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Many everyday products contain quaternary ammonium compounds (QAC) and some of them are known to be skin irritants such as benzalkonium chloride. Others, such as didecyldimethylammonium chloride, have been shown to cause allergic contact dermatitis. Ethylhexadecyldimethylammonium bromide (EHD) is a QAC for which sensitization potential is not clearly known. Therefore, we have studied its mechanism in human keratinocytes (KC), the main cells of the epidermis. We used the well-described human KC cell line KERTr exposed to EHD, cinnamaldehyde (CinA), a well-known skin sensitizer, and a mixture of both. Since chemical sensitizers are known to activate the transcription factor nuclear factor (erythroid-derived 2)-like 2 (NRF2), leading to cellular detoxification and suppressed proinflammatory cytokines, protein or mRNA expression of NRF2 pathway-related enzymes and pro-inflammatory cytokines were investigated by Western blot and RT-qPCR. The activity of the NRF2 pathway on inflammation was studied by RT-qPCR in NRF2-invalidated KERTr cells. We showed that EHD cannot induce the NRF2 pathway, unlike contact sensitizers like CinA. EHD triggers an inflammatory response by inducing the mRNA expression of pro-inflammatory cytokines such as IL-1β or IL-6. Moreover, mixing EHD and CinA inhibits the effect of CinA on NRF2 expression and mitigates the inflammatory response induced by EHD alone. EHD treatment of KERTr cells in which NRF2 has been invalidated showed an exacerbation of the inflammatory response at the transcriptional level. Hence, EHD may elicit an inflammatory response in KC via the NF-κB pathway, which could lead to irritation when applied to the skin. This inflammation is negatively controlled by the basal activity of the NRF2 pathway.
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INTRODUCTION
Quaternary ammonium compounds (QAC) are synthetic chemicals commonly found in many products such as cosmetics (e.g., facial cleansers, Sun protection creams or lotions, baby lotions, moisturizers, hair conditioners, hair color, make-up) and biocides due to their antimicrobial, surfactant, and preservative properties. They contain at least one NH4+ group linked to a hydrocarbon chain and three other radicals, e.g., methyl or benzyl groups (Buffet-Bataillon et al., 2012). Benzalkonium chloride1 is the most investigated QAC and is recognized as a strong skin irritant. It may also act as an allergen since it has been implied in some hypersensitivity reactions, including occupational asthma and skin-related symptoms (Bernstein et al., 1994). Whereas sensitization to benzalkonium chloride can occur, it remains quite rare (Dao et al., 2012). Didecyldimethylammonium chloride2 (DDAC) is a more recent QAC that has been identified as a triggering event of skin inflammation such as allergic contact dermatitis (ACD) (Dejobert et al., 1997; Mowitz and Pontén, 2015).
ACD is a common disease mediated by T-cell. The sensitization phase is induced by contact sensitizers, low molecular weight compounds called haptens. They penetrate the epidermis and form an immunogenic complex with a skin protein (Karlberg et al., 2008). This complex induces an innate immune response in the skin by activating dendritic cells (DC), which have an essential role in initiating the antigen-specific primary immune response (Martin, 2012). They migrate from the skin to the draining lymph nodes, where they present the haptenized protein to T-cell leading to an adaptive response (Karlberg et al., 2008).
Keratinocytes (KC) constitute the major cellular population in the epidermis (Kanitakis, 2001). They respond to inflammatory stimuli through a wide variety of cytokines and pathogen-associated molecular pattern (PAMP) receptors. These cells are also a source of many inflammatory mediators which could initiate a skin inflammatory response and promote the recruitment of inflammatory cells such as neutrophils in the skin (Jiang et al., 2020). After exposure to contact sensitizer, KC release danger signals such as pro-inflammatory cytokines. These signals can be recognized by receptors on the surface of innate immune cells, such as Toll-like receptors (TLR) (Juráňová et al., 2017). Then, some cytokines such as interleukine-1β (IL-1β) and tumor necrosis factor-α (TNF-α) produced by KC have a role in the maturation and migration of DC during the sensitization phase (Cumberbatch et al., 1997; 2001). Haptens have been shown to induce the NF-κB (Nuclear factor kappa-light-chain-enhancer of activated B-cell) pathway involved in inflammation (Tak and Firestein, 2001; Christensen and Haase, 2012). Under physiologic conditions, NF-κB is a complex composed of the proteins p65 and p50. It is sequestered in the cytoplasm by its inhibitor, IκB. After stimulation of TLR by, e.g., pathogens, IκB is phosphorylated, ubiquitinated and degraded by the proteasome (Juráňová et al., 2017). Then, p65 is phosphorylated (Zhong et al., 1997). These events lead to the translocation of the complex into the nucleus, where it notably induces the transcription of chemokines, cytokines such as IL-6, IL-8, TNF-α and proteinases (Juráňová et al., 2017).
Moreover, haptens are electrophilic compounds and generate oxidative stress in the epidermis, activating the NRF2 (Nuclear factor E2-related factor 2) pathway (Christensen and Haase, 2012; Helou et al., 2019). NRF2 is a transcription factor of its target genes like HMOX1 encoding HO-1 (Heme oxygenase-1) and NQO1 (NAD(P)H Quinone Dehydrogenase 1). Briefly, under basal conditions, two proteins of KEAP1 (Kelch-like ECH-associated protein 1) hold the protein NRF2 in the cytoplasm and trigger the ubiquitination of NRF2, leading to its degradation by the proteasome. Electrophilic or oxidative stress modifies KEAP1 conformation that liberates NRF2, allowing its nuclear translocation. Then, NRF2 heterodimerizes with a small protein MAF and binds the ARE (Antioxidant response element) sequences to exert its transcriptional function (Tonelli et al., 2018). Moreover, the KeratinoSens is an in vitro assay used to assess the sensitization potential of a chemical and is based on NRF2 transcription in a KC model, HaCaT (Emter et al., 2010). NRF2 controls allergic skin inflammation during the sensitization phase induced by a contact sensitizer like cinnamaldehyde (CinA)(El Ali et al., 2013). CinA is used in commercial food, cosmetics, and agriculture (Doyle and Stephens, 2019). Vallion et al. (2022) showed that CinA 100 μM induces the NRF2 pathway and has an anti-inflammatory effect in an in vitro KC model, KERTr cells.
