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Abstract

Arsenic is a known carcinogen to humans, and chronic exposure to environmental arsenic is a 

worldwide health concern. As a dietary factor, ethanol carries a well-established risk for 

malignancies, but the effects of co-exposure to arsenic and ethanol on tumor development are not 

well understood. In the present study, we hypothesized that ethanol would enhance the function of 

an environmental carcinogen such as arsenic through increase in COX-2 expression. Our in vitro 

results show that ethanol enhanced arsenic-induced COX-2 expression. We also show that the 

increased COX-2 expression associates with intracellular ROS generation, up-regulated AKT 

signaling, with activation of both NFAT and NF-κB pathways. We demonstrate that antioxidant 

enzymes have an inhibitory effect on arsenic/ethanol-induced COX-2 expression, indicating that 

the responsive signaling pathways from co-exposure to arsenic and ethanol relate to ROS 

generation. In vivo results also show that co-exposure to arsenic and ethanol increased COX-2 

expression in mice. We conclude that ethanol enhances arsenic-induced COX-2 expression in 

colorectal cancer cells via both the NFAT and NF-κB pathways. These results imply that, as a 

common dietary factor, ethanol ingestion may be a compounding risk factor for arsenic-induced 

carcinogenesis/cancer development.
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Introduction

Cyclooxygenase (COX) is the rate-limiting enzyme for the production of prostaglandins and 

thromboxanes from free arachidonic acid (Kitz et al., 2011). COX exists as two distinct 

isoforms, the constitutively expressed enzyme COX-1 and the inducible isoform COX-2 

(Smith et al., 1996). COX-2 can be readily elevated in response to tumor promoters, 

inflammatory cytokines, and growth factors (Williams and DuBois, 1996). COX-2-produced 

PGs regulate tumor-associated angiogenesis, modulate the immune system, influence cell 

migration and invasion, and inhibit apoptosis, all of which are associated with cancer 

development (Cha and DuBois, 2007). Increasing evidence indicates that COX-2 plays an 

important role in carcinogenesis (Wang et al., 2013). A variety of human malignancies are 

associated with overexpression of COX-2 (Sung et al., 2011), which can lead to 

tumorigenesis (Liu et al., 2001). Mice deficient in COX-2 experience a 75% reduction in 

tumor formation in comparison with their wild type littermates (Tiano et al., 2002). High 

levels of prostaglandin E2 (PGE2), the main product of COX-2, are found in tumor cells 

(Mazhar et al., 2006). Importantly, arsenite exposure in human cells can induce COX-2 

expression, which would contribute to arsenic-induced carcinogenesis (Chai et al., 2007; 

Ding et al., 2006).
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Environmental exposure to arsenic is an ongoing worldwide health problem (Hughes, 2002). 

Arsenic has been classified as a class I human carcinogen by the International Agency of 

Research on Cancer (IARC). There are an increasing number of reports showing that human 

exposure to inorganic arsenic is related to lung cancer, skin cancer (Haque et al., 2003), 

gastrointestinal caner (Tchounwou et al., 2003), kidney cancer (Kitchin and Conolly, 2010), 

and liver cancer (Capra et al., 1944). Arsenic-induced reactive oxygen species (ROS) and its 

subsequent oxidative stress, cause genetic and/or epigenetic changes, uncontrolled cell 

growth, disordered cellular signaling, and eventual tumorigenesis, all of which are 

considered as key mediators for carcinogenesis (Valko et al., 2006). However, the exact 

molecular mechanism of arsenic-induced carcinogenesis and tumor progress are unclear and 

remain under investigation.

It is well recognized that carcinogenesis is affected to a great extent by the diet and 

nutritional status of the host (Sugimura, 2000). Ethanol or alcohol is a common dietary 

component and a well-established risk factor for a number of malignancies. Worldwide, 

approximately 3.6% of cancers are derived from chronic alcohol consumption (Baan et al., 

2007). Animal studies support the concept that ethanol is not a pure carcinogen but a co-

carcinogen and/or tumor promoter under certain experimental conditions. The role of 

ethanol as a risk factor for malignancies implicates ROS generation. Ethanol metabolizes to 

acetaldehyde with a concomitant generation of ROS, which consequently causes oxidative 

damage to proteins, nucleic acids, and lipids and induces signaling changes (Seitz and 

Meier, 2007). At present, the exact mechanisms by which chronic alcohol ingestion 

stimulates carcinogenesis are still unclear.

