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Abstract

Zinc is both an essential and potentially toxic metal. It is widely believed that oral zinc 

supplementation can reduce the effects of the common cold; however, there is strong clinical 

evidence that intranasal (IN) zinc gluconate (ZG) gel treatment for this purpose causes anosmia, or 

the loss of the sense of smell, in humans. Using the rat olfactory neuron cell line, Odora, we 

investigated the molecular mechanism by which zinc exposure exerts its toxic effects on olfactory 

neurons. Following treatment of Odora cells with 100 and 200 μM ZG for 0-24 h, RNA-seq and in 
silico analyses revealed up-regulation of pathways associated with zinc metal response, oxidative 

stress, and ATP production. We observed that Odora cells recovered from zinc-induced oxidative 

stress, but ATP depletion persisted with longer exposure to ZG. ZG exposure increased levels of 

NLRP3 and IL-1β protein levels in a time-dependent manner, suggesting that zinc exposure may 

cause an inflammasome-mediated cell death, pyroptosis, in olfactory neurons.
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Introduction

Zinc is an essential element for many organisms, and zinc deficiency has been associated 

with multiple adverse conditions, including impaired immune function (Bonaventura et al., 

2015; Brooks et al., 2004; Muller et al., 2001). In response to this observation, over-the-

counter zinc lozenges and nasal sprays were introduced for the treatment of the common 

cold in the United States during the late 1990s. Unfortunately, the scientific and medical 

community began to report incidences of anosmia, or the loss of the sense of smell, among 
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people who had used intranasal zinc sprays and gels (Alexander and Davidson, 2006; 

DeCook and Hirsch; Jafek et al., 2004). Due to potential bias in reporting symptoms and 

actual use of the zinc gluconate (ZG) nasal products, Davidson and Smith evaluated all 

available evidence at the time concerning the probability of a causal relationship between 

zinc nasal products and loss of the sense of smell. They concluded that there was evidence of 

causality between over the counter ZG nasal sprays and impaired sense of smell (Davidson 

and Smith, 2010). The large number of incidences of anosmia resulted in the removal of 

intranasal (IN) zinc sprays from store shelves. However, a recent article has reported on 

several clinical trials which use IN insulin for the treatment of food cravings, forgetfulness 

in Alzheimer's patients, and diabetes (Dash et al., 2015; Freiherr et al., 2013; Hallschmid et 

al., 2012; Hamidovic). This is a concern due to the use of zinc to stabilize insulin and to 

prevent protein aggregation in these formulations (Manallack et al., 1985). While there have 

not yet been any published reports of anosmia in these trials, possibly due to the relatively 

small samples size and low zinc concentration, there is the potential for more cases of 

anosmia in these clinical trials which use IN insulin formulations containing zinc.

Unlike most neurons in the body, olfactory neurons are generated throughout one's lifetime. 

This process is not synchronized among the neurons, which means that there is a 

heterogeneous distribution of immature, mature, and dying neurons present in the nose at 

any given time (Cancalon and Elam, 1980; Farbman, 1994). Thus, it is surprising and 

alarming that the anosmia in some users of IN ZG spray seem to be permanent, suggesting 

that the basal cell population, which gives rise to olfactory neurons was destroyed; this very 

phenomenon was reported in mice treated with 2,6-methylsulfonyl-2,6- dichlorobenzene, a 

toxicant that destroyed the olfactory epithelium, including basal cells, resulting in 

respiratory metaplasia, but not recovery of the olfactory epithelium (Bahrami et al., 2000).

There are many proposed mechanisms for zinc-induced toxicity ranging from oxidative 

stress to impaired ATP production to metal dyshomeostasis. Thus, the elucidation of the 

mechanism of zinc toxicity is more complicated than it would appear, and is affected by 

many factors, such as concentration of zinc tested, the length of exposure, the cell type, and 

the presence of other toxic chemistries. These mechanisms are summarized below in Table 

1.

