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ARTICLE INFO ABSTRACT

Keywords: Background and aim: Minocycline, a tetracycline derivative, has been found to exert neuro-
Acetylcholinesterase protective properties. The current project aimed to assess the antioxidant status and cholinergic
Minocycline

function in the amnesia induced by scopolamine.

Methods: We evaluated the passive avoidance performance, acetylcholine esterase (AChE) enzyme
activity, and the oxidative stress indicators in the following groups: Normal control, scopolamine,
and the treatment groups (the animals were given minocycline (10-30 mg/kg)).

Results: Scopolamine (intraperitoneal) injection was associated with impairment of passive
avoidance performance and neurotoxicity. Minocycline pronouncedly ameliorated scopolamine
injury as presented by the increased latency time to darkness and stay time in lightness along with
the decreased darkness entry. Moreover, minocycline decreased lipid peroxidation, while it
elevated the levels of superoxide dismutase, AChE enzymes, and thiol groups in both the cortex
and hippocampus.

Conclusion: Our data suggested that minocycline modulated the antioxidant status and AChE in
the brains, which may contribute to its protective effects against scopolamine-induced amnesia.

Neuronal injury
Oxidative stress
Passive avoidance performance

1. Introduction

Dementia, characterized by impaired cognitive and memory capacity, can occurs in patients with Alzheimer’s disease (AD). The
prevalence of this debilitating disease is growing, especially in modern industrial societies [1]. Various pathological pathways
including cholinergic deficiency, amyloid-beta (Ap) toxicity, tau protein hyperphosphorylation, synaptic dysfunction, oxidative stress,
and neuroinflammation have been suggested to be implicated in the neurodegenerative process [1,2]. Due to the complexity of the
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disease, a multifunctional strategy would be helpful for its management [1].

Acetylcholinesterase (AChE), an important enzyme hydrolyzing acetylcholine, regulates the function of the cholinergic system.
Indeed, AChE inhibitors are widely prescribed to improve the cognitive status of AD patients. However, these drugs have been failed to
retard disease progression. In recent years, numerous studies have investigated therapeutic agents that do not have side effects and are
used in the management of neurodegenerative disorders [3].

Minocycline is a tetracycline derivative with anti-inflammatory, immunomodulatory, and antioxidant potential while being in-
dependent of its anti-bacterial activity [4]. Neuro-protective effects of minocycline have also been observed in different animal models
of neurodegeneration such as traumatic brain injury [5,6], AD, Parkinson’s, Huntington’s disease, amyotrophic lateral sclerosis, and
multiple sclerosis. Evidence from clinical studies has also reported the beneficial effects of minocycline on neurodegenerative and
psychiatric diseases [4]. In the previous studies, minocycline was found to attenuate cognitive impairment, which is linked to its
anti-neuro-inflammatory and anti-apoptotic activities [7-9]. For instance, a previous study indicated that minocycline alleviated
passive avoidance performance and long-term potentiation in a rat model of cerebral ischemia-reperfusion, possibly by modifying
synaptic plasticity and oxidative stress state [10]. Minocycline was also found to induce beneficial effects against
streptozotocin-induced brain injury [11]. A recent investigation reported the impact of minocycline on cognitive parameters in dia-
betic rats, using passive avoidance and elevated plus maze tests. Moreover, It also revealed that minocycline modified AChE, gluta-
thione, pro-inflammatory cytokines, and histopathological changes [12,13]. Administration of scopolamine, an antagonist of the
muscarinic cholinergic receptor, has been associated with memory and learning impairment; therefore, the scopolamine-induced
animal model is widely used as a pharmacological model for inducing dementia [14]. Oxidative stress has been reported to have
an important role in learning and memory impairment induced by scopolamine [15-17]. In addition, the administration of scopol-
amine resulted in neuroinflammation [18]. Evidence suggests multiple neuroprotective mechanisms of minocycline in different
pathological conditions [12]. Noticeably, scopolamine attenuates the activity of the cholinergic system in the brain tissue [19,20].
Hence, in the present study, we investigated whether treatment with minocycline can reverse scopolamine-mediated memory deficits
via AChE and oxidative stress markers in the brain.

