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Nicotine is a psychostimulant that induces neurochemical and behavioral changes upon chronic administration, leading to
neurodegenerative conditions associated with smoking. As of now, no preventive or therapeutic strategies are known to counteract
nicotine-induced neurodegeneration. In this study, we explore the neuroprotective effects of crocin, a bioactive agent commonly found
in saffron - a spice derived from the flower of Crocus sativus - using a rat model. The dose-dependent effects of crocin were evaluated
in nicotine-induced neurodegeneration and compared with a control group. Neurobehavioral changes, assessed through the elevated
plus maze, the open field test, the forced swim test, and the Morris water maze, as well as oxidative stress in the hippocampus,
were evaluated. Interestingly, nicotine administration resulted in depression, anxiety, and abnormal motor and cognitive functions,
while crocin treatment protected the rat brain from these abnormalities. The beneficial effects of crocin were associated with reduced
oxidative stress biomarkers such as malondialdehyde, along with increases in superoxide dismutase, glutathione peroxidase, and
glutathione reductase activities. These results demonstrate that crocin can mitigate nicotine-induced neurodegeneration by reducing

oxidative stress, potentially offering a protective measure against neurodegenerative effects in smokers.
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INTRODUCTION

Nicotine is a central stimulant with numerous det-
rimental consequences in its applications (Benow-
itz, 2009; 2010). Previous studies have elucidated the
long-term effects of nicotine use, highlighting its ad-
verse neurochemical and psychological impacts (Ben-
owitz, 2010; Bruin et al., 2010). Due to its neurostim-
ulant properties, nicotine possesses an exceptionally
high potential for abuse and addiction (Balfour, 1982;
Benowitz, 2009). Numerous studies have demonstrat-
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ed that chronic nicotine administration can lead to
neurobehavioral disturbances, including anxiety and
depression during withdrawal (Balfour, 1982; Ed-
dins et al., 2009). It has been suggested in previous
research that the depletion of specific neurotrans-
mitters, as a result of prolonged nicotine use, and
the down-regulation of receptors may contribute to
such behaviors (Sudheer et al., 2008; Cardinale et al.,
2012). Prolonged use of nicotine may cause behavioral
changes, such as anxiety and depression-like behav-
iors, potentially causing mood-related disturbances in
both experimental animals and clinical subjects (Bal-
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four, 1982; Eddins et al., 2009). Molecular studies have
also indicated that chronic nicotine abuse can result
in mitochondrial dysfunction, oxidative stress, and in-
flammation, ultimately leading to neurodegeneration
in certain brain areas, such as the hippocampus (Sud-
heer et al., 2008).

In recent years, there has been a significant surge
in the utilization of herbal and natural compounds as
therapeutic agents. Natural flavonoids and their de-
rivatives have garnered attention for their potential
therapeutic effects against neurodegenerative diseas-
es/disorders and drug-induced toxicity (Suk, 2005).
Among these compounds, crocin, a carotenoid chemi-
cal compound present in crocus and gardenia flowers,
is noteworthy (Hosseinzadeh & Talebzadeh, 2005; Lee
et al., 2005; Yousefsani et al., 2018). Crocin is the pri-
mary compound responsible for the distinctive color of
saffron (Lee et al., 2005; Chen et al., 2008; Khalili et al.,
2010). Previous studies have consistently indicated that
crocin possesses both anxiolytic and antidepressant ef-
fects, suggesting its potential as a viable alternative in
situations where both anxiety and depression coexist
(Saleem et al., 2006; Deslauriers et al., 2011; Finley &
Gao, 2017). A substantial body of literature has shown
the effectiveness of crocin in modulating neurodegen-
eration, attributed to its anti-apoptotic, antioxidant,
and anti-inflammatory properties (Saleem et al., 2006;
Finley & Gao, 2017). Its biological effects are mediated
by antioxidant, anti-inflammatory, anti-apoptotic, im-
munomodulatory activities (Hoshyar & Mollaei, 2017).
Conversely, the neuroprotective effects of this com-
pound could be crucial against certain neurotoxins and
neurodegenerative agents (Asdaq & Inamdar, 2010; Fin-
ley & Gao, 2017). Despite the wealth of information on
crocin, its effects against nicotine-induced oxidative
stress remain unclear. Therefore, the primary objective
of this study was to assess the neuroprotective effects
of crocin against nicotine-induced oxidative stress and
alterations in neurobehavioral parameters. This inves-
tigation aims to contribute to a deeper understanding
of the mechanisms underlying nicotine toxicity. Specif-
ically, this study endeavors to evaluate the neuropro-
tective role of crocin against nicotine-induced hippo-
campal toxicity.

