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Abstract: Cadmium (Cd) is a toxic heavy metal that is considered an environmental 

contaminant. Several sources of human exposure to Cd, including employment in primary 

metal industries, production of certain batteries, foods, soil and cigarette smoke, are 

known. Its inhalation has been related to different respiratory diseases and toxic effects, 

among which alterations of the physiological redox state in individuals exposed to the 

metal have been described. Host-cell redox changes characteristic of oxidative stress 

facilitate the progression of viral infection through different mechanisms. In this paper, we 

have demonstrated that pre-treatment with CdCl2 of MDCK cells increased influenza virus 

replication in a dose-dependent manner. This phenomenon was related to increased viral 

protein expression (about 40% compared with untreated cells). The concentration of CdCl2, 

able to raise the virus titer, also induced oxidative stress. The addition of two antioxidants, 
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a glutathione (GSH) derivative or the GSH precursor, N-acetyl-L-cysteine, to Cd  

pre-treated and infected cells restored the intracellular redox state and significantly 

inhibited viral replication. In conclusion, our data demonstrate that Cd-induced oxidative 

stress directly increases the ability of influenza virus to replicate in the host-cell, thus 

suggesting that exposure to heavy metals, such as this, could be a risk factor for individuals 

exposed to a greater extent to the contaminant, resulting in increased severity of  

virus-induced respiratory diseases. 

Keywords: cadmium; pollutants; influenza virus infection; oxidative stress; glutathione; 

respiratory diseases  

 

1. Introduction 

Cadmium (Cd) is a toxic heavy metal and, as a byproduct of smelters, is a prevalent environmental 

contaminant. There are several sources of human exposure to Cd, including employment in primary 

metal industries, production of certain batteries, in foods and soil [1]. It is also present in cigarette 

smoke, and its inhalation is associated with decreased pulmonary function, lung cancer and chronic 

obstructive pulmonary disease [2]. Cadmium accumulation in many organs, such as kidney, liver, lung, 

testis, bone and the blood system, is extremely toxic [3]. The molecular mechanisms, which cause the 

toxic effects of Cd, involve interference with antioxidant enzymes, alteration in thiol proteins, 

inhibition of energy metabolism, alteration in DNA structure and modification of some enzyme 

activities [3]. In particular, it induces depletion of reduced glutathione (GSH) and protein-bound 

sulfhydryl groups, resulting in enhanced production of reactive oxygen species (ROS) [4–6]. 

Physiologically, antioxidant defense systems of the cell minimize the changes caused by ROS, which 

play a role in the regulation of many intracellular signaling pathways as activators of signal 

transduction [7]. When ROS generation is increased to an extent that exceeds the antioxidant activity 

of specific enzymes and molecules, it results in oxidative stress [8], causing damage to DNA, proteins 

or mitochondria, lipid peroxidation and apoptotic cell death [9].  

Numerous studies have reported that viral infection is often associated with redox changes 

characteristic of oxidative stress. Indeed, a shift towards an oxidized state has been observed in the 

cells and body fluids of patients infected with human immunodeficiency virus (HIV) and the hepatitis 

C virus (reviewed in [10]). Moreover, an alteration of the endogenous levels of GSH has been 

observed in vitro in experimental infections with herpes simplex virus type 1 (HSV-1) [11], 

parainfluenza virus [12] and HIV [13], as well as in vivo in HSV-1 and HIV infection [14,15]. A 

decrease in GSH levels and general oxidative stress has also been demonstrated during influenza virus 

infection in both in vitro and in vivo experimental models [16–20]. In particular, the bronchoalveolar 

lavage fluid from infected mice showed increased production of superoxide [21], increased activity  

of the superoxide-generating xanthine oxidase enzyme [22], decreased concentrations of GSH and 

increased levels of oxidized glutathione (GSSG) and malondialdehyde, which is an indicator of  

lipid peroxidation [23].  
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Several compounds able to induce oxidative stress have been demonstrated to favor susceptibility to 

viral infections [20,24,25]. In particular, cocaine [26], as well as morphine [27], increased parainfluenza 

virus replication by depletion of the intracellular GSH of infected cells. Jaspers et al. [28] reported that 

in human respiratory epithelial cells, oxidative stress generated by diesel exhaust (DE) increased the 

susceptibility to influenza infection and that exposure to DE increased the ability of the virus to attach 

and enter respiratory epithelial cells. The addition of the antioxidant GSH-ethyl ester increased cellular 

GSH levels and reversed the effects of DE on influenza virus infection.  

On the basis of this evidence and on the fact that not only exposed workers, but also 

environmentally exposed populations that are at risk of severe health problems, including pulmonary 

diseases, we hypothesized that exposure to Cd may directly contribute to enhance influenza virus 

replication by altering the redox balance of infected cells. In this paper, we have demonstrated that  

pre-treatment with CdCl2 of Madin Darby Canine Kidney (MDCK) cells induced: (i) an imbalance in 

the redox state versus an oxidized state; (ii) an increase in viral protein synthesis and, as a 

consequence, an increase in virus release from infected cells; and (iii) the addition of two antioxidants, 

a GSH derivative (GSH-C4) or the GSH precursor, N-acetyl-L-cysteine (NAC), to Cd-treated and 

infected cells significantly inhibited viral replication.  

2. Results 

2.1. CdCl2 Was Not Toxic for Cells until the Concentration of 50 µM 

In the first set of experiments, the eventual cytotoxicity of CdCl2 on MDCK cells by phase contrast 

microscope analysis was evaluated. Confluent monolayers were treated with different CdCl2 

concentrations (range 25–500 µM) and incubated for 18 h. As shown in Figure 1a, no evident 

alterations in the monolayer were found when the compound was added at concentrations of 25 and  

50 µM, compared with untreated cells. By contrast, the administration of high doses of CdCl2 caused 

evident signs of cytotoxicity. Cells treated with 75 µM CdCl2 appeared rounded and lost intercellular 

contact, and most of the cells were detached at concentrations of 100 and 500 µM, indicating a high 

rate of cell death. 