NRF2 and NF-κB pathways interact with each other through a range of complex molecular interactions. The absence of NRF2 is associated with an exacerbation of NF-κB activity. NF-κB can have positive and negative effects on the expression of NRF2 target genes. For example, p65 can exert a negative effect on ARE-linked gene expression by different ways and HO-1 has a prominent role in NRF2-mediated NF-κB inhibition. In fact, the two pathways regulate the fine balance of cellular redox status and responses to stress and inflammation (Wardyn et al., 2015).
The first objective of this work was to study the mechanism of action of a QAC called ethylhexadecyldimethylammonium bromide (EHD) in human KC. EHD is classified in category 2 for skin irritation according to CLP (Classification, Labelling, Packaging) criteria3. But it has limited published research describing its sensitization potential. Then, it could be interesting to investigate its effects in human KC. The second objective was to study the potential effects of EHD on the antioxidant and anti-inflammatory effects of CinA 100 μM in KC (Vallion et al., 2022).
Then, KERTr cells were stimulated by EHD, CinA and a mixture of both. After stimulation, expression of NRF2-dependent-ARE-responsive genes and mRNA expression of pro-inflammatory cytokines that can be produced by KC during skin inflammation were measured. Proteins related to NRF2 pathway were also quantified. Our results suggested that, in KC, EHD did not induce detoxification via NRF2 pathway but triggered an inflammatory response. Moreover, the anti-inflammatory and antioxidant effects of CinA 100 μM were modulated by EHD when these two compounds were mixed. Our work involving invalidation of NRF2 in KERTr cells showed the activity of NRF2 pathway on inhibition of EHD-induced inflammatory response in KC.
MATERIALS AND METHODS
Chemicals: EHD (CAS No. 124-03-8), CinA (CAS No. 104-55-2) and Dimethylsulfoxide (DMSO; CAS No. 67-68-5) were purchased from Sigma-Aldrich (Saint-Quentin-Fallavier, France). EHD was dissolved in phosphate buffer saline (PBS; GIBCO, Illkirch, France) and CinA in DMSO. All vehicles were used at 0.1% final concentration in culture.
Cell culture: The human KC cell line CCD 1106 KERTr (ATCC CRL-2309™) was purchased from ATCC (Molsheim, France). For passing, the cells were trypsinized once a week (0.05% of trypsin-EDTA 1X; GIBCO) and seeded in a new culture flask at a cell density of 2 × 106 cells/175 cm2 in a Keratinocyte-SFM serum-free medium (K-SFM; GIBCO), supplemented with bovine pituitary extract, epithelial growth factor (EGF), penicillin and streptomycin in concentrations of 0.05 mg/mL, 35 ng/mL, 10 U/mL and 10 μg/mL, respectively. The medium was renewed twice a week. The cells were cultured under standard cell culture conditions at a temperature of 37°C and 5% CO2.
Invalidation of NRF2: NRF2 expression has been invalidated using sh RNA in KERTr cells as described by Vallion et al. (2022). Briefly, plasmid of expression for NRF2 sh RNA (OriGene Technologies GmbH, Herford, Germany) was transferred into KERTr cell using lentiviral transduction. A scrambled sh RNA was used as control. 2 × 106 cells at 50% of confluency were incubated overnight with 10 µg/mL of polybrene and 200 µg/mL of viral particles. Control KERTr cells (KERTr Sh Sc) and invalidated cells for NRF2 (KERTr Sh NRF2) were sorted on a FACS Aria (BD Biosciences, Le Pont-de-Claix, France) based on the GFP (Green fluorescent protein) expression.
Measurement of cytotoxicity: On the day prior to the stimulation, KERTr cells were seeded into 24-well plates (4 × 105 cells/well) in EGF-free culture medium. On the next day, solutions containing different concentrations of EHD (1–30 μM) were added for 24 h. Then, the cells were incubated with propidium iodide (PI; Invitrogen, Illkirch, France). Necrotic cells were stained by PI and were analyzed by flow cytometry using Attune NxT (ThermoFisher Scientific, Illkirch, France) and the FlowJo software (Becton, Dickinson & Company, Franklin Lakes, United States). Results were expressed as the percentage of living cells (PI−), and a concentration resulting in 70% cell viability of exposure (CV70) could be determined.
Chemical exposure: The cells were exposed to CinA 100 μM, EHD 10 μM, and a mixture containing both compounds at the same concentration for different exposure times to study the NRF2 pathway and inflammation in KC. Solutions of EHD and CinA were prepared in an EGF-free culture medium to get a concentration equal to their CV70. PBS (0.1%) was used as a negative control. During stimulation, the cells were cultured under standard cell culture conditions at 37°C and 5% CO2.
Western blot analysis: On the day before the stimulation, KERTr cells were seeded into 6-well plates (2 × 106 cells/well) in an EGF-free culture medium. The solutions containing EHD (10 μM), CinA (100 μM), PBS (0.1%), and a mixture of EHD (10 μM) and CinA (100 μM) were added for different exposure times. At the end of each time of treatment, cultured KERTr cells were washed twice with cold PBS before lysis in lysis buffer containing 20 mM Tris HCl pH 7.4, 137 mM NaCl, 2 mM disodium EDTA pH 7.4, 1% Triton X-100, 2 mM sodium pyrophosphate, 10% glycerol, 25 mM β-glycerophosphate, 1 mM Na3VO4, 1 mM PMSF, 5 μg/mL aprotinin, 5 μg/mL leupeptin and 50 μg/mL pepstatin (Sigma-Aldrich). The homogenates were incubated for 20 min in ice and then centrifuged at 15,000 × g for 20 min at 4°C. Equal amounts of denatured proteins (30 µg) were loaded onto 10%SDS-PAGE gel (TCX Stain-Free FastCast, Bio-Rad, Marnes-la-Coquette, France) and transferred on polyvinylidene fluoride (PVDF) membranes (Bio-Rad). Membranes were blocked with a tri-buffered saline solution with 3% of bovin serum albumin for 1 h at room temperature. Then, they were incubated with primary antibodies anti-NRF2 (1/1000e, 16396-1-AP, Proteintech, Manchester, United Kingdom), anti-HO-1 (1/1000e, ab13248, Abcam, Paris, France), anti-NQO1 (1/1000e, ab28947, Abcam, Paris, France), at 4°C overnight. After several washings, membranes were incubated with secondary antibodies conjugated to Horseradish peroxidase (HPR) for 45 min at room temperature. To reveal primary antibodies anti-NRF2, anti-rabbit secondary antibodies were used. Primary antibodies anti-HO-1 and anti-NQO1 revelation was carried with anti-mouse secondary antibodies. Immunoreactive bands were detected by chemiluminescence using the ChemiDoc XRS + System (Bio-Rad Laboratories, Marnes la Coquette, France). Bands were quantified with Image Lab software and normalized with the total protein-loaded (Raffalli et al., 2018).
