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DUOX Expression in Human Keratinocytes and Bronchial 
Epithelial Cells: Influence of Vanadate

Thomas Hill III and Robert H. Rice*

Department of Environmental Toxicology, University of California at Davis

Abstract

Dual oxygenases (DUOX) 1 and 2, expressed in many animal tissues, participate in host defense at 

mucosal surfaces and may have important signaling roles through generation of reactive oxygen. 

Present work addresses their expression in cultured human epidermal keratinocytes and effects of 

cytokines and metal/metalloid compounds. Both DUOX1 and 2 were expressed at much higher 

levels after confluence than in the preconfluent state. Maximal DUOX1 mRNA levels were 50 fold 

those of DUOX2. DUOX1 and 2 were induced ≈3 fold by interleukin 4, but only DUOX1 was 

induced by interferon gamma (IFNγ). In human bronchial HBE1 cells, by contrast, interleukin 4 

induced only DUOX 1, and IFNγ induced only DUOX2. A survey in the keratinocytes of metal/

metalloid compounds showed that arsenite, antimonite, chromate, cadmium, copper, lead and 

vanadate suppressed DUOX1 levels but did not prevent interleukin 4 stimulation. Effects on 

DUOX2 were less dramatic, except that vanadate potentiated the stimulation by IFNγ up to 7 fold. 

The results indicate that epithelial cell types of different tissue origins can differ in their cytokine 

regulation and that epidermal cells can exhibit striking alterations in response due to certain metal/

metalloid exposures.
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Introduction

Exposure to reactive oxygen species (ROS) from radiation or exogenous chemicals is well 

known to have adverse biological effects. However, in addition to causing disease when it is 

present in excess, ROS generated endogenously can have important roles in cell signaling, 

homeostatic and defensive functions (Lambeth and Neish, 2014). The regulated production 

of ROS by the NADPH:O2 oxidoreductase (NOX) family of membrane proteins is 

ubiquitous in both the plant and animal kingdoms (Bedard et al., 2007; Leto and Geiszt, 
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2006; Ritsick et al., 2004; Sumimoto, 2008). Illustrating a role in host defense in humans, 

the loss of superoxide production in phagocytic cells in X-linked chronic granulomatous 

disease, a syndrome characterized by frequent microbial infections, led to discovery of a 

deficiency in NOX2 (gp91phox) (Orkin, 1989; Segal, 1988). This finding prompted 

identification of 5 NOX enzymes (NOX1- 5) and the related DUOX1 and 2.

Like the NOX enzymes, dual oxygenases (DUOX) 1 and 2 are expressed in many animal 

tissues and have diverse proposed roles. For example, they generate hydrogen peroxide used 

by lactoperoxidase in host defense at mucosal surfaces (Geiszt et al., 2003), including the 

airways (Moskwa et al., 2007). DUOX2 was identified as the enzyme that catalyzes 

incorporation of iodine into thyroid hormone (Dupuy et al., 1999) and is lacking in 

congenital hypothyroidism (Moreno et al., 2002). To become active and localized in the 

plasma membrane, these enzymes form heterodimers with transcriptionally linked DUOXA1 

and DUOXA2 proteins, respectively (Grasberger and Refetoff, 2006). Distinct from 

NOX1-4, and noteworthy due to the influence of calcium on cell differentiation, they have 

Ca++-binding intracellular EF-hand motifs that permit regulation by internal calcium levels 

(Ameziane-El-Hassani et al., 2005).

Previous work has shown that DUOX1 expression in cultured normal human epidermal 

keratinocytes is largely responsible for hydrogen peroxide production, and that its 

expression (along with numerous differentiation markers) is increased with elevated calcium 

concentration in the medium. Moreover, its inhibition using diphelyleneiodonium (an 

inhibitor of NOX and DUOX enzymes) or knock down using siRNA suppresses levels of a 

number of differentiation markers, including loricrin, filaggrin, keratins 1 and 10, 

desmocollin 1, and desmoglein 1, that are important for proper barrier function (Choi et al., 

2014). In similar cultures, treatment with the Th2 cytokines IL4 or IL13 induced some 200 

genes, including DUOX1 by 2–3 fold. The increase in DUOX1 increased hydrogen 

peroxide, oxidation of protein tyrosine phosphatase 1B and phosphorylation of STAT6 

(Hirakawa et al., 2011). This finding suggested DUOX1 could participate in a positive 

feedback loop and synergize with TNFα and other cytokines in the epidermis. As an 

example, DUOX1 can regulate Src and EGF receptor in a ligand independent manner in the 

respiratory tract (Heppner et al., 2016).