2. Material and methods
2.1. Treatment groups and experimental protocol

The current experiment was conducted in compliance with the guidelines of National Institute of Health Guide for the Care and Use
of Laboratory Animals (NIH Publications No. 80-23, revised 1978). Furthermore, the Research Ethics Committees of the National
Institute for Medical Research Development approved the experimental procedures (ethic number: IR.NIMAD.REC.1400.098).

Group 1 (control) in which the healthy animals (n = 10) were treated with saline (intraperitoneal injection (IP)). The scopolamine
group in which the animals (n = 10) were treated (IP) with saline and scopolamine (Sigma, USA), respectively [21]. The
minocycline-treated groups (groups 3-6, n = 10 per group) including scopolamine-minocycline 10, scopolamine-minocycline 15,
scopolamine-minocycline 20, and scopolamine-minocycline 30 groups received minocycline (Sigma Aldrich, Darmstadt, Germany) at
doses of 10, 15, 20, and 30 mg/kg (IP), respectively and then the administration of scopolamine was performed [21]. During the

Minocycline or Vehicle 30
min before Scopolamine
injection

/-\ > Days 1-15 Days 16-20 Dzaly

Q‘\*\
Passive avoidance -

performance

Minocycline or Vehicle

P

e

Fig. 1. Timeline diagram of the experimental protocol.
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project, the adult male Wistar rats (weighing 180-220 g) were kept under the standard conditions (temperature: 22-24 °Canda 12 h
light/dark cycle).

Fig. 1 presents a schematic summary of our experiment. An amnesic rat model was created by the administration of scopolamine (2
mg/kg in saline; IP). Duration and dose of scopolamine injection were determined according to recent investigations [19,22,21]. The
treatment groups (groups 3-6) received 10, 15, 20, or 30 mg/kg of minocycline, whereas the scopolamine group and group 1 received
the vehicle for two weeks [23,10]. During the third week, the treatment groups received minocycline (10, 15, 20, and 30 mg/kg),
whereas groups 1 and 2 received vehicle 1 h before performing the behavior tests. After 30 min, scopolamine was given (except for the
control group). The present research was designed according to recent investigations [22,24]. All treatments were administered once
per day (at 10:00 a.m.).

Immediately after performing the behavioral tasks, the hippocampus and prefrontal cortex were extracted from the rats euthanized
under deep anesthesia [using IP injection of ketamine (100 mg/kg) and xylazine (10 mg/kg)]. In order to perform biochemical
analysis, the dissected cortex and hippocampus were homogenized (10% w/v) using an ice-cold phosphate-buffered saline solution
(PBS; Sigma Aldrich, Darmstadt, Germany) [14].

2.2. Behavioral test

In order to evaluate simple non-spatial learning ability, we performed the passive avoidance (PA) test [14,25]. The passive
avoidance procedure involves placing a rat inside a shuttle box. PA apparatus consists of a light (white) compartment and a dark
(black) one (20 x 20 x 30 cm) separated by an automated door. During the first stage of the experiment lasted two consecutive days,
the rats were placed in the shuttle box (for 300 s) and accustomed to the apparatus. In order to perform the acquisition trial, the second
stage of the experiment, the rats were placed in the light section. After 20 s of acclimatization, the rat entered the dark section was
exposed to an electric foot shock (50 Hz, 2 mA for 2 s) delivered through the stainless steel rods with a constant current shock
generator. Finally, the third stage was carried out after 3, 24, 48, and 72 h. In the retention trial, the same procedures were repeated
without the electric shock. We noted the latency to enter the black section (sec), the time spent in the black, and light sections (sec),
and the frequency of entries to the dark at 3, 24, 48, and 72 h after receiving the punishment.

