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Abstract. The aim of the present study was to evaluate the influence of the an-
tioxidant stobadine on changes in the reactivity of the rat abdominal aorta induced
by ischaemia and reperfusion (I/R). In anaesthetized male rats, «n viwo ischaemia
was elicited by occlusion of the abdominal aorta for 18 hours; reperfusion lasted
30 minutes. The aortal rings were taken from the reperfused portion. Decreased
relaxant response to acetylcholine, as a consequence of endothelial injury, was seen
after I/R. We also demonstrated I/R-induced reversible ultrastructural changes
both in endothelial and smooth muscle cells, predominantly in the mitochondria.
Lipid peroxidation was increased in homogenates of I/R aortae; the concentration
of thiobarbituric acid reactive substances (TBARS) increased from a control value
of 0.97 £0.03 to 2.57 + 0.06 nmol/1/mg protein. Stobadine (2 mg/kg i.v., 5 minutes
before starting reperfusion) protected the abdominal aorta against I/R-induced de-
crease of acetylcholine relaxation, and prevented changes in mitochondria and an
increase of TBARS concentration. The protective effect of stobadine seems to be
due to its antioxidant properties.
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Introduction

The endothelium of blood vessels is a prominent target in ischaemia-reperfusion
(I/R) injury. Loss of its normal responsiveness is an important indicator of vascular
injury. Endothelium-dependent relaxation has been found to be disturbed after
ischaemia followed by reperfusion. Changes in vascular 1#activity depend on the
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duration of 1schaemia and reperfusion as well as on the vessel type (Quillen et al
1990, Tao et al 1990, Summers et al 1993)

The role of oxygen free radicals as causal factors in reperfusion damage has
been supported by beneficial effects of radical scavengers or antioxidants on dif-
ferent organs exposed to I/R (Wer et al 1981, Korthuis et al 1985) Stobadine,
dihydrochloride of cs (-)-2,3,4,4a,5,9b-hexahydro-2,8-dimethyl-1H-pyrido 4,3 mn-
dole, 1s a scavenger of OH" (Stasko et al 1990), an inhibitor of the propagation of
lipid peroxidation (Misik et al 1991), and a quencher of 1O, (Steenken et al 1992)
Stobadine, synthesized in the search for new antiarrhythmic drugs, was found to
markedly delay the onset of epinephrine-induced heart rate disturbances and to
shorten extrasystolic episodes in guinea-pigs and dogs It prolonged the functional
refractory period i the rabbit and guinea-pig atrium and 1n the cat ventricle
(Gibala et al 1985, Stolc et al 1988) Besides 1ts antiarrhythmic properties, sto-
badine exhibited cardioprotective effects (Styk et al 1986) It was also observed to
have potent alpha-adrenolytic (Sotnikova et al 1985), antihistaminic (Lukovi¢ and
Machové 1988), local anaesthetic and neuroprotective effects (Stolc et al 1997)
Stobadine was found to depress the formation of malondialdehyde and conjugated
diens 1n the rat brain in oxidative stress (Stolc and Horakova 1988)

The aim of this study was (a) to examine the influence of 1 wvwo I/R on
wn wvitro reactivity of the rat abdominal aorta, (b) to test the effect of the anti-
oxidant stobadine on changes induced by I/R, and (c) to provide insight to the
mechanisms mvolved 1n 1ts potential protective activity

Matertials and Methods

Ischaemia and reperfusion (I/R)

Experiments were performed on male Wistar rats (Dobra Voda, Slovakia) weighing
270-300 g The amimals were anaesthetized with pentobarbital (50 mg/kg 1p )
Ischaemia was induced by occlusion of the abdominal aorta 3 mm below the origin of
the left renal artery After closing the abdomen and attendance to the surgical cut,
the animals were let to survive 18 hours After this period, they were anaesthesised
again, and 30-minute reperfusion was performed Stobadine was administered n the
dose of 2 mg/kg 1 v nto the tail vein 5 minutes before or after starting reperfusion
This dose was chosen on the basis of previous observations of 1ts protective effect
in brain ischaemia and reperfusion mnjury (Hordkové et el 1991)

