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Abstract: Oxidative DNA Damage in Relation to
Neurotoxicity in the Brain of Mice Exposed to
Arsenic at Environmentally Relevant Levels:
Fengyuan PIAO, et al. Department of Hygiene, Dalian
Medical University, China—To clarify the association
between oxidative DNA damage and the neurotoxicity
o f  a rsen ic ,  the  fo rmat ion  o f  8 -hydroxy-2 ’ -
deoxyguanosine (8-OHdG) as an index of oxidative
DNA damage in the brain was examined in mice fed
with drinking water containing 1 or 2 ppm arsenic, using
a n  H P L C - e l e c t r o c h e m i c a l  d e t e c t o r  a n d
immunohistochemical method.  8-OHdG levels were
significantly increased in the brain of mice given arsenic
and its immunoreactivity was distributed in the cerebral
and cerebellar cortexes.  Cerebral cortex neurons and
Purkinje cells in the cerebellar cortex showed
degenerative changes in accordance with the
distribution of 8-OHdG immunoreactivity.  The levels
of arsenic in this study were lower than those reported
in epidemiological studies.  Thus, we conclude that
environmentally relevant levels of arsenic induce
pathological changes through oxidative DNA damage
in the brain tissues in vivo and that cerebral and
cerebellar cortex neurons seem to be the major targets
of arsenic neurotoxicity.
(J Occup Health 2005; 47: 445–449)
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Arsenic is a common environmental contaminant widely

distributed around the world.  Human exposure to this

metalloid comes from well water and contaminated soil,

from fish and other sea organisms rich in methylated arsenic

compounds, and from occupational exposure1–3).  The risk

of arsenic-induced human diseases is particularly high in

developing countries such as Argentina, Bangladesh, India,

Mexico, Thailand and China4–7).  It is estimated that millions

of people are exposed to health risks from arsenic in

Bangladesh8).  Epidemiological studies have demonstrated

that arsenic causes neurotoxicity including impairments

of learning and concentration1) and deterioration in pattern

memory and switching attention in humans9).  In animals

exposed to arsenic, delay in acquisition and extinction of

an operant task10), alterations in locomotor behavior and

deficits in spatial learning paradigms11, 12) have been

observed.  These epidemiological and experimental studies

indicate that the cerebral and cerebellar cortexes may be

affected by arsenic.  However, the mechanisms by which

arsenic exerts a toxic effect on the central nervous system

are still unclear.

In recent years, evidence has accumulated that reactive

oxygen species (ROS) are involved in neurological

disorders13).  It has been reported that arsenic exposure

induces oxidative stress in the rat brain14, 15) and cultured

cells from the brain of the human fetus and newborn

rats16), and that arsenic-induced oxidative stress causes

oxidative DNA damage in cultured cells16–19).  These

reports lead us to hypothesize that arsenic-induced ROS

cause oxidative DNA damage and subsequent cell death

in the brain, and are responsible for the pathogenesis of

the neurobehavioral abnormalities.  Therefore, an animal

experiment on oxidative DNA damage and resulting

pathological changes in the brain may contribute to the

clarification of the mechanisms of arsenic neurotoxicity.

In the present study, we examined the formation and

distribution of 8-hydroxy-2’-deoxyguanosine (8-OHdG),

a sensitive marker of oxidative DNA damage20), in the
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brain of mice fed with drinking water containing 1 or 2

ppm of arsenic trioxide, using an HPLC-electrochemical

detector (ECD) and an immunohistochemical method.

Histological changes in the brain were also examined.

