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Summary 

     It is well known that Ca2+ is deeply involved in various cellular functions. Maintaining 

intracellular Ca2+ homeostasis is vital, as changes in intracellular Ca2+ concentration triggers 

many physiological functions. The disruption of intracellular Ca2+ homeostasis can even induce 

pathological changes or cell death. Therefore, it is reasonable to correlate excessive elevations 

in intracellular Ca2+ concentration with the cytotoxicity of chemical substances. However, there 

is little information on metal ions other than Ca2+ with regard to the cytotoxicity of chemical 

substances. Micromolar levels of ZnCl2 potentiate the cytotoxicity of hydrogen peroxide (H2O2) 

via the induction of oxidative stress while the chelator of intracellular Zn2+ completely 

attenuates the cytotoxicity of H2O2. It is necessary to examine the contribution of Zn2+ to the 

cytotoxicity of chemical compounds with applications in fields such as clinical practice and 

personal care. In this study, therefore, we first demonstrated that clinical concentrations of Zn2+ 

enhance the cytotoxicity of clinical levels of polysorbate 80, an injectable solubilizing agent, by 

increasing intracellular Zn2+ concentration. Secondly, we investigated the effect of an excessive 

increase in intracellular Zn2+ levels in cells especially vulnerable to oxidative stress by using 

zinc pyrithione, a Zn2+-ionophore. Finally, we clarified the relationship between the expression 

of cytotoxicity and cytoprotection, and changes in intracellular Zn2+ concentration by clioquinol, 

a membrane-permeable Zn2+ chelator that is currently being investigated as a treatment for 

Alzheimer's disease. From these studies, we drew conclusions about the relationship between 

the cytotoxicity of chemical substances and changes in intracellular Zn2+ concentration, and 

further considered the significance of environmental science and regional science in our results.  

     (1) Polysorbate 80, a non-ionic surfactant, is used in the formula of water-insoluble 

anticancer agents for intravenous application. In our recent studies, this surfactant decreased 

cellular thiol content and the chemicals decreasing cellular thiol content increased intracellular 

Zn2+ concentration. In this study using rat thymocytes, the effect of polysorbate 80 on FluoZin-3 

fluorescence, an indicator for intracellular Zn2+, and the influence of ZnCl2 on cytotoxicity of 

polysorbate 80 were examined in order to test the possibility that Zn2+ is involved in cytotoxic 

action of polysorbate 80. The surfactant at concentrations of 10 µg/ml or more significantly 

augmented FluoZin-3 fluorescent in a concentration-dependent manner, indicating an increase 

in intracellular Zn2+ concentration. The increase by polysorbate 80 was also observed after 

removing extracellular Zn2+, suggesting an intracellular Zn2+ release. The simultaneous 

application of polysorbate 80 (30 µg/ml) and ZnCl2 (10–30 µM) significantly increased cell 

lethality. The simultaneous application of ZnCl2 accelerated the process of cell death induced by 
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polysorbate 80 and the combination increased oxidative stress. Results may indicate that the 

cytotoxicity of polysorbate 80 at clinical concentrations is modified by micromolar zinc. 

Although there is no clinical report that polysorbate 80 and zinc salt are simultaneously applied 

to human as far as our knowledge, it may be speculated that zinc induces some diverse actions 

in cancer treatment with water-insoluble anticancer agent including nanoparticle drug of which 

the solvent is polysorbate 80. (2) Zinc pyrithione is used as an antifouling agent. However, the 

environmental impacts of zinc pyrithione have recently been of concern. Zinc induces diverse 

actions during oxidative stress; therefore, we examined the effect of zinc pyrithione on rat 

thymocytes suffering from oxidative stress using appropriate fluorescent probes. The 

cytotoxicity of zinc pyrithione was not observed when the cells were incubated with 3 µM zinc 

pyrithione for 3 h. However, zinc pyrithione at nanomolar concentrations (10 nM or more) 

significantly increased the lethality of cells suffering from oxidative stress induced by 3 mM 

H2O2. The application of zinc pyrithione alone at nanomolar concentrations increased 

intracellular Zn2+ level and the cellular content of superoxide anions, and decreased the cellular 

content of nonprotein thiols. The simultaneous application of nanomolar zinc pyrithione and 

micromolar H2O2 synergistically increased the intracellular Zn2+ level. Therefore, zinc 

pyrithione at nanomolar concentrations may exert severe cytotoxic action on cells 

simultaneously exposed to chemicals that induce oxidative stress. (3) Clioquinol, a lipophilic 

Zn2+ chelator, has emerged as a potential novel therapeutic agent for several diseases such as 

cancer and Alzheimer’s disease. Clioquinol has different effects on the intracellular Zn2+ 

concentrations in rat thymocytes, depending on its concentration and extracellular Zn2+ levels. 

In this study, we examined the effect of clioquinol on cells under oxidative stress induced by 

H2O2 by using a conventional flow cytometric technique with appropriate fluorescent probes. 

We observed a bell-shaped relationship between the clioquinol concentration and changes in 

H2O2 cytotoxicity; H2O2-induced cytotoxicity was the highest at a clioquinol concentration of 

100 nM. Zn2+ chelators significantly decreased the clioquinol-induced increase in H2O2 

cytotoxicity. A bell-shaped curve was observed between the increase in H2O2-induced 

cytotoxicity by clioquinol and the intracellular Zn2+ concentrations, although the maximal 

increases in Zn2+ levels were induced by 300 nM clioquinol. In addition, clioquinol at 

concentrations ≥100 nM exerted antioxidant activity by decreasing the cellular oxidant levels. 

Thus, clioquinol can exert pro-oxidant or antioxidant effects, depending on its concentration and 

the extracellular concentration of Zn2+. Because of the unique Zn2+-dependent effects and 

toxicological profile of clioquinol, clioquinol should be considered for clinical use.  
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     As described above, the chemical has Zn2+-dependent cytotoxicity, suggesting that the 

cytotoxicity of chemical substances is enhanced in the presence of Zn2+. There are many 

chemical substances around us, and their cytotoxicity may develop because of coexistence with 

Zn2+. The related concerns of note are as follows. Emissions from activities such as metal 

mining, inorganic pigment manufacturing, inorganic chemical industrial product manufacturing, 

surface-treated steel manufacturing, and electroplating, are a considerable source of 

environmental zinc exposure. According to the provisions in the Water Pollution Control Law 

in Japan, the permissible zinc levels of wastewater from business establishments are set at 2 

mg/L or lower (calculated molar concentration: 30.6 µM). Zinc levels in river water of some 

countries are 2.1–301.3 µM. In our study, ZnCl2 at 30 µM markedly potentiated the cytotoxicity 

of PS80 in vitro. The in vitro concentrations of ZnCl2 are lower than the levels in river water, 

but they still potentiated the cytotoxicity of some chemical compounds. Thus, zinc is a critical 

factor that must be taken into consideration with regard to environmental conservation (or 

protection). It is necessary to consider the chemicophysical properties of compounds that may 

increase membrane Zn2+ permeability or form a membrane-permeable complex with Zn2+. The 

concentration of zinc in the river water of Tokushima City is 0.005 mg/L, which is not a 

problematic level. However, the zinc concentration of river sediments varies depending on the 

geology and deposits in the area. Regional distribution of each element is shown in the 

geochemical map as important, basic, national information at the National Geological Survey 

Center of National Institute of Advanced Industrial Science and Technology. Therefore, it is 

necessary to manage chemical substances with zinc levels in river water and sediments in the 

future.  
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1. Introduction 

     While it is well-known now that Ca2+ is deeply involved in various cellular functions 

(Bootman et al., 2006; Iino, 2010), it was the role of Ca2+ in muscle contraction that was 

discovered first (Ebashi and Endo, 1968; Fye, 1984). The subsequent discovery of the Ca2+ 

receptor protein, calmodulin, also greatly progressed research on the role of Ca2+ in intracellular 

signaling (Kakiuchi and Yamazaki, 1970; Cheung, 1980). Maintaining intracellular Ca2+ 

homeostasis is vital, as changes in intracellular Ca2+ concentration triggers many physiological 

functions (Caafoli, 1987). The disruption of intracellular Ca2+ homeostasis can even induce 

pathological changes or cell death (Schanne et al., 1979). Many studies have shown that 

cytotoxic chemical substances, including organometallic compounds, induce an excessive 

increase in the intracellular Ca2+ concentration (Nicotera et al., 1992). Extracellular Ca2+ 

concentrations exceed intracellular concentrations by 10,000-fold or more, and changes in 

membrane ionic permeability induced by chemical substances can lead to an excessive increase 

in intracellular Ca2+ concentration. In addition, it is also well known that Ca2+ release from the 

endoplasmic reticulum (i.e., intracellular Ca2+ stores) by chemical substances causes Ca2+ 

depletion and subsequent store-operated Ca2+ influx (i.e., elevation of intracellular Ca2+ 

concentration) (Parekh and Penner, 1997; Smani et al., 2004). Therefore, it is reasonable to 

correlate excessive elevations in intracellular Ca2+ concentration with the cytotoxicity of 

chemical substances. However, there is little information on metal ions other than Ca2+ with 

regard to the cytotoxicity of chemical substances. We found that cell viability is markedly 

reduced by simultaneous incubation with clotrimazole (CTZ), an antifungal agent, and cadmium 

(CdCl2), an environmental pollutant (Oyama et al., 2006). This was due to a CTZ-induced 

increase in membrane Cd2+ permeability (Oyama et al., 2007). As the experimental combination 

of CTZ and CdCl2 is unusual, our process is briefly explained below. Horimoto et al. (2006) 

reported that CTZ suppressed Ca2+-dependent cell death. Additionally, it has been suggested 

that Ca2+ is involved in the cytotoxicity of several heavy metals (Schanne et al., 1979). Thus, the 

possibility that CTZ suppresses cell death induced by CdCl2 was considered. In the experiment 

described above, results rejecting this hypothesis were obtained (Oyama et al., 2006, 2007). The 

possibility that Zn2+ may be involved in the cytotoxicity of chemical substances, including 

pharmaceuticals, was suggested because Zn2+ and Cd2+ belong to the same category in the 

periodic table. In fact, it has been reported that a combination of imidazole antifungals 

(including CTZ) and ZnCl2 markedly reduced cell viability, with antifungals markedly 

increasing membrane Zn2+ permeability (Matsui et al., 2008). Furthermore, micromolar levels 
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of ZnCl2 have been found to potentiate the cytotoxicity of hydrogen peroxide (H2O2) via the 

induction of oxidative stress (Matsui et al., 2010). It is necessary to examine the contribution of 

Zn2+ to the cytotoxicity of chemical compounds with applications in fields such as clinical 

practice and personal care. Therefore, we first demonstrated that clinical concentrations of Zn2+ 

enhance the cytotoxicity of clinical levels of polysorbate 80, an injectable solubilizing agent, by 

increasing intracellular Zn2+ concentration (Oyama et al., 2010). Secondly, we investigated the 

effect of an excessive increase in intracellular Zn2+ levels in cells especially vulnerable to 

oxidative stress by using zinc pyrithione, a Zn2+-ionophore (Oyama et al., 2012). Finally, we 

clarified the relationship between the expression of cytotoxicity and cytoprotection, and changes 

in intracellular Zn2+ concentration by clioquinol, a membrane-permeable Zn2+ chelator that is 

currently being investigated as a treatment for Alzheimer's disease (Oyama et al., 2012, 2014). 

From these studies, we drew conclusions about the relationship between the cytotoxicity of 

chemical substances and changes in intracellular Zn2+ concentration, and further considered the 

significance of environmental science and regional science in our results.  

 

2. Materials and Methods 

2.1. Chemicals 

2.1.1. Chemicals – PS80 study 

     Polysorbate 80 was purchased from Wako Pure Chemicals (Osaka, Japan).  Chelators 

for Zn2+, diethylenetriamine-N,N,N',N",N"-pentaacetic acid (DTPA) and 

N,N,N',N'-tetrakis(2-pyridylmethyl)ethylenediamine (TPEN), were obtained from Dojin 

Chemical Laboratory (Kumamoto, Japan).  Fluorescent probes, annexin V-fluorescein 

isothiocianate (annexin V-FITC), propidium iodide, FluoZin3-pentaacetoxymethyl ester 

(FluoZin3-AM), dihydroethidium, 5-chloromethylfluorescein diacetate (5-CMF-DA), and 

5-(and-6)-carboxy-2',7'-dichlorofluorescin diacetate (DCFH-DA) were the products of 

Molecular Probes Inc. (Eugene, Oregon, USA).  NaCl, MgCl2, KCl, glucose, HEPES, NaOH, 

ZnCl2, and dimethyl sulfoxide (DMSO) were also purchased from Wako Pure Chemicals.  

Final concentration of DMSO as a solvent for TPEN, FluoZin3-AM, DCFH-DA and 

5-CMF-DA in cell suspension was 0.3 % or less.  The incubation with DMSO at 0.3 % or less 

did not affect the viability of rat thymocytes during experiments. 

2.1.2. Chemicals – ZP study 

     Zinc pyrithione, NaCl, CaCl2, MgCl2, KCl, glucose, HEPES, NaOH, dimethyl sulfoxide 

(DMSO) and H2O2 were obtained from Wako Pure Chemicals (Osaka, Japan).  Zinc chelator, 
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N,N,N',N'-tetrakis[2-pyridylmethyl]ethylenediamine (TPEN), was obtained from Dojin 

Chemical Laboratory (Kumamoto, Japan).  FluoZin-3-AM, 5-chloromethylfluorescein 

diacetate (5-CMF-DA), dihydroethidium and propidium iodide were products of Molecular 

Probes Inc. - Invitrogen (Eugene, Oregon, USA).  Zinc pyrithione, TPEN, FluoZin-3-AM, 

5-CMF-DA, and dihydroethidium were initially dissolved with DMSO.  Final concentration of 

DMSO in cell suspension (0.2% or less) did not affect fluorescence and cell viability. 

