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ABSTRACT 
 
Background: Central renin angiotensin system has an important role on the cerebral microcirculation and 
metabolism. Our previous work showed that inhibition of angiotensin converting enzyme (ACE) activity prior to 
induction of ischemia protected the brain from severe ischemia/reperfusion (I/R) injuries. This study evaluated the 
impacts of post-ischemic inhibition of ACE, enalapril, on brain infarction in normotensive rats. Methods: Rats 
were anesthetized with chloral hydrate (400 mg/kg). Focal cerebral ischemia was induced by 60-min intraluminal 
occlusion of right middle cerebral artery (MCA). Intraperitoneal injection of enalapril (0.03 or 0.1 mg/kg) was done 
after MCA reopening (reperfusion). Neurological deficit score (NDS) was evaluated after 24 h and the animals 
randomly assigned for the assessments of infarction, absolute brain water content (ABWC) and index of brain 
edema. Results: Severe impaired motor functions (NDS = 2.78 ± 0.28), massive infarction (cortex = 214 ± 19 mm3, 
striatum = 86 ± 5 mm3) and edema (ABWC = 83.1 ± 0.46%) were observed in non-treated ischemic rats. Non-
hypotensive dose of enalapril (0.03 mg/kg) significantly reduced NDS (1.5 ± 0.22), infarction (cortex = 102 ± 16 
mm3, striatum = 38 ± 5 mm3) and edema (ABWC = 80.9 ± 0.81%). Enalapril at dose of 0.1 mg/kg significantly 
lowered arterial pressure could not improve NDS (2.0 ± 0.45) and reduce infarction (cortex = 166 ± 26 mm3, 
striatum = 71 ± 11 mm3). Conclusion: Post-ischemic ACE inhibition in the normotensive rats without affecting 
arterial pressure protects the brain from reperfusion injuries; however, this beneficial action is masked by 
hypotension. Iran. Biomed. J. 16 (4): 202-208, 2012 
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INTRODUCTION 
 

schemic brain injury is resulting from a complex 
sequence of pathophysiological events that is 
developed with time and space [1]. The extent of 

tissue damage occurring during stroke depends on both 
the duration and the intensity of focal cerebral ischemia 
[2]. Ischemic brain edema occurring during stroke,  per 
se, is life threatening due to augmentation of 
intracranial pressure and herniation [1], and its 
conjunction with cerebral infarction intensifies the 
primary complications of  ischemia injuries [3]. Pre-
ischemic inhibition of angiotensin converting enzyme 
(ACE), using enalapril as ACE inhibitor, reduces brain 
edema and prevents the brain from severe ischemia/ 
reperfusion (I/R) injury in normotensive rats [4]. Now 
the question is whether these beneficial effects can be 
seen after stroke? 

Some evidences exist about the role of ACE activity 
and angiotensin II (Ang II) in ischemic neuronal injury 
[5]. It is proposed that inhibition of the central renin-
angiotensin system might be valuable not only in 
reducing the occurrence of stroke but also in alleviating 
neuronal injuries after stroke [6]. Recent clinical 
studies have revealed that some ACE inhibitors, which 
are used as anti-hypertensive drugs, diminish the risk 
and the severity of secondary attacks of the stroke [7, 
8]. Previously, we showed that pre-ischemic treatment 
of normotensive rats with non-hypotensive dose of 
enalapril, an ACE inhibitor, improved neurological 
motor activity and concomitantly reduced cerebral 
edema and infarction [4]. As far as literature search is 
concerned, few studies have tackled the effectiveness 
of post-ischemic inhibition of ACE activity in reducing 
cerebral I/R injuries [7]. Therefore, this study was 
designed to evaluate the effects of ACE inactivation by 
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administration of enalapril after termination of middle 
cerebral artery (MCA) occlusion on the brain injury in 
normotensive rats. 
 
 

MATERIALS AND METHODS 
 

Male normotensive Sprague Dawley rats (280-320 g) 
were obtained from Central Animal House Facility of 
Shiraz University of Medical Sciences (Shiraz, Iran). 
All protocols of the study were approved by the 
Institutional Animal Ethics Committee of the 
University, which follows the NIH guidelines for care 
and use of animals. Animals were housed at room 
temperature of 22-24°C, humidity of 40-60% and light 
period of 07.00-19.00 with controlled environments. 
Animals were food fasted overnight prior to surgery 
but had free access to water ad libitum. Anesthesia was 
made by intraperitoneal injection (i.p.) of chloral 
hydrate (400 mg/kg). Core body temperature was 
measured by a rectal probe connected to a thermistor 
and maintained at 37 ± 0.5ºC with a heating pad.  
 

