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Abstract 

4-Nonylphenol is a widely diffused and stable environmental contaminant, originating from the 

degradation of alkyl phenol ethoxylates, common surfactants employed in several industrial 

applications. Due to its hydrophobic feature, 4-nonylphenol can easily accumulate into living 

organisms, including humans, where it displays a wide range of toxic effects. Since the 

gastrointestinal tract represents the main route by which 4-nonylphenol enters into the body, 

intestine may be one of the first organs to be damaged by chronic exposure to this pollutant through 

the diet. With the present study, we aimed to investigate the effects of 4-nonylphenol on a human 

intestinal epithelial cell line (Caco-2 cells). We demonstrated that 4-nonylphenol was cytotoxic to 

cells, as revealed by a decrease of the cell number and the decrement of mitochondrial functionality 

after 24 h of treatment. 4-Nonylphenol also reduced the number of cells entering into S-phase and 

interfered with epidermal growth factor-signalling, with consequent negative effects on cell ability 

to survive. In addition, 4-nonylphenol induced apoptosis, involving the activation of caspase-3, and 

triggered an endoplasmic reticulum-stress response, as resulted from 78 kDa glucose-regulated 

protein over-expression and X-box binding protein-1 activation. Altogether, these findings support 

the hypothesis that prolonged exposure to 4-nonylphenol through the diet may lead to a local 

damage at the level of intestinal mucosa, with potential negative consequences for intestinal 

homeostasis and functionality.  

 

 

Key words: 4-nonylphenol; Caco-2 cells; apoptosis; cell proliferation; endoplasmic-reticulum 

stress; intestinal toxicity. 
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 Introduction 

Alkyl phenol ethoxylates are compounds widely used as non-ionic surfactants in several industrial 

applications. They are components of industrial or domestic cleaning products, present in shampoos 

and cosmetics, used as antioxidant for plastics and rubbers, and as antifogging in food-packaging 

polymers (Lorenc et al., 1992). They are also employed as additives in pesticides and lubricant oil. 

For their uses, alkyl phenol ethoxylates are commonly found in waste waters and sediments, where 

they are transformed by environmental microorganisms to more stable compounds, such as 4-

nonylphenol (4-NP)
1
 and short-chain NP ethoxylates (Soares et al., 2008). Due to its hydrophobic 

feature, 4-NP can easily be absorbed by living organisms, especially by water species, and 

accumulates mainly into adipose tissue, but also into some organs, where it can reach 

concentrations up to 1000-fold higher than those found in the environment. Several studies have 

reported toxic effects of 4-NP in invertebrates and in vertebrates (Hong and Lin, 2007; Jie et al., 

2013; Lagadic et al., 2007). Since 4-NP structure mimics estrogens, it has a relatively high affinity 

for estrogens receptors (Kuiper et al., 1998). As a consequence, 4-NP can induce estrogenic 

responses (Teresaka e al., 2006) and it has been recognized as a common endocrine-disrupter 

(Shanle and Xu, 2011), thus causing alteration of the reproductive biology and development 

abnormalities in amphibians and fishes (Capaldo et al., 2012; Mosconi et al., 2002; Popek et al., 

2006), as well as in mammals (Laws et al., 2000). In addition, a direct cytotoxicity of 4-NP has 

been observed, as it can affect survival and induce apoptosis in several cell and animal models 

(Jubendradass et al., 2012; Manente et al., 2011; Mao et al., 2008). 4-NP environmental 

contamination also causes human exposure, that may occur by dermal absorption, inhalation and 

overall ingestion of contaminated foods (mainly fish and vegetables) and water. Increasing 

evidences indicate that commonly consumed food, including those for childhood, contain high 4-NP 

concentrations (Ferrara et al., 2005; Guenther et al., 2002; Raecker et al., 2011). Consequently, 

dietary daily intake of 4-NP for adults has been estimated to be 7.5 g in a German study (Guenther 

et al., 2002) and even 30 g in a Chinese study (Lu et al., 2007). 4-NP has also been detected in 

human breast milk, giving a mean daily intake of 4-NP up to 2.2 g/Kg of body weight (Ademollo 

et al., 2008). Moreover, 4-NP has been shown to transfer across human placenta in an ex-vivo model 

of placental perfusion (Balakrishnan et al., 2011). Up to date, many studies have been conducted to 

investigate 4-NP toxicity on cell and tissue models which are relevant for human health 