METHODS
Animals

Seventy adult male Wistar rats, weighing between
250-300 g, were purchased from the animal house of
Iranian University of Medical Sciences. They were
housed under standard conditions, with a room
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temperature of 22 £ 0.5°C, a 12-hour light/dark cy-
cle, and had ad libitum access to food and water. The
experimental protocol received approval from the
Ethical Research Committee of the Iran University
of Medical Sciences (IUMS) (Ethical Code: IR.IUMS.
FMD.REC.1398.309). The guidelines of the ITUMS were
aligned with the procedures outlined in ARRIVE (An-
imal Research: Reporting of In Vivo Experiments)
(Kilkenny et al., 2010).

Experimental design

Animals were randomly assigned to one of six
groups, with each group consisting of 10 rats: Group 1
(control): received normal saline (0.2 ml/rat, ip, once
daily) for 21 days; Group 2 (nicotine-treated): admin-
istered nicotine (10 mg/kg, ip, once daily) for 21 days;
Groups 3, 4, 5, and 6: simultaneously treated with nic-
otine (10 mg/kg, ip, once daily) and crocin at doses of
10, 20, 40, and 80 mg/kg, ip, for 21 days; Group 7: re-
ceived crocin (80 mg/kg, ip) dissolved in normal saline
for 21 days.

It is important to note that in groups treated with
nicotine in combination with crocin, crocin was admin-
istered first, followed by nicotine after one hour. Addi-
tionally, the selection of a high dose of nicotine, known
to induce neurotoxicity in hippocampal brain cells, was
based on our and other previous studies (Carlson et al.,
2000; 2001; Ciani et al., 2005; Motaghinejad et al., 2016;
2017b). The neuroprotective doses of crocin were cho-
sen in accordance with similar previous works (Tamad-
donfard et al., 2013; Vakili et al., 2014; Sarshoori et al.,
2014; Mohammadzadeh et al., 2018).

From day 17 to 21, the Morris water maze (MWZ)
standard behavioral method was employed to evalu-
ate learning and spatial memory in the treated ani-
mals. Subsequently, from day 22 to 28, various addi-
tional standard behavioral methods were applied to
assess anxiety and depression levels in the experi-
mental animals: the elevated plus maze (EPM) was
conducted on day 22, the open field test (OFT) was
performed on day 24 and, the forced swim test (FST)
took place on day 26.

The behavioral studies were conducted over sever-
al days deliberately. This approach was adopted con-
sidering that each behavior could potentially influence
the outcome of another, and, based on this premise, the
tests were conducted on separate days. Additionally,
adhering to fundamental principles concerning behav-
ioral changes and biochemical parameters in multiple
experimental procedures, a minimum of 21 days was
deemed necessary after drug administration in exper-
imental models. This duration has been consistently
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supported and corroborated in our study, as well as
in other relevant previous works (Altinoz et al., 2018;
Cryan & Slattery, 2007; Kamyar et al., 2016; Motaghine-
jad et al., 2017b; Tamaddonfard et al., 2013). From day
22 to 27, following the administration of drugs, vari-
ous mood and motor activity behaviors were assessed
(Feizipour et al., 2020; Kamyar et al., 2016; Keshavarzi
et al., 2019; Motaghinejad et al., 2016). On day 28, all
animals underwent anesthesia through the adminis-
tration of 50 mg/kg of thiopental. Subsequently, the
brain tissue was extracted, and the hippocampus was
isolated from each rat following established guidelines
from previous studies. The assessment of hippocampal
oxidative stress biomarkers was then conducted (Frank
et al., 2006; Motaghinejad et al., 2017a).