RT-qPCR analysis: The day before the stimulation, KERTr, KERTr Sh Sc, and KERTr Sh NRF2 cells were seeded into 12-well plates (7.5 × 105 cells/well). The solutions containing EHD (10 μM), CinA (100 μM), PBS (0.1%), or a mixture of EHD (10 μM) and CinA (100 μM) were added in wells for 2 h and 6 h. At the end of each time of treatment, cultured cells were trypsinized and centrifuged at 5,000 × g for 3 min at 4°C to get a cell pellet. Cells were then washed twice by centrifugation with cold PBS. Total RNA isolation was performed with PureLink™ RNA Mini (Invitrogen). Total RNA content was measured at 230, 260, and 280 nm by spectrophotometry for quantification and quality assessment. 500 ng total RNA were reverse-transcribed using the thermal cycler T100 (Bio-Rad) in a total-20 μL reaction mixture: 2.5 μM of Oligo (dT) (Promega, Charbonnières-les-Bains, France), 0.5 mM of deoxy-nucleotide triphosphate (dNTP; MP Biomedicals, Illkirch, France), 1 U/μL of Superscript IV Reverse Transcriptase (Invitrogen), 1 U/μL of Recombinant RNasin Ribonuclease Inhibitor (Promega), 5 mM of dithiothreitol (Invitrogen), 5 mM of reverse transcriptase buffer (Invitrogen). 1/20th of each generated cDNA was used for real-time PCR analysis, which was performed using the SYBR Green technology (Sso Advanced universal SYBR Green SuperMix, Bio-Rad) on thermal cycler CFX384 (Bio-Rad). As shown in Table 1, specific forward and reverse primers were used at a final concentration of 0.5 μM for the detection of the investigated genes HMOX1, NQO1, IL1A, IL1B, IL6, CXCL8, IL23A, IL24, TNF, TSLP, ACTB and GAPDH encoding, respectively, for HO-1, NQO1, IL-1α, IL-1β, IL-6, IL-8, IL-23 (subunit α), IL-24, TNF-α, TSLP, β-actin and Glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Each sample was monitored in duplicate. The results were analyzed using the Bio-Rad CFX Manager software and were expressed by fold factor calculated by comparing the Ct values obtained from treated and untreated cells (PBS 0.1%) at the same time of exposure and corrected with ACTB and GAPDH expression.
TABLE 1 | Sequences for primers used in RT-qPCR.
[image: Table 1]Statistical analysis: The Mann-Whitney U-test was used. All data are presented as mean values ±SEM. Measurements were considered significant at a p-value ≤ 0.05 or ≤0.1 using GraphPad Prism (San Diego, United States).
RESULTS
A CV70 of EHD equal to 10 μM in KERTr cells was determined by flow cytometry (data not shown) and was used in this work. For CinA, a value of CV70 equal to 100 μM had already been determined in previous work. Moreover, the ability of CinA 100 μM to induce NRF2 pathway had been shown in KERTr cells (Vallion et al., 2022). The effect of the mixture EHD plus CinA on cell viability in KERTr cells was also investigated and did not induce different cell viability after treatment compared to EHD or CinA alone (Supplementary Figure S1).
Study of NRF2 pathway in response to EHD and a mixture containing EHD and CinA
KERTr cells were treated for 2 h or 6 h with EHD, CinA or a mixture of these two compounds. NRF2, HO-1 and NQO1 protein levels were measured by Western blot. Regarding EHD, no accumulation of NRF2 and a low expression of HO-1 (p ≤ 0.1) were quantified. Level of NRF2 protein was significantly increased following 2-h and 6-h treatment with CinA and the mixture (Figure 1A). However, after 2-h treatment, NRF2 expression was significantly lower with the mixture compared to CinA. Induction in HO-1 protein expression was shown following 6-h treatment with CinA or the mixture. Only a slight induction with EHD was quantified (p ≤ 0.1). This effect was weaker with the mixture. No change was noticeable concerning NQO1 protein expression.
[image: Figure 1]FIGURE 1 | EHD does not induce the NRF2 pathway in KERTr cells. KERTr cells were treated for 2 and 6 h with CinA (100 μM), EHD (10 μM), a mixture containing CinA and EHD at the same concentrations, and PBS (0.1%) as vehicle control. (A) Effect of EHD on the expression of proteins of the NRF2 pathway. After treatment, protein expression of NRF2, HO-1, and NQO1 were quantified by Western blot with the Imagelab software (Bio-Rad). (B) Effect of EHD on the expression at gene level of two NRF2-dependent-ARE-responsive genes, HMOX1 and NQO1. After treatment, the genic expression of HMOX1 and NQO1 were quantified by RT-qPCR. Results are expressed as the mean ± SEM of three duplicated independent experiments. * indicates significant differences from untreated control cells at the same time of stimulation (Mann-Whitney test, **p ≤ 0.05 and *p ≤ 0.1), and $ indicates significant differences between CinA and the mixture at the same time of stimulation (Mann-Whitney test, p ≤ 0.05).
We measured the mRNA expression of HMOX1 and NQO1 by RT-qPCR. Our results indicate that HMOX1 mRNA expression was significantly increased after 2-h or 6-h treatment with EHD, but the measured values were too low to expect any concrete effect in the cell. Gene expression of both HMOX1 and NQO1 was significantly increased following 2-h and 6-h treatment with CinA and the mixture (Figure 1B).
Induction of an inflammatory response by EHD