Recordings of arterial blood pressure and regional 
cerebral blood flow (rCBF). After induction of 
anesthesia, four rats of each group were randomly 
selected and cannulation of posterior tail artery was 
performed for continuous recording of arterial blood 
pressure and taking blood samples. In the same rats, 
laser Doppler flowmetry (AD Instrument, model: 
ML191, Australia) was performed as described 
previously [9], to continuously record the rCBF of the 
areas of the right hemisphere that were nourished from 
the right MCA.  
 

Induction of transient focal cerebral ischemia. 
Right MCA occlusion was carried out by intraluminal 
filament method described by Longa et al. [10] and 
modified by Panahpour et al. [4]. In short, the right 
common carotid artery was exposed through a midline 
neck incision. Through the external carotid artery, a 
surgical nylon thread (3-0, coated with poly-L-lysine) 
was placed in the internal carotid artery and gently 
advanced up until feeling a resistance and seeing a 
sharp decline in the blood flow trace. MCA occlusion 
terminated after 60-min ischemia by gently pooling out 
the thread. After re-establishment of the blood flow of 
the ischemic region, all the incisions were sutured, the 
animals were allowed to recover from anesthesia, and 
returned to a warm cage for recuperation during 24 h 
reperfusion period. 

 
Experimental protocol and groups. Sham (n = 16) 

rats underwent the surgery at the neck region and 
received a single i.p. injection of the vehicle (1 ml/kg 

distilled water) without being exposed to MCA 
occlusion. 
  

Control ischemia (CI). After neck surgery, similar 
group, rats (n = 12) underwent 60 MCA occlusion. A 
single i.p. injection of the vehicle (1 ml/kg distilled 
water) was done after the start of MCA reopening 
(reperfusion).   
 

Post-ischemic enalapril treated -1 (PIEnT-1). Rats 
of this group (n = 12) were treated similar to CI, but 
received a single i.p. injection of 0.03 mg/kg enalapril 
(Sigma Chemicals, UK). 
 

Post-ischemic enalapril treated -2 (PIEnT-2). Rats 
of this group (n = 11) were treated similar to PIEnT-1, 
but the dose of enalapril was increased to 0.1 mg/kg. 
The number of animals presented for each group was 
the number of rats that survived during 24 h 
reperfusion period. The obtained data of the animals 
that died during 24 h reperfusion period were excluded 
from the study. The number of deceased animals with 
respect to the total number of rats in each group was 
regarded as the percent of mortality rate, which was 
0%, 25%, 25% and 31.3% for sham, CI, PIEnT-1 and 
PIEnT-2 groups, respectively.  
 

Evaluation of neurological outcome. Behavioral 
tests were performed in blinded fashion 24 h after the 
start of the reperfusion (MCA reopening) in rats 
survived from ischemic trauma and at comparable 
periods in the sham group. A five-point grading scale 
of neurological deficit score (NDS) test was carried out 
to evaluate the neurological outcome [11]. After 
evaluation of motor neuron activity, rats of each group 
were randomly divided into two subgroups to quantify 
the extent of cerebral infarction volumes and brain 
edema. 
 

Quantification of cerebral lesions. Animals were 
deeply anesthetized and guillotined. The brain was 
immediately removed, cleaned and for solidification, 
immersed in 4°C cold normal saline and kept in a 
refrigerator for 5 min. Frontal sections of 2-mm thick 
slices were prepared using a brain matrix and stained 
with triphenyl-tetrazolium chloride as described 
previously [11, 12]. In this staining technique, non-
ischemic brain regions were colored red by converting 
triphenyl-tetrazolium chloride to a deep red formazan 
compound and ischemic areas remained white due to 
failure of this conversion (Fig. 1). After staining, the 
slices were photographed and their infarction areas 
were determined with computer based NIH image 
analyzer software [11, 12].  
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Fig. 3. Regional cerebral blood flow (rCBF) in control ischemic (CI) rats received the vehicle (n = 5) and ischemic rats received 

enalapril at doses of 0.03 mg/kg (PIEnT-1, n = 4) and 0.1 mg/kg (PIEnT-2, n = 5) before and during MCAO as well as during 
reperfusion period. Animals received enalapril at the beginning of reperfusion. Values are mean ± S.E.M. *significantly different 
(P<0.05) from control ischemia, #significantly different (P<0.05) from PIEnT-1. 
 
