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ABSTRACT 

Reproductive hazards from metal exposure in males are one of the fastest growing areas of concern in toxicology today. Exposure to 
different heavy metals causes irreversible toxic insult to male reproductive system. Heavy metals produce cellular impairments at 
structural and functional level in male reproductive system. The effect of metals, such as lead, mercury, cadmium, chromium and 
arsenic on male reproduction has been studied in details in various experimental species. But data on humans are steadily building 
up and where metals, interfere with the gametogenic cells or Leydig cell or spermatozoa directly in semen. These effects may results 
in reduced fertility or associated with pregnancy wastage, congenital malformation associated with genetic diseases. Moreover, the 
features of heat stress protein (HSP), androgen-binding protein (ABP), Cadherin and many other stressor proteins along with 
reactive oxygen species (ROS) and neuro-endocrine mechanism are highly affected by these metals exposure. Still the data is 
inadequate and need confirmation. 
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INTRODUCTION 

Human fertility is complex, it depends upon synergy of 
male and female reproductive competence in which 
physiological, genetic, behavioral and environmental 
factors interact. The myriad of interacting factors has 
limited our understanding of the mechanisms of 
conception and fertility, and the problem is compounded 
by the diversity of reproductive physiology among 
mammals, which limits extrapolation from animal models. 
Historical interest and research in human fertility have 
been motivated by several goals, including diagnosis and 
treatment of infertility, improvements in contraceptive 
technology and, more recently, concerns of 
environmental and occupational exposure1. 

The rapid industrialization and overgrowing urbanization, 
the toxic effects of heavy metals on male reproduction 
system have become a major health concern in the 
globe2, 3. The evidence of the past twenty years have 
shown disturbing trend in male reproductive health 
hazards due to careless use of these chemicals which 
caused detrimental effects on different organs. 
Therefore, broad-spectrum irreversible toxic actions at 
cellular and molecular level were observed mainly on 
reproductive system of human and experimental 
animals4, 5. 

The humans are exposed to various types of 
environmental contaminants at different stages of their 
life span, majority of them are harmful. In recent years, 
there has been growing concern about the deleterious 
effects of chemical on developing male reproductive 
system. Exposure of heavy metals during pregnancy has 
been associated with adverse effects on development of 
gonads. These substances may act as testicular toxicants 
and correspond to different compounds, which are 

related to social habits, life conditions, working hazards or 
use of drugs and medicines6-8. Although, many studies 
have reported the toxic and carcinogenic effects of metals 
in human and animals, it is also well known that these 
metals form a crucial part in normal biological functioning 
of cells. Many heavy metals are classical testicular 
toxicants, though the mechanism of their action may 
differ.  

SEMINAL-BASED BIOMARKERS 

From a systematic perspective, there are three primary 
foci in the study of male reproduction. 

(i) The pituitary gland and the gonadotropic hormone 
secretions that signal spermatogenesis. 

(ii) The male reproductive tract which creates and 
supports the maturation of spermatozoa. 

(iii) The quantity and quality of spermatozoa themselves. 
So far, most of the studies on male fertility have focused 
mainly on parameters such as seminal quality and 
fecundity (time to pregnancy, TTP), very occasionally on 
hormonal effects and pregnancy outcome. Similarly, 
biomonitoring on the health effect of environmental and 
occupational exposure also tended to concentrate on 
seminal quality and fecundability. Investigations have 
rarely been conducted on the more long term endpoints 
such as hormonal changes or birth outcomes. 

It is undeniable that good quality semen is essential for 
reproductive success. This quality appears to have been 
directly affected in recent years, and evidently there are 
now unfavorable trends in male reproductive health9. 
Since the 1970s various authors have reaffirmed the 
possible significant drop in sperm quality and 
consequently an increase in male infertility rates10, 11. The 
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actual causes of increased infertility remain 
controversial11, 12 but research suggests that many 
substances to which men are exposed can affect their 
fertility may be work-related13, 14. 

SEMEN ANALYSIS 

A normal semen sample should have a volume of 1.5-5.0 
ml, with greater than 20 million sperm/ml. The number of 
abnormal sperm should be less than 40 percent, with 
greater than 30 percent of the sperm sample 
demonstrating proper motility. Unfortunately, 
conventional semen analysis is not a highly accurate 
predictor of fertility. Purvis et al reported, after surveying 
infertility clinics, that 52 percent of men with a sperm 
count below 20 million/ml were able to impregnate their 
partners and 40 percent of men with a sperm count 
below 10 million/ml were also able to conceive15. 
Conventional semen analysis often fails to identify 
infertile males with normal samples and conversely fails 
to identify fertile males with subnormal semen 
parameters16. Another confounding factor is variations in 
sperm density, motility, and morphology among multiple 
samples from the same subject. 

