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 Abstract: Background: Human autoimmune diseases are caused by a variety of factors, such as 
environmental chemicals, including para-nonylphenol. Macrophages play many critical roles in the 
regulation of immunity and the progression of autoimmune diseases. However, little information is 
available regarding the effects of para-nonylphenol on cellular signaling pathways and the death of these 
cells in vitro. Here, we show that very high concentrations of para-nonylphenol (50-100 µM) induce 
apoptosis in U937 human monocyte leukemia cells in a dose-dependent manner. 
Methods: Cell viability was judged using the trypan blue exclusion method. FACS analysis for DNA 
fragmentation was conducted, cellular signaling pathways were evaluated using western blot analysis, and 
caspase activity was measured by using substrates. U937 cells were differentiated by PMA. 
Results: Treatment with > 50 µM para-nonylphenol induced apoptosis in U937 monocyte cells and MCF-
7 and MDA-MB231 human breast cancer cells. We found cytochrome c release from the mitochondria to 
the cytoplasm, DNA fragmentation, and decreased expression of anti-apoptotic protein Bcl-XL. Caspase 3 
and 9 were induced, but caspase 1 and 3-inhibitor treatment suppressed apoptosis. Para-nonylphenol 
decreased the levels of activated AKT and increased the levels of activated JNK/SAPK at 15 min after 
treatment. Furthermore, with PMA treatment, U937 cells were differentiated into a macrophage-like 
phenotype and showed attenuated cell death against para-nonylphenol. 
Conclusion: As this assay system is simple and rapid, it may represent a useful artificial tool to clarify the 
signaling pathways of apoptotic cell death in human monocytes in vitro. 

Keywords: AKT, Bcl-XL, bisphenol A, caspase, cytochrome c, JNK/SAPK. 

1. INTRODUCTION 

 Environmental chemicals can disrupt the endocrine 
functions of various organs in humans, including the 
reproductive system, by mimicking steroid hormones [1]. 
Thus, research into the effects of these chemicals in the 
environment, known in Japan as “environmental hormones,” 
has expanded [2]. Furthermore, many reports suggest that 
these chemicals show adverse effects on the immune system 
and cause autoimmune diseases. According to the Japanese 
Environment Agency, 67 chemical compounds, such as 
dioxins, polychlorinated biphenyl compounds, and organic 
tin compounds, are currently suspected of mimicking 
naturally occurring sex hormones [3], and the Ministry of the 
Environment of Japan has introduced strict regulations for 
the environmental standards of these chemicals, such as 
maximum concentrations in rivers. Para-nonylphenol is one  
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of these chemicals. Alkylphenols, which are used widely as 
surfactants in plastics, are degraded to para-nonylphenol. 
 Activated monocytes differentiate into mature macro- 
phages. Stimulation by invading microbes and T-cell derived 
cytokines leads to classical macrophage activation and the 
production of cytokines, such as IL-1β, IL-6, IL-13, TNF-α, 
and nitric oxide (NO). Monocytes, which differentiate from 
bone marrow hematopoietic stem cells, are heterogeneous 
circulating blood cells that are recruited to the site of 
inflammation and adhere to extracellular matrix molecules 
and other immune cells via CD44 [4]. The interaction between 
cells and the extracellular matrix is critical for normal 
development, wound healing, inflammation, cell proliferation, 
differentiation, and even cancer metastasis. Due to the 
limited availability of primary tissue macrophages, monocyte-
leukemia cell lines, such as U937 cells, are used as a model 
of macrophages. U937 cells can be sensitized to death 
receptor-mediated apoptosis by treatment with interferon-γ 
[5]. Furthermore, PMA exposure induces U937 cells to 
differentiate into a macrophage-like phenotype that adheres 
to endothelial cells via cell surface receptors, such as 
integrins, ICAM-1, and CD11a, and decreases CD45 
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expression [6]. Macrophages can be polarized into two types: 
M1 and M2 macrophages. Crosstalk between Th1 cells 
induces M1-polarized macrophages, and helper T cells type 
2 (Th2) induce M2-polarized macrophages; each of these 
cells has a critical role in immunity [7]. 
 Several reports have already suggested that para-
nonylphenol (4-nonylphenol) is responsible for the patho- 
genesis of autoimmune diseases, such as inflammatory bowel 
disease, as macrophages produce a variety of cytokines [8, 9] 
that regulate the immune system through the activation of T 
and B cells. Furthermore, low doses of endocrine disrupters 
(environmental chemicals) reportedly act in ways that are 
totally unpredicted by traditional toxicological approaches 
[10, 11]. 
 However, only a few reports have documented the influence 
of environmental chemicals at very high concentrations. 
Environmental chemicals can become concentrated in 
organisms at several hundred thousand times their normal 
environmental level through the process of bioaccumulation. 
In addition, apoptotic cell death has important roles for the 
immune response as well as for other physiological 
processes, and cell biological analysis of the signaling 
pathways related to this phenomenon in U937 monocyte 
leukemia cells following exposure to para-nonylphenol in 
vitro have not been well documented. 
 In the present study, we conducted cell biological 
analysis of the effects of very high concentrations of para-
nonylphenol (50-100 µM) used to induce apoptosis in U937 
human monocyte leukemia cells in vitro and show the 
detailed mechanism related to this physiological phenomenon. 
In addition, we investigated the effects of para-nonylphenol 
on cell death using human breast cancer cell lines (estrogen 
receptor-positive MCF-7 cells and negative MDA-MB231 
cells). Furthermore, we investigated the effects of para-
nonylphenol on PMA-differentiated macrophage-like U937 
cells. 

