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Introduction
Statins are inhibitors of 3-hydroxy-3-methylglutaryl-Coenzyme A 

(HMG-CoA) reductase, the rate limiting step in cholesterol biosynthesis. 
Clinically, statins lower the risk of stroke ≤30% [1]. Experimentally, 
statins reduce cerebral infarct size, improve neurological function, and 
increase cerebral blood flow during brain ischemia [2-6]. However, 
mounting clinical and experimental evidence suggests that the 
neuroprotective effects of statins are not related to cholesterol lowering 
but may have an effect on constitutive nitric oxide synthase (cNOS) and/
or oxidative stress [7,8]. cNOS is the enzyme that biosynthesizes the two 
substrates (oxygen, and L-arginine) into the three products nitric oxide 
(NO), water and L-citrulline [9]. There are two calcium dependent 
constitutive isoforms of nitric oxide synthase: endothelial NOS (eNOS) 
and neuronal NOS (nNOS). A third isoform, inducible NOS (iNOS) is 
not stimulated by calcium and can continuously produce NO. Statins 
increase eNOS, nNOS, and iNOS expression [5,10,11]. However, an 
increase in enzyme expression may not always directly correlate with 
enzyme activity and higher production of bioavailable NO [12].

NO produced by eNOS plays a critical role in the regulation of 
vascular blood flow, and inhibition of platelet/leucocytes adhesion and 
aggregation. nNOS can generate NO in smaller quantities than eNOS 
and the NO that it produces acts as a neurotransmitter. We were the 
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Abstract
Background: There are conflicting reports concerning the role of nitric oxide (NO) and oxidative stress in brain 

ischemic damage. In the present study, a nanomedical approach was utilized to elucidate the role of NO and peroxynitrite 
(ONOO

-
) imbalance in ischemic stroke. 

Methods: Nanosensors (diameter ~ 200 nm, detection limit of 10-9 molL-1, response time ~10 μs) were used to
monitor in situ the concentration of NO and ONOO

-
. Adult male Sprague Dawley rats were given permanent middle 

cerebral artery occlusion (pMCAO) for 3 h, 12 h or 24 h.

[NO]/[ONOO
-
] was measured in striatum, along with, constitutive nitric oxide synthase (cNOS) enzymes and heme

oxygenase-1 (HO-1) expression and infarct volume. The [NO]/[ONOO
-
] was also monitored in pre-treated animals 

with simvastatin and atorvastatin in the presence of the cNOS inhibitor L-NAME. The effect of modulators of cNOS or 
NADPH oxidase (sepiapterin, PEG-SOD, VAS2870 and IN-7) on the [NO]/[ONOO

-
] was elucidated.

Results: After 3 h of ischemia, NO decreased from 400 ± 20 nmolL-1 to 217 ± 11 nmolL-1 and ONOO
- 

increased 
from 150 ± 9 nmolL-1 to 244 ± 9 nmolL-1. The [NO]/[ONOO

-
] balance shifted from 2.67 ± 0.06 to 0.89 ± 0.07 after 3 h

of ischemia, indicating severe uncoupling of cNOS. The [NO]/[ONOO
-
] imbalance shifted with time of ischemia and 

correlated directly with the increase in infarct volume and expression of cNOS and HO-1. Treatment with simvastatin
or atorvastatin partially, but significantly, restored [NO]/[ONOO

-
] balance and decreased infarct size in ischemic brain. 

Also, modulators of cNOS an NADPH restored [NO]/[ONOO
-
].

Conclusions: The imbalance between cytoprotective NO and cytotoxic ONOO
- 

directly correlates with brain
damage in ischemic stroke. The [NO]/[ONOO

-
] imbalance reflects on the level of uncoupled cNOS and the nitroxidative 

stress. [NO]/[ONOO
-
] imbalance increases cNOS and HO-1, which contributes to or prevents further brain damage, 

respectively. Balancing [NO]/[ONOO
-
] is the determinant in preventing or mollifying brain damage. Simvastatin or 

atorvastatin shifts favorably [NO]/[ONOO
-
], and may provide prophylactic treatment strategy for ischemic stroke.

first to measure, in vivo, in situ and real time, the NO generated by 
cNOS in the brain during ischemia [13,14]. eNOS knockout mice are 
hypertensive and exhibit larger cerebral infarctions after a permanent 
middle cerebral artery occlusion (pMCAO) [15].