(Bennasroune et al., 2012; Suen et al., 2012; Wada et al., 2007). However, the molecular 

mechanisms of 4-NP multiple effects have not been fully explored. Since gastrointestinal tract 

represents the main route of 4-NP uptake for humans, intestine may be one of the first organs to be 

damaged by 4-NP chronic exposure through the diet. With the present study, we investigated  the 



molecular mechanisms underlying the potential 4-NP toxicity for human intestine. To this aim, we 

monitored cell viability and proliferating ability of a human intestinal epithelial cell line in the 

presence of increasing concentrations of 4-NP. We also evaluated whether 4-NP was able to trigger 

an apoptotic response and a stress condition involving the endoplasmic reticulum (ER).  

Methods 

Cell culture and treatments  

Caco-2 cells were obtained from Interlab Cell Line Collection (Centro di Biotecnologie Avanzate, 

Genoa, Italy). Caco-2 cells were cultured in 100x10 mm Petri dishes containing Dulbecco’s 

modified Eagle’s medium supplemented with 10% (v/v) foetal bovine serum, 1% (v/v) non-

essential amino acids, 0.2 mM L-glutamine, 50 units/ml penicillin and 50 µg/ml streptomycin 

(Invitrogen SRL, Milan, Italy). Cells were maintained at 37°C in a 5% CO2, 95% air-humidified 

atmosphere and passaged twice a week. Stock solutions of 4-NP, etoposide (an apoptosis-inducer) 

and thapsigargin (THP) (an ER-stress inducer) were prepared in dimethylsulfoxide (DMSO) (all 

from Sigma-Aldrich, Milan, Italy). For each treatment, the final concentration of DMSO in the 

culture medium was 0.05%. For 4-NP, a dose-range of 1-100 M was generally used. Etoposide 

and THP were used at concentration of 0.5 mM and 1 M, respectively. The final amount of H2O2, 

used as positive control in viability assays, was 0.05%.  

Cell viability assays 

To assess cell viability in the presence of 4-NP, cells were seeded at the density of  5.0x10
4
/cm

2 
and 

cultured for 48 h, then treated with 4-NP at different concentrations for 24 h. Cells were harvested 

with trypsin/EDTA (Invitrogen), washed with phosphate-buffered saline (PBS) and counted by 

using a Burker haemocytometer. Before counting, cells were stained with Trypan blue dye (Sigma-

Aldrich) (diluted 1:1 with cell suspension) to detect the presence of dead cells. Cell viability was 

also determined by a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT) assay. The MTT 

assay is based on the enzymatic conversion of MTT in mitochondria (Mosmann, 1983). After 

incubation with 4-NP, 0.5 mg/mL MTT was added to cell medium and incubated for 3 h at 37°C to 

allow MTT to be metabolized. The resulting formazan crystals were dissolved in DMSO and 

absorbances were measured at 570 nm. 

S-phase entry assay  

The bromodeoxyuridine (BrdU) (Roche Diagnostics SpA, Monza, Italy) incorporation study was 

carried out as reported elsewhere (Caputo et al., 2010) with some modifications. Briefly, Caco-2 



cells were seeded on cover slips and, 48 h later, were challenged with different concentrations of 4-

NP for 18 h to analyse the effect of 4-NP on cell proliferation. In alternative, cells were starved by 

culturing in 0.1% serum-containing medium for 24 h, then were induced to proliferate by adding 

epidermal growth factor (EGF) 20 nM, in the absence or in the presence of different amounts of 4-

NP for 18 h. In both cases, 3 h before paraformaldehyde fixing and Triton X-100 permeabilizing, 

BrdU was added to the medium (final concentration, 100 M). BrdU incorporation was monitored 

by treating cells with an anti-BrdU antibody 1:100 (Invitrogen) and a secondary TRITC-conjugated 

antibody (Invitrogen) 1:100. Finally, cells were stained for 5 min with Hoechst (1 g/mL final in 

PBS) (Sigma-Aldrich) and mounted with Mowiol. The number of cells that entered into S-phase 

was expressed as the ratio between the number of cells incorporating BrdU and the total number of 

cells. Stained cells were observed with an AxioSkop 40 fluorescent microscope (Carl Zeiss 

MicroImaging, Inc.). Images were acquired with Axiocam MRc5 and processed with the 

Axiovision 4.2 software (Carl Zeiss MicroImaging Inc.). Over 300 cells in several fields were 

evaluated in each sample. 