In this study, we used the rat olfactory neuronal cell line, Odora. These cells are an excellent 

model for olfactory neurons in whole animals because they can properly target odorant 

receptors to the cell membrane and respond to odorants (Murrell and Hunter, 1999). In 

addition, as with the intact olfactory mucosa in vivo, Odora cells can be grown as immature 

undifferentiated neurons or as mature differentiated neurons. In order to elucidate the 

mechanism underlying zinc-induced anosmia, we performed a series of experiments, 

beginning with RNA-seq to identify genes and pathways that were up- or down-regulated in 

response to zinc exposure. After analysis of significantly regulated pathways, zinc-induced 

changes were confirmed using biochemical assays to measure changes in oxidative stress 

and ATP production as well as determining the critical amount of time for zinc exposure to 

irreversibly lead to cell death. Upon finding negative evidence for zinc-induced apoptotic 

cell death, based on the absence of caspase 3 and 9 upregulation, as well as negative results 

in an in vitro apoptosis assay, we pursued pyroptosis as a potential mechanism of zinc-
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induced cell death. Pyroptosis is a caspase-1 mediated mechanism of cell death involving the 

formation of the inflammsome via recruitment of Nod-like receptor protein 3 (NLRP3) and 

caspase-1. The activation of caspase-1 results in the activation and release of interleukin-1β, 

-6, and -18 from the cell into the extracellular space. Characteristics of pyroptosis include 

loss of plasma membrane integrity, cell swelling, and release of pro-inflammatory 

intracellular contents (Fink and Cookson, 2005). In vitro studies also identified the important 

role of caspase-1, the cytokine IL-1β and inflammasome activation, suggesting pyroptosis as 

a mechanism of cell death.

The goals of this study were to (i) determine what genes and pathways are up- or down-

regulated by exposure to ZG in the olfactory neuronal cell line Odora, (ii) determine whether 

apoptosis occurs in zinc-induced cytotoxicity in Odora cells and (iii) determine whether 

zinc-induced toxicity in Odora cells can be prevented using anti-oxidants and enzyme 

inhibitors.

Materials & Methods

Chemicals and reagents

Odora cells were plated in 96-well plates (Falcon, Tewksbury, MA) and 145 × 20 mm tissue 

culture dishes (Greiner Bio One, Monroe, NC). DMEM, HBSS, and trypsin/EDTA from 

Hyclone (GE Healthcare Life Sciences, Logan, UT) were used for the cell culture work. 

Zinc gluconate (MP Biomedicals LLC, Santa Ana, CA) and crystal violet (Allied Chem. 

Corp., NY, NY) solutions were prepared using distilled water. For the biochemical assays, 

nitric oxide, and apoptosis work, o-phthalaldehyde (OPA, Alfa Aesar, Ward Hill, MA); 

luminol, horseradish peroxidase, Nω-Nitro-L-arginine methyl ester hydrochloride (L-

NAME), apocynin and sodium arsenite (Sigma-Aldrich, St. Louis, MO); perchloric acid 

(Thermo Fisher Scientific, Waltham, MA), N-acetylcysteine (NAC, Acros, NJ) were used. 

The caspase-1 inhibitor, Ac-YVAD-cmk was obtained from Calbiochem (Billerica, MA). All 

assays utilizing a plate reader were performed with the Spectramax M2e multi-mode plate 

reader (Molecular Devices, Sunnyvale, CA). Fluorescence measures were performed with 

the F-4500 Fluorescence Spectrophotometer (Hitachi, Schaumburg, IL), while luminescence 

measurements were performed with either the Autolumat Plus luminometer (Berthold, Oak 

Ridge, TN) or Luminometer Model TD-20/20 (Turner BioSystems, Sunnyvale, CA).

Cell viability

Odora cells were obtained from Dr. Dale Hunter and cultured according to published 

protocols.(Murrell and Hunter, 1999). Immature Odora cells were seeded in 96-well plates 

(25,000 cells well-1) and allowed to attach and grow for 24 h. Cells were then treated with 

the ZG at concentrations ranging from 50 μM to 500 μM for times ranging from 1 – 24 h. 

An equivalent volume of sterile water was added to the media as the vehicle control. After 

the appropriate length of ZG exposure, crystal violet was used to assess viability as 

previously described (Kueng et al., 1989) by measuring absorbance at 540 nm. Results were 

expressed as a percentage of control (water-treated) cells. LC50 values were calculated using 

the SigmaStat software's 4 parameter logistic equation (sigmoidal) for each experiment. The 

LC50 from the three biologically independent replicates were averaged together to yield a 
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mean LC50. LC50 studies were similarly conducted in differentiated Odora cells; due to the 

slower rate of growth of the differentiating Odora cells, these were allowed to grow for 72 h 

prior to ZG treatment.

