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Safranal, an active ingredient of saffron, attenuates cognitive
deficits in amyloid B-induced rat model of Alzheimer’s disease:
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Abstract

Alzheimer’s disease (AD) is the most prevalent neurodegenerative amyloid disorder with progressive deterioration of cognitive
and memory skills. Despite many efforts, no decisive therapy yet exists for AD. Safranal is the active constituent of saffron
essential oil with antioxidant, anti-inflammatory, and anti-apoptotic properties. In this study, the possible beneficial effect of
safranal on cognitive deficits was evaluated in a rat model of AD induced by intrahippocampal amyloid beta (A3, _4¢). Safranal
was daily given p.o. (0.025, 0.1, and 0.2 ml/kg) post-surgery for 1 week and finally learning and memory were evaluated in
addition to assessment of the involvement of oxidative stress, inflammation, and apoptosis. Findings showed that safranal
treatment of amyloid (3-microinjected rats dose-dependently improved cognition in Y-maze, novel-object discrimination, passive
avoidance, and 8-arm radial arm maze tasks. Besides, safranal attenuated hippocampal level of malondialdehyde (MDA),
reactive oxygen species (ROS), protein carbonyl, interleukin 13 (IL-1f), interleukin 6 (IL-6), tumor necrosis factor o
(TNF«), nuclear factor-kappa B (NF-£B), apoptotic biomarkers including caspase 3 and DNA fragmentation, glial fibrillary
acidic protein (GFAP), myeloperoxidase (MPO), and acetylcholinesterase (AChE) activity and improved superoxide dismutase
(SOD) activity and mitochondrial membrane potential (MMP) with no significant effect on nitrite, catalase activity, and gluta-
thione (GSH). Furthermore, safranal prevented CA1 neuronal loss due to amyloid 3, 4. In summary, safranal treatment of
intrahippocampal amyloid beta, 4(-microinjected rats could prevent learning and memory decline via neuronal protection and at
a molecular level through amelioration of apoptosis, oxidative stress, inflammation, cholinesterase activity, neutrophil infiltra-
tion, and also by preservation of mitochondrial integrity.
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Introduction

Alzheimer’s disease (AD) is a common neurodegenerative
disorder and the major cause of dementia in the elderly, asso-
ciated with progressive deterioration of cognition- and
memory-related processes (Dos Santos Picanco et al. 2018).
AD is represented by accumulation of senile plaques
due to amyloid beta (Af3) peptides and emergence of
tau protein-containing neurofibrillary tangles and progressive
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degeneration and loss of neurons (Jack et al. 2018). Increased
oxidative stress (Butterfield et al. 2010; Cheignon et al. 2018;
Collin et al. 2018) and inflammation (Bisht et al. 2018; Zhu
et al. 2018) are observed in the early stages of AD, leading to
varying degrees of cognitive impairment. An enhancement of
apoptotic processes (Bertoni-Freddari et al. 2009; Zhang et al.
2011), disturbance of cholinergic system (Ferreira-Vieira et al.
2016), morphological and functional alterations including
astrogliosis and synaptic changes (Ziegler-Waldkirch and
Meyer-Luehmann 2018) and mitochondrial dysfunction
(Eckert et al. 2012) are also involved in the pathogenesis of
AD. In spite of great achievements for management of people
with AD, however, few approved medical treatments exist for
this disease. Such treatments usually act to reduce symptoms
instead of targeting the pathogenic course of AD. Success rate
for pharmacological therapy of AD may be higher if applied in
the pre-clinical stage and before the establishment of
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neurodegeneration (Briggs et al. 2016). Thus, novel interven-
tions with an ability to appropriately modify biologically de-
fined targets of AD pathogenic process are strongly required
(Briggs et al. 2016; Jack et al. 2018).