After 2 and 6 h of incubation of KERTr cells with EHD, CinA, or the mixture of the two, mRNA expression of pro-inflammatory cytokines was measured by RT-qPCR. IL24 mRNA expression was induced after 6-h treatment with EHD and the mixture (p ≤ 0.05). A higher expression was measured for IL1A, IL1B, IL6 and CXCL8 after 6-h treatment with EHD (p ≤ 0.05) and with the mixture (p ≤ 0.1). An increase in transcript expression of TNF was quantified after 2-h and 6-h treatment with EHD (p ≤ 0.1). Induction of mRNA expression was rapid and important for IL6, CXCL8, IL24 (p ≤ 0.05) and TNF (p ≤ 0.1) in KERTr cells exposed to EHD since a high mRNA expression was quantified after 2-h treatment. Moreover, statistically significant inhibition of the effect of EHD by CinA on mRNA induction of some of these cytokines is noticeable in KERTr cells for the mixture as shown for IL6, CXCL8, and IL24 following 2-h treatment (Figure 2). Ct values measured for TSLP transcript expression were not biologically relevant (data not shown).
[image: Figure 2]FIGURE 2 | EHD induces an inflammatory response in KERTr cells. KERTr cells were treated for 2 and 6 h with CinA (100 μM), EHD (10 μM), a mixture containing CinA and EHD at the same concentrations, and PBS (0.1%) as vehicle control. After treatment, expression at gene level of IL1A, IL1B, IL6, CXCL8, IL23A, IL24, and TNF encoding, respectively, IL-1α, IL-1β, IL-6, IL-8, IL-23, IL-24, and TNF-α, were quantified by RT-qPCR and normalized with ACTB and GAPDH expression at gene level. Results are expressed as the mean ± SEM of three duplicated independent experiments. * indicates significant differences from untreated control cells (Mann-Whitney test, **p ≤ 0.05 and *p ≤ 0.1). # indicates significant differences between EHD and the mixture at the same time of stimulation (Mann-Whitney test, p ≤ 0.05).
Inhibition of EHD-induced inflammatory response by NRF2 pathway
Since NRF2 has been shown to have anti-inflammatory properties (Suzuki and Yamamoto, 2017), invalidation of NRF2 expression was carried out to study its potential inhibition on inflammatory response in KC induced by EHD. After stimulation of KERTr Sh NRF2 and KERTr Sh Sc cells by EHD, CinA and the mixture, mRNA expressions of pro-inflammatory cytokines were investigated by RT-qPCR. Each experimental condition was compared to the control (KERTr Sh Sc with vehicle alone) and to its equivalent condition in each KERTr cell type (KERTr Sh NRF2 versus KERTr Sh Sc).
Invalidation of NRF2 in KERTr cells led to an induction of gene expression encoding IL-1α, IL-1β, IL-6, IL-8 and IL-24 at the steady state. After stimulation with EHD or the mixture, this induction was increased compared to the control cells. In KERTr Sh NRF2 versus KERTr control, EHD led to a higher expression of IL24 after 2 h of treatment; IL1A and CXCL8 after 6 h of treatment; and IL6, IL23A after both times of treatment. The rapid increase in transcript expression of IL6, CXCL8 and IL24 was again noticeable, but it was mainly higher in KERTr Sh NRF2 cells. Surprisingly, the expression of IL1B was decreased after a 6-h treatment of EHD in KERTr Sh NRF2 compared to KERTr control (Figure 3).
[image: Figure 3]FIGURE 3 | NRF2 inhibits inflammation in KERTr cells exposed to EHD and the mixture of EHD and CinA. Control KERTr cells (Sh Sc) and NRF2-invalidated KERTr cells (Sh NRF2) were treated for 2 and 6 h with CinA (100 μM), EHD (10 μM), a mixture containing CinA and EHD at the same concentrations and PBS (0.1%) as vehicle control. After treatment, expression at gene level of IL1A, IL1B, IL6, CXCL8, IL23A, and IL24, encoding, respectively, IL-1α, IL-1β, IL-6, IL-8, IL-23, and IL-24, were quantified by RT-qPCR and normalized with ACTB and GAPDH expression at gene level. Results are expressed as the mean ± SEM of three duplicated independent experiments. * indicates significant differences from untreated control Sh Sc KERTr cells (Mann-Whitney test, **p ≤ 0.05 and *p ≤ 0.1). £ indicates significant differences between Sh Sc and Sh NRF2 for each condition at the same time of stimulation. $ indicates significant differences between CinA and the mixture, at the same time of stimulation, in the same type of cells. # indicates significant differences between EHD and the mixture, at the same time of stimulation, in the same type of cells (Mann-Whitney test, p ≤ 0.05).
Concerning CinA treatment in KERTr Sh NRF2, an increased mRNA expression was quantified for IL1B and IL24 after 6-h treatment; IL1A, IL6, CXCL8 and IL23A after both times of treatment compared to control. In our study, CinA induced an inflammatory response in absence of NRF2 whereas no inflammatory response could be measured in KERTr Sh Sc as described by Vallion et al., 2022.
In KERTr Sh NRF2, the mixture also caused an increase in IL1A, IL6, CXCL8, IL23A and IL24 expressions after 2 and 6 h of treatment and in IL1B expression only after 6 h of treatment (Figure 3). Hence, it implies an inhibitory role of NRF2 on the expression of these genes involved in inflammation and then, on inflammatory response induced by the tested compounds. For TNF gene, there were lots of variabilities making any conclusion difficult (data not shown).
After 2-h treatment, a significant decrease in IL1B and IL24 expression with the mixture compared to EHD was measured in both types of KERTr cells (Figure 3). Contrary to normal KERTr cells, no difference between the mixture and the compound alone was measured in KERTr Sh NRF2 cells for IL6 expression. For IL1B expression in KERTr Sh NRF2, after 6 h of treatment, a higher expression can be highlighted with the mixture than EHD or CinA alone.
After 2-h treatment, CXCL8 expression was lower with the mixture than with EHD in control KERTr cells whereas it was higher in NRF2-invalidated KERTr cells. After 6 h of treatment, the mixture (CinA + EHD) induced a higher expression of CXCL8 than CinA alone. Regardless of the stimulation time, the mixture induced more IL23A mRNA expression in KERTr Sh NRF2 cells compared to EHD. For the comparison with CinA, only the 6 h time point showed a difference with the mixture.
As in normal KERTr cells, IL24 expression in KERTr Sh NRF2 cells was decreased with the mixture compared to EHD after 2-h treatment and was increased compared to CinA after 6-h treatment even if invalidation of NRF2 allowed induction of IL24 expression by CinA (Figure 3).
DISCUSSION
Contact dermatitis (CD) can be allergic (ACD) or non-allergic, like irritant contact dermatitis (ICD). These inflammatory eczematous skin diseases have different pathophysiological mechanisms. In both cases, danger signals such as DAMP (Damage-associated molecular pattern) and ROS (reactive oxygen species) generated by KC can promote skin inflammation and recruitment of innate immune cells into the epidermis.
