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Abstract

Safranal is a monoterpene aldehyde found in saffron (Crocus sativus L) petals. It has been previously reported that
safranal has a wide range of activities such as antioxidant and anti-inflammatory effects. In this study, we examined
the effect of safranal on brain injuries in a transient model of focal cerebral ischemia. Transient focal cerebral ischemia
was induced by middle cerebral artery occlusion for 30 min, followed by 24 h of reperfusion. Safranal in the doses
of 72.5 and 145 mg/kg was administered intraperitoneally at O, 3, and 6 h after reperfusion. Neurobehavioral deficit,
infarct volume, hippocampal cell loss and markers of oxidative stress including thiobarbituric acid reactive substances
(TBARS), total sulfhydryl (SH) content, and antioxidant capacity (using FRAP assay) were also assessed. The focal cere-
bral ischemia induced a significant increase in the neurological score, infarct volume and neuronal cell loss in the ipsi-
lateral hippocampal CAI and CA3 subfields (p < 0.001) and also oxidative stress markers (p < 0.01). Following safranal
administration, the total SH content and antioxidant capacity significantly increased, while marked decreases were
observed in the neurological score, infarct volume and hippocampal cell loss, as well as TBARS level. This study conclud-
ed that safranal had protective effects on ischemic reperfusion injury in the rat model of stroke. Such effects of safranal
may have been exerted mainly by suppressing the production of free radicals and increasing antioxidant activity.

Key words: safranal, saffron (Crocus sativus L), middle cerebral artery occlusion (MCAO), cerebral ischemia, oxidative
stress.

mic tissue. However, the reestablishment of oxygen
may exacerbate ischemic injury by the generation
of inflammatory mediators and toxic levels of oxida-
tive free radicals, terminating in lipid peroxidation,

Introduction

Despite the ongoing advances in the field of stroke
research, consequences of death and disability have
remained considerable throughout the world and

delivery of successful therapeutics is still a challenge
[23,26]. Treatment outcomes for ischemic events
involve the restoration of blood supply to an ische-

protein synthesis arrest, and finally, cell death [8,19].
Currently, in the field of drug discovery for the treat-
ment of cerebral ischemia/reperfusion injury (IRI),
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more and more attention is paid to the neuroprotec-
tion of natural compounds from traditional medicinal
herbs [32].

Safranal (2,6,6-trimethyl-1,3-cyclohexadiene-1-
carboxaldehyde, C;;H,,0), a monoterpene alde-
hyde, is the main constituent of saffron (Crocus sati-
vus L) essential oil [25]. Safranal possesses a wide
range of properties such as being anti-oxidant [3,13],
anti-inflammatory [9,14], antidiabetic [21,28], anti-
seizure [11,12,24], anxiolytic [6], anti-hypertensive [16],
cytoprotective [4] and anti-carcinogenic [22]. In our
previous research, safranal displayed obvious pro-
tective effects on brain injury induced by transient
global cerebral ischemia in rats [10]. The purpose
of this study was to determine whether safran-
al could ameliorate brain injury after focal middle
cerebral artery occlusion (MCAO), which is a model
of brain damage that occurs after stroke and is more
relevant to clinical situations [2].

Material and methods
Chemicals

Safranal (2,3-dihydro-2,2,6-trimethylbenzaldehyde),
2-thiobarbituric acid (TBA), 2,4,6-tris (2-pyridyl)-
1,3,5-triazine (TPTZ), 5,5 -dithiobis (2-nitrobenzoic
acid) (DTNB), and 2,3,5-triphenyltetrazolium chlo-
ride (TTC) were purchased from Sigma-Aldrich Com-
pany (Saint Louis, MO). Trichloroacetic acid (TCA),
sodium acetate, paraformaldehyde, chloral hydrate,
glacial acetic acid, hydrochloric acid, ferrous sulfate,
tris (hydroxymethyl) aminomethane, and ethylene-
diaminetetraacetic acid (EDTA) were obtained from
Merck Company (Darmstadt, Germany).

