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Arsenic (As) is a natural pollutant, which exposure is related to a 

variety of diseases like hypertension, diabetes, cancer and 

neurodegenerative or neurodevelopment impairment but, the exact 

mechanism by which As exposure could be toxic is still unclear. 

Studies employing different models of Astoxicity suggested that As 

could cause ROS generation and antioxidant depletion in biological 

systems, including controversial data related to RNS generation and 

nitrosative damage. The hypothesis of the present work is that acute As 

exposure could trigger an imbalance in the production of RNS in brain, 

leading to nitrosative stress and nitrosative-dependent cellular damage. 

The effect of in vivo exposure to As was studied by histopathology of 

the tissue, NO2
-
 plus NO3

-
 content, NO generation rate employing 

Electron Paramagnetic Resonance (EPR) techniques, and the content of 

nitrotyrosine (NO2-Tyr) of total proteins in rat brain by western blot 

techniques. The data presented here suggested that the exposure to As 

increased the production of NO and lipid radicals in brain, leading to 

nitrosative damage to proteins and a depletion of the hippocampal 

pyramidal cell layer, that could affect functionality of the brain. 
    

                                                                     Copy Right, IJAR, 2020. All rights reserved. 

…………………………………………………………………………………………………….... 

Introduction:- 
Arsenic (As) is a natural metalloid affecting the health of millions of people worldwide by its uptake in the food and 

drinking water. Several reports indicate that the exposure to As resulted in a noxious effect on the central nervous 

system, both in early and adult life. These observations associated As presence with cognitive disfunction and 

several behavior deficits in children (Signes-Pastor et al., 2019; Adedara et al., 2020) and Parkinson or Alzheimer 

disease, through neuro-inflammation and -degeneration in adulthood (Costa, 2019). As exposure was studied in a 

variety of in vitro, ex vivo and in vivo experimental models to understand the mechanisms of action of As 

deleterious effects. The role of oxidative stress in the changes associated to As presence was characterized by 

assaying antioxidant enzymes activities, such as superoxide dismutase (SOD), catalase (CAT), glutathione reductase 

(GR) and glutathione peroxidase (GPx) (Flora, 2011); and also glutathione (GSH) content and the activity of the 

enzyme heme-oxygenase (Thomas et al., 2004; Bharti et al., 2012; Negishi et al., 2013). Several reports of As 

exposure in cell lines and animals include the production of superoxide anion (O2
-
) and hydrogen peroxide (H2O2), 
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accompanied with a decrease in the activities of antioxidant enzymes. Even though, there is not an experimental 

model that resembles As human effects, Wang et al. (2002) summarized some successful studies using rats and 

mousses. Chandravanshi et al. (2018) reported that As exposure could enhance the oxidative stress in brain through 

the damage on the mitochondrial function and cell apoptosis in some brain regions. Recently, Bonetto et al. (2017) 

showed new evidence on the generation of specific radical species by As treatment, both using ex vivo and in vivo 

models. In this regard, the authors reported that oxidative stress, assessed as the ascorbyl radical (A
•
)/ ascorbate 

(AH
-
) content ratio, in the hydrophilic cellular medium was not modified significantly by acute As exposure. 

However, in the lipophilic cellular environment, when the ratio lipid radical (RL
•
)/α-tocopherol (α-T) content was 

assessed to evaluate oxidative stress in the rat brain, the exposure to As showed significant increases. Also, the 

possibility that the specific triggering of some oxidative pathways (such as oxidation of GSH) occur accordingly to 

the via As reaches the brain, even achieving the same concentration of the toxic in the tissues, was pointed out 

(Bonetto et al., 2017). 

