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Abstract- Cadmium (Cd) induces carcinogenicity and cytotoxicity through a variety of mechanisms. 

Metallothioneins (MTs) play critical roles in metal detoxification and radical scavenging. Here we evaluated 

the possible involvement of NO and MT in Cd-induced toxicity and resistance development. By utilizing Cd-

resistant Caco-2 cells as a model of chronic exposure to Cadmium, we observed that Cd decreased Caco-2 

cell proliferation, whereas Cd-resistant cells showed a lower sensitivity to Cd cytotoxicity. L-NAME as an 

iNOS inhibitor and cPTIO as an NO scavenger induced a significant reduction in Cd-mediated toxicity of 

parent Caco-2 in spite of resistant cells. In resistant cells, iNOS mRNA expression was declined; however, 

MT protein synthesis was increased following acute and chronic Cd exposure. It seems that NO synthesis 

involves in Cd-induced cytotoxicity, while elevated MT expression is associated with Cd detoxification and 

resistance.  
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Introduction 
 

Cadmium (Cd) is a toxic heavy metal which 

accumulates in the environment due to industrial and 

agricultural activities (1). Cd has been categorized as a 

group I cumulative carcinogen because of its long half-

life (15-20 years) (2) and induces carcinogenicity in 

various cell lines following chronic exposure (3). 

Although not a Fenton metal, Cd indirectly enhances the 

production of various radicals including superoxide, 

hydroxyl and nitric oxide (NO) (4).  

Recent studies have indicated that NO is a key 

signaling molecule in regulation of tumorigenesis (5). In 

addition, increased expression of inducible nitric oxide 

synthase (iNOS) is observed in tumors of the colon, 

lung, bladder, reproductive organs, breast, and central 

nervous system (6). NO produced by tissue injury can be 

considered as an important factor in cadmium toxicity 

(7). On the other hand, the oxidative stress induced by 

NO is prevented by cytoprotective mechanisms such as 

metallothioneins (8). 

Metallothioneins (MTs), cysteine-rich low-molecular 

weight proteins, play critical roles in detoxification of 

heavy metals as well as radical scavenging (9,10). It is 

described that NO can compete with various metals for 

cellular binding sites including Cd-binding sites to MT 

(11). 

In this study, we aimed to investigate the possible 

involvement of NO pathway in Cd cytotoxicity. The 

expression of iNOS and MT was also evaluated in short 

and long-term exposure of Caco-2 cells to Cd.  

  

Materials and Methods 

 

Reagents 

L-NAME (Nω-Nitro-L-arginine methyl ester 

hydrochloride) and MTT (3-(4,5-dimethyl thiazole-2-

yl)-2,5-diphenyl tetrazolium bromide) were purchased 
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from Sigma, St. Louis, MO. cPTIO (2-(4-

Carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-

3-oxide) was obtained from Tocris, UK. 

 

Cell culture and cytotoxicity test 

Human epithelial colorectal carcinoma, Caco-2, cells 

(Pasteur Institute, Iran) were cultured in RPMI-1640 

(Biosera, UK) supplemented with 35% DMEM/Ham`s 

F-12 (Biosera), 15% fetal bovine serum (FBS; Gibco, 

UK), 100 IU/ml penicillin and 100 µg/ml streptomycin 

(Biosera) in 5% CO2 at 37 ºC. To develop Cd-resistant 

Caco-2, cells were exposed to incrementing doses of 

CdCl2 (Merck, Germany) up to 10 µM for at least 2 

months. 

Caco-2 cells were cultured in 24-well plates (SPL, 

South Korea) and a dose–response analysis (10-200 µM) 

for Cd cytotoxicity was accomplished by MTT assay. To 

study the possible contribution of NO pathway in Cd 

cytotoxicity, cells were co-treated with CdCl2 and 400 

M L-NAME (an iNOS inhibitor) or 50 M of cPTIO 

(an NO scavenger) for 48 h. At the end of treatments, 

cells were washed with PBS and subsequently incubated 

with MTT (5 mg/ml in PBS) for 4 h at 37 ºC. Then, 

formazan crystals were dissolved in DMSO. The optical 

density was finally measured on a microplate reader 

(Biotek, USA) at 570 nm with 690 nm as reference. The 

data are presented as mean±SD of at least two 

independent experiments (n=3). 