Microscopic apoptosis detection 

To detect cell apoptosis, cells were seeded on glass cover slips and after 48 h were treated with 4-

NP 1 M and 10 M, or with etoposide, for further 24 h, then were stained with Hoechst as 

described for S-phase entry assay. The appearance of apoptotic condensed chromatin was detected 

by microscope observation as reported above. 

In alternative, a terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end 

labelling (TUNEL) assay was performed. A commercial TUNEL assay kit (Fragment End Labelling 

(FragEL™) DNA Fragmentation Detection Kits, Calbiochem) was used according to the 

manufacturer-provided protocol. Microscope observations were carried out as reported above. 

Caspase-3 assay 

We detected the caspase-3 activity by a colorimetric assay based on the hydrolysis of the synthetic 

tetrapeptide, acetyl-Asp-Glu-Val-Asp, labelled with p-nitroanilide (Sigma-Aldrich). Briefly, cells 

were cultured for 24 h with different amounts of 4-NP or with etoposide. After treatment, cells were 

harvested in PBS and lysates were prepared as described in the manufacturer's technical bulletin. 

Protein content of each lysate was determined by using the Bio-Rad protein assay, then 30 g of 

proteins were incubated for 2 h at 37°C in a reaction mixture containing the labelled substrate (50 

M). The release of p-nitroanilide was monitored by reading absorbance on a spectrophotometer at 

a wavelength of 405 nm.  



X-box binding protein-1 (XBP1) splicing 

Caco-2 cells were cultured for 48 h, then treated with different amounts of 4-NP, or alternatively 

with THP, for 60 min and 5 h. Total RNA was extracted with the Trizol-reagent (Invitrogen) 

according to the manufacturer’s instructions. The first-strand cDNA synthesis reaction was 

performed using the QuantiTech Reverse Transcription Kit (Qiagen) by using 1 μg of total RNA. 

The obtained cDNAs were used to detect the unspliced and the spliced form of XBP1 by PCR. 

Primers for human XBP1 were: upper, 5’-CCTGGTTGCTGAAGAGGAGG-3’; lower, 5’-

CCATGGGGAGATGTTCTGGAG-3’. They were used at 500 nM each. PCR reactions were run on 

a MyCycler™ Thermal Cycler System (Bio-Rad) for 29 cycles with heating at 94°C for 30 sec, 

followed by annealing at 60°C for 30 sec and polymerization at 72°C for 60 sec. For amplification 

of the housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH) we used the 

following primers: upper, 5′-TTCAACAGCGACACCCACTG-3′; lower, 5′- 

CACCCTGTTGCTGTAGCCA-3′. PCR reactions were performed for 26 cycles with heating at 

94°C for 30 sec, followed by annealing at 65°C for 45 sec and polymerization at 72°C for 2 min. 

Reactions from XBP1 and GAPDH amplification were run on 2% and 1% agarose gels, 

respectively, and visualized by ethidium bromide staining under UV excitation.  

Real-time RT-PCR for analysis of  78 kDa glucose-regulated protein (GRP78) expression 

Caco-2 cells were cultured for 48 h, then treated with different amounts of 4-NP, or alternatively 

with THP, for 5 h. RNA extraction and cDNA synthesis were performed as described above. The 

obtained cDNAs were used to amplify human GRP78 transcripts with the following primers: upper, 

5′-CTGGGTACATTTGATCTGACTGG-3′, lower, 5′-GCATCCTGGTGGCTTTCCAGCCATTC-

3′. The concentration of mRNA was normalized to the concentration of the transcript for GAPDH, 

which was amplified with the same primers already used for conventional PCR. For amplification 

with the real-time PCR, cDNA samples were analyzed in triplicate with the iQ
TM

 SYBR Green 

Supermix (Bio-Rad Laboratories, Milan, Italy) and using the iQ
TM

 5 Multicolor Real Time PCR 

Detection System (Bio-Rad Laboratories). PCR reactions were performed with 250 nM of each 

primer and 10 μl of SYBR Green Supermix, in a total volume of 20 μl. The PCR program started 

with 3 min of incubation at 95°C, followed by 40 cycles of 15 sec at 95°C, 15 sec at 60°C, and 20 

sec at 72°C. 

