
   Pak J Med Sci   2007   Vol. 23   No. 5      www.pjms.com.pk   741

Original Article

THE MITOCHONDRIAL K-ATP CHANNEL OPENER,
DIAZOXIDE, PROTECTS BRAIN AGAINST

ISCHEMIA-REPERFUSION INJURY IN THE RAT
Mehdi Mehdizadeh1, Mansooreh Soleimani2, Majid Katebi3, Hamid Reza Pazouki4,

Mohamad Taghi Joghataei5, Noor Ahmad Latifi6, Masoomeh Bakhshayesh7

ABSTRACT
Objective: Even today there is no effective drug therapy to prevent neuronal loss after brain
stroke. The objective of this research was to study effects of the mitochondrial K-ATP (MAK)
channel regulators on neuronal cell population and neurological function after ischemia reperfusion
in the rat.
Methodology: Rats were temporarily subjected to four vessels occlusion for 15 minutes followed
by 24 hours reperfusion with or without MAK channel regulators.
Results: The normal cell count of neuronal population significantly increased in the K-ATP channel
opener (diazoxide) treated ischemia-reperfusion group compared with the control group. Cell
count and neurological function scores were dose dependent to MAK channel regulators in vivo.
Conclusions: Our results showed that diazoxide treatment leads to better preservation of cortical
neurons in rat.
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INTRODUCTION

Stroke is a major cause of death in the devel-
oped countries.1,2 Stroke has been considered
as untreatable and even today there is no ef-
fective drug therapy to help stroke patients.
There is increasing evidence that the functional
recovery after cerebral lesions and ischemia
may be influenced by pharmacotherapy.3

There is escalating evidence that mitochondria
play a key role in both necrotic and apoptotic
neuronal cell death after acute cerebral is-
chemia.4,5 Mitochondrial dysfunction is one
factor that plays a critical role in mediating both
apoptotic and necrotic neuronal cell death and
is involved in the pathophysiology of cerebral
ischemia.6-9 MAK channels have been distinct
population of channels.10 There is increasing
evidence about the diverse functions of these
channels in the regulation of mitochondrial
matrix volume and ATP production9 and rep-
resent a pharmacologically n, and Ca2 + ho-
meostasis in mitochondria. These are essential
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factors determining the outcome of ischemic
stress on cellular function and survival.7-10 It
has been reported that MAK channel openers
reduce mitochondrial Ca2+ overloading dur-
ing ischemia reperfusion in isolated rat hearts.11

This may be a trigger to prevent an apoptotic
signaling pathway through the mitochondria.
There are no absolutely selective pharmacologi-
cal tools to assess the MAK channels in vivo.
However, a consistent and unique feature of
these channels is their remarkably selective sen-
sitivity to opening by diazoxide.12 Many sub-
stances, including adenosine, acetylcholine, &
opioids, protect against ischemia-reperfusion
injury via opening of the channel.13-15 The
mechanism by which activation of MAK chan-
nels protect ischemia remains to be clarified.

MATERIALS AND METHODS

Animal Treatment: Wistar male rats weighing
180 to 200 g were used in this study. Rats were
housed in an air-conditioned room with a 12-
hour light/dark cycle, received a standard rat
chow (0.4% sodium chloride), and drank tap
water. All procedures complied with the stan-
dards for the care and use of animal subjects
as stated in the “Guide for the Care and Use of
Laboratory Animals” (Institute of Laboratory
Resources, National Academy of Sciences).
Rats were randomly assigned to the following
groups: Group 1: animals were subjected to the
anesthetic and surgical procedures of 4VO
without interruption of the cerebral blood flow
(Sham, n=6) ; “the third group was subjected
to 4VO received glibenclamide, 1mg/kg (Ex-
perimental 1, n=6), and the fourth group was
subjected to 4VO received glibenclamide, 5mg/
kg (Experimental 2, n=6), and fifth groups was
subjected to 4VO received glibenclamide,
25mg/kg (Experimental 3, n=6), and the sixth
group was subjected to 4VO received
diazoxide, 2mg/kg (Experimental 4, n=6), and
seventh group was subjected to 4VO received
diazoxide, 6mg/kg (Experimental 5, n=6), and
eighth group was subjected to 4VO received
diazoxide, 18mg/kg (Experimental 6, n=6).
Anesthesia and Monitoring: Overnight animals
were fasted anesthetized with ketamine