Previous studies have showed that arsenic has a stronger effect on inducing tumor 

development when combined with other factors (Qin et al., 2012). The high prevalence of 

arsenic exposure and the wide-ranging consumption of alcohol make it likely that the co-

exposure exists and that this co-exposure may contribute to the environmental health issues 

(Bao and Shi, 2010). There are only limited epidemiological studies available on 

populations who consume both alcohol and arsenic-contaminated water. It has been reported 

that alcohol consumption resulted in increased arsenic accumulation in humans (Chiou et 

al., 1995; Tseng et al., 2005). Some reports also indicate that co-exposure to arsenic and 

alcohol caused cardiovascular and liver diseases (Engel et al., 1994). Exposure to arsenic 

and ethanol induced increases in VEGF and IGF-1 expressions in human microvascular 

endothelial cells and promoted angiogenesis by activating protein kinase C δ (Klei and 

Barchowsky, 2008). Animals co-exposed to ethanol and arsenic showed increase in arsenic 

uptake and retention in the liver and kidney (Flora et al., 1997).There are few reports on the 

influence of co-exposure to arsenic and ethanol on cancer development. Our previous study 

revealed that ethanol enhanced arsenic-induced tumor angiogenesis in colon cancer cells via 

the HIF-1α pathway (Wang et al., 2012). Thus, additional investigations on the effects of 

co-exposure of alcohol and arsenic were warranted to identify ways to alleviate harmful 

effects.

The present study tested the hypothesis that co-exposure to arsenic and ethanol promotes 

COX-2 expression in colorectal cancer cells. Our results indicate that ethanol enhances 

arsenic-induced COX-2 overexpression via both NFAT and NF-κB signalings. Our results 
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also suggest that, as ethanol is a dietary element, consideration should be placed on the 

importance of this factor in the investigation of environmental arsenic-induced health 

effects.

Materials & methods

Materials

Sodium arsenite solution, catalase from bovine liver, and superoxide dismutase (SOD) from 

bovine liver were from Sigma-Aldrich (St. Louis, MO). GAPDH, p65, NFAT4, and lamin 

A/C antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA) with all other 

antibodies purchased from Cell Signaling Technology Inc. (Beverly, MA). Prostaglandin E2 

EIA Kit was from Cayman Chemical Company (Ann Arbor, MI). The human TNF-alpha 

ELISA Kit was from RayBiotech, Inc. (Norcross, GA).

Cell lines and cell culture

Colorectal adenocarcinoma HT29, DLD-1, and colorectal carcinoma HCT116 were obtained 

from the American Type Culture Collection (ATCC; Rockville, MD). HCT116 cells were 

cultured in RPMI 1640 medium with penicillin (100 IU/mL), streptomycin (100 μg/mL) and 

10% fetal bovine serum (FBS). HT29 and DLD-1 cells were maintained in DMEM medium 

supplemented with penicillin (100 IU/mL), streptomycin (100 μg/mL), and 10% FBS. Cells 

were maintained at 37°C in humidified incubator with 5% CO2.

Western blot analysis

Whole-cell extracts were prepared by adding RIPA buffer (Sigma-Aldrich) containing 

protease inhibitor cocktail. Protein concentrations were determined using coomassie 

(Bradford) protein assay reagent (Thermo, Rockford, IL). Proteins were separated on SDS-

PAGE gels and transferred to nitrocellulose membranes. The membranes were probed with 

primary antibodies followed by incubation with horseradish peroxidase (HRP) conjugated 

secondary antibodies (Pierce, Rockford, IL). The proteins of interest were visualized using a 

Chemiluminescent Detection Kit (Pierce) and blots exposed to Hyperfilm (Amersham 

Pharmacia Biotech, Piscataway, NJ).

Luciferase reporter assay

The luciferase reporter assay was performed as described previously (Wang et al., 2010). 