 

RNA extraction and RT-PCR 

Total RNA was extracted using Trizol (Roche, 

Germany) and cDNA was synthesized by MuLV H- 

reverse transcriptase (Fermentas, Latvia). iNOS 

expression was then evaluated using a semi-quantitative 

PCR (95 °C/30 s, 64 °C/1 min, 72 °C/40 s) with specific 

primers (sense: 5′-

TGGAAGCGGTACCAAAGGAGATAG-3′ and 

antisense: 5′-CACGTGTCTGCAGATGTGTTCAA-3′). 

The intensity of iNOS band at the exponential phase of 

amplification was finally normalized to the 

corresponding β-actin. 

 

Western blot analysis 

Cells were exposed to different concentrations of Cd 

for 48 h and lysed with RIPA buffer (10 mM Tris pH 8, 

1.5 mM MgCl2, 5 mM KCl, 1% NP-40, 0.1% SDS, 

0.5% Na-deoxycholate, 0.5 mM dithiothreitol, 1 µM 

phenylmethylsulfonyl fluoride and 10 µM leupeptin). 

Protein samples (50 µg) were subjected to SDS-PAGE 

and then transferred to polyvinylidenedifluoride (PVDF) 

membranes (Roche) using a semi-dry apparatus (Peqlab, 

Germany). After blocking in 1% casein, membranes 

were incubated overnight with either iNOS (1:1000; 

Abcam, UK) or MT (1:1000; Stressgen, NY, USA) 

antibodies. Thereafter, the blots were stripped and re-

probed for β-actin (1:2000; Santa Cruz, CA, USA). 

Protein bands were finally revealed using horseradish 

peroxidase-conjugated secondary antibodies and 

chemiluminescence substrates (Roche) on X-ray films 

(Fujifilm, Japan). Bands were digitalized with ImageJ 

software (National Institutes of Health, Bethesda, MD, 

USA) and normalized to the corresponding β-actin band 

intensity. 

 

Immunocytochemistry 

Parent and Cd-resistant Caco-2 cells were seeded at 

the density of 8×103 cells in chamber slides (Nunc, 

Denmark) and treated with CdCl2, L-NAME or 10 µg/ml 

of lipopolysaccharide (LPS, Roche). Subsequently, cells 

were fixed with methanol-acetone (9:1) and incubated 

overnight with primary antibodies against iNOS (1:50) 

or MT (1:100) at 4 oC. Following incubation with 

biotinylated secondary antibodies (1:200) for 30 min at 

room temperature, DAB chromogen (Santa Cruz) was 

used as HRP substrate. Cells were then washed, slightly 

counterstained with Mayer's hematoxylin (Sigma) and 

slides were mounted with Faramount (Dako, Denmark). 

Microscopic evaluation of three randomly selected fields 

in each experiment was accomplished using OLYSIA 

software on Olympus microscope (Olympus, Center 

valley, PA).  

 

Statistical analysis 

The reported data are shown as the mean ± standard 

deviation (SD). Non-linear regression with least square 

roots was used to determine the IC50 values. Two-way 

analysis of variance (ANOVA) was applied to study the 

differences in Cd cytotoxicity in parent and resistant 

cells as well as the possible contribution of NO pathway. 

One-way ANOVA was used to compare iNOS and MT 

expression in different groups. Prism 5 (Graph Pad, San 

Diego, CA) was applied for statistical analysis and 

P<0.05 was considered statistically significant.  

 

Results 
 

The growth pattern of parent and Cd-resistant Caco-

2 cells 

Growth curves of parent and Cd-resistant Caco-2 

cells were determined by trypan blue dye exclusion 

assay. Both parent and resistant cells were proliferating 

exponentially; however Cd-resistant cells showed a 
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slower rate of growth (data not shown). Cd-resistant 

cells were used as a model of long-term exposure to Cd 

in this study. 