Crocin and nicotine were obtained from Sigma-Al-
drich (USA) and dissolved fresh in normal saline prior
to administration.

Behavior tests

FST is a behavioral test used to evaluate depres-
sion-like behavior in the experimental model (Gould et
al., 2009). It was carried out in accordance with the pre-
vious standard protocols (Gould et al., 2009; Can et al.,
2012a; Ghafarimoghadam et al., 2022). The swimming
behavior of the animals in the FST is used as an indica-
tor of non-depressive behavior (Gould et al., 2009; Can
et al., 2012b; Ghafarimoghadam et al., 2022).

EPM is a behavioral employed to assess anxiety-like
behaviors in the experimental model and it was con-
ducted in accordance with established standard proto-
cols (Ghafarimoghadam et al., 2022; Walf & Frye, 2007).
In alighment with the methodology, the time spend in
open arms of the EPM by the animal was indicative of
non-depressive and non-anxiety behavior (Ghafari-
moghadam et al., 2022; Walf & Frye, 2007).

In OFT, locomotor changes and anxiety-like behav-
ior were assessed. This test involved the evaluation of
behaviors such as rearing, ambulation distances, time
spent in the central square entry, and the number of
entrances to the central square area (Cryan et al., 2005;
Can et al., 2012; Ghafarimoghadam et al., 2022).

MWM, as a standard behavioral test for cognition
and spatial memory assessment, was conducted on the
basis of prior research (Motaghinejad et al., 2017a; Vor-
hees & Williams, 2006). In this experiment, parameters
such as escape latency, defined as the time of discovery
of the hidden platform, the distance traveled by each
animal to reach the hidden platform and the propor-
tion of animal involvement in the target quarter were
assessed were measured (Motaghinejad et al., 2017a;
Vorhees & Williams, 2006).
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Molecular studies

As mentioned above, all animals were anesthetized
by intraperitoneal injections of 50 mg/kg sodium thio-
pental and the total hippocampus was isolated from
each rat. Subsequently, the mitochondria of the hip-
pocampal cells were isolated and prepared by standard
protocol according to previous studies (Kipp & Ramirez,
2001; Zadali et al., 2019).

The degree of lipid peroxidation, determined by
measuring malondialdehyde (MDA) levels, and activity
of antioxidant enzymes, superoxide dismutase (SOD),
glutathione peroxidase (GPx) and glutathione reductase
(GR) were determined as previously described in the
standard protocols (Alhadidi et al., 2018; Hacioglu et al.,
2016; Motaghinejad et al., 2016; Ranzolin et al., 2016).

Statistical analysis

The obtained data were analyzed by Graph Pad
PRISM v.6 Software and the results of the different ex-
perimental groups expressed as mean * standard error
(SEM) for each molecular and behavioral parameter.
The analysis of the normality of the data was performed
using the Shapiro-Wilk test and the homogeneity of
variance with the Levene test. Statistical significance,
between control and treatment groups, was then deter-
mined for all analyzed parameters by one-way analysis
of variance (ANOVA). For those data groups that evi-
denced statistical differences, a post-hoc analysis was
performed applying the Tukey test, to determine the
groups involved in the differences. The F and P values
were reported, and P<0.05 was considered significant.

