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Inhibition of iNOS protects endothelial-dependent

vasodilation in aged rats
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Aim: To examine whether iNOS contributes to endothelial dysfunction in aged rats.

Methods: Male Sprague Dawley rats were divided into three groups: young rats, aged rats treated with vehicle and aged rats treated
with N-[3-(Aminomethyl) benzyl] acetamidine (1400W, 1 mg/kg, ip). Vasorelaxation was measured in isolated thoracic aorta. iNOS
expression of thoracic aortic arteries was detected using immunohistochemistry and Western blot. Nitrotyrosine (a marker for per-
oxynitrite formation) content and expression in thoracic aortic tissue were determined using enzyme linked immunosorbent assay and

immunohistochemistry.

Results: Maximal relaxation induced by acetylcholine (10° to 10° mol/L) in the aged rats treated with vehicle was significantly
decreased (70%+15%, P<0.01), as compared with the young rats (95%+8%). However, the maximal relaxation induced by acidified
NaNO2 (an endothelium-independent vasodilator) had no significant difference between the two groups. Moreover, iNOS and nitro-
tyrosine expression increased in the vessels of the aged rats. In the aged rats treated with 1400W (a highly selective iINOS inhibitor)
nitrotyrosine expression was reduced and acetylcholine-induced vasorelaxation was markedly improved (maximal relaxation was
increased to 87%+8%, P<0.05), but the acidified NaNO,-induced vasorelaxation had no significant change.

Conclusion: Our study demonstrated that inhibition of iINOS by 1400W increased endothelium-dependent vasodilation in aged rats. The

mechanism was related with attenuation of peroxynitrite formation.
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Introduction

With the further acceleration of aging, morbidity of various
age-related cardiovascular diseases (such as hypertension,
atherosclerosis, coronary heart disease, etc) is rising" ), which
not only reduced the quality of life of older persons but also
increased the burden to the family and society. How to delay
aging and promote the quality of older life has been a “hot”
point in this field. Aging is a complex process caused by mul-
tiple factors, in which the attenuation of endothelial vasodi-

Bl Tt is well known

latation has proven to be a striking feature
that vascular endothelial dysfunction is a common trigger
1l so protecting

endothelial function is very important for prevention of age-

for many cardio-cerebral vascular diseases

related cardiovascular diseases.
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It has been reported that abnormal release of nitric oxide
(NO) by endothelium is a major reason for the decline of
endothelial-dependent vasodilatation” .. Endogenous NO
is generated by nitric oxide synthase (NOS) through catalyz-
ing L-arginine. There are two kinds of NOS in blood vessels,
endothelial NOS (eNOS) and inducible NOS (iNOS)!"*2,
Most previous studies suggested that decreased endothelial-
dependent vasodilatation was mainly associated with down
regulation of eNOS and endogenous NO" ™. Recent research
found that, iNOS expression increased in vascular tissue of
aged rats™ ). However, it is unclear that whether elevated
iNOS plays a role in the decline of endothelium-dependent
vasodilatation.

Therefore, the purposes of the present study were to: (1)
confirm that aging caused endothelial-dependent vasodilator
dysfunction; (2) detect the level of iNOS in blood vessels; (3)
clarify the role and possible mechanisms of iNOS in endothe-
lial- dependent vasodilatation dysfunction.
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Materials and methods

Animals

The experimental procedures were conducted in adherence
to the “Guiding Principles in the Use and Care of Animals”
published by the National Institutes of Health (NIH Publica-
tion No 85-23, Revised 1996), the Guide for the Care and Use
of Laboratory Animals protocol, published by the Ministry
of the People’s Republic of China (issued on 3rd June, 2004),
and approved by the Institutional Animal Care and Use Com-
mittee of Shanxi Medical University. The experiments were
performed in male Sprague Dawley rats [Grade II, certificate
number of the breeder: SCXK(Jin) 2009-0001] in three groups
(n=6-8 rats per group): young (3-4 months old, weight 200~
300 g) , aged (24-25 months old, weight 400-500 g) treated
with vehicle (normal saline 0.5 mL, ip) and aged treated with
N-[3-(Aminomethyl) benzyl] acetamidine (1400W, Sigma,
USA), a highly selective iNOS inhibitor (1 mg/kg, ip)"” ',
respectively. Thirty minutes after 1400W treatment™ ' young
and aged rats were sacrificed to obtain vessel tissues (n=7 rats
per group) for nitrotyrosine content and immunohistochemi-
cal studies of iNOS and nitrotyrosine.

