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Abstract

Chronic inflammation is known to play a critical role in the development of cancer. Recent 

evidence suggests that high salt in the tissue microenvironment induces chronic inflammatory 

milieu. In this report, using three breast cancer-related cell lines, we determined the molecular 

basis of the potential synergistic inflammatory effect of sodium chloride (NaCl) with 

interleukin-17 (IL-17). Combined treatment of high NaCl (0.15 M) with sub-effective IL-17 (0.1 

nM) induced enhanced growth in breast cancer cells along with activation of reactive nitrogen and 

oxygen (RNS/ROS) species known to promote cancer. Similar effect was not observed with equi-

molar mannitol. This enhanced of ROS/RNS activity correlates with upregulation of γENaC an 

inflammatiory sodium channel. The similar culture conditions have also induced expression of 

pro-inflammatory cytokines such as IL-6, TNFα etc. Taken together, these data suggest that high 

NaCl in the cellular microenvironment induces a γENaC mediated chronic inflammatory response 

with a potential pro-carcinogenic effect.
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Introduction

A large body of evidence suggests that chronic inflammation plays a critical role in the 

development of cancer [1]. Various inflammatory mediators, including cytokines, 

chemokines, and growth factors, establish an inflammatory milieu conducive for cancer 

growth [2]. Following tissue injury, resolution of inflammation is required for stable tissue 

functioning [3]. However, if inflammation resolution is dysregulated, cellular response 

changes to the pattern of chronic inflammation. In chronic inflammation, the recruited 

inflammatory cells generate a great amount of growth factors, cytokines, and reactive 
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oxygen and nitrogen species that may cause DNA damage [4]. Microenvironments 

constituted by all the above elements induce a sustained cell proliferation with continued 

tissue damage, thus predisposing from chronic inflammation to neoplasia [5]. Several 

inflammatory cytokines have been correlated with the development of cancer [6]. 

Particularly, pro-inflammatory cytokine, interleukin (IL)-17, has gained recent prominence 

for its pro-tumor role.

The CD4+T lymphocytes are known to exert tumor immune-surveillance, a phenomenon 

wherein, they can act as tumor immune-suppressors throughTh1 response characterized by 

type 1 IFN-related cytokine secretion in inhibiting tumor development and growth [7]. 

Contrary to this traditional thinking, recent studies have demonstrated a critical role of 

certain phenotypes of immune cells towards promoting pro- tumor growth through 

production of specific cytokines and growth factors [8]. A pro-inflammatory cytokine of 

particular interest is IL-17, produced a subset of CD4+T cells called Th17 [9]. Although it is 

thought IL-17 promotes inflammation and therefore potentially tumor growth or tumor 

regression [8]. This dual antagonistic effect of IL-17 in the context of cancer has raised 

research in this direction. Studies by Cochaud et al [10], in human breast cancer issues 

demonstrated tumor infiltrating lymphocytes from triple negative breast cancers (ER-/PR-/

Her-) have enhanced IL-17 expression which induces tumor progression through ERK-1/2 

protein kinase. Further, IL-17-overexpression in cervical [11] and lung [12] cancers showed 

greater tumor formation ability in animal cancer models. Importantly, the underlying 

mechanisms of IL-17 in modulating tumor growth are still poorly understood.

Dietary high salt intake has been correlated with increase the incidence of cardiovascular 

disease and inflammatory injury in arteries [13]. In the animal models, high sodium chloride 

has been demonstrated to cause excessive inflammatory activation triggering ischemia 

injury and, end-organ stress mediated by reactive oxygen species and pro-inflammatory 

cytokine secretion leading irreversible cardiac cell damage [14, 15]. Similar effects were 

also reported from human studies on gastric cancer wherein excess sodium can cause 

inflammation and stomach ulcers, which can lead to gastric cancer [16]. In the context of 

breast cancer, the sodium content of mammary adenocarcinomas has been shown to be 

significantly higher than the normal lactating mammary epithelium [17]. However, in these 

studies it is unclear if the tumor activity is correlated with the extra-cellular or intracellular 

sodium concentration. Interestingly, studies by Wu et al, demonstrated that high salt-diet 