Materials and Methods

Animals and treatment
Thirty ICR mice (age 9 wk) weighing 26.2–30.9 g were

purchased from Charles River Japan, Inc (Yokohama,

Japan).  These mice were randomly segregated into three

groups of 10 each.  One group received drinking water

alone (control), the other two groups received 1 or 2 ppm

arsenic trioxide (Wako Pure Chemical Industries, Osaka,

Japan) through drinking water ad libitum for 40 d.  The

exposure duration was chosen with reference to a study

by Chattopadhyay et al., in which 3 or 5 mg/l of sodium

arsenite was given to rats for 20 d through drinking water

and their neurobehavioral abnormality observed16).  For

immunostaining, the thoraxes of 4 mice in each group

were opened and the tissue fixative (4% formalin) was

injected via a needle inserted into the left ventricle of the

heart21); then, the brain was removed and placed in

fixative.  For 8-OHdG measurement, the remaining 6 mice

in each group were sacrificed by decapitation and the

brain was taken out and stored at –80°C.  The animal

experiment was conducted in accordance with the in-

house guidelines for the care and use of laboratory

animals at Mie University.

Measurement of 8-OHdG formation in the brain
8-OHdG in brain DNA was measured by the method

of Kawanishi et al.22) with a little modification.  Briefly,

200 mg of brain was scissored into small pieces, followed

by homogenization in 0.25 M saccharose solution.  DNA

was extracted from the homogenate under an anaerobic

condition.  The 8-OHdG content in the brain was

measured by using an HPLC-ECD as described

previously22).  Each brain was examined in duplicate.

Immunohistochemistry for 8-OHdG formation
8-OHdG immunoreactivity in the mouse brain was

examined as described previously23, 24).  Briefly, paraffin

sections (6 µm thickness) were incubated with mouse

monoclonal anti-8-OHdG antibody (4 µg/ml) (Japan

Institute for the Control of Aging, Fukuroi, Japan)

overnight at room temperature.  Then, the sections were

incubated with goat anti-mouse IgG-HRP (1:200).  The

immunostained sections were examined under a

microscope.  A histopathological study was performed

after hematoxylin and eosin staining of paraffin sections

as described previously23).

Results

Arsenic-induced 8-OHdG formation and distribution in
the brain of mice

The amounts of 8-OHdG in the brains of arsenic-

exposed mice are shown in the Table.  The level of 8-

OHdG in the group given 2 ppm arsenic trioxide was

significantly higher than that in controls (p<0.05).  An

increase in the 8-OHdG level in the group given 1 ppm

arsenic trioxide was observed, though this increase was

not statistically significant.

The distribution of 8-OHdG immunoreactivity in the

brains of the mice is shown in Fig. 1.  Weak 8-OHdG

immunoreactivity was observed in cerebral and cerebellar

cortexes in the mice given 1 ppm arsenic trioxide (data

not shown).  More intensive immunoreactivity was found

in the cerebral cortex (a, c) and cerebellar cortex,

particularly in Purkinje cells and granular cells (b, d) of

the mice given 2 ppm arsenic  t r ioxide.   No

immunoreactivity of 8-OHdG in brain tissues was

observed in controls (e, f).

Histopathological changes in brain tissues of mice
exposed to arsenic trioxide

Histopathological changes in cerebral and cerebellar

cortexes are shown in Fig. 2.  Nuclear vacuolation,

neuritic loss and lysis of neurons were observed in the

cerebral cortex of the mice given 2 ppm arsenic trioxide

(a).  These changes were also observed in Purkinje cells

of the cerebellar cortex (b).  No histopathological changes

were observed in the cerebral and cerebellar cortexes of

the controls (c, d).  The morphological changes in the

mice given arsenic were in accordance with the

distribution of 8-OHdG immunoreactivity.

Discussion

In the present study, we demonstrated an increase of

8-OHdG in the brain of mice given arsenic at lower

levels than those reported in previous epidemiological

studies1, 5).  8-OHdG immunoreactivity and degenerative

changes were observed in cerebral cortex neurons and

Purkinje cells in the cerebellar cortex.  It is noteworthy

that the pathological changes were in accordance with

the distribution of 8-OHdG immunoreactivity.