2.1.3. Chemicals – CQ study 

   Clioquinol was purchased from Biolmol/Enzo Life Sciences Inc. (Farmingdale, NY, USA).  

The purity of clioquinol was 98% (Thin-layer chromatography, 5% methanol/methylene 

chloride + 0.5% NH4OH; Rf = 0.25).  Clioquinol was initially dissolved in dimethyl sulfoxide 

(DMSO) just before use.  Subsequently, the DMSO solution was added to the cell suspension.  

The final concentration of DMSO was 0.1%.  The viability of rat thymocytes did not change 

after treatment with 0.3% DMSO. 

   NaCl, CaCl2, MgCl2, KCl, glucose, HEPES, NaOH, DMSO, and H2O2 were obtained from 

Wako Pure Chemicals (Osaka, Japan).  The Zn2+ chelators 

diethylenetriamine-N,N,N',N'',N''-pentaacetic acid (DTPA) and 

N,N,N',N'-tetrakis(2-pyridylmethyl)ethylenediamine (TPEN) were obtained from Dojin 

Chemical Laboratory (Kumamoto, Japan).  FluoZin-3-AM, propidium iodide, 

5-(and-6)-chloromethyl-2',7'-dichlorodihydrofluorescein diacetate (CM-H2DCF-DA), and 

5-chloromethylfluorescein diacetate (5-CMF-DA) were obtained from Molecular Probes Inc. 

Invitrogen (Eugene, OR, USA). 

2.2. Animals and cell preparation 

     This study was approved by the Committee for Animal Experiments in the University of 

Tokushima (No. 05279). 

     The procedure to prepare cell suspension was similar to that previously reported 

(Chikahisa and Oyama, 1992; Chikahisa et al., 1996).  In brief, thymus glands dissected from 

ether-anesthetized rats (Wistar strain, Charles River Laboratories, Yokohama, Japan) were 

sliced at a thickness of 400-500 µm with razor under an ice-cold condition (1-4ºC).  We chose 

Wistar strain because it is currently one of the most popular rat strains used for laboratory 

research and both Sprague Dawley rat and Long-Evans rat strains were developed from Wistar 

rats.  The slices of thymus glands were triturated by gently shaking in chilled normal Tyrode’s 

solution (in mM: NaCl 150, KCl 5, CaCl2 2, MgCl2 1, glucose 5, HEPES 5, with an appropriate 

amount of NaOH to adjust pH to 7.3-7.4) or Ca2+-free Tyrode's solution (in mM: NaCl 150, KCl 
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5, MgCl2 3, glucose 5, HEPES 5, with an appropriate amount of NaOH to adjust pH to 7.3-7.4) 

to dissociate thymocytes.  Thereafter, Tyrode's solution containing the cells was passed 

through a mesh (a diameter of 10 µm) to prepare the cell suspension (about 5 × 105 cells/ml).  

The beaker containing the cell suspension was water-bathed at 36ºC for 1 h at least before the 

experiment.  Twenty-five rats were used in this study.  Each experiment was carried out with 

the cells obtained a single animal.  Each result was obtained from four experiments at least. 

     Thymocyte is used for a model experiment of cytotoxicity induced by chemical 

compounds because of following reasons.  First, cell membranes are remained intact because 

single cells are prepared without any enzymatic treatment.  Second, several types of hormones, 

biological compounds, and chemicals induce cell death including apoptosis in thymocytes 

(Quaglino and Ronchetti, 2001).  Especially, polysorbate 80 is used as a solvent for some 

anticancer agents.  Some agents increase the incidence of thymus atrophy (Choyke et al., 1987; 

Hendrickx and Dohring, 1989; Chung et al., 2006; Gruver and Sempowski, 2008).  Third, the 

process of cell death in thymocytes is well defined (McConkey et al., 1994). 

2.3. Experimental protocol 

2.3.1. Experimental protocol – PS80 study 

     Polysorbate 80, ZnCl2, and their combination were respectively added to the cell 

suspension (2 ml cell suspension in each 10 ml test tube).  To examine the effects of 

zinc-chelators, respective chelator was added to the suspension at 1-2 min before applying 

polysorbate 80, ZnCl2, or their combination.  The cells were incubated with the agent(s) at 

36 °C under room air condition.  The incubation time was dependent on each experimental 

purpose.  The data acquisition of fluorescence from 2500 cells by a flow cytometer required 30 

sec at maximum. 

2.3.2. Experimental protocol – ZP study 

     H2O2 (2 µL) was added to the cell suspension (2 mL). The cell density was about 5 × 105 

cells/mL. To examine the effect of zinc pyrithione, the agent was added to the suspension just 

before applying H2O2. The cells were incubated with zinc pyrithione and H2O2 at 36–37 °C. The 

data acquisition of fluorescence from 2 × 103 cells by a flow cytometer required at least 10 s. 

Effect of H2O2 at concentrations of 1, 3, and 10 mM on thymocytes has been examined in 

previous studies (Nagano et al., 1997; Matsui et al., 2009). Thymocytes were tolerant to the 

oxidative stress induced by 1 mM H2O2 during a period of 3 h after adding H2O2 to cell 

suspensions. However, it was likely that H2O2 at 3–10 mM was lethal for thymocytes during 

exposure lasting 2 h or longer because prolonged exposure of thymocytes to 3 mM H2O2 
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produced a time-dependent increase in the number of dead cells and/or cells having 

compromised membranes. The time-dependent change in the cell lethality (or the population of 

cells with propidium fluorescence) in the presence of 10 mM H2O2 was more rapid than that in 

the presence of 3 mM H2O2. The incubation with 10 mMH2O2 for 2 h ensured a large increase 

(more than 40%) in cell lethality that was suitable to examine the protective action of the agent 

against oxidative stress induced by H2O2. On the other hand, incubation with 3 mM H2O2 for 2 

h induced a small increase (10–20%) in cell lethality that was suitable to examine the 

potentiation. 

2.3.3. Experimental protocol – CQ study 

  Clioquinol (2 µL in DMSO) was added at various concentrations to cell suspensions (2 mL).  

The cell density was approximately 5 × 105 cells/mL. The acquisition of fluorescence data by 

using flow cytometry from 2 × 103 cells required at least 10 s. Oxidative stress was induced by 

300 µM H2O2. Cell death in rat thymocyte suspensions under control conditions was 5–6% and 

did not change during the experiment (4 h), while incubation with 300 µM H2O2 for 3–4 h 

increased the rate of cell death to 10–20%. The cells incubated with 300 µM H2O2 for 3–4 h 

completely depleted cellular glutathione (Chikahisa et al., 1996). FluoZin-3 fluorescence was 

monitored at 2 h after applications of clioquinol alone, H2O2 alone, and their combination 

because the peak response was obtained within 2 h after the application. 

2.4. Fluorescence measurements of cellular and membrane parameters 

2.4.1. Measurements – PS80 study 

     The methods for measurements of cellular and membrane parameters using a flow 

cytometer equipped with an argon laser (CytoACE-150, JASCO, Tokyo, Japan) and fluorescent 

probes were similar to those previously described (Chikahisa and Oyama, 1992; Chikahisa et al., 

1996; Matsui et al., 2008).  The fluorescence was analyzed by JASCO software (Ver.3XX, 

JASCO).  From chemicals, except for fluorescent probes, used in this study, there was no 

fluorescence under our experimental condition. 

     To assess cell lethality, propidium iodide was added to cell suspension to achieve a final 

concentration of 5 µM.  Since propidium stains dead cells, the measurement of propidium 

fluorescence from cells provides a clue to estimate the lethality.  The fluorescence was 

measured at 2 min after the application of propidium iodide by a flow cytometer.  Excitation 

wavelength for propidium was 488 nm and emission was detected at 600 ± 20 nm. 

     FluoZin-3-AM (Gee et al., 2002) was used as an indicator for intracellular Zn2+.  The 

cells were incubated with 500 nM FluoZin-3-AM for 60 min before any fluorescence 
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measurements to estimate the change in intracellular Zn2+ concentration of rat thymocytes with 

intact membranes.  FluoZin-3 fluorescence was measured from the cells that were not stained 

with 5 µM propidium iodide (Matsui et al., 2008).  Excitation wavelength for FluoZin-3 was 

488 nm and emission was detected at 530 ± 20 nm. 

     5-CMF-DA was used to monitor the change in cellular content of nonprotein thiols 

(Chikahisa et al., 1996).  The cells were incubated with 1 µM 5-CMF-DA for 30 min before 

any fluorescence measurements. 5-CMF fluorescence was measured from the cells that were not 

stained with 5 µM propidium iodide.  Excitation wavelength for 5-CMF was 488 nm and 

emission was detected at 530 ± 15 nm. 

     Dihydroethidium and DCFH-DA were used to detect intracellular reactive oxygen species.  

The cells were respectively incubated with dihydroethidium and DCFH-DA at 10 µM for 60 

min before any fluorescence measurement.  Excitation wavelength was 488 nm and emissions 

were detected at 530 ± 20 nm for DCFH-DA experiment and at 600 ± 15 nm for 

dihydroethidium experiment. 

     The exposure of phosphatidylserine on outer thymocyte membranes was detected by 

using annexin V-FITC and propidium iodide (Nakata et al., 1999, Oyama et al., 1999).  The 

excitation wavelength for the fluorescent dyes was 488 nm.  The emissions were detected at 

530 ± 20 nm for FITC (annexin V binding to membranes) and 600 ± 20 nm for propidium 

iodide. 

2.4.2. Measurements – ZP study 

     The methods for measurements of cellular and membrane parameters using a flow 

cytometer equipped with an argon laser (CytoACE-150; JASCO, Tokyo, Japan) and fluorescent 

probes were similar to those previously described (Chikahisa et al., 1996; Matsui et al., 2008).  

The fluorescence was analyzed by JASCO software (Version 3.06; JASCO).  There was no 

fluorescence from reagents used in this study, except for fluorescent probes, under our 

experimental conditions. 

     To assess cell lethality, propidium iodide was added to cell suspensions to achieve a final 

concentration of 5 µM.  Because propidium stains dead cells, the measurement of propidium 

fluorescence from cells provides information regarding lethality.  The fluorescence was 

measured 2 min after the application of propidium iodide by a flow cytometer.  The excitation 

wavelength for propidium was 488 nm and emission was detected at 600 ± 20 nm. 

     FluoZin-3-AM (Gee et al., 2002) was used as an indicator for intracellular Zn2+.  The 

cells were incubated with 500 nM FluoZin-3-AM for 60 min before any fluorescence 
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measurements to estimate the change in intracellular Zn2+ level of rat thymocytes with intact 

membranes.  FluoZin-3 fluorescence was measured in the cells that were not stained with 5 

µM propidium iodide (Matsui et al., 2008).  The excitation wavelength for FluoZin-3 was 488 

nm and emission was detected at 530 ± 20 nm. 

     5-CMF-DA was used to monitor the change in cellular content of nonprotein thiols 

(Chikahisa et al., 1996).  The cells were incubated with 1 µM 5-CMF-DA for 30 min before 

any fluorescence measurements.  5-CMF fluorescence was measured in the cells that were not 

stained with 5 µM propidium iodide.  The excitation wavelength for 5-CMF was 488 nm and 

emission was detected at 530 ± 15 nm. 

     Dihydroethidium was used to detect intracellular superoxide anions (Fink et al., 2004).  

The cells were incubated with 10 µM dihydroethidium for 60 min before any fluorescence 

measurement.  The excitation wavelength was 488 nm and emission was detected at 600 ± 15 

nm. 

2.4.3. Measurements – CQ study 

   The methods for measuring the cellular and membrane parameters using a flow cytometer 

equipped with an argon laser (CytoACE-150; JASCO, Tokyo, Japan) and fluorescent probes 

were similar to those previously described (Chikahisa et al., 1996; Matsui et al., 2008). 

Fluorescence was analyzed using the JASCO software (Version 3.06; JASCO, Tokyo, Japan).  

Under our experimental conditions, no fluorescence was observed from the reagents used in the 

study, except from the fluorescent probes. 

To assess cell death, propidium iodide was added to the cell suspensions at a final 

concentration of 5 µM.  Propidium iodide only stains dead cells, and thus measurement of the 

intensity of propidium iodide fluorescence is an indicator of cell death.  Fluorescence was 

measured using flow cytometry 2 min after application of propidium iodide.  The excitation 

wavelength used for measuring the fluorescence of propidium iodide was 488 nm and the 

emission wavelength was 600 ± 20 nm. 

FluoZin-3-AM was used as an indicator of intracellular Zn2+ levels (Gee et al., 2002). Cells 

were incubated with 500 nM FluoZin-3-AM for 60 min before fluorescence measurements were 

performed to estimate the changes in the intracellular Zn2+ concentrations in rat thymocytes 

with intact membranes.  FluoZin-3 fluorescence was measured in cells that were not stained 

with propidium iodide (Matsui et al., 2008). The excitation wavelength used to determine 

FluoZin-3 fluorescence was 488 nm and the emission wavelength was 530 ± 20 nm. 

CM-H2DCF-DA was used to determine the cellular oxidant levels (Koopman et al., 2007). 
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Cells were incubated with 3 µM CM-H2DCF-DA for at least 30 min before fluorescence 

measurements were performed. Fluorescence (CM-DCF fluorescence) after cellular hydrolysis 

and oxidation of CM-H2DCF-DA was monitored in cells with intact membranes.  The 

excitation wavelength used to determine CM-DCF fluorescence was 488 nm and the emission 

wavelength was 530 ± 20 nm. 