RNA-seq analysis

Odora cells were seeded in tissue culture dishes (145 × 20 mm dish, 10ˆ6 cells plate-1) and 

allowed to attach and grow for 48 h. Cells were then dosed with 100 μM ZG for 6, 12, or 24 

h or 200 μM ZG for 6 h. An equivalent amount of water was added in the vehicle control 

dishes. At the specified time points, RNA was isolated with mirVana miRNA Isolation Kit 

(Lifetech, Carlsbad, CA). All steps of library construction, cluster generation, and HiSeq 

(Illumina) sequencing were performed with biological triplicate samples by the Genomics, 

Epigenomics, and Sequencing Core of the Department of Environmental Health, University 

of Cincinnati. Differential gene expression analyses between the vehicle control and ZG-

treated cells was performed separately at each of the three different exposure time points. 

Significant genes were selected based on a false-discovery rate– adjusted p-value < 0.01. 

RNA-seq data was further analyzed using DAVID Bioinformatics Resource 6.7 (Huang da et 

al., 2009). The gene expression data and results were deposited in GEO (Barrett et al., 2009) 

and can be accessed at http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE79730.

Protein quantification

Protein concentrations were determined by the bicinchoninic acid method using the Pierce 

BCA Protein Assay Kit (Thermo Fisher Scientific) and following manufacturer's 

instructions. The plate was incubated at 37°C for 30 minute before the absorbance was read 

at 562 nm.

Biochemical Assays

Odora cells were seeded in tissue culture dishes (145 × 20 mm, 10ˆ6 cells plate-1) and 

allowed to attach and grow for 48 h. Cells were treated with 100 μM ZG for 6, 12, or 24 h 

(or an equivalent volume of sterile water) before the cells were harvested. GSH and GSSG in 

Odora cell homogenate were fluorometrically measured following o-phthalaldehyde (OPA) 

derivatization as previously described (Senft et al., 2000). Hydrogen peroxide concentration 

was determined using luminol (5-amino-2,3-dihydro-1,4-phthalazinedione) 

chemiluminescence on a Berthold Autolumat Plus luminometer as described previously 

(Senft et al., 2002a). ATP levels were determined by harvesting cells washed with ice cold 

saline (0.9% NaCl), scraped and collected in ice cold 5% perchloric acid, sonicated on ice 

for 20 sec before an aliquot was neutralized with NaOH in Tris buffer and assayed with the 

ATP Bioluminescent Assay Kit (Sigma Aldrich) as described previously (Senft et al., 

2002b). For all assays, levels were normalized to either mg or μg of protein at the respective 

time points to take into account any changes in cell number.

Cell death detection ELISA

Odora cells were seeded in a 96-well plate (5,000 cells plate-1) and allowed to attach and 

grow for 24 h. Cells were then dosed with either water (vehicle control), 60 μM NaAsO2, 

ZG (100 μM, 150 μM, 200 μM) for 24 h. Manufacturer's instructions were followed for 
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preparation and assaying using the Cell Death Detection ELISA (Roche Diagnostics 

Corporation, Indianapolis, IN).

Effect of antioxidants, NADPH oxidase inhibitor, and NOS inhibitor on cell viability

Odora cells were plated as described for the cell viability assay. After 24 h, media was 

removed from the wells and cells were incubated with either the antioxidant or inhibitor 

solubilized in 100 μL of media for 1 h before the addition of 100 μL of ZG-containing 

media. Cells were allowed to grow for an additional 24 h. The cells were then fixed, stained, 

and viability was assessed as described above. The following inhibitors and antioxidants 

were used: apocynin, 100 μM and 400 μM; NAC, 200 μM; L-NAME), 100 μM. 

Combination treatments were utilized: apocynin (100 μM) and L-NAME (100 μM); 

apocynin (100 μM), L-NAME (100 μM) and NAC (200 μM) to see whether this would 

improve cell viability.

NLRP3 and IL-1β western blot

Odora cells were seeded in tissue culture dishes (145 × 20 mm dish, 600,000 cells dish-1) 

and allowed to grow for 3 d before exposure to 100 μM ZG for 2, 4, or 6 h. Cells were 

washed 3× with HBSS before being harvested and homogenized in RIPA buffer (10 mM 

Tris-Cl, pH 8.0; 1 mM EDTA; 0.5 mM EGTA; 1% Triton X-100; 0.1% sodium 

deoxycholate; 0.1% SDS; 140 mM NaCl; 1 mM PMSF). Protein was quantified using BCA 

method as described above. Cell homogenate (20 μg) in sample buffer (10 mM Tris-HCl, pH 

