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Abstract 

Objective  The current study aimed to elucidate the effect of vanillin on behavioral changes, oxidative 
stress, and histopathological changes induced by potassium bromate (KBrO3), an environmental 
pollutant, in the cerebellum of adult mice. 

Methods  The animals were divided into four groups: group 1 served as a control, group 2 received 
KBrO3, group 3 received KBrO3 and vanillin, and group 4 received only vanillin. We then measured 
behavioral changes, oxidative stress, and molecular and histological changes in the cerebellum. 

Results  We observed significant behavioral changes in KBrO3-exposed mice. When investigating redox 
homeostasis in the cerebellum, we found that mice treated with KBrO3 had increased lipid peroxidation 
and protein oxidation in the cerebellum. These effects were accompanied by decreased Na+-K+ and Mg2+ 
ATPase activity and antioxidant enzyme gene expression when compared to the control group. 
Additionally, there was a significant increase in cytokine gene expression in KBrO3-treated mice. 
Microscopy revealed that KBrO3 intoxication resulted in numerous degenerative changes in the 
cerebellum that were substantially ameliorated by vanillin supplementation. Co-administration of 
vanillin blocked the biochemical and molecular anomalies induced by KBrO3. 

Conclusion  Our results demonstrate that vanillin is a potential therapeutic agent for oxidative stress 
associated with neurodegenerative diseases. 
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INTRODUCTION 

t the beginning of the 20th century, the 
cerebellum was thought to solely be a 
modulator of motor function, including 

coordination, diadochokinesia, tonus, and motor 

speech production[1]. Several neuronal systems are 
involved in body motion, but the cerebellum is 
specifically implicated in the voluntary movement. 
The cerebellum controls the activation, timing, and 
coordination of distinct muscle groups during body 
motion. The traditional view of the cerebellum solely 
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as a coordinator of motor function has been 
substantially redefined in the past decades. 
Neuroanatomical, neuroimaging, and clinical studies 
have found that the cerebellum is further involved in 
the modulation of cognitive and affective processing. 
Neuroanatomical studies have demonstrated 
cerebellar connectivity with supratentorial areas 
involved in higher cognitive and affective functioning, 
while functional neuroimaging and clinical studies 
have provided evidence of cerebellar involvement in 
a variety of cognitive and affective tasks. 
Neuroanatomical studies have also revealed that the 
cerebellum is linked in a reciprocal way to the 
autonomic, limbic, and associative regions of the 
supratentorial cortex[2]. 

The cerebellum was chosen as a region of 
interest for this study because it has higher   
susceptibility to oxidative stress than other brain 
regions[3,4]. In fact, because of its sensitivity to 
oxidative stress, the cerebellum is known to be 
vulnerable to damage induced by several chemicals, 
including xenobiotics. Xenobiotics are important for 
the production of free hydroxyl radicals in 
neurodegenerative disorders[5,6]. Exposure to 
xenobiotics during development has become an 
important public health concern because of their 
possible impact on the development and 
programming of organ functions[7]. In the cerebellum, 
reactive oxygen species (ROS) are well known for 
their role in the pathogenesis of primary 
neurodegenerative diseases, such as amyotrophic 
lateral sclerosis[8] and Alzheimer's disease[9]. It has 
been postulated that neuronal death in these 
diseases may be mediated by oxidative stress caused 
by the aberrant metabolism of superoxides. 
Converging evidence suggests that the cerebellum 
may also be implicated in anxiety disorders. 
Potassium bromate (KBrO3) is an oxidizing halogen 
that has long been used as a food additive, mainly 
for bread making. In addition, KBrO3 is used 
worldwide as a neutralizer in home permanent cold 
wave hair kits[10]. Potassium bromate is known to 
cause severe and irreversible sensorineural  
hearing loss as well as renal failure. Moreover, it is 
thought to be a carcinogen, causing chromosome 
aberrations and 8-hydroxydeoxyguanosine 
generation, and is capable of both initiating and 
promoting rat renal tumorigenesis[11]. Although the 
adverse effect of KBrO3 on auditory function in 
animals has been well described[10,12], to our 
knowledge, there are no reports on the effects of 
KBrO3 on the cerebellum. 