 

As it was previously suggested by Bonetto et al. (2014), As could show, on top of oxidative effects, nitrosative stress 

trough generation of reactive nitrogen species (RNS). Nitric oxide (NO) is a free radical and a neurotransmitter 

produced for a family of nitric oxide synthases (NOS) including an inducible NOS (iNOS), an endothelial NOS 

(eNOS) and a neuronal NOS (nNOS). The NO is a neuro-protector under optimal physiological steady state 

concentration. However, under stressful circumstances, it can be generated in excess and become neurotoxic (abdel 

Naseer et al., 2020). At this time, it is proposed that the main cause, at least for protein modification, is related to the 

reactive nitrogen species (RNS) production. These species are generated when NO reacts with O2
-
 to form 

peroxynitrite (ONOO
-
), a strong oxidant, that easily reacts with nucleophilic molecules (Alhalwani et al., 2020). If 

the production of NO is increased, the steady state concentration of ONOO
-
 is also enhanced, and this situation 

could harm proteins via tyrosine (Tyr) nitration (Radi, 2018). Bharti et al. (2012) reported these alterations in 

cellular proteins along with increases in lipid peroxidation and decreases in GSH content in rat brain after exposure 

to As. Several conflicting reports concerning As-induced production of NO has been published (Jomova et al., 

2011). Pachauri et al. (2013)suggestedthatchronic As exposurecaused a significantincrease in ROS followedby NO 

and calciuminflux, with a significant role formitochondrialdriven apoptosis. As has also been found to initiate 

endothelial dysfunction by diminishing the integrity of vascular endothelium followed by inactivation of eNOS, 

which therefore reduces the generation and bioavailability of NO and increases oxidative stress (Ellinsworth, 2015). 

Goudarzi et al. (2018) and Saha et al. (2018) showed that the content of nitrite (NO2

) and nitrate (NO3


), as 

indicator of NO production, was increased in rat brain after As. These data are considered only an indirect approach 

to the NO generation, but few reports are available in the literature. 

 

The hypothesis of the present work is that acute As exposure could trigger an imbalance in the production of RNS in 

brain, leading to nitrosative stress and nitrosative-dependent cellular damage. The effect of in vivo exposure to As 

was studied by histopathology of the tissue, NO2

 plus NO3


 content, NO generation rate employing EPR 

techniques, and the content of nitrotyrosine (NO2-Tyr) of total proteins in rat brain by western blot techniques. 

 

Material and Methods:- 
Experimental design: 

The School of Pharmacy and Biochemistry, University of Buenos Aires, provided the male Albino Wistar rats 

(200±20 g) used in this study through the Animal Facility. The animals were housed under standard conditions of 

light, temperature and humidity, with unlimited access to water and food. The rats were injected intraperitoneally 

(ip) with one dose of sodium arsenite(NaAsO2) of 5.8 mg As/kg body weight. Saline solution was employed to 

sham-injected control rats. Brains from control and As-treated animals were excised from euthanized animals in a 

CO2 chamber, and rinsed in cold saline solution. Except where noted otherwise, the samples were freeze-clamped 

immediately following removal and stored under liquid N2 until used. Whole blood was taken by cardiac punction. 

Experimental animal protocols and procedures were carried outin accordance with the Guide for the Care and Use of 

Laboratory Animals (1985) and according to the principles and directives of the European Communities Council 

Directives (1986). The procedures also received approval from the Institutional Animal Care and Use Committee-

School of Pharmacy and Biochemistry, University of Buenos Aires (CICUAL-FFyB, RES Nº1037). 

 

As content 

The quantification of As species [As
V
 + As

III
 + monometilarsonic acid (MMA) + dimethyl arsinic acid (DMA)] 

content in brain and whole blood was performed by hydride generation-atomic absorption spectrometry (HG-AAS), 
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after dry mineralization. A hydride generator VGA77 and an atomic absorption spectrometer Varian Spectra AA 

200 were employed according to Navoni et al. (2009). 

 

Histopathology: 

Immediately after sacrifice, brain samples were obtained and fixed for light microscopy and for high resolution light 

microscopy (HRLM). For light microscopy a routine fixation with formalin-buffered solution was used. For HRLM 

samples were fixed in glutaraldehyde 3% (v/v) in sodium cacodylate buffer 0.1 M (sodium cacodylate 2.14 g-

distilled water 100 ml), post-fixed in osmium tetroxide (Palade solution: osmium tetroxide 1 g, distilled water 50 ml) 

in Caulfield buffer (Palade solution 20 ml and 0.9 g of sucrose) during 90 min. Then samples were washed with 

distilled water twice, stained in block with uranyl acetate 2% (v/v) for 2 h and then washed twice with distilled 

water. After dehydration with increased alcohol concentrations, tissues were included with propylene oxide-epoxy 

resin (propylene oxide 100%, propylene oxide epoxy resin 2:1, then 1:1 and finally 1:2 overnight treated). Fixed 

tissue was placed in beem capsules and cut with an Ultracut Reichert-Jung ultramicrotome and stained with 

toluidine solution and counter nuclear staining. For observation and photographs a Digital Pathology Slide Scanner 

Scope Leica Biosystems Aperio CS2 (USA) was used. 