The animals were divided 1nto 4 groups A - control rats (without any manipu-
lation), B — sham-operated rats (all manipulations were performed except occlusion
of the abdominal aorta), C — rats with 1schaerma only, D - rats with I/R Each
group had 2 additional subgroups, one with and one without stobadine adminis-
tration
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Isolated rat aorta

The aorta taken from the reperfused portion was excised and transferred into oxy-
genated physiological salt solution (PSS). The arteries were cleaned of adherent
tissue and cut into 2 rings, each approx. 2 mm long. The rings were mounted be-
tween two L-shaped hooks in water-jacketed (37°C £ 0.5°) chambers containing
PSS bubbled with a mixture of 95% 0, and 5% COQ, at pH 7.4. The composition
of PSS was (in mmol/1): NaCl (118.0), KCl (4.7), KH2PO4 (1.2), MgSO4 (1.2),
CaCly (2.5), NaHCO; (25.0) and glucose (11.0). The preparations were connected
to an isometric transducer (M 1101, Czech Republic) and stretched passively to
optimal length by imposing an optimal initial tension of 15 mN, as tested in prelim-
inary experiments. After the application of the initial tension, the arterial prepa-
rations were equilibrated for 60 minutes. Isometric contractions were recorded on
a Kutesz 185 line-recorder (Hungary). The experimental protocol was as follows:
The rings were contracted with depolarising PSS (in mmol/1): NaCl (17.0), KCl
(100.0), KH,PO4 (1.2), MgSO,4 (1.2), CaCly (2.5), NaHCO;3 (25.0) and glucose
(11.0). After the contraction plateau had been reached acetylcholine was added in
the concentration of 1 ymol/l. Subsequently, the preparations were washed twice
with PSS, and contraction was induced by 1 pmol/l noradrenaline. After further
washing with PSS and reaching the initial tension value, the rings were contracted
with depolarising PSS again, and at the plateau of contraction the response to the
endothelium-independent relaxant sodium nitroprusside (10 nmol/1) was recorded.

Transmission electron microscopy

The abdominal aorta from 3 groups of animals — sham, I/R and I/R treated with
stobadine 5 minutes before starting reperfusion — was prepared in the following
manner: the aorta was carefuly excised from the abdomen and arrested in ice-cold
buffer consisting of 8% sucrose and 100 mmol/l sodium cacodylate, pH 7.4. The
aorta was cut into smaller rings which were immersion-fixed in a fixation solution
consisting of 2.5% glutaraldehyde in 100 mmol/1 cacodylate buffer, pH 7.4 at 4°C
for 3 h. The rings were then rinsed in 100 mmol/l cacodylate buffer with 250
mmol/! sucrose and postfixed in 40 mmol/l OsOy4 in 100 mmol/] cacodylate buffer
at 4°C for 1 h. After dehydration in graded series of alcohol and infiltration in
propylene oxide, they were embedded in Epon 812. Toluidine blue-stained (1 pm
thick) sections were examined and appropriate areas were selected for cutting of
thin sections. Subsequently, these were stained with uranyl acetate and lead citrate,
and examined in a Tesla BS 500 electron microscope. :

Determination of thiobarbituric acid reactive substances (TBARS)

TBARS were determined in rings of the abdominal aorta taken from sham-operated
animals, animals exposed to I/R with and without administration of stobadine 5
minutes before reperfusion. The samples of the abdominal aorta were cleaned of
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adherent tissue in an ice cold PSS within 3 minutes and then frozen in liquid
nitrogen.

The frozen rings were quickly weighed on a Mettler microbalance UM 3 (Swit-
zerland), and after cutting they were homogenised in 2 ml of physiological solu-
tion containing 5 ul butylated hydroxytoluene (BHT), previously bubbled with
gas nitrogen. TBARS were determined in 250 ul of homogenate. Sodium dodecyl
sulphate (SDS) (100 pl) was added to the homogenate and samples were shaken
for 5 s. Then, 800 pl 0.1 mol/l HCI were added and shaken again for 5 s. After
centrifugation at 3000 rpm for 10 min, 400 pl 0.5% TBA were added to the su-
pernatant. After incubation of the samples at 90°C for 20 min and their cooling
with tap water, the intensity of colouration was measured as absorbance at 530
nm, using a spectrophotometer (Spekord, Germany) Proteins were estimated by
Lowry’s method (Lowry et al. 1951).