2.5. Statistics 

     Values were expressed as the mean ± standard deviation of 4 experiments.  Statistical 

analysis was performed by using Tukey multivariate analysis.  A P value of < 0.05 was 

considered significant. 

 

3. Results 

3.1. PS80 study 

3.1.1. Increase in the intensity of FluoZin-3 fluorescence by polysorbate 80 

     Polysorbate 80 at 10 µg/ml or more increased the intensity of FluoZin-3 fluorescence in a 

time-dependent manner and the action reached a steady-state level within 1 h.  As shown in 

Fig. 1, the incubation of cells with polysorbate 80 at 10 and 30 µg/ml for 1 h shifted the 

histogram of FluoZin-3 fluorescence to a direction of higher intensity while it was not the case 

for 3 µg/ml0.  Concentration-dependent change in the intensity of FluoZin-3 fluorescence by 

polysorbate 80 at concentrations ranging from 1 µg/ml to 300 µg/ml is summarized in Fig. 2.  

Polysorbate 80 at 10 µg/ml started to significantly increase the intensity.  Further increase in 

the concentration (up to 100 µg/ml) induced further significant increase in the intensity.  The 

increase in fluorescence by 300 µg/ml was similar to that by 100 µg/ml.  From the results 

described above, it is suggested that polysorbate 80 at concentrations of 10 µg/ml or more 

increases intracellular Zn2+ concentration. 
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Figure 1 

 

 
 

Fig. 1. Effect of polysorbate 80 on FluoZin-3 fluorescence of rat thymocytes.  The histogram 

of FluoZin-3 fluorescence was constructed with 2000 cells.  Effect was examined at 1 h after 

the start of application.  It is noted that the shift of histogram to a direction of higher intensity 

of FluoZin-3 fluorescence indicates an increase in intracellular Zn2+ concentration. 
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Figure 2 

 

 
 

Fig. 2. Concentration-dependent augmentation of FluoZin-3 fluorescence by polysorbate 80 at 

concentrations ranging from 1 µg/ml to 300 µg/ml.  Column and bar indicate mean intensity 

and its standard deviation of four experiments, respectively.  Asterisks (*, **) show significant 

difference (P < 0.05, P < 0.01) between control group (CONTROL) and the group of cells 

treated with polysorbate 80 (POLYSORBATE 80) 

 

3.1.2. Effects of Zn2+-chelators and ZnCl2 on the augmentation of FluoZin-3 fluorescence by 

polysorbate 80 

     To examine the source of Zn2+ for the augmentation of FluoZin-3 fluorescence by 

polysorbate 80, the effects of Zn2+-chelators, DTPA and TPEN, were tested.  The incubation 

with 10 µM TPEN, a chelator for extra- and intracellular Zn2+, completely diminished the 

augmentation of FluoZin-3 fluorescence by 30 µg/ml polysorbate 80 (Fig. 3).  Thus, it is 

suggested that the augmentation by polysorbate 80 is dependent on Zn2+.  In the presence of 10 

µM DTPA, a chelator for extracellular Zn2+, polysorbate 80 at 30 µg/ml significantly increased 

the intensity of FluoZin-3 fluorescence (Fig. 3), suggesting that the release of intracellular Zn2+ 

is involved in the augmentation of FluoZin-3 fluorescence by polysorbate 80.  However, the 

degree of augmentation of FluoZin-3 fluorescence by polysorbate 80 in the presence of DTPA 

was lower than that in the absence of DTPA.  The cells suspension contained Zn2+ derived 

from cell preparation although the Tyrode's solution was prepared without ZnCl2 (Sakanashi et 

al., 2009).  Thus, it cannot be ruled out the possibility that polysorbate 80 at 30 µg/ml 

increases membrane Zn2+ permeability, resulting in the influx of Zn2+.  Therefore, the effect of 
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extracellularly-applied ZnCl2 was tested.  As shown in Fig. 3, in the presence of 10 µM ZnCl2, 

polysorbate 80 at 30 µg/ml significantly and further increased the intensity of FluoZin-3 

fluorescence although the base level of FluoZin-3 fluorescence was greatly increased.  It is 

suggested that polysorbate 80 at 30 µg/ml increases membrane Zn2+ permeability. 

 

Figure 3 

 

 
 

Fig. 3. Effects of polysorbate 80 on FluoZin-3 fluorescence in presence of TPEN, DTPA, and 

ZnCl2.  Column and bar show mean intensity and its standard deviation, respectively, of four 

experiments.  Asterisk (**) indicates significant difference (P < 0.01) between paired columns 

in absence and presence of polysorbate 80.   

 

3.1.3. Effects of extracellularly-applied ZnCl2 on the cytotoxicity induced by polysorbate 80 

      It is likely that polysorbate 80 at 30 µg/ml increases membrane Zn2+ permeability and 

releases intracellular Zn2+, resulting in the increase in intracellular Zn2+ concentration.  To see 

if the increase in intracellular Zn2+ concentration modifies the cytotoxicity of polysorbate 80, 

the effect of extracellularly-applied ZnCl2 was tested.  As shown in Fig. 4, the incubation of 

cells with 30 µM ZnCl2 or 30 µg/ml polysorbate 80 for 3 h slightly increased the population of 

cells exerting propidium fluorescence.  On the other hand, the simultaneous application of 

ZnCl2 and polysorbate 80 greatly increased the population (Fig. 4).  Effect of ZnCl2 at 
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concentrations ranging from 10 µM to 100 µM on the cytotoxicity of 30 µg/ml polysorbate 80 is 

summarized in Fig. 5.  The incubation time with ZnCl2, polysorbate 80, or their combination 

was 3 h.  The time-dependent increase in the population of cells exerting propidium 

fluorescence was observed in the case of simultaneous application of polysorbate 80 and ZnCl2 

during the incubation.  While ZnCl2 alone at concentrations ranging from 10 µM to 100 µM 

increased the population only by 10 % or less, ZnCl2 greatly augmented the cytotoxicity of 

polysorbate 80 in a concentration-dependent manner (Fig. 5).  In the case of 30 µg/ml 

polysorbate 80 with 100 µM ZnCl2, the population of cells exerting propidium fluorescence was 

90.5 ± 4.4 % (mean ± SD of 4 experiments). 

 

Figure 4 

 

 

 
Fig. 4. The histograms of propidium fluorescence monitored from the cells treated with ZnCl2, 

polysorbate 80, and their combination.  The histogram was obtained at 3 h after the start of 

respective application.  The line under histogram shows the cells exerting propidium 

fluorescence, presumably dead cells or the cells with compromised membranes.  The 

histogram was constructed with 2000 cells. 
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Figure 5 

 

 
 
Fig. 5. Effect of ZnCl2 on the cell lethality of rat thymocytes in absence (upper panel) and 

presence (lower panel) of polysorbate 80.  Column and bar respectively indicate mean lethality 

and its standard deviation of four experiments.  Asterisks (*, **) respectively indicate 

significant difference (P < 0.05, P < 0.01) between respective control and ZnCl2-treated group. 

 

3.1.4. Type of cell death induced by simultaneous application of ZnCl2 and polysorbate 80 

     The increase in population of cells exerting propidium fluorescence by simultaneous 

application of polysorbate 80 and ZnCl2 was associated with the increase in population of 

shrunken cells (Fig. 6).  Cell shrinkage is one of parameters during early stage of apoptosis 

(Klassen et al., 1993; Beauvais et al., 1995; Bortner and Cidlowski, 1998).  To confirm an 

externalization of phosphatidylserine that is also a parameter for early stage of apoptosis, the 

cells were incubated with annexin V-FITC.  The cells with phosphatidylserine exposed on 

outer surface of membranes become annexin V-positive cells exerting FITC fluorescence.  The 

incubation of cells with polysorbate 80 at 30 µg/ml for 2 h significantly increased the 

populations of annexin V-positive living cells (area A in Fig. 7).  The incubation time was 2 h 

for the experiment using annexin V-FITC because further incubation induced great decrease in 

cell viability (Fig. 5).  The combination of polysorbate 80 with 30 µM ZnCl2 greatly increased 

the populations of annexin V-positive living cells and annexin V-positive cells exerting 

propidium fluorescence, dead cells (area AP in Fig. 7), resulting in the decrease in population of 

intact living cells (area N in Fig. 7).  Results are summarized in Fig. 8.  The combination of 

polysorbate and ZnCl2 induced profound increase in population of annexin V-positive living 
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cells when the incubation time was 2 h.  Increase in intracellular Zn2+ concentration may 

prompt the process of apoptotic cell death induced by polysorbate 80.  However, the 

population of cells containing hypodiploid DNA in simultaneous presence of 30 µg/ml 

polysorbate 80 and 30 µM ZnCl2 was less than 5 % (not shown) while that of cells exerting 

propidium fluorescence, dead cells, was more than 40 % (Fig. 8).  Thus, main type of cell 

death by the combination of polysorbate 80 and ZnCl2 seems to be necrosis with some apoptotic 

characteristics. 

(Figures 6, 7, and 8 near here) 

Figure 6 

 

 

 
Fig. 6. Effects of polysorbate 80, ZnCl2, and their combination on the intensity of forward 

scatter of rat thymocytes.  The histogram was constructed with 2000 cells.  The effect was 

examined at 2 h after the start of application. 
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Figure 7 

 

 
 

Fig. 7. Effects of ZnCl2, polysorbate 80, and their combination on fluorescence cytogram 

(propidium fluorescence versus FITC fluorescence) of rat thymocytes.  The cytogram, 

constructed with 2000 cells, consisted of four populations (P: the cells exerting only propidium 

fluorescence, AP: the cells exerting both propidium and FITC fluorescence, N: the cells without 

propidium and FITC fluorescence, A: the cells exerting only FITC fluorescence). 
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Figure 8 

 

 
 

Fig. 8. The populations of cells incubated with ZnCl2, polysorbate 80, and their combination.  

Column and bar respectively indicate mean population and its standard deviation of four 

experiments.  Asterisks (*, **) respectively indicate significant difference (P < 0.05, P < 0.01) 

to respective control. 

 

3.1.5. Possible mechanism of cell death induced by simultaneous application of ZnCl2 and 

polysorbate 80 

     Polysorbate 80 at concentrations ranging from 10 µg/ml to 300 µg/ml decreased the 

intensity of 5-CMF fluorescence, a fluorescent indicator for cellular thiol content (Hirama et al., 

2004).  In our recent study (Matsui et al., 2009), ZnCl2 at 10 µM significantly increased the 

population of dead cells induced by 10 mM hydrogen peroxide.  If polysorbate 80 induces 

oxidative stress, ZnCl2 would potentiate the cytotoxicity induced by hydrogen peroxide.  First 
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of all, we examined the effects of ZnCl2, polysorbate 80, and their combination on 5-CMF 

fluorescence.  As shown in Fig. 9A, ZnCl2 at 30 µM significantly increased the intensity of 

5-CMF fluorescence, suggesting the zinc-induced increase in cellular thiol content.  It may be 

common because zinc has been reported to increase cellular glutathione content (Farinati et al., 

2003; Ha et al., 2006; Cortese et al., 2008).  However, polysorbate 80 at 30 µg/ml greatly 

decreased the intensity of 5-CMF fluorescence in absence and presence of 30 µM ZnCl2.  To 

see if polysorbate 80 elevates cellular levels of reactive oxygen species in absence and presence 

of external ZnCl2, the effects of 30 µg/ml polysorbate 80, 30 µM ZnCl2, and their combination 

were compared in the cells incubated respectively with dihydroethidium and DCFH-DA.  As 

shown in Fig. 9B, the incubation of cells with 30 µg/ml polysorbate 80 for 3 h significantly 

increased both intensities of fluorescence monitored from the cells and simultaneously-applied 

ZnCl2 (30 µM) further augmented the fluorescence’s.  Thus, ZnCl2 may further increase the 

oxidative stress induced by polysorbate 80. 
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Figure 9 

 

 
 

Fig. 9. Effects of ZnCl2, polysorbate 80, and their combination on the fluorescence monitored 

from the cells incubated respectively with 5-CMF-DA (A), dihydropropidium (B upper), and 

DCFH-DA (B lower).  Column and bar indicate mean intensity and its standard deviation of 

four experiments.  Asterisks (*, **) respectively indicate significant difference (P < 0.05, P < 

0.01) to respective control. 

 

3.1.6. Effect of curcumin, a potent antioxidant agent, on the lethality increased by the 

combination of polysorbate 80 and ZnCl2 

     Curcumin is a potent antioxidant (Menon and Sudheer, 2007; Ak and Gülçin, 2008).  

We examined the effect of curcumin on the lethality increased by the combination of 

polysorbate 80 and ZnCl2 to support the possible involvement of oxidative stress.  However, 

the treatment with 3 µM curcumin did not attenuate the increase in cell lethality induced by the 

combination (Fig. 10) although the concentration (3 µM) of curcumin was sufficient to reduce 
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the cell lethality increased by 3 mM hydrogen peroxide (Oyama et al., 1998). 

 

Figure 10 

 

 
 

Fig. 10.  Effect of curcumin on the lethality increased by the combination of polysorbate 80 

and ZnCl2.  Column and bar indicate mean intensity and its standard deviation of four 

experiments.  Asterisk (*) indicates significant difference (P < 0.05) to the control. 

