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Abstract: 

Nicotine exposure during pregnancy induces oxidative stress and leads to behavioral alterations 

in early childhood and young adulthood. The current study aimed to investigate the possible 

protective effects of green tea (Camellia sinensis) against perinatal nicotine-induced behavioral 

alterations and oxidative stress in mice newborns. Pregnant mice received 50 mg/kg C. sinensis 

on gestational day 1 (PD1) to postnatal day 15 (D15) and were subcutaneously injected with 0.25 

mg/kg nicotine from PD12 to D15. Nicotine-exposed newborns showed significant delay in eye 

opening and hair appearance, and declined body weight at birth and at D21. Nicotine induced 

neuromotor alterations in both male and female newborns evidenced by the suppressed righting, 

rotating and cliff avoidance reflexes. Nicotine-exposed newborns exhibited declined memory, 

learning and equilibrium capabilities, as well as marked anxiety behavior. C. sinensis 

significantly improved the physical development, neuromotor maturation and behavioral 

performance in nicotine-exposed male and female newborns. In addition, C. sinensis prevented 

nicotine-induced tissue injury and lipid peroxidation, and enhanced antioxidant defenses in the 

cerebellum and medulla oblongata of male and female newborns. In conclusion, this study shows 

that C. sinensis confers protective effects against perinatal nicotine-induced neurobehavioral 

alterations, tissue injury and oxidative stress in mice newborns. 
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1. Introduction: 

Maternal smoking during pregnancy is a versatile risk factor that represents a public health 

concern [1]. Adverse perinatal outcomes and health complications, including respiratory 

disorders and childhood cancers are associated with exposure to smoking in utero [2-4]. 

Additionally, low birth weight, premature birth, neonatal death, neural tube defects and 

congenital anomalies have been identified as adverse effects of maternal smoking [5, 6]. 

Nicotine and its metabolite cotinine can readily cross the placenta and bind to the nicotinic 

acetylcholine receptors [7]. These receptors are known to be expressed by the second gestational 

week in rodents and in the first trimester in humans [8, 9]. The study of Berlin et al. [10] showed 

that cotinine concentrations in newborn’s cord blood are similar to that of their smoking mothers. 

Through binding to these receptors, nicotine disturbs the cholinergic system, brain development, 

neuronal migration, synaptogenesis, and neurotransmitter release [11]. These nicotine-induced 

adverse effects can alter fetal brain development and produce neurobehavioral impairments later 

in life [1]. 

In this context, studies have demonstrated that maternal smoking during pregnancy leads to 

behavioral alterations in early childhood and can extend to young adulthood [12, 13]. 

Experimental animals exposed to tobacco alkaloid extracts showed delayed development of 

several behavioral patterns [14]. Nicotine exposure in utero resulted in memory and learning [15, 

16], and sensory processing defects [17] in rodents. In clinical settings, newborns exposed to 

nicotine in utero exhibited poor attention, increased tremors, hypertonicity, startle responses, 

irritability and deficient speech processing [18-21]. Newborns also showed an attenuated 

response to auditory stimuli [20, 22]. This effect, later in life, can contribute to language and 

learning impairments [20, 22]. In addition, exposed infants showed poor self-regulation within 

the first month of life [23]. Thus, continuous exposure to nicotine during fetal development in 

utero and early developmental period of the pups after birth has bad impacts on the developing 

brain tissue and neurobehavioral and cognitive functions.  

Excessive production of reactive oxygen species (ROS) plays a key role in nicotine-induced 

neurodevelopmental alterations [24]. Nicotine has been reported to induce oxidative stress both 
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in vivo [25, 26] and in vitro [27]. Also, nicotine-induced cell death in various brain regions and 

memory impairment have been attributed to excessive ROS production [28-30]. 

Based on the previous findings, counteracting oxidative stress could represent an effective 

strategy to protect against nicotine-induced alterations in newborns. Therefore, the current study 

aimed to demonstrate the possible protective effects of green tea (Camellia sinensis) extract 

against perinatal nicotine-induced neurodevelopmental and behavioral alterations, and oxidative 

stress in mice newborns. C. sinensis and its bioactive polyphenols are well-known to possess 

potent antioxidant and radical scavenging efficacies [31]. 

2. Materials and methods: 

2.1. Preparation of C. sinensis extract: 

Fresh leaves of C. sinensis were purchased from local herbalist and ground to a powder using an 

electric grinder. Fifty g of the fine powder was added to one liter of boiled water and left for 15 

min. The infusion was then filtered and freshly used. 