Ezpression of results and statistical analysis

Contractions and relaxations were expressed either in mN or as percentages of
maximum contractile response to 100 mmol/! KCL.

All results were expressed as mean £ S.E.M. of n experiments. Analysis of
variance was used for statistical analysis; p < 0.05 was considered significant.

Drugs

Acetylcholine, noradrenaline, sodium nitroprusside and TBA were purchased from
Sigma (St. Louis, USA). BHT, SDS and all chemicals used in transmission electron
microscopy were from Serva (Heidelberg, Germany).

Results

Functional studies

In preliminary experiments we found that responses of the thoracic aorta to all
drugs tested were not influenced by any experimental procedure.

As shown in Figures 1A4,B, preparations from control, sham-operated and is-
chaemic animals showed no statistically significant differences in the responses of
the rat abdominal aorta to KCl (100 mmol/1), acetylcholine (1 gmol/l), and nor-
adrenaline (1 pmol/l). None of the experimental procedures used influenced the
response of the preparations to sodium nitroprusside (10 nmol/1) (not shown, num-
ber of experiments in every experimental group was 8). After 18-hour 1schaemia
and 30-mnute reperfusion, however, acetylcholine was found to produce a smaller
relaxation in comparison to controls. It reached only 5.59 + 2.6% of the maximal

relaxation. In 80% of preparations, acetylcholine did not induce any relaxation at
all (Fig. 1C).



Ischaemia/Reperfusion Injury and Stobadine 257

A B
207 1751
. —5 150 1
Z
E ¥ 1251
€ ?
2 100
g s
£ 5 751
5 g
(6] § 501
25
o
KCl Noradrenaline
C
401
® Figure 1. Responses of rat abdominal aor-
c ta from control (hatched column), sham-
-% operated (open column), igchaemic (filled
% column) and I/R (dotted column) animals
5 to 100 mmol/l KCl (A4), 1 pmol/l nora-
drenaline (B) and 1 pmol/l acetylcholine
(C). Values are means + S.E.M. of 6-11 ex-
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Stobadine, when administered 5 min after the onset of reperfusion, did not
protect acetylcholine-induced relaxation against deleterious action of I/R. The re-
sponses to acetylcholine were not significantly different from those of the prepara-
tions taken from animals after I/R (n = 8). This experimental arrangement was
therefore no longer used in further experiments.

The administration of stobadine (2 mg/kg i.v.) did not significantly change the
responses of the preparations from sham-operated animals to acetylcholine (Fig. 2).

Stobadine administered 5 minutes before starting reperfusion protected the
preparations against I/R-induced injury. The relaxation responses of rings to acetyl-
choline increased from 5.59+2.36% after ischaemia and reperfusion to 34.74+3.68%

of maximal relaxation, the values exceeding those obtained for the sham samples
(Fig. 2).
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Figure 2. Relaxation mduced by 1 pmol/l acetylcholne mn rat abdominal aorta from
sham-operated (open column), sham-operated + stobadine administered (hatched col-
umn), I/R (dotted column) and I/R + stobadine admimistered (filled column) animals
Stobadine was admimstered 1n the dose of 2 mg/kg 1 v 5 min before starting reperfusion
Values are means + S E M of 6-11 experiments Sigmficantly different from other groups,
p <001
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Figure 3. TBARS content 1n rat abdominal aorta of sham-operated (open column), I/R
(dotted column) and I/R + stobadine administered (filled column) ammals Stobadine
was administered 1n the dose of 2 mg/kg1v 5 min before starting reperfusion Values are
means + SEM of 6 experiments Significantly different from other groups, "p < 0 01

Determanation of TBARS

The concentration of TBARS in homogenates of the rat abdominal aortae taken
from sham-operated animals was 0971 & 0.037 nmol/mg protein. Ischaemia fol-
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Figure 4. Intact ultrastructure of an endothelial cell of the control abdominal aorta n —
nucleus, m — mitochondria, rer — rough endoplasmic reticulum with rnibosomes, £y — tight
Junction, [ — lumen, el — elastic lamina x21, 000

lowed by reperfusion induced an increase of the amount of TBARS in homogenates
of the aortae to 2.573 £ 0.066 nmol/mg protein, i.e. 264.98%. After stobadine ad-
mimstration the concentration of TBARS decreased to 191.09% of sham values
(Fig. 3).