 

Figure 11 

 

 
 

Fig. 11. The relation between the changes in FluoZin-3 and 5-CMF fluorescence by polysorbate 

80 at concentrations ranging from 1 µg/ml to 300 µg/ml.  
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Figure 12 

 

     

 
 

Fig. 12. Change in cell lethality by zinc pyrithione.  Columns and bars respectively indicate 

mean and standard deviation of 4 experiments.  Symbols (*, **) show significant differences 

(P < 0.05, P < 0.01) between control group and respective test groups.  (A) Time-dependent 

change in cell lethality by 300 nM zinc pyrithione (ZP), 3 mM H2O2, and their combination.  

Symbols (#, ##) indicate significant differences (P < 0.05, P < 0.01) between paired groups.  (B) 

Concentration-dependent change in cell lethality by zinc pyrithione in the presence of H2O2.  

Effects were examined 2 h after the start of simultaneous application.  Symbols (#, ##) indicate 

significant differences (P < 0.05, P < 0.01) between the group of cells treated with 3 mM H2O2 

and respective test groups.  (C) Effect of TPEN on the increase in cell lethality induced by 

simultaneous application of zinc pyrithione and H2O2.  Symbol (##) shows significant 

difference (P < 0.01) between a paired groups.  
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3.2. ZP study 

3.2.1. Change in cell lethality by zinc pyrithione 

     The incubation of cells with 3 µM zinc pyrithione for 120 min did not increase cell 

lethality.  The cell lethality under control condition was 5.6 ± 0.4 % while it was 6.3 ± 0.6 % 

after incubation with 3 µM zinc pyrithione for 120 min.  Therefore, 3 µM zinc pyrithione did 

not exert cytotoxic action on rat thymocytes under the present experimental conditions.  There 

was also no cytotoxic effect of zinc pyrithione at 1 µM or less. 

     Micromolar zinc concentrations are cytotoxic to rat thymocytes under oxidative stress 

conditions induced by H2O2 (Matsui et al., 2009a).  To see if zinc pyrithione induced similar 

cytotoxic actions, the time- and concentration-dependent effects of zinc pyrithione on cells 

suffering from oxidative stress induced by 3 mM H2O2 were examined.  As shown in Fig. 13A, 

the simultaneous application of 300 nM zinc pyrithione and 3 mM H2O2 time-dependently 

increased the cell lethality.  This increase in cell lethality at 120 min after the start of 

simultaneous application was significantly greater than that induced by 3 mM H2O2 alone.  

Thus, zinc pyrithione may potentiate the cytotoxicity of H2O2.  Additionally, at concentrations 

ranging from 10 nM to 1 µM zinc pyrithione demonstrated a concentration dependence and 

potentiated the cytotoxicity of 3 mM H2O2 when examined 120 min after simultaneous 

application (Fig. 13B).  To reveal the contribution of Zn2+ to the potentiation of H2O2 

cytotoxicity by zinc pyrithione, the effect of 10 µM TPEN, a Zn2+ chelator, was examined.  In 

the presence of 10 µM TPEN, the cells were incubated with 3 mM H2O2 alone or the 

combination of 3 mM H2O2 and 1 µM zinc pyrithione for 120 min.  As shown in Fig. 13C, 

simultaneous application of 10 µM TPEN significantly attenuated the increase in cell lethality 

induced by H2O2 alone (Matsui et al., 2009b) or the combination of H2O2 and zinc pyrithione.  

The results suggest the contribution of Zn2+. 
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Figure 13 

 

 

  
 

Fig. 13. Change in intracellular Zn2+ concentrations by zinc pyrithione.  Columns and bars 

respectively indicate mean and standard deviation of 4 experiments.  Symbols (*, **) show 

significant differences (P < 0.05, P < 0.01) between control group and respective test groups.  

(A) Time-dependent change in the intensity of FluoZin-3 fluorescence after the start of zinc 

pyrithione (ZP) application.  (B) Dose-dependent change in the intensity of FluoZin-3 

fluorescence by zinc pyrithione.  Effects were examined 1 h after the start of application.  

Large differences (***) masked statistical differences between the control group and the groups 

of cells treated with 30–100 nM zinc pyrithione; therefore, statistical analysis was conducted on 

the groups of cells treated with 10–100 nM zinc pyrithione.  (C) Effect of TPEN on the 

augmentation of FluoZin-3 fluorescence by zinc pyrithione.   

 
  



 -26- 

3.2.2. Change in intracellular Zn2+ level by zinc pyrithione 

     Fig. 13C shows that zinc pyrithione might increase cell susceptibility to oxidative stress 

induced by H2O2 in a zinc-dependent manner.  Therefore, the change in intracellular Zn2+ level 

by zinc pyrithione was examined using FluoZin-3, a fluorescent probe for intracellular Zn2+ 

(Gee et al., 2002).  As shown in Fig. 14A, zinc pyrithione at 100 nM time-dependently 

increased the intensity of FluoZin-3 fluorescence after the start of application.  The action of 

100 nM zinc pyrithione attained a steady-state level within 60 min after application.  A 

concentration-dependent increase in the intensity of FluoZin-3 fluorescence by zinc pyrithione 

at concentrations ranging from 10 nM to 1 µM was also observed when the effect of zinc 

pyrithione was examined at 60 min after the application (Fig. 14B).  The action of 100 nM 

zinc pyrithione on FluoZin-3 fluorescence was completely abolished by the simultaneous 

application of 10 µM TPEN (Fig. 14C). 
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Figure 14 

 

 

 
 

Fig. 14. Changes in cellular contents of nonprotein thiols and superoxide anions by zinc 

pyrithione.  Columns and bars respectively indicate mean and standard deviation of 4 

experiments.  Symbols (*, **) show significant differences (P < 0.05, P < 0.01) between 

control group and respective test groups.  (A) Dose-dependent changes in the intensity of 

5-CMF fluorescence by zinc pyrithione (ZP).  Effects were examined 1 h after the start of 

application.  (B) Effect of TPEN on the change in 5-CMF fluorescence induced by zinc 

pyrithione.  (C) Concentration-dependent change in the fluorescence of cells incubated with 

dihydroethidium by zinc pyrithione.  Effects were examined 1 h after the start of application.  

(D) Effect of TPEN on the change in fluorescence of cells incubated with dihydroethidium by 

zinc pyrithione. 

 

3.2.3. Change in cellular content of nonprotein thiols by zinc pyrithione 

     As shown in Fig. 14, zinc pyrithione, at submicromolar concentrations, time- and 

concentration-dependently increased intracellular Zn2+ level in rat thymocytes.  Zinc has been 
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reported to ameliorate and/or aggravate oxidative stress as described in the introduction.  To 

see if zinc pyrithione affects the cellular content of nonprotein thiols, which help protect against 

oxidative stress, the effect of zinc pyrithione on cellular thiol content was examined by the use 

of 5-CMF-DA (Chikahisa et al., 1996).  5-CMF fluorescence was monitored in cells 60 min 

after the start of zinc pyrithione application.  As shown in Fig. 15A, zinc pyrithione at 

concentrations ranging from 300 nM to 3 µM decreased the intensity of 5-CMF fluorescence in 

a concentration-dependent manner.  TPEN at 10 µM almost completely suppressed the 

decrease in the intensity of 5-CMF fluorescence by 3 µM zinc pyrithione (Fig. 15B). 

(Figure 15 near here) 

 

Figure 15 

 

 

 
Fig. 15. Change in the intracellular Zn2+ concentration by the combination of zinc pyrithione 

and H2O2.  Effects were examined 1 h after the start of application of zinc pyrithione (ZP) and 

H2O2.  Columns and bars respectively indicate mean and standard deviation of 4 experiments.  

Symbols (*, **) show significant differences (P < 0.05, P < 0.01) between control group and 

respective test groups.  Symbols (#, ##) indicate significant differences (P < 0.05, P < 0.01) 

between the group of cells treated only with ZP or H2O2 and respective test groups of cells 

simultaneously treated with ZP and H2O2.   
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3.2.4. Change in cellular content of superoxide anions by zinc pyrithione 

     Fig. 15A shows that zinc pyrithione at 300 nM or more significantly decreases the 

cellular content of nonprotein thiols.  In order to see if zinc pyrithione increases the cellular 

content of superoxide anions, which are reactive oxygen species, the fluorescence was 

monitored 60 min after zinc pyrithione application in cells incubated with dihydroethidium, 

which is oxidized by superoxide anions to fluorescent ethidium (Fink et al., 2004).  As shown 

in Fig. 15C, zinc pyrithione, at concentrations ranging from 30 nM to 3 µM, increased the 

intensity of ethidium fluorescence in a concentration-dependent manner, suggesting the increase 

in cellular content of superoxide anions by zinc pyrithione.  The increase by 3 µM zinc 

pyrithione was completely blocked by 10 µM TPEN (Fig. 15D). 

3.2.5. Combination of zinc pyrithione and H2O2 at low concentrations 

     Incubation of rat thymocytes with micromolar H2O2 concentrations increases intracellular 

Zn2+ level (Matsui et al., 2009a) and decreases cellular content of glutathione (Chikahisa et al., 

1996).  Therefore, the simultaneous application of zinc pyrithione and H2O2 at low 

concentrations was expected to synergistically increase intracellular Zn2+ concentrations.  As 

shown in Fig. 16, the combinations of 10–30 nM zinc pyrithione and 10–30 µM H2O2 greatly 

augmented FluoZin-3 fluorescence.  The increase in intensity of FluoZin-3 fluorescence by the 

combination was much greater than that observed in the individual applications (Fig. 15).  

Therefore, zinc pyrithione may greatly increase the susceptibility of cells to oxidative stress. 

 

3.3. CQ study 

3.3.1. Clioquinol-induced changes in FluoZin-3 fluorescence  

     As shown in Fig. 16A, the application of 300 nM clioquinol shifted the histogram of 

FluoZin-3 fluorescence to a higher intensity, suggesting an increase in the intracellular Zn2+ 

concentration as a result of clioquinol treatment.  This augmentation of FluoZin-3 fluorescence 

by 300 nM clioquinol occurred immediately after clioquinol application and the fluorescence 

attained its steady state level within 10–30 min.  Fig. 16B shows a concentration-dependent 

augmentation of FluoZin-3 fluorescence when the cells were incubated with clioquinol for 30 

min.  Clioquinol started to augment the fluorescence at a concentration of 10–30 nM.  

Increases in the clioquinol concentration (to 100–300 nM) further augmented FluoZin-3 

fluorescence.  However, when the concentration was increased to 1 µM, clioquinol did not 

further augment the fluorescence (Fig. 16B).  The intensity of FluoZin-3 fluorescence 

augmented by 1 µM clioquinol was slightly less than that augmented by 300 nM clioquinol.  
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TPEN completely abolished the clioquinol-induced augmentation of FluoZin-3 fluorescence, 

suggesting the effect was dependent on Zn2+. 

3.3.2. Effects of DTPA and extracellular Zn2+ on the clioquinol-induced change in FluoZin-3 

fluorescence 

     To determine whether the clioquinol-induced increase in the intracellular Zn2+ 

concentration was dependent on extracellular Zn2+, the effect of clioquinol on FluoZin-3 

fluorescence was examined in the presence of DTPA and ZnCl2.  The application of 10 µM 

DTPA into the suspension slightly decreased the intensity of FluoZin-3 fluorescence.  In the 

presence of DTPA, 100 nM clioquinol completely failed to augment the fluorescence of 

FluoZin-3 (Fig. 17).  The application of 1 µM ZnCl2 into the cell suspension increased the 

control level of FluoZin-3 fluorescence.  Clioquinol at 100 nM further augmented the 

fluorescence in the presence of ZnCl2.  The augmentation by clioquinol in the presence of 1 

µM ZnCl2 was much greater than that observed under the control condition (Fig. 17).  As 

shown in Fig. 17, the augmentation of FluoZin-3 fluorescence by clioquinol seemed to be 

dependent on extracellular Zn2+. 
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Figure 16 

 

 

 
 

Fig. 16.  Clioquinol-induced augmentation of FluoZin-3 fluorescence.  (A) A shift in the 

histogram of FluoZin-3 fluorescence following clioquinol treatment.  Each histogram 

consisted of 2000 cells.  The effect of clioquinol was examined 30 min after the start of drug 

application.  (B) The concentration-dependent change in the intensity of FluoZin-3 

fluorescence as a result of clioquinol application.  Effects were examined 30 min after the start 

of drug application.  The columns and bars indicate the mean and standard deviation, 

respectively, of 4 experiments.  ** indicates a significant difference (P < 0.01) between the 

control groups (CONTROL and DMSO) and the groups of cells treated with clioquinol.  It was 

noted that the intensity of FluoZin-3 fluorescence emitted by the cells treated with 1 µM 

clioquinol was significantly (P < 0.05) lower than that from the cells treated with 300 nM 

clioquinol.  
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Figure 17 

 

 
 

Fig. 17.  Changes in the clioquinol-induced augmentation of FluoZin-3 fluorescence as a result 

of simultaneous application with DTPA or ZnCl2.  Effects were examined 30 min after the 

start of drug application.  The columns and bars indicate the mean and standard deviation, 

respectively, of 4 experiments.  ** and ## indicate significant differences (P < 0.01) between 

the groups of cells treated with clioquinol and their control groups, respectively.  The 

experiments were performed in duplicate and reproduced three times.  One representative 

experiment is shown. 

 

3.3.3. Clioquinol-induced changes in Fluo-3 fluorescence 

     The cell suspension contained 2 mM CaCl2 as a composition of Tyrode's solution and 

200–230 nM zinc derived from the cell preparation (Sakanashi et al., 2009).  One may argue 

that clioquinol could also increase the membrane transport of Ca2+, resulting in an increase in 

intracellular Ca2+.  We examined the effect of clioquinol on Fluo-3 fluorescence, an indicator 

of intracellular Ca2+.  As shown in Fig. 18A, clioquinol, at concentrations ranging from 10 to 

300 nM, increased the intensity of Fluo-3 fluorescence in a concentration-dependent manner.  