Animals and experimental procedure

Adult male Wistar rats (220-280 g) were obtained
from the Animal Center of School of Medicine, Mash-
had University of Medical Sciences (MUMS), Mash-
had, Iran. The animals were housed under constant
temperature (22 + 2°C) and the standard condition
of a 12 h light/dark cycle with free access to food pel-
lets and tap water, ad libitum. All the animals were
treated in accordance with the National Institutes
of Health Guidance for Care and Use of Laboratory
Animals and their use was approved by the Animal
Ethics Committee of MUMS. The rats were randomly
assigned to five different groups, each with 6-7 rats.
Group 1, the sham group, was the only group under-
going surgery without the induction of ischemia,

Folia Neuropathologica 2017; 55/3

and group 2 was the control group which underwent
the MCAO operation and received saline solution
intraperitoneally (i.p.). Safranal (72.5, 145 mg/kg, i.p.)
was administered to groups 3-4 as the treatment
groups, within 0, 3, and 6 h after MCAO induction.

Focal cerebral ischemia/
reperfusion injury model

Briefly, the rats were anesthetized with isoflu-
rane 1.5% and middle cerebral artery occlusion was
induced using the filament model, as previously
described with some modifications [18,20]. A seg-
ment of 4-0 nylon monofilament suture with a round-
ed tip was carefully advanced to the internal carotid
artery, approximately 17.5 mm from the common
carotid bifurcation, to occlude the origin of the mid-
dle cerebral artery. Thirty minutes after the induction
of ischemia, the filament was withdrawn to induce
blood reperfusion for 24 h. The body temperature
of the rats was maintained at 37 + 0.5°C through
using a heat lamp during the surgery.

Neurological assessment

The neurological score of each rat was carefully
evaluated 24 h after MCAO induction [30]. For observ-
ingthe symmetry in the movements of the four limbs,
the rats were kept in the air by the tail. The neu-
rological scores were as follows: (3) when all four
limbs extend symmetrically, (2) when not all limbs
on the left side extended or they extended slowly
than those on the right side, (1) when the limbs on
the left side had the minimum motion, and (0) when
there was no motion of the forelimb on the left side.
Neurological examinations were done in 3 to 5 min-
utes.

Evaluating cerebral infarct volume

Using rat brain matrix, six coronal sections (2-mm
thickness) between the anterior edge and posteri-
or edge of the brain were collected and incubated
with 2% TTC at 37°C for 30 min. The slices were then
photographed using a digital camera connected to
a computer. Infarct areas were first measured using
image analyzer software (Image J, version 1.47).
Then, the total infarct volume of each brain was cal-
culated using the following formula [17]:

Corrected infarct volume = (infarct volume — left
hemisphere volume) — right hemisphere volume
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Histopathological examinations

The animals were deeply anaesthetized with
chloral hydrate (400 mg/kg) and transcardially per-
fused with 100 ml of heparinized phosphate buff-
ered saline (PBS), followed by 100 ml of 4% para-
formaldehyde in phosphate buffer (pH 7.4). Brains
were carefully removed and postfixed in the same
fixative for 24 h, dehydrated, and embedded in par-
affin using an automated tissue processor. Coronal
brain sections (5 um, starting at anteroposterior (AP)
—-2.6 mm and ending AP 5.7 mm from bregma) were
collected. A total of 6 sections per rat were used.
Then, the sections were stained with hematoxylin
and eosin (H&E) and examined under a Leica DMRB
microscope (Leica, India). Photographs were then
taken using a Canon PowerShot S70 digital cam-
era (Canon, Japan) at 200x magnification and cell
counts in both the ipsilateral and contralateral sides
of the CA1 and CA3 hippocampal areas were scored
in a blinded manner [7].

Measuring lipid peroxidation

The formation of lipid peroxides was measured
as malondialdehyde (MDA), which is the end prod-
uct of lipid peroxidation. In brief, left cerebral por-
tions were homogenized in 0.1 M ice-cold phosphate
buffered saline (PBS, pH 7.4) and 1 ml of homoge-
nate sample was mixed with 2 ml of TCA-TBA-HCI
reagent (15% TCA, 0.67% TBA, and 0.25 N HCl) and
heated for 45 min in a boiling water bath. After cen-
trifuging at 3000 rpm for 10 min, the absorbance
of the supernatant was read against the blank at
535 nm. The amount of the produced MDA was
calculated using the molar absorption coefficient
of 1.56 x 10° M~ cm™ and expressed in nmol/g tis-
sue [29].