2.3. Measurement of AChE enzyme level

The activity of AChE enzyme was estimated in the homogenates, as previously set [26]. For this purpose, 3 ml of cold PBS was
mixed with the tissue homogenate (40 pl). Thereafter, 100 pl of 5,5'-dithiobis-2-nitrobenzoic acid (DTNB; 0.01 M) and acetylth-
iocholine iodide (Sigma, USA; 0.075 M, 20 pl) were added to start the reaction. Finally, the changes in absorbance were spectro-
photometry (at 412 nm) measured [11,27]. In order to measure AChE activity, the following formula was used.

R = 5.74 (1074 AA/C,

where Cy value is the original concentration of tissue, AA value is the absorbance change per min, R value is the moles substrate
hydrolyzed per min per g of tissue.

2.4. Evaluation of markers of oxidative injury in brain tissue

The level of SOD in brain tissue was calculated as previously explained [28]. In this experiment, SOD prevents pyrogallol
autoxidation. In short, each supernatant (10 pl) was transferred to a solution containing MTT [3-(4,5-dimethyl-thiazol-2-yl) 2,
5-diphenyl tetrazolium bromide] and pyrogallol (both were obtained from Sigma Aldrich, Darmstadt, Germany). Finally, the absor-
bance was noted at 570 nm. The amount of enzyme inhibiting 50% of formazan formation is considered one unit of SOD activity [14].

In order to estimate the non-enzymatic antioxidant capacity of brain tissue, total thiol concentration was determined using the
previously described methods [29,30]. For this purpose, the supernatants were transferred to a buffer solution of tris-ethylenediamine
tetra acetic acid disodium salt (NagEDTA; sigma Aldrich, Darmstadt, Germany) with a pH set at 8.6. Thereafter, the absorbance was
recorded at 412 nm. Finally, DTNB reagent, at a concentration of 10 mM, was added to the mixture and the second absorbance was
recorded. The difference between the optical densities was noted.

In order to estimate the extent of lipid peroxidation, malondialdehyde (MDA) concentration, was measured in the brain tissue. In
brief, each supernatant (1 ml) was mixed with trichloroacetic acid (TCA), 2-thiobarbituric acid (TBA), and hydrochloric acid (HCI).
Thereafter, the mixtures were kept in a hot water (100 °C) for 45 min. Finally, each sample was centrifuged (1000 g, 10 min) and the
absorbance was measured using a spectrophotometer at 535 nm [25,29].

2.5. Statistical analysis

All data are expressed as mean + standard error of the mean and a p < 0.05 was considered statistically significant. Statistical
comparisons were performed using the statistical software package SPSS 23.0. The data obtained from the behavior test were analyzed
by repeated-measures analysis of variance (ANOVA) (considering treatment as a between-subject factor and time point as a within-
subject factor) followed by the Bonferroni multiple comparison test. Other data were analyzed by one-way ANOVA followed by
Tukey’s post-hoc test.
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3. Results
3.1. Minocycline restores PA performances of the amnesic animals