Vanillin (4-hydroxy-3-methoxybenzaldehyde) is 
an antioxidant compound isolated from the bean 
and pod of the tropical vanilla orchid and is widely 
used in the food and beverage industry[13]. This 
compound is also used for the synthesis of 
agrochemicals, antifoaming agents, and 
pharmaceutical products[14]. Vanillin has been shown 
to have choleretic, antifungal, antimutagenic, and 
anticancer effects[15-17] as well as protective effects on 
the liver and kidney[18,19]. Most of these effects are 
attributed to the antioxidant activity of vanillin. 
Recently, it has been shown that vanillin has 
neuroprotective effects[20]. Therefore, the role of 
vanillin in the prevention of neurodegenerative 
diseases is of great interest. As such, the main     
goal of this study is to assess oxidative imbalance in 
the mouse cerebellum after two weeks of KBrO3 
exposure. Further, we also explore if vanillin can 
attenuate any of these effects. To do this, we evaluate 
the protective role of vanillin on oxidative stress 
regulation, genes expression of select antioxidant 
enzymes, and we measure the pro-inflammatory 
cytokines. 

MATERIAL AND METHODS 

Animal Diet and Tissue Preparation 

This study was performed in accordance with 
the Institute Ethical Committee for the Care and  
Use of Laboratory Animals guidelines[21]. Adult mice 
(40 ± 5 g, 4 weeks old, n = 12) were kept in an 
air-conditioned room (temperature 22 ± 3 °C, 
relative humidity 40%). They were housed in 
polycarbonate cages and had a daily standard pellet 
diet (SNA, Sfax, Tunisia) and water ad libitum. The 
mice were divided into four groups; each group 
received either no treatment (control group), 2 g/L 
KBrO3 (Sigma Chemical Co., St. Louis, MO, USA) in 
drinking water (KBrO3 group), 100 mg/kg body 
weight vanillin by intraperitoneal injection (vanillin 
group), or both KBrO3 and vanillin (KBrO3 + vanillin 
group). KBrO3 and vanillin doses were selected based 
on previous studies[22,23]. After 15 days of treatment, 
the animals were sacrificed by cervical decapitation 
to avoid stressing the animal. All animals were 
anesthetized with an intraperitoneal injection of 
chloral hydrate solution (3.6%) before being 
sacrificed. The cerebellum was quickly excised, 
rinsed in Tris-HCl buffer, weighed, and then divided 
into three parts. One part was homogenized in 
Tris-HCl buffer, as indicated in the procedures of 
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oxidative stress markers. The other two parts were 
used in molecular assays and some samples were 
immediately removed, cleaned, fixed in 10% 
buffered formalin solution for 48 h, and then 
embedded in paraffin for histological studies.  

Behavioral Tests 

Beginning 10 days following exposure, open field 
and rotarod tests were performed. These tests were 
performed for five consecutive days at the same 
time (between 9:00 and 11:00 am) and with the 
same experimenter to minimize the possible effects 
of stress on mouse performance. By day six (day 15 
of treatment) the mice were habituated to the 
experimental conditions, so we took measurements 
for the two tests. 
Rotarod Activity    Motor coordination and grip 
strength were assessed using a rotarod apparatus. 
Animals were exposed to the rotarod for 300 s prior 
to the training session to acclimate them to the 
apparatus. Animals were then placed on the rotating 
rod (diameter of 3 cm, speed 20 rpm) for 120 s. The 
average time to fall off the rotarod was recorded 
and expressed while per 2 min[24]. 
Open Field Behavior    The open field apparatus 
was a square-shaped box made of wood, 80 cm in 
length and 40 cm in height. The floor was divided 
into 16 squares, each of which measured 20 cm × 20 
cm in area. We recorded the number of squares in 
which each mouse crossed with its paws (crossing); 
stood on its hind legs (rearing); and wiped, licked, or 
combed any part of its body (grooming). Each mouse 
was placed in the center of the apparatus and the 
number of head dips and head dipping duration   
(in seconds) within a 3-min period were recorded[25]. 
A head dip was included only if both eyes are 
steered down. Between each test, the floor was 
cleaned with 70% ethyl alcohol and permitted to 
dry[26,27]. 