RESULTS
Forced swim test and elevated plus maze

The group of animals treated with nicotine
(10 mg/kg) exhibited a shorter swimming period in
the forced swim test (FST) (F(4y=7.312, P<0.001) and
spent less time in the open arms of the elevated plus
maze (EPM) (F ,=8.637, P<0.001) compared to the con-
trol group (Fig. 1A, B). Conversely, crocin at doses of
80 mg/kg significantly mitigated the effects of nicotine
in the FST (F(4=7.312, P<0.001), while doses of 20, 40,
and 80 mg/kg in the EPM (F4,=8.637, P<0.001) effec-
tively counteracted the impact of nicotine, leading to
increased swimming time in the FST and enhanced
presence of animals in the open arms of the EPM, re-
spectively (Fig. 1A, B). Moreover, the group treated
with crocin alone (80 mg/kg) did not differ significant-
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ly from the control group in terms of swimming time in
the FST (F;¢3=7.312) and time spent in the open arms of
the EPM (F(¢¢,=8.637) (Fig. 1A, B).

Open field test

The group treated with nicotine (10 mg/kg) exhibit-
ed a decrease in rearing behavior (F,=6.277, P<0.001),
ambulation distances (F4;=12.96, P<0.001), time spent
in central square entry (F4;=8.950, P<0.001), and
the number of entrances to the central square area
(F663=11.54, P<0.001) in the OFT (Fig. 2A-D). Crocin at
doses of 40 and 80 mg/kg demonstrated significant in-
creases in ambulation distances (F4;=12.96, P<0.001),
time spent in the central square entry (F;=8.950,
P<0.001), and the number of entrances to the central
square area (F4;=11.54, P<0.001) in the OFT compared
to the nicotine-treated group (Fig. 2A-C). Furthermore,
crocin at a dose of 80 mg/kg significantly elevated the
rearing number (F¢;=6.277, P<0.001) in the OFT com-
pared to the nicotine-treated group (Fig. 2D). Impor-
tantly, the group treated with crocin alone (80 mg/kg)
did not exhibit significant differences from the control
group in OFT behaviors (Fig. 2A-D).

Morris water maze

Significant changes in escape latency (F,.)=7.46,
P<0.001) and distance traveled (F,,=520.2, P<0.001)
during the four days of practice, as well as the pro-
portion of the animal’s appearance in the target quar-
ter in the MWM, were observed in the 10 mg/kg nic-
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otine-treated group compared to the control group
(Fig. 3A, B). In contrast, crocin statistically inhibited
nicotine-induced increases in escape latency (with
40 and 80 mg/kg of crocin, F,,=70.46, P<0.001) and
distance traveled (with 20, 40, and 80 mg/kg of cro-
cin, F,.520.2, P<0.001) relative to the nicotine-only
treated group (10 mg/kg) (P<0.001) (Fig. 3A, B). Cro-
cin at doses of 40 and 80 mg/kg demonstrated the po-
tential to mitigate the impact of nicotine on learning
(F662=3.507, P<0.001). This effect was statistically sig-
nificant compared to the nicotine-only treated group
(10 mg/kg) (Fig. 3D). Importantly, swimming speed
(F(6,21=17.07) remained unchanged during practice in all
animal groups (Fig. 2C). Importantly, the group treated
with crocin alone (80 mg/kg) did not exhibit significant
differences in MWM parameters (Fig. 3A-D).

Oxidative stress biomarkers

Nicotine administration significantly increased the
MDA level with (F4=16.6 and P<0.001) and concur-
rently decreased the SOD activity with (F43;=3.759 and
P<0.001), GPx activity with (F¢;=9.53 and P<0.001) and
GR activity with (F;=22.02 and P<0.001) compared to
the control group (Table 1). Conversely, crocin (10, 20,
40 and 80 mg/kg) attenuated the nicotine-induced rise
in MDA level (F ;) =16.6 and P<0.001) (Table 1). Further-
more, crocin (80 mg/kg) inhibited the nicotine-induced
decrease in SOD (F¢;=3.759 and P<0.001) (Table 1). Re-
garding GPx and GR activity, crocin (40 and 80 mg/kg)
mitigated the nicotine-induced decreases in GPx activ-
ity (F(s62=9.53 and P<0.001) and GR activity (F;=22.02
and P<0.001) compared to the nicotine-treated group