In order to assess whether the toxic effect of CdCl2 was associated with altered protein synthesis, 

total protein concentration obtained from lysates of cells treated with different concentrations of CdCl2 

was measured by means of the Bradford assay. As shown in Figure 1b, treatment with low 

concentrations of CdCl2 (1–50 µM) did not cause significant effects on cellular protein synthesis 

compared to untreated cells, while a reduction in protein synthesis was measured at high 

concentrations. In particular, the addition of CdCl2 at concentrations of 75, 100 and 500 µM 

significantly decreased protein concentrations (63.5% ± 6%, 72.5% ± 4% and 94.6% ± 0.4%, 

respectively) in comparison to untreated cells. Diminished protein synthesis may be considered as an 

index of reduced cell number, thus these results suggest that, at high doses, CdCl2 causes cell death.  

Finally, the effect of CdCl2 on the metabolic activity of the cells was evaluated using the MTT 

assay. As shown in Figure 1c, treatment with 1–50 µM CdCl2 did not cause alterations on cell 

viability, while higher doses (75–500 µM) of CdCl2 significantly reduced proliferation of the cells with 
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respect to untreated cells. Thus, due to the toxicity of CdCl2 at high doses, we performed the following 

experiments within a range from 1 to 50 µM. 

Figure 1. Toxic effects of CdCl2 on Madin Darby Canine Kidney (MDCK) cells.  

(a) Microscopic examination of MDCK cell monolayers treated with different 

concentrations of CdCl2 (0, 25, 50, 75, 100 and 500 µM) for 18 h. (b) Total protein 

concentration measured using the Bradford assay in lysates of MDCK cells after treatment 

with different concentrations of CdCl2 (0, 1, 5, 10, 50, 75, 100 and 500 µM) for 18 h. Each 

value is the mean ± SD of four experiments, each run in duplicate. (c) MTT assay of 

MDCK cells after treatment with different concentrations of CdCl2 (0, 1, 5, 10, 50, 75, 100 

and 500 µM) for 18 h. The values of cell viability are expressed as percentages of  

Cd-treated versus untreated cells. Each value is the mean ± SD of two experiments, each 

run in triplicate. * p < 0.005, ** p < 0.001 versus untreated cells. 

 

2.2. CdCl2 Alters the Intracellular Redox Balance versus an Oxidized State 

It is known that the molecular mechanisms underlying the toxic effects of Cd include interference 

with antioxidant enzymes, thiol protein modification and GSH depletion [3]. To evaluate whether Cd 

was able to alter the intracellular redox state in our experimental system, confluent monolayers of 

MDCK cells were treated with the CdCl2 at doses that were not toxic and incubated for 18 h. Then, 

levels of free thiols, as well as GSH and GSSG content, were measured. As shown in Figure 2a (left), 

with respect to untreated cells, no significant differences were observed in the levels of intracellular 

thiols in cells treated with CdCl2, while an increase in extracellular thiols released in the supernatant of 

the same cells was measured (Figure 2a, right). Furthermore, treatment with the metal caused a 

decrease in intracellular GSH levels (Figure 2b, left), as well as an increase in GSSG content  

(Figure 2b, right). These results indicate that CdCl2 is able to alter the redox balance versus an 

oxidized state, especially by altering the GSH/GSSG ratio.  
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Figure 2. Effect of CdCl2 on the intra- and extra-cellular redox balance. (a) Intra- and 

extra-cellular thiol levels (left and right graphs, respectively) were measured in MDCK 

cells treated for 18 h with different concentrations of CdCl2 (0, 1, 5, 10, 25 and 50 µM), as 

described in the Methods section. (b) Intracellular reduced glutathione (GSH) and  

oxidized glutathione (GSSG) content (left and right graphs, respectively) were measured in 

MDCK cells treated for 18 h with different concentrations of CdCl2 (0, 1, 5, 10, 25 and  

50 µM), as described in the Methods Section. Each value is the mean ± SD of two separate 

experiments, each performed in duplicate. * p < 0.01 versus untreated cells. 

 

2.3. CdCl2 Induces an Increase in Influenza Virus Replication 

Several molecules able to induce oxidative stress have been demonstrated to increase viral 

replication [26,27,29], including influenza virus [18,20]. Thus, to verify whether the CdCl2-induced 

redox imbalance was able to promote influenza virus replication, confluent monolayers of MDCK cells 

were pre-treated with CdCl2 at different concentrations for 18 h, then cells were infected with human 

influenza virus A/Puerto Rico/8/34 H1N1 (PR8 virus) for 24 h (as described in the Methods section), 

and viral replication was evaluated in cell supernatants by hemagglutination assay. As shown in  

Figure 3a, pre-treatment with CdCl2 significantly increased viral production in a dose-dependent 

manner (range of increase: 1.4–2.6-times in Cd-treated cells, compared with untreated cells). Then, to 

evaluate whether the increase in viral replication observed in Cd-treated cells was related to an 

increase in viral protein synthesis, two doses (20 and 40 µM) of CdCl2 were used, as representative of 

the lower and higher concentrations of the metal. As shown in Figure 3, in Cd-treated cells, the 

increase in virus yields (upper panel, Figure 3b) was related to an increase in viral protein synthesis 

(Figure 3b). In particular, densitometric analysis of viral protein expression, normalized for actin, 

revealed an increase of protein synthesis of 24% ± 7% and 37% ± 14% in cells treated with 20 and  

40 µM CdCl2, respectively, compared with untreated cells. 
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Figure 3. Effect of CdCl2 on influenza virus replication. (a) Viral yields in MDCK cells 

treated with different concentrations of CdCl2 (0, 15, 25, 30, 40 and 50 µM) 18 h before 

infection (b.i.) with human influenza virus A/Puerto Rico/8/34 H1N1 (PR8)  