2.2. Experimental animals and treatments:  

All the experimental protocols and investigations were approved and complied with the Guide 

for Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH 

Publication No. 85–23, revised 1996) and was approved by the Ethics Committee for Animal 

Experimentation at King Saud University. Twenty-eight females and 14 males of Swiss Webster 

mice (Mus musculus) of 10-12 weeks were used in this study. The mice were obtained from the 

animal house of College of Pharmacy, King Saud University, Riyadh, Saudi Arabia. The animals 

were housed in a well-ventilated animal’s room in standard mice cages at a room temperature 

around 25°C and 12h light/dark cycle. Standard rodent diet and water were supplemented ad 

libitum. The estrous cycle of females was estimated and each 3 pro-estrous females were housed 

with a male in standard rodent mating cage for 12h. The appearance of the vaginal plug in the 

morning was considered the first day of pregnancy. After mating, each dam has been incubated 

single in a cage where it will incubate its newborns after delivery. The date of birth for each dam 

was recorded. The number of newborns for each mother was fixed to be eight. The dates of 
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appearance and development of external features such as eye opening, fur appearing and body 

weights were recorded. The newborns were exposed to some behavioral investigations. 

The mice were randomly divided into 4 groups; each comprises 4-5 mothers as following: 

Group I (Control): Pregnant mice received distilled water by oral gavage from the first day of 

pregnancy (PD1) until the 15
th

 day after birth (D15), and subcutaneously injected with 

physiological saline from the 12
th

 day of pregnancy (PD12) until D15 after birth. 

Group II (C. sinensis): Pregnant mice received 50 mg/kg body weight C. sinensis extract [32] 

by oral gavage from PD1 until D15, and subcutaneously injected with saline from the PD12 until 

D15. 

Group III (Nicotine): Pregnant mice received distilled water by oral gavage from PD1 until 

D15, and subcutaneously injected with 0.25 mg/kg body weight nicotine (SOMATCO, Riyadh, 

KSA) [33] dissolved in saline from PD12 until D15. 

Group IIV (Nicotine + C. sinensis): Pregnant mice received 50 mg/kg body weight C. sinensis 

extract by oral gavage from PD1 until D15, and subcutaneously injected with 0.25 mg/kg body 

weight nicotine (SOMATCO, Riyadh, KSA) dissolved in saline from PD12 until D15. 

 

2.3. Behavioral study: 

2.3.1. Righting reflex: 

This reflex was conduct according to Ajarem and Ahmad [34] where the newborns examined at 

postnatal day (D) 1, 5, 10, 15 and 20 for males and females newborns by placing the newborn on 

its back. The time consumed till righting on its four limbs was measured and recorded. The 

response is negative when the righting time duration exceed 120 seconds.  

2.3.2. Rotating reflex: 

This reflex was conducted according to Ajarem and Ahmad [35]. Each animal was placed on the 

inclined surface at an angle of 30 degrees and the direction of its head down, and was being 

monitored to be moving its body in the opposite direction and the time spent was recorded. This 

reflex was examined at D1, D5, D10, D15 and D20; the maximum duration of this test is 120 

seconds.  
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2.3.3. Cliff avoidance reflex: 

The newborns (males and females) were placed on the edge of a wood piece above the ground, 

and then the time spent till turning the back in opposite direction by half of circle at 180 degrees 

angle was recorded [36]. 

2.3.4. Locomotion activity reflex: 

This test was conducted for male and female newborns at D22 in the locomatory box as 

mentioned by Ajarem and Ahmad [37]. The newborns were examined for all activities such as 

number of squares crossed, number of rears, number of wall rears, number of cleaning, duration 

of locomotion and duration of immobility.  

2.3.5. Fear and anxiety reflex: 

This reflex was conducted at D25 for male and female newborns using the elevated 

perpendicular plus-maze according to Abu-Taweel [38]. The newborns were placed in the 

middle of the maze at the intersection of the arms point facing the open arm. The examination 

time was 300 seconds with recording all movements and activities, including the number of 

entries into the arms and center, and the time spent in the arms and center of the maze. 

2.3.6. Equilibrium reflex: 

This reflex was conducted at D30 using rota-rod instrument (Ugo Basile, Italy) as previously 

mentioned by Allam et al. [39]. The reflex measures the balance ability in the investigated mice. 

Each animal was placed on a horizontal rod which rotates slowly at 1 cycle/sec. The newborns 

will try to stay on the rod as more as they can but finally they fall. The instrument records the 

time which the animal spends on the rod. This time reflect the ability of the newborn to resist 

against falling.  

2.3.7. Active avoidance reflex (Shuttle-box test): 

This reflex measures the memory and learning ability for the newborns and conducted according 

to the method described by Abu-Taweel et al. [40] using the Shuttle-box automated reflex 

conditioner (Ugo Basile, Italy). The newborns were investigated at D35 and the results were 

automatically recorded by the instrument. Each animal exposed to the test for 30 trials. The lamp 

and the bell be operated thirty times, and the electricity shocks depending on the animal's ability 
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to learn. The healthy animals (who learn quickly) move from one room to another on seeing light 

of the lamp and hearing the bell directly to prevent stun electricity. The test begin by placing the 

animal in one of two rooms and left a while exploring the place, then start the actual test, which 

end with the thirtieth over again, and this period can be less than the animal's ability to learn (to 

escape when see the lamp and hear the bell). 

