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Abstract

Background: The role of Renin Angiotensin System (RAS) in
ischemic/reperfusion (I/R) injuries is not fully elucidated. Fur-
thermore, it is not clear whether inhibition of RAS by Angio-
tensin-Converting Enzyme (ACE) inhibitors has beneficial
effects in terms of protecting the brain from I/R injuries. In
this study enalapril is used as an ACE inhibitor to eva uate the
roleof RASinl/Rinjuriesintherat.

Methods: ACE inhibition was performed one hour before induc-
tion of ischemia using a single IP injection of 0.03 mg/kg or 0.1
mg/kg endapril in the rats. Transient focal cerebra ischemia was
induced by 60 min ocdusion of the middie cerébrd artery fol-
lowed by reperfusion. Neurologicd deficit score (NDS) test was
performed 24 hours dter the start of reperfusion. Findly the ani-
mals were saaificed under degp anesthesia, the brain removed
and prepared for the evaluation of cortical and striatal infarction
volumes using Triphenyltetrazolium chl oride staining method.

Results: Pre-ischemic inhibition of ACE with non-hypotensive
dose of enalapril (0.03mg/kg) significantly reduced cortical and
striatal infarction volumes of i schemic rats by 41.6% and 52.7%
respectively with concomitant improvements in NDS. How-
ever, no improvement was observed when ACE inhibition ac-
companied with arterial hypotension.

Conclusion: In the rat modd of transient focal cerebra ischemia,
ACE inhibition seems to reduce the severity of I/R injuries.
Thardore, it is plausble to condude that renin-angiotensin-
system may participatein ischemic/reperfusion injuries.
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Introduction

arious therapeutic strategies have been developed to
attenuate the stroke-induced neuronal injury and the

subsequent neurologic deficits and disability." Recent
experimental and clinical studies have suggested that inhibition of
the renin-angiotensin system (RAS) by Angiotensin Converting
Enzyme (ACE) inhibitors or Angiotensin Il type 1 (AT1) receptor
antagonists may be effective in reducing the incidence of
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injury after brain ischemia.” A large body of evi-
dence suggests that angiotensin Il (Ag Il) is in-
volved in the pathophysiology of the stroke in
hypertensive rats.>*® Longterm treatment with
ACE-inhibitors, or ATl receptor antagonists,
has been reported to prevent the occurrence of
stroke in spontaneously hypertensive or salt
loaded-Dahl  salt-sensitive rats.**®> ACE-
inhibitors are shown to ameliorate ischemic
brain metabolism in spontaneously hypertensive
rats by preventing the elevation accumulation of
tissue lactate which is produced during ische-
mia or stabilizing the levels of ATP.® Moreover,
ACE-inhibitors are reported to improve neu-
rologic recovery from cerebral ischemia and
reduce mortality rate in spontaneously hyper-
tensive rats.”®°

Most of the investigations performed about
the protective effects of ACE-inhibitors are
done in genetically hypertensive rats.>***°
Pathological remodeling of cerebral vessels is
said to occur during chronic hypertension and
this may interfere with the outcome of ACE
inhibition and other neuroprotective agents.’
To elucidate this possibility, therefore, we used
transient focal cerebral ischemia as a model of
stroke in normotensive rats and investigated
whether pre-ischemic ACE inhibition, by sys-
temic administration of enalapril, would be able
to improve ischemia/reperfusion (I/R) injuries.
Experimental-induced transient cerebral ische-
mia, after transient middle cerebral artery
(MCA) occlusion, is used in the rat to examine
the functional impairments that resemble those
seen in human stroke.™ Intraluminal (MCA) oc-
clusion is widely used in experimental animals
to induce I/R models of the stroke to evaluate
interactions of endogenously induced sub-
stances which contribute to the improvement or
exacerbation of ischemia in hypertensive,*** or
diabetic aggravated stroke in the rat.'”

In this study we induced focal cerebral
ischemia by (MCA) occlusion lasted for 60 min
and followed by 24 hours reperfusion. We pre-
treated normotensive rats with a single intrap-
eritoneal injection (IP) of enalapril at 1 hour
before induction of cerebral ischemia and
evaluated the effectiveness of complete ACE
inhibition in improving I/R injuries. We also
continuously monitored arterial blood pressure
and blood gases to eliminate the possibility of
their interactions with the outcome. After 24
hours reperfusion we quantified neurological
status, cerebral, and striatal infarction volumes.

Material and Methods
Male normotensive Sprague-Dawley rats weigh-

ing 300-380 g obtained from the animal house of
Shiraz University of Medical Sciences (Shiraz,

Iran). Animals were kept under controlled con-
ditions with respect to temperature, humidity
and housed on a 12 hours light/12 hours dark
cycle with having free access to food and water.

