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Introduction: Methamphetamine (MA) acts as a powerful oxidant agent, while Rosmarinic Acid 
(RA) is an effective herbal antioxidant. Oxidative stress-mediated by MA results in apoptosis, and 
caspase-3 is one of the critical enzymes in the apoptosis process. MA can epigenetically alter gene 
regulation. In this paper, to investigate the effects of RA on MA-mediated oxidative stress, changes 
in the level of casp3a mRNA were demonstrated in zebrafish.

Methods: The animals were grouped in 3 treatment conditions for the behavioral test: control, 
MA, MA pretreated by RA, and 6 treatment conditions for the molecular test: control, RA, 
MA, MA co-treated with RA, MA co-treated with RA/ZnO/chitosan nanoparticle, and ZnO/
chitosan nanoparticle. Then molecular and behavioral investigations were carried out, and 
critical comparisons were made between the groups. 

MA solution was prepared with a concentration of 25 mg/L, and RA solution was prepared 
by DPPH test with the antioxidant power of about 97%. Each solution was administered by 
immersing 20 zebrafish for 20 minutes, once per day for 7 days. The level of casp3a mRNA 
was quantified by using qRT-PCR. One-sided trapezoidal tank diving test was applied to study 
behavioral alterations.

Results: The qPCR analysis demonstrated the high potential of RA/ZnO/chitosan in 
counteracting the MA-mediated elevation in casp3a mRNA level. Based on the diving test 
results of MA-treated fish, MA was found to be anxiolytic compared to the control. While the 
resulted diving pattern of the MA-treated animals pretreated by RA was novel and different 
from both the control and MA-treated groups.

Conclusion: The potential of RA combined with a suitable nanoparticle against MA-induced 
oxidative stress was supported. The high efficiency of ZnO/chitosan in increasing RA penetration 
to the brain cells was evident. MA at a dose of 25 mg/L is anxiolytic for zebrafish. However, the 
molecular mechanisms involved in these processes should be studied.
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1. Introduction

ethamphetamine (MA) is a highly 
addictive dopaminergic stimulant 
(Kish, 2014), with severe neurotox-
icity (Takeichi, Wang, & Kitamura, 
2012). The acute effects of MA in-

clude feelings of well-being, excitement, and heightened 
alertness (Freese, Miotto, & Reback, 2002). These eu-
phoric feelings result from altering the normal physio-
logic processing of several centrally-acting CNS mono-
amine neurotransmitters (Klasser & Epstein, 2005). 

MA can change some key biochemical mechanisms in 
the brain. It is associated with a variety of neurotoxic 
stress-mediated apoptosis. MA and its derivatives trigger 
oxidative stress in dopaminergic neurons and increase 
mitochondrial oxidant stress in terminals and dendrites 

through a Monoamine Oxidase (MAO)-dependent 
mechanism that results in the loss of Substantia Nigra 
pars compacta (SNc) dopaminergic neurons (Graves et 
al., 2017). MA noticeably increases dopamine release 
in the mesolimbic (dopamine) DA system, resulting in 
the formation of Reactive Oxygen Species (ROS) and 
oxidative damage (Jang et al., 2017), leading to pro-
grammed cell death. MA induces neuronal apoptosis 
through the Endoplasmic Reticulum (ER) stress sig-
naling pathway (Jayanthi, Deng, Noailles, Ladenheim, 
& Cadet, 2004). Since MA acts as a powerful oxidant, 
it sounds a promising idea that using a potent antioxi-
dant such as Rosmarinic Acid (RA) could counteract 
MA oxidative stress and its consequences completely 
or partially. RA (α-O-caffeoyl-3, 4-dihydroxyphenyl 
lactic acid) is an herbal phenolic. RA occurs in several 
taxa, including Lamiaceae and Boraginaceae families 
(Petersen, 1991). RA is known as an antioxidant with 

Highlights 

● Methamphetamine (MA) induces excess casp3a transcript in the brain tissue in zebrafish.

● Immediate effect of chronic exposure to 25 mg/L MA is anxiolytic for zebrafish.