2.4. Biochemical and histological study: 

At D7, D15 and D30 after birth, 6 pups from each group were sacrificed by decapitation and 

samples were collected. Samples from the cerebellum and medulla oblongata were homogenized 

in cold phosphate buffered saline and used for assaying lipid peroxidation [41], reduced 

glutathione (GSH) [42] and superoxide dismutase (SOD) activity [43]. Other samples from the 

cerebellum and medulla oblongata were fixed in neutral buffered formalin and processed for 

staining with hematoxylin and eosin. 

2.5. Statistical analysis: 

The data were analyzed by one or two-way ANOVA followed by Tukey’s test post hoc analysis 

using Graphpad Prism version 5 (San Diego, CA, USA). The obtained results were presented as 

mean ± standard error (SEM) with a P value less than 0.05 was considered significant. 

3. Results: 

3.1. Effect of C. sinensis on body weight, hair appearance and eye opening in control and 

nicotine-induced mice newborns: 

Body weight, eye opening and hair appearance were determined as physical assessments during 

the weaning period. Body weight of the nicotine-induced mice newborns showed a significant 

(P<0.01) decrease at D1 and D21 after birth when compared with the control group (Fig. 1A). C. 

sinensis supplementation produced a non-significant (P>0.05) effect on body weight of either 

control or nicotine-exposed mice offspring at D1. Supplementation of C. sinensis to nicotine-

exposed pregnant mice significantly (P<0.01) improved body weight of the newborns at D21 

after birth. Similar effects were recorded in both male and female newborns. 

 



8 
 

C. sinensis supplementation produced non-significant (P>0.05) effects on eye opening in both 

male and female mice offspring (Fig. 1B). Both male and female nicotine-induced mice 

newborns showed a significant (P<0.05) delay in eye opening when compared with the control 

groups. C. sinensis administration significantly (P<0.05) prevented the nicotine-induced delay in 

eye opening in both genders. 

 

Male and female mice born to nicotine-induced mothers showed a significant (P<0.01) delay in 

hair appearance. Treatment of the nicotine-induced mice with C. sinensis significantly (P<0.05) 

prevented the delay in hair appearance in both male and female newborn (Fig. 1C). C. sinensis 

supplementation exerted non-significant (P>0.05) effect on hair appearance time in either male 

or female newborns.   

3.2. C. sinensis prevents nicotine-induced neurobehavioral alterations in mice newborns: 

3.2.1. Neuromotor maturation: 

To evaluate the effect of nicotine on the maturation of neuromotor reflexes and the protective 

efficacy of C. sinensis, the righting, rotating, and cliff avoidance reflexes were determined at D1, 

D5, D10, D15 and D20 after birth. 

The righting reflex was significantly (P<0.001) suppressed at D1, D5, D10 and D15 after birth in 

nicotine-exposed male (Fig. 2A) and female (Fig. 2B) newborn mice when compared with the 

corresponding controls. C. sinensis supplementation significantly (P<0.001) improved the 

righting reflex at D1 and D5 in male and female newborns. At D15, the righting reflex showed 

significant amelioration in C. sinensis treated male (P<0.05) and female (P<0.01) nicotine-

induced newborns. 

The rotating reflex showed a similar pattern where nicotine-exposed mice newborns showed 

reduced performance of the rotating reflex at D1 (P<0.001), D5 (P<0.001), D10 (P<0.01) and 

D15 (P<0.05) after birth. Treatment of the nicotine-exposed mice with C. sinensis significantly 

improved the rotating reflex throughout the weaning period in both male (Fig. 2C) and female 

(Fig. 2D) offspring. 
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Regarding the cliff avoidance, male nicotine-exposed offspring showed significantly declined 

reflex at D1 (P<0.001), D5 (P<0.001), D10 (P<0.01) and D15 (P<0.001) after birth (Fig. 2E). 

Similarly, the nicotine-exposed female newborn exhibited significant suppression in the cliff 

avoidance reflex at D1 (P<0.001), D5 (P<0.001), D10 (P<0.05) and D15 (P<0.001) after birth 

(Fig. 2F). Treatment of the nicotine-exposed mice with C. sinensis significantly improved the 

cliff avoidance reflex in both male and female offspring. 

Of note, supplementation of C. sinensis didn’t induce any significant changes in the neuromotor 

reflexes of the control group. 