Building on these results, present work explores the response of DUOX1 and 2 to 

representative Th1 and Th2 cytokines in culture, contrasting the effects in keratinocytes with 

those in bronchial epithelial cells (HBE1). The results in these model cell lines, minimally 

deviated from normal, provide a foundation for examining perturbation of DUOX expression 

by metal/metalloid compounds often present from environmental or occupational exposures. 

Certain metal/metalloid contaminants (e.g., arsenic) in drinking water have been shown to 

affect keratinocyte differentiation and signal transduction mediators (Paul et al., 2007; 

Reznikova et al., 2009). Several studies report that arsenic action in endothelium, 

characterized by ROS generation, is mediated by NOX induction or activation but have not 

touched on possible DUOX contributions (Pan et al., 2011; Straub et al., 2008). Arsenic 

exposure through drinking water is a worldwide problem (Nordstrom, 2002), affecting 

millions of people, and perhaps represents the largest mass poisoning in world history 

(Bhattacharjee, 2007). Analysis of geothermal waters in pristine wilderness areas of the 
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United States suggest that arsenic remains a concern in many localities, and that discharge of 

these compounds may be a significant health hazard to downstream communities or 

geothermal energy personnel (Planer-Friedrich et al., 2007). Arsenic contamination clearly 

remains an important issue even in developed nations and, ironically, the projected 

expansion of oil shale extraction and energy alternatives such as geothermal power may 

increase the risk of exposure (Mitchell et al., 2011).

Additional studies have indicated air or water pollutants from mining activity that contain 

metal ions and oxyanions such as cadmium, copper, chromate, or vanadate may also 

function as keratinocyte toxicants through generation of ROS (Gummow et al., 2006; 

Kawata et al., 2007; Wang et al., 2003). Metals from such airborne sources are well known 

contributors to hypersensitivity responses of the airways and the skin (Godri Pollitt et al., 

2016; Swinnen and Goossens, 2013). Exposure to particulates containing antimony, arsenic, 

cadmium, chromium, copper, lead, vanadium, zinc and other metals and metalloids occurs 

from traffic emissions, petroleum refineries and fuel combustion. Very high environmental 

levels are reached particularly in developing countries in general (Shakir et al., 2017) and 

especially in areas near electronic waste processing (Song and Li, 2015).

Methods

Cell culture

The papilloma virus E6/E7-immortalized human bronchial epithelial line HBE1 was 

provided by Dr. J. Yankaskas (Yankaskas et al., 1993). The cells were maintained in Ham’s 

F12/Hepes/DMEM supplemented with insulin (2 μg/ml), transferrin (2.5 μg/ml), epidermal 

growth factor (10 ng/ml), dexamethasone (0.05 μM), cholera toxin (10 ng/ml), bovine 

hypothalamic extract (50 μg/ml) and plasmocin (2.5 μg/ml). Spontaneously immortalized 

human epidermal keratinocytes (SIK), passages 23–29, were co-cultured with a lethally 

irradiated 3T3 feeder layer in a 2:1 mixture of DMEM and F12 media supplemented with 

fetal bovine serum (5%), hydrocortisone (0.4 μg/mL), insulin (5 μg/mL), transferrin (5 μg/

mL), triiodothyronine (20 pM), and adenine (0.18 mM) (Rice et al., 1993). Epidermal 

growth factor (10 nM) was added at the first medium change. Newly confluent cultures were 

trypsinized, diluted 1:4 into 12 well cell culture dishes (Greiner Bio-One International AG, 

Frickenhausen, Germany) and grown until approximately 90% confluent prior to cytokine 

treatments or chemical exposures.