Surgical procedures and instrumentation

The animals were fasted overnight before
the experiment but had access to water ad
libitum. Anesthesia induced with chloral hy-
drate (400mg/kg IP). The trachea cannulated
from mouth by a polyethylene catheter to pre-
vent asphyxiation and hypoxia, and give oxy-
gen when needed. Two temperature probes
were inserted into the rectum and in the area
of left temporalis muscle to record core and the
cranial temperatures. Tow separate heating
lamps were used to maintain rectal and cranial
temperatures at 37+1°C during the experiment.
In some rats, which selected randomly, poste-
rior tail artery was cannulated for recording
arterial blood pressure and blood sampling.

(MCA) occlusion was induced by intraluminal
filament method.™ In brief, the right common
carotid artery was exposed through a midline
neck incision and a Poly-L-Lysine-coated nylon
thread (3-0) inserted into the internal carotid
artery and advanced towards the origin of the
middle cerebral artery (MCA) until occlusion
occurred. After 60 min (MCA) occlusion, reper-
fusion continued for 24 hours by gently with-
drawing the filament and suturing all insitions.

Arterial blood pressure was recorded con-
tinuously from 30 min before (MCA) occlusion
until 30 min after termination of occlusion, dur-
ing reperfusion period. Arterial blood pH,
Pa02, PaCO2 saturation (SaO,) was meas-
ured 10 min before ischemia, 30min after
(MCA) occlusion and 10 min after termination
of (MCA) occlusion. Plasma glucose levels
were also determined with Blood Glucose Me-
ter (Glucometer, Miles, USA).

After thirty minutes of termination of (MCA)
occlusion, the tail catheter was removed and the
vessel ligated. After suturing the incisions at the
neck region the animal was allowed to recover
from anesthesia and returned to a warm cage
until the evaluation of its neurological outcome.

Experimental design

Rats were randomly assigned to four
groups. Group | (n=10) was sham, in which the
animal was anesthetized and surgery per-
formed at the neck without inducing (MCA)
occlusion or receiving any drug. Group Il (n= 6)
was ischemic, receiving the vehicle (an IP in-
jection of 1ml/kg distilled water) at 1 hour be-
fore (MCA) occlusion followed by 60 occlusion
and 24 hours reperfusion. Groups Il (h=6) and
IV (n= 5) received 0.03 mg/kg and 0.1 mg/kg
enalapril (Sigma Chemicals, UK) respectively at
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1 hour before (MCA) occlusion, followed by 24
hours reperfusion. From a total 45 rats as-
signed for the study, 18, rats died during reper-
fusion period and their results discarded from
the study.

Evaluation of neurological deficit score (NDS)

Evaluation of NDS with minor modification
was carried out 24 hours after termination of
(MCA) occlusion.”*** The neurological grading
system had a five-point scale as the following:
Rats with no observable neurological deficits,
for example, sham-operated rats, were graded
1. Rats with flexion of contralateral torso or
forelimb upon lifting by the tail or failure to ex-
tend forepaw when suspended vertically, fore-
limb flexion and shoulder adduction were
graded 2. Grade 3 was assigned to dysfunc-
tional rats circling to contralateral side of the
occlusion while having normal posture at rest.
Grade 4 was rats with loss of righting reflex
and decreased resistance to lateral push, and
finally grade 5 consisted rats having no spon-
taneous motor activity.

Quantification of infarction volume

Twenty-four hours after (MCA) occlusion,
rats were killed by a high dose of sodium thio-
pental and decapitated quickly. The brain was
removed and cooled by immersing in 4 °C
normal saline and keeping for 30 min in the
refrigerator. Then the brain was sectioned
coronally into six 2-mm thick slices using a
brain Matrix."""** Afterwards, slices were im-
mersed in 2% Triphenyltetrazolium chloride
(TTC) solution at 37°C for 30 min in a water
bath, and then transferred to 10% buffered
formalin. Twenty four hours later, slices were
photographed with a digital camera connected
to a computer, cortical and striatal infarction

ion areas were measured, in mmz, using an
Image Analyzer Software.”® The infarction ion
volume, in mma, of each slice was calculated
by multiplying the infarction area by its thick-
ness. The total cortical and striatal infarction
volumes of each brain was calculated as the
sum of the infarction volumes of all six slices.*®
Since brain edema might significantly affect the
accuracy of the estimation of infarction vol-
umes, the calculated infarction volumes were
then corrected for brain edema using the for-
mula described by Swanson and colleagues.™

Statistical analysis

Data are presented as Mean+SEM. Infarc-
tion volumes, blood gas values, and other
physiological variables are compared using
one-way analysis of variance (ANOVA). Where
a significant difference was found with ANOVA,
the source of difference was located with Sidak
and Tukey tests. A value of p<0.05 was con-
sidered to be statistically significant.