Although moderately reactive reducing agent NO is made 
exclusively by one of the three isoforms of NOS in mammalian systems, 
the highly reactive oxidizing agent peroxynitrite (ONOO–) has many
sources [16]. NO is one of the main scavengers of superoxide (O

2

-) in a 
cellular environment, producing ONOO-. A dysfunctional, uncoupled
cNOS can produce O

2

- and NO. O
2

- and NO can react rapidly in a
diffusion controlled reaction to form ONOO-. O

2

- can be generated
in addition to dysfunctional cNOS by several sources, especially by 
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NADPH oxidase. Therefore, the final balance/imbalance between NO 
and ONOO- can be affected by several sources of these molecules. 
Electrochemical nanosensors (length 4 to 5 µm, diameter 200-300 
nm) were used to measure the concentration of NO and ONOO- 

released from the brain. With a time resolution better than 10 µs and 
detection limit of 1 nmol L-1, these nanosensors are unique to monitor 
in situ and real time release of NO and ONOO- in vivo, ex vivo and 
in vitro (both from adherent cells and in suspension) in nanomedical, 
pharmacological, physiological and toxicological studies [17-21]. The 
abnormally high ONOO– concentration, which may be associated with 
ischemia can entail two negative consequences: exposure of brain to 
neurotoxic ONOO– and consumption of neuroprotective NO [16]. 
The ratio of maximal NO to maximal ONOO- concentrations, [NO]/
[ONOO-], was used in this study as a marker of the uncoupling and 
dysfunction of the cNOS in ischemic stroke. At high levels of NO and/
or low levels of ONOO-, this ratio is high (>2.0) indicating normal 
function of coupled cNOS. A low [NO]/[ONOO-] ratio (<1.0) is 
associated with uncoupled, dysfunctional cNOS and NADPH oxidase 
[16].

Heme oxygenases (HO) are enzymes that catalyze the degradation 
of heme to form the antioxidant bilirubin, the vasodilator carbon 
monoxide (CO), and iron. HO-1 is inducible, but HO-2 and HO-3 
are constitutively expressed [22]. Because of the antioxidant, 
neuroprotective, and anti-inflammatory functions of HO-1, this 
enzyme may augment oxidative defense mechanisms, which may be 
compromised by cerebral ischemia [23]. Statins also stimulate heme 
oxygenase-1 (HO-1) expression in endothelial and vascular smooth 
muscle cells [24]. The study presented here describes an application 
of a nanomedical system to simultaneously monitor changes of 
concentration of NO, ONOO- and their relation to ischemic stroke 
brain damage, cNOS expression and HO-1 expression and the effect 
of statins. The in situ measurement with nanosensors smaller than 
300 nm allows the simultaneous monitoring of NO and ONOO- 

concentrations in the ischemic brain with a time resolution of about 10 
µs and detection limit of 10-9 molL-1. This study established for the first 
that a [NO]/[ONOO-] imbalance in stroke is the crucial factor affecting 
the severity of brain injury. Statins and HO-1 partially restored [NO]/
[ONOO-] balance and mollified the brain injury.

Methods
Reagents

All reagents used in our studies were obtained from Sigma-Aldrich 
Co. (St. Louis, MO) unless otherwise specified. Atorvastatin were 
purchased from Pfizer, Inc. (New York, NY) and simvastatin from 
Merck & Co., Inc. (Rahway, NJ).

Atorvastatin was dissolved in dimethyl sulfoxide and further diluted 
down in sterile PBS. Simvastatin was chemically activated by alkaline 
hydrolysis before administration as indicated by the manufacturer. 
Briefly, simvastatin was dissolved in ethanol; then, 0.1 molL-1 sodium 
hydroxide was added and the mixture was heated for 2 h at 50°C and 
finally neutralized to a pH of 7.4 with 0.1 molL-1 hydrochloric acid. 
Statin doses used in this study were based on previous studies [3,4,6].

Experimental design

All procedures used in this study were approved by the Ohio 
University Animal Care Committee (H07-08). In these experiments we 
used adult male Sprague Dawley (SD) rats weighing 250-300 g (Harlan 
Industries, Indianapolis, IN). Rats were divided into five experimental 
groups (18 rats per group) and subcutaneously injected once per 

day with 0.7 mL kg-1 of atorvastatin (10 mg kg-1 day-1), or activated 
simvastatin (20 mg kg-1 day-1), or a corresponding volume of sterile PBS 
(control). Another two rat groups received L-NG-Nitroarginine methyl 
ester (L- NAME; 15 mg kg-1 day-1), a cNOS inhibitor, in their drinking 
water along with atorvastatin or simvastatin treatment. After 14 days 
of experimental drug or PBS (control) pre-treatment, all rats were 
subjected to pMCAO with the use of the intraluminal monofilament 
method previously described [25]. Briefly, rats were anesthetized with 
an intramuscular injection of a mixture of 50 mg kg-1 ketamine (Fort 
Dodge Animal Health, Fort Dodge, IA) and 5 mg kg-1 xylazine (Vedco 
Inc., Saint Joseph, MO). Brain ischemia was induced with a 4-0 nylon 
monofilament with silicone rubber coating (Doccol Co., Redlands, 
CA). The filament was introduced into the external carotid artery, 
navigated into the internal carotid artery, and advanced to the anterior 
cerebral artery, occluding the origin of the middle cerebral artery. 
Rectal temperature was maintained at 37°C with a regulated heating 
pad and the left femoral artery was cannulated for arterial blood 
pressure measurements. After 3 h, 12 h, or 24 h of pMCAO rats were 
euthanized by decapitation. Thereafter, rat brains were removed and 
sliced into seven serial coronal sections of 2 mm thickness. Brain slides 
from 6 non-pre-treated SD rats that were not given pMCAO were used 
to measure [NO] and [ONOO-] in non-ischemic brain.