Determination of endothelial function

Endothelial function was determined by comparing the
vasorelaxation response to acetylcholine (ACh), an endothe-
lium-dependent vasodilator, with that of acidified NaNO,,
an endothelium-independent vasodilator, as described
previously™.
onto hooks, suspended in organ chambers filled with Krebs
buffer (mmol/L: NaCl 118.3, KCl 4.7, CaCl, 2.5, MgSO, 1.2,
KH,PO, 1.2, NaHCO; 25.0, glucose 11.0, pH=7.4)"" and aer-
ated with 95% O, and 5% CO, at 37 °C, and connected to force
transducers to record changes in tension via a Chart 5.3 data

Briefly, thoracic aortic rings were mounted

acquisition system. After equilibration for 60 min at a preload
of 1 g, the rings were precontracted with norepinephrine (NE,
1 pmol/L). Once a stable contraction was achieved, the rings
were exposed to cumulative concentrations of ACh (107 to
10° mol/L). After the cumulative response was stabilized,
the rings were washed and allowed to equilibrate to base-
line. The procedure was then repeated with an endothelium-
independent vasodilator (acidified NaNO,, 10° to 10° mol/L)
to determine smooth muscle function. Endothelial-dependent
vasodilator dysfunction was defined as a reduced vasorelax-
ation in response to ACh with a normal response to acidified
NaNO.,.

Quantitation of vascular tissue nitrotyrosine content
Nitrotyrosine content of thoracic aortic tissue was deter-
mined using an enzyme linked immunosorbent assay (ELISA)

20 In brief, vascular

method described in a recent publication
tissue was separated and homogenized in ice-cold PBS. The
homogenates were centrifuged for 10 min at 12500xg at 4 °C.
The supernatants were collected and protein concentrations
were determined by the bicinchoninic acid (BCA) method. A
nitrated protein solution was prepared for use as a standard.

These standard samples, along with tissue samples from vas-

cular tissue, were applied to disposable sterile ELISA plates
and incubated overnight with primary antibody. The second-
ary antibody was added, and the peroxidase reaction product
was generated by using o-phenylenediamine dihydrochloride
(OPD) solution. The optical density was measured at 460
nm using a microplate reader (Spectra Max Plus, Molecular
Devices Corp, CA, USA). The amount of nitrotyrosine content
in tissue samples was calculated using standard curves gener-
ated from nitrated BSA containing known amounts of nitroty-
rosine and expressed as nmol per mg of protein.

Immunohistological detection of inducible NOS and nitrotyrosine
Thoracic aortic arteries were removed and stored in 10%
formalin for <48 h. Fixed artery segments were dehydrated
and embedded in paraffin, and sections were cut at 5 pm
and mounted onto glass slides. Immunohistochemical detec-
tions of iNOS and nitrotyrosine were performed™. Rabbit
polyclonal antibody against iNOS was purchased from Santa
Cruz Biotechnology (Santa Cruz, CA) and rabbit polyclonal
antibody against nitrotyrosine was purchased from Upstate
Biotechnology (Lake Placid, NY).

Detection of inducible NOS by Western blot

Thoracic aortic arteries were lysed and homogenated. The
protein concentration in the supernatant was detected using
BCA kit. Then proteins from tissue homogenate were loaded
on sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE),
transferred onto nitrocellulose membrane, blocked with
bovine serum albumin, and then incubated using the primary
antibody (anti-iNOS or anti-p-actin). The primary antibod-
ies used were: rabbit polyclonal against iNOS (Santa Cruz,
CA), and rabbit polyclonal against B-actin (Santa Cruz, CA).
Specific antibody binding was detected using electrochemi-
luminescence. The density of the scanned protein bands was
measured by image analysis software and the results were
presented as % change of the loading control.

