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Effects of endothelin-1 on prevention
of microvascular endothelium injuries
in hemorrhagic shock in rats
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Abstract:

The aim of this study was to examine the effects of posthemorrhagic hypovolemia and hypotension upon the microvascular
endothelial cells and on activity of antioxidant enzymes in blood, and to investigate the influence of intravenously injected
endothelin-1 in rats. The experiment was conducted on 48 rats anesthetized with ethylurethane, subjected to controlled hypotension
(under 35–40 mmHg) for 60 min. Endothelin-1 was administered intravenously once at a dose of 50 pmol/kg in the 5th min of
hemorrhagic shock. The control group had blood volume restored after 5 min of hypovolemia with hypotension. The arterial blood
pressure, systolic and diastolic, and heart rate were monitored. After 60 min, morphological changes in the capillary endothelium of
the small intestine were assessed, using electron microscope, and the activities of superoxide dismutase (SOD), catalase (CAT), and
glutathione peroxidase (GSH-PX) in blood were measured. Animals with hypovolemia and hypotension, had edematous endothelial
cells with injured cell-membrane and mitochondria, alongside of the enhancement in SOD activity (p < 0.05) and drop in the activity
of CAT and GSH-PX.
No signs of vascular endothelium injuries and no reduced enzymatic activities, except for GSH-PX, were observed after restoring
the normal blood pressure by means of endothelin-1 in animals with hypovolemia. Hemorrhagic shock caused injuries in intestinal
microcascular endothelium.
Intravenously administered endothelin-1 quickly restored normal blood pressure, maintained it over a long time, and prevented the
consequences of ischemia in microcirculation, thereby prolonging the survival for animals in hemorrhagic shock.

Key words:

hemorrhagic shock, vascular endothelium injuries, antioxidant enzyme activity, endothelin -1

Introduction

Hemorrhagic shock is a frequent syndrome in which
the sudden hemodynamic disturbances are caused by
reduced blood volume and decreased blood pressure.
These changes lead to the extensive injury of tissues
and organs, and very often to death [36, 40].

Injuries of tissues accompanied by blood loss and
shock cause the most serious disturbances in micro-

vascular blood flow, including even occlusion of cap-
illary vessels, independent of local autoregulation
mechanisms [26, 37]. At present, it is clear that cell
membrane injuries, reduction of adenosine diphos-
phate (ADP) levels, and lowering of Na+/K+- ATPase
activity are caused mainly by reperfusion and organ
ichemia [39, 44]. Indirect evidences indicate that
these phenomena can also occur in hemorrhagic
shock.
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The studies of endothelium reveal that this special-
ized tissue has a substantial metabolic activity, which
is induced by numerous factors, and functions to
maintain constant vascular tone, and to counteract the
formation of thrombi. Endothelium is especially sen-
sitive to ischemia, even lasting for a very short time,
which causes endothelium impairment [5, 18, 43].
Ischemia and reperfusion result in the generation of
oxygen free radicals, mainly during the adhesion of
leukocytes to endothelial cells, as early as within the
first five minutes. The rate of oxygen free radicals
production triples (and induces) the intensity of ische-
mia [8, 9, 42]. The excess of these substances causes
also the loss of vessel integrity and the exposure of
the endothelial tissue to the fluid permeating from the
intravascular space to the cells.

Maintaining the integrity of microvascular endo-
thelium is one of the conditions for maintaining the
blood flow and preventing thrombus formation. The
increased generation of oxygen free radicals contrib-
utes considerably to endothelial dysfunction [6].

Various substances presently used to counteract
ischemia/reperfusion-induced endothelial injuries act
to increase the activity of antioxidant enzymes or to
scavenge free radicals [24, 33, 41]. Reduced blood
volume and blood flow in microcirculation in hemor-
rhagic shock may cause in the endothelium conse-
quences similar to those after ischemia and reperfu-
sion [2].