(0.5 multiplicity of infection (m.o.i.)). The 24 h post-infection (p.i.) viral yields are 

expressed as the ratio between hemagglutinin units (HAU) values obtained from Cd-treated 

cells versus those recorded for control cells. Each value is the mean ± SD of four 

experiments, each run in duplicate. (b) Western blot analysis in lysates of MDCK cells 

treated with CdCl2 (0, 20 and 40 µM) 18 h b.i. Proteins were separated by 12% sodium 

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), transferred onto 

nitrocellulose membrane and immunostained with anti-influenza antibody (Ab). PR8 virus 

proteins and molecular weight values are indicated to the left and to the right of the figure, 

respectively. The same nitrocellulose filter was stripped and re-stained with anti-actin Abs. 

Viral yields, expressed as hemagglutinin units (HAU)/mL are reported in the upper panel 

of figure. (c) Viral yields in MDCK cells treated with CdCl2 (0 and 40 µM) 18 h b.i. The 

24 and 48 h p.i. viral yields are expressed as hemagglutinin units (HAU)/mL. Each value is 

the mean ± SD of two experiments, each run in duplicate. (d) Viral yields in MDCK cells 

treated with CdCl2 (0 and 50 µM) 6 h b.i. The 24 and 48 h p.i. viral yields are expressed as 

the ratio between HAU values obtained from Cd-treated cells versus those recorded for 

control cells (I: Infected). Each value is the mean ± SD of two experiments, each run in 

duplicate. * p < 0.05, ** p < 0.005 versus untreated cells. 

 

To evaluate whether this phenomenon was due to an enhanced production of viral particles in a 

given time or to an accelerated virus release, a kinetic of viral replication was performed. For this 

purpose, a virus-induced cytopathic effect was observed until 48 h post-infection (p.i.), and the 

supernatant of infected cells was recovered at 24 and 48 h p.i., both in untreated and Cd-treated cells. 
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As shown in Figure 3c, in Cd-treated cells, the increase in viral production was stable as long as 48 h 

p.i., thus suggesting that it was not related to an accelerated virus release. Moreover, Cd had no effect 

on influenza virus replication when added immediately after infection and incubated for the following 

24 h or when it was added 30 min, 1–2 and 4 h before infection (b.i.) (data not shown). A slight, but no 

significant, increase was observed only when cells were treated with the highest concentration of Cd  

6 h b.i. (Figure 3d), thus suggesting that an incubation time of the metal is needed to make cells more 

permissive to viral replication.  

Our results indicate that the addition of CdCl2 induces a more favorable environment for viral 

replication into the cells. In other words, it increases their permissiveness to viral infection.  

2.4. Treatment with Antioxidants Reverts the CdCl2-Induced Increase of Influenza Virus Replication 

To determine whether Cd-induced increase in cell permissiveness to influenza virus was linked to 

the modulation of the intracellular redox state, confluent monolayers of MDCK cells were pre-treated 

with CdCl2 for 18 h. Cells were then infected with PR8 and treated with two antioxidants: the, 

butanoyl GSH-derivative (GSH-C4) or the GSH precursor, N-acetyl-L-cysteine (NAC). After 24 h, as 

expected, when cells were pre-treated with CdCl2, viral production increased compared to infected 

(untreated) cells, considered as control cells (Figure 4). On the contrary, treatment with the 

antioxidants to Cd-treated cells hampered the metal-induced increase in viral replication (about 99.3% 

and 49.3% reduction in GSH-C4-treated or in NAC-treated cells, respectively, compared with cells 

treated only with the metal). Interestingly, the addition of GSH-C4 was able to reduce the viral titer 

(about 99% inhibition) compared with infected (control) cells, thus suggesting a multiple action of this 

antioxidant in regulating viral replication. 

Figure 4. Effect of antioxidants on influenza virus replication. Viral yields in MDCK cells 

treated with 25 µM CdCl2 18 h before PR8 infection (0.5 m.o.i.) and treated with butanoyl 

GSH-derivative (GSH-C4) (10 mM) or N-acetyl-L-cysteine (NAC) (5 mM). The 24 h p.i. 

viral yields are expressed as the ratio between HAU values obtained from Cd-treated cells 

versus those recorded for infected (control) cells. Each value is the mean ± SD of two 

experiments, each run in duplicate. * p < 0.05, ** p < 0.01 versus Cd-treated cells. 

 

Overall our data indicate that CdCl2-induced redox changes in the cells are able to directly promote 

viral replication, probably by activating various redox-regulated pathways that are important for the 

virus life cycle [20]. 
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2.5. Discussion  

In this paper, we have reported that exposure to the heavy metal, Cd, makes epithelial cells more 

permissive to influenza A virus infection. In detail, we have demonstrated that: (i) the treatment of 

MDCK cells with Cd altered the intracellular redox balance versus an oxidized state; (ii) in parallel 

with the Cd-induced redox imbalance, viral replication increased with respect to that found in control 

conditions, and this effect was maintained until 48 h p.i.; and (iii) recovery of reduced conditions in  

Cd-treated cells with different antioxidants led to a significant inhibition of viral replication. In 

particular, this reduction was more evident in cells treated with GSH-C4.  