induced IL-17 secreting CD4+Th17 phenotype activation a murine autoimmune disease 

model through upregulation of a salt-sensing transcription factor serum-glucocorticoid 

kinase, SGK1 [18, 19]. Importantly, as IL-17 is shown to have pro-tumor effect and IL-17 

secretion is induced in high salt micro-environment, in our current study, we examine the 

cellular response following synergistic pro-inflammatory effect of IL-17 with high 

concentration sodium chloride (NaCl) towards induction breast cancer cell proliferation 

potentially through epithelial sodium channel (ENaC), a known upstream target of 

transcription factor SGK-1.
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Materials and Methods

Breast cancer cell lines

The breast cancer cell lines used are MDA-MB-231 (highly invasive) and MCF-7 (poorly 

invasive) and MCF10A (normalized) were obtained from the American Type Culture 

Collection (Manassas, VA). Breast cancer cell lines were cultured in RPMI 1640 

supplemented with 10% FBS, 100 μg/mL streptomycin and 100 units/mL penicillin at 37 °C 

in 5% CO2 incubator until they reached an optimal 80% confluency. All chemicals unless 

mentioned were procured from Sigma-Aldrich (St Louis, MO). The cells were treated with 

varying concentrations of NaCl (0.1-0.3 M) and/or IL-17 (0.1 to 500 nM) for 12 hours in our 

molecular studies. It is important to note that RPMI media contains sodium chloride at 6 g/L 

(Sigma Aldrich, #R0883, St Louis, MO) which is equivalent of 0.1 M NaCl. This basal 

NaCl concentration of 0.1 M is essential for cell survival. In our current study, the final 

NaCl (0.1 to 0.3 M) concentrations is brought about by addition of NaCl (0-0.2 M) from a 

5M stock to basal RPMI to make a final concentration of 0.1 to 0.3 M NaCl in our culture 

conditions. The negative control to rule-out of possibility if the observed effects were due to 

osmotic and/or intracellular cell volume/solute effect, we performed by using equi-molar 

mannitol (0 to 0.2 M mannitol in 0.1 M NaCl culture media).

MTT assay

Cell viability was measured by trypan blue dye exclusion (Sigma Aldrich, MO) and MTT 

assay (Life technologies, Grand Island, NY) as previously described [20]. The assay was 

performed as per manufacturer provided instructions and plates were read at 562 nm by the 

plate reader (EMax Plus spectrophotometer, Molecular Devices, Sunnyvale, CA). Viability 

was calculated as percentage compared to untreated cells in basal conditions.

NO/ROS /RNS Analysis

The analysis of the nitric oxide (NO), reactive oxygen and reactive nitrogen species 

(AbCam, Cambridge, MA) was performed in the cell lysate under various assay conditions 

as per manufacturer's instructions. The data analysis was performed based on a standard 

curve obtained using the positive controls provided by the manufacturer.

Protein extraction and Western blot analysis

Specific protein determination studies were performed by Western-blot on the total proteins 

were extracted from cells as described earlier [21]. Protein concentration was determined 

with a Bradford's assay kit from Bio-Rad (Hercules, CA). All primary and secondary Abs 

were obtained from Santa Cruz Biotech (Dallas, TX). The membranes were developed using 

the chemiluminescence kit (Fischer Sci, Pittsburgh, PA) and analyzed on using Bio-Rad 

Universal Hood II (Hercules, CA). Morphometric analysis was done using the software 

provided by the company.

Quantitative transcript expression

Expression profiles of intracellular signaling genes in the isolated from breast cancer cell 

lines were analyzed using the FAM-labeled RT-PCR primers for ENaC, VEGF, (Applied 
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Biosystems, Foster City, CA) as per the manufacturer's recommendation and described 

earlier [22]. Briefly, total RNA was extracted from 106 cells using EZ-RNA extraction kit 

(Qiagen, Valencia, CA). RNA samples were quantified by absorbance at 260nm. The RNA 

was reverse-transcribed and RT-PCR was performed in a final reaction volume of 20μL 

using iCycler 480 Probes Master (Life Technologies, Grand Island, NY). Each sample was 

analyzed in triplicate. Cycling conditions consisted of an initial denaturation of 95°C for 

15min, followed by 40 cycles of 95°C for 30s, followed by 61°C for 1min.

