and B).
:Comparison of cytoprotection against #BHP induced cell death :

:(B) HO9c2 cells were pretreated with NXY-059, TMP, TBN (10-300 | Radlical-trapping

activities  against NO  and

|.|M) or edaravone (5 pM) for 2 h, respectively. Then cells were co- | ONOO™ in H9c? cells
|incubated with 150 uM #BHP for another 24 h. The cell viability |

, was measured by MTT method. ###p < 0.001 vs control group. ! In the NO-scavenging assay, the fluorescent intensity

'*p < 0.05, **p < 0.01 compared to 150 pM £BHP group. The'!

results were the mean % SD of three independent experiments.

e e e e e e e e e e e e e e — e — — - ———

H9c2 cells by Hoechst 33342 staining

Apoptotic cells were identified as chromatin

condensation or nuclear fragmentation with nucleus
exhibiting brightly stain of Hoechst 33342. Most nuclei in

the control displayed uniform blue chromatin with

www.openaccesspub.org | JAA CC-license

- with all

Iof the DEA NONOate treated alone group increased
129.3 + 5.3% compared to the untreated control.
:Before exposure to DEA NONOate, 2 h pretreatment
the four target compounds intensively
decreased the NO level in H9c2 cells. TBN was weaker
to edaravone but stronger to TMP and NXY-059 in NO-
In the ONOO™ trapping

activity, the fluorescent intensity of the SIN-1 treated

trapping activity (Fig. 7A).

alone group increased 287.6 £ 12.1% compared to the
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P ' Figure 4 Evaluation of cell apoptosis against £BHP. !
I (A) Cell morphological changes were evaluated by ,
| Hoechst 33342 staining. Apoptotic cells were,

. S 1 observed and photographed by the inverted:
_— :ﬂuorescent microscopy (under 40x obJectlve),

I identified as those with a nucleus exhibiting brlghtlyI

:stalned condensed chromatin (long arrowheads) or !

) inuclear fragments (short arrowheads). (B) The,
Edaravone | apoptosis index was determined by calculating the

- | percentage of Hoechst-positive cells over the total |

:number of cells. Significant: *p< 0.05, **p< 0.01, :
g uvs =BHP only group. ## p< 0.01 vs control group. .
3 ol o IThe results were the mean %= SD of four:
'é | : independent experiments. :
. TN ‘ ‘
q ll% :5':':75. : :
Ctrl \XY (}59T\H’ TB\ Edaravone 1 1
t-BHP (150 pM) : :
2504 T
o\c
~ 200+
sz
= = 150+ - 0.1 pM
O -
K o i % 1 pM
S £ 1004 %
P % 10 pM
o w
5 3 / ,.
ZE = g 100 pM
(| -
Ctrl CCCP NXY-059

|F|gure 5 Evaluation of mitochondrial membrane potential against #BHP impairment. CCCP served as a |
! ' positive control. Data were presented as ratio of red / green fluorescence intensity relative to £BHP treat-,
**p<0.01 vs #BHP only group. ### p < 0.001 vs control group.

'ed only group. Significant: *p< 0.05,
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'The results were the mean + SD of four independent experiments. :
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untreated control. Pretreatment with target compounds
significantly and concentration-dependently decreased
the relative fluorescence intensity of DHR 123. Similar to
the NO-scavenging activity, TBN was also weaker to
edaravone but stronger than TMP and NXY-059 in ONOO
“-trapping activity (Fig. 7B).

Discussion

In the present study, we first compared the free
radical trapping activity of TBN with NYX-059, TMP and
edaravone in cell-free assays , and demonstrated that
TBN was weaker to edaravone but stronger to NXY-059
and TMP in DPPH, OH, O, and ONOO™ trapping.