Cerebral infarct volume by microscopy

Each slice was incubated for 60 min at 37°C in saline containing 
2% 2,3,5-triphenyltetrazolium chloride (TTC), and immediately fixed 
by immersion in 10% formalin. The images of the stained sections were 
captured by digital camera (DC210, Kodak). The areas of infarction 
were measured in each slice using a computerized image analysis 
system (ImageJ, National Institute of Health, USA). The infarct volume 
was calculated by summation of the infarct area in each slice multiplied 
by the thickness of the slice and presented as percentage of infarct 
volume of the vehicle-treated (control) group.

eNOS, nNOS and HO-1 expressions by Western blotting

After 14 days of experimental drug or PBS (control) pre-treatment, 
rats were anesthetized, and pMCAO induced for 3 h, 12 h or 24 h. 
Thereafter, rats were euthanized by decapitation and brains removed 
and homogenized. Equal amounts of protein were resolved on a ready-
to-use 10% polyacrylamide gel. Immunoblotting was performed with 
the use of an eNOS, nNOS or HO-1 monoclonal antibody (Calbiochem, 
Billerica, MA) diluted in non-fat milk/PBS. The membrane was 
subsequently probed with a secondary anti-mouse horseradish 
peroxidase antibody (GE Healthcare, Pittsburgh, PA) at a dilution of 
1:2,000 and developed with chemiluminescence. β actin was used as an 
internal control. ImageJ was used for analyses.

Measurement of NO and ONOO- concentration with 
nanosensors

Concurrent, ex-vivo and real time measurements of NO and 
ONOO- were performed with electrochemical nanosensors. Their 
design was based on previously developed, well- characterized, 
chemically modified carbon-fiber technology [26]. Each of the 
nanosensors was made by depositing a sensing material on the tip of a 
carbon fiber (length 4 to 5 µm, diameter 200-300 nm). The fibers were 
sealed with nonconductive epoxy and electrically connected to copper 
wires with conductive silver epoxy. Conductive films of polymeric 
nickel(II) tetrakis (3-methoxy-4-hydroxyphenyl)porphyrin and 
polymeric manganese(III)- [2,2]paracyclophenylporphyrin were used 
for the NO and ONOO– sensors, respectively.
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Figure 1: Evolution of focal cerebral ischemia after pMCAO in rats pre-treated 
with vehicle (PBS) or statins (20 mg·kg-1 simvastatin or 10 mg·kg-1 atorvastatin 
daily for 14 days). A, Representative images of coronal brain sections pre-
treated with vehicle or statins, and taken after 12 h of pMCAO. B, Quantitative 
changes in infarct volume measured at different times of pMCAO and showing 
the effects of pre-treatment with vehicle (closed bars), simvastatin (gray bars) 
or atorvastatin (open bars).The percentage of infarct volume at each time is 
normalized versus the infarct volume (100%) measured after 3 h of untreated 
ischemia. All values are mean ± SEM of n=6. *P<0.05 vs. vehicle-pre-treated 
group, +P<0.05 vs. vehicle-pre-treated group after 3 h of pMCAO.

The amperometric method provided a quantitative signal (current) 
that is directly proportional to changes in [NO] or [ONOO–]. 
Amperometric measurements were performed with a Gamry Reference 
600TM dual potentiostat (Gamry instruments, Warminster, PA). The 
differential pulse voltammetry current at the peak potential for NO and 
ONOO– was directly proportional to the local concentrations of these 
compounds in the immediate vicinity of the sensor. For each set of 
analyses, linear calibration curves (current versus concentration) were 
constructed for each sensor from 50 nM to 400 nM before and after 
measurements with aliquots of NO and ONOO– standard solutions. 
NO and ONOO- standard solutions were prepared according to 
previously described methods [27].