● Rosmarinic Acid (RA) counteracts the effects of MA-mediated oxidative stress.

● RA alone does not reduce the anxiolytic effects of MA and even enhances it.

● ZnO/chitosan nanoparticles increase RA penetration to the blood-brain barrier as fast as MA.

Plain Language Summary 

Methamphetamine (MA) called ice or crystal in streets, is a drug of abuse. It has been associated with a variety of neu-
rotoxic effects including oxidative stress, which leads to characteristic cell changes and death. The caspase-3 enzyme is 
one of the key enzymes of this process. There are storage forms of inactive Caspase-3 in any cell called procaspase-3. 
It’s been demonstrated previously that MA treatment causes activation of the procaspase-3 resource. The present study 
was undertaken to investigate whether MA can change the regulation of Caspase-3 gene expression and increase the 
synthesis of casp3a mRNA in zebrafish. qRT-PCR results demonstrated that MA increases the casp3a mRNA levels 
up to 18-fold compare to the control group. We were curious to know whether treatment by an antioxidant solution 
can counteract MA-mediated oxidative stress. So in the second part of this research, we investigated the herbal anti-
oxidant molecule, Rosmarinic Acid (RA). Since the penetration of RA across the Blood-Brain Barrier is not as fast 
as MA, RA was combined with ZnO/chitosan nanoparticles and then provided to zebrafish as an animal model. The 
qRT-PCR analysis demonstrated the high potential of RA/ZnO/chitosan in counteracting the MA-mediated elevation 
in the casp3a mRNA level and brought it back much closer to the level of the control group (2.8-fold). On the other 
hand, zebrafish is known as a non-mammalian anxiety model system. The immediate effects of treatment of RA on 
MA-mediated psycho-behaviors were studied by applying the one-sided trapezoidal tank diving test. The diving test 
of MA-treated zebrafish resulted that the dose of 25 mg/l of MA was anxiolytic compared to the test of saline-treated 
zebrafish as the control. But the diving pattern of the zebrafish exposed to RA as well as MA was novel and varied 
from both the control and MA-treated groups. The diving pattern was not similar to any of them and even the stress and 
speed of diving were less than the MA-treated group.

M

Nikshenas Shahrestani, V., et al. (2021). RA Attenuates METH Neurotoxicity in Zebrafish. BCN, 12(2), 243-254.

http://bcn.iums.ac.ir/


Basic and Clinical

245

March, April 2021, Volume 12, Number 2

radical-scavenging (Erkan, Ayranci, & Ayranci, 2008), 
anti-inflammatory (Kelm, Nair, Strasburg, & DeWitt, 
2000), astringent (Lee Xu, Kim, & Park, 2008; Parn-
ham & Kesselring, 1985), antimutagen (Furtado et al., 
2008), antibacterial (Chakraborty et al., 2007), antivi-
ral property by reacting rapidly with viral coat proteins 
(Parnham & Kesselring, 1985; Thiel et al., 1981), an-
ticholinesterase (Orhan, Aslan, Kartal, Şener, & Başer, 
2008), antitumor (Furtado et al., 2008), hepatoprotective 
(Lima, Fernandes-Ferreira, & Pereira-Wilson, 2006), 
and cardioprotective properties (Psotova, Chlopcikova, 
Miketova, & Simanek, 2005). 

Studying the oxidative stress-mediated by MA needs 
a biomarker. Since apoptosis is one of the consequences 
of extensive oxidative stress for the cell, we decided to 
evaluate the changes in the level of Casp3 mRNA. One 
of the critical elements in apoptosis is the activation of 
the caspases family. Inactive caspases, called procaspas-
es, are present in all cells which are activated through a 
proteolytic process (Pop & Salvesen, 2009) when it is 
needed. They are typically activated through two main 
ways: extrinsic and intrinsic pathways (Shalini, Dorstyn, 
Dawar, & Kumar, 2015). Since both pathways activate 
procaspase-3 (Kumar, 2007), this protein can be an in-
formative marker of apoptosis. 