7.5; 10 mM ethylenediaminetetraacetic acid; 20% (v/v) glycerol; 1% SDS; 0.005% 

bromophenol blue; 100 mM dithiothreitol) was heated for 5 min in boiling water then 

separated on either 8% or 12.5% SDS-acrylamide gels and transferred to PVDF in Tris/

glycine transfer buffer with 10% methanol. Protein was transferred at 70V for 45 min, then 

95V for an additional 90 min. Membrane was blocked with 5% non-fat milk for 45 min 

before incubation with NLRP3 antibody (Sigma Aldrich, HPA012878, 1:1000 dilution), 

IL-1β antibody (Santa Cruz Biotechnology, Dallas, TX, sc-7884, 1:200 dilution), or β-actin 

(Santa Cruz Biotechnology, sc-47778, 1:10,000 dilution) overnight. Following washing in 

TBST, blot was incubated with HRP-conjugated secondary antibody (Dako, Carpinteria, 

CA, 1:2,000). Following 3 washes with TBBS, the blot was visualized using ECL western 

blot detection system (BioRad, Hercules, CA). Band density was quantitated using ImageJ 

software (http://search.imagej.net/).

Effect of caspase-1 inhibitor on cell viability

Odora cells were plated as described in the cell viability assay. After 24 h, cells were 

incubated with caspase-1 inhibitor, Ac-YVAD-cmk, for 1 h before the addition of ZG-

containing media. The cells were allowed to grow for an additional 12 h in the presence of 

the inhibitor. After removing the media, cells were fixed, stained, and viability was assessed 

as described above.
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Statistics

The results from 3 independent experiments were used for calculating significance. 

Significance was calculated using a 2-way ANOVA, followed by a Holm-Sidak post-test 

with a p-value less than 0.05 being considering significant.

Results

Cytotoxicity of ZG in Odora cells

As shown in Table 2, the time-dependent effects of zinc toxicity in Odora cells were assayed 

using the crystal violet assay, and found that there is minimal difference between the 12 and 

24 h LC50 values for ZG. No significant cytotoxicity was observed for Odoras incubated 

with ZG for less than 3 h. As the incubation time increased, there was a concomitant 

decrease in the ZG LC50. The dose-response was essentially the same in differentiated 

Odora cells (data not shown), so, due to the similarity in response between differentiated and 

undifferentiated Odora cells, as well as the more rapid growth rate in undifferentiated Odora 

cells, all subsequent assays were performed in undifferentiated Odora cells.

RNA-seq results

RNA-seq analysis was used to better understand changes in gene expression and to identify 

potential novel mechanisms of toxicity in olfactory neurons induced by the presence of 

excess zinc. Based upon the cytotoxicity results, a non-toxic level of ZG (100 μM) was used 

in order to probe time-dependent changes. At 6 h exposure to 100 μM ZG, genes involved 

with metal response, such as metallothionein 1a and 2a (Mt1a, Mt2a) and solute carrier 30a1 

(Slc30a1) and cell stress response, such as heme oxygenase 1 (Hmox1) and heat shock 

protein 1a (Hspa1a) were significantly up-regulated. Additionally, genes involved with 

glutathione metabolism, such as glutamate cysteine ligase, modifier subunit (Gclm) and 

glutathione reductase (Gsr) were up-regulated by a factor of 2- and 1.8, respectively, 

compared to control. Genes involved with carbohydrate catabolism such as the aldo-keto 

reductase family (Akr1b7, Akr1b8, Akr1b10) all showed 6-fold increase in mRNA 

expression compared to control. Tables showing the most significantly upregulated and 

downregulated genes at each time point are included as Supplemental Files 1-6.

Using the differentially expressed genes to perform gene ontology and Kyoto Encyclopedia 

of Genes and Genomes (KEGG) pathway enrichment analysis, we found a down-regulation 

in genes involved with tRNA biosynthesis and amino acid metabolism, such as asparagine 

synthetase (Asns) and cystathionine gamma-lyase (Cth). At 12 h exposure to 100 μM ZG, 

Mt1a/2a, Hmox1, Slc30a1 along with the aforementioned aldo-keto reductases were still up-

regulated. Using pathway analysis, this translated to up-regulation of pathways associated 

with carbohydrate and pyruvate metabolism. There is also a significant down-regulation of 

cytoskeletal proteins, such as actin (Actc1), actinin, an actin associated protein (Actn2) and 

myosin (Myh6, Myh7, Myh2), more then 100-fold compared to control. At 24 h exposure to 

