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ABSTRACT

ATM.: To observe the effect of change in oxygen tension
on the release pattern and nature of endothelium-derived
substances in isolated rabbit aorta, METHODS: Iso-
metric contractions and relaxations in isolated rabbit strip
were observed in response to changes in oxygen tension
and effect of various drugs was noted on them. RE-
SULTS: Change in oxygen teasion from high [ pg =
(618.9 + 0.4) mmHg; 1 mmHg = 133.3 Pa] to low
[po,=(117.6 £0.6) mmHg ] was obsetved to convert
the relaxant effect of acteylcholine ( ACh), in rabbit aorta
precontracted with phenylephrine, to a marked contractile
response.  As the zerating gas was changed from 100 %
to 20 % oxygen, the relaxant effect to ACh, recorded
every hour, gradually decreased till it gave way to a sig-
nificant contraction over a period of 3.5 h. On reoxy-
genation the relaxant effect to ACh was irreversibly inhib-
ited, however, the relaxant effect to SOD (40 kU/L)
was not. The per se constrictor effect to ACh was abol-
ished by endothelium removal and by combination of
SOD (40 kKU/L), catalase (1000 kU/L) and in-
domethacin {1 x 1075 mol/L). 5$Q-030741(1 x 107°
mol/L) or GR-32191B (1 x 10~* mol/L), both TXA,-
PGH, receptor antagonists but not OKY-046, a TXAg-
synthetase inhibitor, also attenuated the ACh-mediated
coniractions in combination with SOD and catalase.
CONCLUSION: The above results implicate that some
functional change occurs in the endothelium exposed to
low po, such that the stimulated release of endothelium-
derived relaxing factor ( EDRF) in response to ACh is
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completely and immeversibly inhibited, whereas, the basal-
ly released EDRF in response to SOD is not and marked
increase in prostaglandin synthesis is stimulated.

INTRODUCTION

Endothelium-derived relaxing factor (EDRF) is con-
tinuously generated and released from endothelium intact
vascular preparations'!), This continuous basal release of
EDRF can be further enhanced by stimulation of both re-
ceptor-dependent ( acetylcholine, ATP, bradykinin) and
receptor independent { Ca** -ionophore A23187, polyca-
tions) mechanisms'®), Mild to moderate changes in oxy-
gen tension are cbserved to produce endothelium-depen-
dent contractions either through reduced basal production
of EDRF** or through release of vasocenstrictor sub-
stances from the endothelium>~% .

The vascular endothelium acts as a local sensor and
effector system for the regulation of oxygen supply to the
tissues'® . The nature of the endothelium-based oxygen
sensor is sill unknown. Hypoxia is accompenied by a
reduction in the tissue content of cyclic GMPU . The
threshold poz(partial pressure for oxygen) for decrease in
cGMP production is around 100 mmHg (1 mmHg =
133.3 Pa) in rabbit acrtal®. The first demonstration
that a mild to moderate decrease in oxygen content could
cause endotheliom-dependent contractions was reported by
Rubanyi and Vanhoutte’” . Organ bath pq_in the range
of 150 mmHg has been reported to produce isometric con-
tractions in the rabbit aorta™. Endothelial cells ex-
posed to hypoxia synthesize prostaglandins via a specific
activation of phospholipase A, along with a rise in the cy-
tosolic calcium'® . Decrease in oxygenation ( from 680
mmHg to 150 and 40 mmHg) is reported to enhance cy-
clo-oxygenase activity via increase in COX-I { cyclo-oxy-
genase 1) protein synthesis in ovine neonatal pulmonary
endothelial cells and acute endothelium-dependent increas-
es in prostaglandin I ( PGL;, prostacyclin ) and
prostaglandin B, (PGE,) have been demonstrated ™).
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The cyclo-oxygenase activity in the rabbit endothelium is
very high®~"! and all prostanoids, including PGL and
PGE, are reported 10 be vasoconstrictors in rabbit"*~ %),

In the present study, the effect due to change of
oxygen tension from high (pg, =618.920.4 mmHg) to
low (pg =117.6+0.6 mmHg) was observed on the re-
lease pattern and nature of endothelium-derived relaxing
factor (EDRF) and endothelium-derived contracting fac-
tor (EDCF) in isolated rabbit aorta.