Cytokine/Chemokine ELISA

The secretory extracellular chemokines, cytokines, and growth factors in the supernatant 

from cells treated under various assay conditions was quantitated by ELISA as per the 

manufacturer's protocol (Life Technologies, Grand Island, NY). The protein supernatant was 

diluted 1:1000 and quantified with a standard curve using the manufacturer provided 

standards. Detection at 450 nm was performed using EMax Plus spectrophotometer and data 

analysis was carried out using software provided by the manufacturer (Molecular Devices, 

Sunnyvale, CA).

Statistical analysis

Data are expressed as mean ± SEM from five independent studies. Statistical differences 

between means were analyzed using a paired or unpaired Student's t test. A value of P less 

than 0.05 was considered significant. All data analysis was obtained using Origin 6 software 

(Origin Labs, Northampton, MA).

Results

IL-17 synergizes with high sodium chloride to induce reactive nitric oxide species in 
breast cancer cells

Chronic inflammation induced nitric oxide pathway upregulation has been shown to play a 

critical role in cancer development and progression [23]. To determine the inflammatory 

role of high concentration sodium chloride (NaCl) under sub-effective pro-inflammatory 

cytokine influence we analyzed for the induction of reactive nitric oxide species on breast 

cancer cell lines. We have utilized highly metastatic (MDA-MB-231), non-metastatic 

(MCF-7) and normal breast/ breast cancer cell lines. To ascertain the cytotoxicity, initially, 

we have evaluated the cell viability by dose-dependent studies at various concentrations of 

NaCl (0.1 M – 0.3 M) and interleukin-17 (IL-17, 0.1-500 nM) following culture for 72 hrs. 

It is important to note that 0.1 M NaCl refers to the sodium chloride concentration in the 

basal media and correspondingly culture conditions with 0.1 M NaCl represent basal media 

conditions. As shown in the figure 1A, NaCl concentrations at or above 0.25 M NaCl in our 

experiments were significantly cytotoxic. Also, for IL-17, concentrations at or above 350 

nM were significantly cytotoxic (greater that 65% cytotoxicity). Further importantly, NaCl 

concentration at 0.15 M demonstrated a significant 23% (p<0.05) increase in proliferation. 

Therefore, to determine the role of high salt (0.15 M NaCl, i.e. addition of 0.05 M NaCl 

equivalent from 5 M stock to 0.1 M in basal media) under sub-effective IL-17 (0.1 nM) 

potentially mimicking tumor micro-environment, we have used these concentrations for 

further studies in this report. This combination of 0.15 M NaCl with sub-effective 0.1 nM 
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IL-17 has not shown to be cytotoxic (Fig 1C,D) in the three cell lines used in our current 

studies. Nitric oxide (NO) pathway and reactive nitrogenous species have been shown to be 

upregulated during inflammatory injury. Western blot and qRT-PCR analysis demonstrated 

significantly increased expression of inducible nitric oxide synthetase (iNOS) (Fig 1E,F) 

following co-treatment with 0.15 M M NaCl+0.1 nM IL-17 in MDA-MB-231 (p<0.05)and 

MCF-7 (p<0.05) cell lines. However, there was no statistically significant expression of 

iNOS in normal breast cell line (MCF-10A). Further, ELISA based analysis of the NO 

content (Fig 1G) in the cell supernatant following co-treatment with 0.15 M M NaCl+0.1 

nM IL-17 in MDA-MB-231 was determined to be 0.78 ± 0.09 OD (optical density units), 

which was higher than the treatment with 0.15 M M NaCl (0.32 ± 0.03 OD, p<0.05) or 0.1 

nM IL-17 in basal 0.1 M NaCl media (0.47 ± 0.06 OD, p<0.05) individually. Similarly, 

enhanced cellular reactive nitrogen species (Fig 1H) were detected following co-treatment 

with 0.15 M M NaCl+0.1 nM IL-17 in MDA-MB-231 was determined to be 8700 ± 520 

RFU (relative fluorescence units), which was higher than the treatment with 0.15 M M NaCl 