Fig. 1. Animals behavior in the FST and EPM. Swimming time in FST (A); time spent in open arms in EPM (B); in control group, and groups treated
concurrently with 10 mg/kg of nicotine and 10, 20, 40 and 80 mg/kg of crocin and also group under treatment with crocin alone (80 mg/kg). All data are
expressed as mean + SEM (n=10). ##* P<0.001 vs. control group. *** P<0.001 vs. 10 mg/kg of nicotine.
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Fig. 2. Animals behavior in the OFT. Ambulation distances (A), number of entrances to central square area (B), time spent in central square entry (C), and
rearing number (D) in OFT; in control group, and groups treated concurrently with 10 mg/kg of nicotine and 10, 20, 40 and 80 mg/kg of crocin and also
group under treatment with crocin alone (80 mg/kg). All data are expressed as mean + SEM (n=10). ## P<0.001 vs. control group. *** P<0.001 vs. 10 mg/kg

of nicotine.

(Table 1). Additionally, the group treated with crocin
alone (80 mg/kg) did not exhibit significant changes
in MDA levels (F(4=16.6) and SOD (F(¢,=3.759), GPx
(Fs63=9-53), and also GR (F¢3=22.02) activities, com-
pared to the control group (Table 1).

DISCUSSION

The main findings of the current study are that dif-
ferent doses of crocin can ameliorate nicotine-induced
oxidative stress in the hippocampus, and improve neu-
robehavioral parameters such as anxiety, depression,
and cognition.

The obtained results evidenced that a daily dose of
10 mg/kg of nicotine is capable to decrease the swim-
ming time in the FST. However, crocin administration

has the potential to reverse this effect, particularly the
immobility sign, and increase swimming time at the
higher dose of 80 mg/kg. When administered alone,
crocin (80 mg/kg) also demonstrated a reduction in im-
mobility behavior in the FST, although it did not reach
statistical significance compared to the control group.
The research suggests that chronic nicotine adminis-
tration may deplete amine-based neurotransmitters
implicated in anxiety and depression. It appears that
the depletion of these neurotransmitters is responsible
for the depressed behavior observed in animals treat-
ed with nicotine (Eddins et al., 2009; Benowitz, 2010;
Budzynska et al., 2013).

Due to its antidepressant effect, we posit that cro-
cin may increase dopamine levels in brain synapses,
thereby regulating depressive behavior in rats and
compensating for depleted dopamine (Talaei et al.,
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Fig. 3. Animals behavior in the MWM. Mean of escape latency (A), traveled distance (B) and swimming speed (C) during four days of training and also
percentage of time spent in target quarter in probe trial (D) in MWM in control group, and groups treated concurrently with 10 mg/kg of nicotine and 10,
20, 40 and 80 mg/kg of crocin and also group under treatment with crocin alone (80 mg/kg). All data are expressed as mean + SEM (n=10). # P<0.001 vs.
groups under treatment with 10 mg/kg of nicotine in combination with crocin (40 and 80 mg/kg). * P<0.001 vs. 10 mg/kg of nicotine. ## P<0.001 vs. control
group. *** P<0.001 vs. 10 mg/kg of nicotine.

Table 1. The effects of various doses of crocin on alterations of oxidative stress biomarkers in hippocampus of rats treated with nicotine (10 mg/kg/day).

Grou MDA SOD GPx GR
P nmol/mg of protein U/ml/mg protein U/ml/mg protein U/ml/mg protein

Control 9.2+0.9 71.248.2 80.142.8 62.244.2

Mizetnz 27.3£3.3° 37.545.6° 32.15.10 23.3£4.20

(10 mg/kg)

Nicotine + crocin 171,10 50.147.20 49.147.2 24.645.1

(10 mg/kg)

Nicotine + crocin 15420 57.245.1 56.2+6.4 431133

(20 mg/kg) * S 0. AE

Nicotine + crocin 12£0.6° 63.746.8 68.244.6 52.247.1"

(40 mg/kg)

Nicotine + crocin 10+0.8 71.3£9.2b 75.246.2b 54.2+5.1b

(80 mg/kg)

Crocin

(80 me/ke) 7.4+1.4 75.4£6.1 86.149.1 67.345.2

2Showed significant level with P<0.001 vs. control group. ® Showed significant level with P<0.001 vs. 10 mg/kg of nicotine. All data are expressed as mean + SEM (n=10).