Briefly, cells (1 × 106 cells/dish) seeded onto a 10 cm cell culture dish were allowed to reach 

60% confluence. Reporter gene constructs were transfected with 8 μg luciferase vector/plate 

using lipofectamine 2000 (Invitrogen) as recommended by the manufacturer. After 

transfection, cells were re-seeded onto 24-well plates and subsequently pretreated with the 

indicated concentration of arsenic and ethanol for 24 hr. Rinsed cells were lysed with 

luciferase lysis buffer (Promega, Madison, WI). Renilla luciferase reporter was used as a 

transfection efficiency control. The luciferase activity of lysates were measured following 

the manufacturer’s protocol (Luciferase Assay System, Promega) using a GloMax® 96 

Microplate Luminometer (Promega). The luciferase vectors, which include COX-2 

luciferase vector, NFAT luciferase vector, and NF-κB luciferase vector, were maintained in 

our lab.
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Measurement of Tumor necrosis factor-alpha and Prostaglandin E2

TNF-alpha (TNFα) secreted into culture medium was measured using RayBio Human TNF-

alpha ELISA kit following the manufacture’s protocol. Prostaglandin E2 (PGE2) secreted 

into culture medium was measured using Prostaglandin E2 EIA Kit following the 

manufacture’s protocol. Concentrations were estimated using a generated standard curve.

Subcellular fractionations

Washed cells were lysed in Buffer A (10 mM HEPES, 10 mM KCl, 0.1 mM EDTA, 0.1 mM 

EGTA plus the protease inhibitor cocktail (Cell Signaling Technology Inc)) and incubated 

on ice for 15 min. After incubation, addition of NP40 (final concentration 0.3%) to the 

lysate was followed by a 10 second vortex and centrifugation for 1 min at 4°C. The 

supernatant containing the cytoplasmic extract was retained. The pellet was re-suspended in 

ice cold Buffer B (20 mM HEPES, 400 mM KCl, 1 mM EDTA, 1 mM EGTA plus the 

protease inhibitor cocktail) and incubated on ice for 30 min with occasional vortexing every 

5 min at 4°C. Samples were then centrifuged at full speed for 5 min at 4°C. The supernatant 

containing the nuclear fraction was retained.

Immunofluoresence microscopy

Cells cultured on chambers slides were washed with PBS and fixed with 4% 

paraformaldehyde for 10 min. Cells were permeabilized with a 1% glycine/0.5 Triton X-100 

solution for 15 min. After blocking with 5% bovine serum albumin for 1 hr, cells were 

incubated with a primary antibody overnight at 4°C. Washed cells (PBST; PBS containing 

0.1% Tween-20) were incubated with a secondary antibody for 45 min. Final rinses included 

PBST and then PBS alone. The slides were mounted with Vectashield mounting medium 

containing 4′,6-diamidino-2-phenylindole (DAPI) (Vector Labs, Burlingame, CA).

In vivo study and Immunohistochemistry

Twenty Big Blue Mice (about six-week-old), obtained from our collaborator Dr. Zhigang 

Wang, University of Kentucky, USA, were maintained at the University of Kentucky 

Animal Facility according to the Institutional Animal Care Guidelines and breeding by our 

collaborator. Mice were randomized into 4 groups: control, arsenic, ethanol, and arsenic plus 

ethanol. Arsenic containing drinking water was prepared by dissolving sodium arsenite in 

water at a concentration of 100 ppm. Ethanol concentration was 10 % in water. The 

treatment continued four weeks. All mice were sacrificed by CO2 asphyxiation 7 days after 

the last treatment and tissue samples immediately fixed in 10% formalin or frozen in liquid 

nitrogen.

Statistical analysis

All arrays were performed with at least three independent experiments. Presented data are 

the mean ± SE, and statistical comparisons among groups were performed using one-way 

ANOVA followed by Dunnet test. P value ≤0.05 was considered statistically significant.
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Results

The present study was designed to investigate the effect of co-exposure of arsenic and 

ethanol on COX-2 expression and identify the underlying mechanism in colorectal cancer 

cells. The results showed that ethanol enhances arsenic-induced COX-2 overexpression via 

both NFAT and NF-κB signaling.

Ethanol enhances arsenic-induced COX-2 expression in colorectal cancer cells

Western blot analysis assessed the effect of arsenic and ethanol on COX-2 expression in 

colorectal cancer cells. After incubation with different concentrations of arsenic for 24 

hours, COX-2 levels were dramatically increased in multiple colorectal cancer cell lines 

including HT29, DLD1, and HCT116. Co-treatment with ethanol further increased the 

COX-2 expression (Figures 1A and 1B). COX-2 expression increased in a time dependent 

manner with exposure to both arsenic and ethanol (Figure 1C). The COX-2 promoter of 

HT29 cells exposed to either arsenic or ethanol alone and combination showed significant 

transcriptional changes (Figure 1D). Taken together, the above results indicate that ethanol 

enhances arsenic-induced COX-2 expression in colorectal cancer cells and that the increased 

expression in different cell lines suggests the enhancement is not cell type specific.