(2200 ± 310 RFU, p<0.05) or 0.1 nM IL-17 in basal 0.1 M NaCl media (3400 ± 370 RFU, 

p<0.05) individually. Equi-molar mannitol (0.1 M mannitol in 0.1 M NaCl) did not induce 

RNS response (data not shown). Interestingly, it is also important to note that this addition 

0.05 M NaCl to induce ROS/RNS response in our breast cancer cell studies match well with 

previous salt studies performed by Wu et al [18] to stimulate T-lymphocytes, wherein the 

authors of used additional 0.04 M NaCl to induce Th17 phenotype switch in CD4+T cells. 

Taken together, these data demonstrate that high-dose NaCl induces inflammatory stress 

through enhanced nitric oxide pathway stress in established breast cancer cells. Further 

inflammatory milieu created in the context of co-treatment with pro-inflammatory cytokine, 

mimicking the in vivo tumor conditions, synergistically enhances inflammatory stress 

induced by high dose NaCl potentially playing a role in cancer progression under in vivo 

conditions.

IL-17 synergizes with high sodium chloride to induce reactive oxygen species in breast 
cancer cells

Along with nitric oxide pathway, chronic inflammatory stress is also known to induce 

reactive oxygen species/ free radical pathway which too plays an important role in cancer 

development and progression [24]. To determine the inflammatory role of high 

concentration sodium chloride (NaCl) under sub-effective pro-inflammatory cytokine 

influence we analyzed for the induction of reactive oxygen species (ROS) in breast cancer 

cell lines described above. As shown in the figure 2A, fluorimetric analysis demonstrated 

significantly increased expression of ROS following co-treatment with 0.15 M M NaCl+0.1 

nM IL-17 in invasive cell line, MDA-MB-231 (930±75 FU vs 180 ±35 FU p<0.05); non-

invasive, MCF-7 (545±60 FU vs 165 ±40 FU p<0.05) and normal MCF10A (295±30 FU vs 

95 ±25 FU p<0.05) cell lines over control media treated cells, and also individually high salt 

(0.15 M NaCl) or sub-effective IL-17 in basal 0.1 M NaCl media cytokine treatment. 

Further, Western blot and qRT-PCR based analysis of ROS associated enzymes, namely, 

suppressors of cytokine signaling (SOCS) was also elevated (figure 2 C-D) following co-

treatment with high salt and sub-effective IL-17 cytokine over control media treated cells, 

and also individually high salt or sub-effective IL-17 cytokine treatment. Interesting while 

protein levels of copper/zinc super oxide dismutase (SOD-1) associated with chronic 
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inflammation were elevated, the protein levels of manganese superoxide dismutase 

(SOD-2), associated with acute inflammation were inhibited. This data is in line with the 

SOD2 to SOD1 switch observed in cancer [25]. Equi-molar mannitol (0.1 M mannitol in 0.1 

M NaCl) did not induce ROS response (data not shown). Taken together, these data 

demonstrate that high-NaCl specifically induces a chronic inflammatory stress response 

through enhanced ROS pathway in established breast cancer cells and normal breast derived 

cells.

Synergistic inflammatory effect of IL-17 and high sodium chloride is mediated by γENaC

To determine the role of membrane channel proteins in the high sodium chloride mediated 

inflammatory response, we have studied the role of inflammatory endothelial associated 

sodium channel proteins (ENaCs) which were previously shown to be expressed in various 

breast cancers [26, 27]. As shown in figure 3A-B, qRT-PCR and Western-blot analysis 

demonstrated significantly increased expression of γENaC protein following co-treatment 

with 0.15 M M NaCl+0.1 nM IL-17 in invasive cell line, MDA-MB-231 (7.1±1.4 fold, 

p<0.05); non-invasive, MCF-7 (3.9±0.8 fold, p<0.05) and normal MCF10A (2.2±0.4 fold, 

p<0.05) cell lines over control media treated cells. Other ENaC group proteins, αENaC and 

βENaC, have not shown any changes in their expression pattern. To directly determine the 

role of γENaC in the inflammatory response, we have performed siRNA mediated knock-

down experiments. As shown in figure 3C-E, stimulation of the three cell lines following co-

treatment with 0.15 M NaCl+0.1 nM IL-17 under siRNA mediated knock-down of γENaC 

suppressed the reactive nitric oxide and reactive oxygen species synthesis. These data 

suggest that γENaC plays a direct role in high salt mediated inflammatory injury in breast 

cancer cell lines.