Acta Neurobiol Exp 2024, 84: 59-69

2015). Previous studies have demonstrated crocin’s an-
tidepressant efficacy in the FST, and the current data
further support that the antidepressant and anxiolyt-
ic effects of crocin are likely the primary mechanisms
of its action (Wang et al., 2010). Crocin is hypothesized
to induce an elevation in dopamine levels within the
synaptic cleft, and this increase is believed to modulate
mood-related behavior in animals treated with crocin
(Wang et al., 2010). The current study revealed that the
duration of time spent in the open arms is reduced in
the EPM due to nicotine, indicating an increase in de-
pressive behavior. In contrast, treatment with crocin
at all administered doses (20, 40, and 80 mg/kg) and
crocin alone (80 mg/kg) could effectively increase the
time spent in the open arms. These findings are consis-
tent with previous laboratory and clinical studies that
have reported the induction of anxiety and depressive
behaviors by nicotine and similar compounds (Picciot-
to et al., 2015).

Crocin appears to have the capability to counteract
nicotine-induced behavioral changes in the current
study and is likely to inhibit nicotine-induced depres-
sion and anxiety in the FST. These results align with
the overarching concept that various antidepressant
and anxiolytic compounds, including crocin and other
herbal agents, exhibit the potential to alleviate anxi-
ety- and depression-like behaviors during drug with-
drawal periods and other mood-related disorders (Pu-
rushothuman et al., 2013). Numerous prior studies have
also demonstrated that crocin can mitigate mood-relat-
ed disorders in both human and animal subjects (Pitsi-
kas et al., 2008; Hosseinzadeh & Noraei, 2009; Dastgerdi
et al., 2017). Based on the findings of this study, it can
be suggested that crocin could serve as an effective an-
tidepressant and anxiolytic agent. Additionally, it ap-
pears to function as a motor activity modulator, show-
ing potential utility against nicotine-induced behavior-
al disturbances and other substances of abuse.

On the other hand, the present data indicated that
nicotine administration can lead to a reduction in four
behaviors observed in the OFT. Numerous previous
studies support these findings, showing that nicotine
abuse in both human and animal subjects can result
in motor activity disturbances and anxiety-like dis-
orders (Iniguez et al., 2009; Motaghinejad et al., 2020;
2017b; Naha et al., 2018; Romero & Chen, 2004; Slawec-
ki et al., 2003). This result aligns with the aforemen-
tioned concepts regarding the role of nicotine abuse
or chronic administration in inducing disturbances
in key neurotransmitters in the brain, which are re-
sponsible for anxiety, depression, and motor activity
behaviors (Abreu-Villaga et al., 2003; Iniguez et al,,
2009; Khadrawy et al., 2011; Motaghinejad et al., 2016;
Naha et al., 2018; Romero & Chen, 2004; Slawecki et
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al., 2003). In contrast, the obtained data also indicated
that crocin, at doses of 40 and 80 mg/kg, significantly
increased ambulation distances, time spent in the cen-
tral square entry, and the number of entrances to the
central square area in the OFT. At the dose of 80 mg/kg,
crocin also significantly increased the number of rear-
ings in the OFT. However, crocin alone (80 mg/kg) did
not alter OFT behaviors. The neuroprotective effects
of crocin on neurobehavioral disorders have been
previously established, and our results confirm these
findings (Mohammadzadeh et al., 2018; Motaghinejad
et al., 2019; Mozaffari et al., 2019; Ahmed et al., 2020;
Kermanshahi et al., 2020; Seyedinia et al., 2023). Previ-
ous studies have suggested that crocin acts as an anx-
iolytic and has potential efficacy in modulating motor
activity behaviors (Muduli et al., 2023; Seyedinia et al.,
2023). Based on this concept, it can be speculated that
crocin’s protective effects against anxiety, motor ac-
tivity dysfunction, and other mood-related behaviors
may play a role in mitigating nicotine-induced anxi-
ety and motor activity disorders in the OFT standard
test (Mohammadzadeh et al., 2018; Motaghinejad et al.,
2019; Mozaffari et al., 2019; Ahmed et al., 2020; Ker-
manshahi et al., 2020; Muduli et al., 2023; Seyedinia et
al., 2023).

