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abstract 

Silver (Ag) possesses antibacterial activity and has been used in wound dressings and deodorant 

powders worldwide. However, the metabolic behavior and biological roles of Ag in mammals have 

not been well characterized. In the present study, we exposed human bronchial epithelial cells 

(BEAS-2B) to AgNO3 and investigated uptake and intracellular distribution of Ag, expression of 

metallothionein (MT), generation of reactive oxygen species (ROS), and changes in mitochondrial 

respiration. The culture medium concentration of Ag decreased with time and stabilized at 12 h. The 

concentration of both Ag and MT in the soluble cellular fraction increased up to 3 h and then 

decreased, indicating that cytosolic Ag relocated to the insoluble fraction of the cells. The levels of 

mRNAs for the major human MT isoforms MT-I and MT-II paralleled with the protein levels of 

Ag-MT. The intensity of fluorescence derived from ROS was elevated in the mitochondrial region at 

24 h. Ag decreased mitochondrial oxygen consumption in a dosedependent manner and the activity 

of mitochondrial complex I-IV enzymes was significantly inhibited following exposure to Ag. In a 

separate experiment, we found that hydrogen peroxide (H2O2) at concentrations as low as 0.001% 

(equivalent to the concentration of H2O2 in Ag-exposed cells) removed Ag from MT. These results 

suggest MT was decomposed by cytosolic H2O2, and then Ag released from MT relocated to 

insoluble cellular fractions and inhibited electron chain transfer of mitochondrial complexes, which 

eventually led to cell damage. 



1. Introduction 

 

Silver (Ag) has antibacterial and antifungal activities and has been used as an additive in wound 

dressings, catheters, bone cements, dental devices, hygiene textiles, deodorant sprays, and other 

consumer products. There are three main entry routes for exposure to Ag compounds: skin contact, 

ingestion, and inhalation. Argyria and argyrosis, chronic disorders of the skin micro-vessels and eyes 

in humans, arise following oral or inhalational uptake of Ag dust or colloidal silver over an extended 

period of time (Atiyeh et al., 2007). Studies have shown that silver metal/silver sulfide particles 

deposit in the skin, eyes, and other organs in workers involved in the preparation of colloidal 

silver-containing materials (Atiyeh et al., 2007; Lansdown, 2006). Although the cytotoxicity and 

intracellular distribution of Ag have been reported (Hachem et al., 2003; Hoekstra et al., 1993; 

Lansdown, 2006; Lansdown et al., 1997; Lansdown and Williams, 2004), very little is known about 

the mechanism of Ag toxicity in mammals. It has been reported that cells on the wound-healing 

margin actively absorb silver nitrate (AgNO3) and that Ag binds to newly synthesized MT isoforms 

MT-I and MT-II, both of which are cysteine-rich proteins (Lansdown, 2002; Lansdown et al., 1997). 

Four major MT isoforms (MT-I, MT-II, MT-III, and MT-IV) have been identified in mammals, of 

which MT-I and MT-II are ubiquitously expressed (Haq et al., 2003; Kagi and Schaffer, 1988; Maret, 

2000; Nordberg and Nordberg, 2000). MT isoforms are low-molecularweight (MW ∼7 kDa) 

cytosolic proteins capable of binding a variety of essential as well as toxic metals, such as copper, 

zinc, cadmium, mercury, and silver. Mammalian MT isoforms contain 20 cysteine residues and 41 

other amino acids; in addition, mammalian MT can bind seven zinc or cadmium ions or up to 12 

copper or silver ions (Kagi and Schaffer, 1988; Maret, 2000; Nordberg and Nordberg, 2000). The 

basal level of MT is low in most tissues; however, synthesis of MT is markedly induced by a variety 

of stimuli, including metals, hormones, cytokines, oxidant-induced stress, and irradiation (Haq et al., 

2003; Kagi and Schaffer, 1988; Maret, 2000; Nordberg and Nordberg, 2000). The sequence of MT 

isoforms is highly conserved (Haq et al., 2003), implying that MT has ubiquitous biological 

functions. Oxidative stress, which is characterized by an elevation in reactive oxygen species (ROS), 

has been implicated in a wide range of biological and pathological conditions. Cellular enzymatic 

processes, either in some physiological metabolic pathways (e.g., mitochondrial respiratory chain 

and microsomal cytochrome P450 enzymes) or disease states (e.g., xanthine oxidase in 

ischemiareperfusion injury) also lead to the generation of ROS (Djordjevic, 2004; Sies, 1987). 

Toxicity of Ag ions was reported to damage proteins thiols and generate ROS (Baldi et al., 1988). A 

number of cellular antioxidant systems are involved to protect cells from oxidative damage 

(Wilkinson et al., 2011). Recently, silver nanoparticles have gained considerable interest in 

application for wound bioburden reduction and in anti-inflammation, as Ag ions are released from 

the large surface area of nanosilver particles (White et al., 2011). Therefore, it is of importance to 



investigate the mechanism of cellular responses to Ag ions for both toxicity evaluation and 

therapeutic application of this metal. Mitochondria are known to be a major source of ROS in cells 

(Bai et al., 1999). Dysfunction in electron transfer through the mitochondrial respiratory chain may 

result in generation of ROS species such as superoxide anion radical (O2•), hydrogen peroxide 

(H2O2), and the hydroxyl radical (OH•) (Turrens, 1997; Wang et al., 2004). Moreover, complexes I 

and III in the electron transport chain are thought to be responsible for ROS production because O2• 

is formed from molecular oxygen (O2) and then dismutated to H2O2 as electrons pass through the 

mitochondrial respiratory chain (i.e., complexes I and III) (Chen et al., 2003). In the present study, 

we assessed toxicity of the ionic form of Ag using human bronchial epithelial cells (BEAS-2B). We 

report quantitative cellular distribution of Ag, behavior of MT, and mitochondrial ROS production in 

Ag-exposed cells. 