Arsenic can cross the blood-brain barrier and

accumulates in the brain tissues12).  It has been reported

Table 8-OHdG in brain tissue of mice administered arsenic

trioxide and controls

8-OHdG (per 105 dG)

Groupsa Mean (S.D.) (Range)

2 ppm arsenic trioxide 2.27 (0.57) * (1.61–3.04)

1 ppm arsenic trioxide 1.58 (0.45) (1.10–2.33)

Controls 1.09 (0.37) (0.62–1.65)

aSix mice in each.  *p=0.011, compared with controls (Mann-

Whitney U-test).
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Fig. 1. 8-OHdG immunoreactivity in the brain of mice given arsenic trioxide.  8-OHdG

formation was analyzed by immunohistochemistry with an HRP-conjugated

antibody.  8-OHdG immunoreactivity is observed in the cerebral cortex (a, c) and

cerebellar cortex, particularly in the Purkinje cells (arrows) and granular cells of

the cerebellar cortex (b, d) of the mice given 2 ppm arsenic trioxide.  No 8-OHdG

immunoreactivity is observed (e, f) in the brains of controls.  Mo=molecular layer;

Gr=granular layer.  Bar=100 µm (a, b, e, f) and 25 µm (c, d).

that arsenic generates ROS in nerve cells, resulting in

oxidative DNA damage and abnormal apoptosis16).  These

earlier reports support our hypothesis that oxidative DNA

damage in the brain resulting from arsenic-induced ROS

is responsible for the pathogenesis of arsenic

neurotoxicity.  Glial cells have the ability to protect

themselves from ROS25), because these cells contain high

concentrations of antioxidant enzymes and glutathione

(GSH)26).  In contrast, neurons are sensitive to oxidative

stress, as they contain a comparatively low content of

protective enzymes and free radical scavengers, e.g.

catalase, glutathione peroxidase, GSH and vitamin E1, 27).

In the present study, formation of 8-OHdG induced by

arsenic was concentrated in the cerebral and cerebellar

cortexes, which contain greater numbers of neurons than

other parts of the brain28).   Many studies have

demonstrated impairments of learning, memory and

motor coordination in humans8) and experimental

animals10–12) exposed to arsenic compounds.  As the

cerebral cortex is responsible for cognitive functions28)

and the cerebellum is critical for posture and motor

coordination28), controlled by the Purkinje cells29),

oxidative DNA damage caused by arsenic in these parts

of brain may explain the impairments of these central

nervous system functions.  Although accumulation of

arsenic in brain has been reported, there is little
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information regarding the arsenic content in different parts

of brain tissue11, 30).  Therefore, it will be necessary to

explore further the relation between the accumulation of

arsenic in the cerebral and cerebellar cortexes, and

oxidative DNA damage in these parts of the brain.

In summary, the present study showed 8-OHdG

formation and pathological changes in cerebral cortex

neurons and Purkinje cells in mice given arsenic.  These

results suggest that arsenic induces pathological changes

through oxidative DNA damage in the brain in vivo,  and

that the cerebral and cerebellar cortex neurons seem to

be major targets of arsenic neurotoxicity.  Several authors

have reported that exposures over long periods of time

may occur in some occupational settings through

inhalation and ingestion of dust31–33),  therefore

neurobehavioral abnormality in workers exposed

occupationally to arsenic should receive attention.

References

 1) VM Rodriguez, ME Jimenez-Capdeville and M

Giordano: The effects of arsenic exposure on the

nervous system. Toxicol Lett 145, 1–18 (2003)

 2) SA Ahmad, MH Sayed, S Barua, MH Khan, MH

Faruquee, A Jalil, SA Hadi and HK Talukder: Arsenic

in drinking water and pregnancy outcomes. Environ

Health Perspect 109, 629–631 (2001)

 3) X Guo, Y Fujino, J Chai, K Wu, Y Xia, Y Li, J Lv, Z

Sun and T Yoshimura: The prevalence of subjective

symptoms after exposure to arsenic in drnking water

in Inner Mongolia, China. J Epidemiol 13, 211–215

(2003)

 4) JP Buchet and D Lison: Clues and uncertainties in the

risk assessment of arsenic in drinking water. Food

Chem Toxicol 38, S81–S85 (2000)