A brain slice was placed in a dish and immersed in oxygenated 
physiological saline. A module of NO and ONOO- nanosensors was 
placed in close proximity (5 ± 2 µm) to the surface of the striate area 
of the brain with the help of a remote controlled micromanipulator 
(Sensopex, Finland) and a microscope fitted with a CCD camera (AM 
Scope, Irvine, CA). To stimulate maximum NO and ONOO- release, the 
receptor-independent cNOS agonist, calcium ionophore A23187 (CaI, 
1 µmolL-1), was injected into the organ chamber using a microinjector. 
NO and ONOO- production were also modulated by pre-incubation 
(15 minutes) of brain slides with L-NAME (100 µmolL-1), a selective 
nNOS inhibitor (7-nitroindazol , 7-NI; 10 µmolL-1), a selective NADPH 
oxidase inhibitor (VAS2870; 10 µmolL-1), a precursor of cNOS cofactor 
tetrahydrobiopterin (sepiapterin; 200 µmolL-1) and the polyethylene 
glycol, covalently linked to superoxide dismutase (PEG-SOD, 400 U/
mL).

Data analysis and statistical procedures

Data are expressed as mean ± standard error of the mean (SEM), 
with a value of P<0.05 considered statistically significant. Statistical 
analysis of the mean difference between multiple groups was 
determined by one-way analysis of variance and between two groups 
by two-tailed Student’s t-tests. All statistical analyses were performed 
using GraphPad Prism (v 5.00 for Windows; GraphPad Software, San 
Diego, CA) and Origin (v 6.1 for Windows; OriginLab, Northampton, 
MA).

Results
Effect of statins on cerebral infarct volume

Representative examples of brain slices (12-hour ischemia) 
obtained from the PBS (vehicle) or statin pre-treated SD rats are 
showed in Figure 1A. The TTC method led to normal brain areas 
stained deep red and unstained infarct tissue. Brain slices of vehicle 
pre-treated rats exhibited hemispheric swelling and extensive brain 
infarct involving both cortex and striatum. Figure 1B shows the total 
volume of infarction normalized versus 3 h of pMCAO and statin pre-
treated groups are expressed as a percentage of vehicle pre- treated 
control group. Statin pre-treatment reduced ischemic infarct by about 
27% or 15% after 3 h or 12 h of pMCAO respectively, as compared to 
the vehicle pre-treated control group. In contrast, statin pre-treatment 
led to a very small reduction of infarct volume (about 5%) after 24 h of 

Figure 2: cNOS protein expression from ischemic brain tissue of vehicle or 
statin (20 mg kg-1 simvastatin or 10 mg·kg-1 atorvastatin daily for 14 days) pre-
treated rats. Quantification of the expression of eNOS (A) or nNOS (B) level 
from ischemic brain tissue of vehicle (closed bars), simvastatin (gray bars) or 
atorvastatin (open bars)-treated groups. The percentage of eNOS and nNOS 
expression at each time is normalized versus the expression (100%) measured 
after 3 h of untreated ischemia. All values are mean ± SEM of n=6. *P<0.05 
vs. vehicle-pre-treated group, +P<0.05 vs. vehicle-pre-treated group after 3 h 
of pMCAO.
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pMCAO. The reduction in infarct size was similar for simvastatin and 
atorvastatin treatment.

Effect of statins on cNOS expression

eNOS and nNOS protein expression increased with time of pMCAO 
(Figure 2). When compared with vehicle pre-treated controls, statin 
pre-treatment additionally elevated expression of both cNOS enzymes. 
The percentage of change in eNOS and nNOS expression from the PBS 
pre-treated control group is shown in Figure 2. The increase in the 
expression of cNOS was similar for simvastatin and atorvastatin.

[NO]/[ONOO-]balance/imbalance in ischemic brain

Typical amperometric curves (NO or ONOO- concentration 
proportional to amperometric current vs. time) are presented in Figure 
3. The NO concentration represents the total bioavailable NO release 
produced by both eNOS and nNOS. NO release was observed 200-
300 ms after stimulation with CaI, the receptor independent cNOS 
agonist, and reached maximum after about 0.9-1.2 seconds. The release 
of NO was followed by the increase of ONOO- with the maximal 
concentration being recorded after 1.2-1.4 seconds. Maximal NO and 
ONOO- concentrations stimulated with CaI are shown in Figure 4. 
In a non-ischemic brain, the maximal NO was 400 ± 20 nmolL-1 and 
ONOO- was 150 ± 9 nmolL-1. In the control ischemic group, after 3 h of 
pMCAO, the maximal concentration of NO was reduced significantly 
to 217 ± 11 nmolL-1 and maximal concentration of ONOO- increased to 
244 ± 9 nmolL-1. Treatment with statins partially restored the maximal 
level of NO (244 ± 10 nmolL-1 simvastatin and 257 ± 14 nmolL-1 

atorvastatin) and significantly reduced the maximal level of ONOO- 

Figure 4: Calcium ionophore (1 µM)-stimulated maximal NO (A) and maximal 
ONOO

- 
(B) release (maximal amperogram amplitude) from isolated brain 

tissues of SD rats treated with vehicle (closed bars), simvastatin (20 mg·kg-1 
daily for 14 days, gray bars) or atorvastatin (10 mg·kg-1 daily for 14 days, 
open bars). Brain slides were obtained after 3 h, 12 h and 24 h of pMCAO. 
The concentration of NO and ONOO