(100mg/kg, IP) and Xylozine (10mg/kg IP)
with additional ketamine as needed (30mg/
kg, IP). A rectal temperature probe was placed
for continuous monitoring of core body tem-
perature. Core body temperature was main-
tained at 37±0.5°C throughout the procedure
by the intermittent use of a heating lamp.
Surgical Procedure: Permanent vertebral artery
(VA) occlusion and 15 minutes common
carotid artery (CCA) occlusion was induced.
A 1-cm dorsal midline incision was made in a
sterile fashion at the occiput-C2 level to sepa-
rate the Para spinal muscles from the midline.
The alar foramina of C1 was isolated with the
aid of an operating microscope, the VA’s cau-
terized with a 0.5mm electrocaurtery needle
through the alar foramina, and the incision
closed with 4-0 nylon. A second 1-cm midline
incision was made in a sterile fashion over the
ventral aspect of the neck, the CCA’s isolated,
and a traumatic vascular occlusion clips placed
onto each CCA. CCA occlusion was induced
for 15 minutes after which the clip was
removed. The incision was closed with 4-0
nylon and the animals were allowed to
reperfusing and recover for 24 hours.
Neurological Evaluation: Neurologic assessment
was conducted after 24hour reperfusion by an
observer unaware of the treatment groups.
Consciousness scoring was done according to
the methods reported by LeMay, et al,17 see the
accompanying table. The motor function of rats
was assessed using the Tarlov scale18

Neurological Examination
Score Degree of Neurologic Deficit
Consciousness (maximum score 10)

0 normal (no deficit)
2 conscious continuously
4 conscious intermittently
6 stuporous
8 light coma
10 deep coma

Motor Function (maximum score 5)
0 No movement in hind limb,

no weight bearing
1 Barely perceptible movements of

hind limb but no weight bearing
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2 Frequent and/or vigorous movement
in hind limb but no weight bearing

3 Can support weight on hind
limb, may take one or two steps

4 Walks with only mild deficit
5 Normal walking

Light Microscopy: Following perfusion the brain
was removed from the skull and post fixed by
immersion in the same fixative for at least two
days before histological processing. Parietal
cortex was dehydrated and embedded in par-
affin. A series of 10 micrometers thick were cut
and stained with cresyl violate.
Cell counting: A single investigator unaware to
research condition assessed three coronal sec-
tions per animal obtained at 120 um intervals
through the parietal cortex in each experimen-
tal group. The number of all neural cells, in-
cluding those in which the nucleus could not
be recognized, and the number of neurons
with distinct cytoplasmic and nuclear outlines
were counted in four squares with an area of
2500 ìm2, using analysis imaging software
(Soft Imaging System) at a total magnification
of 400x. Neurons touching the bottom or right
borders were included and those touching the
upper or left borders were rejected.
Statistical Analyses: Statistical analyses were
performed with SPSS for Windows. Data were
analyzed using analysis of variance (ANOVA).
Statistical significance was assigned to prob-
ability values <0.05.

RESULTS

Cell count: Interruption of blood flow to the
brain during 15 min through the four-vessel
occlusion model followed by 24h reperfusion
resulted in a clear reduction of the normal py-
ramidal neuron population of the cortical sub-
fields of the brain as compared to sham con-
trol (Table-I, Figure-1). The main loss of pyra-
midal neurons was observed statistically sig-
nificant in the C2 subfield of G2 and G3 groups
(p < 0.05) as compared to the Vehicle group
see Table-II and Figures 2&3. In addition,
brains of these ischemic, diazoxide-treated rats
showed a significant increase of the normal cell
population of pyramidal cells (p < 0.05) in a

dose dependent manner, as compared to the
Vehicle group (Table-II Figure-4). Treatment
with glibenclamid prevented the loss of neu-
rons in the C2 subfields of G2 group and both
subfields of C1 and C2 of G3 group following
the Ischemic/Reperfusion as compared to the
Vehicle group. No effect on the neuronal loss
was found in diazoxide treated rats in relation
to vehicle-treated rats (Table-II). Diazoxide-
treated rats showed significant increase in nor-
mal cell population of pyramidal neurons of
the C2 and C3 subfields of D2 group of rats
and C1-C4 subfields of D3 group of rats as
compared to Vehicle-treated rats. Glibenclamid
significantly reduced normal cell population of
pyramidal neurons in C2 subfield of G1 group
of rats. Animals in the G2 and G3 groups had
significant neuronal damage in all cortex