Use of natural products for therapy of prevalent human
disorders with a metabolic origin has expanded in recent years
(Baluchnejadmojarad and Roghani 2003; Islam et al. 2017).
Safranal is the main component of saffron (Crocus sativus)
essential oil that causes its distinctive aroma (Rezaee and
Hosseinzadeh 2013). Safranal being well-known as a flavoring
and odorant chemical (40), is also recognized as an antioxidant
(Tamaddonfard et al. 2019) and anti-inflammatory and anti-
apoptotic (Delkhosh-Kasmaie et al. 2018) agent. In addition,
safranal could exert gastro-protective effects in indomethacin-
induced model of gastric ulcer (Tamaddonfard et al. 2019), is
capable to ameliorate glutamic acid-induced oxidative injury
of OLN-93 cells (Alavi et al. 2018), and to improve learning
and memory deficits in streptozotocin-induced model of dia-
betes (Delkhosh-Kasmaie et al. 2018). Furthermore, neuropro-
tective potential of safranal has been shown in a model of
transient cerebral ischemia (Sadeghnia et al. 2017) and it has
recently been demonstrated that safranal could protect against
amyloid beta-induced cell toxicity in PC12 cells (Rafieipour
et al. 2019). However, the effect of safranal on cognitive def-
icits in amyloid B-induced model of AD and its modes of
action has not been determined. Therefore, we undertake this
study to demonstrate neuroprotective effect of safranal in
intrahippocampal amyloid 3; 49-induced model of AD in the
rat and to explore some underlying mechanisms.

Material and methods
Animals

Male Wistar rats (Pasteur’s Institute, Tehran) (210-260 g)
were kept in Plexiglas cages (3—4/cage) in an animal house
(temperature: 22-24 °C; 12:12 lighting cycle; humidity:
~ 60%). Animals had an adaptation period of 1 week
before being tested. All behavioral tests were conducted be-
tween 10:00 a.m. and 04:00 p.m. The study protocol was
approved by Ethics Committee of Iran University of
Medical Sciences (Tehran, Iran) in 2018 (ethics no.
IR.IUMS.REC.1396.32487) and it was in compliance with
the policies specified in the Guide for the Care and Use of
Laboratory Animals of NIH.

Experimental procedure
Rats (n=66) were randomly assigned to six groups as fol-
lows: sham, safranal-treated sham at a dose of 0.2 ml/kg,

amyloid 3, and safranal-treated amyloid 3 groups receiving
safranal at doses of 0.025, 0.1, or 0.2 ml/kg. For stereotaxic
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surgery, rats were anesthetized with ketamine (Neogen Corp.,
Germany; #85521V69F) and xylazine (Alfasan, Germanys;
012023) (100 and 10 mg/kg, respectively; i.p.) and then
placed in a Stoelting stereotaxic instrument (USA). After
disinfecting with an iodine solution, the scalp was cut on the
midline, and a burr hole was made in the skull at coordinates
of 3.5 mm posterior to bregma, 2 mm lateral to sagittal suture,
and 2.7-2.8 mm below the dura, using stereotaxic atlas de-
signed for rat (Paxinos and Watson 1986). For induction of a
model of AD, two pl of aggregated amyloid 3149 (5 png/ul)
(Fahanik-Babaei et al. 2019) was injected into the CA1 of
both sides. Amyloid 3;_49 was prepared as a stock solution
in sterile 0.1 M PBS (Bio-Idea, Tehran, Iran; #52411; pH 7.4)
and aliquots were stored at —20 °C. Amyloid (3 (Sigma-
Aldrich, USA; #072 K1289) solution was aggregated by its
incubation at 37 °C for 96 h (Piermartiri et al. 2010). Safranal
(Sigma-Aldrich, USA; #STBS37802V; a purity of >90%) was
diluted in 10% Kolliphor EL (Sigma-Aldrich, USA; #C5135)
and administered p.o. using a gavage needle at doses of 0.025,
0.1, or 0.2 ml/kg/day, one h after surgery for one week. Sham
groups received the same volumes of the vehicles. Behavioral
tests were conducted blind to treatments at third week after the
surgery. Study design is shown in Fig. 1.

Behavioral tests
Y maze task

Short-term spatial recognition memory was assessed by anal-
ysis of spontaneous alternation in Y-maze, as reported before
(Roghani et al. 2006). In brief, each rat was placed at the end
of one arm and allowed to move through the arms for 8 min
and sequence of arm entries was recorded. Alternation was as
successive entries into the three arms on overlapping triplet
sets. The maximum number of possible spontaneous alterna-
tions was obtained as the total number of arms entered minus
2, and the alternation was calculated as the ratio of actual to
possible alternations x 100.