 

The effects of NO modulators on Cd cytotoxicity 

Cd elicited a dose-dependent cytotoxicity in Caco-2 

cells, and this effect was greater in parent (IC50: 

51.1±4.2 µM; r2: 0.91) compared to resistant cells (IC50: 

72.9±2.4 µM; r2: 0.96; P<0.05; Figure 1A). As depicted 

in Figure 1B, L-NAME (400 µM) and cPTIO did not 

induce cytotoxicity by themselves; however, L-NAME 

relatively decreased Cd cytotoxicity in parent cells (IC50 

(Cd+L-NAME): 81.27±3.02 µM; r2: 0.93; P<0.01; 

Figure 2A). Moreover, concurrent treatment of parent 

cells with cPTIO (50 µM) and different concentrations 

of Cd, resulted in a rightward shift in Cd dose-response 

curve (IC50 (Cd+cPTIO): 70.5±2.9 µM; r2: 0.95; P<0.05; 

Figure 2A). On the other hand, there was no significant 

difference between Cd and Cd+L-NAME (IC50: 

75.9±3.7 µM; r2: 0.92) or Cd+cPTIO (IC50: 74.2±3.4 

µM; r2: 0.9) in resistant cells (Figure 2B). 

 

 
Figure 1. Effects of Cd, L-NAME, and cPTIO on Caco-2 cells viability 

Caco-2 cells were incubated with increasing doses of CdCl2 up to 10 µM for at least 2 months and then treated with indicated doses of Cd for 48 

h (A). Parent and Cd-resistant Caco-2 cells were treated with L-NAME (400 µM) and cPTIO (50 µM) for 48 h (B), and a viability test was conducted 

using MTT assay 

 

 
Figure 2. Effects of L-NAME and cPTIO on Cd cytotoxicity 

Parent (A) and Cd-resistant (B) Caco-2 cells were treated with indicated doses of CdCl2 with/without L-NAME (400 µM) or cPTIO (50 µM) for 

48 h, and a viability test was performed using MTT assay 

 

 

Effect of Cd on iNOS and MT expression 

We observed by RT-PCR that iNOS expression was 

reduced (by 67±9 %) in Cd-resistant cells (P<0.05) in 

comparison to parent Caco-2 cells. But, acute treatment 

of neither parent nor resistant cells with different doses 

of Cd (10, 25, 50, 75 µM) did not alter iNOS mRNA 

expression (Figure 3). The iNOS protein level was also 

assessed by western blotting, and we observed a 55±8 % 

reduction of iNOS protein expression in chronic Cd 

treatment. However, acute exposure to Cd changed 

iNOS band intensity neither in parent nor in resistant 

cells (Figure 4A). 

MT protein expression was also assessed and we 

found that exposure to CdCl2 (10 µM) in parent cells led 

to 4.3±0.9 fold increase in MT protein synthesis 

compared to control (P<0.01), but this effect was not 

dose dependent and incrementing Cd doses up to 75 µM 

did not further increase MT band intensity compared to 
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10 µM Cd. Comparing parent and resistant cells, there 

was higher MT expression in resistant cells (P<0.01), 

but this amount of protein expression was not affected 

by acute treatment of resistant cells with Cd (Figure 4B). 

In addition, an inverse correlation was found between 

iNOS and MT expression in Cd-resistant Caco-2 cells 

(Pearson's r= -0.67, P<0.05). 

 

 
Figure 3. Effects of CdCl2 on iNOS mRNA expression 

Parent and resistant Caco-2 cells were incubated with indicated doses of CdCl2 for 48 h, and a semi-quantitative PCR was performed for the 

analysis of iNOS mRNA expression. Densitometric analysis of iNOS mRNA was accomplished, and data were normalized to the corresponding β-

actin band intensity (mean ± SD, n=3); *P<0.05 compared to parent cells 

 

 
Figure 4. Effects of CdCl2 on iNOS and MT protein expression 

Parent and resistant Caco-2 cells were incubated with indicated doses of CdCl2 for 48 h, and a western blot was performed for analysis of iNOS 