- 
represent maximum production from 

cNOS (eNOS and nNOS). C is the ratio of maximal NO to maximal ONOO
- 

concentrations of the above corresponding groups. *P<0.05 vs. vehicle-pre-
treated group.

Figure 3: Typical amperograms showing changes in NO and ONOO
- 

concentration with time after stimulation with calcium ionophore (1 µM) in non-
ischemic (A) and ischemic (B) brain slides. Brain slides were obtained after 12 
h of pMCAO from SD rats pre-treated with vehicle (PBS) or statins (20 mg·kg-1 
simvastatin or 10 mg·kg-1 atorvastatin daily for 14 days).
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(200 ± 9 nmolL-1 simvastatin and 194 ± 13 nmolL-1 atorvastatin). The 
increases in maximal NO concentration and the decrease in maximal 
ONOO- were observed with statin pre-treatment and 3 h or 12 h of 
pMCAO.

The ratio of [NO]/[ONOO-] is shown in Figure 4C. This ratio 
reflects on uncoupling of eNOS or nNOS and reflects on the dysfunction 
of endothelial cells and neurons. After 3 h of pMCAO, the ratio was 0.89 
± 0.07 for PBS vehicle pre-treated control group, while treatment with 
statins significantly increased this ratio to1.22 ± 0.06 for simvastatin 
and 1.32 ± 0.06 for atorvastatin. However, pre-treatment with statins 
and 24 h of pMCAO produced insignificant changes of maximum [NO] 
and [ONOO-] compared to PBS vehicle pre-treatment controls (0.93 
± 0.05 for simvastatin and 0.96±0.06 for atorvastatin vs 0.87 ± 0.6 for 
controls).

Effect of statins on HO-1 expression and the role of [NO]/
[ONOO-] balance on this expression

The expression of HO-1 protein in PBS vehicle and statin pre-
treated groups was investigated in the brain tissue after 3 h, 12 h and 24 
h of pMCAO using Western blotting. The expression of HO-1 increased 
significantly with the time of duration of ischemia and was about 60% 
higher after 24 h than after 3 h. Treatment with statins resulted in a 
small but significant increase in HO-1 expression when compared to 
vehicle-treated control group (Figure 5). After 3 h of pMCAO, HO-1 
expression increased about 24% (simvastatin) and 30% (atorvastatin) 
as compared to the vehicle-treated group.

We investigated whether a change in NO and ONOO
- 

production 
can affect a statin-induced HO-1 expression. Rats were pre-treated with 
statins in the presence and absence of non-selective NOS inhibitor 
(L-NAME) for 14-days. Figure 6A shows the changes of HO-1 
expression in ischemic rats, treated with statins in the presence or 
absence of L-NAME.

L-NAME treatment alone increased [NO]/[ONOO
-
] ratio from 

about 0.8 to 1.2 (3h ischemia). Both, simvastatin and atorvastatin 
decreased the expression of HO-1 in the brain of L-NAME treated SD 
rats.

Effect of Modulators of cNOS and NADPH oxidase on [NO]/
[ONOO-] balance

To elucidate the basis for decreased NO bioavailability and 
elevated ONOO- in ischemic stroke (3 h of pMCAO) we compared 
the concentration of NO and ONOO- produced in the presence of 
modulators of eNOS and nNOS function. As expected, in the presence 
of L-NAME, a nonselective inhibitor of both eNOS and nNOS, the 
concentration of NO decreased by about 75% while ONOO- decreased 
more than 80% (Figure 7). 7-NI, a selective inhibitor of nNOS, 
decreased NO and ONOO- by about 35%. In the presence of VAS2870, 
an inhibitor of NADPH oxidase, NO level increased by about 40% 
with subsequent decrease of ONOO-. A similar increase in NO with 
a subsequent decrease of ONOO- was observed in the presence of 
sepiapterin, a precursor of tetrahydrobiopterin and also in the presence 

Figure 5: Expression of HO-1 protein level from ischemic brain tissue of PBS-
treated vehicle (closed bars) or statin (20 mg·kg-1 simvastatin or 10 mg·kg-1 
atorvastatin daily for 14 days)-treated rats after 3, 12 and 24 h of pMCAO. 
The percentage of HO-1 expression at each time is normalized versus the 
expression (100%) measured after 3 h of untreated ischemia. All values are 
mean ± SEM of n=6. *P<0.05 vs. vehicle-pre-treated group after 3h of pMCAO.