Cytokine Treatments

Recombinant human IFNγ and IL4 (R&D Systems, Inc., Minneapolis, MN) were dissolved 

in sterile phosphate-buffered saline (PBS) with 1% bovine serum albumin (BSA). Serial 

dilutions in medium were added to the wells, and each treatment was repeated in triplicate. 

Cytokine treatments were performed at their EC50 concentrations determined in initial 

experiments (Figures 3 and 4) for 24 hours. Control wells were treated with 75 μl of PBS:

1% BSA vehicle in 1.5 ml of medium. Test and control treatments were set up using a 

simple Latin Square design.
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Chemical exposure of cultures

Stock solutions of the agents employed (NaAsO2, K2CrO4, Na3VO4, ZnSO4, CuSO4, CdCl2, 

Pb(NO3)2, and potassium antimony tartrate) in water were sterile filtered and stored at 4°C 

until use. Concentrations employed for the screen were close to the EPA maximal drinking 

water contaminant limits (Cr, Cu, Zn) or observed in contaminated watersheds or water 

supplies (As, Cd, Pb, Sb). Hemin was prepared in dimethylsulfoxide (DMSO) as a 1000× 

stock solution. Cells were exposed to agents for 3 days prior to and during cytokine or 

dimethylthiourea (DMTU) addition. The medium was changed on days one and three, and 

cultures were harvested at the end of the third day. DMTU (30 mM) was added at the start of 

day 3 and followed by cytokine addition one hour later. Statistical analysis on 4–6 biological 

replicates was performed, as indicated in the figure legend, by t-test or one way ANOVA 

(with Bonferroni corrections) using STATA/SE9.2 software for Windows.

RNA Isolation and Quantitation

RNA was isolated using Trizol (Invitrogen, Carlsbad, CA). cDNA was transcribed from 2–3 

μg of total RNA for each sample using oligo-dT and random primers at 25°C for 10 min, 

followed by PCR amplification with MultiScribe-reverse transcriptase (ABI, Austin TX) for 

60 min in 20 μl reaction volumes. The cDNA stock was then diluted 1:5 in nuclease free 

water for quantitative, real time PCR (QPCR). The QPCR was performed on an ABI 

PRISM© 7900HT Sequence Detection System (Applied Biosystems, Inc., Foster City, CA) 

using gene specific, intron-spanning primers for Duox1, Duox2, and β-actin as previously 

described (Harper et al., 2005). Reactions were carried out in 384-well optical reaction 

plates with 10 μl final volumes using SYBR®GreenER™ qPCR Supermix (Invitrogen, 

Carlsbad, CA). Reactions were carried out in triplicate for each of the three biological 

replicates; both melting curve analysis and non-template controls were utilized to assure 

amplification specificity. Ct values ranged from 20 to 30 in figures 3–9; those for DUOX 

induction were normalized to those of β-actin, and calculations of fold induction relative to 

controls (ΔΔCt) were performed (Bookout et al., 2007). Pharmacokinetic derivations and 

modeling were performed using WinNon-Lin (Pharsight Software, Mountain View, CA) and 

SigmaPlot (Systat Software Inc., San Jose, CA). Values illustrated are means and standard 

deviations across the biological replicates.

Next Generation Sequencing

Total messenger RNA (mRNA) was prepared using Trizol reagent (Thermo–Fisher 

Scientific) from two experiments, one of which has been previously reported (Phillips et al., 

2016), each with two independent samples. Sequencing libraries were prepared using an 

Illumina TrueSeq mRNA sample preparation kit. Messenger RNA was purified and 

converted to double-stranded complementary DNA (cDNA). Adapters and specific indexes 

were added to each sample. RNA sequencing was performed on a HiSEqn 2500 sequencer 

analyzer (Illumina, San Diego, CA). Sequencing reads were analyzed using CLCBio 

Genomic Workbench software (CLC Bio, Aarhus, Denmark) (Wickramasinghe et al., 2014). 