2. Materials and methods 

 

2.1. Reagents 

Deionized water (18.3 MΩ cm) was used in all experiments. Tris(hydroxymethyl)aminomethane 

(Trizma® Base) and adenosine 5�-diphosphate monopotassium salt dihydrate (ADP) were 

purchased from Sigma–Aldrich (St.Louis, MO, USA). Decylubiquinone was purchased from 

Funakoshi Co., Ltd. (Tokyo, Japan). Silver nitrate (AgNO3), cyclohexane, HCl, potassium 

phosphate, NADH, MgCl2, sucrose, sodium hydrosulfite, disodium dl-malate n-hydrate (malate), 

sodium hydrogen l(+)-glutamate monohydrate (glutamate), disodium succinate (succinate), 

2,6-dichloroindophenol sodium salt (DCPIP), 5-methylphenazinium methyl sulfate (phenazine 

methosulfate), sodium dithionite, ascorbic acid, cytochrome c, and complexes I–IV inhibitors 

(rotenone, malonate, antimycin A, and KCN) of the highest grade were purchased from Wako Pure 

Chemical Industries (Osaka, Japan). A standard silver, copper, and zinc solution of atomic absorption 

spectrophotometry grade (1000 μg/mL; Wako Pure Chemicals Industries) was used after appropriate 

dilution with 0.1 mM nitric acid for calibration of concentrations of these metals. 

 

2.2. Synthesis of decylubiquinol and reduced cytochrome c 

The preparation of decylubiquinol was carried out according to Fisher’s method (Fisher et al., 2004) 

with slight modifications. Briefly, 100 μL of 500 mM decylubiquinone was diluted in absolute 

ethanol to a concentration of 25 mM, after which 6 mL of a solution consisting of 0.1 M potassium 

phosphate buffer (pH 7.4) and 0.25 M sucrose was added. Next, 1 mL of cyclohexane and 0.1 g of 

solid sodium dithionite were added to the solution. The resulting solution was mixed until it turned 

colorless. The upper layer of cyclohexane was decanted into a separate vial. The aqueous solution 

was extracted twice with a 1 mL portion of cyclohexane; the organic phase was decanted after each 

extraction and combined with the initial organic layer. The combined organic phase was then 

evaporated under vacuum until a light yellowcolored syrup remained in the bottom of the tube. This 

syrup was dissolved in 900 μL of absolute ethanol and 100 μL of 0.1 M HCl, then stored in aliquots 

at −80 ◦C. A reduced cytochrome c stock solution was prepared by reducing cytochrome c with 

ascorbic acid in 10 mM potassium phosphate buffer (pH 7.0). The solution was dialyzed against 1 

mL of 10 mM potassium phosphate buffer (pH 7.0) at 4 ◦C for 24 h using a Slide-a-Lyzer dialysis 

cassette (MW cutoff < 5 K; Thermo Scientific Pierce Protein Biology Products, Rockford, IL, USA) 

to remove the ascorbic acid. The dialysis buffer was changed every 8 h. The reduced cytochrome c 

stock solution was stored in a nitrogen atmosphere at −20 ◦C. 

 

2.3. Cell culture 

The human bronchial epithelial cell line BEAS-2B was obtained from the RIKEN Cell Bank 



(Tsukuba, Japan). BEAS-2B cells were grown and maintained in DMEM Dulbecco’s modified 

eagle’s medium (DMEM) supplemented with 10% (v/v) heatinactivated fetal bovine serum (FBS, 

Life Technologies Japan, Ltd. Tokyo, Japan), 100 units/mL penicillin, and 100 μg/mL streptomycin 

at 37 ◦C in a 5% CO2 atmosphere. Cells were passaged after reaching confluence using 0.05% 

trypsin/EDTA.  

 

2.4. Cytotoxicity assay 

Cells were seeded into a 96-well plate at 8 ×103 cells/well and were preincubated for 24 h. Cells 

were then exposed to AgNO3 at a concentration of 0–100 μM for 24 h. Cytotoxicity was assessed in 

quadruplicate replicates using a Cell Counting Kit-8 (Dojindo Laboratories, Kumamoto, Japan) 

according to the manufacturer’s instructions. 

 

2.5. Measurement of Ag concentration 

BEAS-2B cells were plated into 100-mm culture dishes and cultured for 24 h until reaching 

approximately 70% confluence. After cells were exposed to AgNO3, the culture medium was 

removed and the cells were washed 3 times with PBS. Both the cells and medium were wet-digested 

with analytical grade nitric acid (0.75 mL) and H2O2 (0.25 mL) and the samples were incubated at 

100 ◦C for 1 day in an aluminum block bath. Digested samples were diluted with deionized water 

and the total concentration of Ag was determined by inductively coupled plasma-mass spectrometry 

(ICP-MS) (7500c, Agilent Technologies, Tokyo, Japan) at m/z 107 using a standard addition method. 

In addition, Ag-exposed cells were collected after 24 h and suspended in 10 mM Tris–HCl, pH 7.2. 

To determine the distribution of Ag between the soluble and insoluble fractions of the cells, the cells 

were suspended and disrupted using an ultrasonic homogenizer (Bioruptor® UCD-250, CosmoBio 

Co., Ltd., Tokyo, Japan) for 10 min at 4 ◦C (H-amplitude, repeated 30-s sonications with 30-s 

intervals). The supernatant (soluble fraction) and the pellet (insoluble fraction) were obtained by 

ultracentrifugation of the homogenate at 105,000 × g using a 50Ti rotor (Hitachi Koki Co., Ltd. 