3.2.2. Active avoidance test: 

The effect of C. sinensis supplementation on memory and learning ability in control and 

nicotine-induced newborns was measured using the Shuttle-box test. 

Nicotine significantly (P<0.001) decreased number of avoidances during the trial period in both 

male and female offspring when compared with the corresponding controls (Fig. 3A). C. sinensis 

supplementation improved the number of avoidances in nicotine-induced both male (P<0.05) and 

female (P<0.01) mice offspring, with no effect on control mice. 

Nicotine-induced male and female newborns showed a significant (P<0.001) decrease in the 

number of intertrial crossings between the chambers in the absence of shock, an effect that was 

significantly (P<0.01) ameliorated following treatment with C. sinensis extract (Fig. 3B). C. 

sinensis produced a non-significant (P>0.05) effect on the number of intertrial crossings when 

supplemented to control mice. 

The total time taken to avoid the shock during the entire trials was measured. As depicted in 

Figure 3C, nicotine-induced both male and female mice offspring were poor learners and took 

significantly (P<0.01) longer time in avoiding the shock when compared with the control group. 

Supplementation of C. sinensis extract markedly (P<0.05) improved the learning ability of 

nicotine-induced male and female mice newborn, with no effect on the learning ability of control 

mice. 

3.2.3. Locomotor activity test: 
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Nicotine-induced weaned male mice showed significant decrease in the number of squares 

crossed (P<0.001), wall rears (P<0.05) and locomotion duration (P<0.001) when compared with 

the control group (Table 1). On the other hand, the number of washes and the immobility 

duration were significantly increased in the nicotine-induced animals. C. sinensis 

supplementation produced a marked amelioration in all elements of the locomotor activity in 

both control and nicotine-induced weaned mice. 

In female weaned nicotine-induced mice, the number of squares crossed, wall rears and 

locomotion duration were significantly (P<0.001) decreased with a concomitant significant 

(P<0.01) increase in the immobility duration (Table 1). However increased, the number of 

washes showed a non-significant (P>0.05) change in nicotine-induced female weaned mice when 

compared with the corresponding control group. C. sinensis supplementation significantly 

improved the locomotor activity in both control and nicotine-induced female mice. 

3.2.4. Equilibrium reflex: 

In the rota-rod test, C. sinensis significantly (P>0.05) increased the time that the mice spent on 

the rotating rod in female but not in male animals (Fig. 4). Nicotine administered during the 

pregnancy period significantly affected the balance ability of the animals as evidenced by the 

decreased time spent on the rotating rod by both male (P<0.05) and female (P<0.01) mice. C. 

sinensis extract produced a significant (P<0.05) improvement in the balance ability of nicotine-

induced both male and female mice. 

3.2.5. Anxiety behavior in the elevated Plus-Maze test: 

The elevated plus-maze is frequently used to evaluate the anxiety-like behavior in animal models 

[44]. In the present study, administration of nicotine during gestation significantly reduced the 

number of entries and the time spent to explore the open arm (P<0.001) in both male (Fig. 5A) 

and female (Fig. 5B) newborn mice. C. sinensis significantly (P<0.01) increased the number of 

entries to explore the open arm. Similarly, the time spent to explore the open arm was 

significantly increased in nicotine-induced male (Fig. 5C; P<0.05) as well as female (Fig. 5D; 

P<0.01) mice newborns. C. sinensis affected neither the number of entries nor the time spent to 

explore the open arm when supplemented to control mice. 
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On the contrary, nicotine administration during pregnancy significantly increased the number of 

entries and the time spent in the closed arm in both male and female mice newborn. C. sinensis 

supplementation significantly decreased the number of entries and time spent in the closed arm 

in nicotine-induced both male and female mice. 

3.3. C. sinensis prevents nicotine-induced histological alterations in the cerebellum and 

medulla oblongata of mice newborns: 

The cerebellar histological sections of all groups showed the neural fold layers structures at D7, 

D15 and D30. In normal newborns, the external granular layer appeared wide at D7 (Fig. 6A), 

thin at D15 (Fig. 6B) and disappeared completely at D30 (Fig. 6C). The molecular layer was 

defined at D7, wide at D15 and incubated by mature neurons at D30. The Purkinje cells were 

arranged in one row at D7 to form Purkinje cell layer. The Purkinje cells became more 

developed and mature at D15 and D30. The internal granular layer received the migrated cells 

from the external granular layer so it appeared condensed at the three investigated ages. The 

cerebellar sections of C. Sinensis-administered group showed well developed cerebellar fold 

layers similar to those of the normal newborns (Fig. 6D-6F). In the nicotine-exposed group, 

some aberrations in the cerebellar fold layers appeared including a delay in the external granular 

layer cells migration to internal granular layer that was reflected by the wide external granular 

layer at D7 (Fig. 6G) and D15 (Fig. 6H) when compared with the control group. Purkinje cells 

appeared arranged in more than one row at D7. At D15 and D30 (Fig. 6I), Purkinje cells 

appeared abnormal, small and spindle in shape. Supplementation of C. sinensis prevented 

nicotine-induced malformations in the cerebellum of mice newborns at D7 (Fig. 6J), D15 (Fig. 