Protein Quantification 

Protein content in the cerebellum was assayed 
following the methods previously described by 
Lowry et al.[28]. 

Determination of Oxidative Stress Markers 

We determined the amount of malondialdehyde 
(MDA) in the cerebellum using 1,1,3,3- 
tetraethoxypropane and following the methods 
described by Draper and Hadley[29]. The values are 
expressed as nmol MDA/mg protein. 

A hydrogen peroxide (H2O2) assay was performed 
using the ferrous ion oxidation xylenol orange (FOX-1) 
method[30]. The amount of H2O2 in the cerebellum 
extract was measured at 560 nm in a spectroph- 
otometer and expressed as μmol/mg protein. 

Lipid hydroperoxides (LOOHs) were quantified 
using a FOX assay as described by Jiang et al.[31]. The 
amount of LOOHs produced was calculated using a 
molar extinction coefficient of 4.59 × 104 mol·L-1·cm-1. 
Values are expressed as nmol/mg protein. 

Advanced oxidation protein products (AOPPs) 
were assayed using the method described by 
Witko[32]. The level of AOPP in cerebellar tissue   
was calculated using an extinction coefficient of  
261 mmol·L-1·cm-1 and expressed as μmol/mg protein. 

Superoxide dismutase (SOD) enzyme activity 
was measured using the method described by 
Beauchamp and Fridovich[33]. One unit of SOD 
activity was defined as the amount of enzyme 
required to cause a 50% inhibition of nitro blue 
tetrazolium photoreduction. SOD activity in 
cerebellar tissue is expressed as units/mg protein. 

Glutathione peroxidase (GPx) enzyme activity 
was measured using the method described by Flohe 
and Gunzler[34]. We calculated the modification in 
absorbance at 340 nm. GPx enzyme activity is expressed 
as nmol glutathione oxidized/min/mg protein. 

Determination of Na+-K+ and Mg2+ ATPase Activity 

To determine ATPase activity, cerebellar tissue 
was homogenized in Tris-HCl buffer of pH 7.4 using 
the method described by Kawamoto et al.[35] and the 
resulting supernatants were immediately used. Total 
ATPase activity was determined by an inorganic 
phosphate (Pi) assay, in which Pi is released from the 
enzymatic hydroysis of ATP. Enzyme activity is 
expressed as μmol Pi liberated/h/mg protein. 

Total RNA Extraction from the Cerebellum 

Total mRNA was isolated from 100 mg of 
cerebellum using an Invitrogen kit (Pure Link RNA, 
ref. 12183018A). The integrity of the RNA was 
examined by electrophoresis and the purity was 
confirmed by measuring the absorbance at 260 and 
280 nm. All samples were required to have an 
absorbance ratio between 1.7 and 1.9. 

Cerebellum cDNA Synthesis and RT-PCR 

Total RNA was extracted from the primary 
astrocytes using a Trizol reagent (Invitrogen, USA). 
As described above, the purity and concentration of 
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the total RNA were determined by measuring 
absorbance at 260 and 280 nm. Complementary 
DNA was synthesized using a total RNA reverse 
transcription kit following the manufacturer’s 
protocol (Tiangen, China). Approximately 1 μg of 
total RNA was reverse-transcribed in a reaction 
volume of 20 μL. PCR reaction cycling conditions 
were performed first at 94 °C for 2 min followed by 
35 cycles of denaturation at 94 °C for 30 s. The 
primer sequences were as follows:  