Novel object discrimination (NOD) task

This test was done similar to the protocol of earlier reports
(Baluchnejadmojarad et al. 2017; Zarezadeh et al. 2017). Each
animal received two successive 5 min object exploration trials
with a 4 h inter-trial interval. During the familiarization, the
animals were individually exposed to two identical objects,
and one of the objects was replaced with a novel object in
the second trial. Exploration of each object, defined as
sniffing, licking, chewing, or moving vibrissae while directing
the nose toward and <1 cm from the object, was recorded.
The discrimination (D) ratio was calculated using the formula:
(t [novel]-t [familiar]) / (t [novel] + t [familiar]) *100.
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Fig. 1 Experimental protocol of the study including behavioral tests and treatments

Radial arm maze task

Protocol for this test has been described before (Cioanca et al.
2013; Hritcu et al. 2014). The maze was comprised of § arms,
extending radially from a central area. The arms were 50 cm
above the floor in a dimly lighted room with visual cues. At
the end of each arm, there was a food cup. The animals were
kept on a food regimen and their body weight was maintained
at 85% of their initial body weight. Before the training, 3—4
rats were placed to explore the maze for 5 min and consume
food freely. The animals were trained for 4 days to run to the
end ofthe arms and consume the baited food. The training trial
continued until all the 5 baits had been used up or until 5 min
has passed. After adaptation, all the rats were trained with 1
trial per day for seven consecutive days. Each animal was
checked for working and reference memory, in which the
same 5 arms (no. 1, 2, 4, 5, and 7) were baited. When the
animals made 7 or 8 correct choices and less than one error
in three sessions, they were selected. Finally, number of work-
ing memory errors (entrance into an arm containing food, but
previously entered) and reference memory errors (entrance
into an arm that never baited) was counted. Reference mem-
ory is a long-term process for information that remains
constant over repeated trials and working memory is a
short-time memory process in which the information to
be remembered changes in every trial (Hritcu et al. 2012;
Olton and Samuelson 1976).

Passive avoidance task

The protocol of this test has been described before (Ghofrani
etal. 2015). The maze was composed of an illuminated cham-
ber connected to a dark chamber by a guillotine door. An
electric shock was delivered to the grid floor. For acquisition
trial, rats were placed in the lighted chamber. After a habitua-
tion period of 5 min, the guillotine door was lifted and after rat
entrance into the dark chamber, the door was lowered and an
electric shock (1 mA, 1 s) was applied. In this trial, the initial
latency (IL) of entrance into the dark chamber was recorded.
One day later, each animal was placed in the lighted chamber

to assess retention and recall capability. The interval
between placement in the lighted chamber and its en-
trance into the dark chamber was regarded as step-
through latency (STL; cut-off=5 min).

Determination of hippocampal oxidative stress

At the end of week 3 post-surgery, rats (n =6 from each ex-
perimental group) were deeply anesthetized with a high dose
of ketamine (150 mg/kg) and hippocampal tissue was
punched out and 5% homogenate was prepared in ice-cold
Tris—HCI buffer (Secoma, South Africa; #062515E0198;
150 mM, pH 7.4). The obtained homogenates were centri-
fuged at 5000 rpm at 4 °C.

Malondialdehyde (MDA) content of the supernatant as a
biomarker of lipid peroxidation was determined by MDA as-
say reagent comprising of 2-thiobarbituric acid (TBA)
(Sigma-Aldrich, USA; #DCBQ7125V) and trichloroacetic ac-
id (TCA) (Sigma-Aldrich, USA; #68H48761), according to
earlier studies (Baluchnejadmojarad et al. 2017; Raoufi et al.
2015).