2. MATERIALS AND METHOD 

2.1. Materials 
 Cell culture media (RPMI 1640 and DMEM) with phenol 
red and L-glutamine, trypan blue solution, and PMA were 
obtained from Sigma (Tokyo, Japan). Para-nonylphenol was 
obtained from Kanto Chemicals Co., Ltd. (Tokyo, Japan) 
and diluted with DMSO and then RPMI 1640 (U937) or 
DMEM (MCF-7 and MDA-MB231) to the final concentration 
as described previously [1]. Fetal calf serum was obtained 
from JRH Biosciences (Lenexa, KS, USA). 

2.2. Cells and Treatment of Cells with Para-nonylphenol 
 U937 human monocyte leukemia cells (Japan Health 
Science Foundation, Tokyo, Japan) were grown in 
suspension in RPMI 1640 supplemented with 10% (v/v) FCS 
in an atmosphere of 95% air and 5% CO2 at 37°C. MCF-7 
and MDA-MB231 human breast cancer cells (maintained in 
our laboratory) were grown in DMEM at the same condition. 
To ensure exponential growth, the cells were suspended in 
20 mL fresh medium at a density of 1.0 × 107 cells in 100-
mm culture dishes, and this condition was used as a control 

condition. At the indicated times after adding para-
nonylphenol, the cells were harvested and centrifuged at  
250 × g for 5 min at 4°C. The cell pellets were used for cell 
counting, cell fractionation, preparation of cell lysate, and 
FACS analysis. Cell viability was judged using the trypan 
blue exclusion method. Briefly, the cells were mixed with 
0.4% trypan blue 1:1 and viable cells were counted using a 
hemocytometer. 

2.3. Cell Differentiation Induction by PMA 
 Cell differentiation of U937 cells was induced in the 
presence of 24 nM PMA for 72 h in accordance with the 
previously reported protocol [12]. Then, adherent PMA-
differentiated cells were cultured in PMA-free medium. 
After PMA treatment, adherent cells were harvested using a 
cell scraper to measure cell viability and for para-
nonylphenol treatment. 

2.4. Cell Fractionation and Preparation of Cell Lysate 
 To obtain the non-mitochondrial cytoplasm (S100) 
fraction, the cells were suspended in cold buffer A (250 mM 
sucrose, 0.1 mM EDTA, 3 mM Tris-HCl pH 7.4-7.5) and 
homogenized. The nuclei and unlysed organelles were 
pelleted by centrifugation at 7500 × g for 10 min at 4°C. 
Whole cell lysates were prepared by lysing the cells with a 
sonicator in sonication buffer (10 mM EDTA, 40 mM Tris-
HCl pH 7.4) in the presence of a protein inhibitor (Wako, 
Tokyo, Japan). Protein concentration was measured using a 
Bio-Rad DC Protein Assay Kit (Bio-Rad, Tokyo, Japan). 

2.5. FACS Analysis 
 The cells were harvested, washed twice with PBS, and 
1.0 × 107 cells were suspended in 1 mL PBS. The cells were 
fixed by adding 2 mL of 70% cold ethanol and leaving them 
at 4°C overnight. The cells were suspended in 0.2 mL PBS 
containing 0.5 mg/mL propidium iodide (PI). Then, the cells 
were washed and suspended in PBS for FACS analysis using 
an EPICS analyzer (Beckman Coulter, Brea, CA, USA). PI 
fluorescence was assessed using the FL-3 channel. 

2.6. Two-dimensional Electrophoresis 
 First, the proteins were separated according to their charge 
by using isoelectric focusing (IEF) and then according to 
their size using SDS-PAGE. Briefly, lysates from para-
nonylphenol treated and non-treated U937 cells were 
separated by the IEF method using ImmobilineTM DryStrip 
pH 3–10, 7-cm gels (Amersham Bioscience, Tokyo, Japan). IEF 
was run at 1000 V for 18 h. After first-dimension IEF, the 
DryStrip gels were loaded onto a 10% SDS-polyacrylamide 
gel to conduct electrophoresis in the second dimension at 20 
mA for 2 h. Proteins were visualized by silver staining. 

2.7. Western Blot Analysis 

 Samples (100 µg per lane: without description) were 
loaded onto a 10% SDS-polyacrylamide gel. Separated 
proteins were transferred to a Hybond-c extra nitrocellulose 
membrane (Amersham Life Science, Tokyo, Japan). Each 
membrane was blocked with 2% skimmed milk, washed 3 
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times, and then probed with the following antibodies: anti-
cytochrome c (BD-Pharmingen, San Jose, CA, USA); anti-
Bcl-2, anti-Bcl-XL, anti-phosphorylated-SAPK/JNK, anti-
SAPK/JNK, anti-phosphorylated-AKT, anti-AKT, and anti-
β-actin (Santa Cruz Biotechnology, Santa Cruz, CA, USA); 
and anti-phosphorylated-ERK (p42/p44) MAP kinase (Cell 
Signaling Technology, Beverly, MA, USA). Bands were 
developed using a PhototopeTM-HRP Detection Kit (Cell 
Signaling Technology) and captured on Polapan 667 instant 
pack film (Polaroid, Tokyo, Japan) or measured with an 
LAS-1000 mini imager (Fujifilm, Tokyo, Japan). β-Actin 
was used as a loading control. The pictures were scanned, 
the images were processed with Adobe Photoshop, and 
protein quantities were analyzed with ImageJ. 