ICD is directly caused by the toxic effects of the compound on skin cells leading to unspecific immune responses. Its mechanism is not totally understood, and could imply the disorganization of the lipid layers of cell membranes and the damage of epidermal barrier proteins, e.g., involucrin, filaggrin, or keratin. To promote an ICD, repetitive applications of some irritants may be necessary (Scheinman et al., 2021).
ACD requires the formation of an antigenic complex composed of the hapten and a self-protein (Karlberg et al., 2008). The formation of this neo-antigen depends on different factors, including the hapten’s intrinsic properties and the exposure conditions, i.e., the dose, frequency, duration, vehicle, and formulation of the hapten. The sensitization phase can be induced after a first exposure to a contact allergen without symptoms. Then, DC in the skin are activated and can migrate to promote an adaptive immune response in the draining lymph node. Concerning compounds with weak or very weak sensitizing properties, the sensitization needs to be fully characterized (Scheinman et al., 2021).
To identify contact allergens, most studies focus on KC and DC (Martin, 2012). Indeed, KC are the first cells in contact with the irritant or contact allergens and are considered very active sentinel cells, which are involved in a wide range of inflammatory skin disorders (Jiang et al., 2020).
Some studies have shown that contact sensitizers induce the NRF2 pathway in KC and DC, whereas skin irritants do not (Ade et al., 2009; Vandebriel et al., 2010). In vivo experiments demonstrated that the NRF2 pathway, activated by contact sensitizer, including CinA, was involved in contact sensitizer-induced inflammation control (El Ali et al., 2013; Vallion et al., 2022).
In our work, we studied the effect of a QAC called EHD on the NRF2 pathway in a cellular model of human KC. Our results showed that EHD did not efficiently promote NRF2 expression and its related genes, HMOX1 and NQO1, in KERTr cells. As expected, CinA 100 μM could induce the NRF2 pathway (Figure 1) (Vallion et al., 2022). That suggests that EHD may not act as a contact sensitizer in KC. However, it cannot be excluded the possibility that EHD may be a weak allergen like it had been suggested in the controversial case of lanolin (Lee and Warshaw, 2008).
Skin irritation is characterized by inflammation in the skin. It has a known role in ACD, both in the sensitization and elicitation phases (Smith et al., 2002). Moreover, when the skin is readily irritated, it seems more susceptible to contact sensitization (Elsner and Burg, 1993). We, therefore, studied the potential inflammatory effect of EHD in KERTr cells. We showed that EHD triggered an inflammatory response at the transcriptional level since it induced the expression of genes encoding pro-inflammatory cytokines.
IL-6 is a cytokine whose expression can be induced after the application of irritants on the skin. It has a prominent role in the chemoattraction of neutrophils and T-cells (Lee H. Y. et al., 2013). However, in vivo studies in mice demonstrated the anti-inflammatory effects of IL-6, which depended on the nature of the irritant (Lee E. G. et al., 2013). IL-8 is involved in neutrophil recruitment and activation during skin inflammation (Harada et al., 1994). Neutrophils have an essential role in the sensitization and elicitation phases of contact hypersensitivity, an animal model of human ACD. Indeed, neutrophils have a role in DC induction and migration (Weber et al., 2015). Therefore, EHD could promote these events when applied to the skin.
In our study, we measured an increase in IL1B expression in KERTr cells, but we could not show a higher production of IL-1β in the supernatants (Supplementary Figure S2). The NALP3 (nucleotide-binding oligomerization domain (NOD)–like receptor family domain-containing protein 3) inflammasome allowing the generation of the active form of IL-1β in KC has been demonstrated as a key regulator of innate immunity in contact hypersensitivity (Watanabe et al., 2007). It suggests that EHD could not activate the NALP3 inflammasome in KERTr cells.
Because NF-κB is a central mediator of pro-inflammatory gene induction (Juráňová et al., 2017), we also investigated its related pathway. After EHD short-term treatments in KERTr cells, it could be noted a decrease in IκBα expression and an increase in phospho-p65 expression by Western blot (Supplementary Figure S3). These signs occurred for NF-κB pathway activation (Juráňová et al., 2017). It can imply that the induction of NF-κB pathway by EHD was the source of the inflammatory response measured at the transcriptional level in KERTr cells. However, the study of inflammatory response at the protein level was more ambiguous because of the high variabilities between experiments. Nevertheless, EHD appeared to trigger an increase in protein expression of IL-6 and IL-8 (Supplementary Figure S2). IL-1β and TNF-α are two stimuli of NF-κB pathway and they could not be clearly found after 24 h of EHD treatment in cell supernatants (Supplementary Figure S2) (Juráňová et al., 2017). Consequently, other stimuli such as ROS and DAMP generated by KC exposed to EHD must be sought. If EHD causes oxidative stress in KC, the absence of induction of the NRF2 pathway can result in ROS overproduction which could stimulate the NF-κB pathway.