Estimated level of ROS was assessed with the non-
fluorescent substance dichlorofluorescein diacetate (Sigma-
Aldrich, USA; #BCBK6827V) which is cleaved by intracel-
lular esterase enzymes in the presence of ROS into 2,7-
dichlorofluorescein that fluoresces (Arya et al. 2013; Tobon-
Velasco et al. 2012). Fluorescence was measured at an excita-
tion of 488 nm and an emission of 525 nm.

Nitrite level was determined by Griess method (Afshin-
Majd et al. 2015; Majithiya and Balaraman 2006). In this
assay, supernatant was added to Griess reagent comprising
sulfanilamide (Sigma-Aldrich, USA; #STBB4751) and N-
naphthyl ethylenediamine (Sigma-Aldrich, USA;
#010 M1473) in an acidic medium.

Total protein carbonyl content as an index of protein oxi-
dation was measured as described before (Levine et al. 1990;
Shagirtha and Pari 2011). In short, tissue homogenate was
centrifuged at 10000 g for 20 min to separate cytosolic frac-
tion and this fraction was added to TCA at equal ratios.
Thereafter, dinitrophenyl hydrazine (DNPH) (Merck,
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Germany; #K37322281) was added and it was kept for 60 min
at room temperature. Pellet was washed three times with a
mixture of ethanol-ethyl acetate (Merck, Germany;
#K45219764) and the pellet was solubilized by addition of
guanidine hydrochloride (Merck, Germany; #B0752419)
and its absorbance was read at 366 nm.

Activity of catalase was determined in accordance with
Claiborne’s method (Claiborne 1985; Raoufi et al. 2015).
Shortly, H,O, (Carlo-Erba, Algeria; #V5A560165A) was
added to a mixture of 50 mM potassium phosphate buffer
(pH 7.0) and supernatant and rate of H,O, decomposition
was monitored at 240 nm.

Superoxide dismutase (SOD) activity was determined by
SOD assay kit (Cayman Chemical, USA; #0490433).

Level of reduced glutathione (GSH) was determined ac-
cording to previous reports (Ellman 1959; Raoufi et al.
2015). For this test, the supernatant was mixed with 5%
TCA and centrifuged. Then, obtained supernatant, phosphate
buffer (pH 8.4), 5'5 dithiobis (2-nitrobenzoic acid) (DTNB)
(Merck, Germany; K43541091) were added and 30 min later,
the absorbance was obtained at 412 nm.

Measurement of protein content was according to Bradford
method with bovine serum albumin as its standard
(Bradford 1976).

Biochemical determination of hippocampal
inflammation and astrogliosis

The level of the biomarkers IL-13 (MyBioSource, Inc., USA,;
#11513781012), IL-6 (Santa Cruz Biotechnology, Inc., USA;
#H1915), TNF«x (Sigma-Aldrich, USA; #1116D0715),
NF-kB (Santa Cruz Biotechnology, Inc., USA; #K1915),
and GFAP (Santa Cruz Biotechnology, Inc., USA; #H0414)
in the hippocampal tissue was measured using enzyme-linked
immunosorbent assay. The absorbance of samples was read by
Synergy HT microplate reader (BioTek, Winooski, Vermont,
USA) and final values were obtained.

Biochemical determination of MPO activity

Analysis of MPO activity as a marker of neutrophil infiltration
was according to an earlier study (Pulli et al. 2013). For this
purpose, hippocampal tissue (right side) was homogenized in
CTAB buffer (50 mM cetyltrimethylammonium bromide
(Merck, Germany; S5771719) in 50 mM potassium phosphate
buffer at pH = 6) and centrifuged at 15,000 g for 20 min. For
estimation of peroxidase activity, sample was mixed with
0.75 mM H,0, and 3,3',5,5'-tetramethylbenzidine-HCI
(Sigma-Aldrich, USA; #STBB6012V) (2.9 mM in 14.5%
DMSO (Merck, Germany; #802912) and 150 mM sodium
phosphate buffer at pH 5.4) and the plate was incubated at
37 °C for 5 min. The reaction was stopped by adding 2 M
H,SO,4 and absorption was measured at 450 nm.
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Biochemical determination of apoptosis biomarkers

Caspase 3 activity was determined by an assay kit from
Abcam (Cambridge, USA; #ab39401). DNA fragmentation
was assessed using Cell Death Detection ELISA Plus kit
(Sigma-Aldrich, USA; #11287100).