Tokyo, Japan) for 60 min at 4 ◦C. These fractions were digested and the Ag concentration in each 

sample was determined using ICP-MS.  

 

2.6. Chemical speciation of Ag, Cu, and Zn in the cytosolic fraction 

BEAS-2B cells were plated and cultured as described above. The culture medium was replaced with 

fresh DMEM medium containing 1.0 μM AgNO3. Twenty-four hours after exposure to Ag, the cells 

were collected using 0.05% trypsin/EDTA and suspended in 10 mM Tris–HCl, pH 7.2. The cytosolic 

fraction was obtained by disruption and ultracentrifugation as described above. A 20-μL aliquot of 

the supernatant was applied to a gel filtration column (Asahipak GS-320 HQ, 7.6 mm ID × 300 

mm; Showa Denko K.K., Tokyo, Japan), and the column was then eluted with 50 mM Tris–HCl (pH 



7.2) at a flow rate of 0.5 mL/min using a Prominence HPLC system (Shimadzu Co, Kyoto, Japan). 

The eluate was introduced into the nebulizer of the ICP-MS. The concentrations of Ag, Cu, and Zn 

in the eluate were continually monitored at m/z 107, 65, and 66, respectively. 

 

2.7. Isolation of total RNA and determination of MT-I and MT-II mRNA expression 

levels using quantitative reverse transcription-polymerase chain reaction (RT-PCR) Total RNA was 

isolated from cells using a PureLinkTM Micro-to-Midi kit (Invitrogen, Carlsbad, CA) according to 

the protocol provided by the manufacturer. A PrimeScriptTM RT reagent kit (TaKaRa, Tokyo, Japan) 

was used for the reverse transcription reaction, which is the first step of real-time PCR (q-PCR). 

SYBR® Premix Ex TaqTM II (TaKaRa) was used for PCR. Genespecific primers used for 

amplification of human MT-I-A (GenBank accession no.NM 005946), MT-II-A (NM 005953), and 

GAPDH (NM 002046) cDNAs were as follows: MT-I-A forward (F), 

5�-CTTGGGATCTCCAACCTCAC-3�; MT-I-A reverse (R), 

5�-AGGTGCATTTGCACTCTTTG-3�; MT-II-A-F, 5�-ATGGATCCCAACTGCTCCT-3�; MTII- 

A-R, 5�-GCATTTGCACTCTTTGCATT-3�; GAPDH-F, 

5�-AATCCCATCACCATCTTCCA-3�;GAPDH-R, 5�-TGGACTCCACGACGTACTCA-3� . 

The following conditions were used for RT-PCR: reverse transcription reaction of cDNA at 42 ◦C for 

15 min, denaturation with reverse transcriptase at 85 ◦C for 5 s followed by 40 cycles of PCR 

(denaturation of cDNA at 95 ◦C for 15 s and annealing and extension at 60 ◦C for 1 min). The sizes 

of the PCR products were 113 bp (MT-I-A), 78 bp (MT-II-A), and 82 bp (GAPDH). The amplified 

genes were quantified using a Thermal Cycler Dice® Real Time System TP800 (TaKaRa). 

 

2.8. Fluorescence imaging of ROS 

To assess the production of H2O2 and total ROS, BEAS-2B cells were seeded on 35-mm glass base 

dishes at a density of 2 × 105 cells and pre-cultured for 24 h. The cells were further incubated with 1 

μM BES-H2O2-Ac (Wako Pure Chemical Industries, Ltd.) for the detection of H2O2 or 2 μM 

CM-H2DCFDA for determination of total ROS. In some experiments, cells were also loaded with 

500 nM MitoTracker for 30 min to identify mitochondria. Finally, the cells were washed twice with 

PBS and fluorescence images were captured using confocal microscopy (TCS STED, Leica 

Microsystems, Wetzlar, Germany). 

 

2.9. Isolation of rat liver mitochondria and preparation of submitochondrial particles 

All animal experiments were carried out according to the Principles of Laboratory Animal Care 

(NIH version, revised 1996) and the Guidelines of the Animal Investigation Committee, National 

Institute for Environmental Studies, Japan. Threeweek-old male Sprague–Dawley rats were 

purchased from Clea Japan (Tokyo, Japan). The rats were maintained in an air-conditioned room 



(22–25 ◦C and relative humidity 50–60%) with a 12-h light/dark cycle. The animals were fed a 

commercial diet (MF; Clea Japan) and tap water ad libitum. At 6 weeks of age, each rat (body 

weight = 180–200 g) was sacrificed by exsanguination under pentobarbital anesthesia and the liver 

was excised. The liver tissues were homogenized in nine volumes of an ice-cold buffer containing 

0.23 M mannitol, 70 mM sucrose, 10 mM Tris–HCl, 1.0 mM EDTA, and 0.5% bovine serum 

albumin (pH 7.4) using a Teflon-pestled Potter-Elvejhem homogenizer (Thomas Scientific, 

Philadelphia, PA). The homogenate was first centrifuged at 700 × g for 10 min and the supernatant 

was removed and centrifugedat 7000 ×  g for 10 min. The pellet was washed twice and 

resuspended to a protein concentration of 20 mg/mL in homogenization medium without bovine 

serum albumin. All procedures were performed at 4 ◦C and the samples were stored at −80 ◦C until 

further use. The protein concentration of the sample was determined using a BCATM Protein Assay 

kit (Thermo Fisher Scientific, Yokohama, Japan) with bovine serum albumin as the standard. 