 

Determination of 2ʹ,7ʹ-Dichlorofluorescein Diacetate (DCFH-DA) oxidation rate: 

DCFH-DA oxidation was quantified by fluorescent according to Lebel et al., (1992) with modifications. Brain tissue 

(250 mg fresh weight (FW)/ml) was homogenized in 100 mM Tris-HCl buffer solution pH 7.2 with EDTA 2 mM 

and MgCl2 5 mM. The detection was performed using a Varioskan LUX microplate reader. The reaction mixture 

contain 8 µl of homogenate, 3 µl of 1 mg/ml DCFH-DA solution in pure methanol and 239 µl of HEPES buffer per 

well, in different time of incubation at 37°C. Samples fluorescence was determined at λex=488 nm and λem=525 nm. 

 

Detection of LR
•
 generation rate by EPR: 

LR
•
 generation rate was detected by a spin trapping technique using N-t-butyl-α-phenyl nitrone (PBN) according to 

Bonetto et al. (2017). Brain tissue was homogenized in DMSO-PBN 40 mM in a concentration of 25 mg of tissue 

per ml, incubated for 30 min and immediately transferred to a glass Pasteur pipette for LR
•
 detection. Instrument 

settings were as follows: modulation frequency 50 kHz, microwave power 10 mW, microwave frequency 9.75 GHz, 

centered field 3487 G, time constant 81.92 ms, modulation amplitude 1.20 G and sweep width 100 G, according to 

Lai et al. (1986). Quantification of the spin adduct was performed using TEMPO introduced into the same sample 

cell used for spin trapping. EPR spectra for both sample and TEMPO solutions were recorded at the same 

spectrometer settings and the first derivative EPR spectra were double integrated to obtain the area intensity, then 

the concentration of spin adduct was calculated according to Kotake et al. (1996). 

 

Nitrite (NO2

) plus nitrate (NO3


) content: 

The content of NO2

+NO3


 was determined by the Griess reaction, following Miranda et al. (2001) using VCl3 for 

reduced agent. The brain was homogenized in pure ethanol at -20°C for protein removal, in a concentration of 200 

mg FW/ml. The brain homogenate was then incubated for 2 h at -20°C and was centrifuged for 10 min at 4000g and 

4°C. The supernatant was recovery and it was added the Griess reagent which was incubated for 10 min. The 

NO2

+NO3


 content was measured spectrophotometrically at =540 nm. Quantification was done using standard 

curves of NO2

 and NO3


in the range of 0 to 80 μM. 

 

NO generation rate by EPR: 

Rat brains tissue (750 mg FW/ml) was homogenized in presence of 10 mM MGD-Fe
2+

 (Fe-N-methyl-D-

glucaminedithiocarbamate complex
+
) (10:1), as spin trap, in a 100 mM potassium phosphate buffer solution, pH = 

7.4. NO generation was measured in a spectrophotometer Bruker ECS 106 band X, with a cavity ER 4102ST at 

room temperature. The measurements were performed using the following spectral parameters: modulation 

frequency: 50 kHz, microwave power: 20 mW, microwave frequency: 9.75 GHz, center field: 3400 G, time 

constant: 20.48 ms, sweep wide: 100 G and modulation amplitude: 5.983 G. The quantification of the NO content 

was performed using a 2,2,5,5-tetramethylpiperidine-1-oxil (TEMPO), according to Lai and Komarov(1994). 

 

NO2-Tyr content in total proteins of brain: 

Protein was separated by reducing 10% (w/v) polyacrylamide gel electrophoresis (60 μg per street) and 

electroblotted to PVDF membranes. Membranes were blotted overnight in 5% (w/v) non-fat milk, and then 

incubated 2 h in the presence of the anti-NO2-Tyr antibodies (ABCAM HM.11; 2 μg/15 ml) in 5% (w/v) bovine 

serum albumin in PBS buffer, containing 0.1% (v/v) Tween-20. After several washes with PBS buffer containing 
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0.1% (v/v) Tween-20, the membrane was incubated for 2 h at room temperature in the presence of the secondary 

antibody (HRP-conjugated). The conjugates were visualized by chemiluminescence detection in a Kodak medical 

X-Ray film with cumaric acid 0.2 M, luminol 1.25 M, H2O2 0.06% (v/v) in Tris-HCl buffer 0.1 M pH 8.8. 