Figure 6: (A) Immunoblots showing the expression of HO-1 protein level from 
ischemic brain tissue of simvastatin (20 mg kg-1 daily for 14 days, closed bars) 
or atorvastatin (10 mg kg-1 daily for 14 days, open bars) with or without L-NAME 
(15 mg·kg-1 daily for 14 days)-treated groups after 3 h and 12 h of pMCAO. 
(B) [NO]/[ONOO

-
] from ischemic brain tissue of simvastatin (closed bars) or 

atorvastatin (open bars) with or without L-NAME-treated groups after 3 h and 
12 h of pMCAO. All values are mean ± SEM of n=6. *P<0.05 vs. 3 h of pMCAO 
of either simvastatin- or atorvastatin-treated group.
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of membrane permeable, superoxide dismutase PEG-SOD. A favorable 
change in the balance of [NO]/[ONOO-] was observed in the presence 
of modulators of cNOS function. The inhibition of eNOS and nNOS 
decreased both NO and ONOO- production, however the decrease in 
ONOO- was more pronounced than NO. Therefore the overall effect 
of inhibition of cNOS by L-NAME favorably shifts [NO]/[ONOO-] 
balance (Figure 7).

Discussion
The main finding of this study is that the cellular redox balance/

imbalance between NO and ONOO- (but not the absolute level of NO 
or ONOO- concentration) plays a pivotal role in the damage of the brain 
during ischemic stroke. Also, [NO]/[ONOO-] balance is a measure 

of cNOS uncoupling and a determinant of changes in the expression 
of eNOS, nNOS and HO-1. An elevated level of eNOS and nNOS in 
ischemic brain provides the potential for higher production of the 
cytoprotective, vasorelaxant NO. However, under ischemic conditions, 
eNOS and nNOS enzymes are highly uncoupled and become the 
generators, not only of NO, but concomitantly O2

-
. NO and O2

- 
can react 

in rapid diffusion controlled reaction to produce ONOO
-
. Therefore, the 

balance between the bioavailable, cytoprotective NO and the cytotoxic 
ONOO-, may be significantly shifted under the condition of [NO]/
[ONOO-] ratio dropping below 1.0. The [NO]/[ONOO-] imbalance, 
below 1.0, can impose a significant oxidative stress in the brain, during 
an ischemic event, in both endothelial cells and neurons [18,28]. At low 
[NO] and high [ONOO-], the redox environment is mainly controlled 
by the ONOO- with little NO protection. ONOO- is a more powerful 
oxidant than NO or O2

-. Therefore, ONOO- at high concentrations 
with miniscule levels of NO may trigger a cascade of events leading to 
significant change of the cellular environment, including oxidation of 
DNA and lipoproteins, activation or inactivation of some enzymes, as 
well as, oxidation of cNOS cofactors like tetrahydrobiopterin. Also, a 
severe [NO]/[ONOO-] imbalance can trigger apoptosis and necrosis. 
The study reported here clearly indicates that, in the ischemic brain, 
there is a reverse correlation between the size of the brain infract and 
the ratio of [NO]/[ONOO-]. The [NO]/[ONOO] imbalance affects not 
only brain damage but also the elevation of protein expression of cNOS 
and HO-1.

Based on these findings, one can speculate that any efficient 
process of the prevention, mollification, of the ischemic brain injury 
should involve pre-treatment/treatment which would lead to the 
increase of bioavailable NO and/or to decrease the ONOO- level so the 
favourable balance in [NO]/[ONOO-] can be efficiently maintained 
or restored. One of the possible self-defense mechanisms against 
ischemia is based on the restoration of oxygen supply by the increase 
of bioavailable NO. This can be achieved by the increase in eNOS and 
nNOS protein expression. However, under ischemic conditions, the 
increase in cNOS expression is proven to be a self-destructive process. 
This is because a large cNOS protein expression requires a high level 
of substrates (L-arginine and oxygen) and both are in short supply 
(especially oxygen) under ischemic conditions. Also, the process of 
NO production requires a high concentration of cNOS cofactors, 
like tetrahydrobiopterin, which can be rapidly oxidized by both O2

- 

and ONOO
-
 in the ischemic brain. A deficiency of substrates and/

or cofactors can cause cNOS uncoupling and dysfunction associated 
with a low level of bioavailable NO and high production of ONOO-. 
Therefore, in ischemia, uncoupled cNOS may produce high levels of 
O2

-, which converts NO, to cytotoxic ONOO-. Therefore, uncoupled 
cNOS not only produces ONOO-, but concomitantly reduces the level 
of bioavailable NO, exponentially decreasing [NO]/[ONOO-] balance. 
Under ischemic conditions, this is a self-destructive biological process 
leading to severe [NO]/[ONOO-] imbalance and generation of a highly 
aggressive redox environment which initiates a cascade of oxidation 
processes in the biological milieu, eventually leading to apoptosis, 
necrosis and irreversible brain damage. Paradoxically, the increase in 
cNOS was supposed to be a natural positive response to ischemic insult; 
however the contrary is true, it becomes a negative response that, in 
fact, further contributes to brain damage.