 

Physiological parameters. All physiological 
parameters measured during the experiment, such as 
arterial blood gas, blood pH, blood glucose and body 
temperature were at normal physiological range and 
inter- and intra-group comparisons indicated no 
significant differences among their proper values. 

 
Evaluation of neurological deficit score. The NDS 

of ischemic rats have been presented in Figure 4. NDS 
of CI group (2.78 ± 0.28) was significantly higher than 
both sham and PIEnT-1 groups (1.5 ± 0.22). However, 
NDS of PIEnT-2 group (2.0 ± 0.45) was not 
significantly different from CI group, but was 
significantly higher than sham group (Fig. 4). 
 

Assessment of cerebral infarct volumes. Figure 1 is 
a photograph of the coronal sections of rat brains 
stained with triphenyl-tetrazolium chloride. The 
uniform dark red color of the slices of the right and the 
left hemispheres of sham is an induction that 
anesthesia, neck surgery or other surgical maneuvers 
per se did not provoke brain injury. This was also true 
in the left hemispheres (non-lesioned hemispheres) of 
ischemic rats, meaning that 60-min right MCA 
occlusion did not affect the left side. The appearance of 
white color combined with dark red color areas in the 
right hemispheres of ischemic rats indicated that 60-
min right MCA occlusion induced different 
magnitudes of infarctions without affecting the left 
hemispheres. MCA occlusion of the right hemispheres 
in the ischemic rats induced various intensities of 
infarctions. In addition, quantitative comparisons of 
these intensities indicated that 60-min MCA occlusion 

provoked severe infarctions in the cortical and 
subcortical regions of CI group. Enalapril could reduce 
the size of infarction about 53% at dose of 0.03 mg/kg 
but not at dose of 0.1 mg/kg (Fig. 1). Quantitative 
comparisons of cerebral infarction volumes have been 
shown in Figure 5. The sham-operated rats had no 
cerebral infarctions and the total cerebral infarct 
volume of PIEnT-1 (141 ± 21 mm3) was significantly 
lower than either CI (301 ± 23 mm3) or PIEn-T2 (237 
± 36 mm3). More specifically, comparison of cortical 
infarction of ischemic rats indicated that there was a 
substantial reduction in their infarct volumes when the 
rats were treated with enalapril at 0.03 mg/kg but not at  
 

 

      
 

Fig. 4. Neurological deficit score in sham rats (n = 16), 
control ischemic (CI) rats (n = 12) and ischemic rats received 
enalapril at doses of 0.03 mg/kg (PIEnT-1, n = 12) and 0.1 
mg/kg (PIEnT-2, n = 11) during reperfusion period. Values are 
mean ± S.E.M. *significant difference (P<0.05) from ischemic 
control rats, **significant difference (P<0.01) from sham 
operated rats.  

 

0

10

20

30

40

50

60

70

80

90

100

CI
PIEnT-1
PIEnT-2

*#
*#

*

*#

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

Sham CI PIEnT-1 PIENT-2

**

**

*

rC
B

F 
(%

 b
as

el
in

e)
 

N
eu

ro
lo

gi
ca

l d
ef

ic
it 

sc
or

e 
(1

-5
) 

 [
 D

O
I:

 1
0.

60
91

/I
B

J.
10

96
.2

01
2 

] 
 [

 D
O

R
: 2

0.
10

01
.1

.1
02

88
52

.2
01

2.
16

.4
.5

.2
 ]

 
 [

 D
ow

nl
oa

de
d 

fr
om

 ib
j.p

as
te

ur
.a

c.
ir

 o
n 

20
25

-0
4-

10
 ]

 

                               4 / 7

http://dx.doi.org/10.6091/IBJ.1096.2012
https://dor.isc.ac/dor/20.1001.1.1028852.2012.16.4.5.2
http://ibj.pasteur.ac.ir/article-1-762-en.html


206

 

  
F

6) a
dos
= 6
from

 
 
0.1
inf
wit
11 
cou
reg
(Fi

 
A

(no
we
of 
rig
0.4
ips
gro
sig
hem
wa
sig
hem
of 
0.4
hem

 
 

T
AC
pro
wh
are
are
rec
isc
inc
vas

In
fr

ac
t s

iz
e 

(m
m

3 ) 
6                       

Fig. 5. Cerebra
and ischemic ra
ses of 0.03 mg/
6). Values are m
m CI, # signific

1 mg/kg (F
farction volum
th CI group (
mm3) indica

uld significan
gion but its h
ig. 5). 