However, 1 µM clioquinol did not further increase the intensity of Fluo-3 fluorescence.  In the 

presence of 10 µM DTPA, 300 nM clioquinol completely failed to augment Fluo-3 fluorescence 

(Fig. 18B).  Further application of 100 nM A23187 greatly increased the intensity of Fluo-3 

fluorescence.  Thus, the effect of clioquinol on Fluo-3 fluorescence appeared to be dependent 

on Zn2+. 
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Figure 18 

 

 

 

 
Fig. 18.  Augmentation of Fluo-3 fluorescence by clioquinol.  (A) The 

concentration-dependent change in the intensity of Fluo-3 fluorescence induced by clioquinol.  

Effects were examined 30 min after the start of drug application.  The columns and bars 

indicate the mean and standard deviation, respectively, of 4 experiments.  * and ** indicate 

significant differences (P < 0.05 and < 0.01, respectively) between the control groups 

(CONTROL and DMSO) and the groups of cells treated with clioquinol, respectively.  (B) The 

change in the clioquinol-induced augmentation of Fluo-3 fluorescence as a result of 

simultaneous application with DTPA.  Effects were examined 30 min after the start of drug 

application.  The columns and bars indicate the mean and standard deviation, respectively, of 4 

experiments.  ** and ## indicate significant differences (P < 0.01) between the groups of cells 

treated with clioquinol and their control groups, respectively.  
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3.3.4. Effect of clioquinol on FluoZin-3 fluorescence in the presence of DTPA 

Clioquinol is believed to be a membrane-permeable chelator of Zn2+ and Cu2+.  If this is 

true, membrane-permeable clioquinol would chelate intracellular Zn2+ under extracellular 

Zn2+-free conditions, resulting in a decrease in the intracellular Zn2+ concentration.  Therefore, 

the effect of clioquinol on FluoZin-3 fluorescence was examined in the presence of 3 µM DTPA.  

As shown in Fig. 19, the incubation with clioquinol at concentrations ranging from 300 nM to 

10 µM for 60 min attenuated the fluorescence of FluoZin-3 in a concentration-dependent 

manner. 

Figure 19 

 

 

 
Fig. 19.  Effect of clioquinol on FluoZin-3 fluorescence in the presence of DTPA.  (A) The 

concentration-dependent change in the intensity of FluoZin-3 fluorescence as a result of 

clioquinol treatment.  Effects were examined 30 min after the start of drug application.  The 

columns and bars indicate the mean and standard deviation, respectively, of 4 experiments.  * 

and ** indicate significant differences (P < 0.05 and < 0.01, respectively) between the control 

groups (CONTROL and DMSO) and the groups of cells treated with clioquinol, respectively.  

(B) The effect of micromolar concentrations of clioquinol on FluoZin-3 fluorescence in the 

absence of DTPA.  Effects were examined 30 min after the start of drug application.  The 

columns and bars indicate the mean and standard deviation, respectively, of 3 experiments.  ## 

indicates significant differences (P < 0.01) between the groups of cells treated with clioquinol.    

The experiments were performed in duplicate and reproduced three times.  One representative 

experiment is shown. 
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3.3.5. Clioquinol-induced changes in cell death under oxidative stress induced by H2O2 

The propidium iodide fluorescence of rat thymocytes treated with 300 µM H2O2 alone, 100 

nM clioquinol, or a combination of both after incubation for 4 h is shown in Fig. 20A. The 

proportion of cells exhibiting propidium fluorescence (i.e., dead cells) after 4 h incubation with 

a combination of 100 nM clioquinol and 300 µM H2O2 was significantly greater than that of 

cells treated with either 300 µM H2O2 or 100 nM clioquinol alone. Thus, clioquinol at a 

concentration of 100 nM increased the cytotoxicity of H2O2. Fig. 20A also shows results 

obtained from cells treated with 300 µM H2O2 alone, 1 µM clioquinol alone, and a combination 

of both. The proportion of cells exhibiting propidium fluorescence after 4 h incubation with a 

combination of 1 µM clioquinol and 300 µM H2O2 was significantly less than that of cells 

treated with 300 µM H2O2 alone. Thus, clioquinol at a concentration of 1 µM attenuated the 

cytotoxicity of H2O2. 

The concentration-dependent changes in the cytotoxicity of 300 µM H2O2 induced by 

clioquinol showed a bell-shaped curve (Fig. 20B). H2O2 cytotoxicity was the highest at a 

concentration of 100 nM clioquinol. We observed that clioquinol at a concentration of 100 nM 

but not 30 nM increased the cytotoxicity of H2O2 within a concentration range of 100–300 µM 

(Fig. 20C). Further, incubation with 30–300 nM clioquinol alone for 4 h did not change the 

lethality in rat thymocytes. 
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Figure 20 

 
A 

 

                             B                                C 

   

   

Fig. 20. Clioquinol-induced changes in oxidative stress-induced cell death.  (A) Histogram of 

propidium fluorescence in rat thymocytes treated with clioquinol, hydrogen peroxide (H2O2), or 

a combination of both.  Left upper panel, control (open) and 1 µM clioquinol (filled); right 

upper panel, control (open) and 300 µM H2O2 (filled); left lower panel, 300 µM H2O2 without 

(open) and with (filled) 100 nM clioquinol; and right lower panel, 300 µM H2O2 without (filled) 

and with (open) 1 µM clioquinol.  Data in each histogram were derived from 2000 cells.  (B) 
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Clioquinol-induced changes in cell death (percentage) under conditions of oxidative stress 

induced by 300 µM H2O2.  Columns and bars indicate the means and standard deviations of 4 

experiments.  Asterisks indicate significant differences in cell death (*P < 0.05, **P < 0.01) 

between control groups (CONTROL and DMSO, 0.1%).  # denotes significant differences in 

cell death between cells treated with H2O2 alone and cells simultaneously treated with H2O2 and 

clioquinol.  (C) Effect of 100 nM clioquinol on cells treated with 30–300 µM H2O2.  

Asterisks indicate significant differences (*P < 0.05, **P < 0.01) between the control cells 

(CONTROL) and those treated with H2O2 alone, clioquinol alone, or a combination of both.  # 

denotes significant differences (## P < 0.01) between paired groups, as indicated by arrows.  NS, 

no significant difference. 

 

3.3.6. Effects of Zn2+ chelators on clioquinol-induced increases in cell death under oxidative 

stress 

   We examined the effects of the Zn2+ chelators DTPA and TPEN on increases in cell death 

induced by the simultaneous application of 100 nM clioquinol and 300 µM H2O2 to determine 

whether Zn2+ is involved in the cell death. TPEN (10 µM), an intracellular Zn2+ chelator, 

completely suppressed the H2O2 (300 µM)-induced increase in the number of cells showing 

propidium fluorescence, while DTPA (10 µM), an extracellular Zn2+ chelator, had no effect on 

the number of cells showing propidium fluorescence (Fig. 21). The increase in the number of 

cells showing propidium fluorescence after simultaneous treatment with 100 nM clioquinol and 

300 µM H2O2 significantly decreased after treatment with 10 µM TPEN and 10 µM DTPA, and 

TPEN completely suppressed the above effect. TPEN at concentrations of 300 nM or more 

decreased the H2O2-induced increase in cell lethality in a concentration-dependent manner. 
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Figure 21 

 

 

  

Fig. 21. Effects of Zn2+ chelators on cells treated with hydrogen peroxide (H2O2) alone or a 

combination of H2O2 and clioquinol.  Asterisks indicate significant differences in cell death 

(**, P < 0.01) between control cells (CONTROL) and drug(s)-treated cells.  Symbol (##) 

indicates significant differences (##, P < 0.01) between cells treated with H2O2 alone and other 

groups of drug(s)-treated cells.  Symbol (++) indicates significant differences (++, P < 0.01) 

between cells simultaneously treated with H2O2 and clioquinol and those additionally treated 

with a Zn2+ chelator. 

 

3.3.7. Effects of clioquinol on cell death induced by H2O2 in the presence of DTPA 

   An initial incubation with H2O2 increased the number of annexin V-positive live cells, 

which was followed by an increase in cell death (Oyama et al., 1999). Treatment with a 

combination of 100 nM clioquinol and 300 µM H2O2 increased the transition of the cells from 

intact living cells to annexin V-positive live cells and subsequently to dead cells. However, 10 

µM DTPA significantly inhibited the increase in cell death induced by 100 nM clioquinol (Fig. 

22). 
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Figure 22 

 

 

 

Fig. 22. Changes in cell populations after incubation with clioquinol alone, H2O2 alone, or a 

combination of both.  Columns and bars show means and standard deviations of 4 samples.  

Asterisks show significant differences (*, P < 0.05 and **, P < 0.01) between the groups with 

and without diethylenetriamine-N,N,N',N'',N''-pentaacetic acid (DTPA) treatment.  Symbol 

(##) indicates significant differences (##, P < 0.01) between paired groups, as indicated with 

arrows.  NS, no significant difference. 

 

3.3.8. Clioquinol-induced changes in intracellular Zn2+ levels without and with oxidative stress 

   The increase in FluoZin-3 fluorescence by clioquinol at concentrations ranging from 10 nM 

to 3 µM showed a bell-shaped curve (Fig. 23A). Clioquinol at concentrations of 100 nM or 

more significantly increased the intensity of FluoZin-3 fluorescence. However, 1–3 µM 

clioquinol showed a significantly lesser increase in FluoZin-3 fluorescence than 300 nM 

clioquinol did.  In addition, clioquinol at concentrations ranging from 30 nM to 3 µM 

significantly increased the intensity of FluoZin-3 fluorescence induced by 300 µM H2O2 (Fig. 

23B). This concentration-dependent effect of clioquinol also followed a bell-shaped curve 

although the combination of clioquinol and H2O2 had a synergistic effect on the increase in 

FluoZin-3 fluorescence. 
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Figure 23 
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Fig. 23. Clioquinol-induced changes in intracellular Zn2+ concentration in cells treated without 

(A) and with (B) hydrogen peroxide (H2O2).  Columns and bars show mean FluoZin-3 

fluorescence intensities and standard deviations of 4 samples.  Asterisks denote significant 

differences (**, P < 0.01) between control groups (A: CONTROL and DMSO, 0.1%, B: H2O2, 

300 µM) and those treated with clioquinol.  Symbol (##) indicates significant reductions in 

peak responses elicited by 300 nM clioquinol (**, P < 0.01). 

 

3.3.9. Clioquinol-induced changes in intracellular Zn2+ levels in presence and absence of 

extracellular Zn2+ 

   When 1 µM ZnCl2 was added to the cell suspension, FluoZin-3 fluorescence significantly 

increased in the control cells (Kinazaki et al., 2011), and this effect was further enhanced by 10 

nM clioquinol. However, the bell-shaped concentration-response relationship of clioquinol was 

less apparent in the range of 100 nM to 3 µM (Fig. 24A). In the presence of 10 µM DTPA, 

clioquinol at concentrations of 300 nM or more (up to 3 µM) decreased FluoZin-3 fluorescence 

in a concentration-dependent manner (Fig. 24B). The bell-shaped concentration-response 

relationship of clioquinol-induced responses was no longer apparent. 
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Figure 24 
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Fig. 24. Clioquinol-induced changes in intracellular Zn2+ concentrations in cells treated with 1 

µM zinc chloride (ZnCl2) (A) or 10 µM diethylenetriamine- N,N,N',N'',N''-pentaacetic acid 

(DTPA) (B).  Columns and bars show mean FluoZin-3 fluorescence intensities and standard 

deviations of 4 samples.  Asterisks denote significant differences (**, P < 0.01) between the 

control groups (A: CONTROL and DMSO, 0.1%, B: CONTROL) and those treated with 

clioquinol. 

 
3.3.10. Clioquinol-induced changes in cellular oxidant levels 

   CM-DCF fluorescence is a marker of cellular oxidant levels (Koopman et al., 2007). 

Incubation of cells with clioquinol at concentrations ranging from 100 nM to 3 µM for 3–4 h 

significantly decreased the intensity of CM-DCF fluorescence, which indicated that incubation 

with clioquinol at concentrations of 100 nM or more (up to 3 µM) decreased cellular oxidant 

levels (Fig. 25).  
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Figure 25 

 

   
 

Fig. 25. Clioquinol-induced decreases in cellular oxidant levels.  Columns and bars show mean 

CM-DCF fluorescence intensities and standard deviations of 4 samples.  Asterisks indicate 

significant differences (*, P < 0.05 and **, P < 0.01) between control cells (DMSO, 0.1%) and 

those treated with clioquinol. 

 
 

4.Discussion 

4.1. PS80 study 

4.1.1. Academic implication 

     Polysorbate 80 is a non-ionic surfactant used widely in pharmaceutical products, 

cosmetics, and foods because of its effectiveness at low concentrations and relative low toxicity 

(National Toxicology Program, 1992).  This surfactant is employed in the formula of 

water-insoluble anticancer agents such as docetaxel and etoposide for intravenous application.  