6K) and D30 (Fig. 6L). 

Histological examination of the medulla oblongata sections of control newborns at D7 (Fig. 7A), 

D15 (Fig. 7B) and D30 (Fig. 7C) showed normal state and distribution of medullary neurons. C. 

sinensis-administered group showed normal histological structures of the medullary neurons 

(Fig. 7D-7F). Perinatal nicotine exposure induced pyknosis and chromatolysis of the medullary 

neurons at D7 (Fig. 7G), D15 (Fig. 7H) and D30 (Fig. 7I). Nicotine-induced mice newborns 

treated with C. sinensis showed normal histology of the medulla oblongata at D7 (Fig. 7J), D15 

(Fig. 7K) and D30 (Fig. 7L). Similar findings were observed in both male and female mice 

offspring. 
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3.4. C. sinensis attenuates nicotine-induced oxidative stress in the cerebellum and medulla 

oblongata of mice newborns: 

Lipid peroxidation, GSH and SOD were determined to evaluate the protective effect of C. 

sinensis against nicotine-induced oxidative stress in the cerebellum and medulla oblongata of 

newborn mice. 

Cerebellar lipid peroxidation showed a significant (P<0.001) increase in nicotine-induced male 

(Fig. 8A) and female (Fig. 8B) mice newborns at D7, D15 and D30 after birth, an effect that was 

significantly (P<0.001) prevented by C. sinensis. In the cerebellum of control male and female 

mice offspring, supplementation of C. sinensis produced non-significant (P<0.05) effect on lipid 

peroxidation levels at all experimental periods. 

In medulla oblongata, nicotine induced a significant (P<0.001) increase in lipid peroxidation 

levels in both male (Fig. 8C) and female (Fig. 8D) mice offspring. Oral supplementation of C. 

sinensis extract significantly (P<0.001) decreased lipid peroxidation in the medulla oblongata of 

nicotine-induced both male and female newborn mice at D7, D15 and D30. C. sinensis extract 

produced non-significant (P>0.05) effects on lipid peroxidation levels in the medulla oblongata 

of control mice offspring. 

GSH content in the cerebellum of nicotine-induced male newborns showed significant decrease 

at D7 (P<0.01), D15 (P<0.001) and D30 (P<0.001) after birth (Fig. 9A). Oral supplementation of 

C. sinensis extract during pregnancy exerted non-significant (P>0.05) effect on GSH levels at D7 

while produced a significant increase at D15 (P<0.05) and D30 (P<0.01) in the cerebellum of 

nicotine-induced male offspring. Nicotine-induced female mice newborns exhibited a significant 

(P<0.001) decrease in the cerebellar GSH levels at D7, D15, and D30 after birth (Fig. 9B). C. 

sinensis ameliorated the cerebellar GSH levels in nicotine-induced mice newborns at D7 

(P<0.01), D15 (P<0.01) and D30 (P<0.001) after birth. 

Nicotine-induced male and female mice offspring showed significant decrease in medulla 

oblongata GSH levels at D7 (P<0.01), D15 (P<0.001) and D30 (P<0.001) after birth. C. sinensis 

significantly ameliorated GSH levels in the medulla oblongata of nicotine-induced male mice 

offspring at D15 (P<0.05) and D30 (P<0.01); however, its effect at D7 was non-significant (Fig. 

9C). In nicotine-induced female mice newborns, C. sinensis supplementation significantly 
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increased GSH levels in the medulla oblongata at D7 (P<0.05), D15 (P<0.01) and D30 (P<0.001) 

after birth (Fig. 9D). 

C. sinensis exerted non-significant effect on the levels of GSH in cerebellum and medulla 

oblongata of both control male and female mice newborn at all experimental periods. 

SOD activity in the cerebellum of nicotine-induced male (Fig. 10A) and female (Fig. 10B) mice 

offspring showed a significant (P<0.001) decrease at D7, D15 and D30 after birth, an effect that 

was significantly (P<0.001) prevented by C. sinensis. In the cerebellum of control male and 

female mice offspring, C. sinensis exerted non-significant (P>0.05) effect on SOD activity at all 

experimental periods. 

In the medulla oblongata, nicotine induced a significant (P<0.001) decline in SOD activity in 

both male (Fig. 10C) and female (Fig. 10D) mice offspring. Oral supplementation of C. sinensis 

extract significantly (P<0.001) improved SOD activity in the medulla oblongata of both male and 

female newborn mice at D7, D15 and D30, while exerted non-significant (P>0.05) effect in 

control mice offspring. 