Samples were thawed on ice and submitochondrial particles (10–20 mg protein/ mL) were prepared 

by sonicating for three 15-s periods with 30-s intervals at an output of 40 W using an ultrasonic 

homogenizer (Bioruptor® UCD-250, Cosmo- Bio Co., Ltd., Tokyo, Japan) followed by 

centrifugation at 10,000 ×  g for 10 min at 4 ◦C. The supernatant was decanted into an 

ultracentrifuge tube and centrifuged at 105,000 × g for 30 min. The pellet (i.e., submitochondrial 

particles) was washed once and resuspended in buffer containing 0.23 M mannitol, 70 mM sucrose, 

10 mM Tris–HCl, and 1.0 mM EDTA (pH 7.4). 

 

2.10. Mitochondrial respiratory activity and respiratory control 

Freshly isolated mitochondria were immediately used in the all mitochondrial O2 consumption 

experiments without storage at −80 ◦C. Mitochondrial consumption of O2 was determined 

polarographically with a Clark-type electrode in an air-saturated (0.24 mM O2) reaction medium 

consisting of 0.23 M mannitol, 70 mM sucrose, 30 mM Tris–HCl, 4 mM MgCl2, 5 mM 

Na2HPO4/KH2PO4, and 1 mM EDTA, pH 7.4 (respiration medium) and containing 1–2 mg of 

mitochondrial protein/mL. Uptake of O2 was determined using 6 mM malate and glutamate as the 

substrate in the presence (state 3) and absence (state 4) of phosphate acceptor (0.2 mM ADP). 

 

2.11. Assays of electron transport chain complexes (I–IV) enzyme activity 

The activity of enzymes associated with complexes I–IV was determined spectrophotometrically 

according to published methods (Poderoso et al., 1999) using a UV-1800 spectrophotometer 

(Shimadzu Co.). The activity of complex I was determined in assay medium (25 mM potassium 

phosphate, 5 mM MgCl2, pH 7.2) supplemented with 1 mg/mL submitochondria, 2 mM KCN, 2 

μg/mL antimycin A, 40 μM decylubiquinone, and 0–10 �M AgNO3. The reaction mixture was 

incubated for 3 min at 4 ◦C, after which the temperature was raised to 30 ◦C and the incubation 



continued for an additional 2 min. Immediately after the incubation, NADH was added to the 

reaction mixture to a final concentration of 130 μM. Time-course changes in oxidation of NADH 

was monitored at 340 nm over consecutive 16-s intervals for a period of 4 min. Treatment with 2.5 

μM rotenone was used as a positive control for inhibition of complex I. The activity of enzymes 

associated with complex II was determined in 25 mM phosphate buffer (pH 7.8) supplemented with 

20 mM succinate, 1 mM KCN, 20 μM DCPIP, 100 ng/mL submitochondria, and 0–10 μM AgNO3. 

The reaction mixture was incubated for 3 min at 4 ◦C, after which the temperature was raised to 30 

◦C and the incubation continued for an additional 2 min. Immediately after the incubation, phenazine 

methosulfate was added to a final concentration of 450 μM. Reduction of DCPIP was monitored at 

600 nm over consecutive 16-s intervals for a period of 4 min. Treatment with 1 mM malonate was 

used as a positive control for inhibition of complex II. The activity of enzymes associated with 

complex III was determined in assay medium (25 mM potassium phosphate, 5 mM MgCl2, pH 7.2) 

supplemented with 100 ng/mL submitochondria, 2 mM KCN, 2 μg/mL rotenone, 15 μM cytochrome 

c, and 0–10 μM AgNO3. The reaction mixture was incubated for 3 min at 4 ◦C, after which the 

temperature was raised to 30 ◦C and the incubation continued for an additional 2 min. Following the 

incubation, decylubiquinol was added to the reaction mixture to a final concentration of 100 μM. 

Reduction of cytochrome c was monitored at 550 nm over consecutive 16-s intervals for a period of 

4 min. Treatment with 2 μM antimycin A was used as a positive control for inhibition of complex III. 

The activity of enzymes associated with complex IV was determined in 10 mM potassium phosphate 

(pH 7.0) supplemented with 100 ng/mL submitochondria with 0–10 μM AgNO3. The reaction 

mixture was incubated for 3 min at 4 ◦C and then the temperature was raised to 30 ◦C and the 

incubation continued for an additional 2 min. Reduced cytochrome c was immediately added to the 

reaction mixture to a final concentration of 50 μM. Oxidation of cytochrome c was monitored at 550 

nm over consecutive 30 s intervals for a period of 5 min. Treatment with 2 mM KCN was used as a 

positive control for inhibition of complex IV. 

 

2.12. Effect of H2O2 on the metal binding capacity of MT 

We investigated the effect of H2O2 on the metal binding capacity of MT using rat hepatic MT and 

HPLC-ICP-MS. The liver supernatants were prepared as described above. The livers were obtained 

from 3-week-old Sprague–Dawley male rats and the tissues were homogenized on ice in 10 mM 

Tris–HCl (pH 7.4) using a glass-Teflon homogenizer. Ultracentrifugation and chemical speciation of 

Ag, Cu, and Zn in the supernatant were carried out as described above. A 20-μL aliquot of untreated 

or H2O2-treated (final concentration of 0–0.0001%) supernatant was analyzed using HPLC-ICP-MS. 

Aliquots (20 μL) were also added to standard solutions containing 100 ppb of Ag, Cu, and Zn and 

the sample was introduced directly into the nebulizer tube of the HPLC-ICP-MS system. 

Concentrations of MT-bound Ag, Cu, and Zn were determined by integrating the signal counts for 



each metal in the MT peak area using a flow injection method. 

 

2.13. Determination of intracellular H2O2 

The concentration of intracellular H2O2 was measured using a hydrogen peroxide detection kit 

(Fluoro H2O2 TM, Cell Technology Inc., Mountain View, CA) according to the manufacturer’s 

instructions. To assess H2O2 levels, we observed the reagent-H2O2 complex (excitation = 544 nm; 

emission = 590 nm) using a fluorescence plate reader (POLARstar OPTIMA, BMG Labtech Ltd., 

Ortenberg, Germany). 