Deng et al. demonstrated that MA treatment causes 
cleavages of caspase-3 proenzyme, which initiates 8 h 
post-MA exposure and is almost completely cleaved af-
ter 16 h (2002). In this research, we should know wheth-
er the MA effect on caspase-3 is only restricted to the 
activation of the procaspase-3 resource of the cell or it 
is more basic. In other words, we wanted to determine 
whether MA can influence the level of casp3a mRNA 
mainly due to its oxidative stress and, if it is so, whether 
RA as a powerful herbal antioxidant could counteract 
MA effects on the level of casp3a mRNA. Altering gene 
regulation mediated by MA has been demonstrated pre-
viously. Limanaqi, Gambardella, Biagioni, Busceti, and 
Fornai (2018) have attempted to include all the molecu-
lar procedures initiating at the pre-synaptic dopamine 
terminals to attain the nucleus of postsynaptic neurons 
related to the epigenetic events. 

In rats, the percentages of rosmarinic acid present in the 
brain and the blood for 30 min after the administration 
was calculated as 23.7%±2.4% and 0.40%±0.02% of the 
administered amount, respectively. The brain/blood con-
centration fraction of the compounds reverberate their 
permeability to the brain, which could be restricted by 
the Blood-Brain Barriers (BBBs) (Falé, Madeira, Flo-
rêncio, Ascensão, & Serralheiro, 2011), but MA concen-

trations were highest at the first 2 min after administra-
tion in all tissues except the spleen (Rivière, Gentry, & 
Owens, 2000). Obviously, the speed of these two agents 
to pass the BBB is different. We wonder whether the ad-
ministration of a suitable nanoparticle can help increase 
the speed of RA penetration to CNS. Therefore, we 
used bionanocomposite of ZnO/chitosan and combined 
it with RA. In recent years, enormous hybrid materials 
on the base of chitosan have been developed, including 
oxide agents, metal nanoparticles, and conducting poly-
mers (Li, Deng, Deng, Liu, & Xin, 2010). 

Chitosan is an abundant natural polysaccharide with 
numerous advantages like biodegradability, non-toxici-
ty, biocompatibility, water permeability, and good me-
chanical strength. So it is appropriate for drug delivery 
(Youssef, El-Sayed, El-Sayed, Salama, & Dufresne, 
2016; Li et al., 2010; Youssef, El-Nahrawy, & Hammad, 
2017). The physicochemical properties of chitosan play 
a significant role in drug delivery (Bhattarai, Gunn, & 
Zhang, 2010). Drugs targeting the CNS must cross the 
BBB, which is the main obstacle for various molecules 
to enter the CNS tissue (Blasi, Giovagnoli, Schoubben, 
Ricci, & Rossi, 2007), and chitosan enhances absorption 
across the epithelial membranes due to its mucoadhesive 
properties (Margret, Begum, & Kumar, 2017). The exis-
tence of amino and hydroxyl groups in chitosan struc-
ture helps form covalent bonds with diverse materials 
like metals, DNA, and proteins (Youssef et al., 2017). 
Out of all other metal and semiconductor nanoparticles, 
ZnO nanoparticles are the most frequently studied and 
important one as they are used to synthesize biosensors, 
drug-delivery systems, biomedical developments, and 
agriculture (Bedi & Kaur, 2015). Since chitosan has a 
great affinity to form metal complexes with zinc (Muz-
zarelli & Sipos, 1971; Muzzarelli & Tubertini 1969), 
the chitosan-ZnO complex attracted great interest for 
its potential to be used as UV protector and medicament 
(AbdElhady, 2012). But in this research, we used it as 
a drug career. Also, Yadollahi et al. (2015) investigated 
the ZnO-chitosan bionanocomposite hydrogel beads as a 
drug delivery system.