Measurement of MMP

Mitochondrial membrane potential (MMP) as a reliable index
of mitochondrial integrity and cell health was determined ac-
cording to earlier reports (Ding et al. 2013; Ma et al. 2010).
The hippocampal supernatant was re-centrifuged (10,000 rpm
for 15 min) and the resultant precipitate encompasses mito-
chondrial fraction. Mitochondrial fraction was incubated with
0.2 umol/l of rhodamine 123 (Sigma-Aldrich, USA;
#MKBC2653V) at 37 °C for 5 min and then the MMP was
determined. Fluorescence signals excited at 488 nm and emis-
sion was followed at 525 nm using a fluorescent microplate
reader and fluorescence intensity was finally reported as arbi-
trary fluorescence unit (AFU).

Measurement of hippocampal acetylcholinesterase
(AChE) activity

ACHhE activity in the hippocampal lysate was determined by a
modified method of Ellman’s according to Isomae et al.
(Isomae et al. 2003). The activity of AChE was deter-
mined by measuring the formation of the yellow prod-
uct obtained from the reaction between Ellman’s reagent
and the thiocholine formed by enzymatic degradation of
acetylthiocholine at a wavelength of 412 nm, according
to kit protocol (Abcam, USA; #GR3179205-5).

Histological evaluation

For this purpose, the rats (n=4-5 from each experimental
group) were deeply anesthetized with a high dose of
ketamine (150 mg/kg) and perfused through the ascend-
ing aorta with 50 ml of heparinized normal saline
followed by 100-150 ml of fixative solution containing
4% paraformaldehyde in 0.1 M phosphate buffer.
Following perfusion, brains were removed from the
skull, post-fixed for one week, hippocampal block was
prepared and embedded in paraffin, hippocampal block
was cut into 5 pum coronal sections and prepared for
Nissl (Cresyl violet acetate, #C1791, 124 K3737) stain-
ing. Neuronal counting was done in CAl area of the
hippocampus in at least 4 sections at a plane range
between —3.6 and —4.3 mm from the bregma (according
to the coordinates of the stereotaxic atlas of Paxinos and
Watson in an area of 0.1 mm? using an image capturing
and analysis system (Bel Engineering, Italy). Cells with
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a clear membrane and a visible nucleolus were included
in counting process. The analysis was repeated two
times for each section and done blind to the treatments.

Statistical analysis

All results are expressed as mean +S.E.M. Kolmogorov-
Smirnov test was used to confirm parametric distribution of
data. Then, the parametric one-way ANOVA test was used for
data analysis and if a difference was noted to be significant,
pair-wise comparison was done using the Tukey post-hoc test.
In all analyses, significance level was set at <0.05.
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Results
Recognition short-term memory in Y maze task

Figure 2a shows the performance of animals in the Y-maze
task to assess recognition aspect of short-term spatial memory.
Obtained data as a percentage of alternation score showed that
alternation score is significantly lower in amyloid 3 and am-
yloid {3 + safranal0.025 groups as compared to the sham
group (p < 0.001) and no such significant reduction was ob-
tained for amyloid 3 + safranal0.1 and amyloid 3 +
safranal0.2 groups. In contrast, safranal treatment of amyloid
3 group at a dose of 0.2 ml/kg significantly prevented
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reduction of alternation score relative to amyloid f3
group (p=0.031).

Novel object discrimination

A significant reduction of discrimination ratio percentage
was obtained for amyloid B (»p<0.001), amyloid 8+
safranal0.025 (p=0.007), and amyloid (3 + safranal0.1
(p=0.029) when compared to sham group and no such
significant reduction was noted for amyloid {3 +
safranal0.2 group. In contrast, discrimination ratio was
significantly higher in amyloid 3 +safranal0.2 group in
comparison with amyloid (3 group (p=0.030) (Fig. 2b).