Western blot analyses 

For the detection of the phosphorylated form of extracellular signal-regulated kinase (p-ERK), cells 

were first cultured with 0.1% serum-containing medium for 24 h, then treated with 4-NP 25 M for 



25 min, and with EGF 20 nM for the following 5 min. At the end of the treatment, cell were washed 

with PBS and mechanically harvested in lysis buffer consisting of 50 mM Tris-HCl, pH 7.5, 150 

mM NaCl, 1 mM EDTA, 5 mM MgCl2, 0.1% sodium dodecyl sulphate, 1% Triton X-100, 1 mM 

ortovanadate, 2 mM PMSF, 10 mM NaF and inhibitors cocktail (Sigma-Aldrich). After 30 min of 

incubation on ice, cell extracts were centrifuged at 12,000 g for 30 min at 4°C, to remove cell 

debris, then 75 µg of total proteins were separated by 12% sodium dodecyl sulphate-polyacrylamide 

gel electrophoresis and electrotransferred to a PVDF membrane. The blots were treated with 5% 

skim milk in PBS for 30 min, then incubated overnight at 4°C with a mouse anti-p-ERK 

monoclonal antibody (clone E4, 1:1,000; Santa Cruz, CA, USA). After washing, the blots were 

incubated for 1 h at room temperature with an anti-mouse-peroxidase secondary antibody 

(1:10,000; Bio-Rad Laboratories). Total ERK was detected on same blots using a rabbit anti-ERK 

polyclonal antibody (clone K23, 1:1000; Santa Cruz) and a rabbit-peroxidase secondary antibody 

(1:10,000; Bio-Rad Laboratories). Immunocomplexes were revealed using a chemiluminescence 

detection kit (Euroclone) according to the manufacturer’s instructions. To detect GRP78 protein 

expression, cells were treated for 24 or 72 h with different amounts of 4-NP, or with THP, then cell 

lysates were prepared and western blot analysis was performed as previously described (Caputo et 

al., 2012). GRP78 protein was detected by using a rabbit anti-GRP78 polyclonal antibody (H-129, 

1:1000; Santa Cruz). For normalization, a mouse anti-GAPDH antibody (Santa Cruz) was used. 

Statistics
 

All data were expressed as mean ± SD; statistical analysis was performed by using the Student’s t 

test. In all experiments, differences were considered to be statistically significant at p<0.05. 

 

Results  

4-NP affected cell viability 

We performed viability assays on Caco-2 cells to assess 4-NP toxicity to intestinal epithelium. We 

observed that 4-NP dose-dependently reduced the number of living cells in the range 10-100 M, 

with about 60% of reduction at 100 M (Figure 1A). Additionally, 4-NP caused a significant 

increase of cell necrosis, evaluated by counting cells stained by the Trypan blue dye; indeed, we 

found 5.3±1.1%, 11.6±7.4% and 19.6±5.0% of dead cells, with respect to total cells, after treatment 

with 10, 50 and 100 M of 4-NP, respectively. The toxic effect of 4-NP was also confirmed by an 

MTT assay. We found that 4-NP induced a significant reduction of the mitochondrial activity 

already at concentration of 1 M, while at concentration of 100 M the reduction was more than 



50% (Figure 1B). As expected, the cytotoxic agent H2O2, used as positive control, induced a 

decrease of cell viability over 90%.  