We have designed two separate experiments in the pres-
ent research work. First, we wanted to characterize the 
impact of a single dose function of the widely-used psy-
chostimulant drug, MA, on the level of casp3a mRNA 
on the CNS. Second, we intended to determine anxiolyt-
ic or anxiogenic immediate effects of chronic exposure 
of 25 mg/L MA and assess the protective effects of RA 
on MA-mediated psychobehavior effects. To accomplish 
these two objectives, we needed an animal model, and 
we used zebrafish (Danio rerio). Zebrafish are widely 
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used to study the molecular basis of neurobiology with 
applications in neurotoxicology and neuropharmacology 
(Linney, Upchurch, & Donerly, 2004; Teraoka, Dong, & 
Hiraga, 2003), especially addiction (Klee et al., 2012). 
Such studies in rodent models, including the analysis of 
gene-expression profiles and pharmacological manipu-
lations, have provided a few clues to the molecular neu-
ropathobiology of drug-induced neuroadaptation proce-
dures (Wagner et al., 1980; Krasnova et al., 2008) due to 
the complexity of the addiction process. The presence 
of a good balance between simplicity and complexity of 
organs and systems makes zebrafish a much better sub-
stitute. For example, the fish nervous system is simpler 
than rodents but can still control various complex behav-
iors such as aggression, learning, addiction, locomotion, 
and so on (Ninkovic & Bally-Cuif, 2006). Zebrafish has 
appeared a useful complementary model to study vari-
ous neurobehavioral functions (Levin, Bencan, & Cerut-
ti, 2007). Anxiety-like behavior and stress responses in 
zebrafish have been shown through swimming patterns 
in novel aquarium tanks (Pietsaro, Kaslin, Anichtchik, 
& Panula 2003; Levin et al., 2007). The developed test 
procedure took benefit of zebrafish natural tendency to 
swim at the bottom when introduced into a novel atmo-
sphere and then gradually, over a few minutes, expands 
their swimming area to the higher regions of the tank 
(Levin et al., 2007). The orthologues of the casp3 gene in 
zebrafish are casp3a with 4 transcripts and casp3b with 
only one transcript. In this study, primers were designed 
for the casp3a gene.

2. Methods

2.1. Animal and husbandry 

Adult zebrafish (5–7 months-old, males and females) 
were used in the experiments. They were provided by 
the Agricultural Biotechnology Research Institute of 
Iran, Gilan (ABRII). The fish were kept at approximately 
28.5°C in a 14:10-h light/dark cycle. The housing and 
diving test tanks water was prepared by mixing distilled 
water and sea salts (Instant Ocean, 1.2 g/20 L of H2O). 
Housing tanks for the fish were 3-L containers. Fish 
were fed thrice daily with twice brine shrimp and once 
flake fish food.

2.2. Chemicals and solution preparations

Methamphetamine was legally provided by the re-
search agency of the drug enforcement police. The gift-
ed MA had the highest purity and was used in 25 mg/L 
concentration. The concentration of 40 and 30 mg/L was 
tried, but they made the zebrafish depressed and were 

not suitable for the diving test. Rosmarinic acid was pur-
chased from Sigma Chemical Co. (St Louis, CA, USA). 
The ZnO-chitosan nanoparticles were synthesized as per 
the standard chemical precipitation method (Abdelhady 
2012). The experimental groups included control (sa-
line), MA, MA+RA, MA+RA/NP, RA, and NP.

Saline (control) solution was made with 60 mg sea salt 
dissolved into 0.5 L of distilled water.

Methamphetamine (MA) solution was prepared by 
12.5 mg of MA dissolved in 0.5 L of saline.

Rosmarinic Acid (RA) solution was prepared by 15 mg 
of RA dissolved in 0.5 L of saline (antioxidant power of 
over 97% by DPPH test).

MA+RA solution was made by 12.5 mg of MA and 15 
mg of RA dissolved in 0.5 L of saline.

MA+RA/NP solution was prepared by 15 mg of RA 
combined with ZnO-chitosan, according to Samzadeh-
Kermani and Miri (2015). Then it was dissolved in 0.5 
L of MA solution.

Nanoparticle (NP) solution was prepared by the same 
amount of ZnO-chitosan used to prepare RA-ZnO-chito-
san nanoparticle dissolved in 0.5 L of saline.

2.3. Drug administration

Each solution was administered by immersing 20 ze-
brafish into a drug-containing beaker (500 mL) for 20 
minutes, once per day for 7 consecutive days. The drug 
exposure was performed between 9:00 and 11:00 AM. 
A time interval of 30 minutes was imposed between the 
end of the last chemical treatment and the start of either 
the molecular or the behavioral examination. 