MATERTALS AND METHODS

Isolated rabbit aorta preparation Albino rab-
bits of Belgium strain (either sex), weighing about 1.5
—2 kg were maintained on rabbit feed (Agro Laboratory
Animal Feed, India} and tap water ad Lbitum. The
rabbits were stunned, the chest cavity was opened and the
thotacic aorta was removed and placed in aerated physio-
logic salt solution (PSS). Extreme care was taken to
avoid any possible damage to the endothelial lining of the
aorta. The morta, cut into a helical strip, was mounted
in a 10 mL organ bath containing Krebs Henseleit solution
(mmol/L; NaCl 120; KCl 4.8; NaHCO; 25; KH.PO,
1.2; MgS0, 1.2; CaCl, 2.5, and glucose 11.1). The
preparation was bubbled either with oxygen or air and was
maintained and a pH of 7.4 at a temperature of 37 C.
The helical strip was equilibtated for 90 min under 2 g
tension. The PSS was prepared fresh every hour and the
tissue was superfused with PSS every 5 min. The re-
sponses were recorded using isometric force transducer
(UGO Basile, Italy) and a ‘ Gemini’ two channel
recorder {UGOQ Basile, Italy) .

The rabbit aortic strips were confirmed for the pres-
ence of an intact endothelium. Superoxide dismutase
(SOD, 10 KU/L) relaxed precontracted { phenylephrine,
PE, 3 x 10”7 mol/L) strips upto 50 % and 42 % when
the rabbit aorta was bubbled with oxygen or air respec-
tively. Moreover pyrogallol (1 x 107* mol/L) and
methylene blue (1 x 107° mol/L) produced a further
contracture in rabbit aortic strips preconiracted with PE 3
x 107 mol/L. This relaxation to SOD'*’ and contrac-
tion to pyrogallol®® is endothelium-dependent and con-
firms its functional viability, To prepare an endothelium
free preparation the intimal layer of the rabbit aorta was
rubbed gently with a moistened filter paper for 30 g
Loss of relaxation to 10 kU/L SOD and 1 x 10~* mol/L
acetylcholine and loss of contraction to 1 x 107 mol/L
pyrogallol confirmed the absence of endothelium.

Experimental design The rabbit aorta was equi-
librated in physiologic salt solution aerated with oxygen
for 90 min, A response to ACh (1x 1675 - 1x107*
mol/L) was observed. The aeration was then changed
from oxygen to air and response to ACh was observed at
regular intervals upto 3.5 h. The aeration was again
changed from air to oxygen and response to ACh (1 x
1078 — 1 x 10~* mol/L) was observed. The effect of
various drugs was then observed on the relaxant and the
contractile effect of ACh.

The functional ability of the endothelium to release
basal EDRF was confirmed at the end of the experiment
by exposing the precontracted rabbit aorta to SOD and py-
rogallol. The smooth muscle relaxing viability of the
preparation was tested with sodium nitroprusside at the
end of each experiment.

Estimation of dissolved oxygen in physiologi-
cal salt solution in organ bath Isolated aortic prepa-
rations of rabbit were exposed to PSS containing low oxy-
gen ( bubbled with air) and high oxygen (bubbled with
100 % oxygen). The amount of oxygen present in the
PSS after bubbling with air or 100 % oxygen for 90 min
was estimated using Alsterberg Azide modification
method. The dissolved oxygen present in the sample of
PSS oxidises divalent mangsnous 1o its higher valency
(manganese) which precipitates as a brown hydrated ox-
ide after addition of NaOH and KI. Upon acidification,
manganese reverts back to divalent state and liberates io-
dine from KI equivalent to the dissolved oxygen content
in the sample. The liberated iodine is titrated against
Na,5,05 using starch as an indicator. The amount of
dissolved oxygen was converted into partial pressure using
Henry's Law(®) |

Drugs used L-Phenylephrine hydrochloride, N°-
nitro- L-arginine methyl ester hydrochloride { L-NAME),
SOD (bovine liver}, and catalase were from Sigma, St
Louis, MO, USA. Acetylcholine hydrochloride and py-
rogaliol were from Loba Chemie Indoaustranai Ltd, Bom-
bay, India, Methylene blue was from Boots Pure
Drugs, Nottingham, England and sodium nitroprusside
from SD Fine Chemicals, Bombay, India. SQ-030741
was a gift from Bristol-Myers Squibb Pharma Research
Institute, Princeton, NJ, USA, and GR-32191B a gift
from Glaxo, Middlesex, England. Indomethacin was
obtained from Ranbaxy Labs Lid, Toansa, Panjab, Indi-
a, nordihydroguaretic acid (NDGA) from Aldrich, WI,
USA and, OKY-046 from Ono Pharmaceuticals, Osaka,

Japan.
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SQ-030741 was dissolved in a 0.84/0.16 mixture
by volume of ethanol and 1 x 10~ mol/L Na,OO;. In-
domethacin was sonicated in 10 mL of 5 x 10~ mol/L
Na;(C0,. NDGA was dissolved in ethanol. Further di-
lutions were made with distilled water.  All the rest were
dissolved in distilled water and dilutions were made with
physiologic salt solution.