Transmission electron microscopy

Cross sections of the rat abdominal aorta from sham controls displayed the typical
architecture of the vascular wall: endothelial cells containing nuclei with dispersed
chromatine, lysosomes, ribosomes, rough endoplasmic reticulum, mitochondria, and
micropinocytotic vesicles. Also, electron-microscopic view of smooth muscle cells
showed normal ultrastructure. The area at the pole of the nucleus, free of myofil-
aments contained mitochondria, Golgi apparatus, ribosomes both free, polyribo-
somes, and bound to the rough endoplasmic reticulum (Fig. 4).

After I/R, alterations in the mitochondria of both endothelial and smooth
muscle cells were observed. The matrix of the mitochondria was more electrolucent
and partially edematous, occasionally with ruptural cristae. In endothelial cells,
moreover, formation of microvilli on the surface of the cells, occasionally prolif-
eration, increased pinocytic activity and higher amount of lysosomes were found.
Tight junctions between endothehal cells were also disturbed (Fig. 5).

Figure 6 shows an electron micrograph of the cells of the abdominal aorta
after I/R with stobadine. The ultrastructure of the mitochondria and the tight
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Figure 5. After 1schaema followed by reperfusion, mitochondria (m) of endothelial cells
are partially edematous, with occasional ruptural cristae Microvillous projections (arrow)
were observed [ - lumen, tj — tight junction, el - elastic lamina, r — rough endoplasmic
reticulum x16, 000
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Figure 6. Ultrastructure of endothehal cells after 1schaemia and reperfusion with stoba-
dine preservation of the ultrastructure of mitochondria (m), proliferation of endothehial
cells, intensive formation of microvilli (arrow), plasmalemmal protrusion (arrow head),
numerous lysosomes (ly), pmocytic vesicles (pv) and abundand rough endoplasmic retic-
ulum (r) were seen tj — tight junction, [ ~ lumen, n — nucleus x11,000
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junctions between endothelial cells were preserved. Proliferation of the endothelial
cells was observed along with an intensive formation of microvillous projections,
plasmalemmal protrusion, numerous pinocytic vesicles and abundant rough endo-
plasmic reticulum.

Discussion

In the present study, 18-hour ischaemia did not induce any significant changes in
the functional responses of the abdominal aorta to the drugs tested. A similar study
of Summers et al. (1993) on the rabbit femoral artery showed no evidence of perma-
nent endothelial dysfunction after up to 5 hours of ischaemia without reperfusion.
The ability of the endothelium of large arteries to produce NO seems to be resistant
to ischaemic injury. Our experiments showed that 18 hours of ischaemia followed
by 30 minutes of reperfusion induced functional injury, manifested by inhibition of
the relaxation response of aortal rings to acetylcholine. The long ischaemic period
before reperfusion was needed to reveal changes of the endothelium. In feline coro-
nary arteries, the ability of the endothelium to produce EDRF/NO was found to be
reduced at 2.5 min of in vive reperfusion after 90-min ischaemia (Tao et al. 1990).
Quillen et al. (1990) found that 1-hour ischaemia and 1-hour reperfusion impaired
the endothelium-dependent relaxation of canine coronary microvessels, though the
authors did not find changes in EDRF/NO responses after up to 3-hour ischaemia
and 1-hour reperfusion in canine conduit coronary arteries. Summers et al. (1993)
reported that 4 hours of ischaemia followed by 1 hour of reperfusion of the rabbit
femoral artery resulted in reduced production of NO. The size of the arteries seems
to account for the differences in their sensitivity to I/R; in large arteries, such as
the aorta, a longer time of ischaemia followed by reperfusion is needed for changes
in EDRF/NO-induced responses to become manifest. Moreover, both the ischaemic
abdominal aorta in our experiments and the rabbit femoral artery in experiments of
Summers et al. (1993) were relatively at rest, with a minimal metabolic demand. In
contrast, in coronary arteries exposed to ischaemia in the working heart, metabolic
byproducts accumulate, and these may contribute to increased free radical forma-
tion during reperfusion.