Results

Physiological parameters

The values of PaO,, SaO,, PaCO,, pH, blood
glucose, as well as head and core temperatures,
before and during (MCA) occlusion, as well as
the first hour of reperfusion period were in normal
physiological range and were not significantly
different from each other (table 1).

Mean arterial blood pressure (MAP)

The measured MAP before, during (MCA)
occlusion, and the beginning of reperfusion pe-
riod, with the exception of group IV, were in the
accepted physiological range and no statistical
differences existed among them (table 1). In
group IV, administration of 0.1mg/kg enalapril

Tablel: Physiological parameters before (pre), during (MCA) occlusion and reperfusion in sham (G I), control ischemic (G II)
and enalapril treated (0.03 mg/kg; G III) and (0.1 mg/kg; G IV) rats.

Gl Pre ischemia (MCA) occlusion Reperfusion

Parameters n=5 Gl Gl GIV Gl Gl G IV Gl Gl GIV
n =5 n=4 n=5 n =5 n=4 n=5 n =5 n=4 n=5

PaO, 111 103 110 108 119 104 101 112 108 116
(mmHg) +9 +17 +9 +13 +13 +8 +8 +9 +5 +18
Sa0, 97.3 96 97 97 98 97.3 96 98 97.7 97
(%) +0.9 +0.9 +0.5 +0.7 +0.6 +0.7 +1 +0.3 +0.4 +0.8
PaCoO, 40.4 38 40.3 42 38 39.1 41 36 36.8 37
(mmHg) +1.7 +3 +1 +0.8 +2 +1.4 +1 +3 +2.4 +3
pH 7.31 7.33 7.34 7.32 7.31 7.33 7.29 7.31 7.32 7.27

+0.01 +0.02 +0.02 +0.01 +0.02 +0.02 +0.02 +0.02  0.01 +0.04
BG 135 136 145 146 148 139 150 147 149 139
(mg/dl) +17 +10 +33 +10 +11 +19 +9 +15 +41 +10
Body T 37.2 37.4 37.17 37.3 37.2 37.3 37.3 37.2 37.5 37.2
(°Cc) +0.12 +0.1 +0.12 +0.06 +0.09 +0.15 +0.07 +0.1 +0.1 +0.1
Head T 37.4 37.1 37.1 37.1 37.2 37.2 37.2 37.2 37.3 37.3
(°Cc) +0.1 +0.1 +0.12 +0.04 +0.1 +0.12 +0.1 +1 +0.15 +0.1
MAP 94 96 90 59 96 88 67 91 82 60
(mmHg) +7 +4 +3 +5* +2 +7 +4* +5 +12 7%

Values are Mean + SEM BG = blood glucose; T = temperature; MAP = mean arterial blood pressure, * = values are significantly

different from those of group | at P<0.05.
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induced, sever hypotension (MAP decreased
from 9647 to 59+5 mmHg) was observed shortly
after injection which persisted during (MCA) oc-
clusion and reperfusion period. In this group MAP
was significantly lower than of its own pretreated
condition and MAP of other groups (table 1).

Neurological deficit score

In group | (sham) NDS was 1. In group Il
(ischemia) NDS increased to 2.83+0.31 (fig 1).
Inhibition of ACE with non-hypotensive dose of
enalapril (group IIl) reduced NDS in average
by 46%, and improved the neurological out-
come (1.33+0.33). However, inhibition of ACE
in conjunction with hypotension (group V)
could not improve the observational move-
ments of the animal and did not statistically
reduce NDS (fig 1).

357

BGroup Il
37 SGroup i
DGroup v

Group Il Group Ill Group IV

Fig 1: Values are meantSEM for each group. Neurological
deficit score (NDS; 1-5) of ischemic rats receiving of rats receiv-
ing saline (group 11) or enalapril at dose 0.03 mg/kg (Group Ill) or
0.1 mg/kg (Group IV) at 1 hour before (MCA) occlusion.
*denotes significant difference from group Il (p<0.05).

Effect of pre-ischemic ACE inhibition on the
cortical and subcortical infarction

Cortical and striatal infarction volumes of sham
operated rats (group 1) were zero. Sixty min (MCA)
occlusion (group Il) produced ischemic lesions
both in cortical (206218 mm®) and striatal regions
(7210 mm®) respectively (fig 2). Pre-ischemic
ACE inhibition, with non-hypotensive dose of
enalapril (group 111) significantly lowered cortical
and striatal infarction volumes by 41.6% and
52.7% respectively (fig 2). However, inhibition of
ACE in hypotensive conditions (group V) did not
have such protective effects on the infarction vol-
umes of these two regions (fig 2).