Passive avoidance test

Figure 2c displays the performance of rats in the passive
avoidance task as reported by initial latency (IL) and step-
through latency (STL). Regarding IL, there was no significant
difference amongst the groups (data not shown). With regard
to STL, it significantly decreased in amyloid 3 (p <0.001),
amyloid B + safranal0.025 (p <0.001), and amyloid 3 +
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safranal0.1 (p = 0.027) versus sham group and no such signif-
icant decrease was found out for amyloid 3 + safranal(.2
group. In addition, STL was significantly greater in amyloid
{3 + safranal0.1 (»p =0.023) and amyloid f3 + safranal(.2
(p=0.007) relative to amyloid f3.

Radial arm maze test

Figure 2d shows the performance of rats in radial arm maze task
as a valid indicator of long-term spatial memory. In this regard,
working and reference memory errors were significantly greater
in amyloid 3, amyloid f3 + safranal0.025, and amyloid {3 +
safranal0.1 (p <0.05-0.001) when compared to sham. In con-
trast, these errors were significantly lower in amyloid {3 +
safranal0.2 group relative to amyloid (3 group (p = 0.008).

Hippocampal biomarkers of oxidative stress

Amyloid (3 group had a significantly higher level of MDA
(Fig. 3a) as a valid biomarker of lipid peroxidation
(p = 0.008), ROS (Fig. 3b) (p = 0.06) and protein carbonyl
(Fig. 3d) (p=0.08) and a significant decrease of catalase
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Fig.3 Hippocampal level of malondialdehyde (MDA) (a), estimated level of reactive oxygen species (ROS) (b), nitrite (¢), and protein carbonyl (d). n =
6 for each group. Values are means + S.E.M. ** p < 0.01 (versus Sham); # p < 0.05, ## p < 0.01 (versus amyloid (3)
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(Fig. 4a) (p = 0.032), SOD (Fig. 4b) (p =0.009), and glutathi-
one (GSH) (Fig. 4¢) (p = 0.035) with no significant alteration
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Fig. 4 Hippocampal level of catalase activity (a), superoxide dismutase
activity (SOD) (b), and reduced glutathione (GSH) (¢). n=6 for each

group. Values are means £ S.EM. * p< 0.05, ** p< 0.01 (versus
Sham); # p < 0.05 (versus amyloid 3)

of nitrite level (Fig. 3¢) when compared to sham group.
Additionally, treatment of amyloid 3 group with safranal at
a dose of 0.2 ml/kg significantly and partially reversed MDA
(p = 0.037), ROS (p=0.031), protein carbonyl (p =0.008),
and SOD (p = 0.041) with no significant and beneficial effect
regarding nitrite, catalase, and GSH.

Hippocampal biomarkers of astrogliosis,
inflammation, apoptosis, and neutrophil infiltration

Obtained data showed that hippocampal levels of
inflammation-related indices including IL-13 (Fig. 5a) (p=
0.008), IL-6 (Fig. 5b) (p = 0.009), TNF«x (Fig. 5¢) (p = 0.007),
and NF-kB (Fig. 6b) (p < 0.001) are significantly higher in
amyloid (3 group as compared to sham group. In contrast,
treatment of amyloid (3 group with safranal at a dose of
0.2 ml/kg significantly and partly reversed IL-1p (p =
0.034), IL-6 (»p=0.029), TNFx (p=0.021), and NF-AB
(P = 0.004) when compared to amyloid 3 group.

Regarding apoptosis-related biomarkers, amyloid 3 group
had a significantly higher level of caspase 3 activity (Fig. Se)
(p=0.007) and DNA fragmentation (Fig. 5f) (p =0.008) rel-
ative to amyloid 3 group. In addition, amyloid (3 + safranal0.2
group had a significantly lower level of these apoptotic bio-
markers (p =0.041 and p =0.37, respectively).

Hippocampal MPO activity as a consistent index of neu-
trophil infiltration increased in amyloid 3 group versus sham
group (Fig. 5d) (p =0.006) and safranal treatment of amyloid
{3 group at doses of 0.1 or 0.2 ml/kg was able to significantly
reduce it (p =0.027 and p = 0.018, respectively).