To determine the effect of arsenic and ethanol on downstream targets of the COX-2 

pathway, ELISA analyses were carried out to measure PGE2 levels. Ethanol markedly 

enhanced arsenic-induced secretion of PGE2 into culture medium in multiple colorectal 

cancer cell lines (Figure 1E). Among the three cell lines used, HT29 cells provided the most 

robust response to co-exposure. These results indicate that ethanol enhances arsenic-induced 

PGE2 production and secretion, suggesting that the enhanced COX-2 expression observed 

with co-exposure to arsenic and ethanol is functionally relevant. Additionally, ELISA results 

show that ethanol also enhanced arsenic-induced secretion of TNFα into culture medium in 

multiple colorectal cancer cell lines (Figure 1F), suggesting that the ethanol-related 

enhancement is associated with the nuclear factor of activated T-cells (NFAT) or the nuclear 

factor κB (NF-κB) signaling pathways.

Ethanol enhances arsenic-induced NFAT4 signaling in colorectal cancer cells

It is well known that COX-2 is regulated by different transcriptional factors including NFAT 

and NF-κB (Cai et al., 2011). Western blot analysis evaluated the combined effect of 

ethanol and arsenic on NFAT4 in HT29 cells. NFAT4 expression shows a robust increase in 

HT29 cells with exposure to both arsenic and ethanol (Figure 2A). Treatment with 

cyclosporin A (CsA), an NFAT inhibitor, resulted in significant decreases in COX-2 levels 

(Figure 2B). Next, western blot analysis evaluated NFAT4 nuclear translocation with the 

finding that cells exhibited more NFAT4 nuclear accumulation under co-exposure to arsenic 

and ethanol (Figure 2C). In addition, luciferase activity demonstrated a significant increase 

in transcriptional activity at the NFAT promoter following exposure to arsenic and ethanol 

in HT29 cells (Figure 2D). These results indicate that the enhancement of arsenic-induced 

COX-2 expression by ethanol is mediated through NFAT signaling.

Wang et al. Page 6

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2016 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Ethanol enhances arsenic-induced NF-κB signaling in colorectal cancer cells

NF-κB signaling also plays an important role in COX-2 expression (Shishodia and 

Aggarwal, 2004). Western blot analysis evaluated NF-κB signaling (Figure 3A); the protein 

level of IκB decreased in cells exposed to arsenic combined with ethanol. Cells treated with 

an NF-κB inhibitor showed an increase in IκB levels and a dramatic decrease in COX-2 

levels (Figure 3B), confirming the association between NF-κB signaling and COX-2 

expression. The translocation of p65, a NF-κB subunit, was also investigated. As show in 

Figure 3C, exposure to either arsenic or ethanol increased p65 nuclear translocation; as 

expected, co-exposure to arsenic and ethanol resulted in an enhanced p65 translocation into 

nucleus. Significant increases in NF-κB luciferase activity were observed in HT29 cells 

exposed to either arsenic or ethanol alone or combination (Figure 3D). The results indicate 

that ethanol enhanced arsenic-induced NF-κB activity in colorectal cancer cells, but since 

p65 protein remained in cytoplasmic, the NF-κB signaling pathway appears to be only 

partially activated.

Immunofluoresence staining shows that arsenic, ethanol, and combined exposures stabilized 

NFAT4 and p65 proteins, with increased nuclear translocation of these two proteins (Figure 

4A). These results suggest that ethanol enhanced arsenic-induced COX-2 expression is 

mediated by both NF-κB and NFAT4 signaling pathways. The luciferase activity at the 

COX-2 promoter confirmed that both the NF-κB and NFAT signaling pathways contributed 

to increased COX-2 expression (Figure 4B). The increased COX-2 expression results from 

activities related to both of NF-κB and NFAT signaling.