Quality control (QC) analysis was performed using the application NGS quality control tool 

of CLC Genomics Workbench software (CLC Bio) (Cánovas et al., 2013). Sequenced single 

reads (100 bp) were assembled against the annotated human reference genome (release 80) 
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(ftp://ftp.ensembl.org/pub/release-80/genbank/homo_sapiens/). Data were normalized by 

calculating the ‘reads per kilobase per million mapped reads’ (RPKM) for each gene.

Results

Endogenously controlled expression of DUOX1 and DUOX2 in keratinocytes was found to 

be strongly influenced by the growth state of the cells. When growing SIK cultures were 

held past confluence, they became increasingly differentiated, and the expression of both 

DUOX genes was considerably induced (Figure 1). Although the degree of DUOX2 

induction was several fold higher than DUOX1, the level of expression of DUOX1 was at 

least 50 fold that of DUOX2 after a week at confluence (Figure 2). As shown in Figure 2A, 

DUOX1 and DUOXA1, genetically linked, were expressed at similar levels, while DUOX2 

and DUOXA2, also genetically linked, were expressed at similar but much lower levels (Fig 

2B). The latter were expressed at much higher levels than NOX1, 4, 5 and NOXO1, while 

NOXA1 was expressed at a level 4 fold that of DUOX2. NOX 2 and 3 were not detected.

Cytokine responses of human keratinocytes in comparison with bronchial epithelial cells 
in culture

To determine how DUOX gene induction is directed by a Th2 cytokine, the concentration 

dependence of DUOX1 and DUOX2 on IL-4 was characterized in HBE1 and SIK cultures. 

Treatment with IL4 induced both DUOX1 and DUOX2 mRNAs in SIK cultures (Figure 3A). 

Maximal inductions of 2–3 fold (DUOX1) and 3–4 fold (DUOX2) occurred in the range of 

3–30 ng/ml with EC50 values in the vicinity of 10 ng/ml. By contrast, treatment of HBE1 

cells induced only DUOX1 (EC50 10 ng/ml); maximal levels of 5–6 fold above uninduced 

cultures were attained at ≥20 ng/ml (Fig 3B). Treatment at >60 ng/ml resulted in 

considerable cell lysis.

The effects of Th1 cytokines were characterized in HBE1 and SIK cultures using IFNγ. The 

cell lines responded similarly, but with discrete sensitivities. Continuous exposure to IFNγ 
consistently induced only DUOX2 in SIK cultures, whereas clear evidence for DUOX1 

induction was not observed (Fig 4A). Maximal levels of 3.5 fold those in untreated cultures 

were attained at ≈1000 ng/ml concentrations with an EC50 value of 50 ng/ml. By contrast, 

treatment of HBE1 cells induced DUOX2 by 25 fold above untreated levels at 600 ng/ml and 

nearly 50 fold by 1700 ng/ml (Fig 4B); no induction of DUOX1 was observed.

To approximate the “burst-release” of cytokines in vivo, both cell lines were treated with a 

two hour pulse-dose at the EC50 derived for each cytokine, and the response was compared 

with continuous exposure at the same dose. Treatment of SIK cultures for either 2 or 24 hr 

with IFNγ showed no induction of DUOX1 (Fig 5A), while DUOX2 was induced by 24 but 

not 2 hr of treatment with either IFNγ or IL4. By contrast, DUOX2 was induced in HBE1 

cells as well or better by 2 hr as by 24 hr of exposure (Fig 5B).

To approximate in vivo impacts of cytokine balance on DUOX induction, cells were treated 

with the Th1 cytokine IL4 at its EC50 with simultaneous exposure to an increasing dose of 

the Th2 cytokine IFNγ. In SIK cultures, IFNγ at each dose suppressed DUOX1 induction, 

but DUOX2 induction appeared to be only nominally affected (Fig 6A). By contrast, 
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DUOX1 was strongly suppressed in HBE1 cells with an IC50 for IFNγ of ≈100 ng/ml and 

>80% suppression at 5000 ng/ml. Furthermore, DUOX2 was induced by IFNγ only to 

≈10% of the level seen in the absence of IL4 (Fig 6B).