Hippocampal level of GFAP as a reliable biomarker of
astrogliosis was significantly greater in amyloid (3 group when
compared to sham group (Fig. 6¢) (p<0.001) and safranal
treatment of amyloid 3 group at doses of 0.1 (p =0.028) or
0.2 ml/kg (p = 0.005) was able to significantly reduce it.

Hippocampal level of AChE and MMP

AChE activity (Fig. 6a) elevated (p = 0.008) and MMP
(Fig. 6d) significantly decreased (p = 0.004) in amyloid
3 group versus sham group. In contrast, safranal treat-
ment of amyloid (3 group at a dose of 0.2 mlkg (p=
0.043 and p =0.035, respectively) was capable to signif-
icantly and partially reverse inappropriate changes of
these parameters.

Histological findings

In this research study, number of Nissl-stained neurons in the
hippocampal CA1 area was compared between the groups
(Fig. 7). Our findings showed that amyloid 3 (p <0.001) and
amyloid 3 + safranal0.025 (p = 0.008) groups had a significant-
ly lower number of CA1 neurons relative to sham group and
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safranal treatment of amyloid (3 group at doses of 0.1 or 0.2 ml/
kg significantly prevented this reduction as compared to amy-
loid 3 group (p = 0.037 and p = 0.024, respectively).

Discussion

Earlier reports have shown that intrahippocampal amyloid 3
microinjection is associated with deficits in learning and
memory processes (Ghofrani et al. 2015; Liu et al. 2015;
Rasoolijazi et al. 2007). In this respect, amyloid (3;_4¢-induced
learning and memory disturbances occur for behavioral tasks
including Y maze (Fahanik-Babaei et al. 2019), passive avoid-
ance (Tsai et al. 2015), novel object discrimination (Fahanik-
Babaei et al. 2019; Santos et al. 2017), and radial arm maze
(Hashimoto et al. 2011) that have been consistent with find-
ings of this study. Additionally, oral administration of safranal
mitigated cognitive deficits induced by intrahippocampal in-
jection of amyloid [3,_4¢. Previous studies have shown the
beneficial effect of saffron or its active ingredient safranal in
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different models of cognitive deficits (Delkhosh-Kasmaie
et al. 2018; Linardaki et al. 2017; Papandreou et al. 2011).

In this research study, at the end of week 3 following
intrahippocampal microinjection of amyloid (3, 40, hippocam-
pal level of oxidative stress biomarkers including MDA as a
consistent indicator of lipid peroxidation, ROS, and protein
carbonyl elevated and level and/or activity of antioxidants
consisting of catalase, SOD, and GSH depressed that is in
agreement with earlier research studies (Fahanik-Babaei
et al. 2019; Guerra de Souza et al. 2018; Lin et al. 2019).
Oxidative stress burden as a causative factor strongly partici-
pates in pathogenesis of AD (Bisht et al. 2018). There are
research evidence indicating incremental and inappropriate
effect of oxidative damage during progression of AD with
subsequent emergence of clinical and pathological symptoms
of AD such as cognitive decline (Bonda et al. 2010; Swomley
and Butterfield 2015). Oral safranal in this study was capable
to ameliorate oxidative stress and to improve SOD activity
following intrahippocampal AP _49. Such beneficial effects
for safranal to lower oxidative stress in toxic conditions have
already been reported (Ahmad et al. 2017; Pan et al. 2016).
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In this study, we also determined inflammatory biomarkers
comprising IL-1f3, IL-6, TNF«x, and NF-«kB in hippocampal
tissue. These markers had a significant and notable elevation
to varying degrees following intrahippocampal Af_40.
Development of inflammation in the brain is also a distinctive
pathological feature of neurodegenerative diseases such as

Fig. 7 Number of hippocampal
CALl pyramidal neurons in Nissl
staining and related coronal
sections through the
hippocampus. n=4-5 for each
group. Values are means +
SEM.** p<0.01, *** p< 0.001
(versus Sham); # p < 0.05,

AD (Kim et al. 2014; Pimplikar 2014). Brain inflammation
is largely attributed to activation and mobilization of
astrocytes and microglia. Amyloid 3 challenge stimulate
the latter cells to produce and release a variety of pro-
inflammatory cytokines with subsequent damage of the
neurons (Li et al. 2011). NF-kB itself plays a pivotal
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role in amyloid (3-induced production and release of
proinflammatory cytokines (Bales et al. 1998). In agree-
ment with our findings, earlier reports have also shown
anti-inflammatory potential of safranal (Gholamnezhad et al.
2013; Tamaddonfard et al. 2013).