The results showed a noticeable effect of treatment (f(s, 53) = 11.53; p < 0.001) on the delay to enter the black section. A remarkable
effect of treatment (f(s, 53y = 27.12; p < 0.001) on the dark stay time was also indicated. Regarding the light stay time, a noticeable
difference was indicated among the treatment groups (f(s, 53) = 18.98; p < 0.001). Finally, a remarkable effect of treatment (f(s, 53) =
8.89; p < 0.001) and the time point (f(3,159) = 8.69; p < 0.001) on the entry to the black zone was observed. As illustrated in Fig. 2A-C,
Bonferroni pairwise comparison revealed that, scopolamine injection was associated with a noticeable reduction in latency time (p <
0.05 to p < 0.001) and the stay time in the white zone (p < 0.05 and p < 0.001), while the dark stay time was remarkably increased (p
< 0.01 and p < 0.001) at all points after receiving the punishment. Moreover, scopolamine induced a remarkable increase in the entry
to the black zone at the same time points, in comparison to group 1 (p < 0.05 to p < 0.001). Accordingly, scopolamine injection
impaired the PA performance which was reversed by minocycline administration. Minocycline injection, at all doses and time points,
prolonged the latency (p < 0.05 to p < 0.001), the light stay time (p < 0.05 to p < 0.001), while the dark segment stay time was
decreased in comparison with the group treated with scopolamine (p < 0.01 and p < 0.001). Further analysis demonstrated that
minocycline treatment (at doses of 10, 15, 20, and 30) was associated with a remarkable reduction in the entry at 48 and 72 h after
receiving the punishment, compared to the group treated with scopolamine (p < 0.01 and p < 0.001). Regarding all parameters
recorded, no remarkable difference was indicated among the treatment groups. Accordingly, minocycline did not show any dose-
dependent effect on different behavioral parameters. It is notable that the frequencies of the entry in the groups treated with the
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minocycline (at all doses) were comparable to group 1 (Fig. 2D).

3.2. Minocycline restores AChE enzyme

As Fig. 3A and B exhibit, scopolamine injection was accompanied by a remarkable elevation of the enzyme activity relative to group
1 (p < 0.001). However, minocycline significantly attenuated the enzyme level as presented by the lower enzyme activities in the
cortex of scopolamine-minocycline 20 and scopolamine-minocycline 30 (p < 0.05 and p < 0.01) as well as the hippocampus of
scopolamine-minocycline 30 group (p < 0.01). Notably, scopolamine-minocycline 10 (p < 0.01) and scopolamine-minocycline 20
groups (p < 0.05) exhibited a significant difference in term of AChE activity in the hippocampus relative to group 1. Considering the
data, the effect of minocycline on AChE activity was not dose-dependent. However, the enzyme activity in the cortex of all treatment
groups was similar to group 1 (Fig. 3).

3.3. Minocycline counteracts oxidative stress

The data analysis revealed a remarkable reduction in total thiol concentration (p < 0.001) as well as SOD enzyme activity in the
scopolamine-injected groups relative to group 1 (Figs. 4 and 5; p < 0.01 and p < 0.001). In contrast, minocycline restored the anti-
oxidant values (SOD and thiol level) in the cortex of the scopolamine-minocycline 30 group (Figs. 4A and 5A; p < 0.05). Similarly, a
significant difference in terms of hippocampal SOD activity was found in the scopolamine-minocycline 10 (p < 0.05) and scopolamine-
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minocycline 30 groups, compared with the scopolamine-treated animals (Fig. 5B; p < 0.05 and p < 0.01). As Fig. 4B exhibited, the thiol
concentration of the hippocampus of the scopolamine-minocycline 20 and scopolamine-minocycline 30 groups was noticeably
elevated when compared with the scopolamine-treated rats (p < 0.01). Meanwhile, the cortical level of antioxidant (SOD) enzyme in
the scopolamine-minocycline 10 group was remarkably lower than that of the scopolamine-minocycline 15 and scopolamine-
minocycline 30 groups (Fig. 5B, p < 0.01 and p < 0.05, respectively).

Notably, the levels of antioxidant (SOD) enzyme in the cortex of the animals treated with the low doses of minocycline (10 and 15
mg/kg) were smaller relative to group 1 (Fig. 5A; p < 0.01). Similarly, the cortical thiol level in the scopolamine-minocycline 10 group
was smaller relative to the normal control rats. However, the antioxidant values (SOD and thiol level) in the hippocampus of all
treatment groups were similar to group 1. Notably, the results did not show any noticeable difference among the treatment groups in
terms of the thiol level in both hippocampus and cortex as well as the hippocampal level of SOD. Accordingly, minocycline showed a
dose-dependent effect on the cortical level of SOD in the minocycline-treated groups (Figs. 4 and 5).