Table-I: Numbers (X ± SD) of total cell population
and normal cell population of pyramidal neurons

counted in 2500 ìm2 areas of four squares subfields
(C1- C4) of the parietal cortex of the brain of rats of
the two different groups after 15 minutes of global

cerebral ischemia followed by 24h reperfusion.

      Cell  Cortical Sham±SD Vehicle±SD
Populations Subfields

Total cell C1 22.5±10.36 21.5±10.66
population C2 24±1.95 23.5±2.16

C3 20.75±2.24 20.25±2.16
C4 26.75±3.12 26.25±3.30

Normal cell     C1 22.25±10.72 7.5±10.53*
population C2 23.5±1.74 8±1.914*

C3 20.25±2.07 6.25±2.21*
C4 26.5±2.14 9.25±3.69*

p < 0.01. as compared to Control.

Fig-1: Cell population of pyramidal neurons of the
parietal cortex of the brain of rats of sham control
group. x400 Crysl Violet.
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subfields compared with the Vehicle group of
rats. Low dose of the glibenclamid (G1 group),
however, had no reduced neuronal counts in
the cortex, except for the C2 subfield. The most
pronounced damage of all examined cortex
subfields was found in the C2 region, which
was to be more vulnerable to ischemia/
reperfusion.
Neurological Deficit: Our result showed that
consciousness for vehicle group reduced sig-
nificantly compared to sham control. ATP de-
pendent potassium channel regulators,
diazoxide and glibenclamide significantly af-
fect consciousness following ischemia
reperfusion. Average Conscious Scores for the
D3 group was 2±1.78, compared to 4.33±1.50
for the Vehicle group and 6.66±1.03 for the G3
group Table-III. There were no significant

differences among animals treated with low
dose of diazoxide and glibenclamid compared
to Vehicle group. Four artery occlusion signifi-
cantly reduced motor function compared to
sham control. ATP dependent potassium chan-
nel regulators, glibenclamid significantly affect
motor function following ischemia reperfusion
(Table-IV). There were no significant differ-
ences among animals treated with Diazoxide
compared to Vehicle group.

DISCUSSION

Mitochondrial ATP-sensitive potassium
MAK channels play a key role in modulating
neuronal survival under ischemic conditions.

Table-II:  Numbers (X ± SD) of total cell population and normal cell population of pyramidal neurons counted in
2500 µm2 areas of four squares subfields (C1- C4) of the parietal cortex of the brain of rats of the seven different

groups after 15 minutes of global cerebral ischemia followed by 24h reperfusion.

Cell Cell Vehicle#±SD D1#±SD D2#±SD D3#±SD G1#±SD G2#±SD G3#±SD
Population      Subregion

Total cell C1 21.5±10.66 21.34±9.37 21.61±9.17 21.57000±9.03 21.53±9.15 21.26±8.69 20.83±8.25*

   population
C2 23.5±2.16 23.52±1.31 23.48±1.36 23.79±1.05 23.34±1.09 22.18±1.39* 22.25±1.12*

C3 20.25±2.16 20.58±2.57 20.17±2.31 21.45±1.62 20.11±2.30 20.15±2.94 20.08±2.40
C4 26.25±3.30 26.38±2.79 26.15±2.62 26.50±2.37 26.18±2.59 26.11±2.70 25.93±2.05

Normal  cell   C1 7.5±10.53 7.46±3.16 7.57±3.40 7.65±3.11* 7.46±3.35 7.10±2.87* 6.43±2.12*

   population
C2 6.25±2.21 6.40±1.77 6.55±0.81* 6.90±1.17* 6.14±0.52* 5.75±1.03* 5.75±1.15*