100 μM ZG, stress response genes, such as Hmox1 and Hsph1, were still significantly up-

regulated along with cell cycle arrest proteins, specifically Growth arrest and DNA-damage-

inducible protein (Gadd45a, Gadd45b) and anti-apoptotic proteins, such as Bcl2l1, IAP, 
Tmbim. Mt1a/2a were no longer up-regulated at this time point. As observed at 12 h of zinc 
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exposure, the cytoskeleton-related genes, such as actin and myosin genes were still 

significantly down-regulated at 24 h in addition to cell cycle arrest proteins, cyclin D1 

(Ccnd1) and cyclin A2 (Ccna2). Also, genes associated with adhesion, such as Cas 

scaffolding protein family member 4 (Cass4), protocadherin 18 (Pcdh18), chondroadherin 

(Chad) were also significantly down-regulated. Also, pathways associated with nucleotide 

metabolism, tRNA biosynthesis, and DNA damage repair were significantly down-regulated. 

The patterns of differentially expressed genes were virtually identical for the 200 μM ZG for 

6 h and 100 μM ZG for 24 h treatments.

Biochemical quantification of GSH, GSSG, H2O2, and ATP

RNA-seq results suggested that the ZG-treated Odora cells were experiencing oxidative 

stress, resulting in increased GSH production, and increased carbohydrate catabolism to 

generate ATP. Therefore, biochemical assays to validate the gene expression changes were 

conducted. GSH levels declined by 25% to reach a minimum at 6 h of ZG exposure and 

recovered slightly at 12 and 24 h, while GSSG levels did not vary over time (Table 3). H2O2 

levels reached a maximum at 6 h of ZG exposure, and returned to near baseline by 24 h 

(Table 3). There was a steady decline in intracellular ATP over time, with a 20% reduction in 

ATP levels compared to control cells at 24 h. In contrast to to the gluthatione and H2O2 

results, ATP levels did not recover over time (Table 3).

Intervention with antioxidants and enzyme inhibitors

Based upon the RNA-seq data, elevation of H2O2, and reduction of GSH, we wanted to 

investigate whether ZG-induced cytotoxicity could be inhibited using antioxidants or 

inhibitors of nitric oxide-producing enzymes by measuring cell proliferation with the crystal 

violet assay. Pre-incubation with apocynin, L-NAME, and NAC all decreased cell death at 

200 μM ZG exposure as shown in Figure 1A-C. When L-NAME and NAC were combined, 

there was increased cell survival at 200 μM ZG exposure, but not at 250 μM ZG exposure as 

shown in Figure 1D. When apocynin was combined with L-NAME and NAC as shown in 

Figure 1E, an increase in cell survival was observed at 200 μM ZG exposure but not 250 μM 

ZG.

Zn-induced cell death

Previous literature demonstrated that zinc toxicity is apoptotic in nature19,20. However, as 

shown in Figure 2, an ELISA which detects histone-associated DNA fragments as a measure 

of apoptosis did not shown any significant response in Odora cells incubated with 100, 150, 

or 200 μM ZG compared to vehicle control, while the expected robust response was 

observed with the positive control.

Analysis of NLRP2 and IL1b

ZG-induced production of ROS, which can serve as an activating signal for pyroptosis and 

inflammasome activation, led us to investigate whether NLRP3 and IL-1b were upregulated 

in Odora cells in response to zinc exposure, using Western blot analysis.(Harijith et al., 

2014) NLRP3 increased over time and reached peak levels at 4 h of exposure to ZG (100 

μM), while the inactive precursor form of IL-1β declined slightly at 4 and 6 h. Active IL-1β, 
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which was found at low levels in the control cells, increased after 2 h of zinc exposure, with 

levels remaining unchanged with prolonged exposure to zinc. β-actin levels did not change 

with zinc incubation.

Intervention with caspase-1 inhibitor (Ac-YVAD-cmk)

Based upon the increased expression of NLRP3 and IL-1β proteins, which are involved in 

inflammasome activation, we investigated whether inhibiting caspase-1 could negate ZG-

induced cell death in Odora cells. Pre-incubation with 50 μM Ac-YVAD-cmk decreased cell 

death at 300 μM ZG exposure, as shown in Figure 4. No difference in cell viability as 

measured using the crystal violet assay was observed between 20, 50, or 100 μM of inhibitor 

alone (data not shown).