 4-NP interfered with proliferative signals 

Since we observed a reduced number of viable cells after 4-NP treatment, we decided to investigate 

whether 4-NP could also affect cell cycle progression and interfere with proliferative signals. By 

performing an S-phase entry assay, we found that 4-NP slightly, but significantly, reduced the 

number of cells incorporating BrdU (Figure 2A). The effect was not dose-dependent as we observed  

similar effects when 4-NP was used at 1, 10, or 25 M. However, these experiments indicated that 

even low doses of 4-NP were able to decrease the proliferating ability of intestinal cells. To further 

investigate whether 4-NP was able to interfere with proliferative signals, cells were first treated 

with 0.1% serum-containing medium, to reduce the number of proliferating cells, then cells were 

induced to proliferate by adding EGF, in the absence or in the presence of 4-NP. As expected, EGF 

strongly stimulated cells to incorporate BrdU, but in the presence of 4-NP the ability of EGF to 

induce cells into S-phase was drastically reduced, also at low concentrations of 4-NP (Figure 2B).  

4-NP reduced EGF-induced ERK-phosphorylation 

Being ERK a downstream effector of EGF signalling, whose phosphorylation level rapidly 

increases after EGF stimulation, we analyzed the effect of 4-NP on EGF-induced ERK 

phosphorylation. In cells cultured with 0.1% serum-containing medium, EGF induced a marked 

increase of the level of p-ERK, as expected (Figure 3A and B). We also observed that the vehicle 

(DMSO 0.05%) caused a slight effect on basal ERK phosphorylation and also a slight but 

significant reduction of EGF-induced ERK phosphorylation, while 4-NP by itself did not cause any 

significant variation of ERK phosphorylation with respect to the untreated sample (Figure 3A and 

B). Interestingly, when we performed a brief pre-treatment with 25 M 4-NP before adding EGF, 

we observed a remarkable reduction of ERK phosphorylation with respect to the level of 

phosphorylation due to EGF plus vehicle. Densitometric analyses showed that such a reduction was 

about three-fold (Figure 3A and B). These findings indicated that 4-NP interfered, at some level, 

with EGF-induced signalling, and confirmed the ability of 4-NP to reduce the effect of a 

proliferative stimulus. 

Exposure to 4-NP induced apoptosis 

It has been reported that 4-NP could trigger an apoptotic program in different cells and tissues 

(Jubendradass et al., 2012; Manente et al., 2011; Mao et al., 2008). We investigated whether human 



intestinal epithelial cells could be sensible to induction of apoptosis after exposure to different 

concentrations of 4-NP for 24 h. By treating cells with etoposide, a well-known apoptosis-inducer, a 

number of apoptotic nuclei were evident after Hoechst staining. Similarly, when we treated cells 

with 1 and 10 M 4-NP for 24 h, we observed the appearance of compact chromatin typical of 

apoptotic morphology in several microscopic fields (Figure 4A). We also performed a TUNEL 

assay to detect the occurrence of DNA fragmentation. We observed that both 1 M and 10 M 4-

NP, as well as etoposide, induced a similar staining pattern (Figure 4B). Finally, to obtain a 

quantitative measure of the occurrence of apoptosis, we performed a caspase-3 assay to detect the 

biochemical activation of the apoptosis program. Indeed, the active form of caspase-3 is a crucial 

mediator of apoptosis (Porter and Jänicke,1999). As shown in figure 5, treatments with 4-NP for 24 

h induced a dose-dependent effect on caspase-3 activity which reached a two-fold increase, with 

respect to basal activity, in cells treated with 50 M of 4-NP. Etoposide was used as positive control 

in these experiments and caused an almost three-fold increase, with respect to basal activity.  

4-NP induced ER-stress 

Literature data indicated that 4-NP was able to mobilize calcium ions from ER, thus inducing an 

ER-stress response and lastly the activation of apoptosis program in rat neuronal and testicular cells 

(Gong et al., 2009; Kusunoki et al., 2007). We investigated whether treatments with 4-NP also 

induced ER-stress in Caco-2 cells. To this aim, we monitored the appearance of a well known ER-

stress marker, i.e. the spliced form of XBP1 (Chakrabarti et al., 2011). When we treated cells with 

4-NP for 60 min, we observed the appearance of the spliced form of XBP1, already at the 

concentration of 10 M (Figure 6). The intensity of the band of the spliced form increased at higher 

concentration of 4-NP. In these experiments the ER-stress inducer THP served as positive control. 