(A) and MT (B) protein expression. Band intensity of each protein was normalized to the corresponding β-actin as the internal control (mean ± SD, 

n=3); *P<0.05, **P<0.01 compared to control 

 

 

Immunocytochemical analysis of iNOS and MT 

expression 

Immunocytochemical (ICC) analysis of iNOS 

expression in parent Caco-2 cells showed a reduction of 

iNOS expression due to L-NAME (400 µM) or an 

induction due to LPS (10 µM) in both parent and 

resistant cells compared to control (data not shown). As 

shown in Figure 5, acute administration of Cd (50 µM) 

caused no change in iNOS expression of parent and 

resistant cells relative to control. However, we observed 

that prolong treatment of cells with Cd (10 µM) 

diminished iNOS expression. In addition, Cd caused MT 

synthesis induction in both parent and resistant cells 

(Figure 6). 
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Figure 5. Immunocytochemical analysis of iNOS localization in Caco-2 cells 

The expression of iNOS was investigated in Caco-2 parent (A) parent cells treated with Cd (50 µM) for 48 h (B), Cd-resistant (C) and Cd-

resistant cells treated with Cd (50 µM) for 48 h (D) 

 

 
Figure 6. Immunocytochemical analysis of MT localization in Caco-2 cells 

The expression of MT was investigated in Caco-2 parent (A) parent cells treated with Cd (50 µM) for 48 h (B), Cd-resistant (C) and Cd-resistant 

cells treated with Cd (50 µM) for 48 h (D) 

 

 

Discussion 
 

Cadmium (Cd) is considered as an important 

environmental and industrial contaminant (12). Previous 

studies showed the principal role of intestinal epithelium 

in Cd absorption in mammals (13,14). Although Cd2+ 

does not contribute to any biological function (15), it is 

associated with carcinogenesis (16) and cytotoxicity 

through the production of free radicals (17). Results of 

the present study showed that Cd dose-dependently 

reduced the number of viable Caco-2 cells. A variety of 

mechanisms has been suggested for Cd-mediated 

toxicity. Galan et al., showed that incubation of U-937 

human promonocytic cells with CdCl2 (2 h at 200 μM) 

caused intracellular oxidation as assessed by the 

peroxide and/or anion superoxide accumulation (18).  

In this study, we observed that L-NAME (an iNOS 

inhibitor) and cPTIO (an NO scavenger) could 

efficiently reduce Cd cytotoxicity in Caco-2 parent cells, 

suggesting a role for NO in Cd-induced cytotoxic 

effects. A previous study revealed that cPTIO prevented 
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hyperpermeability caused by proinflammatory cytokines 

in Caco-2 cells through reduced NO production (19), 

which might explain the protective effects of cPTIO 

against Cd toxicity. NO has been implicated in the 

modulation of carcinogenesis, mutagenicity and DNA 

damage (20). Moreover, increased iNOS expression has 

been observed in different tumors (6,21). It has been 

reported that prolonged exposure to sub-lethal levels of 

cadmium also causes human health problems (22). Cd 

increases carcinogenicity in various cell lines following 

chronic exposure (3). In this survey, continues exposure 

to low-dose Cd resulted in a cell line which developed 

resistance to Cd. In contrast to parent cells, L-NAME 

and cPTIO failed to produce a protective effect in 

resistant cells which reveals reformed NO pathway in 

these cells. In addition, these cells showed a lower level 

of iNOS mRNA and protein expression compared to 

parent Caco-2 cells. One may conclude that acute 

toxicity of Cd is mediated through NO, whereas in long-

term exposure, NO is neither involved nor protective 

against Cd. In this regard, Poliandri et al., have shown 

that NO protects anterior pituitary cells against long 

term Cd2+ toxicity (23). 

Our results illustrated that acute treatment (48 h) of 

parent and resistant Caco-2 cells with Cd did not change 

iNOS mRNA and protein expression. However, 

prolonged exposure resulted in a decreased iNOS 

mRNA and protein expression. Intriguingly, elevation of 

nitric oxide synthesis was realized in human skin 

(GM00637) and lung (IM090) fibroblast cells following 

Cd2+ exposure (24). Conversely, Cd inhibited iNOS 

activity in a human intestinal epithelial cell line, DLD-1 

(25). Furthermore, Harstad and colleagues described that 

iNOS do not mediate Cd-induced acute hepatotoxicity 

(26). It has also been observed that chronic Cd exposure 

up regulated iNOS and increased NO production in 

macrophages (27). These differences may be due to 

concentration, exposure time, and the cell type (23). 

