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Indomethacin potentiates acetylcholine-induced vasodilation
by increasing free radical production
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1 We studied the effects of indomethacin on endothelium-dependent and -independent vascular
relaxation in rat thoracic aortic rings and its role in superoxide anion (O3) production.

2 We measured isometric force changes in response to acetylcholine (Ach, 1nM—-0.1 mM), sodium
nitroprusside (SNP, 0.1nM-0.1 uM; a nitric oxide (NO) donor) and cromakalim (1 nM—0.1 mM; a
Karp-channel opener) in aorta rings contracted with norepinephrine (NE, 0.1 uM). Indomethacin
(10 uM; 20 min) significantly increased Ach-induced vasodilation (ECs, decreased from 8.99 uM to
16 nM). The free radical scavengers superoxide dismutase and 4-hydroxy-2,2,6,6-tetramethylpiper-
idine-N-oxyl completely reverted these effects. Indomethacin did not affect SNP- or cromakalim-
induced vasodilation.

3 Neither acetylsalicylic acid (ASA, 5-100 uM; 15 min) nor ketoprofen (1—100 uM; 15 min) affected
Ach, SNP and cromakalim concentration—response curves.

4 Incubation of the aorta with Ach (1uM) rapidly and markedly increased intracellular NO
fluorescence in the aorta endothelium. Indomethacin did not affect Ach-induced NO production.

5 We measured intracellular O; in the aorta endothelium with dihydroethidium (DHE) dye.
Indomethacin significantly increased O; fluorescence versus controls. Neither ASA nor ketoprofen
affected O fluorescence.

6 Nitrotyrosine staining was increased in indomethacin-treated aorta sections exposed to Ach, which
indicates endogenous formation of peroxynitrite. It was low in aorta sections exposed to Ach alone or
with ASA or ketoprofen.

7 We cannot judge if indomethacin-induced endothelium-dependent vasodilation damages or
protects the cardiovascular system. Here, we show that indomethacin acts on the cardiovascular
system regardless of cyclooxygenase inhibition.
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Introduction

Nonsteroidal anti-inflammatory drugs (NSAIDs) have long
been used to treat inflammation and hyperalgesia and to
counteract platelet aggregation in cardiovascular diseases
(Brooks et al., 2003). They act by inhibiting the synthesis of
prostaglandins, plasminogen activator, leukotrienes and proin-
flammatory cytokines. Some NSAIDs are potent scavengers of
reactive oxygen species and inhibit intracellular oxidative
activity (Maffei Facino et al., 1993b; Bevilacqua et al., 1994;
Mouithys-Mickalad et al., 2000). Nimesulide, indomethacin and

*Author for correspondence at: Department of Experimental Medi-
cine, Section of Pharmacology ‘Leonardo Donatelli’, Second Uni-
versity of Naples, Via Costantinopoli, 16, 80138 Naples (NA), Italy;

E-mail: amelia.filippelli@unina2.it

Advance online publication: 19 July 2004

diclofenac exert antioxidant effects in the liposome membrane
model (Maffei Facino et al., 1993a). In addition, aspirin protects
endothelial cells from oxidant damage via the nitric oxide (NO)
cyclic GMP pathway (Grosser & Schroder, 2003).

A body of data shows that elevated oxidative stress
contributes to the endothelial dysfunction associated with
atherosclerosis, hypertension and heart failure (Cai & Harri-
son, 2000; Oguogho & Sinzinger, 2000; Berry et al., 2001;
Sorescu et al., 2001; Warnholtz et al., 2001). Indeed, super-
oxide anions (O3) reduce NO bioavailability, thus leading to
impaired endothelial function. Thus, reduced NO availability
can result from decreased activity of the NO-production
pathway or increased oxidative inactivation of NO induced by
O3 . Superoxide anions may directly inactivate NO (Grygle-
wski et al., 1986; Dobrucki et al., 2000) and the product of this
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reaction, peroxynitrite (ONOQO™), can hydroxylate and nitrate
aromatic compounds and induce cellular injury (Ronson et al.,
1999).