XBP1 splicing was not a transient event, as we also found the spliced form of XBP1 after 5 h of 

treatment with 4-NP (data not shown).  

We also evaluated whether 4-NP was able to induce an increase of GRP78 expression, being 

GRP78 an ER-resident chaperon whose expression is strongly increased during the unfolded protein 

response (UPR) triggered to resolve ER-stress (Lee, 2001). We performed a semi-quantitative 

analysis of the expression of GRP78 gene by real time RT-PCR. We found that treatments for 5 h 

with 10 M 4-NP induced a two-fold increase of GRP78 mRNA expression, while at a higher 4-NP 

concentration (100 M) we observed almost a 10-fold increase with respect to untreated or vehicle-

treated cells (Figure 7). As expected, THP caused a 20-fold increase of GRP78 expression with 

respect to untreated cells. To confirm that 4-NP induced GRP78 expression, we analyzed GRP78 

protein level by western blot on lysates obtained from cells treated with 4-NP for 24 and 72 h 



(Figure 8A and B). We found a significant increase of GRP78 protein level after 24 h of treatments 

with 4-NP 50 and 100 M. We observed a significant increase of the protein level also at 4-NP 10 

and 25 M after longer treatments (72 h), indicating that prolonged stimuli with 4-NP determined 

the persistence of the ER-stress response. As expected, THP induced a marked increase of GRP78 

protein level already at 24 h of stimulation (Figure 8A). 

Discussion 

Several recent works have demonstrated that the exposure to the ubiquitous pollutant 4-NP could 

display a wide range of harmful effects on human health. Indeed, it may enhance the allergic 

response (Suen et al., 2012) and interfere with immune function (Bennasroune et al., 2012). It may 

contribute to the induction of metabolic syndrome (Wada et al., 2007) and may also affect male 

fertility (Lagos-Cabrè and Moreno, 2012) and pregnancy (Bechi et al., 2013). Moreover, since 4-NP 

displays a low estrogenic activity, it may potentially affect the development of hormone-dependent 

breast cancer (Recchia et al., 2004). 

Even if the gastrointestinal tract represents the main route by which 4-NP enters into the body, up to 

date only few studies have been conducted on intestinal study models. It has been suggested that 

also low daily ingested doses of 4-NP may represent a risk for gut homeostasis because 4-NP tends 

to accumulate in gastrointestinal tissues. To this regard, available data on mammals are relative to 

studies on metabolism and dynamics of elimination of 4-NP in rat intestine. Daidoji et al. (2006) 

showed that, after oral administration of 4-NP, a high level of glucuronidated 4-NP was found in rat 

intestine. Moreover, they found that both 4-NP and its glucuronide were poorly excreted and 

persisted for long periods in the gastrointestinal tissue, leading to accumulation and subsequent 

release to other organs (Daidoji et al., 2006). Another important aspect to consider is the potential 

damaging effect that 4-NP may exert on probiotics normally hosted in the human gastrointestinal 

tract and important for its functionality. Regarding this, a recent study demonstrated that 4-NP dose-

dependently inhibited growth of  Lactobacillus acidophilus and Bifidobacterium bifidum, thus being 

able to interfere with normal intestinal microbiota and potentially contribute to an increased 

incidence of gastrointestinal disorders (Hsu et al., 2009). 

Previous studies on differentiated Caco-2 cells, a human intestinal epithelial cell line considered a 

good in vitro model of human enterocytes (Meunier et al., 1995), indicated that 4-NP was able to 

affect cell barrier function. Indeed, treatments with low concentrations of 4-NP reversibly opened 

tight junctions and reduced transepithelial electrical resistance values of cell monolayers (Doo et al., 

2005). Such effects became irreversible when treatment with 4-NP reached 72 h (Doo et al., 2005). 

A proteomic study showed that Caco-2 cells treated with 4-NP for 6 days over expressed proteins 



(i.e. peroxiredoxin-1, glutathione S-transferase A2, galectin-3), which are possibly involved in the 

protective response towards toxic agents (Isoda et al., 2006). Finally, a recent study reported that 

low doses of 4-NP induced a pro-inflammatory response in the intestinal COLO320DM cell line 

(Kim et al., 2014).  