Protein content 

Quantification of proteins was performed according to Lowry (1951), employing bovine serum albumin (BSA) as 

standard. 

 

Statistical analyses 

Data in the text and tables are expressed as mean values ± standard error of the mean (S.E.M.). Statistical tests were 

carried out using Graph Pad Prism 6, one-way ANOVA with Dunnett’s post-test, with a level of statistical 

significance of p < 0.05. 

 

Results:- 
The distribution of total As content in blood and brain in this model of acute intoxication in rats treated with an 

unique ip dose (5.8 mg As/kg body weight), was measured as a function of time post As administration (Table 1). 

Both, in blood and brain, a significant increase in As content was observed after 4 h, as compared to control animals, 

that is maintained at least over 31 h post treatment. 

 

Table 1:- Arsenic content in blood and brain tissues. 

Time As content in blood 

(nmol As/ml) 

As content in brain 

(pmolAs/mg FW) 

Total As  

in blood (µg)  

Total As  

in brain (µg) 

Control 10 ± 1 n.d. 10 ± 1 n.d. 

4 h 187 ± 12* 4 ± 2* 179 ± 12* 0.45 ± 0.07* 

8 h 344 ± 42* 6.6 ± 0.9* 330 ± 40* 0.81 ± 0.12* 

16 h 326 ± 21* 4.4 ± 0.3* 312 ± 20* 0.55 ± 0.04* 

24 h 400 ± 16* 4 ± 1* 384 ± 16* 0.55 ± 0.13* 

31 h 393 ± 18* 6.7 ± 0.9* 376 ± 17* 0.80 ± 0.11* 

*significative different as compared with control, p<0.05. 

 

Data in figure 1 show the histopathologyperformed using HRLM of brain slices stained with haematoxylin-eosin of 

rat brain from control animals and from rats 24 h post i.p. injection with 5.8 mg As/kg. The obtained results showed 

disarrangement in the pyramidal cell layer of the hippocampal with a decrease in the number of pyramidal neurons 

in brains from animals exposed to As. 

 

 
Figure 1:- HRLM in brain slices stained with haematoxylin-eosin. A. Control rat brain (63x); B. Rat brain at 24 h 

post i.p. injection with 5.8 mg As/kg FW (63x); C. Control rat brain (630x); D. Rat brain at 24 h post i.p. injection 

with 5.8 mg As/kg FW (630x). 

A B 

D C 

500 µm 500 µm 

50 µm 50 µm 
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An assay using DCFH-DA oxidation was employed to assess ROS production in brain homogenates. Data on figure 

2A show the increase in DCFH-DA oxidation as a function of the incubation time during the experimental assay. 

Non-significant changes in the DCFH-DA oxidation rate was observed in brain homogenates from As treated rats, as 

compared to values in control brains (Fig. 2A).  

 

Lipid peroxidation was assessed by an EPR technique detecting the presence of LR
•
 combined with the spin trap 

PBN that resulted in adducts that gave a characteristic EPR spectrum with hyperfine coupling constants of aN= 15.8 

G and aH= 2.6 G, in agreement with computer simulated signals obtained using those parameters (Fig. 2B, trace a). 

According to Buettner (1987) these constants could be assigned to LR
•
, however, spin trapping studies cannot 

distinguish between peroxyl (ROO
•
), alcohoxyl (RO

•
) and alkyl (R

•
) adducts, since the coupling constants are too 

similar to be differentiated. PBN by itself was examined and no PBN spin adduct was observed (Fig. 2B, trace b). 

The generation rate of LR
•
adducts in control brain homogenates (Fig. 2B, trace c) was increased by 3-fold in brain 

samples from rats treated 24 h before with one dose of As (Fig. 2B, trace d). Quantification of the EPR signals is 

shown in figure 2B insert. 