Metallothionein can protect cells from Cd and 

oxidative stress mediated cytotoxicity (28). There is an 

inverse relationship between existent MT and the rate of 

apoptosis caused by Cd in various cell lines (29). As 

Kusakabe et al., demonstrated that Cd-induced MT 

protected Sertoli cells against apoptosis (30). 

Accordingly, our western blot, as well as ICC 

experiments, showed that acute exposure of Caco-2 cells 

to CdCl2 augmented MT expression and this elevated 

MT was persisted in prolonged exposure. It has been 

described that in order to achieve cadmium resistance, 

most cells raise the synthesis rate of MT to sequester 

intracellular Cd (31). Consistent with our results, Blais 

et al., indicated that MT content was increased in Caco-

2 cells exposed to long-term CdCl2 (0.1, 1, 5 µM) (32). 

Earlier studies showed that rate of MT mRNA and 

protein synthesis are connected greatly with Cd at low 

concentrations, confirming MT expression was not 

increased parallel to cytotoxicity of Cd in doses higher 

than 10 µM (33). Increased MT expression was detected 

in Caco-2 cells acquired resistance to CdCl2. Therefore, 

MT synthesis appears to be one of the mechanisms 

behind this resistance.  

We found a reduced expression of iNOS as well as 

an augmented MT expression in long-term exposure to 

Cd which shows a negative correlation between these 

two proteins (Pearson's r= -0.67, P<0.05). Our results 

suggested that NO may play a role in Cd-provoked 

cytotoxicity and MT might be important in the 

development of resistance to Cd. It was previously 

demonstrated that MT due to nucleophilicity protects 

cells against nitrogen-based radicals including NO (34). 

MT1 and MT2 were efficient against detrimental effects 

of NO in the tri-nitrobenzene sulfonic acid (TNBS)-

induced colitis (35). It was proposed that NO causes a 

conformational change in MT, releasing Zn2+ from this 

protein (36). Furthermore, NO can displace bound Zn2+ 

(and Cd2+) and release them both in vitro and within the 

cells (37). These observations imply that MT can serve 

as a defensive mechanism in NO-mediated Cd 

cytotoxicity.  

In conclusion, using Caco-2 cells as a model of Cd-

resistance colon carcinoma cell, we found that induction 

of NO pathway gives rise to acute Cd cytotoxicity. 

Additionally, MT expression was increased due to Cd 

exposure and might be involved in Cd detoxification and 

resistance. 

 

Acknowledgements 
 

The Authors would like to express their gratitude 

to Mr. H. Akbari and Mr. A. Kazemi for their 

technical assistance. This study was financially 

supported by grant number 88-04-33-9726 to S. N. 

Ostad from Deputy of Research, Tehran University 

of Medical Sciences. 

 

 

References 
 

1. Tchounwou PB, Yedjou CG, Patlolla AK, Sutton DJ. 

Heavy metal toxicity and the environment, In: Luch A, 

editor. Molecular, clinical and environmental toxicology. 

Berlin Heidelberg: Springer, 2012:133-64. 

2. Sarkar A, Ravindran G, Krishnamurthy V. A brief review 



F. Malekmarzban, et al. 

    Acta Medica Iranica, Vol. 56, No. 5 (2018)    293 

on the effect of cadmium toxicity: From cellular to organ 

level. Int J Biotechnol Res 2013;3:17-36. 

3. Lau AT, Chiu J-F. The possible role of cytokeratin 8 in 

cadmium-induced adaptation and carcinogenesis. Cancer 

Res 2007;67:2107-13. 

4. Poontawee W, Natakankitkul S, Wongmekiat O. 

Protective effect of Cleistocalyx nervosum var. paniala 

fruit extract against oxidative renal damage caused by 

cadmium. Molecules 2016;21:133. 