C3 8±1.914 8.25±0.65 8.30±0.85* 8.70±0.41* 7.93±1.35 7.34±0.27* 7.62±0.22*

C4 9.25±3.69 9.27±1.15 9.61±1.15 9.84±0.75* 9.15±0.84 8.49±0.62* 8.45±1.17*

D1= 2mg/kg Dizoxide, D2= 6mg/kg Dizoxide, D3= 18mg/kg Dizoxide, G1= 1mg/kg Glibenclamid,
G1= 5mg/kg Glibenclamid, G1= 25mg/kg Glibenclamid.
p < 0.05 as compared to Ischemia/Reperfusion +Vehicle.

Fig-2: Cell population of pyramidal neurons of the
parietal cortex of the brain of rats of ischemic-vehicle
group x400 Crysl Violet. Fig-3: Normal cell population of pyramidal neurons

of the parietal cortex of the brain of rats reduced after
15 minutes of global cerebral ischemia followed by
24h reperfusion treated with 25mg/kg glibenclamide.
x 400 Crysel Violets.



Diazoxide is a MAK channel opener that has
been shown to attenuate the response to is-
chemia reperfusion injury.16 It is claimed that
MAK channel activation mediates precondi-
tioning.19,20 However the precise mechanisms
of diazoxide-induced neuroprotection are
largely unexplored at this time. Our present
study investigated the effect of diazoxide in an
in vivo model of neuronal ischemia reperfusion
and the possible mechanisms of diazoxide-in-
duced neuroprotection.It was reported that ad-
ministration of diazoxide to newborn piglets
enhances functional recovery after transient
global cerebral ischemia.21 Thus, activation of
MAK channels may protect neurons against
different kinds of ischemic insults. The mecha-
nism by which activation of these channels is
being translated into the observed protection
is not known.

Table-III: Scores (X ± SD) of Consciousness of rats of
the control & exprimental groups after 15 minutes of
global cerebral ischemia followed by 24h reperfusion

Experimental Groups Conscious Score ±SD

Sham 0±0.00
Vehicle 4.33±1.50*
D1 1.83±1.32
D2 3±2.09
D3 2±1.78*
G1 3.66±1.96
G2 5±1.09
G3 6.66±1.03*

p < 0.05 as compared to Vehicle.

Table-IV: Scores (X ± SD) of motor function of rats of
the control & exprimental groups after 15 minutes of
global cerebral ischemia followed by 24h reperfusion

Experimental Groups Motor Score±SD

Sham 5±0.00
Vehicle 2±1.26*
D1 1.83±1.32
D2 2.66±1.36
D3 3±1.41
G1 0.83±0.75*
G2 0.5±0.54*
G3 0.33±0.51*

p < 0.05 as compared to Vehicle.Fig-4: Treatment with 18mg/kg diazoxide grately pre-
served normal cell population of pyramidal neurons
of the parietal cortex of the brain of ischemic reper-
fusion after 15 minutes of global cerebral ischemia
followed by 24h reperfusion. x 400 Crysel Violets.

Several observations suggest that the protec-
tive effects of diazoxide in the present study
were not due to a vascular action of this drug.
Previous studies have shown that effects of
diazoxide on blood pressure and flow are due
to activation of plasma-membrane potassium
channels.8 Furthermore, the neuroprotective
actions of diazoxide in vivo were largely abol-
ished by glibenclamide, strongly suggesting that
the effects of diazoxide were mediated by
activation of MAK channels. In addition, a
previous study indicated that opening of these
channels is involved in the regulation of cell
viability.7 In agreement with these results we
demonstrated the effect of diazoxide on
neuronal cell count.

Our findings suggest that diazoxide that
activate MAK are candidates for use in clini-
cal trials in human stroke patients. Diazoxide
has been used in the clinical setting for more
than 30 years, primarily for the treatment of
patients with acute and severe hypertension.

The direct neuroprotective action of diaz-
oxide, suggest that this drug may be particu-
larly effective in preventing neuronal damage
after a stroke. However, for diazoxide to be
beneficial in human stroke patients, it must be
effective when given within a defined post is-
chemic period, which remains to be established.
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