4. Discussion: 

Cigarette smoking is a common problem and 10-15% women continue smoking during 

pregnancy even with the well-known detrimental outcomes in newborns [12, 45, 46]. Because of 

the dynamic nature of developmental processes, the central nervous system is vulnerable to 

damage by environmental toxins during fetal and early postnatal life [45, 47]. Abnormal 

behaviors in offspring have been associated with maternal smoking during pregnancy. These 

neurodevelopmental adverse effects might extend through adolescence and adulthood [12, 46]. 

In the present study, we demonstrated the potential protective effect of C. sinensis against 

perinatal nicotine-induced neurodevelopmental alterations in male and female offspring. 

Male and female offspring born to mice exposed to nicotine during pregnancy and lactation 

showed declined body weight and a delay in eyes opening and body hair appearance, indicating 

the adverse effects of nicotine on the physical growth in mice offspring. Maternal exposure to 

nicotine during pregnancy has been associated with reduced fat index in monkeys [48] and fetal 

body weight in rats [49, 50]. The declined body weight could be also explained, at least in part, 
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by the increased lipolysis [51], energy expenditure and metabolic rate [52]. These experimental 

data were supported by the clinical findings where infants, exposed to nicotine during the third 

trimester, showed smaller body weight at birth [18, 53]. Recently, Chan et al. [54] reported 

decreased body weight of male mice born to mice exposed to cigarette smoke. Oral 

supplementation of C. sinensis significantly prevented nicotine-induced in utero growth 

retardation. This physical improvement could be explained in terms of improved energy 

homeostasis by C. sinensis. 

Nicotine and its metabolite cotinine pass through the placenta and bind to the nicotinic 

acetylcholine receptors [7], which are expressed by the second gestational week in rodents and in 

the first trimester in humans [8, 9]. Studies have demonstrated that the developmental exposure 

to nicotine disturbs the cholinergic system and therefore disrupts brain development, neuronal 

migration, synaptogenesis, and neurotransmitter release [11]. These adverse effects might 

produce neurobehavioral impairments in the offspring. 

Here, perinatal exposure to nicotine markedly affected the motor development, active avoidance 

response and locomotory behavior. The righting, rotating and cliff avoidance reflexes were 

significantly suppressed in male and female pups born to mothers exposed to nicotine. These 

findings suggest a direct impact of nicotine exposure in utero and during lactation period on the 

neuromotor development. 

Nicotine-induced male and female mice newborns showed declined memory and learning ability 

as measured by the Shuttle-box test. Additionally, the mice took longer time exploring the closed 

arm while spent short time to explore the open arm; therefore, showed increased anxiety-like 

behavior. Furthermore, nicotine-exposed male and female mice showed suppressed locomotory 

activity and equilibrium reflex. 

In line with our findings, the study of Khalki et al. [14] demonstrated delayed 

development of similar behavioral patterns in rats exposed to tobacco alkaloid extracts. Studies 

have also reported poor performance of memory and learning test, including two way active 

avoidance [16] and the radial arm maze [15, 55] in rodents exposed to nicotine in utero. Perinatal 

exposure to nicotine can also lead to spatial memory deficits [56]. Mice in radial arm maze took 

longer time to reach criterion when injected with nicotine [57]. Moreover, mice exposed to 
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nicotine exhibited sensory processing defects evidenced by hypersensitive passive avoidance 

[17]. These experimental data were in agreement with multiple clinical findings where exposure 

to nicotine in utero induced several alterations, including poor attention, increased tremors, 

hypertonicity, startle responses, irritability and deficient speech processing in newborns [18-21]. 

In addition, infants exposed to nicotine in utero showed an attenuated response to auditory 

stimuli which, later in life, can possibly lead to language and learning impairments [20, 22]. 

Interestingly, supplementation of C. sinensis to mice markedly prevented nicotine-induced 

neurobehavioral alterations. C. sinensis significantly improved motor development, active 

avoidance responses, locomotory behavior, equilibrium reflex, and memory and learning ability. 