2.4. Quantitative Reverse Transcription-Poly-
merase Chain Reaction (qRT-PCR)

The zebrafish were sacrificed by the ice water shock 
30 min after the last treatment. The brains from the adult 
fish were dissected and grouped in 3 samples (5 brains in 
each). Total RNA was extracted for each sample accord-
ing to the Trizol RNA extraction protocol (RNA Isolation 
Protocol 2018) with slight modifications. RNA integrity 
and quantification were assessed to be in the desired 
range by gel electrophoresis and 260/280 nm OD ratio. 
The total extracted RNA was reverse-transcribed to the 
first-strand cDNA and amplified using HyperscriptTM 
one-step RT-PCR mastermix, HyperscriptTM Reverse 
Transcriptase, and custom primers. Primers of casp3a 
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were designed manually, and the sequences of them 
were as follows: forward, 5′ TCGGTTCTCGCTGTT-
GAAGG 3′ and reverse, 5′ GTCTCCGTATCCGCAT-
GTCC3′. Sequences of gapdh primers were as follows 
(McCurley & Callard, 2008): forward, 5′ GTGGAGTC-
TACTGGTGTCTTC 3′ and reverse, 5′ GTGCAGGAG-
GCATTGCTTACA 3′. The qRT-PCR was performed us-
ing QIAGEN One-Step RT-PCR Kit. Thirty-five thermal 
cycles were carried out as follows: 95˚C for 30 s, 59˚C 
for 30 s, and 72˚C for 60 s. The final incubation was set 
at 72°C for 10 min. The quantification was made apply-
ing 2 (-delta delta Ct) calculations. 

2.5. One-sided trapezoidal tank diving test

There were three different treatment groups of fish: sa-
line, MA, MA pretreated by RA. Since it is previously 
revealed and also demonstrated in this research, ZnO 
induces oxidative stress. To prevent the probable effects 
of ZnO on animal’s brains and behavior, MA and RA-
ZnO-chitosan groups were replaced with MA pretreated 
by the RA group. Pretreatment of RA was performed 30 

min before MA. Lee et al. (2008) also treated RA 30 min 
before the induction of pro-oxidant challenge.

The diving patterns of 3 zebrafish from each group 
were traced one by one and compared to each other. Ze-
brafish were placed individually in a 1.5-L trapezoidal 
tank (16 cm height ×27.5 cm top ×23.5 cm bottom ×7.1 
cm width) filled with 1350 mL of home tank water. Tanks 
were put on a stable surface and were divided into three 
equal virtual horizontal parts. Once the fish is relocated 
into one-sided trapezoidal tanks, a side view camera re-
corded the swimming behavior over a 5-min period. The 
following endpoints were recorded: time spent in each 
part of the tank(s) and total traveled distance. The choice 
of position (bottom vs. upper levels) was considered the 
anxiety index. Choice of dwelling on the bottom was 
near a position of safety.

2.6. Statistical analysis

The obtained data were presented as mean values and 
analyzed by t-test, 1-way Analysis of Variance (ANO-

Figure 1. Changes in the casp3a mRNA level in the brain samples of fish after different treatments condition

Relative casp3a mRNA expression was calculated using the 2-ΔΔCt method by quantitative reverse transcription-polymerase chain 
reaction (qRT-PCR), using gadph mRNA level as reference. The saline-treated group was served as the internal control. 

MA: Methamphetamine; RA: Rosmarinic acid; NP: ZnO-chitosan nanoparticle. A: The qRT-PCR is analyzed after single exposure 
per day for seven consecutive days results in elevated casp3a mRNA expression (**P<0.01, by 1-way ANOVA) in the MA group. 
Pre-treatment of fish with NP-coated RA reduced the casp3a expression as the control group; B. Significant changes in mRNA lev-
els of casp3a were not observed in the RA animal group. While NP treatment has remarkable effect on casp3a expression (**P<0.01, 
by 1-way ANOVA). 
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VA), and 2-way ANOVA followed by Dunnett post-hoc 
comparisons using SPAW (predictive analytics software) 
version 19.0. The P value of 0.05 was considered as the 
minimum level of significance. 