Discussion

While the use of RNA-seq and changes in the transcriptome for measuring zinc toxicity in 

olfactory neurons has not previously been performed, there have been several microarray 

studies utilizing changes in liver gene expression from excess ionic zinc exposure in in vivo 
rodent studies. Similar to the RNA-seq work in Odora cells, the changes in gene expression 

in both rat and mouse liver due to hepatoprotective dose of subcutaneous zinc (100 μmol/kg 

for 4 d) resulted in up-regulation of metal response genes (e.g. metallothionein (Mt1a, 
Mt2)), markers of stress (e.g. heat shock protein (Hspaa1), heme oxygenase (Hmox1)), 

antioxidant response (nuclear factor Nrf2, superoxide dismutase (Sod1), glutamate-cysteine 

ligase (Gclc)), inflammatory cytokines (interleukin-1β and -6 (Il1b, Il6), and nitric oxide 

synthase (Nos2)) (Liu et al., 2009). When rats were fed a high zinc diet (347.50 mg Zn/kg 

basis diet, compared to a normal diet level of 35.94 mg Zn/kg basis diet), up-regulated genes 

included those involving carbohydrate metabolism (e.g. alcohol dehydrogenase (Adh5), 
pyruvate dehydrogenase kinase 4 (Pdk4), aldolase C (Aldoc)) (Sun et al., 2007). Another 

study utilizing intratracheal instillation of zinc sulfate in rats was focused on changes in 

cardiac gene expression, where up-regulation of respiratory/mitochondrial function genes 

(pyruvate dehydrogenase kinase 4 (Pdk4), acylcoenzyme A dehydrogenase (Acadvl)), 
injury/stress response (heme oxygenase 1 (Hmox1), tissue inhibitor of metalloproteinase 3 

(Timp3)) was reported, as well as and down-regulation of cytoskeletal genes (alpha actin 

cardiac 1 (Actc1), beta actin (Actb), Tropomyosin 4 (Tpm4)), checkpoint genes (cyclin D1 

(Ccnd1), cyclin D2 (Ccnd2)) (Gilmour et al., 2006).

Despite the fact that these studies were carried out in vivo and focused on different organ 

systems, there is considerable overlap between pathways of interest in these works and gene 

expression changes in Odora cells. Similarities between earlier RNA-seq work and the work 

done in Odora cells include an increase in genes and pathways associated with stress and 

antioxidant response, energy generation, changes in cytoskeleton maintenance, cell 

proliferation, and metallothionein and metal response. Differences were observed with the 

work done in rats given excess dietary zinc and observed for changes in liver gene 

expression. In these studies, there was an increase in multiple acute-phase response proteins, 

such as ceruloplasmin, Stat3, egr1, Cxc chemokines, and various heat-shock proteins. With 

the exception of Hmox1 at 6 and 12 h and Cxc11 at 6 h, these acute-phase responses were 
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not observed until 24 h of exposure in the Odora RNA-seq. Other differences, such as a lack 

in up-regulation of genes involved with nitrogen and lipid metabolism or ATPase Na+/K+ 

transporters in the Odora work, may be attributable to the fact that the other studies were 

performed using whole animals and analysis was done using different tissues, specifically 

liver and heart, compared to olfactory neurons.

With regard to stress and antioxidant response, up-regulation in Hmox1, Nos2, inflammatory 

cytokines, and heat shock protein gene expression occurred upon exposure to zinc in both in 
vitro and in vivo studies, which is an indicator that the cells were undergoing oxidative 

stress.(Poss and Tonegawa, 1997) In response to the oxidative stress, antioxidant enzymes, 

including glutathione and superoxide dismutase were upregulated. Others have demonstrated 

that zinc exposure causes an increase in reactive oxygen species and nitric oxide, while 

depleting glutathione, and thereby causing cell death (Bishop et al., 2007; Chen and Liao, 

2003; Emri et al., 2015; Kim and Koh, 2002; Pong et al., 2002; Seo et al., 2001; Takeyama 

et al., 1995). Since similar patterns of up-regulated genes were observed in Odora cells 

exposed to zinc, biochemical assays measuring intracellular glutathione and hydrogen 

peroxide levels in Odora cells exposed to zinc for 6, 12, and 24 h were performed. Zinc 

caused elevated hydrogen peroxide after 6 h incubation, but this level plateaued, and then 

declined over time, suggesting that the cells experienced oxidative stress but were able to 

degrade the peroxide. It is hypothesized that the hydrogen peroxide and other generated 