Membrane lipid rafts play a critical role in γENaC mediated inflammatory stress

To determine the role of membrane characteristics in the inflammatory γENaC membrane 

sodium channel function, we have studied the effect of lipid rafts in our studies. Lipid rafts 

have been shown to play a critical in the functioning of several membrane proteins through 

modulation of membrane fluidity and liquid-phase of the cell membrane [28]. Modulation of 

lipid rafts in the cell membrane was achieved through treatment of cells with β-methyl 

cyclodextrin (βMCD) as determined by the quantitative membrane localization of caveolin, 

a lipid raft associated protein [29]. As shown in figure 4A-B, Westernblot analysis 

demonstrated significantly decreased membrane localization of γENaC protein following co-

treatment with 0.15 M M NaCl+0.1 nM IL-17 in βMCD pre-treated cell lines, over control 

media (with basal 0.1 M NaCl) treated cells. Furthermore, specific inhibition of membrane 

localization of γENaC suppressed the reactive nitric oxide and reactive oxygen species 

synthesis (fugue 4 C-E). This data suggest that lipid raft play a crutial role in the membrane 

localization and inflammatory response mediated by γENaC in high salt mediated 

inflammatory injury of breast cancer cell lines.

γENaC signals through ERK-1/2 activation in salt induced inflammatory stress

It has been shown in literature that γENaC induces MAP Kinase activation pathway [30]. 

We analyzed the possible role of MAPKinases in the high salt mediated γENaC induced 
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inflammatory response. Towards this we tested for the protein expression changes of 

MAPkinase components namely, ERK-1/2, p38 and c-Jun. As shown in figure 5, following 

co-treatment with 0.15 M NaCl+0.1 nM IL-17 there is enhanced expression (p<0.05) and 

phosphorylation (p<0.05) of ERK-1/2 in MDA-MB-231 (invasive cell line) over control 

media (with basal 0.1 M NaCl) treated cell cultures. Similar effect was also seen in non-

invasive MCF-7 cell line too (data not shown). Furthermore, siRNA knock-down of γENaC 

demonstrated inhibition of ERK-1/2 expression and also its phosphorylated form (figure 

5B). A downstream role of ERK-1/2 protein kinase in the γENaC mediated inflammatory 

response, by reduced release of reactive nitric oxide and reactive oxygen species following 

siRNA ERK-1/2 knockdown (figure 5D-F). Control studies with scramble siRNA (figure 

5C) demonstrated specificity of our ERK1/2 siRNA to significantly knockdown ERK1/2 

expression. It is important to note that the cell proliferation affecting ERK1/2 [31, 32] has a 

varying inducible expression pattern among the three cell lines with highest expression in 

MDA-MB-231. These data demonstrate that ERK-1/2 protein kinase is potentially the 

downstream mediator of γENaC induced inflammatory response in high salt mediated injury 

of breast cancer cell lines. Furthermore, knockdown of caveolin by specific siRNA induced 

downregulation of ERK1/2, which strongly suggests that membrane fluidity affecting 

caveolin is an upstream factor to ERK1/2 in IL-17 synergized high salt mediated RNS/ROS 

response.

Upregulation of inflammatory cytokines and chemokine following sodium chloride induced 
cancer cell stress

As cancer progression and metastasis is mediated by proinflammatory cytokines and 

chemokines [2] we performed gene expression analysis to quantitatively determine their 

expression pattern in our study conditions. As shown in figure 6, co-treatment with 0.15 M 

NaCl+0.1 nM IL-17 demonstrated significant (p<0.05) increase in the mRNA expression of 

cytokines, IL-6 (3 fold), TNFα (6.2 fold); chemokines, CCL5 (2.3 fold), CXCL-12 (2 fold), 

MIP-1δ (2.7 fold); and angiogenic growth factor VEGF (2.5 fold) over control media treated 

MDA-MD-231 cells. Other CXC and CC chemokines such as CXCL13, CCL 2,7,8, MIP-3 

etc showed no statistically significant increase (data not shown). These data clearly 

demonstrate that high sodium chloride under sub-effective IL-17 stimulation induces 

expression of cytokines and chemokines which potentially favor cancer proliferation and 

metastasis.