2.8. Caspase Activity 

 Caspase 1, 3, and 9 activity was measured in para-
nonylphenol-treated cell lysates as described previously [13]. 
Briefly, 10 µg of the cell lysates were added to 96-well 
microtiter plates with 50 µL reaction buffer (1% NP-40,  
20 mM Tris-HCl, pH 7.5, 137 mM NaCl, 10% glycerol)  
with 5 mM caspase 1, 3, and 9 substrate (MOCAc-Tyr-Val-
Ala-Asp-Ala-Pro-Lys[Dnp]-NH2, MOCAc-Asp-Glu-Val-Asp-
Ala-Pro-Lys[Dnp]-NH2, and Ac-Leu-Glu-His-Asp-MCA, 
respectively), and incubated at 37°C for 1 h. Then, the 
reaction was measured by absorbance at OD 450 nm with a 
spectrophotometer. Increased caspase activity was measured 
with the activity in the control condition (0 h) defined as 1-fold. 

2.9. Caspase Inhibition Assay 

 A caspase inhibition assay was conducted by pre-
incubation with 20 µM caspase 1 or 3 inhibitor (Ac-Tyr- 
Val-Ala-Asp-MCA and MOCAc-Asp-Glu-Val-Asp-Ala-Pro-
Lys[Dnp]-NH2, respectively) dissolved in DMSO for 2 h and 
then followed by treatment with 100 µM para-nonylphenol 
for 1 h, and cell viability was assessed. 

2.10. Statistical Analysis 

 Student’s t-test was used to evaluate the significance  
of differences in the experimental results, with P-values  
< 0.005 considered to be statistically significant. 

3. RESULTS 

3.1. Para-nonylphenol Treatment Induces Apoptotic Cell 
Death 

 A previous study suggested that environmental chemicals 
that modulate cellular signaling pathways are causally linked 
to adverse health effects in humans. For example, bisphenol 
A and para-nonylphenol bind to estrogen receptors and 
induce the activation of estrogen-responsive genes and cell 
proliferation [14, 15]. Therefore, to elucidate whether these 
chemicals induce apoptotic cell death, we evaluated their 
effects at much higher concentrations in several human cell 
lines in vitro. As shown previously, we excluded the 
possibility of a cellular effect of DMSO in this experiment 
[1]. Therefore, we used the normal culture condition as a 
control. Exposure of MCF-7 and MDA-MB231 breast cancer 

cells, which are used commonly to evaluate the effects of 
environmental chemicals, to para-nonylphenol (100 µM) 
decreased their viability (Fig. 1A). The viability of MDA-
MB231 cells treated with bisphenol A (100 µM) was 
decreased with a slightly weaker effect than that of para-
nonylphenol. MCF-7 cells are estrogen receptor-positive, 
while MDA-MB231 cells are negative. Apoptotic cell death 
was induced in both of these breast cancer cell lines. In 
MDA-MB231 cells, para-nonylphenol induced a higher ratio 
of cell death than in MCF-7 cells. Then, U937 monocyte 
leukemia cells were treated with various concentrations (10, 
50, and 100 µM) of para-nonylphenol to induce apoptotic 
cell death (Fig. 1B). Cell death was observed in U937 cells 
following para-nonylphenol treatment in a dose-dependent 
manner. With para-nonylphenol (100 µM) treatment, acute 
cell death was induced in U937 cells. At this concentration, 
the survival ratio was 65% at 1 h, 37% at 3 h, 22% at 6 h, 
and almost all cells were dead at 12 h. With para-
nonylphenol (50 µM) treatment, the survival ratio was 94% 
at 1 h, 90% at 3 h, 85% at 6 h, and 9% at 12 h. However, 
with para-nonylphenol (10 μM) treatment, cell viability was 
maintained at approximately 85%, even after treatment for 
24 h. Thus, in this experimental condition, apoptosis was 
induced during the treatment with 50 µM of para-
nonylphenol. Statistical analysis indicated that there was a 
significant difference in cell viability (p < 0.0001). 
Furthermore, FACS analysis of PI-stained U937 cells 
showed time-dependent DNA fragmentation after para-
nonylphenol (50 µM) treatment (Fig. 1C). 