 
Figure 2:- Oxidative status in brain after exposure to a i.p dose of 5.8 mg As/kg of body weight. A. DCFH-DA 

oxidation rate as function of the incubation time during the experimental assay. B. EPR spectrum for LR
•
 in brain: a) 

computer simulated-spectrum, b) PBN alone, c) spectrum of LR
•
 in control brain rat, d) spectrum of brain rat 24 h 

post-injection with As.*significative different as compared with control, p<0.05. 

 

As an initial estimation of the RNS generation in rat brain, the content of NO2

 and NO3


 was measured. Data in 

figure 3 showed that, both NO3

and total NOXcontent, was significantly decreased by As administration with no 

significant changes in the content of NO2

 in rat brain at 24 h post i.p. injection with 5.8 mg As/kg. 
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Control As

0

2

4

6

8

10

R
L

 g

en
er

a
ti

o
n

 r
a
te

(p
m

o
l/

m
g
 F

W
/m

in
)

*

A 

a 

b 

c 

d 

20 G 

A B 

Time (min)

D
C

F
H

-D
A

 o
x
id

a
ti

o
n

 r
a
te

(U
F

/m
g
  
F

W
)

0 10 30 45
0

10

20

30

40

50



ISSN: 2320-5407                                                                              Int. J. Adv. Res. 8(6), 980-992 

985 

 

To further identify the production of NO by rat brain homogenates, the detection of NO was performed employing 

EPR assays. Control rat brains showed a distinctive EPR signal for the adduct MGD-Fe-NO (g = 2.03 and aN = 12.5 

G) that increased with tissue weight (Fig. 4A). The EPR signal for NO content in homogenate control rat brain 

incubated for 30 min at 37°C was assessed as indicated in Material and Methods section and, compared to the 

computer simulated-spectrum. The NO content in homogenates from rat brain incubated for 30 min depended on the 

tissueweight (Fig. 4B). Figure 4C showed thatNO content in 200 mg of homogenate control rat brain significantly 

increased as a function of the incubation time. The administration to the animals of a single i.p. dose of 5.8 mg 

As/kg body weight significantly increased the NO generation rate, assessed by the EPR signal depended on NO-

MGD-Fe
2+

, after 24 h of administration of As (Fig. 5). 

 

 
Figure 4:- NO content assessed by EPR as function of time and tissue weight. A. EPR signal for NO content in 

homogenate control rat brain incubated at 37°C, a) computer simulated-spectrum, b) MGD-Fe
2+

 complex by itself, 

c) NO-MGD-Fe
2+

 spectrum of 100 mg homogenate rat brain incubated for 30 min, d) NO-MGD-Fe
2+

 spectrum of 

200 mg of tissue incubated for 30 min, e) NO-MGD-Fe
2+

 spectrum of 200 mg of tissue incubated for 15 min, f) NO-

MGD-Fe
2+

 spectrum for 200 mg of tissue incubated for 60 min. B. Quantification of NO content in homogenate of 

rat brain incubated for 30 min as function of tissue weight. C. Quantification of NO content in 200 mg of 

homogenate of rat brain isolated from control animals as a function of the incubation time.*significative different as 

compared with control, p<0.05. 

 

 
Figure 5:NO generation rate in brain afterAs exposure.A. EPR signal for NO content in brain isolated from control 

and As-exposed rats (single i.p. dose of 5.8 mg As/kg of body weight). a) computer simulated-spectrum, b) MGD-
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Fe
2+

 complex by itself, c) NO-MGD-Fe
2+

 spectrum of brain samples isolated from control rats, d) NO-MGD-Fe
2+

 

spectrum of brain samples isolated from rats after 16 h of As administration, e) NO-MGD-Fe
2+

 spectrum of brain 

samples isolated from rats after 24 h of As administration.B. Quantification of NO generation rate in brain after of 

exposure to As.*significative different as compared with control, p<0.05. 

 

Moreover, the NO2-Tyr content in the proteins of the brain homogenates was measured by western blot experiments. 

Data in figure 6 showed a significant increase by 92% after 24 h in brains of animals receiving a single dose of 5.8 

mg As/kg, as compared to brains from control animals. 