Metals have the capacity to interfere in the functioning of 
the endocrine system, in the hormones’ mechanism of 
action, and are called endocrine deregulators or 
endocrine disruptors17-19. Alterations caused by endocrine 
disruptors can be temporary or permanent18,20,21. 
Endocrine disruptors can cause the following, 
reproductive anomalies (morphological and functional 
gonadal dysfunction, e.g., infertility and decreased libido) 
and congenital malformations (altered embryonic and 
fetal intrauterine development)18,22,23,24. The principal 
effects of exposure to endocrine disruptors on male 
fertility are temporal reduction in sperm concentration 
and quality 9, high incidence of cryptorchidism and 
hypospadias25, and altered sex ratio26, 27. 

TESTIS 

Testis is the major organ for male sexual development 
and fertility 28, 29. It secretes hormones to promote male-
specific traits, produces sperm for reproduction. The key 
structural components in testes are seminiferous tubules, 
which provide physical barriers and nutrient supplies for 
the survival and maturation of sperm. Seminiferous 
tubules are formed from epithelial cells like Sertoli cells, 
along with associated myofibroblast-like peritubular 
myoid (PM) cells at the periphery. During testis 
development, Sertoli cells and PM cells secrete specific 
extracellular matrix proteins and assemble a layer of 
basement membrane (BM)30, to separate particularly the 
seminiferous tubules from the interstitial space, where 
Leydig cells, endothelial cells and other unidentified 
mesenchymal cells reside. 

The major gonads, testis or testicles, begin their 
development high in the abdominal cavity, near the 
kidney. During development testis got short after birth, 
they descend through into the scrotum, a pouch that 

extends below the abdomen, posterior to the penis. Each 
testis is an oval structure about 5cm long and 3cm in 
diameter which outer surrounds by tunica albuginea. 
There are about 250 lobules in each testis. Each lobule 
contains 1 to 4 highly coiled seminiferous tubules. 
Toxicity is manifested in male reproductive system by 
deposition of lead in testes, epididymis, vas deferens and 
seminal vesicle. Lead has an adverse effect on sperm 
count and retarded the activity of live sperm reported by 
Chowdhury31. The potential toxicity of Metals, i.e., lead, 
cadmium, chromium, selenium and arsenic, caused 
alteration in sperm morphology, count, motility as well as 
biochemical disruptions of enzymes and hormones. 

ADVERSE EFFECT OF METALS ON MALE REPRODUCTION 

The toxicity of Metals, i.e., lead, cadmium, chromium, 
selenium and arsenic, caused alteration in sperm 
morphology, count, motility as well as biochemical 
disruptions of enzymes and hormones. 

Lead 

Lead became popular because of its dense, ductile, 
malleable and corrosion resistant properties32. Lead is a 
ubiquitous environmental and industrial pollutant that 
has been detected in every facet of environmental and 
biological systems. Lead is a heavy soft metal, occurs in 
nature as an oxide or salts. Lead can be found in water 
pipes, insecticides, lining of equipment where corrosion 
resistance and pliability are required, in petroleum 
refining, in construction, bullets of gun, x-ray and atomic 
radiation protection and is a major industrial by product. 
Lead appears in homes in many forms as lead piping, 
lead-containing solders, paints, ceramic glazes, base 
metal utensils and fixtures. Also, cream powder, lipstick 
and hair colour have lead. Agricultural soil contamination 
may be responsible for lead found in many herbal 
medicines and cigarettes. On the contrary, their 
detrimental effects on physiological, biochemical, and 
behavioural dysfunctions have been documented in 
animals and humans by several investigators 33, 34. 

Al-Omar, et al.,35 reported that lead causes decrease in 
seminiferous tubules diameter in adult rats. Corpas, et 
al.,36 showed that lead acetate causes decrease in the 
diameter and epithelial thickness of rat seminiferous 
tubules. Low activity of ATPase and AMPase at the 
basement membrane of seminiferous tubules was 
observed in rats exposed to lead at dose of 6mg/kg i.p 
over a period of 90 days reported by Chowdhury, et al.,37.  