Discussion

Besides the critical role of renin—angiotensin
system (RAS) and Ag Il in cardiovascular and

250 4
R Grivo Il

2 Group Il
3 Group IV

8
=}

N
@
=}

Infarction Volume (mm3)
.
o
o

a1
=}

Fig 2: Values are meantSEM for each group. Cortical and
striatal infarction volumes of ischemic rats receiving saline
(group II) or enalapril at dose 0.03 mg/kg (Group IlI) or 0.1
mg/kg (Group 1V) at 1 hour before (MCA) occlusion. * de-
notes significant difference from group Il (p<0.05).

fluid hemostasis, some evidences exist about
the role of Ag Il in ischemic neuronal injury.**"’
It is suggested that inhibition of the RAS might
be effective not only in reducing the incidence
of stroke but also attenuating neuronal injury
after brain ischemia.”

Enalapril is an ACE-inhibitor which is widely
used to treat hypertension.'® It has renoprotec-
tive action in diabetic rats,'® and shows posi-
tive effects in myocardial infarction. However,
information concerning the influence of ACE-
inhibitors on the ischemic/reperfusion (I/R) inju-
ries is scarce, although several changes in the
clinical condition of some patients have been
observed with severe alteration in cerebral
blood flow.?" In this study, therefore, we have
tried to examine the usefulness of ACE inhibi-
tion, using enalapril, on the neurological deficits
and the infarction sizes of the I/R injuries in the
rat model of cerebral postischemic reperfusion.

The results of the present study indicated
that sham operation (group 1) did not lead to
neurological dysfunctions or cerebral infarction.
Although, in this study we did not directly
measure cerebral blood flow during (MCA) oc-
clusion, through indirect observations we
strongly believed, and also had the support of
other investigators,”'®?* that the ischemic inju-
ries found in our experimental groups were due
to severe curtailment and/or complete obstruc-
tion of blood flow to the regions of ischemic
areas of the cortex and the striatum.

Reports have specified that alteration of
physiological parameters such as blood gases,
body temperature, and blood glucose, etc. may
exacerbate ischemic brain injuries.”® To lessen
these interactions we have tried to monitor
some of these physiological variables like
Pa0O,, PaCO,, pH, head and core tempera-
tures during the course of the experiment. As
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shown in table 1, these parameters were all at
normal physiological range, and were not sta-
tistically different from each other either, in in-
tra or inter-group comparisons, indicating that
they did not affect cerebral injuries, as con-
cluded elsewhere."

Arterial blood pressure is an important pa-
rameter that influencing regional cerebral blood
flow during I/R injuries. Reports have pointed
to the fact that mechanisms which regulate
regional blood flow are impaired by disorders
triggered during ischemia in the cerebral arte-
rioles; hence, cerebral blood flow becomes
directly dependent on the arterial blood pres-
sure.?* Therefore, we think under these condi-
tions alteration of MAP may greatly influence
the impact ACE inhibition on the neurological
outcome and the cerebral infarction size.

We tested the above conclusion by using
non-hypotensive (0.03mg/kg), and hypotensive
(0.1 mg/kg) doses of enalapril. Our results im-
plicitly indicated that when ACE inhibition was
not accompanied with arterial hypotension,
there was significant reductions in the cerebral
infarction volumes and considerable improve-
ment in the neurological outcome of I/R injuries
(group llI; fig 2). However, when severe hy-
potension was accompanied by ACE inhibition,
(group 1V; table 1), it did not allow ACE inhibi-
tion to illuminate its neuroprotective actions on
the ischemic brain (fig 2). This finding is in ac-
cordance with the results of other investigators
which indicated ACE inhibition with moexipril,
when accompanied with hypotension, could
not exert its protection against ischemic dam-
age in permanent focal cerebral ischemic
rats.”®> Our study too showed that higher doses
of enalapril severely reduced mean arterial
pressure (table 1), consequently, the neuropro-
tective actions of enalapril could not improve
the neurological outcomes or diminish cerebral
infarction volumes of the ischemic rats (fig 2).
Hence, from the results of this study and the
observations of other investigators, we con-
clude that RAS activity and the level of Ag I
may have a direct correlation with the severity
of I/R injuries.”®*" In addition, it is important to
emphasize that the protective action of ACE
inhibition will be achieved only if arterial blood
pressure does not decrease bellow its physio-
logical levels.®**

Conclusion

The results of the present study are indicating
that pre-ischemic ACE inhibition with non-
hypotensive doses of enalapril reduces I/R inju-
ries and improves neurological outcome in the rat
model of transient focal ischemia. Therefore, we
can conclude that angiotensin Il may participate
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in the exacerbation of ischemic/reperfusion
injuries.
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