Furthermore, colloidal carries (nanoparticles) coated with polysorbate 80 enhanced transport of 

doxorubicin into the brain (Gulyaev et al., 1999; Gelperina et al., 2002).  The delivery of 

nanoparticle drugs requires polysorbate 80 as a solvent (Chakraborty et al., 2009; Gabathuler, 

2010; Kumari et al., 2010).  Thus, polysorbate 80 possesses important implications for cancer 

chemotherapy (Loos et al., 2003; ten Tije et al., 2003; Engels et al., 2007). 
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     Under in vitro experimental conditions, polysorbate 80 was found to bind 

physiologically-important ions such as Na+, K+, and Ca2+ and transport them through a model 

membrane (Thoman, 1999).  It also affected membrane and mitochondrial functions (Oberle et 

al., 1995; Tsujino et al., 1999; Rege et al., 2002).  Furthermore, polysorbate 80 at plasma 

concentrations decreased cellular thiol content that induced susceptibility to oxidative stress 

(Hirama et al., 2004; Tatsuishi et al., 2005).  In our recent studies, the chemicals decreasing 

cellular thiol content increased intracellular Zn2+ concentration by intracellular Zn2+ release 

(Hashimoto et al., 2009; Oyama et al., 2009; Kawanai et al., 2009).  Thus, polysorbate 80 may 

increase intracellular Zn2+ concentration.  Zn2+ is the second most prevalent trace element and 

it is involved in the structure and function of over 300 enzymes (Prasad, 1995).  Zn2+ 

stimulates the activity of approximately 100 enzymes (Sandstead, 1994).  Therefore, an 

abnormal increase in intracellular Zn2+ concentration by polysorbate 80 may cause cytotoxic 

phenomena.  In this study, therefore, we have cytometrically examined the effect of 

polysorbate 80 on FluoZin-3 fluorescence, an indicator for intracellular Zn2+, and the influence 

of ZnCl2 on the cytotoxicity of polysorbate 80 in rat thymocytes in order to test the possibilities 

described above.  

4.1.2. Elevation of intracellular Zn2+ concentration by polysorbate 80 

     Zn2+ is complexed to intracellular thiol such as metallothionein and glutathione 

(Diaz-Cruz et al., 1998; Jacob et al., 1998; Maret and Vallee, 1998; Gelinsky et al., 2003).  

Modification from intracellular thiol (sulfhydryl group) to disulfide releases Zn2+ (Maret, 1994; 

Quesada et al., 1996; Jiang et al., 1998).  Polysorbate 80 at concentrations ranging from 10 

µg/ml to 300 µg/ml decreases the intensity of 5-CMF fluorescence, a fluorescent indicator for 

cellular thiol content, in a concentration-dependent manner (Hirama et al., 2004).  The result of 

Fig. 2 in this study was compared with that of Hirama et al. (2004) to see if there is a relation 

between the changes in FluoZin-3 and 5-CMF fluorescence by polysorbate 80 at concentrations 

ranging from 1 µg/ml to 300 µg/ml.  The correlation coefficient was -0.978 (Fig. 11).  The 

relation presumably suggests that the decrease in cellular thiol content by polysorbate 80 

induces the increase in intracellular Zn2+ concentration.  In addition, it is likely that 

polysorbate 80 increases membrane Zn2+ permeability because of following observations.  As 

shown in Fig. 3, the addition of 30 µM ZnCl2 to the cell suspension increased the base intensity 

of FluoZin-3 fluorescence and 30 µg/ml polysorbate 80 further increased the intensity in the 

presence of ZnCl2.  The degree of the augmentation of FluoZin-3 fluorescence by the 

combination of polysorbate 80 and ZnCl2 was much greater than that by polysorbate 80 alone 
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(Fig. 3). 

4.1.3. Cytotoxicity of the combination of polysorbate 80 and ZnCl2 

     The simultaneous application of ZnCl2 and polysorbate 80 significantly increased the 

population of dead cells (Figs. 4 and 5).  The simultaneous application of 10 µM ZnCl2 and 10 

mM hydrogen peroxide greatly increased the population of dead cells (Matsui et al., 2009).  It 

is likely that polysorbate 80 at 30 µg/ml induces oxidative stress because of following reasons.  

Polysorbate 80 decreased the intensity of 5-CMF fluorescence (Hirama et al., 2004) and 

increased the intensities of fluorescence’s monitored from cells incubated with dihydroethidium 

and DCFH-DA, respectively (Fig. 9), suggesting the decrease in cellular thiol content and the 

increases in reactive oxygen species.  Thus, ZnCl2 may potentiate the cytotoxicity of reactive 

oxygen species.  However, it is difficult to conclude the mechanism because of following 

reasons.  Although zinc itself increased cellular glutathione content (Fig. 9A), zinc did not 

attenuate the cytotoxicity of polysorbate 80.  An excess increase in intracellular Zn2+ 

concentration in the presence of polysorbate 80 may induce zinc-dependent cytotoxicity that is 

not related to cellular redox state.  Furthermore, curcumin, an antioxidant against hydrogen 

peroxide, did not affect the cytotoxicity induced by the combination of polysorbate 80 and 

ZnCl2 (Fig. 10). 

     The cell death by the simultaneous application was associated with cell shrinkage (Fig. 6) 

and phosphatidylserine externalization (Figs. 7 and 8), characteristics during an early stage of 

apoptosis (Klassen et al., 1993; Koopman et al., 1994; Beauvais et al., 1995; Vermes et al., 

1995).  However, the combination of polysorbate 80 and ZnCl2 did not increase the population 

of cells with hypodiploid DNA, a marker of apoptosis.  Therefore, the type of cell death 

induced by the combination is likely necrosis with some apoptotic characteristics.  The 

increase in intracellular Zn2+ concentration by the combination may attenuate the process of 

apoptosis because DNA fragmentation is inhibited by Zn2+ (Zalewski et al., 1991; Barbieri et al., 

1992; Sunderman, 1995). 

4.1.4. Toxicological implications 

     Maximum plasma concentration of polysorbate 80 in cancer patients receiving docetaxel 

was greater than 100 µg/ml (Baker et al., 2004).  The median end-infusion plasma 

concentration of polysorbate 80 in nine patients receiving a 1 h infusion of docetaxel was about 

100 µg/ml (Webster et al., 1997).  Therefore, the concentrations (1-300 µg/ml) of polysorbate 

80 used in this in vitro study were achievable under the in vivo (clinical) condition.  In the case 

of zinc, the mean concentration in human plasma is < 15 µM, which is considerably less than in 
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many other tissues (Brown, 1998).  The total amount of zinc circulating in plasma is < 0.2% of 

the total body zinc content.  The plasma zinc concentration reached 30 µM after prophylactic 

zinc supplementation (Wuehler et al., 2008).  In hyperzincemia, it was greater than 200 µM 

(Sampson et al., 1997).  Thus, the zinc concentrations (10-100 µM) used in this in vitro study 

were also reasonable.  Although there is no report that polysorbate 80 and zinc salt are 

simultaneously applied to human as far as our knowledge, it is speculated that zinc may provide 

some benefits in cancer treatment with docetaxel of which the solvent is polysorbate 80 because 

of following reports.  Zinc replenishment reduced the development of tumors (Fong et al., 

2001).  Zinc accumulation induced apoptosis in human epithelial ovarian cells (Bae et al., 

2006) and in choriocarcinoma cells (Bae et al., 2007).  Zinc exerted anti-tumor action on colon 

cancer (Jaiswal and Narayan, 2004) and prostate cancer (Franklin and Costello, 2007). 

     In conclusion, it is unlikely that polysorbate 80 and zinc (or ZnCl2) are intentionally 

co-administrated under clinical condition.  However, polysorbate 80 is a solvent for some 

anticancer agents while zinc is used as a nutritional supplement.  Therefore, only one possible 

situation is that the patients receiving intravenous application of drugs containing polysorbate 

80 as a solvent take such a supplement.  Such patients are recommended to avoid taking zinc 

supplement. 

4.2. ZP study 

4.2.1. Academic implication 

     Zinc pyrithione is an agent possessing antimicrobial activity contained in health care 

products (Guthery et al., 2005) and is approved for over-the-counter topical use as a treatment 

for dandruff (Marks et al., 1985; Warner et al., 2001).  Consumer products containing zinc 

pyrithione are disposed of down residential drains.  Recently, this agent was introduced as a 

novel antifouling agent (Konstantinou and Albanis, 2004).  Antifouling agents in paints and 

coatings inhibit the growth of barnacles and other marine organisms on a ship's bottom by their 

biocidal actions.  Previously, the most commonly used antifouling agent was the tributyltin 

moiety.  However, the use of tributyltin was banned worldwide because of its harmful impact 

on the aquatic ecosystem (Ebdon et al., 1989; Antizar-Ladislao, 2008).  Thus, antifouling 

agents can exert cytotoxic or biocidal actions in nature.  In the case of zinc pyrithione, the 

toxicities were tested in preparations of fish (Goka, 1999), urchins (Bellas et al., 2005), 

ascidians (Bellas, 2005), plankton (Hjorth et al., 2006), amphipods (Bao et al., 2008), diatoms 

(Bao et al., 2008), polychaetes (Bao et al., 2008; Marcheselli et al., 2010a), and mussels 

(Marcheselli et al., 2010b, 2011).  This antifouling agent seems to be more persistent than 
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expected in the coastal environment and to have potential to bioaccumulate (Maraldo and 

Dahllöf, 2004; Marcheselli et al., 2010b).  Therefore, it is necessary to increase the 

information concerning the toxicity of zinc pyrithione to mammals and mammalian cells if the 

agent is used as an antifouling agent.  As for mammalian cells, the toxicity of zinc pyrithione 

was examined in kidney cells (Gibson et al., 1985), dermal fibroblasts (Priestley and Brown, 

1980; Rudolf and Cervinka, 2011), lymphoma cells (Mann and Fraker, 2005), laryngeal 

carcinoma cells (Rudolf and Cervinka, 2010), and reconstructed epidermis cells (Lamore and 

Wondrak, 2011).  Zinc pyrithione increases the intracellular Zn2+ concentration that is 

probably responsible for dermal cell cytotoxicity (Rudolf and Cervinka, 2010, 2011; Lamore 

and Wondrak, 2011).  On the contrary, zinc pyrithione salvages reperfusion injury in 

cardiomyocytes (Kasi et al., 2011).  Zinc ameliorates oxidative stress induced by ischemia 

(Sirmali et al., 2007), indomethacin (Varghese et al., 2009), cadmium (Messaoudi et al., 2009; 

Banni et al., 2011), arsenic (Kumar et al., 2010), and mercury (Calgaroto et al., 2011).  

However, zinc itself induces oxidative stress in several types of preparations 

(Figueiredo-Pereira et al., 1999; Lin et al., 2005; Cabreiro et al., 2009; Morina et al., 2010; 

Singh et al., 2011).  The relationship between zinc and oxidative stress is controversial.  It is 

proposed that, in rat thymocytes, the decrease in cellular content of nonprotein thiols increases 

the intracellular Zn2+ level while the increase in intracellular Zn2+ increases the cellular content 

of nonprotein thiols (Kinazaki et al., 2011).  Therefore, zinc pyrithione may exert diverse 

actions, associated with an increase in intracellular Zn2+ concentration. 

     Previous work has shown the cytotoxic action of micromolar zinc on cells enduring 

oxidative stress (Matsui et al., 2009a).  Therefore, in this study we examined the effect of zinc 

pyrithione on cells suffering oxidative stress.  Additionally, we characterized the mechanism 

of cytotoxicity associated with zinc pyrithione and cells suffering oxidative stress.  This study 

aimed to reveal new aspects of the toxic action of zinc pyrithione as an antifouling agent. 

4.2.2. Effects of zinc pyrithione 

     Zinc pyrithione at 3 µM or less did not exert cytotoxic action on rat thymocytes when 

incubated for 120 min.  However, nanomolar concentrations of zinc pyrithione potentiate the 

cytotoxicity of H2O2 (Fig. 13A and 13B).  Zinc pyrithione increased the intensity of FluoZin-3 

fluorescence (Fig. 14A and 14B), decreased the intensity of 5-CMF fluorescence (Fig. 15A), 

and increased the intensity of fluorescence in cells incubated with dihydroethidium (Fig. 15B).  

Such actions of zinc pyrithione were greatly attenuated by TPEN, a Zn2+ chelator.  The 

threshold concentration of zinc pyrithione increased depending on the fluorescent probe used: 
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FluoZin-3 fluorescence for intracellular Zn2+ (30 nM, Fig. 14B), ethidium fluorescence for 

superoxide anions (100 nM, Fig. 15A), and 5-CMF fluorescence for cellular nonprotein thiols 

(300 nM, Fig. 15C).  From Figs. 14 and 15, it is suggested that zinc pyrithione increases 

intracellular Zn2+ concentration, which subsequently induces the generation of superoxide 

anions, resulting in the decrease in cellular content of nonprotein thiols (mainly glutathione).  

Zinc induces oxidative stress (Figueiredo-Pereira et al., 1999; Lin et al., 2005; Cabreiro et al., 

2009; Morina et al., 2010; Singh et al., 2011) and oxidative stress increases intracellular Zn2+ 

concentration (Cima et al., 2006; Kröncke, 2007; Matsui et al., 2009a).  Therefore, there is a 

possibility of facilitative interactions between oxidative stress and intracellular Zn2+.  

Externally-applied ZnCl2 alone increases the intensity of 5-CMF fluorescence, an indicator of 

cellular glutathione, under normal conditions (Kinazaki et al., 2011).  This increase in cellular 

content of glutathione is associated with the increase in intracellular Zn2+ level (Kinazaki et al., 

2011).  Although both ZnCl2 and zinc pyrithione increase intracellular Zn2+ concentration, the 

increase in intracellular Zn2+ level by ZnCl2 is completely attenuated by cold conditions 

(Kimura et al., 2011), but not by zinc pyrithione (Oyama and Oyama, unpublished observation).  

Zinc pyrithione may facilitate Zn2+ transport in membranes of cellular compartments including 

cellular organelles such as mitochondria, while ZnCl2 does not.  It is unlikely that the cellular 

action of zinc pyrithione is identical to that of ZnCl2. 