The effects of lead on adult rat testis have been widely 
studied and observations demonstrate that Pb in 
particular alters those organs, as evidenced by testicular 
atrophy in rodents38, reported that lead ingested by 
experimental pups, caused decrease in mean testis 
weight on postnatal days 21.  Dorostghoal39 study was 
designed to determine short- and long-term 
developmental effects of maternal exposure to different 
doses of lead acetate during lactation on testicular 
structure in offspring wistar rats. They that testicular 
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parameters decrease in offspring wistar rats following 
maternal exposures of lead acetate at doses above 100 
mg/kg/day. These dose-related changes suggest that the 
effects of maternal lead exposure are expressed in 
offspring. Corpas, et al.,40 was found that lead could 
disturb mitosis of spermatogenic cells and cause 
alterations in the proliferation of Sertoli cells, therefore 
an important decrease in the testicusperm count within 
testes of adult offspring, and subsequently reduction of 
epididymal sperm count. 

Cadmium 

Cadmium released from tannery, smelter, battery 
crushing unit. The action of cadmium is spermatogenic 
stage specific. High dose of cadmium chloride exposure 
caused rapid testicular edema, haemorrhage and 
necrosis. Cadmium exerted deleterious effect on the 
vascular structure of testis that may be the result of 
varying degrees of cadmium induced ischemia. 
Degeneration of testicular tissue after different doses of 
cadmium exposure caused rupture of blood vessels 41. 
Cadmium can directly injure the testes. A testicular toxin 
and various derived compounds were shown to induce 
severe damage to the spermatogenic epithelium in an 
animal model42. The effect of cadmium on the testes 
appears to be manifested mainly in the sertoli cells, which 
present more morphological changes under scanning 
electron microscopy. Cadmium can also interfere with the 
normal functions of mitochondrial enzymes 43. Testicular 
lesion from cadmium is primarily vascular, and the 
vascular damage determines the degree of lesion in the 
germ cells and leydig cells. This lesion can generate leydig 
cell tumors, tubular degeneration (in highdose exposure), 
and atrophy44, in addition to inducing tissue necrosis and 
deficient androgen production44, 45. 

In a study by the World Health Organization (WHO) on 
the effects of lead and cadmium in the blood of adult 
men, the overall results indicate that even low-level 
exposure to lead  (400µg/l) and cadmium (10µg/l) can 
significantly reduce the quality of semen, although the 
study did not show conclusive evidence of male 
endocrine reproductive alterations46, 47. 

Mercury  

Mercury is widely used in refinery, plastic and paints, 
antiseptic, scientific instruments, photography, fuel 
combustion and agriculture field. This metal is spermato, 
steroido and fetotoxic agent. Mercury chloride exhibited 
structural alteration of testicular tissue along with 
biochemical change. Mercury can interfere in 
spermatogenesis and also affects the epididymis. It can 
also cause Young syndrome, associated with obstructive 
lesion of the upper epididymis48. The prominent feature 
of Mercury induced toxicity are : (1) depletion and  
clogging of different spermatogenic cells, (2) presence of 
pyknotic or karyotectic pachytene nuclei, (3) absence of 
nuclear chromatin at stage XII in dividing cells, (4) 
absence of noticeable lumen and (5) presence of 
vacuolated early elongated spermatid along with 

dispositioning of acrosome. The intensity of damage is 
directly proportional to the duration of exposure49. 

Arsenic  

Arsenicals are widespread in the environment as a result 
of natural and anthropogenic occurrence. Ingestion of 
contaminated drinking water is the major routes for 
human exposure to arsenic2. Arsenic exposure causes 
both acute and chronic toxicity in human. Human arsenic 
exposure is related to severe health problems such as skin 
cancer, diabetes, liver, kidney and CNS disorders3. It also 
causes many other toxic effects4, 5. Male reproductive 
effect of arsenic was first studied in mice, then in fishes50. 
Arsenic exposure in experimental rats has shown to 
produce steroidogenic dysfunction leading to impairment 
of spermatogenesis51. Sarkar et al.,52 revealed that arsenic 
effects mainly the processes of meiosis and post-meiotic 
stages of spermatogenesis and acute exposure to arsenic 
causes rapid and extensive disruption of spermatogenesis 
in mice52. Few recent investigations have shown that 
arsenic in drinking water is associated with oxidative 
stress50, genotoxicity in testicular tissue of mice41. On the 
other hand recent study suggests that arsenic causes 
testicular toxicity probably by affecting the pituitary 
testicular axis53. 