We showed here that the degree of cNOS uncoupling can be 
changed with several possible interventions. L-NANE decreased 
total NO production but increased cNOS coupling, leading to a more 
significant decrease in ONOO- production. This resulted in a small 
but significant increase in bioavailable NO and most importantly in 

Figure 7: (A) Calcium ionophore (1 µM)-stimulated maximal NO and maximal 
ONOO

- 
release from isolated brain tissues of rats treated with simvastatin 

(20 mg·kg-1 daily for 14 days, open bars) or atorvastatin (10 mg·kg-1 daily for 
14 days, close bars). Brain slides were obtained after 3 h, 12 h and 24 h of 
pMCAO. Brain slides were pre-incubated (15 minutes) with L-NAME, 7-NI, 
VAS2870, sepiapterin or PEG-SOD prior to stimulation of NO and ONOO

- 

release. C is the ratio of maximal NO to maximal ONOO
- 

concentrations of the 
above corresponding groups. *P<0.05 vs. vehicle-pre-treated group.
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the overall increase in [NO]/[ONOO-] ratio. Also, in the presence of 
sepiapterin, which is a precursor of tetrahydrobiopterin, the uncoupled 
cNOS was partially restored following the favorable shift in [NO]/
[ONOO-] balance. Our previous study described in detail the kinetics 
of stimulated NO release by cNOS [19]. Generally, the production of 
NO is always accompanied by the production of ONOO-. With slow 
and low NO release, the uncoupling of cNOS is minimized, as well 
as, the production of O2

- and ONOO-. This is due to the fact that the 
process of NO release requires a subsequent fast transport of substrates 
and cofactors to cNOS. This transport is based on the diffusion 
process, limited by the concentration gradient. Therefore, with rapid 
production of NO, as observed during initial phase of ischemia, the 
diffusion controlled transport of substrates and/or cofactors can be 
too slow to stabilize cNOS coupling Also, during prolonged ischemia, 
the availability of cNOS substrates and cofactors will be substantially 
reduced.

In the presence of 7NI, a selective nNOS inhibitor, the total 
concentration of NO decreased by about 35%. Therefore, one can 
assume that nNOS delivers a relatively small amount to the pool of NO 
generated during ischemia. cNOS is one, but not the only, generator 
of O2

- in endothelial cells. Another major source of O2
- in the brain 

can be NADPH oxidase. VAS2870, a selective inhibitor of this enzyme, 
increased NO production in the ischemic brain tissue by about 40% 
with concomitant reduction in ONOO- concentration by about 37%. 
An analysis of the different contributing sources for the total content 
of bioavailable NO and ONOO- in the brain during the first 3 hours of 
the ischemic event, we found that most (about 60%) of NO is produced 
by eNOS. We estimated that inducible NOS probably supplies less than 
5% of NO to the total pool, which may be produced during the initial 
period (3 h) of ischemia.

Based on the study presented here, showing the central role of 
[NO]/[ONOO

-
] imbalance on brain injury in ischemic stroke, one can 

propose a strategy to mollify ischemic damage. This strategy includes 
interventions to limit the generation of O2

- and ONOO- and/or 
increase the level of bioavailable NO. The favorable shift (an increase) 
in [NO]/[ONOO-] balance can be potentially achieved by an increase 
in cNOS coupling, an increase in cNOS expression, scavenging of 
ONOO-, dismutase/scavenging of O2

- or by the delivery of NO 
from other sources than cNOS. Among these different possibilities, 
the stabilization, or restoration/coupling of cNOS, may be the most 
effective. We have shown here that the inhibition of cNOS can increase 
the coupling of the enzymes involved and can favorably shift the [NO]/
[ONOO-] balance. Also, pretreatment with statins can significantly 
increase [NO]/[ONOO-] ratio and mollify a brain injury by increasing 
NO production and simultaneously decreasing ONOO-. This is a 
significant finding of great importance.