5. Hofseth LJ. Nitric oxide as a target of complementary and 

alternative medicines to prevent and treat inflammation 

and cancer. Cancer Lett 2008;268:10-30. 

6. Vannini F, Kashfi K, Nath N. The dual role of iNOS in 

cancer. Redox Biol 2015;6:334-43. 

7. Morales AI, Vicente-Sánchez C, Jerkic M, Santiago JM, 

Sánchez-González PD, Pérez-Barriocanal F, et al. Effect 

of quercetin on metallothionein, nitric oxide synthases 

and cyclooxygenase-2 expression on experimental 

chronic cadmium nephrotoxicity in rats. Toxicol Appl 

Pharmacol 2006;210:128-35. 

8. Chen S, Han J, Liu Y. Dual opposing roles of 

metallothionein overexpression in C57BL/6J mouse 

pancreatic β-cells. PLoS One 2015;10:e0137583. 

9. Andrews GK. Regulation of metallothionein gene 

expression by oxidative stress and metal ions. Biochem 

Pharmacol 2000;59:95-104. 

10. Davis SR, Cousins RJ. Metallothionein expression in 

animals: A physiological perspective on function. J Nutr 

2000;130:1085-8. 

11. Khan MU, Zhao W, Zhao T, Al Darazi F, Ahokas RA, 

Sun Y, et al. Nebivolol: A multifaceted antioxidant and 

cardioprotectant in hypertensive heart disease. J 

Cardiovasc Pharmacol 2013;62:445-51. 

12. Templeton DM, Liu Y. Multiple roles of cadmium in cell 

death and survival. Chem Biol Interact 2010;188:267-75. 

13. Breton J, Le Clere K, Daniel C, Sauty M, Nakab L, 

Chassat T, et al. Chronic ingestion of cadmium and lead 

alters the bioavailability of essential and heavy metals, 

gene expression pathways and genotoxicity in mouse 

intestine. Arch Toxicol 2013;87:1787-95. 

14. Duizer E, Gilde AJ, Versantvoort CH, Groten JP. Effects 

of cadmium chloride on the paracellular barrier function 

of intestinal epithelial cell lines. Toxicol Appl Pharmacol 

1999;155:117-26. 

15. Satarug S, Baker JR, Urbenjapol S, Haswell-Elkins M, 

Reilly PE, Williams DJ, et al. A global perspective on 

cadmium pollution and toxicity in non-occupationally 

exposed population. Toxicol Lett 2003;137:65-83. 

16. Bertin G, Averbeck D. Cadmium: Cellular effects, 

modifications of biomolecules, modulation of DNA repair 

and genotoxic consequences (a review). Biochimie 

2006;88:1549-59. 

17. Kitamura M, Hiramatsu N. The oxidative stress: 

Endoplasmic reticulum stress axis in cadmium toxicity. 

Biometals 2010;23:941-50. 

18. Galán A, Garcı́a-Bermejo MaL, Troyano A, Vilaboa NE, 

de Blas E, Kazanietz MG, et al. Stimulation of p38 

mitogen-activated protein kinase is an early regulatory 

event for the cadmium-induced apoptosis in human 

promonocytic cells. J Biol Chem 2000;275:11418-24. 

19. Han X, Fink MP, Delude RL. Proinflammatory cytokines 

cause no•-dependent and-independent changes in 

expression and localization of tight junction proteins in 

intestinal epithelial cells. Shock 2003;19:229-37. 

20. Murata M, Thanan R, Ma N, Kawanishi S. Role of 

nitrative and oxidative DNA damage in inflammation-

related carcinogenesis. Biomed Res Int 2012:1-11. 

21. de Oliveira GA, Cheng R, Ridnour LA, Basudhar D, 

Somasundaram V, McVicar DW, et al. Inducible nitric 

oxide synthase in the carcinogenesis of gastrointestinal 

cancers. Antioxid Redox Signal 2017;26:1059-77. 