(1) SOD, forward 5’-ATGGCGATGAAGGCCGTG 
TGC-3’; reverse 5’-TTATTGGGCAATCCCAATCAC-3’;  

(2) GPx, forward 5’-ATGTCTGCTGCTCGGCTCT 
CC-3’; reverse 5’-TTAGGGGTTGCTAGGCTGCTT-3’;  

(3) IL-6, forward 5’-TCTTCGAGGCACAAGGCA-3’; 
reverse 5’-CAGAGGTCCAGGTCCTGGAAT-3’;  

(4) TNF-α, forward 5’-GGTGATCGGTCCCAACAA 
GGA-3’; Reverse 5’-CACGCTGGCTCAGCCACTC-3’. 

(5) β-Actin, forward 5’-TCCTCCTGAGCGCAAGTA 
CTC-3’; reverse 5’-GCTCAGTAACAGTCCGCCTAG-3’. 

The PCR products were analyzed by 
electrophoresis (1% agarose gel containingethidium 
bromide), examined under UV light, photographed, 
and scanned.  

Histological Examination 

Some cerebellar tissue collected from each 
group was randomly selected for light microscopy. 
Samples were fixed in formalin solution and 
embedded in paraffin. The paravermis was then 
sectioned in the sagittal plane (5 µm thick) and 
stained with hematoxylin-eosin[36]. 

Statistical Analysis 

All experiences and statistical analyses were 
made in triplicate. All results are expressed as the 
mean ± standard deviation. Statistical analysis was 
performed with SPSS 17.0 statistical package for 
Windows (SPSS, Inc., Chicago, IL). A two-way ANOVA 
followed by Tukey’s post-hoc test was performed to 
compare treatment and control groups. Statistical 
significance was set at α = 0.05. 

RESULTS 

Effect of Vanillin on KBrO3-induced Changes in 
Muscle Grip Strength Using the Rotarod Test  

The effect of vanillin on KBrO3-induced motor 
performance was investigated using a rotarod   
task on day 15, as shown in Figure 1A. We found  
that muscle grip strength was significantly reduced 

(P < 0.01) in the KBrO3 as compared to the control 
group. Mice that were co-administered vanillin 
showed significantly increased muscle grip strength 
as compared to the KBrO3 group (P < 0.01).    
There was no significant difference in motor 
performance between vanillin and control groups 
(Figure 1A). 

Effect of Vanillin on KBrO3-induced Changes in 
Mouse Mobility  

The open field test showed that significantly 
fewer squares were crossed by mice in the KBrO3 
group compared to those in the control group (P < 
0.01) (Figure 1B). In mice treated with vanillin, we 
saw an improvement in mobility, measured by an 
increase in the number of squares crossed compared 
to the KBrO3 group (P < 0.01). Similarly, we found 
that rearing activity decreased in KBrO3-treated 
animals, whereas vanillin treatment increased the 
rearing activity and mobility on day 15, as compared 
to the KBrO3 group (P < 0.01) (Figure 1B). We did not 
see any significant difference in rearing between the 
KBrO3+vanillin and the KBrO3 group. In the vanillin 
group, there was an increase in rearing, however, 
this difference was not significant when compared to 
the control group.  

Effect of Vanillin on KBrO3-induced Oxidative Stress 
Changes in the Cerebellum 

Lipid Peroxidation   The lipid peroxidation product 
was assessed by measuring MDA levels. As shown in 
Table 1, mice exposed to KBrO3 had a significant 
increase in lipid peroxidation in the cerebellum (F = 
1.47; P = 0.094) compared to controls. 
Co-administration of vanillin significantly decreased 
(P < 0.01) the level of lipid peroxidation compared to 
the KBrO3 group. Further, there was no significant 
difference in lipid peroxidation between the vanillin 
and control groups. 
H2O2 Generation    As shown in Table 1, we 
detected higher levels of H2O2 in the cerebellum (F = 
3.47; F = 37.45) of KBrO3-treated mice than in 
controls. Co-administration of vanillin significantly 
decreased the levels of H2O2 (Table 1). 
Protein Oxidative Damage    The degree of 
protein oxidation was estimated by measuring AOPP 
and LOOH levels. We found that there was a 
significant increase in AOPP and LOOH levels in the 
cerebellum (F = 5.67; P < 0.001; P = 0.03; P < 0.001 
respectively) of KBrO3-treated mice when compared 
to controls (Table 1). Co-administration of vanillin 
significantly decreased these levels (Table 1).  
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Effects of Vanillin on KBrO3-induced Changes in 
pro-inflammatory Cytokine Gene Expression 