We thought that the protective effects of C. sinensis extract originate from its ability to 

counteract nicotine-induced tissue damage and oxidative stress. Non-human primates exposed to 

tobacco smoke during gestation and lactation exhibited neuronal cell loss and decreased cell size 

[58]. Juvenile and adult rats exposed to nicotine in utero showed changes in dendritic length and 

dendritic branching [59]. Pauly and Slotkin [60] stated that these changes can alter the 

development and contribute to functional deficits later in life. The study of Ernst et al. [61] 

attributed impaired cognitive function in prenatal nicotine-exposed rats to a disruption of 

neuronal migration in the brain. In the present study, nicotine induced a delay in cell migration 

from the external granular layer to the internal layer, and altered shape and pyknosis in Purkinje 

cells in the cerebellum and chromatolysis of neurons in medulla oblongata, an effect that was 

markedly prevented in C. sinensis supplemented groups. These findings highlight the efficacy of 

C. sinensis in preventing cell damage induced by nicotine. 

Attenuation of oxidative stress and alleviation of the antioxidant defenses is another mechanism 

we hypothesized to contribute to the protective effect of C. sinensis on nicotine-induced 

neurodevelopmental and behavioral changes in mice newborn. Our hypothesis is supported by 

findings of multiple studies demonstrating alleviated neurobehavioral performance in 

experimental animals supplemented with antioxidants [30, 62]. Previous studies have attributed 

memory impairment following prenatal nicotine exposure to excessive production of ROS and its 

subsequent cell death in various brain regions [28-30]. Because cerebellum is involved in motor 

control, cognitive functions, regulating fear and pleasure and medulla oblongata is responsible 

for the regulation of reflexes, we assayed lipid peroxidation and antioxidant defenses in these 
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brain regions. Exposure to nicotine increased lipid peroxidation in the cerebellum and medulla 

oblongata of both male and female newborns as evidenced by the elevated levels of MDA. On 

the other hand, GSH and SOD were significantly declined in the cerebellum and medulla 

oblongata of male and female newborns. These alterations were observed at D7, D15 and D30 

after birth. Brain neurons are sensitive to oxidative stress [63] and maternal nicotine and 

cigarette smoke exposure has been confirmed to induce oxidative stress in the brain of offspring. 

Chan et al. [54] demonstrated increased oxidative stress and declined antioxidant defenses in the 

brain of mice offspring whose mothers were exposed to cigarette smoke during pregnancy. 

Recently, we reported increased lipid peroxidation and declined antioxidants in the cerebrum of 

offspring born to mice exposed to nicotine during gestation and early period of lactation [26].  

C. sinensis supplementation during pregnancy and early postnatal period significantly prevented 

nicotine-induced lipid peroxidation and improved the antioxidant defenses in cerebellum and 

medulla oblongata of both male and female newborns. Therefore, we assumed that the 

antioxidant potential of C. sinensis protected the newborns against nicotine-induced oxidative 

stress, cell death and neurodevelopmental alterations. The antioxidant efficacy of C. sinensis and 

its active constituents such as polyphenols has been well-established in several studies [64, 65]. 

Polyphenols of C. sinensis prevented 6-hydroxydopamine-induced damage of dopaminergic 

neurons in a rat model of Parkinson's disease [66]. Epigallocatechin-3-gallate (EGCG), a major 

bioactive catechin of C. sinensis, protected the rat cortex against acrylamide-induced apoptosis 

and astrogliosis [64] and oxidative stress in PC12 cells [65]. The neuroprotective effect induced 

by catechins is thought to occur through potentiation of antioxidant defenses [67], activation of 

protein kinase C and up-regulation of cell-survival genes [68]. 

In summary, the current findings show that C. sinensis confers protective effect against nicotine-

induced neurobehavioral alterations and oxidative stress. Perinatal nicotine exposure induced 

potential neurotoxic effects evidenced by chromatolysis of neurons, increased ROS production 

and neurobehavioral alterations in male and female newborns. C. sinensis significantly protected 

male and female newborns against nicotine-induced neurotoxicity. Therefore, C. sinensis 

represents a potential candidate conferring protection against nicotine-induced neurotoxicity in 

offspring, pending further studies to determine the exact mechanisms of action. 
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Table 1: Effect of perinatal nicotine exposure and C. sinensis extract on the locomotor 

activity of mice newborns at adolescent age (post natal day 22). 

 

 

Control C. sinensis Nicotine 
Nicotine 

+ 

C. sinensis 

Number of 

squares 

crossed 

Male 
210.5 

(170 – 230) 
303* 

(193 – 320) 
110*** 

(99 – 133) 
157**# 

(153-170) 

Female 
190.5 

(170 – 211) 
289* 

(188 – 310) 
112*** 

(87– 123) 
145**# 

(134-165) 

Wall rears 
Male 

20.5 

(15 – 22) 
27* 

(21 – 31) 
11*** 

(10-15) 
9**# 

(1-16) 

Female 
19 

(10 – 25) 
25* 

(22 – 36) 
10*** 

(9-14) 
9**# 

(1-10) 

Rears 
Male 

6 

(0 – 14) 
8* 

(3 – 13) 
4 

(1 – 4) 
5 

(1-6) 

Female 
6 

(1 – 11) 
9* 

(1 – 14) 
6 

(3 – 11) 
5 

(1-11) 