Vanadate augmentation of DUOX2 induction by IFNγ

SIK cultures were treated with a selection of metal/metalloid compounds for 3 days at 

biologically relevant concentrations and then for a day with either IFNγ or IL4 near their 

EC50 values determined above. As shown in Fig 7A, each of the metal/metalloid treatments 

(except Zn, not tested) substantially suppressed the level of DUOX1, whereas IL4 generally 

stimulated DUOX1 similarly in each case. Except for vanadate, the net effect of combined 

treatment with metal/metalloid and IL4 was a DUOX1 induction close to that of untreated 

cultures. The similarity of this suppression to that of arsenite and antimonite in the absence 

of IL4 was also seen for DUOXA1 but not for DUOX2, DUOXA2 or other members of the 

NOX family (Fig 2). Treatment of the cultures with metals/metalloids generally had less 

effect on DUOX2 than on DUOX1 and, except for Zn and antimonite, did not prevent at 

least partial induction by IFNγ (Fig 7B). A dramatic contrast was the 15 fold induction by 

IFNγ in the presence of vanadate compared to 4–5 fold induction by IFNγ alone. The 

concentration dependence of this vanadate effect was then explored. As seen in Fig 8, 

amplification of the IFNγ stimulation was obvious from 2–15 μM. The increase did not 

plateau at the maximal concentration tested (15 μM), but higher concentrations were not 

tested due to likely toxicity. Although 15 μM is below the level of concern for drinking 

water calculated in a recent EPA study (Benson et al., 2017), vanadate >5 μM is known to 

arrest keratinocyte growth in culture (Rea and Rice, 2001).

The effect of the ROS quenching agent dimethylthiourea (DMTU) on the cytokine induction 

of DUOX isoforms in SIK cultures was examined in the presence and absence of vanadate. 

Panel 9A shows the induction of DUOX2 by IFNγ, nearly 8 fold, and its further 4 fold 

augmentation by vanadate. When DMTU was included in the medium, however, little 

DUOX2 stimulation occurred. In parallel experiments with IL4 stimulation (Fig 9B), 

vanadate was similarly effective in augmenting DUOX2 induction. However, DMTU had 

little if any effect on the induction.

Discussion

Present work confirms that DUOX1 is expressed at much higher levels in human epidermal 

keratinocytes than is DUOX2 and also shows that levels of genetically linked DUOXA1 and 

A2 are comparable to DUOX1 and DUOX2, respectively. Moreover, it became evident that 

an increase in levels of DUOX1 and 2 occurred in the cells as they increased in degree of 

differentiation after confluence. The fold increase was particularly pronounced for DUOX2. 

That the activity of DUOX enzymes is stimulated by increased calcium through their EF-

hand motifs suggests their production of hydrogen peroxide increases with the differentiated 

state of the cells as their expression increases. A consequence of such production appears to 

be stimulation of the differentiation state (Choi et al., 2014), although another, possibly 

larger, contribution of ROS with this effect appears to arise through leakage from the 

mitochondrial electron transport chain (Hamanaka et al., 2013). Consistent with these 
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results, a contribution of oxygen to increasing the state of differentiation is also seen in the 

lower degree of differentiation in keratinocyte cultures propagated in lower oxygen tension 

(Ngo et al., 2007).

Judging by mRNA amounts, DUOX1 appears to dominate; however, functional 

contributions of DUOX2 and NOX enzymes cannot be ruled out. For example, NOX1 and 

lactoperoxidase are considerably stimulated in keratinocytes by ionizing radiation (Dong et 

al., 2011). Despite its low level ordinarily, NOX1 is a major source of ROS in keratinocytes 

irradiated with ultraviolet light (Valencia and Kochevar, 2008). Under that condition, the 

presence of lactoperoxidase (normally not present) could enhance host defense toward 

microbes by ROS from DUOX and NOX activity.