In terms of the free radical trapping mechanism in cell
-free assays, the reason of TMP against OH in Fenton
reaction may be related with the formation of chelate
with Fe?*, or the two nitrogen atoms of the pyrazine ring
can provide lone pair of electrons to combine with OH.
Besides, TMP may perform O, -scavenging effect by
catalyzing spontaneous dismutation of O, to produce
H,0, and O,. Therefore, it could be speculated that the
structure of TMP has two nitrogen with a pair of free
electron, which could be oxidized by active oxygen free
radicals that contribute to the reactivity of TMP . The
reaction of the free radical species with a nitrone yields
a free radical intermediate termed the spin adduct.
NXY-059, a
radical-trapping effect through forming nitrone-radical
adducts”.  TBN
radical-scavenging activity to TMP and NXY-059 in these

derivative of nitrone, performs its

possessed superior free
cell-free assays, and the precise reasons remains to be

further explored.

Edaravone was the most potent and efficacious radical
-scavenging compound among the four against DPPH,
OH, O,” and ONOO™ in these cell-free assays. Though
edaravone has three tautomeric forms, the amine, keto,
and enol forms, approximately 50% of edaravone exist
in the anionic form at physiological pH because of the

pKa value of edaravone is 7.0. A hypothetical radical-

www.openaccesspub.org | JAA CC-license
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scavenging mechanism of edaravone has been reported

previously %.

the

radical-scavenging and anti-oxidative activities of these

Furthermore, we systematically compared
four target compounds in murine H9c2 cardiomyoblast
cells. Similar to the cell-free assays. TBN was weaker to
edaravone in some aspects but more potent and
efficaciously than NXY-059 and TMP in H,0,, O,
NO and ONOO™ trapping. the

free-radical-scavenging effect of a compound /n vivo or

However,

ex vivo is not only related to its chemical structure, but

also associated with its molecular weight and
octanol-water partition coefficient * %, NXY-059 is a
highly water-soluble molecule (MW: 381.33, ClogP:
0.95),

membrane to exert its radical-trapping activity in cells.

and thus could not readily penetrate cell
NXY-059 showed positive results when evaluated in
various animal stroke models but failed its second phase
ITI clinical trial %% *~ 2, The primary reason why NXY-059
failed could be due to its difficulty in penetrating the
(BBB).
compounds cannot readily cross the BBB, and NXY-059
has two sodium sulfonate moieties. TMP (MW: 136.19,
ClogP 1.58), edaravone (MW: 174.20, ClogP 1.66) and
TBN (MW: 221.30, ClogP: 1.55) have the appropriate

molecular weight and octanol-water partition coefficient.

blood-brain  barrier Negatively  charged

They can smoothly penetrate cell membrane and BBB,

and then perform the anti-radical effects.

Though the free radical-scavenging effect of TBN was
shown a little weaker to edaravone in some aspects,
TBN has a distinct advantage. In the clinical application,
there are several lines of evidence showing that when
the concentration of edaravone in the blood was >5 pM,
On the

contrary, TBN demonstrates non-detectable toxicity even

severe hepatotoxicity was produced *% 7,

when the dose in blood exceeds 300 uM both in rat and
marmoset primate model (data not shown). Besides, the
reach

concentration of TBN in brain tissues can

approximately 160 uM when administered at 80 mg/kg
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in rats 7.

As an intracellular gaseous signaling molecules and
cellular messenger, nitric oxide (NO) is synthesized from
the amino acid L-arginine and O,, which plays key
functional role in cardiovascular system, including
maintenance of blood pressure and other cardiovascular
function. However, excess of NO will drive progression
of cardiovascular complication, especially when NO
reacts with O, instantly to form peroxynitrite (ONOO™)>.
As suppression of excessive production of intracellular
NO and ONOO-, TBN will benefit the cardio/

cerebrovascular system.

the

neuroprotective effects of TBN described herein and
29, 31, 35

In  conclusion, radical-trapping  and

previously suggest that TBN might be a
promising candidate for the treatment of ischemic

cardio/cerebrovascular diseases.
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