3. Results 

3.1. qRT-PCR Data: Changes in Casp3a mRNA 
Level in the brain

qRT-PCR results (Figure 1A) demonstrated that in-
creases in the casp3a mRNA levels were up to 18-fold for 
MA, 16.8-fold for MA cotreated with RA, and 14-fold 
for the ZnO-chitosan-treated fish group. MA cotreated 
with RA-ZnO-chitosan brought back the casp3a mRNA 
level near to that of the control group (2.8-fold), unlike 
the co-treatment of MA and RA that RA was insufficient 
to reduce the increased mRNA level. RA alone caused a 
little reduction in casp3a mRNA level as compared to the 
control group (Figure 1B) (n=3, P<0.01).

3.2. Behavioral Test: One-Sided Trapezoidal Tank 
Diving Test

Behavioral assessment of all groups (cohorts) and total 
distance traveled in 5 minutes was performed in three 
replicates, but one for each group is shown. It has been 

reported that ZnO induces oxidative stress. Thus, to pre-
vent the probable effects of ZnO on animal’s brain and 
behavior, the MA and RA-ZnO-chitosan groups were 
replaced with MA pretreated by the RA group. Pretreat-
ment of RA was performed 30 min before MA treatment.

All fish from the MA group started dwelling in the mid-
dle of the tank. The zebrafish that its behavior is shown in 
Figure 2B spent about 42.66% of the time in the middle. 
They spent less than half of the total time in the top part 
(48.66%) and the rest of the time in the bottom (Figure 3). 
The fish had 3 transitions to the bottom for the sake of 
curiosity but did not spend much time there and came 
back soon to the upper portions (data not shown). MA 
group swimming exploration was stress-free and easy. 

All fish from the MA pretreated by RA group started 
dwelling in the top part of the tank, the furthest area from 
the position of safety, but they spend most of the time at 
the bottom. The zebrafish swimming pattern shown in 
Figure 2C spent 32 % of the total time on top, more than 
29.33% in the middle, and the rest of the time (38.67%) 
at the bottom (Figure 3). The zebrafish had more than 
10 transitions to the bottom and special attention to the 
trapezoidal side. 

Figure 2. Effect of MA and RA on dwelling and swimming patterns of fish

Movement traces of cohorts of three distinct treated fish were drawn based on observation of one-sided trapezoidal tank div-
ing test: A: Control; B: MA; and C: MA pretreated by RA. The traces of fish movements indicate remarkable changes in their 
dwelling and swimming pattern compared to the control ones. The control animals traveled for a total distance of 13.6 m and 
stayed at the bottom of the tank. MA administration has changed the fish behavior in a way that traveled for 4.64 m and con-
tinuous vertical shift between top and middle of the test tank. Pre-treatment of fish by RA reduced the negative effects of MA. 
They resembled the swimming pattern of control fish up to some extent. The overall dwelling and swimming patterns of each 
treatment group’s fish were found to be significantly different (**P<0.01, by 2-way ANOVA).

http://bcn.iums.ac.ir/


Basic and Clinical

249

March, April 2021, Volume 12, Number 2

All the control fish spent almost a whole 5 min at the 
bottom, showing stressful back and forth movements 
(Figure 2A). Generally, the control fish had one or two 
transitions (near the trapezoidal side) to the middle part 
but, it sounds that the trapezoidal side was unpleasant to 
them, so they came back to the bottom soon.

The total distance (m) traveled in 5 minutes by all 
three treated zebrafish is shown in Figure 2D. The total 
distance traveled was 6.87 m for the MA pretreated by 
RA, 4.64 m for MA, and 13.6 m for control fish groups.