 5) D Tian, H Ma, Z Feng, Y Xia, XC Le, Z Ni, J Allen, B

Collins, D Schreinemachers and JL Mumford: Analyses

of micronuclei in exfoliated epithelial cells from

individuals chronically exposed to arsenic via drinking

water in Inner Mongolia. China, J Toxicol Environ

Health A 64, 473–484 (2001)

 6) J Mahata, A Basu, S Ghoshal, JN Sarkar, AK Roy, G

Poddar, AK Nandy, A Banerjee, K Ray, AT Natarajan,

R Nilsson and AK Giri: Chromosomal aberrations and

sister chromatid exchanges in individuals exposed to

arsenic through drinking water in West Bengal, India

Mutat Res 534, 133–143 (2003)

 7) MM Rahman, MK Sengupta, S Ahamed, UK

Chowdhury, D Lodh, A Hossain, B Das, N Roy, KC

Saha,  SK Pali t  and D Chakraborti :  Arsenic

Fig. 2. Histopathological changes in the brain of mice given arsenic trioxide.

Histopathological changes were examined by hematoxylin and eosin staining.

Nuclear vacuolation (arrows), neuritic loss (star) and lysis of neurons

(arrowheads) are observed in the cerebral cortex of the mice given 2 ppm arsenic

trioxide (a).  Neuritic loss (stars) and nuclei vacuolation (arrows) are also

observed in the Purkinje cells (b).  No pathological changes are found in the

cerebral cortex (c) and cerebellar cortex of controls (d).  Bar=25 µm.



449Fengyuan PIAO, et al.:  DNA Damage in the Brain of Mice Exposed to Arsenic

contamination of groundwater and its health impact

on residents in a village in West Bengal, India. Bull

World Health Organ 83, 49–57 (2005)

 8) F McLellan: Arsenic contamination affects millions in

Bangladesh. Lancet 359, 1127 (2002)

 9) SY Tsai, HY Chou, HW The, CM Chen and CJ Chen:

The effects of chronic arsenic exposure from drinking

water on the neurobehavioral development in

adolescence. Neurotoxicology 24, 747–753 (2003)

10) TN Nagaraja and T Desiraju: Effects on operant

learning and brain acetylcholine esterase activity in rats

following chronic inorganic arsenic intake. Hum Exp

Toxicol 13, 353–356 (1994)

11) VM Rodriguez, L Carrizales, MS Mendoza, OR

Fajardo and M Giordano: Effects of sodium arsenic

exposure on development and behavior in the rat.

Neurotoxicol Teratol 24, 743–750 (2002)

12) VM Rodriguez, L Carrizales, MK Jimenez-Capdeville,

L Dufour and M Giordano: The effects of sodium

arsenite exposure on behavioral parameters in the rat.

Brain Res Bull 55, 301–308 (2001)

13) TR Rosenstock, AC Carvalho, A Jurkiewicz, R Frussa-

Filho: Mitochondrial calcium, oxidative stress and

apoptosis in a neurodegenerative disease model induced

by 3-nitropropionic acid. J Neurochem 88, 1220–1228

(2004)

14) SJ Flora: Arsenic-induced oxidative stress and its

reversibility following combined administration of N-

acetylcysteine and meso 2,3-dimercaptosuccinic acid

in rats. Clin Exp Pharmacol. Physiol 26, 865–869

(1999)

15) S Samuel ,  R Kathi rve l ,  T Jayavelu  and P

Chinnakkannu: Protein oxidative damage in arsenic

induced rat brain: influence of DL-α-lipoic acid.

Toxicol Lett 155, 27–34 (2005)

16) S Chattopadhyay, S Bhaumik, AN Chaudhury and SD

Gupta:  Arsenic induced changes in growth

development and apoptosis in neonatal and adult brain

cells in vivo and in tissue culture. Toxicol Lett 128,

73–84 (2002)

17) H Shi, X Shi and KJ Liu: Oxidative mechanism of

arsenic toxicity and carcinogenesis. Mol. Cell Biochem.