ROS are mitochondrial in origin due to zinc uptake by the mitochondria, where the excess 

mitochondrial zinc inactivates mitochondrial glutathione reductase and thioredoxin 

reductase leading to increased damage within the mitochondria (Clausen et al., 2013; 

Gazaryan et al., 2007). Odora cells were able to control ROS levels via the antioxidant 

glutathione as demonstrated by the decline in the level of reduced glutathione at 6 h, which 

recovers to baseline by 24 h. Thus, in Odora cells, ZG caused oxidative stress; however, 

there are other mechanisms involved since incubation with the antioxidant N-acetyl-cysteine 

was able to mitigate, but not completely block, zinc-induced cytotoxicity. While the level of 

nitric oxide was not measured, incubation with apocynin, an NADPH oxidase inhibitor, and 

L-NAME, a nitric oxide synthase inhibitor, either singly or together did not protect against 

zinc-mediated cell death. Taken together these data suggests that zinc causes an increase in 

hydrogen peroxide and nitric oxide; however, these reactive species are not the sole cause of 

zinc cytotoxicity.

Another potential mechanism for zinc cytotoxicity may be ATP depletion. In the literature, it 

has been shown that zinc can affect energy production by inhibiting glycolytic enzymes and 

interfering with the electron transport chain (Gazaryan et al., 2007; Ikeda et al., 1980; Link 

and von Jagow, 1995; Maret et al., 1999). In cultured cortical neurons, excess intracellular 

zinc depleted ATP, which could be reversed by the addition of pyruvate (Sheline et al., 

2000). Thus, we evaluated the effects of zinc exposure to ATP levels in Odora cells and 

found that that there was longer exposure to zinc was correlated with decreased levels of 

intracellular ATP independent of the number of viable cells, which supports the hypothesis 

that ATP depletion may be a contributing factor to ZG-induced cell death.

The RNA-seq work showing lack of up-regulation of caspase-3 or caspase-9, combined with 

the negative results from the cell death detection ELISA, as well as lack of DNA laddering 
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in zinc gluconate-treated Odora cells (data not shown), demonstrated that zinc-induced cell 

death in Odora cells is not apoptotic. Combining the fact that the Odora cells were dying by 

a non-apoptotic mechanism with the profile of reduced intracellular ATP and elevated ROS 

suggested the possibility that Odora cells were undergoing pyroptosis (Chavarria-Smith and 

Vance, 2015; Harijith et al., 2014). Similar to apoptosis, pyroptosis is a programmed 

mechanism of cell, and involves caspase-1 activation by the inflammasome, a multi-protein 

complex which includes NOD-like receptor protein 3 (NLRP3), absent in melanoma-2 

protein (AIM2), and apoptosis-associated speck-like protein containing a CARD (ASC), 

which results in the formation and secretion of activated cytokines, such as interleukin-1β 
and interleukin-18 (IL-1β, IL-18), that trigger an inflammatory response. The triggers for 

inflammasome activation are quite varied and include reactive oxygen species, extracellular 

ATP, uric acid crystals, metals, and various viruses and bacteria (de Vasconcelos et al., 2016; 

Harijith et al., 2014; Martinon et al., 2006; Ogura et al., 2006; Piccini et al., 2008; Simard et 

al., 2015; Song et al., 2013). We demonstrated via western blot in Odora cells an increase in 

cytosolic NLRP3 and active IL-1b with increasing duration of exposure to zinc, suggesting 

the possibility of caspase-1 mediated pyroptosis. However, when the cells were incubated 

with Ac-YVAD-cmk, a caspase-1 inhibitor, there was a 60% increase in the number of 

viable cells, but cell death was not completely blocked. This suggests that zinc-induced cell 

death in Odora cells also involves a caspase-1 independent mechanism of cell death, which 

needs to be investigated further. Thus, we conclude that zinc-induced toxicity is most likely 

a combination of several processes including, but not limited to, oxidative stress, 

inflammasome activation, and ATP depletion.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• The olfactory neuron cell line Odora was used to study zinc gluconate 

(ZG) toxicity.

• ZG induces oxidative stress, ATP depletion, and cytoskeletal changes in 

Odora cells.

• Metallothionein upregulation was a key response in ZG-treated Odora 

cells.