22. Bonham RT, Fine MR, Pollock FM, Shelden EA. Hsp27, 

Hsp70, and metallothionein in MDCK and LLC-PK1 

renal epithelial cells: Effects of prolonged exposure to 

cadmium. Toxicol Appl Pharmacol 2003;191:63-73. 

23. Poliandri AH, Machiavelli LI, Quinteros AF, Cabilla JP, 

Duvilanski BH. Nitric oxide protects the mitochondria of 

anterior pituitary cells and prevents cadmium-induced cell 

death by reducing oxidative stress. Free Radic Biol Med 

2006;40:679-88. 

24. Prins JM, Fu L, Guo L, Wang Y. Cd2+-induced alteration 

of the global proteome of human skin fibroblast cells. J 

Proteome Res 2014;13:1677-87. 

25. Cavicchi M, Gibbs L, Whittle B. Inhibition of inducible 

nitric oxide synthase in the human intestinal epithelial cell 

line, DLD-1, by the inducers of heme oxygenase 1, 

bismuth salts, heme, and nitric oxide donors. Gut 

2000;47:771-8. 

26. Harstad EB, Klaassen CD. iNOS-null mice are not 

resistant to cadmium chloride-induced hepatotoxicity. 

Toxicology 2002;175:83-90. 

27. Ramirez DC, Gimenez MS. Induction of redox changes, 

inducible nitric oxide synthase and cyclooxygenase-2 by 

chronic cadmium exposure in mouse peritoneal 

macrophages. Toxicol Lett 2003;145:121-32. 

28. Haq F, Mahoney M, Koropatnick J. Signaling events for 

metallothionein induction. Mutat Res 2003;533:211-26. 

29. Shimoda R, Nagamine T, Takagi H, Mori M, Waalkes 

MP. Induction of apoptosis in cells by cadmium: 

Quantitative negative correlation between basal or 

induced metallothionein concentration and apoptotic rate. 

Toxicol Sci 2001;64:208-15. 



NO and MT in Cd toxicity 

294    Acta Medica Iranica, Vol. 56, No. 5 (2018)    

30. Kusakabe T, Nakajima K, Nakazato K, Suzuki K, Takada 

H, Satoh T, et al. Changes of heavy metal, 

metallothionein and heat shock proteins in sertoli cells 

induced by cadmium exposure. Toxicol In Vitro 

2008;22:1469-75. 

31. Himeno S. Application of metallothionein null cells to 

investigation of cadmium transport. J Inorg Biochem 

2002;88:207-12. 

32. Blais A, Lecoeur S, Milhaud G, Tomé D, Kolf-Clauw M. 

Cadmium uptake and transepithelial transport in control 

and long-term exposed Caco-2 cells: The role of 

metallothionein. Toxicol Appl Pharmacol 1999;160:76-

85. 

33. Wang J, Song Y, Elsherif L, Song Z, Zhou G, Prabhu SD, 

et al. Cardiac metallothionein induction plays the major 

role in the prevention of diabetic cardiomyopathy by zinc 

supplementation. Circulation 2006;113:544-54. 

34. Lazo JS, Kuo S-M, Woo ES, Pitt BR. The protein thiol 

metallothionein as an antioxidant and protectant against 

antineoplastic drugs. Chem Biol Interact 1998;111:255-

62. 

35. Altuner Y, Ayhanci A, Civi K, Ozden H, Ustuner D, 

Ustuner MC, et al. Protective effects of N (G)-nitro-l-

arginine methyl ester and metallothioneins on excess 

nitric oxide toxicity in trinitrobenzene sulfonic acid-

induced rat colitis. Anal Quant Cytol Histol 2010;32:166-

73. 

36. Zangger K, Öz G, Haslinger E, Kunert O, Armitage IM. 

Nitric oxide selectively releases metals from the amino-

terminal domain of metallothioneins: Potential role at 

inflammatory sites. FASEB J 2001;15:1303-5. 

37. Wang H, Li H, Cai B, Huang Z-X, Sun H. The effect of 

nitric oxide on metal release from metallothionein-3: 

Gradual unfolding of the protein. J Biol Inorg Chem 

2008;13:411-9. 

  

  