The toxic mechanisms of Cd are not well understood, but it is known that they act mainly via free 

radical-induced damage, particularly in the lungs, kidneys, bone, central nervous system, reproductive 

organs and heart [30]. Indeed, increased production of ROS, depletion of GSH and protein-bound 

sulfhydryl groups have been reported in different models, both in vivo and in vitro [31]. With regard to 

GSH, Cd shows a high affinity for this antioxidant [32], which is a primary intracellular antioxidant 

and conjugating agent and accounts for up to 90% of the total low molecular weight cellular  

thiols [33]. GSH acts by scavenging Cd to prevent its interaction with specific cellular targets and, in 

our model, treatment with Cd for 18 h induced GSH depletion, thus suggesting a direct interaction 

between the metal and intracellular GSH. However, we cannot exclude the possibility that exposure to 

Cd may lead to changes in the activity of enzymes involved in GSH biosynthesis. Indeed, an inhibition 

of glutathione peroxidase, transferase and reductase activity has been reported in vitro and in vivo 

experimental models after Cd exposure [34–36]. On the other hand, in Cd-treated cells, GSH content, 

its homeostasis and synthesis, may depend on the timing of exposition (acute or chronic) and the dose 

of Cd [32,37–39]. Indeed, some authors have reported that, after exposure to higher concentrations of 

CdCl2, GSH levels increased with respect to that observed after exposure to lower doses, suggesting a 

protective role of this cellular antioxidant in response to the oxidative stress induced by the  

treatment [37]. In our model, cells treated with high doses of Cd (see Figure 2b) showed a slight 

recovery in GSH content, which corresponded to a reduction of GSSG. We can hypothesize that, at 

high doses, cells may counteract depletion of GSH by increasing GSH biosynthesis. Further studies 

will be necessary to deepen this trend.  

Interestingly, oxidative stress influences the functionality of several signaling pathways that are 

hijacked by viruses to ensure their own replication and/or regulate inflammatory responses and the fate 

of infected cells [29]. Virally-induced oxidative stress seems to exert direct effects on influenza virus 

replication, by activating redox-regulated p38 MAPK (Mitogen Activated Protein Kinase)  

activation [40]. This latter facilitates nuclear export of the viral ribonucleoprotein (vRNP) complexes, 

through phosphorylation of the viral nucleoprotein (NP), an event that is essential for the protein’s 

translocation from the nucleus to the cytoplasm [41]. The nuclear-cytoplasmic traffic of vRNP is 

blocked by the natural phenol, resveratrol, or its synthetic analogues, through inhibition of the protein 

kinase C (PKC) phosphorylation and its dependent pathways, c-Jun NH2-terminal kinase (JNK) and 

p38 MAPK, leading to a significant reduction in influenza virus replication [42,43]. Cadmium is 

known to activate PKC, which results in enhanced phosphorylation of various transcription factors and 

activation of target gene expression [30]. Moreover, it has been reported to activate p38 MAPK, JNK 

and extracellular signal-regulated kinases (ERK) in different cell types [44–48]. We found that Cd was 
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able to increase viral protein synthesis and virus titer released from infected cells. The mechanisms 

involved are still unknown, however it is reasonable to hypothesize that, in our model, the redox 

imbalance induced by Cd might contribute to the activation of some redox-sensitive cascades that 

regulate viral replication. It is also possible that the treatment with Cd might upregulate pathways 

involved in viral mRNA transcription or in the acceleration of translation. All these events make the 

cells more permissive to influenza virus. In order to fully understand the molecular mechanisms 

underlying the effects of Cd on viral replication, further studies will be necessary.  

The addition of antioxidants, such as GSH, its derivatives or precursors, is able to inhibit replication 

of several DNA or RNA viruses [11,12,49,50]. With regard to influenza virus, we demonstrated that 

GSH-C4 strongly inhibited influenza A virus replication in cultured cells and in lethally infected  

mice [20]. In particular, we demonstrated that maturation of viral hemagglutinin (HA) glycoprotein 

was dependent on a host-cell oxidoreductase, the protein disulfide isomerase (PDI), whose activity in 

infected cells was probably facilitated by virus-induced GSH depletion. By correcting this deficit, 

GSH-C4 increased levels of reduced PDI and inhibited essential disulfide bond formation in HA, 

leading to an impairment of viral particle maturation [20]. In the present paper, the addition of  

GSH-C4 or NAC hampered the increase of viral yields observed during Cd treatment (see Figure 4). 

Interestingly, GSH-C4 significantly reduced viral replication compared with (infected) control cells. 

These results strongly suggest the hypothesis that this antioxidant could exert a dual action: (a) it 

restores reduced conditions in cells treated with Cd, thus making cells more resistant to viral infection; 

and (b) it prevents GSH depletion, typically induced by viral infections, thus impairing viral replication.  

Overall, the data confirm the relevance of the intracellular redox balance in regulating viral 

replication, and exposure to substances able to induce oxidative stress may contribute to increasing 

susceptibility to viral infections. This argument is particularly relevant for respiratory viruses that are a 

major cause of pulmonary-related illnesses in children, the elderly and susceptible populations, such as 

individuals with chronic obstructive pulmonary diseases and immunocompromised patients. Moreover, 

several studies have suggested that the level of air pollution that is common in many urban and 

industrial environments is an important risk factor for various adverse health effects in humans, 

including respiratory diseases [51]. Among air pollutants, DE has been shown to reduce host defenses, 

resulting in decreased resistance to respiratory infections. In particular, a recent study has shown that 

exposure to DE during an influenza virus infection in mice polarized the local immune responses to an 

IL-4 dominated profile in association with increased viral disease, and the treatment with NAC 

blocked the DE-induced changes in cytokine profiles and lung inflammation [52]. It is worthwhile 

highlighting that emissions from diesel engines were claimed to be responsible for the substantial 

amounts of metals (e.g., 50% of quantified Cd) in ultrafine particles (<100 nm) observed along a 

roadside with heavy traffic [53]. 

3. Experimental Section  

3.1. Cell Cultures 

Madin-Darby Canine Kidney (MDCK) epithelial cells are a cell line permissive to influenza virus 

replication [54,55] and have been characterized in the past for their intracellular GSH content during 
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viral infection [18,26,27]. Cells were grown in Roswell Park Memorial Institute (RPMI)-1640 

medium, supplemented with 10% fetal bovine serum (FBS), glutamine 0.3 mg/mL, penicillin 100 U/mL 

and streptomycin 100 mg/mL. Cell viability was estimated by trypan blue (0.02%) exclusion. All 

reagents were purchased from Invitrogen (Milan, Italy). 