Absolute bra
on-ischemic) 
ere similar to 

sham group 
ght (ischemic
46%) were 
silateral ones
oup. Enalap
gnificantly 
mispheres (P
as such that A
gnificantly di
mispheres an

the ischem
45%) was 
mispheres of 

The results o
CE inhibition
otects the bra
hich enalapril
e controversi
e related to th
ceptor block
chemia [18]. 
creases vasc
scular smooth

0

50

100

150

200

250

300

350

To

#

                        

l infarct volum
ats treated with
/kg (PIEnT-1, n
mean ± SEM. *
cantly different 

Fig. 1). Com
mes of PIEn
(86 ± 5 mm3)

ated that enala
ntly reduce 

higher dose (

ain water co
hemispheres
each other an
(Fig. 6). Ho

c) hemispher
significantly

s and the ri
pril at dose
reduce AB

PIEnT-1; 80.9
ABWC of isch
ifferent from

nd also sham 
mic hemisphe

statistically
f CI group. 

DISCUS
 

of this study
 with non-hy

ain from I/R i
l decreases i
al. The dama
he elevation 

kers extend 
Ang II is a 

cular tone b
h muscles an

otal

#*

                        

mes in control is
h enalapril durin
n = 6) or 0.1 mg
*significantly di
(P<0.05) from 

mparisons o
nT-1 group (
) and PIEnT-
april at dose 
infarction vo

(0.1 mg/kg) f

ontent. ABW
 of all experi
nd to the righ
owever, the A
res of CI g
y higher th
ight hemisph
e of 0.03 
BWC of t
9 ± 0.81%). 
hemic hemisp

m ipsilateral 
group, where

eres of PIEn
y similar 

SSION 

y reveal that 
ypotensive do
injury. The m
ischemic neu
ages seen du
of Ang II [1
the recovery
potent vasoc
by direct s

nd indirect inc

Cortex

             Panahp

http://I

schemic (CI, n 
ng reperfusion 
g/kg (PIEnT-2,
ifferent (P<0.0
PIEnT-2. 

of subcortic
(38 ± 5 mm
-2 group (71
of 0.03 mg/k

olumes of th
failed to do s

WC of the le
imental group
ht hemisphere
ABWC of th

group (83.1
at their ow

heres of sham
mg/kg coul

the ischem
This decreas

pheres was no
non-ischem

eas the ABW
nT-2 (81.6
to ischem

post-ischem
ose of enalapr
mechanisms b
uronal damag
uring ischem
15-17], and i
y of cerebr
constrictor th
stimulation o
creased releas

Striatum

CI
PIEnT-1
PIEnT-2

pour & Dehgha

IBJ.pasteur.ac.i

 
= 
at 

, n 
5) 

al 
m3) 

± 
kg 
his 
so 

eft 
ps 
es 
he 
± 

wn 
m 
ld 

mic 
se 
ot 

mic 
WC 

± 
mic 

mic 
ril 
by 
ge 

mia 
its 
ral 
at 
of 
se 

of cat
Some 
auto-re
CBF 
pressu
produc
[22], w
arteria
brain
hypote
This fi
arteria
CBF a

Prev
play a
ischem
The m
of the
blood 
[19]. 
MCA 
rCBF 
Howev
infarct
rats (F
cerebr
produc
produc
promo
oxygen
protec
need t
cerebr
toxic f
protec
 

 

Fig. 
sham, 
ischemi
ischemi
of 0.03
receive
differen
from sh

76

77

78

79

80

81

82

83

84

B
ra

in
 w

at
er

 c
on

te
nt

 (%
) 

ani                   

ir 

techolamines 
investigators

egulatory me
becomes ent

ure [18, 21]
ction after isc
we think en

al blood press
from I/R 

ension is the 
finding is in a
al hypotensio
after MCA oc
vious studies 
an important

mic neuronal 
maintained vas
e ischemic re

flow improv
Our observa
occlusion co
both in PIE

ver, quantit
tion failed to
Fig. 5). Som
ral ischemia 
ction of free
ction of An
ote(s) neurona
n species [17
tive actions 
the combinat
ral blood flo
free radicals, 
tion.   