Endothelin-1 (ET-1) administered intravenously to
animals with acute hypovolemia quickly restores nor-
mal blood pressure and prolongs animal survival by
over 120 min. ET-1 is the most powerful vasocon-
strictive peptide, in comparison with other vasocon-
strictive substances, which usually have a short-term
effect. The survival time in hemorrhagic shock is evi-
dently reduced [20, 25, 27, 28, 38]. Although the local
ET-1 release from endothelial cells increases leading
to its increase in blood, the increase is not sufficient
for the restoration of micropressure gradient in micro-
circulation [7].

The linear velocity in arterioles drops, whereas that
speed has crucial importance for the blood volume
flowing out of arterioles to blood capillaries, due to
the reduced blood volume in the circulatory system,
and reduced volume of blood flowing through organs
in hemorrhagic shock. The cardiac index increases af-
ter ET-1 administration in hypovolemia, while the
vessel resistance decreases [19, 22]. It is assumed that
ET-1 in hypovolemia prolongs the maintenance of pe-

ripheral compensatory circulatory mechanisms, acting
in cooperation with the central regulatory mecha-
nisms, involving mainly the adrenergic and vaso-
pressin system, and histamine effect on the central
nervous system.

The aim of this study was to investigate the effects
of hemorrhagic shock upon the morphology of endo-
thelial cells of intestinal capillaries, and on activities
of antioxidant enzymes, superoxide dismutase (SOD),
catalase (CAT) and glutathione peroxidase (GSH-Px)
in blood, and to examine the effects of endothelin-1
administration.

Materials and Methods

Animals

Experiments were performed on 48 male Wistar rats,
250–300 g of body weight. The animals were kept in
individual cages, under controlled 12-h light/12-h
dark cycle and were provided with food and water ad

libitum.

The experiment was performed in compliance with
European Union directives and was approved by the
Ethics Committee for Animal Research of the Medi-
cal University of Silesia.

Surgical procedure

After general anesthesia by intraperitoneal admini-
stration of ethylurethane (1.25 g/kg), the rats were
catheterized, and heparinized saline (300 JU/ml) was
administered to the right carotid artery and the right
femoral vein via the catheters.

Arterial blood pressure and heart rate (HR) were
measured using the RMN-2001 pressure transducer
(Temed, Poland) and Diaskope 2 electrocardiograph
(Unitra Biazet, Poland), respectively.

Experimental protocol

According to the modified method of Guarini et al.
[17], irreversible hemorrhagic shock was induced by
intermittent blood withdrawal via the catheter inserted
into the right femoral vein, over a period of 15–25 min,
until blood pressure stabilized at 35–40 mmHg.

The animals were divided into three groups.
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In group I (control group), animals were subjected
to hypovolemia and hypotension for 5 min, after
which the blood loss was immediately normalized.

Group II was subjected to controlled hypotension
(35–40 mmHg) over a period of 60 min, and 0.2 ml of
physiological saline was administered after 5 min of
hypotension.

Group III received a single dose of ET-1 (50 pmol/kg,
intravenously, diluted in 0.2 ml) after 5 min of in-
duced hypovolemia and hypotension.

Arterial blood pressure and heart rate were moni-
tored in all animals.

A sample of 1 ml of venous blood was collected af-
ter 60 min from each animal. The samples were used
for determination of hemoglobin and activities of an-
tioxidant enzymes (SOD, CAT and GSH-Px), next the
mesenteric artery was isolated and intestinal blood
vessel perfusion was measured, using a 2.5% solution
of glutaraldehyde pH 7.2.

Drugs

The following drugs were used: endothelin-1 (Re-
search Biochemical Incorporated, USA), ethylure-
thane (Riedel de Haen, Germany), heparinum (Polfa,
Poland). All drug solutions were prepared ex tempore.

For examination under electron microscope, the
vessel slices were fixed in a mixture of 2.5% glutaral-
dehyde and 1% OsO4 in 0.05 cacodylate buffer, pH
7.4. Subsequently, vascular tissues were fixed in
a mixture of 1.6% K4FeCN6 and 2% OsO4. These tis-
sue slices were dehydrated in a series of alcohol and
acetate solutions, dried at critical point, and prepared
for examination in electron microscope JEOL 100CX,
using standard procedures.