Discussion

There is compelling evidence pointing out molecular pathways linking chronic inflammation 

and cancer. In the tumor microenvironment, smoldering inflammation contributes to 

proliferation and survival of malignant cells, along with evasion of adaptive immunity. 

Initial studies aiming at studying the relationship between inflammation and cancers led to 

the determination of reactive oxygen and nitrogen species generated within and from 

inflammatory cells recruited as the prime inducers of the assault resulting in tumor initiation 

and proliferation [2]. Among the family of nitric oxide synthases (NOS) specifically 

inducible NOS (iNOS) has shown to be involved in promoting the etiology of cancer [33]. 

Studies on iNOS expression in human breast cancer suggested that iNOS activity was higher 
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in less differentiated tumors in a panel of 15 invasive breast carcinomas [34]. In line with 

this body of evidence, we demonstrate that high sodium chloride concentration under sub-

effective cytokine stimulation in the cancer cellular environment was able to induce 

hazardous reactive nitrogen species (figure 1), thus clearly suggesting that high sodium 

chloride in the tumor microenvironment induces chronic inflammatory milieu leading to 

release of RNS species.

Similar to RNS, the role of reactive oxygen species (ROS) and its potential implications in 

cancer have been investigated for several decades [24]. Cancer cells are known to be 

metabolically active and under increased oxidative stress due to uncontrolled cell 

proliferation and dysfunction of metabolic regulation mainly mediated by increased 

generation of reactive oxygen species (ROS) [35]. ROS-mediated DNA lesions and 

mutations are likely to provide a mechanism through which drug-resistant variant cancers 

constantly evolve [36]. Several agents have been shown to induce this ROS stress in cancer 

cells. In our current report we demonstrate that high sodium chloride concentration the 

breast cancer cellular environment is potent inducer of ROS stress (figure 2). However, the 

relationship between intracellular sodium concentration and cancer remains elusive, 

although it may involve changes in cell volume and/or membrane potential. However, a 

potential explanation of high salt induced cell volume changes as the cause of inflammatory 

ROS and RNS response, does not seem possible as equi-molar mannitol (0.1 - 0.2 M 

mannitol + 0.1 M naCl) in our culture media did not elicit any inflammatory RNS and ROS 

response (data not shown). Thus we our data supports the conclusion that the inflammatory 

ROS and RNS responses were possibly a direct effect of high sodium chloride 

concentration. Furthermore in our current study, high salt in the culture media has 

demonstrated significant upregulation of pro-inflammatory chemokine, cytokine and 

angiogenic growth factors (figure 6).

The expression of antioxidant enzymes, such as superoxide dismutases (SOD), is regulated 

by complex mechanisms, oxidative stress being a major factor that induces the adaptive 

expression of these enzymes [37]. Increased SOD levels were observed in breast cancer 

tissue from 23 patients [38]. SOD has two isoforms – SOD1 (Cu/Zn SOD) and SOD2 

(MnSOD) [37]. Emerging evidences from several groups indicate that SOD1 is over-

expressed in cancers [39]. Further, it was also reported that SOD2 (MnSOD) is down-

regulated in breast cancer cell lines [40]. Since in absence of SOD2, unrestricted SOD1 

activity causes superoxide levels to elevate potentially leading to cancerous changes. 

Pathological studies have shown 87% reduction in the activity SOD2 breast cancers [40]. In 

line with this evidence our data (figure 2) shows that high salt conditions induce ROS 

enzymes SOCS and SOD1 while decreasing the activity of SOD2 thus potentially enhancing 

the inflammatory response in breast cancer cell lines.