 

2.14. Measurement of cytosolic reduced glutathione (GSH) and oxidized (GSSG) 

Concentrations of cytosolic GSH and GSSG were measured using a GSH/GSSG quantification kit 

(Dojindo, Kumamoto, Japan) according to the manufacturer’s instructions. The cells were collected 

by centrifugation at 200×g for 10 min at 4 ◦C. The cell pellet was added with 80 μL of 10 mM HCl 

and they were lyzed by freezing and thawing twice. The protein-free supernatant of the lysate was 

obtained by centrifugation (8000 ×g at 4 ◦C). The concentration of GSSG and total glutathione was 

measured using 5,5�-dithiobis(2-nitrobenzoic acid) (DTNB) as a substrate in the absence and 

presence of GSH masking reagent, respectively. The GSH concentration was determined by 

subtracting the GSSG concentration from the total glutathione concentration. 

 

2.15. Statistics 

Viability values are presented as the mean ±  SD of four independent cell counts. Metals 

concentrations were determined using triplicate wells, and each value represents the mean ±SD. 

Statistical analyses were performed using two-way ANOVA followed by Scheffe’s post hoc 

examination. 



3. Results 

3.1. Ag concentration and distribution of Ag in BEAS-2B cells 

The viability of BEAS-2B cells decreased in a dose-dependent manner following exposure to 

AgNO3 (Fig. 1), with an IC50 of 2.5 μM. The concentration of Ag in the culture medium decreased 

with time, stabilizing 12 h after Ag exposure (Fig. 2A). As shown in Table 1 and Fig. 2, about 50% 

of the Ag dose was taken up by the cells by 1 day after exposure. Based upon the data in Table 1 

andassuming a cell diameter of 20 μm, the cellular Ag concentration was calculated to be 1.2 mM 

per a cell. The concentration of Ag in the soluble fraction increased up to 3 h and decreased 

thereafter, indicating that Ag was relocated to the insoluble fraction of the cells 3 h after exposure 

(Fig. 2B). 

 

3.2. Expression of MT-I and MT-II 

The distribution of Ag in the soluble fraction was determined using HPLC-ICP-MS. Fig. 3 shows 

elution profiles of Ag, Cu, and Zn in the cytosolic fraction of BEAS-2B cells. The peak at a retention 

time of 11.7 min corresponds to Cu/Zn-SOD1, while the peak at 13.2 min corresponds to Ag, Cu, 

and Zn bound to metallothioneins (Miyayama et al., 2008). In the elution profile of the cytosolic 

fraction in AgNO3-treated BEAS-2B cells, the intensity of Ag corresponding to MT increased 

sharply at 3 h and then declined thereafter, whereas that of peaks representing Cu- and Zn-bound 

SOD1 was not altered (Fig. 3). Integration of the peak areas indicated that approximately 90% of the 

Ag in the cytosolic fraction was bound to MT at 3 h. The levels of mRNAs encoding the major 

human MT isoforms MT-I-A and MT-II-A paralleled the level of total Ag-MT protein in Ag-exposed 

BEAS-2B cells (Fig. 4). Although MT-I and MT-II could not be separated by the current HPLC 

speciation method (Fig. 4), MT-I and MT-II mRNA levels changed similarly at least in mRNA level. 

 

3.3. Generation and localization of ROS after Ag exposure 

BES-H2O2 was used for ROS imaging. This probe enables visualization of intracellular H2O2 

distribution in live cells. The fluorescence intensity derived from H2O2 seemed to be elevated only 

at 24 h (Fig. 5). The cellular location (organelles) of Ag-induced ROS generation was also 

investigated. The ROS fluorescent probe CMH2DCFDA and mitochondrial fluorescent probe 

Mito-Tracker were used simultaneously to detect ROS generation in organelles (e.g.,mitochondria). 

Fig. 6 shows fluorescent images of ROS in BEAS-2B cells following a 24-h exposure to 1.0 μM 

AgNO3. Colocalization of green fluorescence (ROS) and red fluorescence (mitochondria) as 

depicted by a yellow color indicates that intense ROS generation occurred in the mitochondria 

following treatment with Ag.  

 

3.4. Effect of Ag exposure on mitochondrial respiration and activity of electron transport chain 



complexes I–IV enzymes 

The effect of Ag on respiration in rat liver submitochondrial particles was assessed by measuring O2 

consumption. Exposure to Ag resulted in a dose-dependent decrease in mitochondrial oxygen 

consumption (Fig. 7). To assess the effect of exposure to Ag on the activity of enzymes associated 

with complexes I–IV in mitochondria, submitochondrial rat liver particles were exposed to varying 

concentrations of Ag. The activity of enzymes associated with complexes I–IV was significantly 

inhibited by Ag and the specific inhibitors; 5.0 μM rotenone, 2.0 mM malonate, 4.0 μg/mL 

antimycin A and 4 mM KCN used as positive controls (Fig. 8). These data suggest that all four 

mitochondrial electron transport chain complexes are significantly affected by exposure to Ag. 