 

 
Figure 6: Protein nitration in brain after As exposure. A. Western-blot using anti-NO2-Tyr antibody. Lane 1, 

Nitrated protein in control rat brain. Lane 2, Nitrated protein in As exposure rat brain. B. Quantification of NO2-Tyr 

content in brain.*significative different as compared with control, p<0.05. 

 

Discussion:- 
The brain is the more complex organ in the body of the vertebrates, and even though it is protected by the skull and 

the meninges, suspended and surrounding by the cerebrospinal fluid and isolated from the circulatory system by the 

blood brain barrier (BBB) (Khonsary, 2017), the nature and complexity of the brain makes it very vulnerable to 

damage by toxic agents. The tested model of in vivo exposure to As in rats was consistent with previous studies, in 

terms of the concentration of As reached in blood and brain after a single dose ip of 5.8 mg As/kg body weight 

(Bonetto et al., 2017). The content of As was low, but detectable by the experimental technique used in this study, in 

blood of control rats. However, non-detectable amounts of As were found in control brain of these animals. The 

kinetic data included here showed that over the initial 31 h post administration of As to the rats, the As content in 

brain was not significantly different, and represents 0.25% and 0.22% after 4 h and 31 h, respectively, of the total 

content in blood.  

 

It is widely accepted that severe and moderate As intoxication could be responsible for acute encephalopathy 

included peripheral neuropathy, cognitive decline and delirium, convulsions, paralysis, coma and even death 

(Morton and Caron 1989; Jha et al., 2002). On the other hand, Gong and O’Bryant(2010) suggested the likely 

relationship between the exposure to As and the development of neurological pathologies, such as Alzheimer 

disease. However, the neurotoxic effects and the mechanisms of the neurotoxicity processes triggered by the 

exposure to As are almost unknown until now (Chandravanshi et al., 2018). Among the main brain areas, it should 

be mentioned the hypothalamus, the brain cortex, the corpus striated and the hippocampus, as the areas that are 

described to be in charge of important functions such as the memory, the attention, the perception, the language, the 

awareness, the emotions and the motricity (Kandel, 2013). Von Bartheld et al. (2016) reported a link between the 
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lost in the number of neuronal cells and the development of neurodegenerative diseases. Chen et al. (2020) report a 

decrease of 20 to 35% of the total volume and cell number of the hippocampal in subject with schizophrenia and 

depression. Chandravanshi et al. (2018) reported a neurotoxic effect through ROS generation and oxidative stress 

driven mitochondrial dysfunction and cell death by neural apoptosis in frontal cortex, hippocampus and corpus 

striatum of developing rat exposed to As. Postnatal exposure to As revealed an impair in learning and memory in 

rats which it is alleviate with the supplementation of  α-lipoic acid, an important lipophilic antioxidant of the CNS 

with the ability of cross the BBB, restore the intracellular GSH and preserve the hippocampal neuronal morphology 

(Dixit et al., 2020). The disarrangement in the pyramidal cell layer of the hippocampal with a decrease in the 

number of pyramidal neurons reported here, after 24 h of the single dose of As, is consistent with morphological 

alterations in the histology of the brain by As exposure. These histological alterations should be reflected in the 

deterioration of cellular functions in the brain. 

 

The DCFH-DA oxidation rate is a global indicator in of ROS production the brain, mostly in the hydrophilic cellular 

environment. The lack of effect on this parameter suggested that, in agreement with previous observations 

employing this model assessing the A
•
/AH

-
 content ratio (Bonetto et al., 2017), the hydrophilic medium is not 

particularly affected by exposure to As. However, the LR
•
 generation rate by treated animals brain tissue, showed a 

significant increase, as compared to the control group. This observation suggested that severe effect on the 

membranes resulting in lipid deterioration is an important consequence of As administration, in agreement with 

previously shown data (Bonetto et al., 2017). 

 

Jomova and Valko (2011) suggested that the exposure to As not only generates ROS, but RNS as well, leading to 

membrane and DNA damage. However, controversial results have been reported by Shi et al. (2004). In other study, 

SOD, CAT, different ROS scavengers and NOS inhibitors were evaluate in As exposure cells (Lynn et al., 2000). 

The ressult suggested that ROS, but no NO, are involved in As induced DNA strand breake (Lynn et al., 2000). 