Lee et al. (2019) have highlighted the importance of studying the skin sensitization potentials of chemical mixtures that humans could be occupationally or environmentally exposed to, e.g., DDAC has a mitigated sensitization potential when it is mixed with an increasing amount of ethylene glycol. Nilzen and Wikstrom, (1955) had already demonstrated sensitization to chromium salts and nickel in guinea pigs which could only occur in the presence of a known skin irritant, sodium lauryl sulfate (SLS). We showed that a mixture of EHD (10 μM) and CinA (100 μM) induced the NRF2 pathway in KERTr cells. More interestingly, NRF2 expression after 2-h treatment with the mixture was diminished compared to CinA treatment (Figure 1). Then, EHD has a rapid and transient inhibitory effect on NRF2 protein level which could result in an inhibition of the antioxidant effect of CinA in KC. However, according to our work, this potential modulation in the cell would occur via different ways other than inhibition of HO-1, HMOX1 or NQO1 expression. Besides, our studies in KERTr cells revealed that the mixture induced the expression of genes encoding pro-inflammatory cytokines. However, compared with EHD alone, we demonstrated that IL6, CXCL8, and IL24 expression was lower. This trend was followed by decreased expression of IL-6 and IL-8 in the supernatants (Supplementary Figure S2). This inhibition may be the result of the anti-inflammatory effect of CinA. Indeed, it was shown that CinA exerts its anti-inflammatory effect via its ability to induce the NRF2 pathway (Vallion et al., 2022). Then, thanks to NRF2-invalidated KERTr cells, we demonstrated an apparent global intensification of the inflammatory response at the transcriptional level when NRF2 was repressed compared to the control (Figure 3). These findings underlined the efficient anti-inflammatory role of NRF2, even at its basal activity. It is described in the literature that NRF2 and NF-κB pathways interact widely with each other (Wardyn et al., 2015). As NRF2 displayed a repressive activity on inflammatory response triggered by EHD or the mixture in KERTr cells, the transcription factor could inhibit the mRNA expression of pro-inflammatory cytokines by interacting negatively with the NF-κB pathway.
Consequently, the presence of EHD might adversely modulate the skin sensitization potential of CinA in KC. However, we did not demonstrate that EHD was a skin irritant like SLS. Other studies have suggested that irritants may become allergens when exposed to damaged skin (Engebretsen and Thyssen, 2016). Because QAC is found in everyday products with other compounds, it would be interesting to investigate the sensitization potential of QAC in the presence of skin irritants in a cellular model of KC.
Besides, neuromuscular blocking agents (NMBA) are drugs used during anesthesia and are also QAC. They are known to provoke unexpected anaphylactic shock on first injection. The origin of how those patients get sensitized to NMBA remains unclear. A cross-reaction between NMBA and other QAC after a prior skin sensitization of QAC via everyday products is suspected to be the cause of these anaphylactic shocks. Then, more investigation about the effects of QAC on KC may also bring new evidence concerning this assumed link (Peyneau et al., 2022).
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
RV and SK-R contributed to the conception and methodology; RV, LA, and SK-R performed formal analysis. LA, RV, M-HD, and SS did the investigation part. SK-R and P-JF brought resources. LA wrote the first draft of the manuscript. RV, SK-R, LA, and P-JF contributed to reviewing and editing. SK-R and RV supervised the project. All authors contributed to the manuscript revision and read and approved the submitted version.
FUNDING
The authors declare that this study received funding from Pierre Fabre Dermo Cosmétique. The funder was not involved in the study design, collection, analysis, interpretation of data, the writing of this article, or the decision to submit it for publication.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/ftox.2023.1132020/full#supplementary-material
ABBREVIATIONS
ACD, allergic contact dermatitis; CinA, cinnamaldehyde; CV, cell viability; DAMP, damage-associated molecular patterns; DC, dendritic cells; EHD, ethylhexadecyldimethylammonium bromide; KC, Keratinocytes; NMBA, Neuromuscular blocking agents; NRF2, nuclear factor (erythroid-derived 2)-like 2; QAC, quaternary ammonium compounds; ROS, reactive oxygen species.
FOOTNOTES
1CAS No. 8001-54-5.
2CAS No. 7173-51-5.
3Notified classification and labelling according to CLP criteria.
REFERENCES
 Ade, N., Leon, F., Pallardy, M., Peiffer, J.-L., Kerdine-Romer, S., Tissier, M.-H., et al. (2009). HMOX1 and NQO1 genes are upregulated in response to contact sensitizers in dendritic cells and THP-1 cell line: Role of the Keap1/Nrf2 pathway. Toxicol. Sci. 107, 451–460. doi:10.1093/toxsci/kfn243
 Bernstein, J. A., Stauder, T., Bernstein, D. I., and Bernstein, I. L. (1994). A combined respiratory and cutaneous hypersensitivity syndrome induced by work exposure to quaternary amines. J. Allergy Clin. Immunol. 94, 257–259. doi:10.1016/0091-6749(94)90048-5
 Buffet-Bataillon, S., Tattevin, P., Bonnaure-Mallet, M., and Jolivet-Gougeon, A. (2012). Emergence of resistance to antibacterial agents: The role of quaternary ammonium compounds-a critical review. Int. J. Antimicrob. Agents 39, 381–389. doi:10.1016/j.ijantimicag.2012.01.011
 Christensen, A. D., and Haase, C. (2012). Immunological mechanisms of contact hypersensitivity in mice. APMIS 120, 1–27. doi:10.1111/j.1600-0463.2011.02832.x
 Cumberbatch, M., Dearman, R., and Kimber, I. (1997). Langerhans cells require signals from both tumour necrosis factor-α and interleukin-1β for migration. Immunology 92, 388–395. doi:10.1046/j.1365-2567.1997.00360.x
 Cumberbatch, M., Dearman, R., Antonopoulos, C., Groves, R., and Kimber, I. (2001). Interleukin (IL)-18 induces Langerhans cell migration by a tumour necrosis factor-alpha- and IL-1beta-dependent mechanism. Immunology 102, 323–330. doi:10.1046/j.1365-2567.2001.01187.x
 Dao, H., Fricker, C., and Nedorost, S. (2012). Sensitization prevalence for benzalkonium chloride and benzethonium chloride. Dermat. contact, atopic, Occup. drug official J. Am. Contact Dermat. Soc. North Am. Contact Dermat. Group 23, 162–166. doi:10.1097/DER.0b013e318260d78d
 Dejobert, Y., Martin, P., Piette, F., Thomas, P., and Bergoend, H. (1997). Contact dermatitis from didecyldimethylammonium chloride and bis-(aminopropyl)-lauryl amine in a detergent-disinfectant used in hospital. Contact Dermat. 37, 95–96. doi:10.1111/j.1600-0536.1997.tb00050.x
 Doyle, A. A., and Stephens, J. C. (2019). A review of cinnamaldehyde and its derivatives as antibacterial agents. Fitoterapia 139, 104405. doi:10.1016/j.fitote.2019.104405
 El Ali, Z., Gerbeix, C., Hemon, P., Eßer, P., Martin, S., Pallardy, M., et al. (2013). Allergic skin inflammation induced by chemical sensitizers is controlled by the transcription factor Nrf2. Toxicol. Sci. Off. J. Soc. Toxicol. 134, 39–48. doi:10.1093/toxsci/kft084