Statins improved the [NO]/[ONOO-] and reduced the extent of 
brain damage during ischemic insult and this protective effect of statins 
was dependent on the duration of ischemia. Longer time (24 h) of an 
ischemic event decreases the chance of protection by statins. The cyto-/
neuroprotective effect of statins during ischemic stroke is based on the 
restoration of cNOS coupling and functional activity, which in turn 
increases [NO]/[ONOO-] balance. Experimental investigations carried 
out on animal models of cerebral ischemia have suggested the beneficial 
role of statins in stroke [29,30]. But, the molecular mechanisms 
underlying this protective action were not completely understood. It 
was also suggested that this mechanism may differ according to the 
type of insult (global, focal, transient or permanent) [29]. Based on 
our study, one can suggest that the protection mechanism of statins is 

probably the same for any type of ischemic insult. However, the degree 
of cNOS uncoupling and the level of [NO]/[ONOO-] imbalance may 
vary among different types of ischemic insult, as can the protective 
effects of statins. Previous reports indicated that the neuroprotective 
effect of statins was dependent on the treatment duration (7, 14 and 28 
days) and also it was dependent on the dose of statins used [2,31].

This study confirmed that treatment with statins increased HO-1 
expression, as compared to the PBS vehicle-treated control group. 
Previous studies demonstrated that statins enhance in vitro HO-1 
expression in human endothelial and vascular smooth muscle cells 
[24,32]. Another study reported that statins induce in vivo expression 
of HO-1, which appears to be a class effect of statins, and occurs not 
only in vasculature but also extra-vascularly [33].

It has been demonstrated that up-regulation of HO-1 expression 
renders endothelial cells resistant to oxidative stress by increasing 
other antioxidant proteins, including SOD and catalase which in turn, 
decreases O2

- production [34]. Moreover, up-regulation of HO-1 gene 
expression was shown to decrease the availability of the heme-mediated 
activation of NADPH oxidase and O2

- generation [35]. This could 
explain the antioxidant properties of the HO-1 and the beneficial effects 
observed in different conditions such as stroke. Suggestion also has been 
made that, HO-1 may augment the oxidative defense mechanism and 
pharmacological stimulation of HO-1 activity may constitute a novel 
therapeutic approach in the amelioration of ischemic injury during 
the acute period of stroke [36]. Moreover, it was demonstrated that 
HO-1-transgenic mice exhibited resistance to the neuro-degeneration 
induced by focal ischemia, and neurons over expressing HO-1 inhibited 
oxidative stress-induced cell death [37,38].

Importantly, the data from our study revealed that, the expression 
of HO-1 was reduced with L- NAME co-treated with statins when 
compared to treatment with statins alone. Since L-NAME blocks 
cNOS activity with subsequent decrease in NO release, but also with 
a substantial increase in [NO]/[ONOO-] ratio, the decrease in HO-1 
expression in combined pre-treatment with L-NAME and statins 
suggests that [NO]/[ONOO-] might act as a signaling system for 
a change of the expression of this enzyme. The low [NO]/[ONOO-] 
ratio can be associated with the increase in HO-1 expression, while the 
increase in [NO]/[ONOO-] seems to have the opposite effect.

Conclusions
A rapid, dynamic, shift of balance between the concentration of 

cytoprotective NO and the concentration of cytotoxic ONOO-, directly 
correlates with the infarct volume and brain damage during ischemic 
stroke. The ratio of [NO] to [ONOO-] reflects on, and is a measure 
of, cNOS uncoupling, cNOS dysfunction and the level of oxidative/
nitroxidative stress. High [NO]/[ONOO-] balance is the determinant 
in preventing brain damage, while [NO]/[ONOO-] imbalance triggers 
an increase in the protein expression of cNOS, which contributes to a 
more severe imbalance of [NO]/[ONOO-] and increases brain damage.

The increase in HO-1 expression observed at low [NO]/[ONOO-] 
ratio has a beneficial effect on the reduction of nitroxidative stress and 
the partial restoration of [NO]/[ONOO-] balance and a reduction in 
brain injury. The beneficial effects of simvastatin and atorvastatin on 
the reduction of infarct volume is based on the restoration of cNOS 
coupling and the favorable shift in [NO]/[ONOO-] balance. This 
effect of statins may be superimposed with the effect of elevated HO-1 
expression.

We propose here that statins may be used prophylactically to 
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prevent/limit ischemic damage to the brain. Also, we suggest, that the 
treatment or mollification of ischemic damage can be designed based 
on the maintenance/restoration of [NO]/[ONOO-] balance to a level 
higher than one. This can be achieved by limiting NO production, 
scavenging ONOO-, scavenging/dismutase of O2

-, decreasing cNOS 
expression, increasing HO-1 expression, or increasing cNOS coupling 
by supplementation of substrate(s) and/or cofactors of cNOS enzyme.
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