3.2. Cytotoxicity Assay  

Cytotoxicity of cadmium chloride (CdCl2 anhydrous, MW 183.3, purchased from Sigma-Aldrich, 

St. Louis, MO, USA) was evaluated by means of two different assays, one that measures total protein 

concentration and one that measures the cell metabolic activity. CdCl2 was dissolved in water and 

diluted to final concentrations in RPMI medium before use. 

The Bio-Rad protein assay is a dye-binding assay in which a differential color change of a dye 

occurs in response to various concentrations of protein [56]. The absorbance maximum for an acidic 

solution of Coomassie Brilliant Blue dye shifts from 465 to 595 nm, when binding to basic and 

aromatic amino acid residues occurs. Briefly, cells were plated in a 60 mm tissue culture dish at  

1 × 105/mL for 24 h, and then, CdCl2 was added at different concentrations, ranging from 1 to 500 µM. 

After 18 h, cells were washed with cold PBS, centrifuged at 700× g for 10 min, and the pellet was 

lysed in 100 µL cold lysis buffer (10 mM Tris, 150 mM NaCl and 0.25% NP-40, pH 7.4) containing 

protease and phosphatase inhibitor mixtures. An equal amount of lysate was used for protein assay, 

and absorbance was measured at 595 nm. A standard curve was obtained with different concentrations 

of bovine serum albumin. 

The 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-2H-tetrazoliumbromide (MTT, Sigma-Aldrich,  

St. Louis, MO, USA) is a pale yellow substrate that is cleaved by active mitochondria in living cells to 

yield a dark blue formazan product. Briefly, MDCK cells were plated in a 96 well-plate at a 

concentration of 2 × 104/mL in RPMI-1640 without phenol red, supplemented with 10% FBS. After  

24 h plating, CdCl2 was added at different concentrations (range 1–500 µM), and cells were incubated 

at 37 °C for 18 h. Cells were then incubated at 37 °C for 3 h with MTT (1 mg/mL). Following 

incubation, the remaining water insoluble formazan was solubilized in absolute isopropanol containing 

0.1 N HCl. Absorbance of converted dye was measured in an ELISA plate reader at the wavelength of 

570 nm. The cytotoxicity of the compounds was calculated as the percentage reduction of the viable 

cells compared with the drug-free control culture.  

3.3. Virus Production, Infection and Titration  

Human influenza virus A/Puerto Rico/8/34 H1N1 (PR8 virus) was grown in the allantoic cavities of 

10-day-old embryonated chicken eggs. Cells were challenged 24 h after plating with PR8 at a 

multiplicity of infection (m.o.i.) of 0.5. Mock infection was performed with the same dilution of 

allantoic fluid from uninfected eggs. Infected and mock-infected cells were incubated for 1 h at 37 °C, 

washed with PBS and then incubated with medium, supplemented with 2% FBS. Virus production  

was determined in cell supernatants by measuring hemagglutinin units (HAU) at different times  

post-infection (p.i.), according to standard procedures.  
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3.4. Immunoblotting 

Cells were washed with cold PBS, centrifuged at 700× g for 10 min, and the pellet was lysed in cold 

lysis buffer (10 mM Tris, 150 mM NaCl and 0.25% NP-40, pH 7.4) containing protease and 

phosphatase inhibitor mixtures. After 30 min on ice, lysates were centrifuged at 10,000× g for 30 min 

at 4 °C, and total protein concentration was determined using the Bradford protein assay (Bio-Rad, 

Milan, Italy). Cell lysates were re-suspended in sodium dodecyl sulfate (SDS) sample buffer 

containing 10% DL-dithiothreitol, separated with SDS-PAGE and blotted onto nitrocellulose 

membranes. The membranes were blocked with 10% nonfat dry milk in PBS-Tween for 1 h at room 

temperature. Goat polyclonal anti-influenza A virus Abs (Chemicon (DBA), Milan, Italy) were used as 

primary Abs. Secondary Abs were horseradish-peroxidase-conjugated (Amersham Biosciences  

(GE Healthcare), Milan, Italy). Blots were developed with an enhanced chemiluminescence system 

(Amersham Biosciences (GE Healthcare), Milan, Italy). 

3.5. Quantitative Determination of Thiols  

The total amount of intra- and extra-cellular free thiols of infected cells was determined by a 

standard colorimetric assay by using Ellman’s reagent (Sigma-Aldrich, St. Louis, MO, USA). 

3.6. Glutathione Assay 

Intracellular glutathione (GSH) and its oxidized form (GSSG) were measured using a glutathione 

assay kit (Sigma-Aldrich, St. Louis, MO, USA). The samples were first deproteinated with 5%  

5-sulfosalicylic acid solution, then the GSH content of the samples was measured using a kinetic assay 

in which catalytic amounts of GSH cause a continuous reduction of 5,5'-dithiobis-(2-nitrobenzoic) 

(DTNB) acid to 5-thio-2-nitrobenzoic acid (TNB). The mixed disulfide, GSTNB (between GSH and 

TNB) that is concomitantly produced, is reduced by glutathione reductase to recycle the GSH and 

produce more TNB. The rate of TNB production, detected at 412 nm, is directly proportional to this 

recycling reaction that is, in turn, directly proportional to the concentration of GSH in the sample. For 

GSSG quantification, an aliquot of deproteinated samples was first incubated with 2-vinylpyridine at 

room temperature for 1 h to derivatize GSH. Values were expressed as nanomoles of GSH/GSSG per 

milligram of protein in the original cell extract. 