Statistical analysis Relaxation and contraction
were measured as actual decrease or increase in tension,
measured in grams, respectively. Results were ex-
pressed either as X + 5 or % response (X + 5). Paired
t-test was applied and a P value <0.05 was considered
significant.

RESULTS

Acetylcholine (1x 107° =1 x 107 mol/L) evoked
dose-dependent relaxation in phenylephrine precontracted
{3 x 10~ mol/1.) isolated rabbit aortic strips equilibrated
in Krebs Henseleit solution bubbled with oxygen (pg, in
organ chamber=618.9 £ 0.4 mmHg) (Figl). Howev-
er same doses of ACh were observed to produce contrac-
tions in PE (3 x 10™7 mol/L) precontracted rabbit aorta
equilibrated in physiologic salt solution bubbled with air

t
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(po, in organ chamber = 117.6 + 0.6 mmHg) (Fig 1).
The observed relaxation and contraction were attenuated
by endothelium removal (Fig1). SOD (10, 20, and 40
kU/L) produced marked relaxation in precontracted
preparations (Fig 2) bubbled with oxygen and air. Py-
rogallol {1 x 107® mol/L, and 1 x 10~* mol/L) and
methylene blue (1 x 10~5 mol/L} produced contractile
responses in precontracted tissues (Fig 3) bubbled with
air. Both the relaxation to SOD and the contraction to
pyrogaliol and methylene blue were sensitive to endotheli-
um removal (Fig 2, 3). The relaxant response to ACh
was inhibited by L-NAME (1 % 10~° mol/L) and pyro-
gallol {1107 mol/L) (Fig 4).

In the experimental sequence when the aerating gas
was changed from O, to air, a complete reversal from a
relaxant response 10 a contractile response was observed to
acetylcholine (1 x 1073 — 1 x 10~* mol/L) in isolated
rabbit aosta with intact endotheliom (Fig 5). This
reversal from relaxation to contraction did not occur im-
mediately and more than three hours exposure to reduced
po, was required (Fig 5). In a control experiment mn
for the same duration of time with the aortic strip aerated
with 100 % oxygen, no tachyphylaxis of the relaxant re-
sponse 10 ACh in the same doses was observed.  SOD

t 7
PEIX I8 welL.

Fig1. Aoetyldmline(Aﬂl.1x10"-1x10"nﬂ/L)-uohedmhplwwlqhhe(l’E)pre-onllrnclndhoht-
edrnbbltaona.mmdwiﬂm:ygm(a.c)mﬂait(b.d)inpupmﬂanwlﬂlinuctmdaﬂﬂimta.b)andhnd-
od endothelivn (c, d). n=5 in both groups. For detailed ACh doses see Fig 6b.
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Fig 2. Superoxide dismutase (SOD; 10, 20, and 40
KkU/L)}-evoked responses in phenylephrine (PE) pre-
contracted isolated rabbit aorta with intact endothelium
and nerated with air {(a) and oxygen (b} and denuded
endothelium aerated with oxygen (c). n =35 in both
groups.

(10, 20, and 40 kU/L) and pyrogallol (1 x 10° mol/L
and 1 x 10™* mol/L) respectively relaxed and contracted
the pre-contracted rabbit aorta at the end of the experi-
ment (Fig 5). Sodium nitroprusside (1 x 107% — 1 x
10-* mol/L), was observed to completely relax the pre-
contracted rabbit aorta at the end of the experiment {result
not shown) .

The per-se contractile responses observed with ACh
(1x107° -1 x10~* mol/L) and contractions to ACh in

PE precontracted aorta were atienuated by a combination
of SOD, catalase, and indomethacin ( Fig 6a, 6b) but
not by pretreatment with either SOD (40 kU/L) or cata-
lase {1000 kU/L) alone (results not shown). To over-
come the per-se relaxant effect of SOD, the precontracted
tissue was first treated with catalase, and then SOD.
Catalase is known to reduce/inhibit SOD-induced relax-
ation'®, Though the contractile effect to ACh was abol-
ished no relaxant effect was observed after the above
treatment in pre-contracted tissues as seen in Fig 6a.
ACh-mediated contractions were not affected by OKY-
(046, a thromboxane synthetase inhibitor ( result not
shown) but were inhibited by SQ-030741 (1 x 107°
mol/L) (Fig 7a) and GR-32191B (1 x 107° mol/L)
(Fig7b ), both PGH,-TXA, receptor antagonists.
SQ-030741/GR-32191B in combination with SOD and
catalase fully attenuated the ACh-evoked contractions
(Fig 7a, 7b). NDGA, a lipoxygenase inhibitor had no
effect on the ACh-mediated contractions ( result not
shown) .