3.2. Cytochrome c is Released Into the Cytoplasm 
Following Para-nonylphenol Treatment 

 Cytochrome c release from mitochondria is connected 
with apoptotic cell death [16, 17]. Thus, we examined 
whether cytochrome c is released from mitochondria to the 
cytoplasm following treatment with para-nonylphenol. First, 
to compare the levels of cytochrome c in U937 cells with or 
without para-nonylphenol (100 µM) treatment, the non-
mitochondrial cytoplasm (S100) fraction was isolated after  
3 h of para-nonylphenol (100 µM) treatment and then 
subjected to western blot analysis with a cytochrome c-
specific antibody (Fig. 2A). With 50 µg cell lysate loaded in 
each lane, there was no detectable cytochrome c in the 
cytoplasm under the normal control condition. However, 
after treatment with para-nonylphenol (100 µM), there was a 
1-fold increase in cytochrome c outflow into the cytoplasm 
in U937 cells. Furthermore, we compared the levels of 
cytochrome c in the mitochondrial fraction after para-
nonylphenol (100 µM) treatment using 30 µg cell lysate. 
Western blot analysis showed that after para-nonylphenol 
(100 µM) treatment, the total amount of cytochrome c in 
mitochondria was decreased. We observed a 3.94-fold increase 
of cytochrome c following para-nonylphenol treatment vs. a 
6.49-fold increase in the absence of para-nonylphenol 
treatment. Then, we further analyzed cytochrome c released 
into the non-mitochondrial fraction in U937 cells and MCF-7 
and MDA-MB231 breast cancer cells using western blot 
analysis (Fig. 2B). Following para-nonylphenol (100 µM) 
treatment, cytochrome c was detected in the cytoplasm in all 
cell lines from 3 h to 24 h when 100 µg of cell lysate were 
loaded. These results revealed that para-nonylphenol (100 
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µM) induced the release of mitochondrial cytochrome c into 
the cytoplasm, which is an indicator of apoptosis. 

3.3. Two-dimensional (2D) Gel Analysis and Western 
Blot Analyses of Anti-apoptotic Bcl-2 Family Proteins 

 Several studies have shown an increase of total cellular 
proteins in U937 cells by using 2D polyacrylamide gel 
electrophoresis [18]. Thus, following treatment with para-
nonylphenol (50 µM) for 1 h, U937 cells were harvested and 
cell lysates were subjected to 2D gel analysis. Para-
nonylphenol-treated U937 cells expressed massive amounts 
of proteins compared to control cells (Fig. 3A). Furthermore, 
our experiment revealed the activation of several cellular 
signaling pathways. As previous research indicated that Bcl-2 
family proteins have an important role in anti-apoptosis 
responses [19-21], we evaluated the chronological change in 
the expression of Bcl-2 and Bcl-XL, which suppress apoptosis, 
by using western blot analysis of the non-mitochondrial 
cytoplasm (S100) fraction. It was remarkable that after para-
nonylphenol (50 µM) treatment, the expression of Bcl-XL 
decreased at 15 min (Fig. 3B). In contrast, Bcl-2 expression 
decreased, but the change in its expression was more gradual 
than that of Bcl-XL. These results indicated that the expression 
of anti-apoptotic Bcl-2 family proteins was reduced following 
treatment with para-nonylphenol. 

3.4. Role of Caspases in Para-nonylphenol-treated U937 
Cells 

 As previous research showed that the release of 
cytochrome c into the cytoplasm triggers the induction of 
apoptosis by activating caspases [22], we evaluated the 
activity of caspase 1, 3, and 9 in the cytoplasm of U937 cells 

with para-nonylphenol (50 μM) treatment (Fig. 4A). The 
non-treated control (0 h) condition was regarded as 1-fold. 
During apoptosis, the activation of caspase family proteins 
was observed: the activity of caspase 3 and 9 increased in 
U937 cells; however, no significant change in caspase 1 
activity was observed. At 3 h after para-nonylphenol (50 
µM) treatment, caspase 1 activity decreased slightly to 0.90-
fold, but caspase 3 activity increased to 1.25-fold and 
caspase 9 activity also increased to 1.29-fold. At 6 h, caspase 
1 activity was 1.06-fold, caspase 3 activity was 1.71-fold, 
and caspase 9 activity was 1.65-fold, and caspase activity 
reached its maximum at this time point. Furthermore, we 
also assessed the effects of caspase inhibitors (Fig. 4B). 
After pre-treatment for 2 h with caspase 1 and 3 inhibitors, 
the survival ratio of U937 cells treated for 1 h with para-
nonylphenol (100 μM) was calculated by the trypan blue 
exclusion method. The non-treated control (0 h) condition 
had cell viability of 95%. After 1 h of para-nonylphenol 
(100 μM) treatment, cell viability was 59%. Whereas, when 
caspase 1 activity was inhibited, cell viability was 72%; 
following treatment with a caspase 3 inhibitor, 79% of cells 
survived. These results showed that during para-nonylphenol-
induced apoptosis, caspases had a significant effect on cell 
death. Furthermore, it was intriguing that caspase 1 activity 
was not changed in para-nonylphenol-induced apoptosis, but 
that caspase 1 inhibitor treatment attenuated cytotoxicity of 
para-nonylphenol. 