Histological examination

The slices of tissue with microvessels were collected
from the last loop of the small intestine, and fixed in
a mixture of 2.5% glutaraldehyde and 1% OsO4 in
0.05 cacodylate buffer. After dehydration, the intes-
tine tissues were embedded in epoxy resin EPON 812.
After polymerization, the blocks were cut into slices
1 µm thick, and stained with toluidine solution. The
ultrathin slices, thickness 5 µm, were put on copper
grids, mesh size 3 mm (300 MESH). The slices were
treated with lead citrate and uranyl acetate solution.

Transmission electron microscope (JEOL 100CX)
was used to assess the endothelial cell structure, cell

nucleus, cytoplasmic processes lining the vessel lu-
men, connections and location of vessels between
crypts.

Determination of antioxidant enzyme activities

In order to determine the activity of superoxide dis-
mutase in erythrocytes, the xanthine-xanthine oxidase
system was used [30] (RANSOD kit, Randex, UK).
The activity of catalase in erythrocytes was examined
using the Aebi method, [1] while the activity of glu-
tathione peroxidase in blood was examined using the
Paglia-Valentine method [34].

Absorption measurements were taken using spec-
trophotometer, wavelength 340 nm. The results were
recalculated per 1 mg Hb and expressed as U/g Hb
[15].

Statistical analysis

The results were expressed as the mean ± SD. Values
of p < 0.05 were regarded as statistically significant.
Statistical evaluation was performed using analysis of
variance. ANOVA and Newman-Keules test were
used.

Results

Before exsanguinating of the animals, the mean val-
ues of HR, systolic and diastolic pressure (SAP and
DAP) did not reveal significant differences in all
groups of animals.

The HR in posthemorrhagic hypovolemia (group
II) was, on the average, by 25% lower (p < 0.001)
over the period of 60 min, in comparison with normo-
volemic animals. In hypovolemia and hypotension,
ET-1 administration (group III) the HR revealed no
significant differences. Only for 10 min immediately
after the ET-1 administration, HR appeared to be
higher than at the end of observation (Fig. 1).

The systolic arterial pressure (SAP) values in-
creased immediately after the ET-1 administration
(group III), on the average by 50% and were main-
tained at a stable level. After 60 min, SAP appeared to
be lower than in normovolemic animals, by some
20% (p < 0.05).
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Diastolic arterial pressure showed no differences
between group I and group III (Fig. 2)

Morphological observations

The morphological pictures of capillary endothelium
of small intestine connective tissue in normovolemic
and normotensive animals (group I) (Fig. 3) have
been compared with those in hypovolemia and hy-
potension (group II) (Fig. 4, 5), and their electrono-

grams revealed signs of injury in the endothelial cells,
edema and blurring of mitochondrial cristae struc-
tures. No lesions were identified in electronograms
(group III) of samples from animals showing hypovo-
lemia and normal pressure induced by ET-1 admini-
stration (Fig. 6). The endothelium revealed smooth
bland contours of vessels, without cellular edema,
basilemma and plasma membrane appeared to have
a correct structure. The electron density of endothelial
cell cytoplasm revealed no difference in comparison
with that in normovolemic animals (Fig. 3).

The activity of antioxidant enzymes

The activity of SOD appeared to be greater in hemor-
rhagic shock with hypovolemia and hypotension (p <
0.05), while it appeared to be significantly reduced in
hypovolemia with normal tension after ET-1 admini-
stration (p < 0.001) (Fig. 7).

The activity of CAT was reduced in hemorrhagic
shock in both experimental groups (II and III), while
the activity of GSH-PX was reduced in hypovolemia
with hypotension, and it increased significantly after
ET-1 (Fig. 8, 9).