 Elsner, P., and Burg, G. (1993). Irritant reactivity is a better risk marker for nickel sensitization than atopy. Acta Derm. Venereol. 73, 214–216. doi:10.2340/000155555573214216
 Emter, R., Ellis, G., and Andreas, N. (2010). Performance of a novel keratinocyte-based reporter cell line to screen skin sensitizers in vitro. Toxicol. Appl. Pharmacol. 245, 281–290. doi:10.1016/j.taap.2010.03.009
 Engebretsen, K. A., and Thyssen, J. P. (2016). Skin barrier function and allergens. Curr. Probl. Dermatol. 49, 90–102. doi:10.1159/000441548
 Harada, A., Sekido, N., Akahoshi, T., Wada, T., Mukaida, N., and Matsushima, K. (1994). Essential involvement of interleukin-8 (IL-8) in acute inflammation. J. Leukoc. Biol. 56, 559–564. doi:10.1002/jlb.56.5.559
 Helou, D. G., Martin, S. F., Pallardy, M., Chollet-Martin, S., and Kerdine-Römer, S. (2019). Nrf2 involvement in chemical-induced skin innate immunity. Front. Immunol. 10, 1004. doi:10.3389/fimmu.2019.01004
 Jiang, Y., Tsoi, L., Billi, A., Ward, N., Harms, P., Zeng, C., et al. (2020). Cytokinocytes: The diverse contribution of keratinocytes to immune responses in skin. JCI Insight 5, e142067. doi:10.1172/jci.insight.142067
 Juráňová, J., Frankova, J., and Ulrichova, J. (2017). The role of keratinocytes in inflammation. J. Appl. Biomed. 15, 169–179. doi:10.1016/j.jab.2017.05.003
 Kanitakis, J. (2001). Anatomy, histology and immunohistochemistry of normal human skin. Eur. J. Dermatol. 12, 390–399; quiz 400. 
 Karlberg, A.-T., Bergström, M., Börje, A., Luthman, K., and Nilsson, J. (2008). Allergic contact dermatitis–formation, structural requirements, and reactivity of skin sensitizers. Chem. Res. Toxicol. 21, 53–69. doi:10.1021/tx7002239
 Lee, B., and Warshaw, E. (2008). Lanolin allergy: History, epidemiology, responsible allergens, and management. Dermatitis 19, 63–72. doi:10.2310/6620.2008.07060
 Lee, E. G., Mickle-Kawar, B. M., and Gallucci, R. M. (2013). IL-6 deficiency exacerbates skin inflammation in a murine model of irritant dermatitis. J. Immunotoxicol. 10, 192–200. doi:10.3109/1547691X.2012.707700
 Lee, H. Y., Stieger, M., Yawalkar, N., and Kakeda, M. (2013). Cytokines and chemokines in irritant contact dermatitis. Mediat. Inflamm. 2013, 916497–7. doi:10.1155/2013/916497
 Lee, J., Cho, A., Gautam, R., Kim, Y., Shin, S., Song, E., et al. (2019). Prediction of the skin sensitization potential of didecyldimethylammonium chloride and 3,7-dimethyl-2,6-octadienal and mixtures of these compounds with the excipient ethylene glycol through the human Cell Line Activation Test and the Direct Peptide Reactivity Assay. Toxicol. Indust. Health 35, 507–519. doi:10.1177/0748233719869514
 Martin, S. (2012). Contact dermatitis: From pathomechanisms to immunotoxicology. Exp. Dermatol. 21, 382–389. doi:10.1111/j.1600-0625.2012.01471.x
 Mowitz, M., and Pontén, A. (2015). Foot dermatitis caused by didecyldimethylammonium chloride in a shoe refresher spray. Contact Dermat. 73, 374–376. doi:10.1111/cod.12456
 Nilzen, A., and Wikstrom, K. (1955). The influence of lauryl sulphate on the sensitization of guineapigs to chrome and nickle. Acta Derm. Venereol. 35, 292–299.
 Peyneau, M., de Chaisemartin, L., Gigant, N., Chollet-Martin, S., and Kerdine-Römer, S. (2022). Quaternary ammonium compounds in hypersensitivity reactions. Front. Toxicol. 4, 973680. doi:10.3389/ftox.2022.973680
 Raffalli, C., Clouet, E., Kuresepi, S., Damiens, M.-H., Lepoittevin, J.-P., Pallardy, M., et al. (2018). Editor’s highlight: Fragrance allergens linalool and limonene allylic hydroperoxides in skin allergy: Mechanisms of action focusing on transcription factor Nrf2. Toxicol. Sci. 161, 139–148. doi:10.1093/toxsci/kfx207
 Scheinman, P. L., Vocanson, M., Thyssen, J. P., Johansen, J. D., Nixon, R. L., Dear, K., et al. (2021). Contact dermatitis. Nat. Rev. Dis. Prim. 7, 38–26. doi:10.1038/s41572-021-00271-4
 Smith, H. R., Basketter, D. A., and McFadden, J. P. (2002). Irritant dermatitis, irritancy and its role in allergic contact dermatitis. Clin. Exp. Dermatol. 27, 138–146. doi:10.1046/j.1365-2230.2002.00997.x
 Suzuki, T., and Yamamoto, M. (2017). Stress-sensing mechanisms and the physiological roles of the Keap1-Nrf2 system during cellular stress. J. Biol. Chem. 292, 16817–16824. doi:10.1074/jbc.R117.800169
 Tak, P., and Firestein, G. (2001). NF-kappaB: A key role in inflammatory diseases. J. Clin. Investigation - J Clin Invest. 107, 7–11. doi:10.1172/JCI11830
 Tonelli, C., Chio, I. I. C., and Tuveson, D. A. (2018). Transcriptional regulation by Nrf2. Antioxidants Redox Signal. 29, 1727–1745. doi:10.1089/ars.2017.7342
 Vallion, R., Hardonnière, K., Bouredji, A., Damiens, M.-H., Deloménie, C., Pallardy, M., et al. (2022). The inflammatory response in human keratinocytes exposed to cinnamaldehyde is regulated by Nrf2. Antioxidants 11, 575. doi:10.3390/antiox11030575
 Vandebriel, R. J., Pennings, J. L. A., Baken, K. A., Pronk, T. E., Boorsma, A., Gottschalk, R., et al. (2010). Keratinocyte gene expression profiles discriminate sensitizing and irritating compounds. Toxicol. Sci. 117, 81–89. doi:10.1093/toxsci/kfq182
 Wardyn, J. D., Ponsford, A. H., and Sanderson, C. M. (2015). Dissecting molecular cross-talk between Nrf2 and NF-κB response pathways. Biochem. Soc. Trans. 43, 621–626. doi:10.1042/BST20150014
 Watanabe, H., Gaide, O., Pétrilli, V., Martinon, F., Contassot, E., Roques, S., et al. (2007). Activation of the IL-1beta-processing inflammasome is involved in contact hypersensitivity. J. Invest. Dermatol. 127, 1956–1963. doi:10.1038/sj.jid.5700819
 Weber, F. C., Németh, T., Csepregi, J. Z., Dudeck, A., Roers, A., Ozsvári, B., et al. (2015). Neutrophils are required for both the sensitization and elicitation phase of contact hypersensitivity. J. Exp. Med. 212, 15–22. doi:10.1084/jem.20130062
 Zhong, H., SuYang, H., Erdjument-Bromage, H., Tempst, P., and Ghosh, S. (1997). The transcriptional activity of NF-kappaB is regulated by the IkappaB-associated PKAc subunit through a cyclic AMP-independent mechanism. Cell 89, 413–424. doi:10.1016/S0092-8674(00)80222-6
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Aubry, Vallion, Salman, Damiens, Ferret and Kerdine-Römer. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/ftox-05-1132020-g003.gif