     Zinc pyrithione in water solution make dimer complex that quickly dissociate via scission 

of one of Zn2+ coordinate bond (Barnett et al., 1977).  Therefore, physicochemical property of 

zinc pyrithione may vary depending on chemical structure. Physicochemical property of 

chemicals is one of factors that affect membrane permeation and cellular accumulation.  The 

mechanism of zinc pyrithione to augment the cytotoxicity of H2O2 may be complex.  In this 

aspect, further analysis on interaction between zinc pyrithione and membranes will be necessary 

to elucidate the action of zinc pyrithione. 

4.2.3. Toxicological implications 

     Highly reactive oxygen species are formed during the normal process of metabolism in 

biological systems utilizing oxygen (Dickinson and Chang, 2011).  Therefore, many cells 

possess defense mechanisms against oxidative stress (Hayes and McLellan, 1999).  Many 

pathological states (diseases) are associated with oxidative stress and oxidative stress is a major 

cause of cell death (Giustarini et al., 2009; Pellegrini and Baldari, 2009).  Furthermore, several 

types of metals and chemicals induce oxidative stress (McMillian et al., 2005; Singh et al., 

2007; Romieu et al., 2008; Migliore and Coppedè, 2009; Jomova and Valko, 2011).  In this 
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study, zinc pyrithione, a novel antifouling agent, at nanomolar concentrations increased the cell 

lethality of rat thymocytes exposed to H2O2 (Fig. 13).  Thus, zinc pyrithione at 10 nM (or 

greater) seems to increase cell susceptibility to oxidative stress.  Cytotoxicity of zinc 

pyrithione alone on rat thymocytes was not observed when the cells were incubated with 3 µM 

zinc pyrithione for 3 hr.  The threshold concentration of zinc pyrithione required to increase 

the cell susceptibility to oxidative stress was 10 nM (Fig. 13).  Therefore, zinc pyrithione at 

nanomolar concentrations may exert severe cytotoxic actions on cells in the presence of 

chemicals that induce oxidative stress.  If so, zinc pyrithione leaked from antifouling materials 

to the surrounding environment would be a risk factor for the aquatic ecosystem.  Alternatively, 

the combination of zinc pyrithione with chemicals inducing oxidative stress may become a 

potent antifouling ingredient.   

     Zinc is known to play a central role in the immune system and it is clear that zinc is 

crucial for normal development and function of cells mediating immunity (Shankar and Prasad, 

1998).  In this study, zinc pyrithione at sublethal concentrations is suggested to disturb 

intracellular Zn2+ homeostasis in rat thymocytes (Fig. 14).  At present we have no evidence for 

the malfunction of thymocytes linked to excessive increase in intracellular Zn2+ level by zinc 

pyrithione.  However, zinc is known to cause inhibition of apoptosis in murine thymocytes 

(Barbieri et al., 1992; Provinciali et al., 1995; Chukhlovin et al., 2001).  The primary function 

of thymocytes is the maturation of T lymphocytes.  The function of T cells, to recognize 

foreign antigens, is mediated by T cell receptors.  Cells that fail to produce a functional 

receptor are eliminated by apoptosis, and apoptosis is the fate of most thymocytes (Yang and 

Ashwell, 1999).  Decrease in cellular content of glutathione was reported during apoptosis in 

murine thymocytes (Beaver and Waring, 1995; Macho et al., 1997).  Therefore, the excessive 

increase in intracellular Zn2+ concentration and oxidative stress induced by zinc pyrithione may 

increase the survival of cells that are assumed to be extinct, resulting in a change in the immune 

competent system. 

4.3. CQ study-Part 1 – Clioquinol-induced increase and decrease in the intracellular Zn2+ level 

4.3.1. Academic implication for CQ study 

     Chelation therapy is a common therapy for heavy metal intoxication because the 

administration of hydrophilic chelating agents systemically removes heavy metals from the 

body.  The usefulness of chelation therapy in some neurological diseases (or 

neurodegenerative disorders) has been proposed (Cai et al., 2005; Gracia and Snodgrass, 2007; 

Bolognin et al., 2009; Hegde et al., 2009).  In the case of brain diseases, chelating agents must 
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pass across the blood-brain barrier.  Such agents are generally lipophilic (or hydrophobic).  

One may argue the possibility, therefore, that lipophilic agents possessing a chelating property 

also pass across the membranes, resulting in changes in the intracellular amounts of chelatable 

ions.  In this study, we have tested this possibility. 

     One important chelating agent is clioquinol, 5-chloro-7-iodo-8-hydroxyquioline.  

Clioquinol is hydrophobic and selectively binds Zn2+ and Cu2+ with a greater affinity than that 

with which it binds Ca2+ and Zn2+ (Cherny et al., 2001; Raman et al., 2005).  Clioquinol can 

dissolve amyloid deposits because Zn2+ and Cu2+ are involved in the deposition and stabilization 

of amyloid plaques (Atwood et al., 2000; Curtain et al., 2001).  Clinical trials with clioquinol 

and Alzheimer disease have been conducted (Ritchie et al., 2003; Lannfelt et al., 2008).  

Furthermore, clioquinol induces cell death in malignant cells by inhibiting proteasome (Daniel 

et al., 2005).  Thus, clioquinol is emerging as a potential therapy for Alzheimer's disease and 

cancer.  However, while clioquinol increased the intracellular Zn2+ concentration in some cell 

preparations (Anderson et al., 2009; Park et al., 2011), it attenuated Zn2+ accumulation induced 

by ischemia (Wang et al., 2010).  Intracellular Zn2+ plays many physiological roles in cells 

(Bettger et al., 1981; Bray and Bettger, 1990; Cunningham-Rundles et al., 1990; Prasad 2009; 

Fukada et al., 2011).  Therefore, it is important to characterize the changes in intracellular Zn2+ 

levels induced by clioquinol in order to reveal its toxicological profile, such that side effects can 

be avoided. 

     Toxicology studies of clioquinol in animals and humans reveal that the agent induces 

central and peripheral neurological symptoms, anemia, hepatotoxicity, and cardiovascular 

failure (Mao and Schimmer, 2008).  When clioquinol is orally administrated, cells in both 

central and peripheral tissues are assumed to be affected.  In this study, we mainly examined 

the effects of clioquinol on FluoZin-3 fluorescence, an indicator for intracellular Zn2+ level, in 

rat thymocytes in the presence and absence of extracellular Zn2+.  Rat thymocytes were used 

for the study for several reasons.  Firstly, the cell membranes of thymocytes remain intact 

because single cells can be prepared without enzymatic treatment.  Secondly, zinc plays a 

central role in the immune system and it is clear that zinc is crucial for the normal development 

and function of cells mediating immunity (Shankar and Prasad, 1998).  The primary function 

of thymocytes is the maturation of T lymphocytes.  The functions of T cells, i.e., recognizing 

foreign antigens, are mediated by T cell receptors.  Finally, the modification of cell death 

(apoptosis and necrosis) by zinc has been studied extensively in murine thymocytes (Barbieri et 

al., 1992; McCabe et al., 1993; Provinciali et al., 1995; Maclean et al., 2001).   
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4.3.2. Clioquinol-induced changes in the intracellular Zn2+ concentration 

     FluoZin-3 fluorescence responds to changes in intracellular Zn2+ concentrations (Gee et 

al., 2002).  Therefore, our results suggest that clioquinol increases the intracellular Zn2+ 

concentration in the presence of extracellular Zn2+ but decreases it in the absence of 

extracellular Zn2+.  This may be due to various reasons.  Firstly, clioquinol, at concentrations 

ranging from 30 to 300 nM, augmented FluoZin-3 fluorescence in a concentration-dependent 

manner (Fig. 16B), suggesting that clioquinol increased the intracellular Zn2+ concentration in a 

concentration-dependent manner.  Secondly, in the presence of DTPA, clioquinol, at 

concentrations ranging from 300 nM to 10 µM, attenuated FluoZin-3 fluorescence in a 

concentration-dependent manner (Fig. 19), suggesting that clioquinol decreased the intracellular 

Zn2+ concentration in a concentration-dependent manner.  Clioquinol is membrane-permeable 

because of its lipophilic properties.  Thus, when Zn2+ is present in the extracellular space, 

clioquinol seems to carry chelated Zn2+ into the cells, resulting in an increase in the intracellular 

Zn2+ level.  Under the external Zn2+-free conditions produced by DTPA, it is likely that 

clioquinol passes across the membranes and chelates the intracellular Zn2+, resulting in a 

decrease in the intracellular Zn2+ level.  The latter action of clioquinol was observed at 

micromolar concentrations.  Micromolar concentrations of clioquinol may be excessive to 

chelate extracellular Zn2+.  Therefore, the action of clioquinol on FluoZin-3 fluorescence 

conformed to a bell-shaped curve in the absence of DTPA (Fig. 16B and Fig. 19B). 

4.3.3. Augmentation of Fluo-3 fluorescence by clioquinol 

     Clioquinol at concentrations ranging from 30 nM to 300 nM increased the intensity of 

Fluo-3 fluorescence in a concentration-dependent manner (Fig. 18A).  Fluo-3 fluorescence is 

also augmented by Zn2+ (Minta et al., 1989).  Removal of external Zn2+ by DTPA, a chelator of 

Zn2+, completely attenuated the clioquinol-induced augmentation of Fluo-3 fluorescence (Fig. 

18B).  Thus, the increase in intensity of Fluo-3 fluorescence by clioquinol was supposed to be 

due to the increase in intracellular Zn2+ concentration by clioquinol.  It was unlikely that 

clioquinol at 30–300 nM increased intracellular Ca2+ concentration. 

4.3.4. Toxicological implications 

     Zinc plays many physiological roles in cells and is required for the structure and function 

of proteins and cellular organelles (Bettger et al., 1981; Bray and Bettger, 1990; 

Cunningham-Rundles et al., 1990; Prasad 2009; Fukada et al., 2011).  In mammalian immune 

cells, zinc is transported through the plasma membranes by zinc transporters of ZnT(SCL A30) 

or ZIP(SCL A39) families (Haase and Rink 2009).  It cannot be ruled out the possibility that 
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clioquinol directly affects zinc transporters, leading to the changes in intracellular Zn2+ 

concentration.  If clioquinol inhibits ZnT transporter or stimulates ZIP transport, the agent 

would increase intracellular Zn2+ concentration.  However, there is no experimental evidence 

on the action of clioquinol on zinc transporters. 

     The increases in intracellular Zn2+ concentration have been detected under some stress 

conditions (Cima et al., 2006; Kinazaki et al., 2011).  Zinc dyshomeostasis is recognized as an 

important mechanism for cellular malfunctions and cell death (Capasso et al., 2005; Kröncke, 

2007).  The effect of clioquinol on the intracellular Zn2+ level varied, depending on both the 

extracellular Zn2+ concentration and the clioquinol concentration, as shown in Fig. 16B, 17, and 

19B.  Clioquinol increased intracellular Zn2+ concentration in the presence of extracellular 

Zn2+.  Abnormal increases in intracellular Zn2+ concentrations have been associated with a 

variety of health problems (Frederickson et al., 2004; Maret and Sandstead, 2006; Cummings 

and Kovacic, 2009) and this may also be the case for clioquinol.  If so, some of the side effects 

of clioquinol would be Zn2+-dependent.  In addition, one health implication can be 

extrapolated from our results.  Many people use zinc supplementation in an attempt to affect 

the outcome of various diseases (Haase et al., 2008; Heyland et al., 2008).  The combination of 

zinc supplements with lipophilic drugs that can chelate Zn2+ may disturb intracellular Zn2+ 

homeostasis. 

4.4. CQ study-Part 2 – Clioquinol augments and attenuates the cytotoxicity of H2O2 

4.4.1. Academic implication 

   Clioquinol, a lipophilic Zn2+ chelator, has emerged as a therapeutic metal-chelating agent for 

several diseases such as Alzheimer’s disease and cancer.  Clioquinol selectively binds to Zn2+, 

and the binding affinity of clioquinol for Zn2+ is greater than that for Ca2+ (Cherny et al., 2001; 

Raman et al., 2005). Clioquinol can dissolve amyloid deposits because Zn2+ and Cu2+ are 

involved in the deposition and stabilization of amyloid plaques (Atwood et al., 2000; Curtain et 

al., 2001). Clinical trials have been performed using clioquinol for advanced hematologic 

malignancies and Alzheimer's disease (Ritchie et al., 2003; Lannfelt et al., 2008; Schimmer et 

al., 2012). Subacute myelo-optic neuropathy induced by clioquinol was an epidemic condition 

during the 1960s, which affected approximately 30,000 people in Japan (Takasu, 2003). 

Toxicological studies in animals and humans show that clioquinol induces central and 

peripheral neurological symptoms, anemia, hepatotoxicity, and cardiovascular failure (Mao and 

Schimmer, 2008). In addition, clioquinol affects the lymphocytes of patients with subacute 

myelo-optic neuropathy (Matsuda et al., 1991, 1994a, 1994b). Oral administration of clioquinol 
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affects the cells in the central and peripheral tissues. 

In our previous study (Oyama et al., 2012), we determined the effect of clioquinol on 

intracellular Zn2+ levels in rat thymocytes to characterize the toxicological profile of clioquinol.  