Increased distribution of metals and metal compounds in 
the environment, especially through anthropogenic 
activities, raises increasing concern for ecotoxicological 
effects. The precise chemical basis of metal toxicology is 
inadequately understood but a uniform mechanism for all 
toxic metals is implausible because of the great variation 
in chemical properties and toxic endpoints. Chemically, 
metals in their ionic form can be very reactive and can 
interact with biological systems in a large variety of ways. 
In this regard, a cell presents numerous potential metal-
binding ligands. Such adventitious binding is an important 
chemical mechanism by which exogenous metals exert 
toxic effects that can result in steric re-arrangement that 
impairs the function of biomolecules 54, 55. 

Metals may operate through hormonal or genotoxic 
pathways to affect male reproduction. Metals may 
penetrate the blood testis barrier to potentially affect 
spermatogenesis, either by affecting genetic integrity or 
hormone production. Effects may be at different stages of 
the cell cycle such as during meiotic disjunction and such 
abnormalities can have deleterious effects on 
reproduction and offspring. Exposure to metals has been 
long associated with low sperm motility and density, 
increased morphological anomalies and male infertility. 

CONCLUSION 

The above findings from different scientific studies also 
indicated that the degree of toxic manifestation of 
different metals depends on dose, duration, route of 
administration and other physiological factors specially 
nutrition. The signs and symptoms of metal toxicity 
depend on the duration of exposure, type of metal, 
condition of workplace, socio-economic status and history 
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of disease. Metals may effect through hormonal or 
genotoxic pathways to effect the male reproduction. 
Metals may penetrate the blood testis barrier to affect 
spermatogenesis either by affecting genetic integrity or 
hormone production. Exposure to metals has been long 
associated with low sperm motility and density, increased 
morphological anomalies and male infertility. Further 
efforts should be made to widen our knowledge in this 
unmapped area of research. 

REFERENCES 

1. Mathur N, Pandey G and Jain GC. Male reproductive toxicity of 
some selected metals:A Review. J Bio sci., 10, 2010, 396-404. 

2. Waldron HA, Ediing C (ed). Occupational health practice, 4th ed., 
Butterworth Heinemann, Oxford, 1997. 

3. Waldron HA (ed.) Metals in the environment. Academic Press, 
London, 1980. 

4. Roy Chowdhury A. Toxicological assessment of reproductive health 
in occupation and community environment. Proc. Zool. Soc., 
Calcutta, 45, 1992, 103-114. 

5. Roy Chowdhury A. Male Reproductive Toxicity—New Perspective 
in Life Science. Life Science in Modern Perspective—Editor Pratima 
Chatterjee and Amar K. Chanda, Staff College, University of 
Calcutta, pp. 2004, 97-105. 

6. Bustos-Obregon E. Adverse Effects of Exposure to Agropesticides 
on Male Reproduction. APMIS Denmark., 109, 2001, 233-242. 

7.  Johnson AD, Gomes WR and Vandemark NL. The Testis New York. 
Academic Press., 10, 1970, 483-554. 

8.  Pomerol JM and Arrondo JL. Practica Andrologica Barcelona 
Masson-Salvat, 1994. 

9. Guillette Jr. LJ and Crain DA. Environmental endocrine disrupters: 
an evolutionary perspective. New York: Taylor & Francis; 2000. 

10. Pasqualotto FF, Locambo CV, Athayde KS, Arap S. Measuring male 
infertility: epidemiological aspects. Rev Hosp Clín Fac Med Univ São 
Paulo. 58, 2003,173-178 

11. Nelson C, Bunge R. Semen analysis: evidence for changing 
parameters of male fertility potential. Fertil. Steril., 25, 1974, 503-
507. 

12. Multigner L, Oliva A. Secular variations in sperm quality: fact or 
science fiction? Cad Saúde Pública. 18, 2002, 403-412. 

13. De Los Rios P, Manini N and Tosatti E. Dynamical Jahn-Teller effect 
and Berry phase in positively charged fullerenes: basic 
considerations. Phys Rev B Condens Matter, 154, 1996, 7157-7167. 