 

3.5. Generation of H2O2 and stability of MT 

The influence of AgNO3 on intracellular ROS generation was assessed by determining the 

intracellular concentration of H2O2. The production of H2O2 increased 2.4-fold after 24 h of 

exposure to Ag (Fig. 9). The intracellular H2O2 concentration of AgNO3-exposed cells was 

estimated to be 0.001% from these data, assuming that the cell diameter is 20 μm. To clarify how 

Ag-MT in the soluble cellular fraction is relocated to the insoluble fraction after 3 h of exposure to 

AgNO3, the stability of Ag-MT in the presence of H2O2 was monitored using HPLC-ICP-MS. Ag 

ions from Ag-MT were removed by H2O2 treatment during the 30-min pre-incubation period. As 

shown in Table 2, exposure of rat liver supernatants to H2O2 resulted in a dose-dependent reduction 

in the metal binding capacity of MT. These results suggest that ROS alter the formation of 

Ag-binding MT and remove Ag, Cu, and Zn ions from MT-ion complexes. 

 

3.6. Concentrations of GSH and GSSG 

To determine the oxidation/reduction state in the cells, we measured the concentrations of cytosolic 

GSH and GSSG (Supplemental Fig. 1).GSH concentrations of AgNO3-exposed cells were slightly 

increased at 24 h, whereas GSSG concentrations were not significantly change. 



4. Discussion 

The present study shows that AgNO3 increases the generation of ROS in mitochondria, affects the 

expression of MT, and the intracellular distribution of Ag in BEAS-2B human bronchial epithelial 

cells. The viability of BEAS-2B cells was decreased byAgNO3 at concentrations of 5–100 μM for 

24 h (Fig. 1). Previous reports have shown that exposure to AgNO3 at concentrations higher than 10 

μM for 24 h causes a dose-dependent decrease in cell viability (Baldi et al., 1988; Hidalgo and 

Domínguez, 1998). The susceptibility to Ag varies among cell lines. In neuronal PC12 cells, DNA 

synthesis is inhibited by a 1-h exposure to 10 μM AgNO3 (Powers et al., 2010). The viability of 

lymphocytes decreases significantly after exposure to 50 μM AgNO3 (Hussain et al., 1992), while 

the viability of leukocytes is diminished by exposure to as low as 5 μM AgNO3 (Jansson and 

Harms-Ringdahl, 1993). It has been reported that Ag interacts with a variety of biomolecules, such 

as nucleic acids, cell wall components, and the sulfhydryl groups of metabolic enzymes and 

nonenzymatic proteins such as MT and thereby inhibits proliferation and other cellular functions 

(Greulich et al., 2011). The Ag incorporated into cells was distributed in the cytosolic fraction and 

sequestered by MT 3 h after exposure to 1.0 μM AgNO3 (Figs. 2B and 3). It has been reported that 

Zn and Cu ions are translocated from cytoplasm to membrane components during oxidation of MT 

and MT thiol groups may play a role in the protective function of MT against oxidative damage 

(Suntres and Lui, 2006; Thomas et al., 1986). Intracellular thiol homeostasis may play a critical role 

in Ag-induced lethal damage. Several studies have shown that MT plays an important role in the 

cellular response to heavy or transition metal-induced stress, such as that caused by exposure to Cu 

and Zn (Heuchel et al., 1994; Saydam et al., 2003). The affinity of the metal ions for mammalian MT 

follows the order of the thiolatemetal complex stability: Zn (II) < Pb (II) < Cd (II) < Cu (I), Ag (I), 

Hg (II) (Cortese-Krott et al., 2009; Kabzinski, 1998; Kagi and Kojima, 1987). An increase in MT is 

thought to lead to scavenging of Ag ions and limiting the Ag cellular distribution (Liu et al., 1991). 

Thus, the sensitivity of individual cells is dependent on the distribution and amount of intracellular 

Ag. Although we found that the level of Ag-bound MT increases sharply up to 3 h, expression of MT 

declined significantly thereafter (Figs. 3 and 4). Previous studies have indicated that cytoplasmic MT 

plays a pivotal role in protecting cells from oxidative stress. induced by toxic metals and related 

conditions (Andrews, 2000; Klaassen et al., 2009; Liu et al., 2009; Sabolic et al., 2006). It has been 

reported that Zn and/or Zn-MT protect erythrocyte membranes (Min et al., 2005; Thomas et al., 

1986), nucleus (Min et al., 1999), microsomes (Zhang et al., 2012), and mitochondria (Liang et al., 

2012) from oxidative stress. The metal-responsive transcription factor-1 (MTF-1) is a representative 

transcriptional regulator for MT and it is activated under the stress of heavy metals, hypoxia and 

oxidation (Gunther et al., 2012). However, it has been reported that MTF-1 did not induce the MT 

under the excessive oxidative state in rat glial tumor (C6) cells with 20 μM Cd treatment (Nzengue 

et al., 2009). In this study, the time-course profile of changes in the level of Ag-bound MT was 



similar to that of ROS generation (Figs. 3 and 5). Thus, it is possible to suppose that the cellular Ag- 

MT level was quickly decreased both by diminution of MT synthesis and by degradation of MT 

caused by ROS. As shown in Fig. 9 and Table 2, even 0.001% H2O2, which can be present in 

Ag-exposed cells, enhanced the release of Ag from MT. Namely, Ag is released like other metal ions 

(e.g., Zn and Cu) from oxidized MT. In the present study, the observed decrease in the level of MT 

may be due to mechanisms involving the reduction of MT synthesis and degradation of MT caused 

by ROS. It is contradictory that Ag is distributed to the cytoplasm in hepatoma HepG2 cells (Kim et 

al., 2009) and mitochondria in primary hepatocytes (Liu et al., 1991). Several cell lines of evidence 

also suggest that the cytotoxic effects of Ag in mitochondria are mediated via production of ROS 

(Foldbjerg et al., 2009; Lee et al., 2011; Miura and Shinohara, 2009; Piao et al., 2011). However, 

little is known about how ROS affects the distribution of Ag in mammalian cells. In the present study, 

ROS generation in mitochondria and the perinuclear region increased with the disappearance of Ag- 

MT and the increment of Ag in the insoluble fraction (Figs. 5 and 6, 2B). It has been reported that 

the effects of Ag on mitochondria (e.g., swelling, acceleration of mitochondrial respiration, and 

release of the apoptogenic protein cytochrome c) can be completely blocked by the addition of 

reduced thiols (e.g., GSH or dithiothreitol) (Almofti et al., 2003). Almofti et al. concluded that Ag 

might affect mitochondrial morphology and respiration by binding to specific thiols. MT may 

impede binding to Ag-specific thiols in mitochondria, as has also been discussed for other transition 

metal ions. Our findings are in good agreement with those of other studies describing the protective 

effect of MT against Ag-induced oxidative stress (Masters et al., 1994; Michalska and Choo, 1993). 