In our current study as external sodium ions in the media require specialized membranous 

channels for their passage in the cells we checked for the known sodium channels with 

inflammatory downstream effector role. The epithelial sodium channel (ENaC) consisting of 

α-, β-, and γ-subunits modulates the rate-limiting step in sodium reabsorption [41]. These 

ENaCs are considered to exert an important regulatory effect on sodium transport of several 

epithelial tissues, including the colon, kidney, and lung [42]. Furthermore, genetic variants 
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of ENaC were found to be associated with patients suffering with essential hypertension [43, 

44]. Several studies have shown a positive correlation between expression of ENaC, 

increased sodium current, and increased metastatic invasiveness of breast cancer [45]. In 

line with this evidence, our current data (figure 3) demonstrates that following increased 

sodium concentration in the external environment there is specific increased expression of 

γENaC in the two breast cancer cell lines of our current study. Further, siRNA knock-down 

of γENaC expression significantly decreased the high sodium chloride induced RNS and 

ROS release, thus strongly suggesting that γENaC expression is directly correlated with the 

high salt induced inflammatory injury.

It is of interest to note that, the ENaC expression levels in breast cancer cell lines were 

upregulated by the mineralo-corticoid hormone, aldosterone, but not by other steroid 

hormones, such as glucocorticoids or progesterone [46]. This suggests a direct functional 

role of ENaC in high-salt mediated oncogenesis. Currently, there is not much published 

literature showing the factors which modulate ENaC expression in breast cancer. As ENaC 

is a membrane channel protein, we studied if lipid rafts play a role in ENaC membrane 

localization. As shown in figure 4, depletion of lipid rafts has inhibited stable ENaC 

membrane localization. Further, the enhanced membrane localization of ENaC has induced 

ERK-1/2 protein kinase signaling (figure 5). Of note, this is important as several human and 

animal studies have conclusively demonstrated an important role of ERK-1/2 in breast 

cancer [47]. Further, ERK-1/2 is a known protein kinase mediating cell growth [48].

Assessment of salt intake in human studies is difficult to study and is obviously prone to 

significant subjective biases. Many commonly used dietary assessment methods, such as 

food frequency questionnaires and diet records, have only limited reproducibility in 

epidemiological studies [49]. Although 24 hours urine collection method may be an optimal 

method in estimating routine salt intake [50], it is highly challenging to adopt this method 

for a large-scale population study. Therefore, a better molecular target which is can be used 

as a direct surrogate target for high salt tissue micro-environment will be more useful tool. 

In conclusion, in our current study we demonstrate an important role of epithelial sodium 

channel, γENaC, in high salt mediated inflammatory injury. We believe our current study 

supports the use of γENaC molecular target for possible future pre-clinical and clinical 

studies to determine the effect of salt on breast cancer staging and progression.
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Highlights

• Inflammatory stress induces cancer proliferation

• IL-17 synergizes with high salt to induce ROS/RNS activity

• This synergistic inflammatory effect is mediated by γENaC

• Lipid rafts and ERK-1/2 play a critical role in this inflammatory stress
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Figure 1. 
Induction of nitric oxide pathway by high sodium chloride in breast cancer cells. (A) Cell 

viability analysis of MDA-MB-231 in the presence of varying NaCl concentration (0.1 -0.3 

mM). It is important to note that 0.1 M NaCl is the basal sodium chloride concentration in 

the RPMI1640 culture media and therefore 0.1 M NaCl refers to basal media treatment 

control group. (B) Cell viability analysis of MDA-MB-231 in the presence of varying 

interleukin (IL-)17 concentration (0.1 - 500 nM) in basal (0.1 M NaCl) media. (C) Lack of 

cell death with NaCl (0.15 M) and IL-17 (0.1 nM) combination. (D) Cell viability was 
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similar among various breast cancer (MDA-MB-231, MCF-7) and normal breast (MCF10A) 

cell lines with NaCl (0.3 mM) and IL-17 (0.1 nM) combination; (E) iNOS, inducible nitric 

oxide synethsase (E), nitric oxide (F) and RNS, reactive nitrogen species (G) expression in 

all three cell lines mentioned above following treatment with NaCl (0.15 M) and/or IL-17 

