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Abstract

Anacardic acid (AA), has been described as potential antioxidant and Nrf2 is knowing as transcription factor responsible for synthesis of antioxidants proteins. The objective this 
study was verify the power antioxidant of AA, utilized frog palate epithelium as model of mucociliary epithelium and H2O2 as potent oxidative specie:1) Control Group (CG) - 
Ringer’s solution (RS)/90’ (n=8); 2) H2O2 (100 mM)/90’ (n=14; 3) AA (50mg/kg)/30’ and RS/90’ (n=4); 4) AA (50mg/kg)/30’ and H2O2 (100 mM)/90’ (HA) (n=4). It was studied 
the mucociliary transport (MT), ciliary beat frequency (CBF), mucus profile (MP) and expression of Nrf2 (nucleus and cytoplasm). MT and CBF were evaluated through Two-Way 
ANOVA from two factors: time and treatment. MP and Nrf2 localization were evaluated by One-Way ANOVA test or Kruskal Wallis (p<0.05). MT was significant to time and 
treatment (p<0.001), CBF only treatment (p<0.001). MP was significant between AH and H2O2 for acid mucus (p = 0.008) and vacuoles between H2O2 and CG (p = 0.003). Nrf2 
was different with relation nuclei between H2O2 and CG (p=0.048) and H2O2 and AH related with cytoplasm (p=0.003). AA showed to have a protective effect against reactive 
oxygen species without requirements of transcription factor Nrf2 translocate to nucleus.

ABBREVIATIONS
AA: Anacardic Acid Group; AH: Study Group Exposed to 

Anacardic Acid before Hydrogen Peroxide Exposure; CBF: Ciliary 
Beat Frequency; CG: Control Group; H2O2: Hydrogen Peroxide 
Solution; MP: Mucus Profile; MT: Mucociliary Transport; Nrf2: 
Nuclear Factor-Erythroid 2-Related Factor 2; RS: Ringer Solution; 
30’: 30 Minutes; 90’: 90 Minutes

INTRODUCTION
Anacardic acid, a substance found in cashews (species 

Anacardium occidentale native from northeastern Brazil), was 
described as a potential antioxidant. The phenolic alkyl found in 
cashew plant, as anacardic acids [1], may act in tissue protection 
against oxidative stress due to their ability to suppress pro-
oxidative [2,3], to inhibit the generation of superoxide anion 
[1,4,5], and acting in the chelation of metal ions [5,6]. 

The airways are in direct contact with the environment 
and exposed to the action of harmful agents which can cause 
severe tissue damage, mostly because of oxidative stress 
caused by reactive oxygen species generation. Feldman et al. 
[7], demonstrated that oxidative stress plays a crucial role 
in mucociliary dysfunction in human respiratory epithelium, 
and can cause a reduction in mucociliary activity, airway 

inflammation and profound change in physiology and lung 
function. The mucociliary epithelium is the major constituent of 
the airway respiratory tract and its physiology is a determining 
factor for effectiveness of mucociliary transport and consequent 
protection of the respiratory system. 

Natural protection of airways system against oxidative 
stress is performed by different mechanisms, which involve cells 
that contain antioxidants that chemically transform oxidants 
[8]. Besides, Nrf2 (nuclear factor erythroid 2-related factor) 
protein is a transcription factor that modulates mechanisms of 
antioxidant response against oxidative stress [9]. Cytoplasm Nrf2 
binds to suppressor protein Keap1, but oxidative stress triggers 
the dissociation of Nrf2-Keap1 and Nrf2 translocation to the 
nucleus. In intranuclear medium, Nrf2 binds to promoter regions 
of genes encoding antioxidant and detoxifying proteins [10,11], 
such as heme oxygenase, NAD (P) H-quinone oxidoreductase, 
GST, superoxide dismutase and glucuronosilltransferase 3-1A6 
[12]. In addition to antioxidants, mucus, fluid lining the airways 
respiratory epithelium and cellular barriers also have protective 
action against damage [13]. Although the respiratory epithelium 
has mechanisms to inhibit the effects due to oxidative stress, 
sometimes, there is an imbalance between the antioxidants 
defenses and the damage caused by oxidants require others 
substances to suppress this effect and to protect the system.  
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We hypothesized that anacardic acid can be used as an 
adjuvant in antioxidant protection in the respiratory system 
[14]. Thereby, we analyzed the anacardic acid as an antioxidant 
agent using hydrogen peroxide as a powerful oxidizing agent in 
frog palate epithelium, a model of mucociliary epithelium [15]. 
We studied the mucociliary transport, ciliary beat frequency, 
mucus profile and cellular expression of Nrf2 protein in epithelial 
cells. We aim to test the protective effect of anacardic acid in the 
frog palate epithelium to understand better its effects in the 
mucociliary epithelium as antioxidant protection.