14. Petrelli G, Musti M, Figa-Talamanca I. Exposure to pesticides in 
greenhouses and male fertility. G Ital Med Lav Ergon, 22, 2000, 
291-295. 

15. Purvis K, Christiansen E. Male infertility: current concepts. Ann. 
Med., 24, 1992, 258-272. 

16. Check JH, Nowroozi K, Lee M, et al. Evaluation and treatment of a 
male factor component to unexplained infertility. Arch Androl., 25, 
1990,199-211. 

17. Brown AE. Pesticides and the endocrine system. College Park: 
Department of Entomology, University of Maryland; 1999. 
(Pesticide Information Leaflet Series, 34). 

18. Waissmann W. Health surveillance and endocrine disruptors. Cad. 
Saúde. Pública., 18, 2002, 511-517. 

19. Cox C. Masculinity at risk. J. Pesticide. Reform., 16, 1996, 2-7. 

20. Kavlock RJ, Daston GP, DeRosa C, Fenner-Crisp P, Gray LE, Kaattari 
S, et al. Research needs for the risk assessment of health and 

environmental effects of endocrine disruptors: a report of the U.S. 
EPA-sponsored workshop. Environ. Health. Perspect., 104, 1996, 
715-740. 

21. World Health Organization. World Water Day 2001: pollution from 
industry, mining and agriculture water, sanitation and health. 
Geneva: WHO., 2001. 

22. Lemos H. Poluentes orgânicos persistentes. A intoxicação química 
do planeta. Rio de Janeiro: Instituto Brasil PNUM, 2001. 

23. Santamarta J. Por um futuro sem contaminantes orgânicos 
persistentes. Agroecologia e Desenvolvimento Rural Sustentável . 
2, 2001, 46-56. 

24. Nelson P. Epidemiology, biology, and endocrine disrupters. Occup. 
Environ. Med., 60, 2003, 541-542. 

25. Melnick RL. Introduction – workshop on characterizing the effects 
of endocrine disruptors on human health at environmental 
exposure level. Environ. Health Perspect., 107 (4) 1999, 603-604. 

26. Mocarelli P, Brambilla PM, Gerthoux DG, Patterson N. Change in 
sex ratio with exposure to dioxin. Lancet  348 1996, 409. 

27. Whitten PL. Effects of a phytoestrogen diet on estrogen-
dependent reproductive processes in immature female rats. 
Advances of Modern Environmental Toxicology, 21, 1992, 311. 

28. Brennan J and Capel B. One Tissue Two Fates Molecular Genetic 
Events That Underlie Testis Versus Ovary Development. Nat. Rev. 
Genet., 5, 2004, 509–521. 

29. Wilhelm D, Palmer S and Koopman P. Sex Determination and 
Gonadal Development in Mammals. Physiol. Rev., 87, 2007, 1– 28. 

30. Tung PS, Skinner MK and Fritz IB. Cooperativity Between Sertoli 
Cells and Peritubular Myoid Cells in The Formation of The Basal 
Lamina in The Seminiferous Tubule. Ann. N. Y. Acad. Sci., 438, 
1984, 435-446. 

31. Chowdhury AR. Recent Advances in Heavy Metals Induced Effect 
on Male Reproductive Function. J. Med. Sci. 2, 2009, 37-42. 

32.  Florea AM and Busselberg D. Occurrence Use and Potential Toxic 
Effects of Metals and Metal Compounds. Biometals., 19, 2006, 
419-427. 

33.  Goyer RA and Cherion MG. Ascorbic Acid and EDTA Treatment of 
Lead Toxicity in Rats. Life Science., 24, 1979, 433-438. 

34.  Ruff HA, Markowitz ME, Bijur PE and Rosen JF.  Relationships 
Among Blood Lead Levels, Iron Deficiency and Cognitive 
Development in 2-year-Old Children. Environ. Health Perspect., 
104, 1996 180-185. 

35. Al-Omar MA, Abbas AK and Al-Obaidy SA. Combined Effect of 
Exposure to Lead and Chlordane on The Testicular Tissues of Swiss 
Mice. Toxicol. let., 10, 2000  1-8. 

36. Corpas I, Castillo M, Marquina D and Benito MJ. Lead Intoxication 
in Gestational and Lactation Periods Alters The Development of 
Male Reproductive Organs. Ecotoxicol. Environ. Saf., 53, 2002, 259-
266. 