Here we report findings about the toxic effect of 4-NP in undifferentiated Caco-2 cells, i.e. cells 

cultured for few days before treatments. At this stage, Caco-2 cells resemble intestinal crypt 

epithelial cells (Grasset et al., 1984), thus representing a suitable model to study cell growth and 

viability. We demonstrated that 4-NP was cytotoxic at relatively low concentrations. Indeed, we 

observed a reduction of cell number after 24 h of treatment already in the presence of 4-NP 10 M 

and a decrement of mitochondrial functionality already in the presence of 4-NP 1 M. Cytotoxic 

effect of 4-NP partly implied cell death through necrosis and partly was responsible of the induction 

of the apoptosis program, as revealed by the appearance of typical apoptotic condensed nuclei and 

DNA fragmentation in cells treated with low doses of 4-NP. The analyses of caspase-3 activation 

revealed that 50 M 4-NP induced an about two-fold increase of caspase-3 basal activity, thus 

confirming the occurrence of the apoptotic program.  

Some studies have established that 4-NP-induced apoptosis was mediated by an ER-stress response 

(Gong et al., 2009; Kusunoki et al., 2007). This effect seemed to be related to 4-NP ability to block 

the ER calcium pumps, which normally removes calcium from cytoplasm, thus depleting calcium 

from ER (Gong et al., 2009; Hughes et al., 2000). The consequent ER dysfunction can lead to 

protein misfolding and ER-stress, that in turn triggers a series of signalling and transcriptional 

events known as UPR. The UPR attempts to restore homeostasis in the ER but, if unsuccessful, can 

trigger apoptosis in the stressed cells (Chakrabarti and Chen, 2011). We found that Caco-2 cells 

treated with 4-NP for 1 and 5 h showed the presence of the spliced and active form of XBP1, 

indicating that an UPR program has been triggered. To confirm the occurrence of the UPR-induced 

by 4-NP, we monitored the expression level of GRP78. Both GRP78 gene expression and protein 

level were up-regulated after 24 h of treatment. The protein level was further increased after 72 h of 

treatment, indicating the persistence of the ER-stress response when cells were exposed to 4-NP for 

prolonged time. 

Literature data indicated that 4-NP is not only cytotoxic but it can also affect cell growth by 

reducing cell proliferating rate (Kudo et al., 2004; Manente et al., 2011; Qi et al., 2013). We 

observed this phenomenon in Caco-2 cells, too. By performing an S-phase entry assay we found 

that 4-NP slightly but significantly reduced the number of Caco-2 cells progressing into the cell 

cycle. We also demonstrated that 4-NP was able to reduce the proliferative effect induced by EGF, 

as well as to prevent the EGF-induced activation of ERK, a specific intracellular EGF effector. 



Similarly, in a model of neuronal cells, 4-NP was able to reduce the nerve growth factor-induced 

ERK-phosphorylation (Kusunoki et al., 2008). Interestingly, the ability of 4-NP to derange growth 

factor  signalling could consequently attenuate cell survival and promote the intrinsic apoptotic 

pathway (Allan and Clarke, 2009).  

 

Conclusions 

In conclusion, we demonstrated that 4-NP negatively affect cell viability and surviving of human 

intestinal cells, inducing cell death and ER-stress, as well as a down-regulation of the proliferative 

pathway. Altogether, our data delineate a scenario in which chronic exposure to 4-NP, due to the 

consumption of contaminated food or water, may lead to a local damage to cells of intestinal 

mucosa, with still unknown and potentially harmful consequences for human health.  

 

1
Abbreviations 

4-NP, 4-nonylphenol; ER, endoplasmic reticulum; THP, thapsigargin; DMSO, dimethylsulfoxide; 

MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium; EGF, epidermal growth factor; BrdU, 
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Legend to figures 

Figure 1 - Effect of 4-NP on cells viability (A). Percent of decrease of living cells as a 

consequence of 4-NP treatments (dose range 1-100 M) for 24 h. (B) Percent of reduction of cell 

viability measured by the MTT assay performed on cells treated with 4-NP (dose range 1-100 M) 

for 24 h. H2O2 represented the positive control. Data were reported as mean ± SD of three 

independent experiments. *p<0.05 vs. untreated and DMSO-treated cells. 