6. Brain water
non-ischemic 
ic hemispheres
ic rats treated w
3 mg/kg (PIEn
d the vehicle. 
nt (P<0.05) fro
ham. 

Sham

                 Iran

from sympa
s believe tha
echanisms o
tirely depen
. Since the 
chemia lower
nalapril, in th
sure (in PIEnT

injury by 
cause of fai

agreement wi
on comprom
cclusion [19].

indicated th
t role in p
death after 

scular reactiv
egion is also
vement after 
ation shows 
ould similarly
EnT-1 and i
tative comp
o show such 

me investigato
is associate

e radicals [
ng II, or 
al survival b
7, 25, 26]. T
of ACE inh

tion of re-es
ow and the 

neither one 

     

r content of rig
hemispheres 

s (right side) in
with enalapril d
nT-1) or 0.1 
Values are me

om CI, **signi

CI

**

n. Biomed. J., O

athetic fibers
at ischemia i
f cerebral v
dent of arte

reduction o
rs cerebral va
he presence 
T-1 group), p
restoring rC

ilure in PIEn
ith an earlier 

mises the reg
  
hat superoxid
otentiation o
ischemia [17

vity of collate
o a decisive 

acute MCA
that reperfu

y restore the 
in CI groups
parison of 

an improvem
ors have spe
ed with the 
17, 23, 24]
its receptor

by reduction 
Therefore, we
hibition after
stablishment 
reduced pro
alone cannot

  

ght and left hem
(left side) an

n control ischem
during reperfus
mg/kg (PIEnT
ean ± S.E.M. *

ficantly differe

PIEnT-1 P

Left hemisphere
Right hemisphe

*

October 2012 

s [19, 20]. 
mpairs the 

vessels and 
erial blood 
of Ang II 

ascular tone 
of normal 

protects the 
CBF, and 
T-2 group. 
report that 

gulation of 

de radicals 
of delayed 
7, 19, 23]. 
eral vessels 

factor for 
A occlusion 
usion after 
diminished 
s (Fig. 3). 
the brain 

ment in CI 
ecified that 

excessive 
. Reduced 
r blockers 
of reactive 
e think the 
r ischemia 
of normal 
duction of 
t show this 

 
mispheres of 
d ipsilateral 
mia (CI) and 
sion at doses 

T-2). CI rats 
*significantly 
ent (P<0.05) 

PIEnT- 2

e 
re 

**

 [
 D

O
I:

 1
0.

60
91

/I
B

J.
10

96
.2

01
2 

] 
 [

 D
O

R
: 2

0.
10

01
.1

.1
02

88
52

.2
01

2.
16

.4
.5

.2
 ]

 
 [

 D
ow

nl
oa

de
d 

fr
om

 ib
j.p

as
te

ur
.a

c.
ir

 o
n 

20
25

-0
4-

10
 ]

 

                               5 / 7

http://dx.doi.org/10.6091/IBJ.1096.2012
https://dor.isc.ac/dor/20.1001.1.1028852.2012.16.4.5.2
http://ibj.pasteur.ac.ir/article-1-762-en.html


Iran. Biomed. J., October 2012           Reduction of Cerebral Injury in Post-Ischemic Inhibition of ACE                                             207 

 
http://IBJ.pasteur.ac.ir 

Brain edema is life-threatening complication of 
cerebral ischemia and one of the major determinants of 
patient’s survival after the first few hours of stroke [3]. 
Some investigators that showed long-term ACE 
inhibition has a correlation with edema and mortality 
rate [27-30]. This study shows that enalapril in 
normotensive rat reduced edema of the ischemic 
hemispheres independent of arterial blood pressure 
changes. An earlier report also showed that enalapril 
reduces cerebral edema in stroke-prone hypertensive 
rats [31] and prevents stroke dysfunctions by 
diminishing hypertension in salt-loaded hypertensive 
rats [27]. In accordance with our findings, Porritt et al. 
[32] showed that the beneficial effects of ACE 
inhibition do not correlate with changes in blood 
pressure. Therefore, in our study, the reduced edema in 
the presence of normal blood pressure besides other 
mechanisms probably improves the re-establishment of 
microcirculation of the ischemic region and helps the 
repair of damages done during ischemia. In 
normotensive rats, post-ischemic inhibition of ACE 
with enalapril protected the brain from ischemic 
reperfusion injury. This protection was coincided with 
normal arterial pressure blood pressure, but was absent 
during hypotension.  

Therefore, the results of this study show that 
prevention of reduced arterial blood pressure is 
important in helping the non-hypertensive patients to 
cope with the stroke after treatment with ACE 
inhibitors. 
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