3.7. Statistical Analyses 

Unpaired data were analyzed using the Student t test and p values <0.05 were considered 

significant. Data are presented as the mean ± standard deviation (SD). 

4. Conclusions  

Our data indicate that exposure to substances able to induce oxidative stress favor viral replication. 

Thus, heavy metals, like Cd, could contribute to the development of respiratory diseases, and preventive 

strategies are needed, especially for people who are exposed to this contaminant to a greater extent. 
  



Int. J. Mol. Sci. 2013, 14 4159 

 

 

Acknowledgments 

This work was partially supported by the Italian Ministry of Health (PROBE Project, Grant number 

8M/29/2008-10), the Italian Ministry of Labor and Social Policies, the Italian Ministry of Instruction, 

Universities and Research (Projects PON, FIRB Internazionale and PRIN 2010-2011) and Ateneo 

grants. The authors thank Pietro Ghezzi for helpful suggestions and Alison Inglis for linguistic revision 

of the manuscript. 

Conflict of Interest 

The authors declare no conflict of interest. 

References 

1. World Health Organization. Cadmium. In Air Quality Guidelines, 2nd ed.; WHO, Regional Office 

for Europe: Copenhagen, Denmark, 2000; pp. 136–138.  

2. Rennolds, J.; Butler, S.; Maloney, K.; Boyaka, P.N.; Davis, I.C.; Knoell, D.L.; Parinandi, N.L.; 

Cormet-Boyaka, E. Cadmium regulates the expression of the CFTR chloride channel in human 

airway epithelial cells. Toxicol. Sci. 2010, 116, 349–358.  

3. Lòpez, E.; Arce, C.; Oset-Gasque, M.J.; Canadas, S.; Gonzàlez, M.P. Cadmium induces reactive 

oxygen species generation and lipid peroxidation in cortical neurons in culture. Free Radic. Biol. Med. 

2006, 40, 940–951. 

4. Manca, D.; Richard, A.C.; van Tra, H.; Chevalier, G. Relation between lipid peroxidation and 

inflammation in the pulmonary toxicity of cadmium. Arch. Toxicol. 1994, 68, 364–369. 

5. Bagchi, D.; Vuchetich, P.J.; Bagchi, M.; Hassoun, E.A.; Tran, M.X.; Tang, L.; Stohs, S.J. 

Induction of oxidative stress by chronic administration of sodium dichromate and cadmium 

chloride to rats. Free Radic. Biol. Med. 1997, 22, 471–478. 

6. Liu, J.; Qu, W.; Kadiiska, M.B. Role of oxidative stress in cadmium toxicity and carcinogenesis. 

Toxicol. Appl. Pharmacol. 2009, 238, 209–214. 

7. Magder, S. Reactive oxygen species: Toxic molecules or spark of life? Crit. Care 2006, 10, 208.  

8. Mates, M. Effects of antioxidant enzymes in the molecular control of reactive oxygen species 

toxicology. Toxicology 2000, 153, 83–104. 

9. Valko, M.; Rhodes, C.J.; Moncol, J.; Izakovic, M.; Mazur, M. Free radicals, metals and 

antioxidants in oxidative stress-induced cancer. Chem. Biol. Interact. 2006, 160, 1–40. 

10. Nencioni, L.; Sgarbanti, R.; De Chiara, G.; Garaci, E.; Palamara, A.T. Influenza virus and redox 

mediated cell signaling: A complex network of virus/host interaction. New Microbiol. 2007, 30, 

367–375. 

11. Palamara, A.T.; Perno, C.F.; Ciriolo, M.R.; Dini, L.; Balestra, E.; D’Agostini, C.;  

Di Francesco, P.; Favalli, C.; Rotilio, G.; Garaci, E. Evidence for antiviral activity of glutathione: 

In vitro inhibition of herpes simplex virus type 1 replication. Antiviral Res. 1995, 27, 237–253. 

12. Garaci, E.; Palamara, A.T.; Di Francesco, P.; Favalli, C.; Ciriolo, M.R.; Rotilio, G. Glutathione 

inhibits replication and expression of viral proteins in cultured cells infected with Sendai virus. 

Biochem. Biophys. Res. Commun. 1992, 188, 1090–1096. 



Int. J. Mol. Sci. 2013, 14 4160 

 

 

13. Garaci, E.; Palamara, A.T.; Ciriolo, M.R.; D’Agostini, C.; Abdel-Latif, M.S.; Aquaro, S.;  

Lafavia, E.; Rotilio, G. Intracellular GSH content and HIV replication in human macrophages.  

J. Leukoc. Biol. 1997, 62, 54–59. 

14. Palamara, A.T.; Garaci, E.; Rotilio, G.; Ciriolo, M.R.; Casabianca, A.; Fraternale, A.; Rossi, L.; 

Schiavano, G.F.; Chiarantini, L.; Magnani, M. Inhibition of murine AIDS by reduced glutathione. 

AIDS Res. Hum. Retrovir. 1996a, 12, 1373–1381. 

15. Nucci, C.; Palamara, A.T.; Ciriolo, M.R.; Nencioni, L.; Savini, P.; D’Agostini, C.; Rotilio, G.; 

Cerulli, L.; Garaci, E. Imbalance in corneal redox state during herpes simplex virus 1-induced 

keratitis in rabbits. Effectiveness of exogenous glutathione supply. Exp. Eye Res. 2000, 70, 215–220.  

16. Hennet, T.; Peterhans, E.; Stocker, R. Alterations in antioxidant defences in lung and liver of mice 

infected with influenza A virus. J. Gen. Virol. 1992, 73, 39–46. 

17. Mileva, M.; Tancheva, L.; Bakalova, R.; Galabov, A.; Savov, V.; Ribarov, S. Effect of vitamin E 

on lipid peroxidation and liver monooxigenase activity in experimental influenza virus infection. 

Toxicol. Lett. 2000, 114, 39–45. 