The effect of vanillin, either co-administered 
with KBrO3 or administered alone, on 
proinflammatory gene expression was examined by 
measuring TNF-α and IL-6 mRNA accumulation using 
RT-PCR (Figure 3). We found a concomitant 
significant increase in TNF-α and IL-6 mRNA in the 
cerebellum of KBrO3-treated mice. Importantly, 
co-administration of vanillin significantly inhibited 
this increase in proinflammatory cytokines (TNF-α 
and IL-6 gene expression). 

Cerebellar Histological Changes Following Bromate 
and/or Vanillin Treatment 

Administration of KBrO3 caused cerebellar 
histological changes in mice (Figure 4C). The most 
conspicuous damage in KBrO3-treated animals was 

found in the Purkinje cell layer, where there was a 
marked reduction in the number of cells. Moreover, 
edema caused a widening of the Purkinje cell layer 
(Figure 4C). Co-administration of vanillin protected 
the cerebellum from severe damage induced by 
KBrO3 (Figure 4D). The histological pattern in 
cerebellar tissue was normal in mice treated only 
with vanillin, similar to the control mice (Figure 4B). 
Semi-quantitative histological analysis by 
hematoxylin and eosin staining indicated significant 
apoptosis and reduction in the number of Purkinje 
cells in the KBrO3 group. 

DISCUSSION 

In recent years, studies have implicated oxidative 
stress as a primary mechanism by which xenobiotics 
exert their deleterious effect on the central  
nervous system[37,38]. Antioxidant supplementation is

 

 
Figure 2. Effect of potassium bromate (KBrO3), vanillin (Van), and their combination (KBrO3+vanillin) on 
the activities and mRNA expression of superoxide dismutase (SOD) and glutathione peroxidase (GPx) in 
the cerebellum of adult mice. Values are expressed as mean ± SD (n = 3). C: Controls. Means not sharing 
the same letters (a,b) are significantly different (P < 0.05). 

 

 
Figure 3. Effect of potassium bromate (KBrO3), vanillin (Van), and their combination (KBrO3+vanillin) on 
TNF-α and IL-6 mRNA expression in the cerebellum of adult mice. Values are expressed as mean ± SD (n 
= 3). C: Controls. Means not sharing the same letters (a,b) are significantly different (P < 0.05). 
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Protein oxidant status is another index that can 
be used to assess oxidative stress. In fact, due to 
their fast reaction rates with many radicals and 
oxidants, proteins are the major targets of oxidative 
damage which leads to a loss of their specific 
function. AOPPs and LOOHs are novel biomarkers 
that can be used to estimate the degree of protein 
damage. Our results show that AOPP and LOOH 
levels increased markedly in cerebellar tissue of 
KBrO3-treated mice when compared to controls. 
Hence, our findings suggest that KBrO3 promotes 
ROS generation in the cerebellar tissue of adult mice, 
subsequently leading to protein oxidation. Our 
results are consistent with those of previous studies 
that have reported an increase in AOPP and LOOH 
levels in kidney tissue after KBrO3 intoxication[46]. 
Additionally, we found that vanillin reduces the level 
of reactive oxygen/nitrogen species. These findings 
lead us to conclude that vanillin is neuroprotective 
against KBrO3-induced cerebellum toxicity. Such an 
effect could be attributed to an inhibition of lipid 
peroxidation. 