ROS/AKT signaling is upstream of ethanol/arsenic-induced NF-κB and NFAT4 activation

ROS plays an important role in metal-mediated carcinogenesis (Lee et al., 2012). ROS 

signaling is upstream to both NF-κB and NFAT4. ROS activity was detected by following 

of hydrogen peroxide (H2O2) metabolism and monitoring the response with fluorescence 

microsopy; oxidation of the fluorescent dye 5-(and-6)-chloromethyl-2′,7′-

dichlorodihydrofluorescein diacetate ethyl ester (H2DCFDA) to the fluorescent product, 2′,

7′-dichlorofluorescein (DCF) occurs in the presence of H2O2. Cells treated with 5 μM 

arsenic or 0.4% ethanol alone exhibited visible fluorescence, which represents the 

generation of H2O2, while cells co-exposed to arsenic and ethanol showed markedly 

increased fluorescence (Figure 5A). Similar results were observed using dihydroethidium 

(DHE, a specific fluorescent dye for superoxide anion, O2 •−) staining (Figure 5A). To 

confirm that the ROS activity was related to arsenic and/or ethanol exposure, the antioxidant 

enzyme catalase (500 U/mL) or SOD (500 U/mL) was applied to cells. The results 

demonstrate that ROS generation in arsenic and/or ethanol treated cells was reduced after 

treatment with either catalase or SOD (Figure 5A). Taken together, these results suggest that 

ethanol enhances arsenic-induced ROS generation, which could be rescued by antioxidant 

enzymes.

Akt signaling, activated by intracellular ROS, is important during cancer development. 

Downstream targets can activate both NF-κB and NFAT4 signaling (Chatterjee et al., 2012). 

Western blot analysis evaluated the effect of ethanol and/or arsenic on Akt signaling. 

Increased expression of the phosphorylated forms of Akt and GSK-3β was observed in cells 
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exposed to ethanol or arsenic. Cells co-exposed to arsenic and ethanol also show a further 

increase in the expression of these phosphorylated proteins; the increase was more 

pronounced for Akt (Figure 5B). These results indicate greater activation of the Akt pathway 

with co-exposure to arsenic and ethanol. The effect of ROS on arsenic and ethanol-induced 

COX-2 expression was investigated, using a COX-2 promoter-driven luciferase assay. 

Results show that there was a significant decrease in COX-2 luciferase activity with catalase 

(500 U/mL) or SOD (500 U/mL) treatment to arsenic and ethanol exposed cells (Figure 5C). 

These results further support the contention that the ethanol enhancement of arsenic-induced 

COX-2 expression is associated with ROS/Akt signaling pathway.

Ethanol enhances arsenic-induced COX-2 expression in vivo

Since the in vitro results show the ethanol enhances arsenic-induced COX-2 expression, we 

wanted to investigate the effects in vivo. Big Blue Mice were supplied water containing 

arsenic, ethanol or both for up to four weeks, sacrificed and colon tissues obtained for 

western blot analysis. As shown in Figure 6A, both NFAT4 and COX-2 protein levels were 

robustly increased with co-exposure to arsenic and ethanol. Immunohistochemical staining 

results confirmed overexpression of NFAT4 and COX-2 in the colon of mice co-treated with 

arsenic and ethanol (Figure 6B). These results indicate that ethanol enhances arsenic-

induced COX-2 expression in vivo, which is consistent with our in vitro results.

Discussion

Arsenic exposure is a major environmental issue because of its world-wide distribution and 

its ability to cause serious health problems. Ethanol, a recreational beverage, is consumed 

globally and has the potential to influence human health. In this study, we initially 

investigated the effects of co-exposure to arsenic and ethanol on colorectal cancer cells. We 

found that arsenic-induced COX-2 expression was enhanced by co-exposure to ethanol. We 

also found that ethanol potentiated arsenic-induced ROS/Akt signaling. In addition to this, 

the co-exposure activated transcriptional factors NFAT and NF-κB, which may result in an 

accelerated colorectal cancer development.

In this study, we investigated the effects of co-exposure to arsenic and ethanol in colon 

cancer cells to provide mechanistic evidence of pathogenic interactions. The arsenic and 

ethanol concentration used in this study was selected based on previous studies (Klei and 

Barchowsky, 2008; Wang et al., 2012).