18. Nencioni, L.; Iuvara, A.; Aquilano, K.; Ciriolo, M.R.; Cozzolino, F.; Rotilio, G.; Garaci, E.; 

Palamara, A.T. Influenza A virus replication is dependent on an antioxidant pathway that involves 

GSH and Bcl-2. FASEB J. 2003, 17, 758–760. 

19. Cai, J.; Chen, Y.; Seth, S.; Furukawa, S.; Compans, R.W.; Jones, D.P. Inhibition of influenza 

infection by glutathione. Free Radic. Biol. Med. 2003, 34, 928–936. 

20. Sgarbanti, R.; Nencioni, L.; Amatore, D.; Coluccio, P.; Fraternale, A.; Sale, P.; Mammola, C.L.; 

Carpino, G.; Gaudio, E.; Magnani, M.; et al. Redox-regulation of the influenza hemagglutinin 

maturation process: A new cell-mediated strategy for anti-influenza therapy. Antioxid. Redox Signal. 

2011, 15, 593–606. 

21. Buffinton, G.D.; Christen, S.; Peterhans, E.; Stocker, R. Oxidative stress in lungs of mice infected 

with influenza A virus. Free Radic. Res. Commun. 1992, 16, 99–110. 

22. Oda, T.; Akaike, T.; Hamamoto, T.; Suzuki, F.; Hirano, T.; Maeda, H. Oxygen radical in 

influenza-induced pathogenesis and treatment with pyran polymer-conjugated SOD. Science 

1989, 244, 974–976. 

23. Suliman, H.B.; Ryan, L.K.; Bishop, L.; Folz, R.J. Prevention of influenza-induced lung injury in 

mice overexpressing extracellular superoxide dismutase. Am. J. Physiol. 2001, 280, L69–L78.  

24. Savarino, A.; Mai, A.; Norelli, S.; El Daker, S.; Valente, S.; Rotili, D.; Altucci, L.;  

Palamara, A.T.; Garaci, E. “Shock and kill” effects of class I-selective histone deacetylase 

inhibitors in combination with the glutathione synthesis inhibitor buthionine sulfoximine in cell 

line models for HIV-1 quiescence. Retrovirology 2009, 6, 52. 

25. Lewis, M.G.; DaFonseca, S.; Chomont. N.; Palamara, A.T.; Tardugno, M.; Mai, A.; Collins, M.; 

Wagner, W.L.; Yalley-Ogunro, J.; Greenhouse, J.; et al. Gold drug auranofin restricts the viral 

reservoir in the monkey AIDS model and induces containment of viral load following ART 

suspension. AIDS 2011, 25, 1347–1356. 

26. Palamara, A.T.; Di Francesco, P.; Ciriolo, M.R.; Buè, C.; Lafavia, E.; Rotilio, G.; Garaci, E. 

Cocaine increases Sendai virus replication in cultured epithelial cells: Critical role of the 

intracellular redox status. Biochem. Biophys. Res. Commun. 1996b, 228, 579–585. 



Int. J. Mol. Sci. 2013, 14 4161 

 

 

27. Macchia, I.; Palamara, A.T.; Buè, C.; Savini, P.; Ciriolo, M.R.; Gaziano, R.; Di Francesco, P. 

Increased replication of Sendai virus in morphine-treated epithelial cells: Evidence for the 

involvement of the intracellular levels of glutathione. Int. J. Immunopharmacol. 1999, 21, 185–193. 

28. Jaspers, I.; Ciencewicki, J.M.; Zhang, W.; Brighton, L.E.; Carson, J.L.; Beck, M.A.;  

Madden, M.C. Diesel exhaust enhances influenza virus infections in respiratory epithelial cells. 

Toxicol. Sci. 2005, 85, 990–1002. 

29. Nencioni, L.; Sgarbanti, R.; Amatore, D.; Checconi, P.; Celestino, I.; Limongi, D.; Anticoli, S.; 

Palamara, A.T.; Garaci, E. Intracellular redox signaling as therapeutic target for novel antiviral 

strategy. Curr. Pharm. Des. 2011, 17, 3898–3904. 

30. Jomova, K.; Valko, M. Advances in metal-induced oxidative stress and human disease. 

Toxicology 2011, 283, 65–87. 

31. Thévenod, F. Cadmium and cellular signaling cascades: To be or not to be? Toxicol. Appl. Pharmacol. 

2009, 238, 221–239. 

32. Cuypers, A.; Plusquin, M.; Remans, T.; Jozefczak, M.; Keunen, E.; Gielen, H.; Opdenakker, K.; 

Nair, A.R.; Munters, E.; Artois, T.J.; et al. Cadmium stress: an oxidative challenge. Biometals 

2010, 23, 927–940. 

33. Meister, A.; Anderson, M.E. Glutathione. Annu. Rev. Biochem. 1983, 52, 711–760. 

34. Müller, L. Consequences of cadmium toxicity in rat hepatocytes: Effects of cadmium on the 

glutathione-peroxidase system. Toxicol. Lett. 1986, 30, 259–265. 

35. Sidhu, M.; Bhatia, M.; Awasthi, Y.C.; Nath, R. Effect of chronic cadmium exposure on 

glutathione S-transferase and glutathione peroxidase activities in rhesus monkey: The role of 

selenium. Toxicology 1993, 83, 203–213. 

36. Chrestensen, C.A.; Starke, D.W.; Mieyal, J.J. Acute cadmium exposure inactivates 

thioltransferase (Glutaredoxin), inhibits intracellular reduction of protein-glutathionyl-mixed 

disulfides, and initiates apoptosis. J. Biol. Chem. 2000, 275, 26556–26565.  

37. Chin, T.A.; Templeton, D.M. Protective elevations of glutathione and metallothionein in 

cadmium-exposed mesangial cells. Toxicology 1993, 77, 145–156. 