Discussion

The results of the investigation indicate that acute
hemorrhagic shock, with 40% blood loss and con-
trolled hypotension with blood pressure maintained at
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about 40 mmHg to keep the animal alive for one hour,
induced injury of endothelial cells in capillary ves-
sels, what was observed using the ultrastructural ex-
aminations. Endothelial cells were edematous, they
had uneven surface. Also mitochondria revealed fea-
tures of lesions, since rupture of mitochondrial mem-
brane and blurring of mitochondrial cristae structures
were shown. The edema of endothelial cells of capil-
laries may limit blood flow, or even occlude it, which
aggravates the consequences of ischemia, regardless
of the drop of transmural pressure reducing the vessel
lumen.

As a result of cell ischemia, pH drops, and the
membrane ionic pump activity decreases. Influx of
electrolytes to the cell causes increased edema [29].
The destructive changes in endothelial cell and myo-
cytes were induced by the increased generation of
oxygen free radicals. This phenomenon was demon-
strated in numerous studies during multiorgan ische-
mia and reperfusion [3, 12, 46, 48].

In a model of hemorrhagic shock similar to that
used in our study, a positive correlation has been
noted between leukocyte adherence and generation of
oxygen free radicals in vivo in intestinal microvessels,
while the generation of free radicals was mainly in-
creased in the early phases of endothelial ischemia
[9]. Also the spontaneous reperfusion in previously
occluded capillaries, periodically occurring in ischemic
shock, aggravates the destruction of endothelium
[10].

ATP degradation increases in prolonged ischemia
of endothelium, alongside of the generation of uric
acid catalyzed by xanthine oxidase, and generation of
free radicals as by-products. Thus, free radicals, dam-
aging the phospholipid membranes, change its perme-
ability. Mitochondria are damaged due to increased
membrane permeability resulting from cell ischemia
[14]. Prevention of this phenomenon is attempted by
early use of the so-called free radical scavengers.

In the study reported here, the changes in activities
of antioxidant enzymes in response to organ ischemia
were determined. After 60 min of controlled hemor-
rhagic shock, activity of superoxide dismutase was in-
creased (p < 0.05) in blood, whereas glutathione per-
oxidase and catalase activities dropped (p < 0.05). It
seems that the increased activity of SOD was not suf-
ficient to counteract the consequences of endothelial
lesions. The studies undertaken so far, especially re-
lated to septic and hemorrhagic shock, dealing with
prevention of organ lesions by means of increasing

the activity of antioxidant enzymes, or administration
of antioxidants, have not provided satisfactory results.

In some experiments on animals, early administra-
tion of antioxidants with polynitroxylated albumins in
hemorrhagic shock prolonged the survival [11, 16].
Other data suggest that the use of selective inhibitors
of inducible nitric oxide synthase (iNOS) in shock is
a way to reduce the damage to organs such as liver,
kidneys or pancreas, resulting from the excessive gen-
eration of nitric oxide (NO) [32, 35].

The experimental therapies with antioxidants in
hemorrhagic shock as well as in ischemia reperfusion
are still under development and search for agents re-
ducing the adhesion of leucocytes is continued [23].

In animals subjected to critical hypotension of
25–30 mmHg, caused by blood loss, a quick restora-
tion of normal blood pressure was obtained using cen-
tral stimulation of the histaminergic system and, what
is of much more importance, 5 times longer animal
survival (from 20–120 min) was observed [21]. In the
present experiment, quick restoration of normal blood
pressure was obtained by a single intravenous admini-
stration of ET-1 at a dose of 50 pmol/kg, which tripled
the survival time. The increase in arterial pressure af-
ter ET-1 administration took place in one phase. Sur-
vival of animals in critical hypotension and hypovo-
lemia depended upon quick restoration of normal
blood pressure, which caused the increase in blood
flow in organs over the subsequent minutes. Such an
effect appeared in hemorrhagic shock after the ad-
ministration of ET-1, which indicated that ET-1 pre-
vented tonus fall in microcirculatory vessels and oc-
clusion of capillaries. Despite the fact that the mecha-
nism of restoring normal pressure reported above,
through interference with central or peripheral mecha-
nisms, is somewhat different, the end result in both
cases is the reduction of vascular bed volume. In the
former case, the main factors are the adrenergic sys-
tem, increased secretion of suprarenal catechola-
mines, secretion of arginine-vasopressin and activa-
tion of the renin-angiotensin system. In the latter case,
there is a strong local activity contracting the smooth
muscular coat of arterioles [4, 13].