On the other hand, low, strictly controlled O levels exert
an important regulatory function (Droge, 2002, Sorescu &
Griendling, 2002, Wolin et al., 2002). For example, O; are
involved in activating the hypertrophic responses of vessels
and cardiomyocytes (Sorescu & Griendling, 2002), and, at least
in some vascular beds, upon dismutation to hydrogen
peroxide, they may contribute to endothelium-dependent
vasodilation (Wolin et al., 2002). Thus, the delicate balance
between the beneficial and detrimental effects of O is clearly
an important aspect of the regulation of vascular function.

The aim of the present study was to investigate the effects of
indomethacin on endothelium-dependent and -independent
vascular relaxation in aortic rings of rats and its role in
oxidative stress.

Methods

Animals

Male Wistar—-Kyoto (WKY) rats, weighting 250-300 g, were
housed two per cage under controlled light (12:12h light:-
dark cycle; lights on 06:00) and environmental conditions
(ambient temperature 20—22°C, humidity 55—60%) for at
least 1 week before beginning experiments. Chow and tap
water were freely available to animals. Experimental proce-
dures were approved by the Animal Ethics Committee of the
Second University of Naples. Animal care was in compliance
with Italian (D.L.116/92) and EEC (O.J. of E.C. L358/1 18/12/
86) regulations on the protection of laboratory animals.

Preparation of aortic rings

WKY rats were anesthetized with diethyl ether and killed with
a small animal guillotine. The thoracic aorta was immediately
excised and placed in Krebs’ solution of the following
composition (mM): NaCl 118, KCI 4.7, KH,PO, 1.2, CaCl,
2.5, MgSO, 1.2, NaHCO; 25 and glucose 11.1, maintained at
room temperature. The thoracic aorta was carefully cleaned of
adhering fat, and connective tissue removed and cut into
transverse rings (3—4 mm). Aortic rings were mounted, under
2 g resting tension, in an organ bath (Ugo Basile, Milan, Italy)
containing +10ml Kreb’s solution and maintained at 37°C,
gassed with 95% O, and 5% CO,. Isometric measurement
were recorded with a Grass FTO3C transducer and displayed
on PowerLab (AD Instruments, Castle Hill, Australia). The
tissue was allowed to equilibrate for 60 min before experiments
were carried out, during which time the resting tension was
readjusted to 2 g, as required.

Experimental protocol

The aortic rings were submaximally contracted with 0.1 uM
norepinephrine (NE). The presence of endothelium was
verified by the ability of 1 uM acetylcholine (Ach) to induce
relaxation. Concentration—response curves of aortic rings to
Ach (1nM-0.1 mM), sodium nitroprusside (SNP, 0.1 nM—
0.1 uMm; an NO donor) and cromakalim (I1nM-0.1mM; a
Karp-channel opener) were constructed with and without

indomethacin (10 uM; 20min), acetylsalicylic acid (ASA, 5-
100 uM; 15min) and ketoprofen (1—100uM; 15min). To
examine the effect of NO on endothelium-dependent vasodila-
tion, we incubated the rings for 15 min with N-monomethyl-L-
arginine (L-NMMA, 0.1 mM; a nitric oxide synthase (NOS)
inhibitor). To ascertain the role of reactive oxygen species, we
preincubated the rings with superoxide dismutase (SOD; 150—
450Uml™") and the radical scavenger 4-hydroxy-2,2,6,6-
tetramethylpiperidine-N-oxyl (Tempol; 1 and 10uM) that
permeates the membrane.