Figure 2 - Effect of the treatment with 4-NP on BrdU incorporation by Caco-2 cells (A) 

Reduction of BrdU incorporation by cells cultured for 18 h in the presence of 1, 10 and 25 M 4-

NP. (B) Dose-dependent inhibition of EGF-induced BrdU incorporation by cells cultured for 18 h in 

the presence of 1, 10 and 25 M 4-NP. Data were expressed as mean ± SD of three independent 

experiments. *p<0.05 vs. untreated and DMSO-treated cells. Inserts are representative microscopic 

fields, x40, of nuclei stained with Hoechst (up) and with TRITC-conjugated anti-BrdU antibody 

(down), showing the effect of treatment with EGF plus 25 M 4-NP.  

Figure 3 - Effect of 4-NP on ERK phosphorylation. (A) Western blot analyses on total proteins 

(75 g), stained by ERK or p-ERK antibodies, showed an increase of ERK phosphorylation after 5 

min of EGF treatment (with or without vehicle) and a less pronounced increase after 5 min of EGF 

treatment in the presence of 4-NP 25 M. The blot was representative of three independent 

experiments. The appearance of two bands is relative to the presence of two closely related kinases, 

ERK 1 (upper) and ERK 2 (lower). (B) Densitometric analysis (mean of three independent western 

blot experiments) of p-ERK level. The analysis was performed on ERK 2 bands. The amount of p-

ERK was normalized to the amount of total ERK. *p<0.05 relative to EGF/DMSO vs. EGF. 

**p<0.05 relative to EGF/25 M 4-NP vs. EGF/DMSO. 

Figure 4 - Visualization of cell apoptosis induced by 4-NP. (A) Microscopic visualization, x40 

with oil, of representative Hoechst stained nuclei of Caco-2 cells treated with 1 and 10 M 4-NP. 

White arrows indicated nuclei in which apoptotic morphology was evident. (B) Representative 

microscopic images, x40, concerning the TUNEL assay on Caco-2 cells treated with 1 and 10 M 

4-NP for 24 h. Black arrows indicated nuclei in which DNA fragmentation was present. Both in (A) 

and (B), etoposide was used as positive control.  

Figure 5 - Caspase-3 activity in cells treated with 4-NP. Dose-dependent activation of caspase-3 

activity in the presence of 4-NP, quantified using a colorimetric assay after 24 h of treatment. 

Etoposide was used as positive control. Results were expressed as mean ± SD of three independent 

experiments. *p<0.05 vs. untreated and DMSO-treated cells. 



Figure 6 - Induction of XBP1 splicing in cells treated with 4-NP. Treatments with 4-NP 10, 50 

and 100 M for 1 h induced the appearance of the spliced form of XBP1 on a 2% agarose gel 

stained with ethidium bromide. cDNA amplification of the house-keeping gene GAPDH was also 

shown. 

Figure 7 - Analysis of 4-NP-induced GRP78 gene expression in Caco-2 cells. Semi-quantitative 

analysis of GRP78 mRNA by real-time RT-PCR after 5 h of treatment with 4-NP 10, 50, and 100 

M or with THP. The amount of mRNA of GRP78 was normalized to that of GAPDH. Values are 

the mean ± SD of three independent experiments. *p<0.05 vs. untreated and DMSO-treated cells. 

Figure 8 - Analysis of 4-NP-induced GRP78 protein expression in Caco-2 cells. (A) Western 

blot analyses on total proteins (75 g) of GRP78 protein level after 24 and 72 h of treatment with 

increasing amounts of 4-NP. Cells were exposed to THP for 24 h only. The blots shown were 

representative of three independent experiments. (B) Densitometric analysis of protein levels after 

24 and 72 h of treatments. The amount of GRP78 is normalized to that of GAPDH. Values are the 

mean ± SD of three independent experiments. *p<0.05 vs. DMSO-treated cells. 
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