3.5. Decrease of Phospho-AKT Levels, Rapid Increase of 
SAPK/JNK Activity, and Decrease of ERK (p44/p42) 
Activity 

 A previous report suggested that the interruption of both 
the AKT and ERK pathways and activation of SAPK/JNK 

 

Fig. (1). Cell viability of para-nonylphenol-treated human cell lines. (A) Cell viability following (100 µM) para-nonylphenol (p-NP) or 
bisphenol A (Bis A) exposure of MCF-7 (p-NP only) and MDA-MB231 breast cancer cells. MCF-7 cells are estrogen receptor-positive, 
while MDA-MB231 cells are negative. (B) U937 monocyte leukemia cells treated with various doses (10, 50, and 100 µM) of para-
nonylphenol (p-NP) to induce apoptotic cell death. In this experimental condition, apoptosis was induced over the course of the 50 µM 
administration of para-nonylphenol. Statistical analysis performed by Student’s t-test was considered significant (p < 0.0001). Data shows 
the mean ± SE of at least three independent experiments. Control cells were treated with neither para-nonylphenol nor bisphenol A. (C) 
FACS analysis of propidium iodide-stained U937 cells showed time-dependent DNA fragmentation after treatment with para-nonylphenol 
(50 µM). The results are representative of three independent experiments. 
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Fig. (2). Cytochrome c released from the mitochondria to the cytoplasm in human cell lines treated with para-nonylphenol (100 µM) shown 
as a marker of apoptotic cell death. (A) Cytochrome c cannot be detected in the cytoplasm under control (normal) conditions in the non-
mitochondrial cytoplasm fraction (50 µg cell lysate loaded). However, after para-nonylphenol (100 µM) treatment, cytochrome c was 
observed in the cytoplasm fraction at 3 h. This amount of cytochrome c was defined as 1-fold. In the mitochondrial fraction, the control was 
6.49-fold (30 µg cell lysate loaded); however, after para-nonylphenol (100 µM) treatment, cytochrome c was decreased to 3.94-fold. β-Actin 
in cytoplasm was used as a loading control (100 µg cell lysates loaded). (B) Outflow of cytochrome c into the cytoplasm in U937 monocyte 
leukemia cells and MCF-7 and MDA-MB231 breast cancer cells after treatment with para-nonylphenol (100 µM). It was clear that 
cytochrome c entered the cytoplasm in all cell lines from 3 h to 24 h of para-nonylphenol treatment (100 µg cell lysates loaded). These results 
showed that para-nonylphenol (100 µM) induced mitochondrial cytochrome c release into the cytoplasm. Cytochrome c release and β-Actin 
was captured using Polapan 667 instant pack film. The results are representative of three independent experiments. 

 
Fig. (3). Two-dimensional (2D) gel and western blot analyses of anti-apoptotic Bcl-2 family proteins. (A) Para-nonylphenol (50 µM)-treated U937 
cells harvested after 1 h, sonicated, and the lysates subjected to 2D gel analysis. Para-nonylphenol-treated U937 cells expressed massive 
amounts of proteins after treatment. The protein molecular weight marker used in the experiment was shown as “m.” (B) Anti-apoptotic Bcl-2 
family proteins were analyzed by western blot analysis in the non-mitochondrial cytoplasm fraction over time. Bcl-XL expression decreased 
gradually from 15 min after para-nonylphenol (50 µM) treatment. In contrast, Bcl-2 expression decreased, but the changes were more gradual 
than Bcl-XL. β-Actin was used as a loading control. Bcl-XL expression and β-actin was measured with a Fuji LSA-1000 mini imager. Bcl-2 
expression was captured using Polapan 667 instant pack film. Each panel is representative of three independent experiments. 
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Fig. (4). Caspase 1, 3, and 9 activity in the cytoplasm following treatment of U937 cells with para-nonylphenol (50 µM). (A) Caspase 
activation was induced after cytochrome c was released into the cytoplasm, thereby triggering apoptosis. Caspase 3 and 9 activity was 
increased in U937 cells after para-nonylphenol treatment and reached a maximum at 6 h; however, no significant change was observed in 
caspase 1 activity. Caspase activity was defined in the non-treated control (0 h) condition as 1-fold. (B) The survival ratio of 1 h para-
nonylphenol (100 µM)-treated U937 cells with 2 h of pre-treatment with various inhibitors was calculated by the trypan blue exclusion 
method. Control condition shows 0 h (non-treated). These experiments showed that during para-nonylphenol-induced apoptosis, caspases had 
a critical effect. Furthermore, if caspase inhibitors impaired their activity, the survival ratio of para-nonylphenol-treated cells improved. 
Statistical analysis with Student’s t-test was considered significant (p < 0.0001). Data showed the mean ± SE of at least three independent 
experiments. 