• ZG-treated Odora cells appear to die via pyroptosis, rather than 

apoptosis.
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Figure 1. 
Effects of antioxidants and oxidase inhibitors on ZG-treated Odora cells. Odora cell viability 

was assessed after incubation with ZG at various concentrations for 24 h in the presence of 

the antioxidant N-acetylcysteine (NAC) and the oxidase inhibitors apocynin and Nω-Nitro-

L-arginine methyl ester hydrochloride (L-NAME), as well as various combinations of these 

agents. *, p<0.05, when compared with 200 μM ZG exposed cells without any intervention. 

Data are reported from 3 biologically independent experiments, (each experiment was its 

own plate), with six wells per treatment condition per experiment. with three plates per 

treatment condition per experiment.
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Figure 2. 
Evaluation of ZG-induced apoptosis in ZG-treated Odora cells. Odora cells incubated with 

100 μM, 150 μM, 200 μM ZG do not produce histone fragments suggestive of apoptosis, 

compared to sodium arsenite (60 μM, positive control) for 24 h, * p < 0.05. Data are 

reported from 3 biologically independent experiments, with three plates per treatment 

condition per experiment.
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Figure 3. 
Top panel: Western blot analysis of NLRP3 and IL-1 β protein levels in ZG-treated Odora 

cells. NLRP3 and IL-1 β protein in Odora cell in responses to 100 μM ZG for 2, 4, and 6 h. 

Lane 1: cell lysate from untreated, control Odora cells. Lane 2-4: cell lysate from Odora 

cells exposure to 100 μM ZG for 2, 4, and 6 h, respectively, with 35 μg of protein loaded per 

lane. Representative gel is shown; results were consistent in two biologically independent 

experiments. Bottom panel: quantitation of western blot band intensity. (n=2 biologically 

independent replicates each).
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Figure 4. 
Effects of incubation with caspase-1 inhibitor (Ac-YVAD-cmk) on Odora viability Odora 

cells were incubated with a toxic dose (300 μM) for 12 hr in the presence of absence (Nil) of 

the caspase-1 inhibitor (Ac-YVAD-cmk). *, p<0.05, when compared with 300 μM ZG 

exposed cells without any intervention. Data are reported from 3 biologically independent 

experiments, (each experiment was its own plate), with six wells per treatment condition per 

experiment.
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Table 1
Mechanisms of zinc toxicity

Mechanism of Zinc Toxicity Reference

Inhibition of glutathione reductase (Bishop et al., 2007)

Production of ROS and/or activation of NADPH oxidase & nitric oxide 
synthase

(Bishop et al., 2007), (Kim and Koh, 2002), (Lopez et al., 
2011)

Induction of apoptosis via DNA fragmentation and cytochrome C release (Rudolf, 2007), (Feng et al., 2002)

Induction of necrosis (Iitaka et al., 2001)

Impaired ATP production via inhibition of glycolytic and TCA cycle 
enzymes

(Rudolf, 2007), (Dineley et al., 2003), (Sheline et al., 2000)

Impaired function of the electron transport chain (Lorusso et al., 1991), (Link and von Jagow, 1995)

Inhibition of proton channel (HVCN1), leading to intracellular acidosis (Iovannisci et al., 2010)

Dysregulation of copper homeostasis (Willis et al., 2005), (Hedera et al., 2009)

Dysregulation of calcium homeostasis (Guo et al., 2014)
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Table 2
Odora LC50 for various ZG incubation times

Hours of ZG incubation LC50

1 hour > 500 μM

2 hours > 500 μM

3 hours 340 μM

4 hours 285 μM

5 hours 220 μM

6 hours 200 μM

12 hours 170 μM

24 hours 160 μM

Toxicol In Vitro. Author manuscript; available in PMC 2017 September 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Hsieh et al. Page 21

Table 3
Biochemical Measurements in Odora cells exposed to 100 μM ZG for 6, 12, and 24 h

Biochemical Measurements Control
100 μM ZG

6 h 12 h 24 h

GSH (nmol/mg protein) 66.9 ± 3.8 50.0 ± 2.8 * 57.7 ± 1.5 * 57.0 ± 1.7 *

GSSG (nmol/mg protein) 15.2 ± 4.0 15.4 ± 2.4 15.5 ± 2.9 14.6 ± 3.0

H2O2 (FU/μg protein) 0.88 ± 0.06 1.15 ± 0.12* 1.08 ± 0.13 0.98 ± 0.09

ATP (μM ATP/μg protein) 6.25 ± 0.57 5.91 ± 0.40 5.35 ± 0.65* 4.90 ± 0.63*

Data are reported as means ± SEM of 3 biologically independent experiments, with three plates per time point per experiment.

*
p < 0.05, when compared with control.
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