The direct effect of SOD (40 kU/L) on ACh-medi-
ated relaxation could not be gauged as ils per-se relax-
ation (about 70 % ) masked any potentiation of ACh me-
diated relaxation (Fig 8a). ACh mediated relaxations
were highly accentuated when treated with catalase,
SOD, and indomethacin (Fig 8b). Catalase was added
before SOD to prevent its per-se relaxation.

DISCUSSION

Acetylcholine (ACh) produced concentration-depen-
dent relaxations in isolated rabbit aorta pre-contracted with
phenylephrine and bubbled with oxygen. These relax-
ations were endothelium-dependent as removal of en-
dothelium attepuated the responses. The observed relax-
ation to ACh was mediated through the release of nitric
oxide as L-NAME, a specific inhibitor of nitric oxide
synthase, attenmated the responses. Pyrogallol rapidly
autoxidises in oXygen-containing aqueous medium and
generates superoxide anions® and EDRF is reported to
be chesnically inactivated by superoxide anions™®) . This
may be the reason of pyrogallol mediated inhibition of the
endothelium-dependent relaxations to ACh.

In this study less endothelium-dependent relaxations
to ACh were cbserved as compared to those observed by
Furchgott and Zawadzki™).  ACh is known to elicit en-
dothelium-dependent relaxations through both the stimu-
lated and basal release of EDRF?). In the present study
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Fig3. Eifect of pyrogallol (PYR, 1x10°° and 1 x 10~* mol/L) and methylene blue (MB, 1x 107° mol/L) on
phenylephtine (PE) pre-contracted isolated rabbit aorta with intact endothelium (a, b) and denuded endothelium (c,

d) aerated with air. n=35 in each group.
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Fig 4. Effect of N-nitro-L-arginine methyl ester (L-
NAME, 1x 10~* mol/L) and pyrogallol { PYR, 1x 10-*
mol/L) on acetylcholine {ACh, 1x107? -1 x 10-* mol/
L)-evoked endothelium-dependent relaxations in isolat-
ed rabbit aorta aerated with oxygen. P <0.01 vs ACh
mediated relaxation. # =5 in both groups.

only the stimulated release of EDRF in response to ACh is
evident. The basally released EDRF might be getting si-
multaneously destroyed by superoxide anions which are
present abundantly in hyperoxic conditions'™ produced
by aeration with 100 % oxygen.

The viability of the endothelium to produce basally
released EDRF is evident from the observation that SOD
{40 KU/L) produced a marked relaxation {about 70 %)

in isolated rabbit aorta precontracted with phenylephrine.
SOD, by scavenging superoxide anions, unmasked the
basally released EDRF. However, the protective effect
of SOD on ACh-induced relaxation could not be observed
as the marked per-se relaxation to SOD masked the ACh-
mediated relaxation. Pyrogallol, which rapidly autoxi-
dises in oxygen-containing aqueous medium fo gencrate
superoxide anions'? and methylene blue, a potent gener-
ator of superoxide anions'™®) were observed to further
contract preparations pre-contracted with phenylephrine.
This overshoot in tone is due to inhibition of the sponta-
neously released EDRF®®) . Thus the ability of the en-
dothelium to produce basally released EDRF is further
confirned. Removal of endothelium abolished the relax-
ant response to SOD and the contractile response to pyro-
gallol and methylene blue. The contractile response to
methylene blue was partially inhibited as it is reported to
elicit some direct action on the smooth muscle™.