 
Fig. (5). Downregulation of phospho-AKT and evaluation of MAPK family proteins in para-nonylphenol (50 μM)-treated U937 cells using 
western blot analysis. (A) Phosphorylated AKT levels decreased following para-nonylphenol treatment after 30 min, and then, at 3 h after 
treatment, phospho-AKT protein almost disappeared. However, AKT protein levels were not affected by para-nonylphenol treatment. These 
results indicated that para-nonylphenol decreased the activity of AKT, thereby attenuating the cell growth signal. (B) Phosphorylation of 
SAPK/JNK examined. A remarkable increase of phosphorylated SAPK/JNK was observed at 15 min after treatment with para-nonylphenol 
(50 µM). In contrast, non-phosphorylated SAPK/JNK levels did not change significantly. (C) With para-nonylphenol (50 µM) treatment, the 
levels of phosphorylated ERK (p42/p44) changed, showing that phospho-ERK (p-p44 and p-p42) levels decreased slightly in a time-
dependent manner. Phosphorylated-AKT, AKT, and phospho-SAPK/JNK were measured with a Fuji LSA-1000 mini imager. SAPK/JNK, 
phospho-ERK activity, and β-actin (loading control) were captured using Polapan 667 instant pack film. Each panel is representative of at 
least three independent experiments. 
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cells showed a decrease of phospho-AKT levels (Fig. 5A). 
Phosphorylated AKT levels decreased after para-
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treatment, phospho-AKT protein had almost disappeared. 
However, AKT levels did not change in this time period. 
These results indicated that para-nonylphenol reduced the 
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activity of AKT, thereby attenuating the cell growth signal. 
Then, we examined the phosphorylation of SAPK/JNK, one 
of the cell death signaling pathways of MAPKs (Fig. 5B). 
We observed a remarkable increase of phosphorylated 
SAPK/JNK at 15 min after treatment with para-nonylphenol 
(50 µM). According to a previous report, the concentration 
of para-nonylphenol observed in rivers in the USA and 
Europe ranged from 0.1 to 10 nM, which was significantly 
lower than the concentrations used in our experiment [24]. 
However, an increase of phospho-MAPK family proteins has 
been observed at these concentrations. Thus, we examined 
the levels of phosphorylated p42/p44 ERK at 1, 3, 6, and 9 h 
after para-nonylphenol (50 µM) treatment (Fig. 5C). 
Phospho-ERK (p-p44 and p-p42) levels decreased slightly in 
a time-dependent manner. In addition, at 15 and 30 min, 
there was no quantitative change of phospho-ERK protein 
levels (data not shown). 

3.6. PMA-differentiated U937 Cells Attenuate Para-
nonylphenol-induced Apoptosis 

 To induce differentiation along the macrophage pathway, 
U937 monocyte leukemia cells were treated with 24 nM PMA. 
After 48-72 h exposure to PMA, U937 cells differentiated 
into a macrophage-like phenotype and adhered to the culture 
dish (Fig. 6A). Furthermore, we compared the effects of 
para-nonylphenol (50 µM) in non-differentiated naïve U937 
cells and PMA-differentiated macrophage-like U937 cells. 
On chronological exposure to para-nonylphenol (50 µM), 
only 9% of naïve U937 cells survived at 12 h; whereas, 

PMA-differentiated cells resisted para-nonylphenol-induced 
cell death and their survival ratio was 82% at 12 h (Fig. 6B). 

4. DISCUSSION 

 This study revealed that the artificial condition of very 
high doses (50-100 µM) of para-nonylphenol induced 
apoptosis in U937 human monocyte leukemia cells in vitro. 
To our knowledge, this is the first report that para-
nonylphenol induces apoptosis in U937 cells in vitro. 
Environmental chemicals are known to mimic the action of 
estrogen, and research into the effects of these chemicals has 
continued [10, 14]. Furthermore, many reports suggest that 
these environmental chemicals are also responsible for the 
pathogenesis of several immunological disorders [25]. 
According to a recent study, para-nonylphenol may play 
important roles in the development of autoimmune diseases, 
which are the third most common major illness in the USA, 
via exposure from drinking contaminated water and other 
ubiquitous ways, as these chemicals are typically used to 
produce plastics, detergents, cosmetics and other varieties of 
products. In their report, treatment of U937 cells with 5-µM 
para-nonylphenol induced the mRNA expression of IL-1, 
IL-5, IL-6, IL-17C, IL-23A, IL-8RB, and other immunological 
modulators at a level comparable to estrogen, and down-
regulated IL-10 and IL-4 expression [8]. Furthermore, 48-h 
treatment of U937 cells (as activated pro-macrophages) and 
COLO320DM human intestinal epithelial cells (as an in vitro 
intestinal tissue sources) with 1 nM and 5 nM para-
nonylphenol suggested that this chemical can be responsible 

 