(0.1 nM in basal 0.1 M NaCl media). Data represented mean values ± SEM from five 

independent experiments. Student-t-test performed for statistical analysis (significance 

p<0.05).
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Figure 2. 
High sodium chloride induced reactive oxygen species in breast cancer cells. (A) Western 

blot analysis of anti-oxidant enzyme (SOCS, SOD1, SOD2) expression following treatment 

with NaCl (0.15 M) and/or IL-17 (0.1 nM in basal 0.1 M NaCl media) in three cell lines; (B) 

ROS, reactive oxygen species expression in all three cell lines mentioned above following 

treatment with NaCl (0.15 M) and/or IL-17 (0.1 nM). (C-E) mRNA analysis for SOCS, 

SOD1, SOD2 expression in various breast cancer cell lines (MDA-MB-231, MCF-7 and 

MCF-10a) following co-treatment with high salt (0.15 M NaCl) and 0.1 nM IL-17. Data 
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represented mean values ± SEM from five independent experiments. Student-t-test 

performed for statistical analysis (significance p<0.05).
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Figure 3. 
γENaC mediates high sodium chloride induced inflammatory stress. (A) Western blot 

analysis of epithelial sodium channel (ENaC) isoforms (-α, -β, -γ) following treatment with 

NaCl (0.15 M) and/or IL-17 (0.1 nM in basal 0.1 M NaCl media) in three cell lines; (B) 

mRNA analysis for γENaC expression in various breast cancer cell lines (MDA-MB-231, 

MCF-7 and MCF-10a) following co-treatment with high salt (0.15 M M NaCl) and 0.1 nM 

IL-17. (C) Efficient knock-down of γENaC by specific siRNA, while scramble siRNA does 

not decrease expression of γENaC. (D-F) Inhibition of nitric oxide (C), RNS (D) and ROS 

(E) release following siRNA knock-down of γENaC. Data represented mean values ± SEM 
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from five independent experiments. Student-t-test performed for statistical analysis 

(significance p<0.05).
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Figure 4. 
Lipid rafts play critical role in γENaC mediated inflammatory stress. (A) Western blot 

analysis of γENaC following depletion of lipid rafts in three cell lines; (B) (B-D) Inhibition 

of nitric oxide (B), RNS (C) and ROS (D) release following βMCD mediated removal of 

lipid rafts. Data represented mean values ± SEM from five independent experiments. 

Student-t-test performed for statistical analysis (significance p<0.05).
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Figure 5. 
ERK-1/2 protein kinase upregulation in γENaC induced inflammatory stress. (A) Western 

blot (phospho-blot) analysis of signaling factors (ERK-1/2, p-ERK-1/2, p38, c-Jun) 

following treatment with NaCl (0.15 M M) and/or IL-17 (0.1 nM in basal 0.1 M NaCl 

media) in three cell lines; (B) Western blot (phospho-blot) analysis of protein kinase, 

(p-)ERK-1/2, following siRNA knock-down of γENaC and/or lipid rafts in three cell lines; 

(C) Efficient knock-down of ERK-1/2 by specific siRNA, while scramble siRNA does not 

decrease expression of ERK-1/2. (D-F) Inhibition of nitric oxide (C), RNS (D) and ROS (E) 

release following siRNA knock-down of ERK-1/2. Data represented mean values ± SEM 

from five independent experiments. Student-t-test performed for statistical analysis 

(significance p<0.05).
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Figure 6. 
Upregulation of inflammatory cytokines and chemokine following sodium chloride induced 

cancer cell stress. ELISA based analysis of cytokines, IL-6 (A), TNFα (B); chemokines, 

CCL5 (C), CXCL-12 (D), MIP-1δ (E); and angiogenic growth factor VEGF (F) following 

treatment with NaCl (0.15 M mM) and IL-17 (0.1 nM) in three cell lines. Basal condition 

refers to 0.1 M NaCl which is the basal concentration of NaCl in regular RPMI1640 media. 

Data represented mean values ± SEM from five independent experiments. Student-t-test 

performed for statistical analysis (significance p<0.05).
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