38. Hart, B.A.; Lee, C.H.; Shukla, G.S.; Shukla, A.; Osier, M.; Eneman, J.D.; Chiu, J.-F. 

Characterization of cadmium-induced apoptosis in rat lung epithelial cells: Evidence for the 

participation of oxidant stress. Toxicology 1999, 133, 43–58. 

39. Hart, B.A.; Potts, R.J.; Watkin, R.D. Cadmium adaptation in the lung—A double-edged sword? 

Toxicology 2001, 160, 65–70. 

40. Amatore, D.; Aquilano, K.; Sgarbanti, R.; Baldelli, S.; Limongi, D.; Civitelli, L.; Nencioni, L.; 

Garaci, E.; Ciriolo, M.R.; Palamara, A.T. NOX4-dependent ROS burst controls the replication of 

influenza virus in lung epithelial cells. Cell. Microbiol. 2013, submitted for publication. 

41. Nencioni, L.; De Chiara, G.; Sgarbanti, R.; Amatore, D.; Aquilano, K.; Marcocci, M.E.;  

Serafino, A.; Torcia, M.; Cozzolino, F.; Ciriolo, M.R.; et al. Bcl-2 expression and p38MAPK 

activity in cells infected with influenza A virus: Impact on virally induced apoptosis and viral 

replication. J. Biol. Chem. 2009, 284, 16004–16015. 

42. Palamara, A.T.; Nencioni, L.; Aquilano, K.; De Chiara, G.; Hernandez, L.; Cozzolino, F.;  

Ciriolo, M.R.; Garaci, E. Resveratrol inhibits Influenza A virus replication in vitro and in vivo.  

J. Infect. Dis. 2005, 191, 1719–1729. 



Int. J. Mol. Sci. 2013, 14 4162 

 

 

43. Fioravanti, R.; Celestino, I.; Costi, R.; Cuzzucoli Crucitti, G.; Pescatori, L.; Mattiello, L.; 

Novellino, E.; Checconi, P.; Palamara, A.T.; Nencioni, L.; et al. Effects of polyphenol compounds 

on influenza A virus replication and definition of their mechanism of action. Bioorg. Med. Chem. 

2012, 20, 5046–5052. 

44. Lag, M.; Refsnes, M.; Lilleaas, E.M.; Holme, J.A.; Becher, R.; Schwarze, P.E. Role of mitogen 

activated protein kinases and protein kinase C in cadmium-induced apoptosis of primary epithelial 

lung cells. Toxicology 2005, 211, 253–264. 

45. Chuang, S.M.; Wang, I.C.; Yang, J.L. Roles of JNK, p38 and ERK mitogen-activated protein kinases 

in the growth inhibition and apoptosis induced by cadmium. Carcinogenesis 2000, 21, 1423–1432. 

46. Galan, A.; Garcia-Bermejo, M.L.; Troyano, A.; Vilaboa, N.E.; de Blas, E.; Kazanietz, M.G.; 

Aller, P. Stimulation of p38 mitogen-activated protein kinase is an early regulatory event for the 

cadmium-induced apoptosis in human promonocytic cells. J. Biol. Chem. 2000, 275, 11418–11424. 

47. Hung, J.J.; Cheng, T.J.; Lai, Y.K.; Chang, M.D. Differential activation of p38 mitogen-activated 

protein kinase and extracellular signal-regulated protein kinases confers cadmium-induced HSP70 

expression in 9L rat brain tumor cells. J. Biol. Chem. 1998, 273, 31924–31931. 

48. Iryo, Y.; Matsuoka, M.; Wispriyono, B.; Sugiura, T.; Igisu, H. Involvement of the extracellular 

signal-regulated protein kinase (ERK) pathway in the induction of apoptosis by cadmium chloride 

in CCRF–CEM cells. Biochem. Pharmacol. 2000, 60, 1875–1882. 

49. Palamara, A.T.; Brandi, G.; Rossi, L.; Millo, E.; Benatti, U.; Nencioni, L.; Iuvara, A.;  

Garaci, E.; Magnani, M. New synthetic glutathione derivatives with increased antiviral activities. 

Antivir. Chem. Chemother. 2004, 15, 83–91. 

50. Fraternale, A.; Paoletti, M.F.; Casabianca, A.; Nencioni, L.; Garaci, E.; Palamara, A.T.;  

Magnani, M. GSH and analogs in antiviral therapy. Mol. Aspects Med. 2009, 30, 99–110. 

51. Pope, C.A. Air pollution and health—Good news and bad. N. Engl. J. Med. 2004, 351, 1132–1134. 

52. Gowdy, K.M.; Krantz, Q.T.; King, C.; Boykin, E.; Jaspers, I.; Linak, W.P.; Gilmour, M.I. Role of 

oxidative stress on diesel-enhanced influenza infection in mice. Part. Fibre Toxicol. 2010, 7, 34. 

53. Lin, C.C.; Chen, S.J.; Huang, K.L.; Hwang, W.I.; Chang-Chien, G.P.; Lin, W.Y. Characteristics 

of metals in nano/ultrafine/fine/coarse particles collected beside a heavily trafficked road. 

Environ. Sci. Technol. 2005, 39, 8113–8122. 

54. May, B.V.J. Virology: A practical Approach; IRL Press: Oxford, UK, 1991; pp. 119–150.  

55. Baranovich, T.; Wong, S.S.; Armstrong, J.; Marjuki, H.; Webby, R.J.; Webster, R.G.;  

Govorkova, E.A. T-705 (Favipiravir) Induces lethal mutagenesis in influenza A H1N1 viruses  

in vitro. J. Virol. 2013, doi:10.1128/JVI.02346-12. 

56. Bradford, M. A rapid and sensitive method for the quantitation of microgram quantities of protein 

utilizing the principle of protein-dye binding. Anal. Biochem. 1976, 72, 248. 

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 