The brain is an organ that is especially 
susceptible to peroxide damage due to its richness in 
lipids, high oxygen turnover, low mitotic rate, and 
low antioxidant concentration[47]. Brain cells use 
various mechanisms to combat oxidative stress and 
repair damaged macromolecules. The primary 
defense mechanism uses enzymatic antioxidants 
which have been shown to scavenge reactive oxygen 
species. One such enzymatic antioxidant is SOD, 
which is considered the first line of defense against 
oxidative stress, as it converts toxic superoxide 
anions to less toxic H2O2 and O2. The H2O2 is then 
converted to H2O by catalase and GPx. SOD plays a 
role in preventing free radical damage and 
generating oxidative stress-like conditions[48]. In the 
present study, we observe a significant decrease in 
SOD activity and mRNA gene expression in the 
cerebellum of adult mice following KBrO3 exposure. 
The decline of cerebral antioxidant enzyme activity 
might be due to an enhanced generation of 
superoxide radicals or the downregulation of 
antioxidant enzyme synthesis induced by KBrO3 
exposure[49]. 

Along with SOD, GPx is also involved in the 
scavenging of H2O2. GPx is the most important 
antioxidant enzyme in the brain[50] because it 
metabolizes peroxides, such as H2O2, and protects 
cell membranes from lipid peroxidation. In the 
present study, we observed a decline in the activity 
and mRNA gene expression of GPx in KBrO3-exposed 

animals, which may be attributed to the reduction in 
the level of substrate and glutathione as well as an 
increase in the level of peroxides[50]. 

Following KBrO3 toxicity, ROS are generated by 
high energy consumption coupled with the inhibition 
of oxidative phosphorylation and subsequent release 
of ATP required to meet the body’s energy 
requirement[51]. In the brain, the enzyme Na+-K+ 
ATPase is responsible for the active transport of Na+ 
and K+ ions, which maintains the ionic gradient 
necessary for neuronal excitability and regulates 
neuronal cell volume[52]. Mg2+ ATPase plays an 
important role in maintaining high levels of 
intracellular Mg2+ in the brain. Changes in these Mg2+ 
levels can modulate the activity of Mg2+-dependent 
enzymes, thus controlling the rate of protein 
synthesis as well as cell growth[53]. 

Our study demonstrates that KBrO3 increases 
free radical production and consequently alters the 
structural integrity of membrane lipids. Thus, KBrO3 

exposure may affect membrane-bound enzymes, in 
particular ATPases. In the present study, Na+-K+ and 
Mg2+ ATPase activity were significantly decreased in 
KBrO3-treated mice. Therefore, bromate exposure 
inhibits the activity of ATPases, likely via thiol- and 
lipid-dependent mechanisms, causing an 
overproduction of ROS. Similar results were 
obtained in the erythrocytes and liver of mice 
exposed to KBrO3 in a study by Ben Saad et al.[18,54]. 
Based on our results, we suggest the disruption of 
the membrane-bound enzymes, Na+-K+ and Mg2+ 
ATPase, as a possible mechanism mediating 
KBrO3-induced neurotoxicity. Interestingly, the 
decrease in ATPase activity induced by KBrO3 in the 
cerebellar tissue was improved by the 
co-administration of vanillin. The biological 
properties of vanillin are commonly attributed to the 
presence of a phenolic and ether groups as well as 
aldehyde moieties. In the present study, decreased 
ROS levels observed following vanillin 
co-administration suggest that neurotoxicity is 
attenuated, likely due to the free radical scavenging 
activity of vanillin. Moreover, vanillin could inhibit 
singlet oxygen-induced protein and lipid oxidation, 
as shown by the decrease in cerebellar AOPP levels. 

It has been well established that enhanced 
oxidative stress in the brain may trigger a cascade of 
events eventually leading to cell death. Our 
histopathological findings revealed that the 
morphological features of KBrO3-induced neuronal 
cell death   are dark, apoptotic Purkinje cells in 
the cerebellum. Apoptosis is a physiological cell 
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