With respect to the learning time in the MWM,
the data suggested that nicotine, at the given dose,
may diminish learning activity and decrease the pro-
portion of appearance in the target quadrant on the
probe day in the MWM. The findings also indicate
that prolonged nicotine injections may result in dis-
turbances in learning and spatial memory in the used
experimental animal model. These observations align
with previous research that has demonstrated the det-
rimental effects of long-term nicotine administration
on learning and memory in immature rats (Gould &
Leach, 2014). On the other hand, the present findings
indicated that crocin, particularly at higher doses (40
and 80 mg/kg), can mitigate nicotine-induced impair-
ment in learning and spatial memory. According to
our data, high-dose crocin (40 and 80 mg/kg) can pre-
vent nicotine-induced learning deficits throughout all
four days of practice and also modulate nicotine-in-
duced memory defects on the day of the test. The
neuroprotective properties of crocin, which protects
neurons from oxidant agents such as nicotine, as well
as its impact on the modulation of amines and their
receptors involved in cognitive activity, can be dis-
cussed (Talaei et al., 2015; Finley & Gao, 2017). Based
on this research, it can be suggested that crocin may
act as an effective antidepressant, anxiolytic agent,
and cognitive enhancer, providing potential utility
against nicotine-induced behavioral disturbances and
other abuse drugs.
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Consistent with the behavioral outcomes, the bio-
chemical findings indicated that nicotine (10 mg/kg)
can induce oxidative stress and neuro-inflammation.
The present study revealed that nicotine reduces the
activities of SOD, GPx, and GR, while increasing the
levels of MDA as a marker of lipid peroxidation in the
hippocampus of rats. These data suggest a potential
role of nicotine in depleting antioxidant enzymes, in-
ducing lipid peroxidation, and disrupting mitochon-
drial function (Benowitz, 2010; Cardinale et al., 2012).
It can be proposed that some aspects of nicotine-me-
diated neurodegeneration and neurotoxicity may be
attributed to the inhibition of SOD, GPx, and GR activi-
ties, along with the induction of lipid peroxidation and
disruption of mitochondrial function (Benowitz, 2009;
Cardinale et al., 2012). Nevertheless, the exact mech-
anism of action of nicotine in this context remains
unclear, but mitochondrial dysfunction appears to be
the primary reason and cause for this type of neuro-
toxicity (Balfour, 1982; Oliveira-da-Silva et al., 2010).
Consistent with previous studies, crocin therapy (at all
administered doses) has demonstrated effectiveness in
reversing the nicotine-induced increase in MDA levels
and restoring the reduction of SOD, GPx, and GR activ-
ities in hippocampal tissues (Ochiai et al., 2004; Papan-
dreou et al., 2006). In the current study, crocin at all
mentioned doses exhibited antioxidant effects against
nicotine-induced effects on MDA levels. Specifically, at
doses of 80 mg/kg for SOD activity and at doses of 40
and 80 mg/kg for GPx and GR activities, crocin demon-
strated its antioxidant properties against the sequels
induced by nicotine. Furthermore, our study revealed
that crocin alone (at dose of 80 mg/kg) decreased MDA
levels and increased SOD, GPx, and GR activities; how-
ever, these changes were not statistically significant
when compared to the control group. These data sug-
gest a potential neuroprotective role of crocin, sup-
porting our findings that crocin has neuroprotective
properties. Moreover, its metabolism in the body may
activate mitochondrial biogenesis and potentially in-
hibit lipid peroxidation while activating antioxidant
enzymes (Zhang et al., 2018). In accordance with this
concept, crocin is likely to modulate the neurodegen-
eration and neurotoxicity induced by nicotine through
the activation of antioxidant enzymes or the inhibi-
tion of lipid peroxidation. Numerous studies have sub-
stantiated the role of crocin in enhancing antioxidant
defense and increasing the activity of antioxidant en-
zymes (Asdaq & Inamdar, 2010; Deslauriers et al., 2011;
Kocaman et al., 2019). A crucial aspect of the current
results regarding the management of nicotine-induced
behavioral and molecular outcomes is that crocin ap-
pears to be effective only at high doses, specifically
40 and 80 mg/kg. These doses demonstrate efficacy
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across various behavioral parameters (OFT, EPM, FST,
and MWM) and oxidative stress biomarkers. It seems
that low doses of crocin may not exert a significant
neuroprotective effect against the molecular and be-
havioral consequences of nicotine. According to our
understanding of biology, any molecular change can
potentially lead to alterations in behavior (Galizia &
Lledo, 2013; Ghafarimoghadam et al., 2022). Following
this concept, the current study suggests that high dos-
es of crocin (40 and 80 mg/kg) may mitigate the detri-
mental effects of oxidative stress induced by nicotine.
This potential effect could contribute to preventing
the occurrence of neurodegeneration in brain cells,
thereby reducing anxiety, depression, movement, and
cognitive disorders observed in the OFT, FST, EPM and
MWM (Chen et al.,, 2015; Zhao et al., 2022). In gener-
al, behavioral changes such as anxiety, depression,
motor, and cognitive disorders are objective and in-
tuitive parameters of neurodegeneration. It can be
reasonably asserted that high doses of crocin (40 and
80 mg/kg) likely exert neuroprotective effects on the
consequences of nicotine exposure. This is because, in
addition to reducing oxidative stress, these doses also
appear to inhibit the aforementioned behavioral dis-
orders (Chen et al., 2015; Ebrahimzadeh et al., 2019;
Soeda et al., 2016).