MATERIAL AND METHODS
This study was approved by Ethical Committee of Research of 

the São Paulo University Medical School (#374/11).

Frog palate preparation

Adult Lithobates catesbeianus frogs were used as biological 
model, which according to (Carvalho-Oliveira et al., 2005), are 
suitable study models by having epithelium similar to that found 
in mammals. Using hypothermia as anesthesia, the frogs were 
quickly decapitated and palates removed disrupting their jaws 
from the junction of the pharynx and the esophagus to the skin of 
the back. The palates were stored in a glass container with gauze 
impregnate with frog Ringer solution and placed in a refrigerator 
at 4°C for 24 hours. All experiments were performed 24 hours 
after the dislocation of the frog palate and a maximum of 5 
days, according to the procedures described by Macchione et al. 
[16,17]. Under these conditions, the ciliary activity is preserved 
[18].

Study Groups

Control Group: frog palate samples after 90 min immersion 
in Ringer’s solution (n=8). Experimental Group H2O2: frog 
palate samples after immersion 90 min in hydrogen peroxide 
at concentration of 100 mM. (n=14). Experimental Group AA: 
Samples of frog palate after 30 min immersion in anacardic acid at 
a concentration of 500 µL (50mg/kg) (n=4). Experimental Group 
HA: Samples of frog palate after 30 min immersion in solution 
containing anacardic acid at concentration of 500 µL (50mg/
kg) and after immersion at concentration of 100 mM hydrogen 
peroxide for 90 minutes (n=4).

Mucociliary transportability

In order to not dehydrate the mucus samples of each frog 
palate, these were collected and stored in Eppendorf tubes 
immersed in ice and containing Vaseline oil. Thereafter, for 
removing vaseline oil they are immersed in petroleum ether 
before mucociliary transport to be measured. This procedure, 
according to Rubin et al. [19], does not alter the rheological 
and mucus transport properties. Next, the frog palates are kept 
in acrylic chamber with 100% humidity provided by ultrasonic 
nebulizer, with solution ½ Ringer 73.8 mEq / L Na +, 2 mEq / L K 
+ 2.3 mEq / l Ca2 + and 78 mmol / L Cl. Under these experimental 
conditions the frog palate preparation is influencing only by the 
physical properties of mucus [16]. The mucociliary transport 
is then determined by measuring the rate of displacement 
of autologous mucus samples placed on the surface of the 
frog palate epithelium using a stereoscopic equipped with a 
magnifying objective reticulated. The time offset (d) between 

two points of the sample (d = 6 mm) is measured in seconds, and 
measurements are made 5 times and for each dose of the study.

Ciliary beat frequency

The frequency of ciliary beating was evaluated with the 
aid of a light microscope (Olympus BX50, Tokyo, Japan) at 40X 
magnification, connected to a video camera (Sony Trinitron 3CCD, 
Tokyo, Japan) and a monitor video. We used for such a technique 
adapted from the technique described by Braga et al [20].

We focused groups of ciliated cells of interest in the epithelium 
of frog palate. Then a source of strobe light (Machinne Vision 
Strobe, Cedarhurst, NY), was placed in front of the mucociliary 
epithelium, emitting light flashes at a rate ranging from 0 - 33 
Hz. The ciliary beat frequency is measured by reference to the 
frequency the strobe light that shines in the epithelium of the 
frog palate: this is manual decreased gradually, until we have 
the impression that the displayed eyelashes group had stopped 
its movement. At this point, we can conclude that the ciliary 
frequency is the same as the frequency of light incident on the 
epithelium.

Optical microscopy and morphometry

Samples of the epithelium of all palates were collected for 
histological study. Samples were removed near the displacement 
region of the palate, with 15 by 15 mm and fixed in buffered 
4% formaldehyde solution and processed according to routine 
histologic procedures for paraffin embedding and cutting [21]. 

Histochemical Stain

The slides were stained with Shiff’s periodic acid (PAS) and 
Alcian Blue (AB) at a pH 2.5. The use of these stain was chosen 
because neutral and acidic glycoproteins are stained in red and 
blue, respectively [21]. For the morphometric analysis were 
captured ten digital photos for every palate, using microscope 
Leica DMR, an increase of 400x, and camera Zeiss Axio Cam 
MRC5. After the acquisition of the images, the analyses of the 
photos were made through the program Image Pro Plus, with 
manual dialing the following variables concerning the PAS/AB:

1) number of matching points in acid mucus;

2) number of matching points in neutral mucus;

3) number of matching points in mixed mucus;

4) number of matching points in vacuoles;

5) number of matching points in “other” (portions of the 
epithelium corresponding to the extracellular matrix, cell 
nuclei and cilia);

6) number of total points (sum of matching points in mucus 
acid, neutral, mixed, vacuoles and “other”).