Statistical analysis

All values in the text and figures are presented as means+SD.
All data were subjected to one-way ANOVA followed by the
Scheffe’s correction for post hoc t-test comparison. Probabili-
ties of P<0.05 were considered to be statistically significant.

Results

Aging induced the impairment of endothelial-dependent vaso-
dilation

In aortic rings isolated from the rats, NE-induced pre-contrac-
tion levels in the young and aged groups were (2.5+0.3) g and
(2.7£0.4) g, respectively. There was no significant difference
between the two groups. In aortic rings isolated from young
rats, 10°-10° mol/L ACh induced a concentration-depen-
dent vasorelaxation. In contrast, aortic rings isolated from
aged rats showed a significant right-shifting of their dose-
response curve to ACh (Figure 1A). Compared to the young
group (95%+8%), the maximal relaxation in the aged group
decreased significantly (70%%15%, P<0.01). The -logECs, val-
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Figure 1. Vasorelaxation responses of isolated thoracic aortic rings to
each concentration of acetylcholine (A, ACh, an endothelium-dependent
vasodilator) or acidified NaNO, (B, an endothelium-independent
vasodilator). °P<0.01 vs young group; °P<0.05, P<0.01 vs aging group.
n=6-8 rats per group.

ues in the young and aged groups were (7.4£0.1) and (6.8+0.5),
respectively (P<0.05). While in the young and aged group the
maximal relaxation levels induced by 10°-10”° mol/L acidi-
fied NaNO,, an exogenous NO donor, were (97%*4%) and
(90%+6%), respectively(P>0.05). The -logECs, values in the
young and aged groups were (6.8+0.2) and (6.6+0.5), respec-
tively (P>0.05, Figure 1B). These results proved that aging
caused endothelium-dependent vasodilator dysfunction.

Aging+1400W

iNOS was involved in aging-induced impairment of endothelial
vasodilator

To determine the role of iNOS in aging-induced endothelium
vasodilator dysfunction, firstly we observed iNOS expres-
sion by immunohistological and Western blot. As illustrated
in Figure 2, compared to the young group, endothelial and
smooth muscle expression of iNOS was significantly increased
in vascular samples from the aged group. After treatment
with the highly selective iNOS inhibitor 1400W, the expres-
sion of iNOS in the endothelial and smooth muscle was sig-
nificantly decreased compared with the aged group. Then,
following treatment with a highly selective iNOS inhibitor
1400W, endothelial and smooth muscle function in aged rat
aortas were determined by comparing the vasorelaxation
response to ACh with that of acidified NaNO,. As illustrated
in Figure 1, 1400W markedly improved ACh-induced vas-
orelaxation (maximal relaxation: 87%=*8%, P<0.05, -logECs:
7.3+0.2, P<0.05), while having no effect on acidified NaNO,-
induced vasorelaxation (maximal relaxation: 94%+3%, P>0.05,
-logECs5y: 6.5£0.3, P>0.05). These results demonstrated that
1400W attenuated aging-induced endothelial dysfunction.

The possible mechanisms of vasculoprotection by 1400W

To determine the possible mechanisms of 1400W vasculopro-
tection, we investigated the content and expression of nitro-
tyrosine in aortic vessels of aged rats. As illustrated in Figure
3A, strong nitrotyrosine staining was detected in endothelial
cells and smooth muscle cells from aged rats, and treatment
with 1400W reduced nitrotyrosine staining. Quantitative
ELISA results indicated that a 5.7-fold increase in nitrotyrosine
content was observed in aged tissue, and this increased nitro-
tyrosine content was markedly reduced by in vivo administra-
tion of 1400W (Figure 3B).