It is noteworthy that, to firmly establish the neu-
roprotective effects of crocin against nicotine, fur-
ther research should encompass additional behavioral
studies, extensive molecular investigations, in-depth
exploration of the relationship between behavioral
and molecular changes across various dose scales, uti-
lization of a broader range of doses with meticulous
measurements, and evaluation of critical signaling
pathways and receptors. Future studies are recom-
mended to prioritize these aspects for a comprehen-
sive understanding. Nevertheless, based on the cur-
rent findings, it can be inferred that crocin, especially
at high doses (40 and 80 mg/kg), along with similar
agents, may serve as neuroprotective agents, preserv-
ing cell survival and providing neuroprotection, likely
through the reduction of oxidative stress and modula-
tion of neurobehavioral disorders in nicotine-depen-
dent rats. These novel findings offer valuable insights
into the potential use of therapeutic agents, such as
crocin, in mitigating nicotine-induced neurotoxicity
in hippocampal cells.

CONCLUSION

The data collected from the present study sug-
gest that chronic administration of nicotine in adult
rats may lead to cognitive impairment, motor activ-
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ity disorders, mood-related disturbances in behavior,
and the induction of oxidative stress. Our findings
also indicate that crocin, particularly at high doses
(40 and 80 mg/kg), has the potential to counteract
nicotine-induced neurobehavioral modifications and
oxidative stress. Notably, this study revealed, for the
first time, the protective effects of crocin against the
deleterious effects induced by nicotine. While these
findings provide new insights into the mechanisms
underlying nicotine-induced neurodegeneration, fur-
ther investigation into the precise behavioral, molec-
ular, and cellular aspects of protective mechanisms
against nicotine-induced neurodegeneration and neu-
robehavioral changes, especially in human subjects,
appears necessary.
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