4. Discussion

4.1. Methamphetamine and Casp3a mRNA Level 
increase in the Brain of Zebrafish and RA-ZnO-
chitosan Counteracting it Remarkably

Increasing the casp3a mRNA levels up to 18-fold by 
MA shows that MA can up-regulate the casp3a gene ex-
pression. Producing indelible genetic modifications shift-
ing neuronal phenotype and induce behavioral alterations 
by MA (Limanaqi et al., 2018) and decreasing cleaved 
caspase-3 expression by RA (Zhang et al., 2017) have 
been demonstrated before by lots of research works. This 
paper aimed to demonstrate the potential of rosmarinic 

acid to counteract the deleterious effects of MA-mediated 
oxidative stress due to its high antioxidant power.

Cotreatment of MA with RA increases casp3a mRNA 
level up to 16.8-fold, so near to the level of the MA-
treated group. This result may indicate that RA cannot 
counteract the effects of MA-mediated oxidative stress 
at first sight. However, co-treatment of MA with RA-
ZnO-chitosan decreased the casp3a mRNA level down 
to 2.8-fold compared to the level of the MA-treated 
group. It obviously shows that inefficient permeability 
of RA compared to MA through the BBB makes RA un-
able to function punctually. Treatment by ZnO-chitosan 
increases casp3a mRNA level up to 14-fold. 

ZnO nanoparticles can induce the excess generation of 
Reactive Oxygen Species (ROS), leading to cell demise 
(Xia et al., 2006; Ryter et al., 2007; Long et al., 2006; 
Lovric et al., 2005; Lewinski, Colvin, Drezek, 2008). 
The cytotoxic effect of ZnO nanoparticles on activity 
and transcription levels of the antioxidant enzyme has 
been illustrated in co-cultured C2C12 and 3T3-L1 cells 
(Pandurangan & Kim, 2015). Moreover, the dose-depen-
dent deleterious effects of ZnO nanoparticles on antioxi-
dant enzyme activity in adipocytes have been reported 
(Muthuraman, Ramkumar, & Kim, 2014).

Pandurangan and Kim (2015) reported that the induc-
tion of oxidative stress is a vital part of the cytotoxicity of 
ZnO nanoparticles. We also observed such an effect by 
increased casp3a mRNA level in ZnO-chitosan-treated 
zebrafish, which was about 78% of what was observed in 
the MA-treated group. These results indicate two points; 
first, the weak deficiency of RA to inhibit the augmenta-
tion of casp3a mRNA (in the co-treatment of MA with 
RA) is due to its deficiency in crossing the blood-brain 
barrier as fast as MA, not the deficiency in the antioxi-
dant power of RA. Second, RA and ZnO-chitosan can 
eliminate each other’s downsides. ZnO assists RA to 
cross the BBB, and RA is such a powerful antioxidant 
that it is not only able to counteract MA-mediated oxida-
tive stress but is almost able to counteract ZnO-mediated 
oxidative stress, too. It seems that the antioxidant power 
of RA has yet been underestimated. RA and its deriva-
tives present plentifully in Salvia species (Lu & Foo, 
1999). A balanced diet affords antioxidant agents and 
prevents the disease condition by delaying the biologi-
cal oxidative processes to contribute to aging and disease 
risk. There is a well-established connection between the 
increased use of antioxidants and decreased cancer oc-
currence (Seifried, McDonald, Anderson, Greenwald, 
& Milner, 2003). That is why antioxidant supplements 
are regularly recommended as ingredients of a cancer-

Figure 3. The total time spent by each individual fish from 
different treatments in the bottom, middle, and top of the 
one-sided trapezoidal tank

The control group (saline-treated) displays unique features 
of a stressed fish, which stayed in the bottom of the tank for 
about 290 seconds, whereas MA exposed fish spent most-
ly in the top of the tank (145 seconds). The pretreated RA 
group exposed to MA renders the MA effect and makes 
the fish stay for a longer time (115 seconds) in the bottom 
of the aquarium. The treatments caused significant differ-
ent behavioral responses to the new environment, evident 
by noticeable stay-time at the bottom or top of the test tank 
(**P<0.01, by 1-way ANOVA).
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preventing diet (Ames, 1999; Prasad, Kumar, Kochupil-
lai, & Cole, 1999). However, the production of excess 
levels of ROS are essential for the commencement of in-
ternal cell programs towards cell suicide (apoptosis) that 
are vital protective mechanisms killing cancerous cells 
(Weijl, Cleton, Osanto, 1997; Kuipers & Lafleur, 1998). 