In our experiments, after 18 hours of ischaemia followed by 30-min reperfusion,
the ability of aortal rings to dilate in response to acetylcholine was abolished or
strongly reduced. Responses to noradrenaline, KCl and to sodium nitroprusside,
however, were not changed, showing that the relaxant as well as contractile proper-
ties of the aorta were not influenced by this procedure. Since acetylcholine-induced
relaxation is elicited by the release of NO from endothelial cells (Palmer et al.
1987), its reduction indicates endothelial injury. In the present work, electron mi-
croscopy showed changes of the endothelium ultrastructure: formation of microvilli
on the surface of the endothelial cells and occasional proliferation, more frequent
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occurrence of pinocytic vesicles and lysosomes suggesting increased enzymatic hy-
drolytic activity of endothelial cells induced by I/R. Ultrastructural changes of the
mitochondria of both endothelial and smooth muscle cells indicate changes not only
in intracellular ATP levels but also an increased production of free oxygen radicals.
As a consequence of I/R, the permeability of endothelial cells may be altered due
to the injury of tight junctions.

In agreement with the changed ultrastructure of aortal preparations, in the
arterial homogenates we found an increased amount of lipid peroxidation end-
products, TBARS. Thus, increased peroxidation of membrane lipids appears to be
involved in I/R-induced endothelial injury.

Stobadine administered before starting reperfusion prevented a decrease of
the relaxation response of the aorta to acetylcholine and protected cell membranes
against peroxidation, as TBARS concentrations in the homogenates declined to
control values. Lukacfové et al. (1993) reported that stobadine, administered 2 min
before recirculation, reduced the increase in lipid peroxidation of rabbit spinal cord
homogenates induced by in vivo I/R. The ability of stobadine (2mg/kg) to prevent
lipid peroxidation was also tested in incomplete rat cerebral ischaemia induced by
4-hour ligation of the common carotid arteries with subsequent 10-min reperfusion
(Hordkova et el. 1991). The significantly increased levels of TBARS in brain cortex
samples from animals subjected to ischaemia followed by reperfusion decreased to
control values in animals treated with stobadine administered immediately before
reperfusion. The donation of hydrogen from the indole nitrogen group of stobadine
to lipid radicals terminating lipid peroxidation may have accounted for the pro-
tective effects observed (Ondria3 et al. 1989). In addition to its antioxidant effect,
stobadine may also prevent superoxide radical generation (Horakova et al. 1991).

The beneficial effect of stobadine in our experiments was manifested not only
by the preservation of the ultrastructure of the mitochondria but also of the tight
junctions. Since the mitochondria are the site of reactive oxygen species generation,
the I/R-induced changes in the mitochondrial structure may reflect overproduction
of free oxygen radicals. Stobadine is known to scavenge OH (Stasko et al. 1990)
and to quench 1O, (Steenken et al. 1992), and by these mechanisms it could ex-
ert its protective effect on the mitochondria. Inhibition of the propagation of lipid
peroxidation (Migik et al. 1991) may be another mechanism participating in the
protection of the mitochondria and the tight junctions. The ultrastructure of en-
dothelial cells showed increased pinocytic activity, as well as increased amounts of
lysosomes, ribosomes, and the formation of microvilli. This may indicate that the
repair process which started during reperfusion was promoted by the administra-
tion of stobadine.

Stobadine, when administered 5 min after the onset of reperfusion, had no
protective effect against I/R-induced injury of the aortal endothelium. It has thus
to be present in the tissue throughout reperfusion, i.e. when generated free rad-
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1cals induce injury It 1s then the scavenging activity of stobadine that provides
protection to the endothelium

In conclusion, I/R of the rat abdominal aorta induced mjury of the endothe-
lium, which was manifested by decreased relaxation response to acetylcholine, dam-
aged mitochondria and increased production of TBARS Most probably due to its
scavenging properties, stobadine proved able to prevent these deleterious changes
to occur

Acknowledgements. This work was supported by the Grant Agency for Science (Grant
No 2/1017)

References

Gibala P, Sotnikova R, Dfimal J (1985) Antiarrhythmic activity of the substnace DH
1011 Bratisl Lek Listy 84, 137—144 (in Slovak)