We used rat thymocytes in this study for several reasons. The cell membranes of thymocytes 

remain intact because single cells can be obtained without enzymatic treatment. Further, zinc 

plays an important role in the immune system, and zinc is crucial for the normal development 

and function of cells that mediate immunity. Thymocytes play an important role in the 

maturation of T lymphocytes.  The functions of T cells, i.e., recognition of foreign antigens, 

are mediated by T cell receptors.  The change in the form of cell death (apoptosis and necrosis) 

by zinc has been extensively studied in murine thymocytes (Shanker et al., 1998; Barbieri et al., 

1992). The concentration-response relationship of clioquinol-induced changes in intracellular 

Zn2+ levels of rat thymocytes showed a bell-shaped curve (Oyama et al., 2012).  Clioquinol has 

different effects on the intracellular Zn2+ levels, and these effects depend on the extracellular 

Zn2+ concentrations and clioquinol concentrations. While extracellular application of zinc 

chloride (ZnCl2) increases hydrogen peroxide (H2O2)-induced cytotoxicity, a chelator of 

intracellular Zn2+ attenuates this cytotoxicity (Matsui et al., 2010). Thus, intracellular Zn2+ is 

thought to be involved in the cell death induced by oxidative stress. Clioquinol can pass across 

the cell membranes and cause changes in intracellular Zn2+ levels; thus, it is important to 

examine the effects of clioquinol on oxidative stress-induced cell death under various conditions.  

Intracellular Zn2+ plays many physiological roles in regulating cellular functions (Bettger and 

O'Dell, 1981; Bray and Bettger, 1990; Cunningham-Rundles et al., 1990; Prasa, 2009; Fukuda 

et al., 2011); therefore, our study has several important implications. While clioquinol increases 

the intracellular Zn2+ concentration in some cell preparations (Andersson et al., 2009; Park et al., 

2011), it decreases Zn2+ accumulation induced by ischemia (Wang et al., 2010). Changes in the 

intracellular Zn2+ levels modify the cytotoxicity of H2O2 (Matsui et al., 2010); thus, clioquinol 

may also modify oxidative stress-induced cytotoxicity, which is a common feature of almost all 

aerobic organisms that are capable of quenching reactive oxygen species to prevent their 

detrimental effects. To test this possibility, we examined the effects of clioquinol and Zn2+ 

chelators on cell death in response to H2O2-induced oxidative stress by using thymic 

lymphocytes and appropriate fluorescent probes. 

4.4.2. Zn2+ dependence of clioquinol-induced potentiation of H2O2 cytotoxicity 

   Simultaneous incubation of cells with 300 µM H2O2 and clioquinol at concentrations 

ranging from 10 nM to 300 nM showed a bell-shaped profile of potentiation of H2O2 
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cytotoxicity (Fig. 20B). Maximum increase in cytotoxicity was observed at a concentration of 

100 nM clioquinol, whereas 1 µM clioquinol decreased the cytotoxicity of H2O2. Clioquinol at a 

concentration of 100 nM increased the cytotoxicity of 30–300 µM H2O2 in a 

concentration-dependent manner (Fig. 20C). This increase in cytotoxicity may be dependent on 

clioquinol rather than on H2O2. 

Although DTPA at a concentration of 10 µM did not affect the cytotoxicity of 300 µM 

H2O2 alone, DTPA significantly reduced the cytotoxicity induced by the combination of 300 

µM H2O2 and 100 nM clioquinol (Fig. 22). DTPA significantly suppressed the transition of 

intact living cells to annexin V-positive living cells induced by the treatment with a combination 

of 300 µM H2O2 and 100 nM clioquinol (Fig. 21). TPEN at a concentration of 10 µM almost 

completely inhibited H2O2-induced cytotoxicity in the absence and presence of clioquinol (Fig. 

22). Although extracellular Zn2+ is unlikely to be involved in the cytotoxicity induced by 300 

µM H2O2 alone, clioquinol-induced increases in intracellular Zn2+ concentrations in the 

presence of extracellular Zn2+ seem to be a key factor in the increase in H2O2 cytotoxicity by 

clioquinol.   

4.4.3. A possible mechanism underlying the bell-shaped concentration-response curve of 

clioquinol-induced changes in intracellular Zn2+ concentrations 

   We observed a bell-shaped concentration-response curve for increases in intracellular Zn2+ 

concentrations in the presence of extracellular Zn2+ induced by 30 nM to 3 µM clioquinol (Fig. 

23A). This bell-shaped curve was also observed upon simultaneous treatment with 300 µM 

H2O2 and clioquinol (30 nM to 3 µM, Fig. 23B). Maximum increases in intracellular Zn2+ 

concentrations were observed with 300 nM clioquinol under both treatment conditions. 

In the presence of 1 µM ZnCl2, clioquinol further increased intracellular Zn2+ concentrations.  

However, the bell-shaped relationship between clioquinol concentration and FluoZin-3 

fluorescence intensity became less apparent (Fig. 24A). On the other hand, under nominally 

Zn2+-free conditions in the presence of DTPA, clioquinol at concentrations of 100 nM or more 

(up to 3 µM) decreased the intracellular Zn2+ levels in a concentration-dependent manner (Fig. 

24B).  Thus, the bell-shaped relationship is likely to be dependent on the concentrations of 

extracellular Zn2+ and clioquinol. Although Tyrode’s solution lacks zinc salt, the cell suspension 

contained 200–230 nM Zn2+ derived from the cell preparation (Sakanashi et al., 2009). When 

the concentration of extracellular Zn2+ is greater than that of clioquinol, clioquinol may increase 

the intracellular Zn2+ levels in a concentration-dependent manner, presumably by membrane 

permeation of clioquinol with chelated Zn2+. However, when the concentrations of extracellular 



 -54- 

Zn2+ are less than those of clioquinol, both free and Zn2+-chelated clioquinol may pass across 

the cell membranes, which results in a decrease in the intracellular Zn2+ concentrations 

compared to those in the controls or at peak levels.  

4.4.4. Do clioquinol-induced increases in intracellular Zn2+ levels play a role in increasing H2O2 

cytotoxicity? 

   The cytotoxicity induced by the combination of H2O2 and clioquinol was completely 

suppressed by TPEN (Fig. 21), which indicated that this effect was dependent on Zn2+. The 

concentration of clioquinol required to elicit maximal increases in intracellular Zn2+ 

concentrations (Fig. 23) was different from that required to show a maximum increase in the 

cytotoxicity of H2O2 (Fig. 20B) although both concentration-response relationships showed a 

bell-shaped curve. While the increases in intracellular Zn2+ concentrations induced by treatment 

with a combination of 300 nM clioquinol and 300 µM H2O2 were greater than those induced by 

treatment with a combination of 100 nM clioquinol and 300 µM H2O2, cell death induced by the 

combination of 300 nM clioquinol and 300 µM H2O2 was lesser than that induced by 100 nM 

clioquinol and 300 µM H2O2. Therefore, in addition to the Zn2+-chelating properties of 

clioquinol, clioquinol at concentrations ≥300 nM may have some cytoprotective actions against 

oxidative stress. The above finding was supported by our observation that clioquinol at 

concentrations ≥100 nM decreased the intensity of CM-DCF fluorescence (Fig. 25), a marker of 

cellular oxidant levels. The inconsistency between the results described in Figs. 20 and 23 have 

been explained on the basis of the inhibitory effect of clioquinol on oxidative stress at 

concentrations more than 100 nM (Fig. 25). However, these data may not be sufficient to 

support our findings because the inhibitory effect of clioquinol at 100 nM is almost the same as 

that at 300 nM, and clioquinol at 300 nM induced a maximum increase in the intracellular Zn2+ 

concentration. Therefore, this discrepancy may be explained on the basis of a mechanism other 

than that explained above. The cell death induced by H2O2 is dependent on the intracellular Zn2+ 

concentrations because TPEN, a membrane-permeable Zn2+ chelator, completely suppresses the 

H2O2-induced increase in cell lethality (Matsui et al., 2009). In addition, TPEN inhibits the 

increase in cell lethality induced by the combination of H2O2 and clioquinol. Zn2+ seems to be 

one of key elements in H2O2 cytotoxicity. Further, Ca2+ is involved in H2O2-induced 

cytotoxicity in rat thymocytes (Okazaki et al., 1996). Thus, both Ca2+ and Zn2+ are involved in 

H2O2-induced cytotoxicity. However, Zn2+ partly attenuates Ca2+-dependent cell death 

(Sakanashi et al., 2009). The maximum increase in intracellular Zn2+ concentration by 300 nM 

clioquinol may inhibit the Ca2+-dependent component of H2O2-induced cell death. The 
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bell-shaped response curve of Zn2+ was also observed in the Zn2+-dependent augmentation of 

clotrimazole cytotoxicity (Oyama et al., 2007). In addition, high concentrations of Zn2+ may 

have an inhibitory effect on Ca2+-dependent cell death induced by H2O2. 

    Previous studies (Matsui et al., 2009; Kinazaki et al., 2011) showed that the application of 

micromolar ZnCl2 increased the lethality of cells simultaneously incubated with H2O2, although 

zinc is known to act as an antioxidant (Bray and Bettger, 1990; Powell, 2000). H2O2 itself 

significantly increased the intracellular Zn2+ concentration. Thus, the intracellular Zn2+ 

concentration markedly increased with the combination of clioquinol and H2O2. Micromolar 

zinc inhibits respiratory chain in the mitochondria (Skulachev et al., 1967; Nicholls and 

Malviya, 1968). Cultured neurons exposed to high concentrations of Zn2+ develop 

mitochondrial failure that is dependent on the zinc concentration (Manev et al., 1997). 

Furthermore, zinc irreversibly damages major enzymes of energy production (Gararyan et al., 

2007) prior to zinc-dependent multi-conductance channel activity in mitochondria (Bonanni et 

al., 2006). Therefore, the increase in the intracellular Zn2+ concentration because of the 

combination of H2O2 and clioquinol may induce malfunction of mitochondria in this cell 

preparation, which results in necrosis or apoptosis (Lemasters et al., 1999). In addition, an 

excessive increase in intracellular Zn2+ concentration may change the intracellular oxidative 

state. Zn2+ and ascorbate together promote lipid peroxidation in the brain membranes 

(Diaz-Arrastia and Hashemi, 2000). This effect is unique to Zn2+, and other divalent cations do 

not share similar synergism with ascorbic acid. If rat thymocytes possess sufficient levels of 

ascorbate, intracellular Zn2+-ascorbate interaction may be one of the mechanisms for the 

cytotoxicity induced by clioquinol and H2O2. 

     In addition, our study showed that clioquinol a lipophilic Zn2+-chelating compound 

increased the intracellular Zn2+ concentrations under certain in vitro conditions. Clioquinol may 

exert diverse Zn2+-dependent effects because of the following reasons: Zn2+ has many 

physiological and pathological roles such as in maintaining membrane plasticity, cell injury, and 

cell death (Sensi et al., 2011). Intracellular Zn2+ homeostasis is regulated by Zn2+ transporters, 

Na+-Zn2+ and H+-Zn2+ exchangers, Zn2+-importing proteins, and Zn2+-buffering peptides such as 

metallothionein (Maret, 2009; Ohana et al., 2009). Excessive increase in intracellular Zn2+ 

concentration by clioquinol presumably induces intracellular Zn2+ dyshomeostasis that may lead 

to pathophysiological changes in cellular functions. 

4.5. Aspects of Environmental and regional sciences in present in vitro toxicological study 

     We show that the chemical has Zn2+-dependent cytotoxicity, suggesting that the 
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cytotoxicity of chemical substances is enhanced in the presence of Zn2+. There are many 

chemical substances around us, and their cytotoxicity may develop because of coexistence with 

Zn2+. The related concerns of note are as follows. Emissions from activities such as metal 

mining, inorganic pigment manufacturing, inorganic chemical industrial product manufacturing, 

surface-treated steel manufacturing, and electroplating, are a considerable source of 

environmental zinc exposure (Harte et al., 1991; Gakwisiri et al., 2012). According to the 

provisions in the Water Pollution Control Law in Japan, the permissible zinc levels of 

wastewater from business establishments are set at 2 mg/L or lower (calculated molar 

concentration: 30.6 µM). Zinc levels in river water are 0.14–19.7 mg/L in the Przemsza River of 

Poland (Pistelok and Galas, 1999), 0.71–1.76 mg/L in the Gombak River and Penchala River of 

Malaysia (Ismail et al., 2013), and 4.2–6.7 mg/L in the Godavari River of India (Sayyed and 

Bhosle, 2010). When converted to molar concentrations, the levels are in the range of 2.1–301.3 

µM. In our study, ZnCl2 at 30 µM markedly potentiated the cytotoxicity of PS80 in vitro (Fig. 

4). In addition, the cytotoxicity of the antimicrobial CTZ is enhanced by 0.3–10 µM ZnCl2 

(Oyama et al., 2007). These in vitro concentrations of ZnCl2 are lower than the levels in river 

water, but they still potentiated the cytotoxicity of some chemical compounds. Thus, zinc is a 

critical factor that must be taken into consideration with regard to environmental conservation 

(or protection). Zn2+ enhances the cytotoxicity of imidazole fungicides, but not triazole 

fungicides (Matsui et al., 2008). The former compounds increase intracellular Zn2+ 

concentration but the latter do not. Therefore, it is necessary to consider the chemicophysical 

properties of compounds that may increase membrane Zn2+ permeability or form a 

membrane-permeable complex with Zn2+. Triclosan is one such environmental pollutant; it is an 

antibacterial agent present in healthcare products such as hand soap and toothpaste, as well as in 

urban river water worldwide. Triclosan has also been detected in river water in Tokushima City. 

The involvement of Zn2+ in the cytotoxicity of triclosan has previously been demonstrated 

(Tamura et al., 2012). The concentration of zinc in the river water of Tokushima City is 0.005 

mg/L, which is not a problematic level. However, the zinc concentration of river sediments 

varies depending on the geology and deposits in the area. Regional distribution of each element 

is shown in the geochemical map as important, basic, national information at the National 

Geological Survey Center of National Institute of Advanced Industrial Science and Technology. 

Therefore, it is necessary to manage chemical substances with zinc levels in river water and 

sediments in the future. 
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