37. Chowdhury AR, Rao RV and Gautam AK. Histochemical Changes in 
The Testes of Lead Induced Experimental Rats. Folia. Histochem. 
Et. Cytobiol., 24, 1986, 233-238. 

38.  McGivern RF, Sokol RZ and Berman NG. Prenatal Lead Exposure in 
The Rat During the Third Week of Gestation: Long-term Behavioral, 
Physiological and Anatomical Effects Associated With 
Reproduction. Toxicol. Appl. Pharmacol. , 110, 1991, 206-215. 

39. Corpas I, Gaspar I, Martinez S, Codesal J and Candelas S. Testicular      
Alteration in Rats Due to Gestational and Early Lactational 
Administration of  Lead. Reprod. Toxicol., 9, 1995, 307- 313. 

40. Dorostghoal M, Dezfoolian A. and Sorooshnia F. Effects of 
Maternal   Lead Acetate Exposure during Lactation on Postnatal 
Development of Testis in Offspring Wistar Rats. Iranian Journal of 
Basic Medical Sciences., 14, 2011, 122-131. 



Int. J. Pharm. Sci. Rev. Res., 16(2), 2012; nᵒ 13, 56-60                                                                                          ISSN 0976 – 044X 

 

International Journal of Pharmaceutical Sciences Review and Research                                                     Page 60 
Available online at www.globalresearchonline.net 

 

41. Kar AB and Das RP. Testicular changes in rats after treatment with 
cadmium chloride. Acta. Biol. Med. Ger., 5, 1960, 153. 

42. Boscolo P, Sacchettoni-Logroscino G, Ranelletti FO, Gioia A, 
Carmignani M. Effects of long-term cadmium exposure on the 
testis of rabbits: ultrastructural study. Toxicol. Lett.,  24, 1985,145-
149. 

43. Jequier AM. Male infertility – a guide for the clinician.Oxford: 
Blackwell Science; 2002. 

44. Waissmann W. Endocrinopatologia associada ao trabalho. In: 
Mendes R, organizador. Patologia do trabalho. São Paulo: Editora 
Atheneu. 2003,1093-138. 

45. Waalkes MP, Anver M, Diwan BA. Carcinogenic effects of cadmium 
in the noble (NBL/Cr) rat: induction of pituitary, testicular, and 
injection site tumors and intraepithelial proliferative lesions of the 
dorsolateral prostate. Toxicol. Sci., 52, 1999, 154-161. 

46. Telisman S, Cvitkovic P, Jurasovic J, Pizent A, Gavella M, Rocic B. 
Semen quality and reproductive endocrine function in relation to 
biomarkers of lead, cadmium, zinc, and copper in men. Environ. 
Health Perspect.,  108, 2000, 45-53. 

47. Alloway BJ. Heavy metals in soils. New York: John Wiley Inc.; 1990. 

48. Hendry WF, A’Hern RP, Cole PJ. Was young’s syndrome caused by 
exposure to mercury in childhood? BMJ, 307, 1993,1579-1582. 

49. Vachhrajani KD, Roy Chowdhury A, Dutta KK. Testicular toxicity of 
methylmercury. Reprod. Toxicol., 6, 1990, 355-361. 

50. Roy Chowdhury A, Rao RV, Gautam AK. Histochemical changes in 
the testes of lead induced experimental rats. Folia. Histochem. Et. 
Cytobiol., 24, 1986, 233-238. 

51. Roy Chowdhury A, Dewan A and Gandhi DN. Toxic effect of lead on 
the testes of rat. Biomed. Biochem. Acta., 1, 1984, 95-100. 

52. Sarkar S, Hazra J, Upadhyay SN, Sing RK and Roy Chowdhury A. 
Arsenic induced toxicity on testicular tissue of mice. Indian J. 
Physiol. Pharmacol., 52, 2008, 84-90. 

53. Hew KW, Health G, Walsh MJ. Cadmium causes disruption of 
microfilaments in rat sertoli cells in vivo., Teratol., 47, 1993, 420-
421. 

54. Kasprzak KS. Oxidative DNA and protein damage in metal-induced 
toxicity and carcinogenesis. Free Radic. Biol. Med., 32, 2002, 958-
967. 

55. Kasprzak KS, Sunderman FW and Salnikow K. Nickel carcinogenesis. 
Mutat. Res., 533, 2003, 67-97. 

 
 
 
 

********************* 