Hordkova L, Uraz V, Ondrentkovd O, Lukovic L, Juranek 1 (1991) Effect of stoba-
dine on bramn hpid peroxidation imduced by incomplete 1schemia and subsequent
reperfusion Biomed Biochim Acta 50, 1019—1025

Korthuis R J, Granger D N, Townsley M I, Taylor A E (1985) The role of oxygen-
derived free radicals 1n 1schemia-induced increases in canine skeletal muscle vascular
permeability Circ Res 57, 599—609

Lowry O H, Rosebrough N J, Farr A L, Randall R J (1951) Protein measurement
with the Folin phenol reagent J Biol Chem 193, 265—275

Lukadova N, Chavko M , Haldt G (1993) Effect of stobadine on hpid peroxadation and
phospholipids 1n rabbit spinal cord after 1schaemia Neuropharmacology 32, 235—
241

Lukovié L, Machova J (1988) Antihistaminic activity of stobadine in the peripheral and
central nervous system Agent Action 23, 257—259

Migik V, Gergel D, Ondna$ K (1991) Companison of the effect of stobadine on Lipid
peroxidation of hiver, heart, kidney and brain homogenates Pharmazie 46, 468—
469

Ondnas K , Misik V, Gergel D, Stasko A (1989) Lipid peroxidation of phosphatidyl-
choline iposomes depressed by the calcium channel blockers nifedipine and vera-
pamil and by the antiarrhythmic-antihypoxic drug stobadine Biochim Biophys
Acta 1003, 238—245

Palmer R M J, Fernge A G, Moncada S (1987) Nitric oxide release accounts for the
biological activity of endothelium-derived relaxing factor Nature 327, 524—526

Quillen J E, Selke F W, Brooks L. A, Harnison D G (1990) Ischemia-reperfusion
impairs endothehum-dependent relaxation of coronary microvessels but does not
affect large arteries Circulation 82, 586—594

Sotnikova R, Gibala P, Dfimal J (1985) Alpha-adrenolytic activity of the substance
DH 1011 Bratisl Lek Listy 84, 536—541 (in Slovak)

Stasko A, Ondniag K, Misik V (1990) Stobadine — a novel scavenger of free radicals
Chem Papers 44, 493—500

Steenken S, Sundquist A R, Jovanovic S V (1992) Antioxidant activity of the pyri-
domdole stobadine Pulse radiolytic characterization of one electron oxidized



264 Sotnikova et al

stobadine and quenching of singlet molecular oxygen Chem Res Toxicol 5, 355—
360

Stolc S, Hordkova I (1988) Effect of stobadine on postischemic hpid peroxidation mn the
brain In New Trends in Chinical Neuropharmacology (Eds D Bartko, P Turéani,
G Stern, J Libbey) pp 59—63, John Libbey & Company Ltd, London

Stolc S, Bauer V, Benes L , Tichy M (1988) Medicine with antiarrhythmic and antihy-
poxic activity and 1ts method of preparation BRD Patent P — 3231088

Stolc S, Vlkolinsky R, Pavlisek J (1997) Neuroprotection by pyridoindole stobadine A
munireview Braimn Res Bull 42, 335—340

Styk J, Gabauer I, Okoh&dny J , Holec J , Bauer V, Benes L (1986) Protective effect
of stobadine (DH 1011) on rat i1schaemic heart Bratisl Lek Listy 85, 274—281
(1n Slovak)

Summers S T, Zinner M J, Freischlag J A (1993) Production of endothelium-derived
relaxing factor (EDRF) 1s compromised after ischemia and reperfusion Amer J
Surg 166, 16—220

Tao P S, Aoki N, Lefer D J, Johnson G , Lefer A M (1990) Time course of endothehal
dysfunction and myocardial injury during myocardial ischemia and reperfusion n
the cat Circulation 82, 1402—1412

Wer E P, Kontos H A, Dietrich W D, Povlishock J T, Elis E F (1981) Inhibition
by free radical scavengers and cyclooxygenase imnhibitors of pial arteriolar abnor-
malities from concussive brain mnjury in cats Circ Res 48, 95—103

Final version accepted August 5, 1998