Measurement of NO production by diaminofluorescein

We used the fluorescent NO indicator 4,5-diaminofluorescein
diacetate (DAF-2 DA) to measure intracellular NO concen-
tration in the endothelial cells of rat thoracic aorta (Kojima
et al., 1998). This compound readily enters cells and is
hydrolyzed by cytosolic esterases to diaminofluorescein
(DAF-2), which is trapped inside the cells. In the presence of
NO and oxygen, a relatively nonfluorescent DAF-2 is
transformed into the highly green fluorescent triazole form,
DAF-2T. Thus, increases in triazole form of diaminofluor-
escein-2 (DAF-2T) fluorescence reflect increases in intracel-
lular NO concentration. After 30 min of equilibrium in Krebs
buffer at 37°C, the aorta segments were incubated with DAF-2
DA (10 uMm; Calbiochem) for 2h. Aortic segments were
exposed to DAF under basal conditions and after Ach
administration, in the presence or absence of indomethacin
(10 uM; 20min), ASA (5uM; 15min) and ketoprofen (1 uM;
15min). To confirm that fluorescence was related to NO
production, we used the NOS inhibitor L-NMMA (0.1 mM).
The aorta segments were then included in Killik frozen section
medium (Biooptica), quickly frozen, and cut into 20-um thick
sections in a cryostat (Reichert-Jung). Sections were placed on
polylysinated microscope slides, closed in Antifade™ (Mole-
cular Probes) medium, and analyzed using a filter for FITC
(excitation 450—490 nm; emission 515-560 nm).

Measurement of ex vivo aortic O3 production
with dihydroethidium

We used dihydroethidium (DHE), an oxidative fluorescent
dye, to localize O5 in aortic segments in situ (Castilho et al.,
1999). Vascular rings were rapidly removed, transferred in
Krebs buffer and left to equilibrate for 30 min at 37°C. The
rings were stimulated with Ach (1 uM; 30min), added to
the Krebs buffer. To examine whether O; was involved in the
effect exerted by NSAIDs on endothelium, aorta segments
were incubated with indomethacin (10 uM; 20 min), ASA
(SuM; 15min) or ketoprofen (1uM; 15min), before the
response to Ach was measured. Aorta sections were prepared
as for DAF measurements. Sections were placed on poly-
lysinated microscope slides, incubated at room temperature for
30min with 0.1 uM DHE (Molecular Probes) in the dark.
Images were obtained with a TRITC (tetramethyl-rhodamine
isothiocyanate) filter (excitation 555 nm; emission 580 nm).

Localization of nitrotyrosine by immunofluorescence
We used immunofluorescence methods to verify nitrotyrosine

production in aorta segments. Assays were performed on aorta
segments prepared as for O; measurement with DHE. The
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aorta was fixed in 4% phosphate buffer saline (PBS)
formaldehyde and included in Killik frozen section medium
(Biooptica), frozen at —20°C, and cut into 20-um thick
sections in a cryostat (Reichert-Jung). Sections were placed
on polylysinated microscope slides. The sections were incu-
bated overnight at 4°C with anti-nitrotyrosine antibody (DBA,
Milan, Italy; 1:100)+ BSA 1% + Triton X-100 0.1% in PBS.
After three washes in PBS, the sections were incubated in
rhodamine-conjugated anti-mouse IgG (DBA) 1:100 in PBS
for 1h at room temperature. After three washes in PBS, the
sections were stored at —20°C until image acquisition and
processing. All sections were stained simultaneously to reduce
staining variability.

Drugs

NE, Ach chloride, SNP, cromakalim, L-NMMA and all the
other reagents and compounds used for Krebs’ solution were
obtained from Sigma Aldrich (Milan, Italy). Indomethacin
was from Chiesi Farmaceutici SpA (Parma, Italy), ketoprofen
from the Istituto Biochimico Italiano SpA (Milan, Italy), ASA
from Bayer (K6ln, Germany) and Tempol from Alexis Italia
(Vinci, Florence, Italy). Drugs were dissolved in distilled
deionized water to prepare stock solution (except for
indomethacin, which was dissolved in saline) and further
dilutions were made in Krebs’ solution. The stock solution of
SNP was light-proofed with aluminum foil.

Image analysis

Sections were analyzed using a fluorescence Zeiss Axioskope
20 equipped with a high-resolution analogue CCD camera
(Hamatsu Photonics), and a PC-assisted image acquisition and
analysis system (MCID-2, ImagingRes., Ontario, CA, U.S.A.).
Sections were digitized at medium magnification (objective:
x 10). Four areas per ring for a total of six aortic rings were
sampled for each experimental condition (24 images per
experimental condition). The endothelium was manually
defined for each image. A target definition was used to avoid
reading background staining. All measurements were con-
ducted ‘blind” and the sequence of treatments was randomized
to limit bias. The integrated relative optical density (ROD) in
the target region was calculated.