The present study of DUOX induction by cytokines indicates it can occur by receptor-

mediated processes in keratinocytes as shown previously in airway epithelial cells (Harper et 

al., 2005; Hill et al., 2010). A novel finding in keratinocytes is the IL4 induction of both 

DUOX1 and DUOX2. The keratinocytes differed from HBE1 cells in not responding to a 2 

hr pulse of IL4. A second novel observation is the IFNγ suppression of the keratinocyte 

response to IL4 for both DUOX1 and the modulation of DUOX2 expression in HBE1 cells 

in the presence of IL4. These findings, providing a clear description of DUOX/cytokine dose 

response relations, are evidence for tissue-specific cytokine cross-talk. Along with the 

traditional association of DUOX1 with proliferative cell behavior/signaling and DUOX2 

with local inflammatory activity, these data suggest that a balanced protective response is 

reliant on competent gene induction pathways for both isoforms. Thus, disease states or 

environmental exposures that alter the Th1/Th2 levels and their balance in the respiratory 

tract could alter DUOX1 and 2 levels and likely impair natural host defense mechanisms. 

Similar perturbations of DUOX expression in the skin could lead to epidermal barrier 

defects and enhanced penetration by contact agents or environmental toxicants.

As the major extrapulmonary barrier to the environment, the epidermis is frequently subject 

to metal/metalloid exposure. Present findings emphasize the potential perturbation that could 

result. That arsenite and antimonite had essentially the same effect emphasizes recent 

evidence these contaminants have nearly identical biological activities (Phillips et al., 2016). 

Although DUOX2 is much less prevalent than DUOX1 in the keratinocytes, its functional 

contribution cannot be discounted. Vanadate augmentation of DUOX2 induction provides 

insight into its regulation in the skin. The powerful prevention of stimulation by the radical 

scavenger DMTU suggests ROS participate in signaling processes driving induction. That 

DMTU treatment did not affect vanadate stimulation suggests the latter’s well-known action 

as a tyrosine phosphatase inhibitor (Gordon, 1991) mediates its effect. This scenario 

illustrates a way in which vanadate exposure could interact in concert with the DUOX 

product, hydrogen peroxide, in feedback loops augmenting cytokine action in the skin 

(Hirakawa et al., 2011). Previous studies have shown that vanadate prolongs IFNγ activation 

of STAT1 phosphorylation by inhibiting a protein tyrosine phosphatase in the nucleus of 

fibroblasts (David et al., 1993; Haspel and Darnell, 1999). Despite some progress in 

understanding the roles of protein tyrosine phosphatases in such signaling, many details, 

including identifying responsible phosphatases, are important topics for future research 

(Böhmer and Friedrich, 2014).
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Highlights

• Baseline DUOX expression in epidermal keratinocytes was maximal after 

confluence

• DUOX1 and 2 were stimulated by IL4, but only DUOX2 by IFNγ in 

epidermal keratinocytes

• In bronchial epithelial cells, IL4 induced DUOX1, while IFNγ induced 

DUOX2

• Vanadate markedly increased DUOX2 induction by IFNγ in epidermal 

keratinocytes
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Figure 1. 
Time course of DUOX expression in human keratinocytes. SIK cultures were harvested 3 

days before confluence (preconfluent, mid-log phase), newly confluent and a week after 

confluence (postconfluent). mRNA levels were measured by real time PCR and normalized 

to GUSB. Shown are the combined results of 5 experiments, where the preconfluent values 

were set as 1. Asterisks give values significantly different (p=0.01 by t-test with Bonferroni 

correction) from preconfluence (dashed line). Ct values for the preconfluent samples were 

25.3 ± 0.1 (DUOX1) and 33.5 ± 0.3 (DUOX2).
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Figure 2. 
Relative expression of NOX/DUOX family mRNAs in human keratinocyte culture. SIK 

cultures were treated with 3 μM sodium arsenite or 6 μM potassium antimony tartrate in 

parallel to untreated cultures for one week starting at confluence. mRNA expression, 

measured by next generation sequencing, is given in reads per kilobase per million mapped 

reads. (A) DUOX1 and DUOXA1, (B) DUOX2 and DUOXA2, (C) NOX and NOX-related 

mRNAs. The asterisks indicate values significantly different from untreated controls 

(p<0.01) by t-test with Bonferroni correction.
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Figure 3. 
Dependence of DUOX induction on IL4 concentration in (A) SIK and (B) HBE1 cultures. 