MT probably protects mitochondria from ROS, when MT was stably present in the cytoplasm. It has 

been reported that Ag interacts with GSH and subsequently the opening of the mitochondrial 

permeability transition pore; thereby Ag induces apoptosis (Almofti et al., 2003; Wilkinson et al., 

2011). GSH was slightly increased as Ag-MT diminished (supplementary Fig. 1). It has been 

reported that concentrations of GSH were increased by silver treatment in mouse fibroblasts and 

liver cells (Arora et al., 2009). However, there is a contradictory report that the GSH level was not 

changed by silver in a human hepatoma cell line (Huh-7) (Cha et al., 2008). In the present study, 

GSH was slightly increased only at 24 h in silverexposed BEAS-2B cells. In contrast cytosolic MT 

concentration was remarkably decreased in response to silver exposure, suggesting that MT is more 

sensitive to silver-induced oxidative stress than GSH. It has been reported that dysfunction of 

enzymes associated with electron transport chain complexes I-IV is the main cause of ROS 

generation in mitochondria (Jezek and Hlavata, 2005; Liu et al., 2002; Turrens, 1997). Toxic effects 

of Ag are largely affected by antioxidants such as MT and GSH, because Ag+ is chelated by those 

thiol compounds. To avoid the function of these antioxidants, mitochondria from rat liver were 

isolated and used for Ag toxic research so that the concentration of Ag+ that affects mitochondrial 

functions would be determined. In the present study, we found that exposure to Ag resulted in a 



decrease in rat liver mitochondria O2 consumption (Fig. 7). All 4 electron transport chain complexes 

were inhibited in submitochondria following exposure to 0.01 μM AgNO3 (Fig. 8), and production 

of H2O2 increased significantly following exposure to 0.1 μM AgNO3 in BEAS-2B cells (Fig. 9). 

The concentration of Ag required to inhibit complexes I-IV was 10- to 100-fold lower than the 

lowest cytotoxic concentration (1.0 μM) shown in Fig. 1. In fact, the concentration of Ag in a single 

cell was calculated to be 1.2 mM based upon the data shown in Table 1 assuming that a cell diameter 

is 20 μm. The cellular Ag concentration was high enough to inhibit the activity of complexes I–IV 

enzymes under these conditions. In addition, it has been reported that mitochondria are the target 

organelle for other toxic elements, such as 10 μM cadmium (Wang et al., 2004) and 10–100 μM 

arsenical compounds (Naranmandura et al., 2011). The toxic effect of cadmium was linked to 

production of ROS caused by the binding of cadmium to the Qo (ubiquinol oxidizing) site of 

mitochondrial complex III. Arsenical compounds reportedly inhibit the activity of enzymes 

associated with complexes II and IV. Accordingly arsenical compounds inhibit electron transfer from 

complexes I and III to complexes II and IV, respectively. Ag seems to inhibit the function of 

mitochondrial electron transport chain complexes at lower concentrations (0.01 μM AgNO3) than 

cadmium and arsenical compounds. The concentration of Ag required to inhibit complexes I–IV 

were orders of magnitude lower than that required for cytotoxic effects. The cell viability was not 

changed under the condition of 1.0 μM AgNO3, probably because incorporated Ag was immediately 

sequestered by MT. On the other hand, we used isolated submitochondria in assays of electron 

transport chain complexes (I–IV) enzyme activity. Thus, these enzymes of submitochondria fractions 

may be directly influenced by AgNO3 at a concentration as low as 0.01 μM. In summary, exposure 

to Ag increased MT synthesis and Ag was sequestered immediately by MT. Three hours after 

exposure, MT was decomposed by cytosolic H2O2. Ag released from MT relocated to insoluble 

cellular fractions and inhibited electron chain transfer of mitochondrial complexes, which eventually 

led to cell damage. 
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Tables 

 

Table 1 Concentration of Ag in BEAS-2B cells after exposure to 0 μM or 1.0 μM AgNO3 for 24 h. 

The concentration of Ag was determined using ICP-MS (m/z 107). Data are expressed as the mean 

±SD (n = 3). 

 

Table 2 Changes in the Ag, Cu, and Zn content in MT following exposure to H2O2. The amount 

(pmol) of Ag, Cu, and Zn in MT peak areas after treatment with H2O2 was determined using flow 

injection by HPLC-ICP-MS (m/z 107, 65, and 66, respectively, for Ag, Cu, and Zn). Data are 

expressed as the mean ± SD (n = 3). 
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Figures 

 

Fig. 1. Cytotoxic effect of AgNO3. BEAS-2B cells were treated with 0, 0.05, 0.1, 0.5, 1.0, 5.0, 10, 

50, or 100 μM AgNO3 for 24 h. Data are expressed as the mean ± SD (n = 4). (*) Significantly 

different from control group (P < 0.05). 