Fig. (6). U937 monocyte leukemia cells treated with 24 nM PMA to induce differentiation toward a macrophage-like phenotype. (A) After a 
48–72 h exposure to PMA, differentiation of U937 cells into a macrophage-like phenotype was observed. Each panel is representative of 
three independent experiments. (B) The differentiated cells were exposed to para-nonylphenol (50 µM). The majority of naïve U937 cells 
underwent apoptosis at 12 h of para-nonylphenol (50 µM) treatment, whereas PMA-differentiated cells were resistant to para-nonylphenol 
(50 µM)-induced cell death. Data show the mean ± SE of at least three independent experiments. 
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for autoimmune diseases such as inflammatory bowel disease, 
in which macrophages mistakenly attack the intestinal lining, 
causing chronic inflammation; in addition, para-nonylphenol 
induced apoptosis in COLO320DM cells [9]. COLO320DM 
cells are known to amplify c-Myc expression by 30–40-fold 
[26]. In physiological conditions, if inflammatory bowel 
disease continues, it may progress to colon cancer. In 
extremely rare cases, pseudo-Meigs’ syndrome is caused by 
ovarian metastases from colon cancer [27]. Resection of 
stage 0/I colon cancer via circumferential periumbilical skin 
incision has also been performed recently [28]. 
 Epidemiological evidence suggests that contaminated 
drinking water is one of the critical factors for the presence 
of illness in many countries [29]. It is also suggested that 
environmental chemicals induce proliferative responses in 
murine lymphocytes [30]. Furthermore, a report mentioned 
that intestinal homeostasis was interrupted and inflammatory 
bowel disease occurred following exposure to other 
environmental chemicals, such as 2,3,7,8-tetrachlorodibenzo-
p-dioxin (TCDD), through their interaction with receptors in 
mice [31]. Due to their biological accumulation, environmental 
chemicals can be concentrated to several hundred thousand 
times their normal environmental level. However, the cell 
biological mechanisms underlying the apoptosis caused by 
high doses of para-nonylphenol in human cells, such as 
U937 cells, have not been characterized. 
 Thus, to elucidate the mechanisms of cell death in 
monocytes, superphysiological high doses (50-100 µM) of 
para-nonylphenol were added to culture medium [1] in an 
attempt to answer the following questions: Does a very high 
dose of para-nonylphenol treatment induce apoptosis? If 
apoptosis occurs, what mechanisms contribute to cell death? 
 To address the first question, whether high doses (50-100 
µM) of para-nonylphenol treatment induce apoptosis, we 
investigated the effects of para-nonylphenol treatment on 
cell death in several human cell lines. We utilized MCF-7 
and MDA-MB231 breast cancer cells as these cells are used 
commonly to evaluate the effects of estrogen. In our 
experiment, the viability of both MCF-7 and MDA-MB231 
cells under para-nonylphenol (100 µM) treatment was 
significantly decreased. To elucidate the physiological 
mechanism of apoptosis in monocytes that is important for 
immune regulation, we investigated the effects of increasing 
concentrations of para-nonylphenol on U937 monocyte 
leukemia cells (10, 50, and 100 µM). Our results showed that 
even in the same cell types, the cell lines examined had 
different sensitivities to para-nonylphenol. 
 Cytochrome c release to the cytoplasm is considered to 
be a marker of apoptosis [22]. Therefore, we examined the 
mitochondrial release of cytochrome c, which is located only 
in mitochondria in normal conditions, to observe the detailed 
mechanics of cell death in three human cell lines. 
Intriguingly, a past study found that Schisandrae semen 
(Schisandra chinensis) essential oil induced apoptosis 
through mitochondrial apoptotic factors in U937 cells, but 
not in WI-38 human fetal lung fibroblasts [16]. To analyze 
this point further, we treated U937 cells with 50 µM para-
nonylphenol, which induces a more moderate degree of 
apoptosis than 100 µM, and then visualized the cellular DNA 
content of U937 cells by using FACS analysis. DNA content 