For fluorescence analysis, the lamp was tested for optimal
temporal stability. Because of fluorescence decay, all images
were taken within 30s of light exposure. Each image was
Kalmann-averaged 32 x to increase the signal/noise ratio. The
gain was set to 3 x, which gave linear responses in the
measurement range we used. Photo bleaching of specimens
was controlled using the Antifade medium, analyzing the slices
as fast as possible, and using a relatively low-power fluorescent
lamp (50 W). Finally, the digitized images were inverted using
the specific software filter, to obtain white background and
dark signal, because ROD is measured according to the
intensity of dark regions.

Data analysis and statistical methods

Vascular responses to vasodilator agonists are reported as the
percentage reduction in tension (percent relaxation) compared
with the level of tone induced by contraction with NE. The
results of experiments with multiple rings (usually 2—4) from

one animal were averaged and used in subsequent analyses.
Numbers (7)) refer to the numbers of animals used for each
protocol. Results are expressed as means+s.e. One-way
analysis of variance (ANOVA) for repeated measures was
used to compare the effects of indomethacin, ASA and
ketoprofen on relaxation to the agonists. The dose producing
50% maximal relaxation (ECsy) was used to assess a parallel
shift in the log dose-response curve. Planned comparisons
were made using ¢-test for unpaired data. Rejection level was
set at P<0.05.

Results
Effect of NSAIDs on vasodilation in intact aortic rings

The isolated aortic rings contracted with 0.1 uM NE produced
1.90+0.12 g of tension. Ach (1 nM—0.1 mM) induced concen-
tration-dependent vasorelaxation. Exposure of ring segments
to indomethacin (10 uM; 20 min) significantly increased Ach-
induced vasodilation (P<0.05 for all doses; n=12), thereby
causing the ECs, to decrease from 8.99 uM to 16 nM (Figure 1a).
As shown in Figure 1b and c, concentration—response curves
to SNP (0.1 nM—0.1 uM) and cromakalim (1 nM—0.1 mM) were
not affected by pretreatment with indomethacin (ECsy 1.11
and 1.84 nM for SNP (alone) and for SNP plus indomethacin,
respectively; ECsy 0.62 and 1.04 uM for cromakalim (alone)
and for cromakalim plus indomethacin, respectively). Neither
ASA (5—100 uM) nor ketoprofen (1—100 uM) modified Ach
(Figure 2), SNP or cromakalim concentration—response curves
(data not shown). Treatment of aortic rings for 15min with
0.1 mM L-NMMA, an NOS inhibitor, substantially shifted Ach
concentration—response curves to the right and blunted Ach-
induced maximal relaxation by 60%. There were no differences
between rings incubated or not with indomethacin (Figure 3a),
which shows that the facilitating effect of indomethacin on
Ach-induced vasodilation was reversed by L-NMMA. More-
over, pretreatment (20 min before indomethacin) with SOD or
the free radical scavenger Tempol concentration-dependently
reverted the potentiating effect of indomethacin on Ach-
induced vasodilation. At higher concentrations, both scaven-
gers slightly reduced the Ach-induced relaxation of aortic rings
(Figure 3b,c).

NO concentration

Figure 4 depicts representative fluorescence microscopic
images of NO-induced DAF-2 green fluorescence in endothe-
lial cells from rat aorta. DAF-2 green fluorescence was
localized mainly in endothelial cells, but spread to the
underlying smooth muscle layers, according to the diffusion
profile of NO in vessels. Incubation of aorta with Ach (30 min;
1 uM) produced a rapid and marked increase in NO
fluorescence (Figure 4a; P<0.05 Ach versus basal condition;
n=2y). In the presence of indomethacin (20 min; 10 uM), Ach
did not elicit a further increase in NO (Figure 4c).