OPS/images/ftox-05-1132020-t001.jpg
Gene
HMOXI
NQOI
ILIA

ILIB

Forward primer

5 GGCCTGGCCTTCTTCACCTT 3
5 GGGCAAGTCCATCCCAACTG 3'
" ATCAGTACCTCACGGCTGCT 3

5" ACAGACCTTCCAGGAGAATG 3"

Reverse primer

5 GAGGGGCTCTGGTCCTTGGT 3
5 GCAAGTCAGGGAAGCCTGGA 3
5 TGGGTATCTCAGGCATCTCC 3

5" GCAGTTCAGTGATCGTACAG 3"

16

CXCL8

IL23A

124

TNF

TSLP

ACTB

GAPDH

5" TCAATGAGGAGACTTGCCTG 3"
5" TCTCTTGGCAGCCTTCCTGA 3"

5 GTTCCCCATATCCAGTGTGG 3'
5" GCTCTCCGGAATAGCAGAAAC 3
5 CCTCTCTCTAATCAGCCCTCTG 3
5" CACCGTCTCTTGTAGCAATCG 3"
5 GGGTCAGAAGGATTCCTATG 3’

5" ACCACAGTCCATGCCATCAC 3

5" GATGAGTTGTCATGTCCTGC 3
5 TGGGGTGGAAAGGTTTGGAG 3
5" TCCITTGCAAGCAGAACTGA 3
5" TCACAACTGCAACCCAGTCA 3’
5" GAGGACCTGGGAGTAGATGAG 3’
5" TAGCCTGGGCACCAGATAGC 3
5" GGTCTCAAACATGATCTGGG 3'

5" TCCACCACCCTGTTGCTGTA 3






OPS/xhtml/nav.xhtml
Contents

		Cover

		Ethylhexadecyldimethylammonium bromide, a quaternary ammonium compound, controls inflammatory response through NRF2 pathway in a human immortalized keratinocyte cell line		Introduction

		Materials and methods

		Results		Study of NRF2 pathway in response to EHD and a mixture containing EHD and CinA

		Induction of an inflammatory response by EHD

		Inhibition of EHD-induced inflammatory response by NRF2 pathway





		Discussion

		Data availability statement

		Author contributions

		Funding

		Publisher’s note

		Supplementary material

		Abbreviations

		Footnotes

		References









OPS/images/cover.jpg
, frontiers | Frontiers in Toxicology

Ethylhexadecyldimethylammonium
bromide, a quaternary ammonium
compound, controls inflammatory
response through NRF2 pathway in
a human immortalized keratinocyte

cell line





OPS/images/ftox-05-1132020-g001.gif





OPS/images/ftox-05-1132020-g002.gif
PR
N | |

A









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Toxicology