As the aerating gas was changed from oxygen [ Po,
=(618.9£0.4) mmHg] to air [ pg = (117.6 £ 0.6)
mmHg] it was observed that the relaxant effect to ACh,
recorded every hour, gradually decreased till it gave way
to a significant contractile response. This occurred over
a period of 3.5 h. When the acrating gas was changed
back to oxygen, no reappearance of the relaxant effect to
ACh was noticed.  This implies that some fimctional
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Fig5. Effect of change of aerating gas fram oxygen to air {a, b, ¢, d, e) and from air to oxygen (f) and effect of
SOD (10, 20, and 40 kU/L, g) and pyrogaliol (PYR, 1x 10 and 1 x 10~ mol/L, h) on endothelium-dependent
acetyichaline { ACh)-evoked responses in phenylephrine (PE) pre-contracted isolated rabbit aorta. n=4.
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Fig6. Effect of superoxide dismutase (S0D, 40 kU/L), catalase (CAT, 1000 kU/L) and, indomethacin (IND, 1x
10-% mol/L) on acetylcholine {ACh)-evoked endothelium-dependent contractions in guiescent [2) and pre-contracted

{b} isolated rabbit aorta asrated with air.

P <0.01 ve quiescent ACh comtractions. P <0.05, P <0.01 v ACh

contractions in pre-contracted aorta.  The tissue was incubated in indomethecin, catalase, and SOD for 30, 10, and 2

min respectively. n=35 in both groups.

changeoocursinﬂleendothelimncxposedtolawpo:smh
that the stimulated release of EDRF in response to
ACh is completely inhibited. However, the endothelium
does not lose its ability to release basal EDRF as marked
relaxation to SOD was observed at the end of the experi-
ment. These observations tentatively suggest that a pro-
longedexposnetoiowpozmayhavepmdwedanim-
versible change in the physiologic function of the en-
dothelium.

The functionally compromised endothelivm was ob-
served to release some contractile factor which was sensi-
tive to attenuation by a combination of SOD, catalase and
indomethacin. This implies the role of prostaglandins
and some reactive oxygen intermediates in the generation
of the observed contractions. OKY-046, a thromboxane
synthetase inhibitor, did not alter the ACh-evoked con-
tractions. However, almost complete inhibition was not-
ed when SOD and catalase were used in combination with
$Q030741 and GR-32191B. This suggests that PGH,,
the precursor prostagiandin, or other prostaglandins ( ex-
cept TXA,) and hydroxyl radicals generated simultane-
ously as a result of conversion of PGG, to PGH; may be
responsible for the contractions cvoked by ACh. It is

teported that activation of cyclo-oxygenase not only leads
to enbanced production of prostaglandins but also gener-
ates reactive oxygen intermediates'®” ., SQ-030741 and
GR-32191B are not selective antagonists to PGH./TXA,
as antagonisi at this site leads to inhibition of the pro-
duction of prostaglandins such as PGF,,, PGE,, PGD,,
and PGL,. Hypoxic endothelium is reported 1o enhance
the release of prostanoids, especially prostacyclin(®).
Basal production of prostacyclin is reported to increase in
pulmonary endothelial cells when the pq is decreased
from 680 mmHg to 150 mmHg"? and also in hypoxic
rabbit aorta with intact endothelium™) . It has also been
reported to be a vasooonstrictor in rabbit aomal’™)
Cholinergic agents have also been reported o stimulate
PGL, synthesis in the rabbit aortic endothelium™” . Thus
the contractions may be caused by PGL in the present
smdyseansmeplmsibleasdnlowpo,mpluyednmy
not be enough of a hypoxic stimulation o release an ED-
CF but is enough to produce an enhanced release of
prostacyclin,  The contractile effect to ACh thus may be
partially due to prostaplandins other than TXA,, wost
prohable of which is prostacyelin, and some free radical
generated along with under low oxygen tension conditions.
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Fig 7. Effect of SQ-030741 (1= 10-% mol/L, a), GR-32198 (1x 10-* mol/L, b} and a combination of SQ-030741/GR-
3219B with catalase (CAT, 1000 /mL) and superoxide dismutase (SOD, 40 kU/L} on acetylcholine-evoked endotheli-

um-dependent contractions in rabbit acrta aerated with air.

The tissue was incubated with $Q-030741/ GR-32191E,

catalase, and SOD for 19, 10, and 2 min respectively. "P <0.05, “P <0.01 vs ACh mediated contractions. n=5in

both groups.

In conclusion, it was observed in this study that
there seem Lo be an oxygen sensor in the endothelial cells
which appears 10 be sensitive towards even mild changes
in the oxygen tension and can differenciate between the
endothelial cells sensitivity towards stimulated and basally
released EDRF. Also that the functionally compromised
endothelium releases some contractile factor which may be
a prostanoid other than thromboxane and some oxygen
free radical generated alongwith.
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SOD for 30, 10, and 2 min respectively. "P <0,05, P <0.01 vs ACh-mediated relaxation. 7 =35 in both groups.
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