Intracellular O concentration
DHE To verify the role of Oy in indomethacin-induced

vasodilation, we measured O production in rat aorta,
with DHE. DHE is a fluorescent dye that specifically
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Figure 1 Concentration—response curves to (a) Ach (1 nM—0.1 mMm;

n=12), (b) SNP (0.1 nM—0.1 uM; n=38) and (c) cromakalim (1 nM—

0.lmM; n=_8) on NE-contracted aortic rings from WKY rats in

control conditions and after pretreatment with indomethacin

(20 min; 10 uM). *P<0.05 versus all doses of Ach alone.

reacts with intracellular O and is converted to the
red fluorescent compound ethidium. Ethidium then binds
irreversibly to double-stranded DNA and appears as
punctate nuclear staining. Figure 5 shows the images of
O3 -induced red fluorescence in endothelial cells. Incubation
of aorta with indomethacin (10 uM; 20min) significantly
increased O; fluorescence (Figure 5¢) compared with
control conditions (Figure 5a) and with Ach alone
(Figure 5b) (P<0.05 indomethacin versus basal condi
tion; n=28; P<0.05 indomethacin versus Ach alone; n=06).
Neither ASA nor ketoprofen affected O, fluorescence (data
not shown).

a 100
75
c
0
K]
E 50
[]
o«
£
25 —O— Ach
—&— ASA 5uM + Ach
—®— ASA 10 UM + Ach
0 — ASA 100 UM + Ach
-9 -8 7 - -5 -4
log[Ach] M
b 100
75
c
k]
s
3 50
[]
o
®
25 —O— Ach
—— Ketoprofen 1uM + Ach
—&— Ketoprofen 10 uM + Ach
—i— Ketoprofen 100 UM + Ach
0
9 8 7 6 -5 -4
log[Ach]M

Figure 2 Concentration—response curves to Ach (1 nM—0.1 mM))
on NE-contracted aortic rings from WKY rats in control condition
and after pre-treatment with (a) ASA (5-100 uM; 15 min; n=16)) or
(b) ketoprofen (1—-100 uM; 15 min; n=18).

Nitrotyrosine Immunofluorescence analysis showed low
nitrotyrosine staining in aorta segments treated with Ach
alone (Figure 6b). Nitrotyrosine staining increased only when
indomethacin was added to the segments (Figure 6¢c; P<0.05.
indomethacin versus basal condition and versus Ach alone;
n=2,8). Neither ASA nor ketoprofen affected nitrotyrosine
staining (data not shown). Nitrotyrosine staining, which
reflects the endogenous formation of ONOO™, confirmed the
results obtained with DHE.

Discussion

Here, we demonstrate that indomethacin increases Ach-
induced vasodilation of isolated aortic rings of rat. This
process does not involve cyclooxygenase (COX)-inhibition
because, under the same experimental conditions, neither ASA
nor ketoprofen modified aortic vasodilation induced by Ach.
It has been suggested that the effect of indomethacin on Ach-
induced vasodilatation in SH, and to some extent in WKY, rat
aorta depends on the inhibition of synthesis of vasoconstrictive
COX products such as PGH, and TXA, (Ulker et al., 2003).
This may be the case in SHR aorta where it is highly probable
that COX-2 enzymes are activated. Our findings obtained in
adult WKY rats are not consistent with this hypothesis,
because ASA and ketoprofen did not potentiate Ach-induced
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Figure 3 Concentration—response curves to Ach (1 nM—0.1 mM) on
NE-contracted aortic rings from WKY rats (n=12) (a) in control
condition, with L-NMMA, 0.1 mM; 15min), after pretreatment with
indomethacin (10 uM; 20 min) alone and with L-NMMA Effects of
SOD (150-450Uml™") (b) and Tempol (1-10uM) (c) on Ach-
induced vasodilation in the presence or absence of indomethacin
(10 uM; 20min). #P<0.05 L-NMMA + Ach versus Ach alone;
*P<0.05 indomethacin + Ach versus indomethacin + L-
NMMA + Ach.