In the present study, we had a higher activity of AChE in
the hippocampus of amyloid 3-challenged group and safranal
attenuated this change. Cholinesterases overexpression and/or
activity in an indicator of central cholinergic dysfunction
(Mufson et al. 1991) and this dysfunction could play a pivotal
role in AD pathogenesis (Wang et al. 2014). However, there is
no evidence whether safranal has direct and/or indirect effects
on cholinesterase in AD that itself requires further studies.

To assess mitochondrial health status following amyloid 3
and safranal, MMP was determined. It has been shown that
amyloid 3 exposure accentuates production of deleterious free
radicals with subsequent mitochondrial dysfunction and cell
damage (Reddy 2006). Besides, it has been claimed that spo-
radic AD may be linked to mitochondrial dysfunction
(Mancuso et al. 2010; Swerdlow et al. 2010). In our study,
safranal prevented MMP decline due to amyloid 3, indicating
its ability to preserve mitochondrial health. Consistent with
these findings, it has shown that crocin as another active in-
gredient of saffron is able to reduce cell lysis, lipid peroxida-
tion, ROS production, MMP decline, and cellular proteolysis
(Yousefsani et al. 2018) and is able to protect PC12 cells
against 1-methyl-4-phenylpyridinium toxicity through attenu-
ation of mitochondrial dysfunction and endoplasmic reticu-
lum stress (Zhang et al. 2015).

In this study, we also observe a prominent and significant
elevation of apoptotic biomarkers including caspase 3 and
DNA fragmentation in the hippocampal tissue in amyloid
[31_40-microinjected group that was consistent with earlier re-
ports (Boland and Campbell 2004; Davis et al. 1999; Liu and
Zhao 2004). In contrast to these findings, some reports exist
indicating that amyloid (3,_4¢ could not significantly raise ap-
optotic indices like DNA condensation and fragmentation and
caspase 3 activation in some cell types (Chen and Dong 2009).
Safranal treatment of amyloid (3 group was successful to low-
er apoptosis. Consistent with this finding, anti-apoptotic po-
tential of safranal has been reported before (Pan et al. 2016;
Rafieipour et al. 2019).

Intrahippocampal amyloid (3,49 is also associated with
increased expression of GFAP that is clearly suggestive of
an inflammatory event and occurrence of astrogliosis (Cirillo
et al. 2015; Deng et al. 2017). Besides, safranal treatment
reduced hippocampal GFAP that is most probably related to
its anti-inflammatory effect and is in agreement with an earlier
report regarding its anti-inflammatory activity. In support of
this fact, it has been reported that safranal could attenuate
expression of GFAP and inflammatory cytokines including
TNF-« and IL-1f3 in a rat model of spinal nerve transection
(Zhu and Yang 2014).

@ Springer

One of the limitations of this study was the lack of a cor-
relation analysis. Although such analysis could enrich our
study, however, due to many biochemical and behavioral pa-
rameters of different natures that were measured, it was not
practically possible to have such an analysis. Another limita-
tion of this study was that we did not evaluate the time course
of the beneficial effect of safranal treatment post-Af3 for a
longer duration, in other words, how long its effects persist.
Such analyses and studies are strongly warranted to be includ-
ed and/or conducted in future studies.

Collectively, it is concluded that safranal treatment of
intrahippocampal amyloid beta-microinjected rats could pre-
vent learning and memory decline via neuronal protection and
at a molecular level through amelioration of oxidative stress,
inflammation, acetylcholinesterase (AChE) activity, neutro-
phil infiltration, and also by way of preservation of mitochon-
drial integrity. This may be considered as a subordinate ther-
apeutic supplement for reducing the development of neurode-
generative diseases like AD.
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