ZnO is an inorganic material with a wide range of 
promising applications (Neumark et al., 2007), but in-
ducing high oxidative stress is not a feature to be ignored. 
Fortunately, our ZnO-based nanoparticle was combined 
with a powerful antioxidant. Whether combining ZnO 
with an antioxidant is enough to counteract all the side ef-
fects of ZnO is a subject that needs more research work. 

The main challenge that we had was the primer dimers 
in the samples with a low amount of casp3a mRNA. In 
quantitative real-time PCR, the total amount of DNA 
is measured after each PCR cycle by fluorescent sig-
nals produced directly in relation to the number of PCR 
products (amplicons) generated. Data are collected at the 
exponential phase of the reaction. In the present study, 
fluorescent reporters used in real-time PCR included 
double-stranded DNA (dsDNA)-binding dyes that hy-
bridize with PCR product during amplification. By plot-
ting fluorescence intensity against the cycle number, an 
amplification plot will be generated, representing the ac-
cumulation of amplicon throughout the entire PCR re-
action. Binding the dye to the primer dimers increases 
the product’s accumulation in three saline, RA, and MA 
co-treated with RA-ZnO-chitosan samples. In real-time 
PCR, the amount of primers must be equal in all samples. 
When there is a noticeable gap in the amount of template 
mRNA in some samples, primer dimers would have been 
seen in samples with a low level of the desired mRNA. 

4.2. The Anxiolytic Effect of Methamphetamine 
(25 mg/L) on the Zebrafish

Unlike the level of casp3a mRNA wherein treatment 
by RA/ZnO/chitosan brought it back near to the level of 
the saline group, the swimming behavior of MA pretreat-
ed by RA group was unique. The observed behavior was 
neither similar to MA nor saline. Although the fish from 
the MA pretreated by RA group were calmer and less 
stressed than the MA-treated group and started dwelling 
in the top, generally they spent about 70% of the time 
at the middle and bottom of the tank, but the MA group 
spent about 90% of the time at the middle and top of the 
tank. The total distance traveled in 5 minutes of MA was 
the least of all the cases, which means this group’s swim-
ming speed was slower than that of the RA+MA group. 
The swimming and muscle movement of both groups 

were just normal, but the MA group was more relaxed. 
It has been reported previously that RA treatment for 7 
or 14 days produces an antidepressant-like effect in mice 
(Ito et al., 2008), and extract of lemon balm, which is RA 
rich, inhibits GABA transaminase, enhances GABAergic 
activity in the brain, and provides a calming effect on de-
pression and also in anxiety (Dubey, Sahu, Kumari, Ya-
dav, & Sahu, 2018). Our findings revealed that 25 mg/L 
dose of MA is anxiolytic for zebrafish, and RA has com-
plex effects on MA-mediated psychobehavior. Although 
the precise mechanisms underlying the protective poten-
tial of RA are not entirely understood, the putative oxi-
dative and enhancing GABAergic activity of RA might 
explain its effect on MA-mediated psychobehavior.

The molecular mechanisms involved in these processes 
should be studied in the future, but this study proved that 
RA combined with a suitable nanoparticle could sig-
nificantly counteract MA-mediated oxidative stress and 
some of the consequences. However, it does not reduce 
the anxiolytic effects of MA and even enhances it. Since 
MA and MA hydrochloride hold allure because their im-
mediate effects produce feelings of well-being, an auxil-
iary drug that diminishes the mentioned feelings has no 
potential marketability. In other words, drug users do not 
like to consume an auxiliary drug that is not accordant 
with the incentive of the drug of abuse. 

Based on our study, RA merits paying attention to and 
allocate more funds to discover the molecular basis of its 
action against MA-mediated oxidative stress. Moreover, 
it is noteworthy to produce medicines based on RA-
nanoparticle combinations that eliminate the side effects 
and increase drug delivery and efficiency.
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