Assay of ferric reducing/
antioxidant power

The antioxidant (reducing) power of the brain
homogenate samples was measured using the fer-
ric reducing/antioxidant power (FRAP) assay, as
previously described [20]. Briefly, 50 ul of homog-
enate was added to 1.5 ml of freshly prepared and
prewarmed (37°C) FRAP reagent (300 mM acetate
buffer, 10 mM TPTZ in 40 mM HCl, and 20 mM FeCl,
in the ratio of 10 : 1: 1) in a test tube and incubat-
ed at 37°C for 10 min. The absorbance of the blue
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colored complex was read against the reagent
blank at 593 nm. The data were expressed as mmol
ferric ions reduced to ferrous form per liter (FRAP
value) [10].

Assay of total sulfhydryl groups

All the sulfhydryl (SH) groups were measured
using DTNB as the reagent [12]. Briefly, 1 ml of Tris-
EDTA buffer (pH 8.6) was added to 50 pl of homog-
enate and the sample absorbance was read at
412 nm against Tris-EDTA buffer alone (Al). Then,
20 pl of DTNB reagent (10 mM in methanol) was
added to the mixture and, after 15 min, the sample
absorbance was read again (A2). The absorbance
of DTNB reagent was also read as a blank (B). Total
thiol concentration (mM) was calculated by the fol-
lowing equation:

Total thiol concentration (mM) = (A, - A, -
x 1.07/0.05 x 13.6

B) x

Statistical analysis

Data were expressed as mean + SEM. Multiple
comparisons were performed using one-way ANO-
VA, followed by the Tukey-Kramer post-hoc test. Dif-
ferences were considered statistically significant at
p < 0.05.

Results

Effect of safranal on neurological score

MCAO decreased the neurological score from
3.0 £ 0.0 to 0.8 + 0.2, as compared with sham ani-
mals (p < 0.001) (Fig. 1). Treatment with safranal at
doses of 72.5 or 145 mg/kg significantly increased
the neurological score to 2.5 + 0.3 (p < 0.05) and
2.8 +0.2 (p < 0.001), respectively (Fig. 1).

Effect of safranal on infarct size

Following TTC staining, the living cells were
stained deep red, while the infarcted cells remained
pale (Fig. 2A). The mean infarct volume in the isch-
emic group was 155.93 mm?3. The extent of the brain
infarct size was significantly reduced (by about
6-fold, p < 0.001) after the administration of safran-
al. As shown in Figure 2B, the mean infarct vol-
umes of 72.5 and 145 mg/kg safranal groups were
25.48 mm?3and 28.15 mm?, respectively (p < 0.001).
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Sham 0 72.5 145
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Fig. 1. Effects of safranal on neurological
scores in rats subjected to middle cerebral
artery occlusion (MCAO) for 30 min and reper-
fusion for 24 h. Values are expressed as mean
+ SEM (n = 6-7). ***p < 0.001 as compared
with the MCAO group.

Effect of safranal on hippocampal
cell loss

Figure 3A shows representative photomicrographs
of coronal brain sections stained with H&E from
the ipsilateral CAl area of the hippocampus of sham,
MCAQO, and safranal-treated stroke rats. Statistical
analysis revealed significant neuronal cell loss in
the ipsilateral (p < 0.001), but not the contralateral,
hippocampal CAL and CA3 subfields of stroke animals
compared with the sham group. In addition, there
were significant differences in the ipsilateral CAl and
CA3 neuronal cell loss between safranal-treated stroke
animals and the MCAO group (Fig. 3B and 3Q).