255, 67–78 (2004)

18) M Kessel, SX Liu, A Xu, R Santella and TK Hei:

Arsenic induces oxidative DNA damage in mammalian

cells. Mol Cell Biochem 234/235, 301–308 (2002)

19) Y Jin, G Sun, X Li, G Li, C Lu and L Qu: Study on the

toxic effects induced by different arsenicals in primary

cultured rat astroglia. Toxicol Appl Pharmacol 196,

396–403 (2004)

20) JY Kim, S Mukherjee, L Ngo and DC Christiani:

Urinary 8-hydroxy-2'- deoxyguanosine as a biomarker

of oxidative DNA damage in workers exposed to fine

particulates. Environ Health Perspect 112, 666–671

(2004)

21) M Lotti, S Caroldi, A Moretto, MK Johnson, CJ Fish,

C Gopinath and NLR Roberts: Central-peripheral

delayed neuropathy caused by di isopropyl

phosphorofluoridate (DFP): segregation of peripheral

nerve and spinal cord effects using biochemical,

clinical, and morphological criteria. Toxicol Appl

Pharmacol 88, 87–96 (1987)

22) S Kawanishi, S Inoue, S Oikawa, N Yamashita, S

Toyokuni, M Kawanishi and K Nishino: Oxidative

DNA damage in cultured cells and rat lungs by

carcinogenic nickel Compounds. Free Radic Biol Med

31, 108–116 (2001)

23) N Nishioka and SE Arnold: Evidence for oxidative

DNA damage in the hippocampus of elderly patients

with chronic schizophrenia. Am J Geriatr Psychiatry

12, 167–175 (2004)

24) N Ma, Y Adachi, Y Hiraku, N Horiki, S Horiike, I

Imoto, S Pinlaor, M Murata, R Semba and S Kawanishi:

Accumulation of 8-nitroguanine in human gastric

epithelium induced by Helicobacter pylori infection.

Biochem Biophys Res Commun 319, 506–510 (2004)

25) S Desagher, J Glowinski and J Premont: Astrocytes

protect neurons from hydrogen peroxide toxicity. J

Neurosci 16, 2553–2562 (1996)

26) TK Makar, M Nedcrgaard, A Preuss, AS Gelbard, AS

Perumal and AJ Cooper: Vitamin E, ascorbate,

glutathione, glutathione disulfide, and enzymes of

glitathione metabolism in cultures of chick astrocytes

and neurons: evidence that astrocytes play an important

role in antioxidative processes in the brain. J

Neurochem 62, 45–53 (1994)

27) E Röhrdanz, G Schmuck, S Ohler, QH Tran-Thi and R

Kahl: Changes in antioxidant enzyme expression in

response to hydrogen peroxide in rat astroglial cells.

Arch Toxicol 75, 150–158 (2001)

28) Martin JH. In Neuroanatomy. In: Martin, J.H. ed. The

central nervous system, second ed. New Jersey:

Prentice Hall International Inc., 1996: 1–31.

29) BG Schreurs, PA Gusev, D Tomsic, DL Alkon and T

Shi: Intracellular correlates of acquisition and long-

term memory of classical conditioning in Purkinje cell

dendrites in slices of rabbit cerebellar lobule HVI. J

Neurosci 18, 5498–5507 (1998)

30) T Ghafgazi, JW Ridlington and BA Fowler: The effects

of acute and subacute sodium arsenite administration

on carbohydrate metabolism. Toxicol Appl Pharmacol

55, 126–130 (1980)

31) BJ Lagerkvist and B Zetterlund: Assessment of

exposure to arsenic among smelter workers: a 5-year

follow-up. Am J Ind Med 25, 477–488 (1994)

32) AH Hall: Chronic arsenic poisoning. Toxicol Lett 128,

69–72 (2002)

33) WE Morton and GA Caron: Encephalopathy: an

uncommon manifestation of workplace arsenic

poisoning? Am J Ind Med 15, 1–5 (1989)