Quantification of Nrf2

Five-µm thick sections were subjected to 
immunohistochemistry to identify cells expressing Nrf2. Briefly, 
sections were deparaffinized, and 0.5% peroxidase solution 
in methanol was applied for 5 minutes to inhibit endogenous 
peroxidase activity. Antigen retrieval was performed with citrate 
solution for 20 minutes. Sections were incubated overnight with 
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the anti-Nrf2 (1:2000) (ab31163; Abcam plc., Cambridge, UK) 
antibody, and 3,3 diaminobenzidine (Sigma Chemical Co., St 
Louis, MO, USA) was used as a chromogen. The sections were 
counterstained with Harris hematoxylin (Merck, Darmstadt, 
Germany). All primary and secondary antibodies were applied 
to negative and positive controls and the specificity of primary 
antibody was tested in human tracheal epithelium slide. The 
slides were coded, and the researcher who performed the 
morphometrical analyses was blinded to the study groups. 
The expression of Nrf2 was determined by counting cell with 
positive cytoplasm and nucleus. The number of Nrf2 expression 
in nucleus of epithelium was utilized to quantity of the activation 
of this protein. To this, it was identified the number the positive 

cytoplasm and nucleus divided by total number of cytoplasm and 
nucleus in the epithelium [22]. The results were expressed by 
percentage of stained nuclei (+)/total nuclei; stained cytoplasm 
(+)/ total cytoplasm. 

Statistical Analysis

Analysis of variance was performed for repeated measures 
analysis considering the exposure group (Ringer-Frog, H2O2, 
anacardic acid, anacardic acid + H2O2). For the evaluation of 
normality was used the Kolmogorov-Smirnov test. To Mucociliary 
Transport and Ciliary Beat Frequency were evaluated with two-
way ANOVA to two factors: time and treatment with anacardic 
acid. To histochemistry and Nrf2 localization normal distribution 

Figure 1 Graphical representation of relative changes on the mucociliary transport rate showed significant difference to time (p<0.001) and 
treatment (p<0.001) and ciliary beat frequency showed significant difference to treatment (p<0.001) in a frog palate exposed to a concentration of 
100 mM hydrogen peroxide in time intervals of 30 minutes. Comparing the group exposed only to hydrogen peroxide and previously exposed group 
anacardic acid at a concentration of 500 µL (50mg/kg).

Figure 2 Photomicrographs (400X) of the mucociliary epithelium from frog palates (PAS/AB) of the Hydrogen Peroxide (A), Anacardic Acid (B), 
Anacardic Acid pre-treatment (C) and Control (D) groups after 90 minutes of exposure.
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Figure 3 Graphical representation of acid mucus percentage (A) and vacuoles percentage (B) obtained in the H2O2 (immersion in hydrogen 
peroxide, 100 mM for 90 minutes), AA (immersion in anacardic acid for 30 minutes at a concentration of 500 µL - 50mg/Kg), AH (immersion in 
anacardic acid at a concentration of 500 µL - 50mg/kg, followed by immersion in 100 mM hydrogen peroxide for 90 minutes) and Control.

were evaluated by one-way ANOVA test and the data with non-
normal distribution, we used the Kruskal Wallis. The significance 
level was set at 5%. 

RESULTS AND DISCUSSION
Mucociliary transportability and Ciliary beat 
frequency

The Figure 1A shows mucociliary transport, in which there 
was a statistically significant difference on two factors in which 
was seen statistically significant difference in two factors: time 
and treatment (p<0.001). Figure 1B shows ciliary beat frequency, 
in which only treatment was statistically significant difference 
(p<0.001).

Histochemistry Study
The Figure 2 shows the result of staining with PAS/AB, while 

the Figure 3 shows the graphic results of histochemistry, in which 
Figure 3A presents statistically significant difference between 
AH and H2O2 for acid mucus (p = 0.008). In addition, in Figure 3B 
was observed an increase statistically significant difference in 
vacuoles between H2O2 and control groups (p = 0.003).

Nrf2 cell localization
The Figure 4 shows the stained results of Nrf2 localization, 

while Figure 5 shows the graphic results of slides analysis, 
showing significant difference between H2O2 and control group, 
related with positive nuclei (p=0.048), but not with others groups, 

Figure 4 Photomicrographs (400X) of the frog palates mucociliary epithelium showing Nrf2 localization in the cytoplasm and nucleus of Hydrogen 
Peroxide (A), Anacardic Acid (B), Anacardic Acid pre-treatment (C) and Control (D) groups.
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Figure 5 Graphical representation of positive nuclei percentage (A) and positive cytoplasm percentage (B) for Nrf2 satin obtained in the H2O2 
(immersion in hydrogen peroxide, 100 mM for 90 minutes), AA (immersion in anacardic acid for 30 minutes at a concentration of 500 µL - 50mg/
kg), AH (immersion in anacardic acid at a concentration of 500 µL - 50mg/kg, followed by immersion in 100 mM hydrogen peroxide for 90 minutes) 
and Control.