Effect of safranal on MDA level

As illustrated in Figure 4, the level of MDA was
85.87 £ 9.34 nmol/g tissue in the sham-operated ani-
mals. In contrast, the MDA level markedly increased
in the ischemic group (185.5 + 28.4 nmol/g tissue,
p < 0.001). Safranal administration at the doses
of 72.5 mg/kg and 145 mg/kg decreased the MDA
levels to 83.2 = 9.3 (p < 0.01) and 89.1 + 17.0
(p < 0.05) nmol/g tissue, respectively (Fig. 4).

Effect of safranal on FRAP value

Cerebral IRl caused a significant reduction in the
FRAP value from 2.58 + 0.36 to 1.26 + 0.24 umol/g
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Fig. 2. Effect of safranal on infarct volumes in
the rats subjected to middle cerebral artery
occlusion (MCAO) for 30 min and reperfusion
for 24 h. A) Representative photographs of
2,3,5-triphenyltetrazolium chloride (TTC) stained
coronal brain sections of sham-operated (a),
MCAO-operated (b), 72.5 mg/kg safranal-treat-
ed (c), and 145 mg/kg safranal-treated (d) rats.
The pale regions indicate the infarcted area
and red color stained regions represent normal
areas without infarction. B) The bar graph rep-
resents volumes of the infarcted area in the rats
treated with safranal within 0, 3, and 6 h after
MCAOQ induction. Values are expressed as mean
+ SEM (n = 6-7). ***p < 0.001 as compared with
the MCAO group.

tissue, (p < 0.05, Fig. 5). As shown in Figure 5,
the administration of safranal significantly increased
the antioxidant power (FRAP value) of the brain
homogenate samples (3.1 + 0.40 umol/g tissue,
p < 0.05; 72.5 mg/kg).
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Fig. 3. Effect of safranal on cell density and percentage of degenerated cells in the hippocampal subdi-
visions of rats subjected to middle cerebral artery occlusion (MCAOQ) for 30 min and reperfusion for 24 h.
A) Photomicrographs are representative coronal brain sections stained with H&E from the ipsilateral CAl
area of the hippocampus of sham-operated (a), MCAO-operated (b), 72.5 mg/kg safranal-treated (c), and
145 mg/kg safranal-treated (d) rats (200x). B and C) The bar graphs represent percentages of the
hippocampal CAl and CA3 neuronal loss in rats treated with safranal within 0, 3, and 6 h after MCAO
induction. Values are expressed as mean + SEM (n = 6-7). *p < 0.05, **p < 0.001 and ***p < 0.001 as
compared with the MCAO group.
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Fig. 4. Effect of safranal on malondialdehyde
(MDA) concentration in left cortical regions of
rats subjected to middle cerebral artery occlu-
sion (MCAO) for 30 min and reperfusion for 24 h.
The bar graph represents MDA levels in rats
treated with safranal within O, 3, and 6 h after
MCAO induction. Values are expressed as
mean = SEM (n = 6-7). *p < 0.05 and **p < 0.01
as compared with the MCAO group.
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Fig. 6. Effect of safranal on total thiol (SH)
content in left cortical regions of rats sub-
jected to the middle cerebral artery occlusion
(MCAO) for 30 min and reperfusion for 24 h.
The bar graph represents total thiol levels in
rats treated with safranal within 0, 3, and 6 h
after MCAO induction. Values are expressed as
mean = SEM (n = 6-7). *p < 0.05 and **p < 0.01
as compared with the MCAO group.

Effect of safranal on total thiol content

Ischemic insult caused a significant reduction
(84.1%) in the total SH content from 4.5 + 0.7 to
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Fig. 5. Effect of safranal on antioxidant status in
the left cortical regions of rats subjected to middle
cerebral artery occlusion (MCAQ) for 30 min and
reperfusion for 24 h. The bar graph represents
ferric reducing/antioxidant power (FRAP) values
in rats treated with safranal within 0, 3,and 6 h
after MCAO induction. Values are expressed as
mean = SEM (n = 6-7). *p < 0.05 and **p < 0.01
as compared with the MCAO group.