The amount of MDA in the hippocampus and cortex was noticeably elevated following scopolamine injection (Fig. 6A and B; p <
0.001). However, in comparison to the scopolamine-treated group, a decreased amount of MDA was indicated in the cortex of
scopolamine-minocycline 20 (p < 0.05) and scopolamine-minocycline 30 (p < 0.05) as well as the hippocampus of scopolamine-
minocycline 10 (p < 0.05), scopolamine-minocycline 20, and scopolamine-minocycline 30 groups (p < 0.001 for both). Further-
more, the MDA levels in cortical tissue of all minocycline-treated groups were remarkably greater relative to the normal control group
(p < 0.05 to p < 0.001). Similarly, some noticeable differences regarding the MDA level in the hippocampus were found between the
low doses of minocycline (scopolamine-minocycline 10 and scopolamine-minocycline 15) and the normal control group (Fig. 6; p <
0.01 and p < 0.001, respectively). Fig. 6A and B also revealed that the amount MDA in the hippocampus of the rats treated with
minocycline (at doses of 20 and 30 mg/kg) was comparable to group 1 (p > 0.05). As the data analysis revealed, the effect of
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minocycline on the hippocampal and cortical levels of MDA was not dose-dependent (Fig. 6).

4. Discussion

The current study demonstrated that minocycline mitigated cognitive and memory dysfunction in scopolamine-induced amnesia
based on the passive avoidance test. This behavior test links learning and memory ability to hippocampal activities [31]. Scopolamine
is an acetylcholine receptor blocker agent, which can impair learning and memory performance, especially during the learning
acquisition [24,32,33]. Scopolamine causes abnormalities in the cholinergic system [21,32,34]. In order to find therapeutic candidates
for memory disorders, the scopolamine-injured animal model has been commonly used [24,32,33]. As our data revealed, the
scopolamine injection was accompanied by a shorter latency to the black area and light stay time. In addition, scopolamine increased
the entry to the dark suggesting impairment of learning functions in the rats.

Scopolamine was found to reduce acetylcholine (ACh) contents in response to enhanced acetylcholinesterase activity [32,33,35].
This enzyme is responsible for the degradation of ACh, the neurotransmitter essential for cognitive function [36]. During dementia,
progressive deterioration of learning and memory performance occurs, which is linked to ACh deficiency in the brain [36]. AChE
inhibitors prevent ACh hydrolysis in the brain tissue, thereby inhibiting the degeneration of cholinergic neurons [1,36]. Accordingly,
inhibitions of the AChE enzyme may prove a helpful strategy in the control of dementia development [32,36]. The current study
indicated that scopolamine injection enhanced AChE activity in the brain tissue. Therefore, our results support the idea that learning
and memory impairment induced by scopolamine is at least in part mediated by disturbance of AChE activity.

Oxidative stress is another major risk factor for amnesia which participates in the neurodegeneration process [32]. Indeed, the
overproduction of oxidative metabolites such as reactive oxygen species (ROS) contributes to the increased lipid peroxidation, which
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consequently mediates neurotoxicity [32]. According to different pieces of evidence, scopolamine promotes oxidative brain injury and
neuronal death [32,37]. In the present study, the administration of scopolamine elevated the MDA level, while it lowered the total thiol
content and SOD activity indicating the inactivation of detoxification systems and consumption of antioxidants in both the hippo-
campus and cortex. These results, thus, suggest increased oxidative stress in the hippocampus and cortex. Our findings were concurred
with the previous studies indicating the correlation between oxidative stress and dementia following scopolamine administration [33,
38]. For instance, in the year 2021, investigators demonstrated depletion of brain antioxidant capacity and elevated AChE activity in
scopolamine-induced dementia.