Jomova et al. (2011) reported in hepatocytes and human liver cells that NO3

 and NO2


 content was not changed in 

cells exposed to As. Moreover,Pi et al., (2000) measured a decrease in the content of NO3

 and NO2


, and a lower 

activity of the eNOS in human umbilical vein endothelial cells caused by As
III

 or As
IV

 in serum of human blood of a 

China population exposed to As throuhg drinking water. Decreased level of NO2

, NO3


 and NOS activity was also 

reported in striatum of rat chronically exposed to As, accompanied by significant higher levels of lipid peroxidation 

and ROS production, as compared to control animals (Zarazúa et al., 2006). In the study presented here the NO3

 

content decreased after exposure to As. This effect could not be a direct reflection of NO content, since As is able to 

form a complex with NO and Fe or with As. For example, the decrease in the measured content of NO3

 could be 

due to the formation of a Fe-N
15

-arsenate complex. McDonald et al. (1965) reported the generation of this complex 

in the presence of As by the measurement of an EPR spectrum with nine hyperfine components, consistent with 

hyperfine splitting by two equivalent N
15

 nuclei and two equivalent As
75

(I = 3/2) nuclei with both N
15

 and As
75

 

exhibiting coupling constants of about 3 gauss. Moreover, other studies employing EPR performed by Chevrier and 

Brownstein (1980) showed the generation of As complexes between NO2

 and NO3


 with AsF6

-
 y AsF3

-
. Also, 

NO3

is an anion that could be excluded from the brain to the main circulation blood through anion channels in the 

membranes. The combination of all or some of these possible reactions could lead to a decrease in the content of 

NO2

 and NO3


 in the brain that could not be due to a decrease in NO brain content. Thus, a high sensitivity 

technique to assess NO content, such as the direct measurement of NO by EPR, is information of critical value. In 

spite of the reported lack of change in the production of RNS after low exposure to As (lower than 5 µM of As
III

) of 

vascular endothelial cells using carboxy-PTIO as spin trap for NO (Barchowsky et al., 1999), in the study presented 

here a significant increased of NO was shown in the brain of the rats receiving As, suggesting the importance of the 

characteristics of the tissues/organ under study when analyzing the As effects. 

 

Ferrer-Sueta et al. (2018) described that Tyr nitration is a two-step free radical-mediated process. It begins with the 

one-electron oxidation of the phenolic ring of Tyr to produce the tyrosyl radical (Tyr
•
), which then reacts with 

nitrogen dioxide (
•
NO2) in a radical-radical coupling reaction to produce the nonradical product NO2-Tyr. It is also 

suggested that many ONOO
-
 derived radicals can mediate the oxidation of Tyr to Tyr

•
, such as 

•
OH (Solar et al., 

1984) and 
•
NO2 (Prütz et al., 1985) produced by peroxynitrous acid homolysis, carbonate (CO3

•−
) formed as a 

secondary product of the reaction of ONOO
-
 with CO2 (Gow et al., 1996) and several oxo-metal complexes 

(O=Me
(n+1)+

X), formed after the reaction between ONOO
-
 and certain transition metal centers (Ramezanian et al., 

1996). Moreover, in hydrophobic environments, the one-electron oxidation of Tyr can also be mediated by some of 

the intermediates of lipid peroxidation processes, such as ROO
•
 (Bartesaghi et al., 2010) and RO

•
 (Folkes et al., 
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2012) radicals, contributing thereby to protein Tyr nitration in lipid bilayers and lipoproteins. In vivo, there are 

several reactions that compete with the oxidation of Tyr, tending thus to inhibit Tyr nitration (Ferrer-Sueta et al., 

2018). Not only the reactive species that oxidize Tyr can be consumed by many other targets but also several 

biological reductants, like GSH (Folkes et al., 2011), uric acid (Hunter et al., 1989) and AH
-
 (Hunter et al., 1989) 

can mediate repair reactions of the Tyr
•
, reducing them back to Tyr and preventing its recombination with 

•
NO2. In 

addition, α-tocopherol inhibits the formation of both, ROO
•
 radicals and Tyr nitration (Bartesaghi and Radi, 2018). 