 

Fig. 2. Changes in Ag concentration of the culture medium following treatment of BEAS-2B cells 

with 1.0 μM AgNO3 for 0, 3, 6, 12, and 24 h (A) and subcellular distribution of Ag in BEAS-2B 

cells treated with AgNO3 (B). Concentrations of Ag in the medium or soluble and insoluble fractions 

of the cells were determined using ICP-MS (m/z 107). Data are expressed as the mean ± SD (n = 

3). In (A), (*) denotes significantly different from 0-h group (P < 0.05); (#) denotes significantly 

different from 3-h group (P < 0.05); and (§) denotes significantly different from 6-h group (P < 0.05). 

In (B), (*) denotes significantly different from 3-h group in soluble fraction (P < 0.05); (#) denotes 

significantly different from 6-h group in soluble fraction (P < 0.05); (§) denotes significantly 

different from 3-h group in insoluble fraction (P < 0.05); (†) denotes significantly different from 6-h 

group in insoluble fraction (P < 0.05); and (‡) denotes significantly different from 12-h group in 

insoluble fraction (P < 0.05). 

 

Fig. 3. Elution profiles of Ag, Cu, and Zn in the cytosolic fraction of BEAS-2B cells treated with 1.0 

μM AgNO3, as determined by HPLC-ICP-MS. Cells were treated with AgNO3 (1.0 μM) for 0, 3, 6, 

12, and 24 h. The HPLC system was equipped with a multi-mode gel filtration column (Shodex 

GS320HQ). A 20-μL aliquot of the cytosolic fraction was applied to the column and the column was 

eluted with 50 mM Tris–HCl, pH 7.2, at a flow rate of 0.5 mL/min. The concentrations of Ag, Cu, 

and Zn in the eluate were continually monitored at m/z 107 (1 count = 4.79 × 10−2 fmol), 65 (1 

count = 4.34 × 10−2 fmol), and 66 (1 count = 2.58 × 10−2 fmol), respectively. 

 

Fig. 4. Effect of AgNO3 on MT-I-A and MT-II-A mRNA expression in BEAS-2B cells. BEAS-2B 

cells were treated with 1.0 μM AgNO3 for 0, 3, 6, 12, and 24 h, after which total RNA was isolated 

from the cells. The expression of MT-I-A and MT-II-A mRNA was quantified using real time PCR 

and the data were normalized against the level of GAPDH mRNA. Data are expressed as the mean 

±SD (n = 3). P < 0.05 was considered significant. In MT-I-A, (*) denotes significantly different 

from 0-h group (P < 0.05); (#) denotes significantly different from 3-h group (P < 0.05); (§) denotes 

significantly different from 6-h group (P < 0.05). In MT-II-A, (*) denotes significantly different from 

0-h group (P < 0.05); (#) denotes significantly different from 3-h group (P < 0.05); (§) denotes 

significantly different from 6-h group (P < 0.05). 

 



Fig. 5. Fluorescence imaging of H2O2 in BEAS-2B cells treated with AgNO3. BEAS-2B cells were 

incubated with 1.0 μM AgNO3 for 0, 3, and 24 h. The cells were loaded with BES-H2O2 and 

fluorescence derived from H2O2-BES-H2O2 complexes was detected by fluorescence microscopy 

and digital images were captured using a cellSens® Standard system. 

 

Fig. 6. Localization of reactive oxygen species (ROS) in BEAS-2B cells after exposure to AgNO3. 

Cells were incubated with 1.0 μM AgNO3 for 0, 3, and 24 h and then exposed to 2 μM 

CM-H2DCFDA and 500 nM Mito Tracker for 30 min. Localization of ROS was determined by 

superimposing green fluorescence (DCFDA-derived CM-H2DCFDA) and red fluorescence (Mito 

Tracker). 

 

Fig. 7. Effect of Ag on rat liver mitochondrial respiration. Rat liver mitochondria (1 mg protein/mL) 

were incubated at 30 ◦C in reaction medium containing 6 mM malate/glutamate with (B) or without 

(C) 0.1 mM ADP. The complete sample was pre-incubated for 5 min with 10, 1.0, 0.1 and 0.01 μM 

AgNO3, respectively (D–G). Sodium hydrosulfite is a potent reducing agent capable of removing 

oxygen from reaction medium lacking mitochondria (A) 

 

Fig. 8. Effect of Ag on the activity of enzymes associated with electron transport chain complexes 

I–IV. The activity of complexes I–IV enzymes was assessed according to the procedure described in 

Section 2. NADH reduction (complex I), DCPIP reduction (complex II), reduction (complex III) and 

oxidation (complex IV) of Cytochrome c were monitored by UV spectrophotometer at 340, 600, and 

550 nm, respectively. The specific inhibitors were exposed to 2.5 μM rotenone, 1 mM malonate, 2 

μg/mL antimycin A, and 2 mM KCN. Data are expressed as the mean ±SD (n = 3) of percentage of 

the control value. Statistical significance was assessed using two-way ANOVA and followed by 

Scheffe’s post hoc test; P < 0.05 was considered significant. (*) Significantly different from control 

group (P < 0.05). (#) Significantly different from individual inhibitors group (P < 0.05). (§) 

Significantly different from 10 μM AgNO3 group (P < 0.05). (†) Significantly different from 1.0 μM 

AgNO3 group (P < 0.05). (‡) Significantly different from 0.1 μM AgNO3 group (P < 0.05). 

 

Fig. 9. Intracellular ROS generation in Ag-exposed BEAS-2B cells. Cells were exposed to 0–1.0 μM 

AgNO3 for 24 h and H2O2-derived fluorescence was measured. Each bar represents the mean ± 

SD (n = 6). Statistical significance was determined using two-way ANOVA and followed by 

Scheffe’s post hoc test; P < 0.05 was considered significant. (*) Significantly different from 1.0 μM 

AgNO3 group (P < 0.05). 
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