Discussion

The present study confirmed previous reports that aging
induces endothelium-dependent vasodilator dysfunction.
Moreover, we have also found that iNOS expression increas-
esd in vascular tissues of aged rats. In addition, we have
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Figure 2. Effects of aging and 1400W treatment on vascular inducible nitric oxide synthase (iNOS) immunostaining (A, DAB staining, x40) and iNOS
expression (B, Western blot). °P<0.01 vs young group; °P<0.05 vs aging group. n=7 rats per group.
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Figure 3. Effect of 1400W, a selective iNOS inhibitor, on nitrotyrosine (NT) staining (A, DAB staining, x40) and vascular nitrotyrosine content (B) in aged

rats. °P<0.01 vs young group; °P<0.05 vs aging group. n=7 rats per group.

demonstrated that a selective inhibitor 1400W improves the
endothelium-dependent vasodilation possibly by attenuating
peroxynitrite formation.

Aging is a major risk factor for cardiovascular disease, and
the incidence rate of cardiovascular disease such as hyperten-
sion, coronary heart disease and cardiac insufficiency increases
with age. A large number of animal experiments and clinical
studies have shown that aging induces endothelial vasodilator
dysfunction, while the dysfunction of vascular endothelium is
closely linked to the occurrence and development of a variety
of cardiovascular diseases. Although the specific mechanism
of endothelial dysfunction is unclear, protecting endothelial
function is the key to prevent subsequent cardiovascular dis-
ease. In our present study, ACh-induced maximal relaxation
of aortic rings in the aged group was significantly reduced
compared to the young group, while acidified NaNO,-induced
maximal relaxation had no significant difference between the
two groups. These results confirmed that aging induced the
decline of endothelium-dependent vasodilation.

A large number of studies suggest that markedly increased
NO and decreased bioavailability is considered to be one of
the most important mechanisms that results in endothelial
dysfunction™. Endogenous NO is generated from L-arginine
by three NOS, including neuronal-type (nNOS) from the cen-
tral nervous system, iNOS from mammalian nucleated cells
and eNOS from endothelial cells. There are two types of NOS
in vascular tissue, eNOS and iNOS. In the physiological state
NO is at a low concentration (about 0.1-100 nmol/L) and
mainly generated by eNOS, but in the pathological state it is
mainly produced by iNOS and maintains a relatively high
level™,

Decreased eNOS and endogenous NO was considered to be
a key factor of endothelial dysfunction. However, in recent
few years, several studies have shown that iNOS expression
is significantly increased in vascular tissue of the aged rats,
which suggested that increased iNOS may also be involved
in endothelial dysfunction induced by aging. But the existing
research" *! with non-specific NOS inhibitor treatment could
not clarify whether iNOS was directly related to endothelial
dysfunction induced by aging. Therefore, we used the highly

selective iNOS inhibitor 1400W in our present study. It has
been reported that 1400W inhibited iNOS activity by bind-
ing with iNOS?” but some studies found that 1400W could

decrease iNOS expression!® 1,

In this study, we also found
that iNOS expression was increased significantly in vascular
tissue of aged rats. When treated with 1400W, iNOS expres-
sion was decreased and endothelial vasodilator dysfunction
was significantly improved. These results demonstrated
that iNOS was directly involved in endothelial dysfunction
induced by aging.

It has been shown that an imbalance in the ratio of nitric
oxide to superoxide anion due to a prevalence of the super-
oxide anion leads to an alteration in vascular reactivity™".
Several studies have found that iNOS triggered a significant
increased NO production, which could create a nitrative
stress and generate the toxic oxidant molecule peroxynitrite
(ONOO") excessively®. ONOO" is responsible for nitration
of tyrosine residues in proteins, therefore the presence of
nitrotyrosine (NT) in plasma proteins is considered an indirect

B Our studies confirmed

evidence of ONOO™ production
increased expression of NT in the aged rat vessels, and such
increase was blocked markedly by 1400W, a highly selective
iNOS inhibitor. This result revealed that decreased ONOO~
could be the reason that 1400W is vasculoprotective, but to
confirm it we should perform further studies.

In summary, the findings demonstrated with a highly
selective iNOS inhibitor 1400W improved the endothelium-
dependent vasorelaxation in aged animals. Though our study
has some limitations, it strongly suggests that we can improve
endothelial vasodilation in aged rats by inhibiting iNOS, and
further reduce the incidence of age-related cardiovascular dis-
eases.
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