As has been proven in the research reported by Jo-
chem et al. [20], the pressor reaction in hemorrhagic
shock occurs 5–10 min after intravenous administra-
tion of ET-1, while a substantial increase in blood
flow in organs is observed after another 10 min.

Without the treatment with an exogenous ET-1,
animals died of hemorrhagic shock despite the release
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of endogenous ET-1. The increased concentration of
ET-1 probably enhanced the activation of endothelin
receptors ET-A in endothelium and smooth muscle
myocytes, or increased the number of active receptors
[47]. The number of endothelin receptors is not con-
stant, it increases in ischemia, and decreases under the
influence of NO, atrial natriuretic peptide (ANP), and
angiotensin II. However, endothelial ischemia accom-
panied by hypoxia or anoxia is the strongest stimula-
tor of their production. In hypovolemia with hypoten-
sion, the blood flow is radically reduced, and initially
amounts to only 15% of the flow in normovolemia
and normal blood pressure. The volume of flowing
blood depends upon arterial pressure reduction. Blood
flow in large arteries, such as renal, hepatic, or vis-
ceral is reduced about 5 times in critical hypotension.

After intravenous administration of ET-1, blood
flow increased after ten minutes in those vessels, and
after 20–25 min the blood flow was only half of that
noted in normovolemia, whereas the flow was higher
in renal or hepatic arteries than in mesenteric arteries
[15]. In morphological examinations, after restoring
normal pressure by means of endothelin-1, no injury
or irregularities have been detected in capillary endo-
thelium cells. The image of capillary endothelium
structure after administration of ET-1 did not differ
from the endothelium image in control animals in
which, immediately after bleeding, the blood loss was
compensated for and pressure restored within 5 min.

It can be suggested from those studies that in hem-
orrhagic shock, ET-1 indirectly protects endothelium
from ischemia by increasing blood flow. It can be thus
assumed that normal blood pressure after ET-1 ad-
ministration protects capillaries from occlusion, as
well as prevents secondary reperfusion, thus reducing
cell damage caused by generation of free radicals.

The activities of SOD and CAT in hypovolemia
after ET-1 administration were still diminished
(p < 0.01), while the activity of GSH-Px was markedly
increased. It seems that the increased activity of
GSH-Px was not related to ET-1. It may be stated that
any manner of restoring normal pressure in hemor-
rhagic shock, and maintaining continuous blood flow
in microcirculation, prevents capillaries from occlu-
sion and thus from being damaged.

Experiments with blocking endothelin receptors
ET-A by BQ 123 blocker after the administration of
ET-1 indicate that immediate drop in blood pressure,
despite the administration of ET-1, results in waning
of blood flow in hemorrhagic shock, which reduces

survival time to a minimum [31]. Despite gathering
numerous new facts concerning endothelin since its
discovery concerning its intracellular effects, includ-
ing phosphorylation of calcium channels in cytoplas-
mic membrane, and activation of protein kinase, there
is still no indirect proof confirming that ET-1 partici-
pates in the stabilization of cell membrane or acts pro-
tectively upon endothelial cells. On the contrary, a se-
ries of investigations indicate that in damaged endo-
thelium the excessively released endothelin, especially
after ischemia and reperfusion, aggravates the dys-
function of endothelium by reducing the amount of
relaxing substances released. The increased release of
ET-1 causes a kind of overregulation, which is the
cause of secondary lesions and cell necrosis, e.g. in
the kidneys or myocardium [45].

Summing up, it can be stated that acute posthemor-
rhagic hypovolemia with hypotension causes damage
of the endothelium and cell edema, which impairs the
patency of capillaries. In hemorrhagic shock, the ac-
tivity of antioxidant enzymes does not protect the en-
dothelium from damage by oxygen free radicals,
while the restoration of normal blood pressure in-
duced by exogenous endothelin efficiently protects
vessels in microcirculation from being damaged.
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