Higher yields of Tyr nitration can be produced when the one-electron oxidants and 
•
NO2 arise through the direct 

reaction of ONOO
-
 with free or protein bound transition metal centers (Ferrer-Sueta et al., 2018). The one-electron 

reduction of ONOO
-
 with several low molecular weight transition metal complexes or certain heme peroxidases can 

form O=Me
(n+1)+

X and 
•
NO2 almost quantitatively. ONOO

-
 seems as the most widespread nitrating species 

responsible for protein Tyr nitration in vivo, but Tyr nitration could also occur through ONOO
-
-independent 

pathways, being the most relevant of these, the ones dependent on heme peroxidases activity. In this case, nitration 

requires the formation of strong one-electron oxidants by the reaction of hydrogen peroxide (H2O2) with several 

heme peroxidases (i.e., heme peroxidases compounds I and II); these species mediate both the oxidation of Tyr 

residues to Tyr
•
 and the one-electron oxidation of NO2

-
 to 

•
NO2, leading to the formation of NO2

-
Tyr (Marquez and 

Dunford, 1995). The increase content of nitrated proteins in the brain of As treated animals could be due to the 

reaction between either (a) ONOO
-
, or (b) LR

•
, or (c) a combination of the reaction of both species. Since O2

-
 

formation seems to be increased after As treatment, as suggested previously (Jeong et al., 2017) and NO generation 

is increased, as shown here, ONOO
-
 is a suitable candidate for the increase in brain protein nitration. However, since 

LR
•
 generation rate is also increased, this contribution should not be discarded. Thus, a combination of both species 

might participate in the increased content of NO2-Tyr in rat brain exposed to As. 

 

The main features of the brain, such as the high content of polyunsaturated fatty acids (Khan & He, 2017), the high 

energy (above 20%) and O2 consumption per weight unit (Karthikeyan et al., 2019), and the lack of a strong 

antioxidant capacity (Floyd, 1999) makes it possible that both, ROS and RNS, contribute strongly to the As-

dependent damage after acute exposure. 

 

Conclusion:- 
The diagram shown in figure 7 briefly summarized the postulated integration of the results presented here. As is 

known to produce ROS but also O2
-
, singlet oxygen (

1
O2), ROO

•
, and H2O2 affecting the redox balance in the 

hydrophobic cellular environment (Bonetto et al., 2017). However, the exact mechanism responsible for the 

generation of these reactive species is not yet clear. Moreover, some studies proposed the formation of intermediary 

arsine species, dimethylarsinic peroxyl radicals (CH3)2AsOO
•
and also the dimethylarsinic radical (CH3)2As

•
. For 

example, Flora et al. (2008) reported radical species generated by As exposure that were detected by analysis using 

EPR techniques. These species included (CH3)2AsOO
•
, as a product of dimethylarsine and O2 reactions and this 

(CH3)2AsOO
•
 is assumed to play a major role in DNA damage, and may produce O2

-
 during the process. However, 

in rat brain this is a new piece of direct evidence obtained by EPR in vivo showing that NO is significantly increase 

after a single dose of As. As it was previously stated, ONOO
-
 is formed from the reaction between NO and O2

-
 and, 

due to the increase in NO and ROS, along with the As-derived radicals among others radicals, lead to an increase in 

the damage to lipids, DNA and proteins, as compared to brains isolated from control rats. In agreement with this 

hypothesis, significant increases in LR
•
 and NO2-Tyr content in treated brains has been shown. This complex 

scenario, shows a clear increase in the steady state concentration of both, ROS and RNS, in rat brain after a single 

dose of As. Moreover, some clinical information reported that antioxidant levels in plasma from individuals exposed 

to As (Wu et al., 2006) were decreased and there was a significant inverse correlation between plasma antioxidant 

capacity and As concentration in whole blood. Thus, it could be promising to face clinical studies with pre-existing 

or newer chelating agents in order to understand the mechanism underlying the beneficial effects of antioxidants, 

and to explore optimal dosage and duration of treatment, in order to increase clinical recoveries in cases of humans 

exposed to As intoxication. 

 

Future studies should be developed employing sensitive and specific techniques, such as those used here, to explore 

the participation of RNS in chronic As exposure to optimize therapeutic approach in cases of, for example, 

individuals living in areas receiving water containing As. 
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Figure 7:- Brief summary of the effects of the generation of ROS and RNS in rat brain after exposure to As. The 

parameters in red show the measurements reported here. 
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