0.58 + 0.08 pmol/g tissue (p < 0.01, Fig. 6). More-
over, the administration of safranal at the doses
of 72.5 mg/kg and 145 mg/kg significantly elevated
the total thiol concentration to 3.55 + 0.61 and 3.57
+0.80 pmol/g tissue, respectively (p < 0.05, Fig. 6).

Discussion

In this study, we observed that transient focal
ischemia caused significant neurobehavioral deficit,
neuronal loss and oxidative stress, indicated by
the increase of lipid peroxidation and depletion
of total sulfhydryl content and antioxidant power
in the brain tissues. The treatment with safranal
(72.5 and 145 mg/kg, i.p.) within 0, 3, and 6 h after
MCAO induction significantly decreased the isch-
emia-mediated neurobehavioral deficit, neuronal
cell loss and oxidative damage. The present results
also demonstrated that safranal at a low dose
(72.5 mg/kg) effectively decreased the ischemia-
induced neuronal death and oxidative damage
in the brain tissue; however, when administered at
a relatively high concentration (145 mg/kg), the pro-
tection against ischemia seemed to be gradually
(and not significantly) decreased.

Bharti et al. reported that administration of safranal
(0.1-0.5 ml/kg/day corresponding to 87-427 mg/kg/day,
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i.p.) significantly decreased the infarct size and improved
left ventricular functions and myocardium hemo-
dynamic status following myocardial IRl in rats [1].
They also demonstrated that safranal in a dose-de-
pendent manner normalized myocardial antioxidant
levels as well as cardiac injury markers (lactate dehy-
drogenase and creatine kinase MB) and diminished
the tumor necrosis factor (TNF)-a level, probably due
to its fortified antioxidant and anti-apoptotic poten-
tial [1]. It was found that safranal (0.25, 0.50, and
0.75 mg/kg/day, i.p. for 4 weeks) improved strep-
tozotocin-induced diabetes and its complications
by the modulation of oxidative stress markers [28].
Hazman and Ovali also reported that safranal reduced
inflammation (TNF-o and IL-1B) but increased oxida-
tive stress markers due to experimental type 2 dia-
betes mellitus both in the plasma and pancreas tis-
sue [9]. Maeda et al. found that safranal covalently
modified the catalytic cysteinyl thiol of the protein
tyrosine phosphatase 1B (PTP1B) in C,C1, myotubes
and therefore improved the insulin resistance and
glucose tolerance in diabetic KK-AY mice [21]. It is well
documented that inflammatory signaling is involved
in all stages of cerebral ischemia [15]. Anti-inflamma-
tory properties have also been reported for safran-
al [14]. Safranal has shown inhibitory effects on
up-regulation of TNF-a and IL-1B in neuropathic rats
[33]. Therefore, the inhibition of inflammation may
be another reasonable mechanism for alleviating
the effects of safranal on ischemic insults. Several
phenomena observed during brain ischemia and
reperfusion can be attributed to damage to mem-
brane lipids, especially by lipolysis during ischemia
and by radical-mediated peroxidation of polyun-
saturated fatty acids [31]. Lipid peroxidation is one
of the major mechanisms responsible for the cellular
damage caused by oxidative stress, and MDA is one
of the main end products of lipid peroxidation which
is accumulated during ischemia/reperfusion [5].
Hoseinzadeh et al. found that safranal significantly
reduced the MDA level in the rat hippocampus [10].
The same authors reported the ability of safranal to
reduce the extent of MDA generation in the deoxy-
ribose-induced erythrocyte membrane and liver
microsomal non-enzymatic lipid peroxidation [13].
In a recent study, safranal increased the antioxidant
defenses by diminishing the lipid peroxidation level
and increasing the GSH content of the brain in aged
male rats [27]. Safranal also prevented the decrease
of hippocampal thiol redox and antioxidant status
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upon quinolinic acid-induced oxidative damage in
the rat hippocampus, suggesting its antioxidant and
neuroprotective properties [25].

In conclusion, the present study indicated that
safranal had protective effects on ischemic reperfu-
sion injury in the rat model of transient focal cere-
bral ischemia. According to the results obtained in
this study, such protective effects may have been
exerted mainly by its antioxidant effects.
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