Interestingly, attenuation of oxidative stress using antioxidants may prove a promising and effective strategy against amnesia [25,
32,37]. Kowalczyk et al. [39] demonstrated that the administration of antioxidants would counteract scopolamine-induced neuro-
degeneration by boosting the activity of the antioxidant enzymes [39]. In the present research, minocycline noticeably restored the
oxidative indicators in both the cortex and hippocampus sections. The results revealed that minocycline attenuated MDA while
elevating thiol and SOD levels. The modifying effect of minocycline on MDA and thiol content was not dose-dependent. However, the
activity of the antioxidant enzyme in the scopolamine-minocycline 10 and scopolamine-minocycline 15 groups was remarkably
smaller than that of the scopolamine-minocycline 30 suggesting a dose-dependent impact of minocycline on the antioxidant defense.

Interestingly, the anti-oxidant effects of minocycline which were observed in our study, were accompanied by improvement in the
PA performance of the amnesic rats. The present findings suggest that all doses of minocycline increased latencies to enter the dark
area and total time spent in the light area while reducing the time spent in the dark area of the shuttle box. Considering these results, it
was postulated that minocycline restored learning and memory through modulation of the cholinergic system and oxidative stress.
However, the specific molecular components and mechanisms for the effects of minocycline remain to be established. These results
indicated that the ameliorating effect of minocycline on cognition disturbance was not dose-dependent.

These beneficial effects of minocycline on the nervous system have already been supported by previous investigations. For instance,
Dai et al. [40] noted the protective effects of minocycline (20 pM) on toxicity and death of the primary cortical neuronal cells through
suppression of ROS formation and elevating antioxidant enzymes namely SOD and catalase [40]. In the same way, minocycline (30
mg/kg) alleviated the neuropathic pain in the rat hyperalgesia model associated with lowered MDA production as well as enhanced
SOD and glutathione peroxidase activities [41]. In another recent study, minocycline modified the behavior performance in
alcohol-induced neurodegeneration using the Morris water maze task. The authors claimed that the antioxidant activity of minocycline
isimplicated in the neuroprotective effects [6]. Furthermore, some reports are indicating the cognition-enhancing and neuroprotection
potential of minocycline in Ap, streptozotocin, and lipopolysaccharide (LPS)-injured animals [8,42,43]. The previous evidence was in
line with our findings [6,8,42,43]. According to our data, the positive effects of minocycline on passive avoidance memory were
further confirmed by biochemical assessment of AChE enzyme and anti-oxidant activities in the rat brain. The AChE inhibitory activity
of minocycline has been reported in the literature [11,43]. A body of evidence has indicated that scopolamine impairs antioxidant
defense and induces oxidative stress, which is accompanied by cholinergic system dysfunction [15,18,44]. In our study, an elevated
level of AChE was observed under conditions of oxidative stress which was modified by minocycline. We previously showed that the
mRNA expression of pro-inflammatory cytokines such as tumor necrosis factor-a and interleukin-(IL) 1p was elevated concomitant
with augmented AChE levels in brain tissue of scopolamine-injected rats [44]. Further, scopolamine was found to induce oxidative
injury in the hippocampus and prefrontal cortex [44]. According to previous investigations [45,46], the anti-amnesic properties of
minocycline are also consistent with its protective effect against neuro-inflammation and oxidative damage. In this regard,
Haj-Mirzaian et al. [46] reported that minocycline (40 and 80 mg/kg) lowered pro-inflammatory cytokines and ROS formation while
elevating glutathione levels in LPS-injured rats. A previous study reported that minocycline lowered IL-6 and IL-1p as well as sup-
pressed microglial activity [47,48]. It is well-documented that repeated administration of scopolamine mimics the accumulation of
neurotoxic aggregates [49,50]. Scopolamine-induced oxidative stress can increase Af production while also triggering synaptic
dysfunction and subsequent memory dysfunction [49,50]. Additional research should be conducted to assess the impact of minocy-
cline on the cerebral level of A, inflammatory mediators, and histopathological alteration in scopolamine-induced amnesia as well as
to compare its effectiveness to those of minocycline alone.

5. Conclusion

The present data confirm the hypothesis that minocycline may improve animal memory by reversing the deleterious effects of
scopolamine on brain function through modulation of AChE activity and oxidative stress state.
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