in the control U937 cells (0 h) showed a clear pattern 
indicating a normal cell cycle, but after para-nonylphenol 
(50 µM) treatment, fragmented DNA increased in a time-
dependent manner, and at 18 h, most of the DNA was 
fragmented. Thus, we concluded that treatment with a high 
dose of para-nonylphenol induces apoptosis. 
 To answer the second question, what mechanics contributed 
to para-nonylphenol-induced apoptotic cell death, we 
performed several experiments. First, we conducted 2D 
electrophoresis with para-nonylphenol (50 µM)-treated cell 
extracts. We could not find a significant result from mass 
spectrometry (data not shown), which has been used widely in 
other studies [18]; however, 2D electrophoresis showed the 
production of massive amounts of proteins following para-
nonylphenol treatment. Then, we showed the activation of 
several cellular signaling pathways using western blot analysis. 
Furthermore, we measured caspase activity and conducted a 
caspase inhibition assay. The anti-apoptotic proteins Bcl-2 
and Bcl-XL, cell cycle-related AKT-dephosphorylation, and 
phosphorylation of the MAPK family proteins SAPK/JNK 
and ERK (p44/p42) were analyzed. Bcl-2 family proteins 
have been reported to be components of critical signaling 
pathways for apoptotic cell death through caspase activation 
[32, 33]. It has been shown that overexpression of Bcl-XL 
blocks various aspects of paclitaxel-mediated apoptosis, 
including caspase 3 activation, loss of mitochondrial membrane 
potential, and release of cytochrome c [34]. Even concomitant 
PI3K and Bcl-2/Bcl-XL inhibition suppresses tumor growth 
and enhances survival of NOD/SCID-gamma mice in vivo 
using a U937 cell xenograft model [35]. In immunodeficient 
NOG mice, xenografted common marmoset CD117+ 
hematopoietic cells can be differentiated into lymphocytes 
[36]. Furthermore, many experiments have shown that 
caspases are activated when apoptosis is induced by other 
factors, such as the potent antitumor drug doxorubicin [37] 
and TNF-α [38]. AKT dephosphorylation has been observed 
in arsenic-, BF-CT1-, and ginseng-induced apoptosis of 
U937 cells [13, 39, 40]. SAPK/JNK activation requires the 
phosphorylation of Thr and Tyr residues in its Thr-Pro-Tyr 
motif, and SEK1 (MKK4) and MKK7 (SEK2) have been 
identified as upstream MAPK kinases [41]. 
 Recent reports have recognized caspase 1 as an 
inflammatory proteinase and caspase 3 as an executor of 
apoptosis. In amrubicin-induced apoptosis in U937 cells, 
caspase 3/7 was increased and preceded a loss of mitochondrial 
membrane protein, but caspase 1 was unchanged [42]. A 
recent study shows that activation of caspase 1 is essential 
for the maturation and release of IL-1β and IL-18, and that it 
occurs in multiprotein complexes referred to as inflammasomes. 
In this report, apoptosis-associated speck-like protein containing 
a caspase recruitment domain (ASC) is the essential adapter 
for recruiting pro-caspase 1 to inflammasomes [43]. Thus, 
even though caspase 1 activity was not changed in our 
experiment, inhibition of caspase 1 might affect partial 
inhibition of apoptosis. In addition, it has been reported that 
caspase 8 inhibitor z-IETD, but neither caspase 1 inhibitor 
Ac-YVAD nor caspase 10 inhibitor z-AEVD, effectively blocks 
oridonin-induced cell death through Fas/FasL signaling in 
U937 cells [44]. It is likely that these other experiments in 
U937 cells involve pathways for inducing apoptosis that are 
different from those involved in the present study. Caspase 9 
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activates downstream caspases such as caspase 3 and caspase 
7, which cleave a limited set of essential proteins [22]. 
Therefore, inhibition of caspase 9 may affect apoptosis 
inhibition to a greater extent than inhibition of other 
caspases. 
 From these findings, we believe that in addition to 
cytochrome c release, caspase activation was triggered by 
decreased Bcl-XL, phospho-AKT, and activation of phospho-
SAPK/JNK proteins, which were the mechanics that 
contributed to para-nonylphenol-induced apoptotic cell 
death in U937 monocyte cells. In the present study with 24 
nM PMA treatments, U937 cells were differentiated into a 
macrophage-like phenotype, as seen in previous studies [12]. 
We then compared their susceptibility to para-nonylphenol 
with their non-differentiated counterparts. It appeared that 
naïve U937 cells were more susceptible to para-nonylphenol 
than differentiated U937 cells. This phenomenon is similar to 
the acquisition of drug resistance in cancer cell lines, 
including U937 cells, in which a c-Myc-dependent mechanism 
contributes to chemotherapy resistance [45]. These results 
also suggest that with differentiation from monocytes to 
macrophages, immature white blood cells are more 
susceptible to other stimuli than mature cells. 
 Furthermore, recent study shows that NF-E2-related 
factor 2 (NRF2) downregulates PMA-induced differentiation 
of human monocytic U937 cells into pro-inflammatory 
macrophages. In this experiment, the treatment of NRF2-
silenced U937 cells with pharmacological inhibitors of 
NFκB or ERK1/2 phosphorylation largely blocked PMA-
induced IL-1β and IL-6 expression, indicating that these 
pathways are associated with cell differentiation [46]. It is 
intriguing that during the functional maturation of CD4+ 
single-positive T cells from CD4+8+ double-positive T cells 
in the thymus, similar ERK and SAPK/JNK phosphorylation 
pathways are recruited [47]. Macrophages can be polarized 
into either M1 or M2 macrophages by crosstalk between Th1 
and Th2 cells [7]. Moreover, LPS and IL-4 promote the 
differentiation of PMA-treated U937 cells into M1- and M2-
polarized macrophages, respectively [48]. According to the 
report, LPCAT3 knockdown induced a spindle-shaped 
morphology typical of M1-polarized macrophages, and 
increased the secretion of CXCL10 and decreased the levels 
of CD206 in IL-4-activated U937 cells. Even though the 
effects of para-nonylphenol and TCDD are not comparable, 
co-culture of endometrial stromal cells and U937 cells with 
17β-estradiol or TCDD induces the development of M2 
macrophages [49]. In addition, treatment of murine Th1 cells 
with PMA is known to accelerate activation-induced cell 
death [50]. 
 Recent experiments in a mouse model of inflammatory 
bowel disease, more specifically ulcerative colitis (where 
macrophages are thought to be the first cellular responders) 
induced using dextran sulfate sodium, have shown that 
paired immunoglobulin-like type 2 receptor α expressed on 
myeloid cells plays an important role in the regulation of 
inflammation [51]. Furthermore, the DNA mismatch repair 
gene hMLHa 1151T → A variant, which results in an amino-
acid substitution of valine for aspartic acid at codon 384 
(V384D), is associated with colorectal cancer susceptibility 
in Lynch syndrome [52]. Moreover, we have demonstrated 

that Th2-dominant immunity, which is induced through an 
interaction with macrophages, is responsible for inflammatory 
allergic diseases such as atopic dermatitis [53-55]. 

CONCLUSION 

 In summary, the present study indicated the induction of 
apoptosis by very high doses (50–100 µM) of para-
nonylphenol in U937 human monocyte leukemia cells in 
vitro, which is a similar response to that of a variety of other 
chemicals. Clarification of the signaling pathways for the 
induction of apoptosis in human monocytes might contribute 
to the establishment of a novel diagnosis and immunotherapy 
for various immune diseases in the future. 

LIST OF ABBREVIATIONS 

2D = two-dimensional 
AKT = protein kinase B 
IEF = isoelectric focusing 
SAPK/JNK = stress-activated protein kinase/c-Jun N-

terminal kinase 
TCDD = 2,3,7,8-tetrachlorodibenzo-p-dioxin 
Th2 = helper T cells type 2 
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