Illustrated in (B) are experimental data and a curve derived using Win NonLin modeling 

(Pharsight Software).
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Figure 4. 
Dependence of DUOX induction on IFNγ concentration in (A) SIK and (B) HBE1 cultures. 

Illustrated (B) are actual experimental data and a curve derived using Win NonLin modeling 

(Pharsight Software).
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Figure 5. 
DUOX induction by a 2 hour pulse or continuous exposure to IFNγ in (A) SIK or (B) HBE1 

cultures. Treatments were performed at EC50 values for IFNγ, 50 ng/ml in (A) and 600 

ng/ml in (B); and for IL4, 10 ng/mL in (A). Cultures were harvested and assayed 24 hr after 

the start of continuous treatment (24 hr) or 24 hr after completion of the 2 hr pulse (2 hr); 

untreated parallel cultures were harvested after 24 hr or 2 hr. In panel B, the dashed line 

separates cultures treated for 24 hr (left) or 2 hr (right), each with its own control, all 

harvested after 24 hr. Values significantly higher than no cytokine treatment (by ANOVA) 

are indicated by * (p<0.01).

Hill and Rice Page 16

Toxicol In Vitro. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Inhibition of IL4 induction of DUOX1 by IFNγ in (A) SIK and (B) HBE1. Cultures were 

treated with IL4 at its EC50 and the indicated concentrations of IFNγ and harvested after 

one day.
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Figure 7. 
Effects of metal/metalloid compounds on DUOX induction by IL4 and IFNγ in SIK cultures 

after 3 days of treatment. (A) DUOX1 induction by 10 ng/ml IL4 (EC50). (B) DUOX2 

induction by 50 ng/ml IFNγ (EC50). Final concentrations were 2 μM NaAsO2 (AsIII), 10 

μM hemin, 5 μM K2CrO4 (CrVI), 10 μM Na3VO4 (VV), 100 μM ZnSO4 (ZnII), 20 μM 

CuSO4 (CuII), 10 μM CdCl2 (CdII), 10 μM Pb(NO3)2 (PbII) and 5 μM antimony potassium 

tartrate (SbIII). nd, not determined. (A) Values for compounds alone that differed 

significantly from untreated controls (Con) are indicated by * (p<0.01), and values for 

compounds in the presence of IL4 that differed significantly from treatment with IL4 alone 
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are indicated by † (p<0.02); (B) values for VV+IFNγ were significantly different from those 

for Con (*) and VV alone (†), each p<0.01. Significance was calculated by ANOVA.
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Figure 8. 
Vanadate augmentation of DUOX2 induction by IFNγ at 50 ng/ml (EC50). SIK cultures 

were treated for 3 days with Na3VO4 (Van) at the indicated concentrations before IFNγ 
treatment. Values significantly higher than Con (*) and IFNγ alone (†), each (p<0.01), 

analyzed by ANOVA.

Hill and Rice Page 20

Toxicol In Vitro. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 9. 
Dimethylthiourea suppression of IFNγ but not IL4 action. SIK cultures were treated with 

dimethylthiourea (DMTU) for one hr prior to cytokine addition. The cultures were exposed 

to vanadate for three days; DMTU was added at the start of the third day followed one hr 

later by cytokine additions. (A) DUOX2 was significantly induced by IFNγ (*) compared to 

untreated cultures (Con), but induction was not observed in the presence of DMTU. 

Vanadate exposure significantly increased IFNγ induction of DUOX2 compared to Con (*) 

and IFNγ alone (‡), p=0.001; no significant induction in the presence of DMTU. (B) IL4 

significantly induced DUOX1 above Con (*, p<0.01), not altered by the presence of 

vanadate. DMTU reduced the level of DUOX1 expression but did not prevent IL4 induction. 

IL4 stimulated DUOX2 expression with or without vanadate addition (†, p=0.003), more in 

the presence of vanadate than with IL4 or vanadate alone (‡, p=0.05), but DMTU did not 

significantly affect induction in either case. Analyzed by ANOVA.
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