- Anacardic acid 

- H202

- Nrf2

ACID MUCUS

Impair mucociliary transport
Impair ciliary beat frequency

vacuolesvacuoles

NEUTRAL MUCUS

Improvement mucociliary transport
Improvement ciliary beat frequency

Figure 6 Schematic drawing showing the effect of Anacardic Acid on the mucociliary epithelium preventing the action of the oxidant inside the cell 
avoiding the consumption of the Nrf2 protein in the cytoplasm and nucleus.

while H2O2 and AH showed a significant difference related with 
positive cytoplasm (p=0.003). 

This study aimed to verify the protective effect of anacardic 
acid in the epithelium of frog palate exposed to oxidative stress 
as a model of mucociliary apparatus. The results showed that 
changes in mucociliary transport rate and ciliary beat frequency 
was statistically significant to hydrogen peroxide (100 mM; 90 
minutes) versus AH group [anacardic acid (500 µL - 50mg/kg) 
before hydrogen peroxide (100 mM; 90 min)]. The exposed group 
prior to anacardic acid showed less change in mucus transport 
and ciliary beat when compared to the group exposed only to 
hydrogen peroxide, suggesting a possible benefit in pretreating 
the palate with the anacardic acid to prevent, in part, the damage 
caused by oxidative stress. Furthermore, immunohistochemical 
analysis of the mucus showed a higher concentration of acid 
mucins (AB+) on the samples exposed only to hydrogen peroxide, 

compared to epithelium previously treated with anacardic acid. 
These results seem to be compatible with Majima et al. [23], 
studies, showing that AB+ concentration would be one of major 
factors determining the viscosity and elasticity of the mucus, i.e., 
mucus acidification changes mucins physicochemical properties, 
taking to cell edema and increasing mucus viscosity, which can 
disrupt mucociliary system integrity and consequently elicit 
changes in the defense mechanisms [24-27]. However, when the 
frog palate epithelium was pre-treated with anacardic acid before 
H2O2, the mucociliary system maintained the same behavior as 
when not subjected to H2O2. 

The respiratory mucus possesses rheological properties 
of viscosity and elasticity and is important determinant of 
the efficiency of mucus by mucociliary transport device. 
Its viscoelasticity depends largely on the concentration of 
proteins, especially the glycoproteins, ionic composition and 
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pH [25]. Currently it is known that acid mucus, present in 
situations of aggression to the epithelium, such as acute and 
chronic respiratory diseases and also in continued exposure to 
environmental pollution [28], tend to cause an increase in mucus 
viscoelasticity, associated with increased airway resistance, 
in order to hinder the attack of ciliated epithelium itself. These 
changes, however, have as a consequence a greater difficulty in 
mucus to be transported by the ciliary beat, as observed in this 
study.

The histology analysis of frog palates regarding the nuclear 
and cytoplasmic concentration of Nrf2 was studied to allow 
verify the availability of this protein in the intercellular space. 
Nrf2 response to oxidative stress through of up-regulation the 
antioxidant inside the nucleus. Therefore, Nrf2 expression might 
be essential in decrease oxidative stress damage and maintaining 
the homeostasis in the human respiratory epithelium. The results 
obtained showed that Nrf2 in the treated anacardic acid, was not 
necessary, since there was a higher Nrf2 nuclear concentration 
of the group exposed only to hydrogen peroxide and lower Nrf2 
nuclear concentration in group previously treated anacardic 
acid suggesting that the protective mechanism of anacardic acid 
may be sufficient to protect the epithelium and inhibiting the 
generation of ROS [14], no existing requirement to Nrf2 migrate 
to the nucleus where this would connection with the promoter 
of genes of antioxidant enzymes. Anarcardic Acid inhibit Histone 
Acetyl Transferase (HAT) through inhibition of nuclear NF-kB 
activation and the ability to form metal chelation in order to 
reduce the concentration of free transition metal content [28]. 
Others studies are necessary to verify this hypothesis. 

CONCLUSION
The results of this study are consistent with the literature 

showed the potential effect protective of anacardic acid against 
oxidative stress and suggesting that is sufficient to avoid reactive 
oxygen species without the necessity of Nrf2 translocate to the 
nucleus for transcription of antioxidant enzymes (Figure 6).
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