COX-2 is an enzyme responsible for the biogenesis of prostanoids, signaling molecules with 

multiple functions including inflammation, cell transformation, and cancer metastasis (Vane 

et al., 1998). COX-2 is known to promote cancer development. Using COX-2 knockout 

mice, a strong correlation between COX-2 expression and cancer development was revealed, 

indicating that COX-2 contributes to carcinogenesis and oncogenesis (Muller-Decker et al., 

2006). In this study, we report that co-exposure to arsenic and ethanol induces high COX-2 

expressions in a variety of colorectal cancer cells. COX-2 associated functions such as PGE2 

and TNFα secretion are also enhanced with co-treatment. These results reveal that the 

combination of a dietary factor (i.e. ethanol) with an environmental factor (i.e. arsenic) may 
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have a dramatic effect on cancer development, and serious consideration for the prevention 

and treatment of arsenic-induced carcinogenesis and cancer progression should be given.

It is well-known that excessive ROS cause oxidative stress, which consequently leads to 

various diseases. ROS are believed to act as major mediators in carcinogenesis and cancer 

development (Valko et al., 2006). In arsenic-induced carcinogenesis, although the molecular 

mechanism remains unknown ROS generation is considered an important factor. 

Experimental results show that H2O2 and O2
•− are produced in various cellular systems 

when exposed to arsenic (Zhang et al., 2011). Arsenic-induced ROS causes DNA damage, 

lipid peroxidation, and chronic inflammation, which broadly lead to carcinogenic responses. 

It is also well known that ROS play an important role in alcohol-induced cell injury (Wu et 

al., 2006). The metabolism of ethanol promotes ROS generation and accumulation, followed 

by oxidative damage. Therefore, both arsenic and ethanol can generate ROS and could have 

additive effects on ROS in cells. It has been reported that glutathione levels were reduced in 

rats co-exposed to arsenic and ethanol, indicating that this co-exposure has an additive effect 

on ROS generation (Flora et al., 1997). Our results show that co-exposure to arsenic and 

ethanol increased the generation of H2O2 and O2
•−. It has been reported that combined 

treatment with arsenic and ethanol activates different signaling pathways, such as PKCδ in 

human microvascular endothelial cells (Klei and Barchowsky, 2008), and PI3K/AKT in 

colorectal cancer cells (Wang et al., 2012). In this study, we have demonstrated that 

combined treatment with arsenic and ethanol induced ROS generation and subsequently 

activated downstream AKT signaling. In addition, both catalase and SOD were found to 

significantly decrease COX-2 luciferase activity. These results suggest that the ethanol-

enhanced arsenic-induced COX-2 expression is associated with the ROS/Akt signaling 

pathway.

The COX-2 promoter region contains binding sites for both NFAT (Iniguez et al., 2000) and 

NF-κB (Crofford et al., 1997). NFAT is a master transcription factor that controls 

expressions of a variety of genes involved in inflammation, such as iNOS, COX-2 and 

TNFα (Ke et al., 2006). NF-κB has been reported to be a major mediator for the regulation 

of cell proliferation, differentiation, and transformation (Huang et al., 1999). Previous 

studies have demonstrated that metal exposure could activate both NF-κB and NFAT 

pathways (Cai et al., 2011). Many metals, such as arsenic, nickel, and chromium (IV), share 

similar biological roles in COX-2 induction (Zuo et al., 2012). It has also been reported that 

arsenite exposure induces COX-2 expression concurrent with significant increases in PGE2 

generation, leading to an inflammatory effect in rat liver epithelial cells (Lee et al., 2010). 

Our results showed that either arsenic or ethanol alone could activate Akt and inhibit 

GSK3β, while co-exposure to arsenic and ethanol exhibit a stronger effect compared to 

single exposure. The luciferase reporter assay showed enhancement for both NF-κB and 

NFAT transcriptional activity after co-exposure to arsenic and ethanol. The in vivo results 

also show that COX-2 and NFAT levels in mice colon were increased after supplying mice 

with water containing arsenic and ethanol for one month. Since the mice we used for above 

experiment were of normal health, the results indicate that COX-2 induced chronic 

inflammation has the potential to increase the risk of carcinogenesis and accelerate cancer 
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development. This finding may extend our understanding of ethanol that could be a 

compounding risk factor for arsenic-induced carcinogenesis.

In summary, the results obtained from the present study show that ethanol enhanced arsenic-

induced COX-2 expression via both NF-κB and NFAT signaling in colorectal cancer cells. 