Wash 
Male 

5 

(5 – 25) 
11 

(5 – 15) 
15* 

(11 – 19) 
6 

(1-14) 

Female 
12 

(3 – 14) 
13 

(4 – 19) 
16 

(10 – 20) 
8 

(6-11) 

Locomotion 

duration 

(Sec) 

Male 
202 

(173 – 268) 
274* 

(261 – 291) 
98*** 

(77 – 132) 
167*# 

(120-187) 

Female 
189 

(153 – 256) 
263* 

(254 – 282) 
105*** 

(89 – 122) 
154*# 

(110-187) 

Immobility 

duration 

(Sec) 

Male 
98 

(41 – 127) 
26* 

(9 – 39) 
140.5** 

(101 – 188) 
131**# 

(100-166) 

Female 
102 

(55 – 121) 
33* 

(11 – 44) 
122** 

(119 – 176) 
143**# 

(106-153) 
Date are M ± SEM. *P<0.05, **P<0.01 and ***P<0.001 vs Control, and #P<0.05 vs Nicotine.
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Figures: 

 

Figure 1: Effect of C. sinensis on (A) body weight, (B) hair appearance and (C) eye opening 

in control and nicotine-induced mice newborns. Data are M ± SEM. *P<0.05 and **P<0.01 vs 

Control. #P<0.05 and ##P<0.01 vs Nicotine. 
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Figure 2: C. sinensis prevents nicotine-induced suppression of (A-B) righting, (C-D) 

rotating and (E-F) cliff avoidance reflexes in mice newborns. Data are M ± SEM. *P<0.05, 

**P<0.01 and ***P<0.001 vs Control. #P<0.05, ##P<0.01 and ###P<0.001 vs Nicotine. 
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Figure 3: C. sinensis improves active avoidance responses in nicotine-exposed mice 

newborns. Data are M ± SEM. **P<0.01 and ***P<0.001 vs Control. #P<0.05 and ##P<0.01 vs 

Nicotine. 
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Figure 4: C. sinensis alleviates equilibrium reflex in nicotine-exposed mice newborns. Data 

are M ± SEM. *P<0.05 and **P<0.01 vs Control. #P<0.05 vs Nicotine. 
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Figure 5: Protective effect of C. sinensis against nicotine-induced anxiety in mice newborns. 

Data are M ± SEM. *P<0.05, **P<0.01 and ***P<0.001 vs Control. #P<0.05, ##P<0.01 and 

###P<0.001 vs Nicotine. 
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Figure 6: Sagittal sections in the cerebellum of [A-C] Control newborns showing wide 

external granular layer (EGL) at day 7 which become thin at day 15 and disappeared at day 30. 

The molecular layer (ML) is defined at day 7, wide at day 15 and incubated by mature neurons at 

day 30. The Purkinje cells (PC) appear arranged in one row at day 7 and become more developed 

and mature at day 15 and day 30. The internal granular layer (IGL) received the migrated cells 
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from the external granular layer so it appears condensed at the three investigated ages. [D-F] C. 

sinensis-administered group showing well developed cerebellar fold layers similar to those of 

normal newborns. [G-I] Nicotine-exposed group showing a delay in the external granular layer 

cells migration to internal granular layer reflected by the wide external granular layer at day 7 

and day 15. Purkinje cells are arranged in more than one row and appear abnormal, small and 

spindle in shape. [J-L] Sections in the cerebellum of C. sinensis supplemented nicotine-induced 

mice newborns showing improved histological structure. Scale bar = 50μm. 
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Figure 7: Sagittal sections in the medulla oblongata of [A-C] Control newborns showing 

normal state and distribution of medullary neurons, [D-F] C. sinensis-administered group 

showing normal histological structures of the medullary neurons, [G-I] Nicotine-exposed group 

revealing pyknosis and chromatolysis (arrow) of the medullary neurons (MN), and [J-L] C. 

sinensis supplemented nicotine-induced mice newborns showing normal histology of the medulla 

oblongata. Scale bar = 50μm. 
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Figure 8: C. sinensis protects against nicotine-induced lipid peroxidation in cerebellum and 

medulla oblongata of mice newborns. Data are M ± SEM. ***P<0.001 vs Control and 

###P<0.001 vs Nicotine. 
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Figure 9: C. sinensis alleviates GSH levels in cerebellum and medulla oblongata of nicotine-

induced mice newborns. Data are M ± SEM. **P<0.01 and ***P<0.001 vs Control. #P<0.05, 

##P<0.01 and ###P<0.001 vs Nicotine. 
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Figure 10: C. sinensis enhances SOD activity in cerebellum and medulla oblongata of 

nicotine-induced mice newborns. Data are M ± SEM. ***P<0.001 vs Control and ###P<0.001 

vs Nicotine. 

 