relaxation at any of the concentrations used. Moreover, no
COX-2 expression has been reported in adult WKY rats in the
absence of inflammatory stimuli. Vasodilation induced by the
endothelium-independent vasodilators SNP and cromakalim
was not affected by indomethacin, ASA or ketoprofen. L-
NMMA, an NOS inhibitor, reverted the increased vasodila-
tion induced by indomethacin in isolated aortic rings.
Pretreatment with SOD or Tempol also abolished the
indomethacin-induced increase of Ach-induced vasodilation.
In the endothelium of freshly dissected aorta, Ach-induced NO
production, measured with DAF fluorescence microscopy, was
not further augmented by indomethacin pretreatment. These
observations indicate that indomethacin-induced endothelium-

dependent vasodilation does not result from increased NO
concentration in the endothelium. According to our hypoth-
esis, the augmented response to Ach-induced vasodilatation
due to indomethacin is the consequence of an increased
production of ONOO~s (formed from the interaction between
ROS and NO). In vessels, NO is released mainly from the
endothelium and spreads to the smooth muscle, so determining
vasorelaxation. Therefore, the vascular endothelium is crucial
for NO synthesis and for the regulation of NOS activity,
although myocytes and neutrophils also produce NO. En-
dothelial cells also generate O; when stimulated by cytokines,
ischemia—reperfusion and hypoxia-reoxygenation, and in such
diseases as hypertension (Ronson et al., 1999). We hypothe-
sized that indomethacin causes vasodilation by stimulating O3
production in the vascular endothelium. In fact, DHE
fluorescence microscopy showed that indomethacin signifi-
cantly increased Oz content in the vascular endothelium of
thoracic aorta, whereas neither ASA nor ketoprofen affected
O, concentration. This finding confirms the functional data
obtained with the free radical scavengers SOD and Tempol.
Increased nitrotyrosine staining of indomethacin-treated
aorta sections indicates that O; overproduction is concomitant
with NO formation thereby leading to ONOO™ synthesis. NO
is the only biological molecule known to be produced in
sufficient amounts to react fast enough with O; to outcompete
endogenous SOD (Beckman & Koppenol, 1996; Beckman,
1996). ONOO™ is a physiologically active toxic metabolite of
NO that leads to vascular and myocardial dysfunction. The
physiological consequences of ONOO™ generated by the
biradical interaction between NO and O; as regards the
vasculature are multiple, that is, a decrease in the amount of
NO available for G-protein stimulation and for antineutrophil
effects, and O; neutralization, thereby limiting endothelial and
vascular smooth muscle injury. The net outcome of these often
opposing effects depends on the concentration of ONOO™ in
the compartment of interest (Ronson et al., 1999). ONOO~
may have beneficial properties under in vivo physiological
conditions when thiol-containing agents (glutathione, albumin
and cysteine) are available to convert the ONOO™ anion to S-
nitrosothiols and related products that can be used by tissue
(Zhang et al., 1997). The resulting thiol intermediates may
subsequently regenerate NO; both nitrosothiols and NO are
able to exert physiological effects consistent with NO-mediated
stimulation of guanylate cyclase (i.e. vasodilation) and
attenuation of neutrophil functions (i.e. reduced adherence
to stimulated endothelium) (Ronson et al., 1999). Moreover,
under physiological conditions, ONOO™ exerts prolonged
vasorelaxation in dog coronary artery, bovine pulmonary
artery, rabbit aorta and in the anesthetized rat (Liu et al., 1994;
Wu et al., 1994; Moro et al., 1995; Kooy et al., 1997). Thus,
ONOO™ reactivity in biological systems appears to be such
that it may lead to the formation of compounds able to
generate NO (Guzik et al, 2002). However, persistent
production of oxidants, including ONOO™, may cause
depletion of thiols. This, in turn, would leave tissues
unprotected from the effects of ONOO™, which would lead
to oxidative injury and impairment of physiological function.
Indeed, in isolated perfused rat heart, ONOO~ caused NO-
mediated vasodilation, but repeated exposure to ONOO™
caused vascular dysfunction and inhibition of relaxation to
other vasodilator compounds (Villa et al., 1994). In conclu-
sion, we suggest that indomethacin increases Ach-induced
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vasodilation causing an increase of reactive oxygen species and dently of COX inhibition. It is still unclear if the indometha-
in particular of ONOO™. This study provides evidence that cin-induced endothelium-dependent  vasodilation  could
indomethacin may act on the cardiovascular system indepen- damage or protect the cardiovascular apparatus.
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