These results indicated that as a dietary factor, alcohol or ethanol should be given serious 

consideration when investigating environmental arsenic-induced health issues.

Supplementary Material
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Highlights

► Arsenic is able to induce Cox-2 expression in colorectal cancer cells.

► Ethanol, a diet nutritional factor, could enhance arsenic-induced Cox-2.

► The up-regulation of Cox-2 via both NFAT and NF-κB activities.
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Figure 1. Ethanol enhances arsenic-induced COX-2 expression in colorectal cancer cells
(A) Western blot analysis showing ethanol enhanced arsenic-induced COX-2 expression in 

HT29 cells occurs in dose dependent manner. (B) Ethanol enhances arsenic-induced COX-2 

expression in DLD1 and HCT116 cells. (C) Ethanol enhances arsenic-induced COX-2 

expression in HT29 cells in time dependent manner. (D) The luciferase-reported 

transcriptional activity of the COX-2 promoter in HT29 cells exposed to arsenic and ethanol, 

either alone or combination. (E) ELISA assay of PGE2 levels in culture medium from 

various colorectal cancer cell lines. (F) ELISA assay of TNFα levels in culture medium in 

different colorectal cancer cell lines. Columns are the mean from at least three replicates 

with the SE indicated (*, P<0.05 versus control).
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Figure 2. Ethanol enhances arsenic-induced NFAT signaling
(A) Arsenic and ethanol induced NFAT4 accumulation in HT29 cells. (B) NFAT and 

COX-2 levels decreased when treated with the NFAT inhibitor Cyclosporin A (CsA) in 

HT29 cells. (C) NFAT nuclear translocation increased in HT29 cells when exposed to 

arsenic and ethanol, either alone or combination. (D) Luciferase-reported NFAT 

transcriptional activity in HT29 cells exposed to arsenic and ethanol, either alone or 

combination. Columns are the mean from at least three replicates with the SE indicated (*, 

P<0.05 versus control).
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Figure 3. Ethanol enhances arsenic-induced NF-κB signaling
(A) Arsenic and ethanol induce IkBα protein level decreases in HT29 cells. (B) Mitigation 

of the COX-2 and IκB levels after treatment with an NF-κB inhibitor in HT29 cells. (C) 

Nuclear translocation of the NF-κB subunit p65 increased in HT 29 cells with exposure to 

arsenic and ethanol, either alone or combination. (D) Luciferase-reported NF-κB 

transcriptional activity in HT29 cells exposed to arsenic and ethanol, either alone or 

combination. Columns are the mean from at least three replicates with the SE indicated (*, 

P<0.05 versus control).
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Figure 4. Both NFAT4 and NF-κB signaling pathways contribute to COX-2
(A) Immunofluoresence staining of p65 (red) and NFAT4 (green) in HT29 cells exposed to 

arsenic and ethanol, either alone or combination. (B) Luciferase-reported COX-2 

transcriptional activity in HT29 cells treated with an NF-κB inhibitor (NF-κBi) and NFAT 

inhibitor (NFATi). Columns are the mean from at least three replicates with the SE indicated 

(*, P<0.05 versus control; #, P<0.05 versus combine exposure of As2.5μM and 0.4% EtOH).
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Figure 5. ROS/AKT signaling is activation
(A) Detection of hydrogen peroxide (H2O2) and superoxide anion (O2

•−) using the 

fluorescent dye 5-(and-6)-chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate ethyl 

ester (DCF, green) and dihydroethidium (DHE, red) respectively in HT29 cells. (B) Western 

blot analysis of the Akt signaling pathway. (C) Luciferase-reported COX-2 transcriptional 

activity in HT29 cells treated with catalase and SOD. Columns are the mean from at least 

three replicates with SE indicated (*, P<0.05 versus control; #, P<0.05 versus combine 

exposure of 2.5μM As and 0.4% EtOH).
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Figure 6. Ethanol enhances arsenic-induced COX-2 expression in vivo
Big Blue Mice were provided with arsenic and/or ethanol containing water for four weeks 

and colon tissues collected. (A) Western blot analysis of NFAT4 and COX-2 expression 

levels. (B) Immunohistochemical staining for COX-2 and NFAT4 expression in colonic 

tissue of mice co-treated with arsenic and ethanol. (C) Diagram of ethanol enhanced arsenic-

induced COX-2 expression via both NFAT and NF-κB signaling.
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