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A Study of Biological Significance and Toxicity of Short-Chain
Nonylphenol Ethoxylates

Abstract

Nonylphenol ethoxylates belong to one of the largest groups of non-ionic surfactants
known as alkylphenol ethoxylates. Nonylphenol ethoxylates(NPEQOSs) represent
majority of all alkylphenols produced, and are part of the broader category of
surfactants known as alkylphenol ethoxylates (APEOs) of which they represent
approximately 80-85% of the volume . Since nonylphenol discovery in 1940,
nonylphenol production has increased exponentially, and 100 to 500 million tons of
nonylphenol are produced globally every year. Main use of nonylphenol is in the
manufacture of nonylphenol ethoxylate surfactants. Nonylphenol ethoxylates have
been used in a wide variety of applications including industry (especially in pulp and
paper, and textile) as detergents, emulsifiers, wetting agents, dispersing agents, daily
goods as surface cleaners, lubricants and shampoos, agriculture (additives in pesticide
formulations).

After use and disposal, more than 60% of the products have been discarded into the
aquatic environment by discharges of industrial and municipal wastewater. The
majority of nonylphenol ethoxylates may degrade in wastewater treatment systems to
protect environments. Nonylphenol ethoxylates can be biodegraded as shortening of
the ethoxy chain and subsequent degradation to nonylphenol under anaerobic
conditions, to short-chain NPEOs (NP;EO, NP,EO and NP3EO) under aerobic
conditions.

Although primary biodegradation of nonylphenol ethoxylates is quick, it leads to more
toxic and persistent metabolites: nonylphenol (NP), nonylphenol monoethoxylate
(NP1EO), nonylphenol diethoxylate (NP,EQ). They are estimated to be accumulated in
the environment. Recently, these biodegradation metabolites have been found to have
endocrine disrupting activity and cause harmful effects, including feminization and

carcinogenesis on various organisms. Therefore, the use of nonylphenol and its
1



ethoxylates delivatives had been prohibited in the European Union. However, they are
still as the main non-ionic surfactants on a large scale production and use in some
developing country, because of NPEOs efficient decontamination ability and its low
price.

Biodegradation is the main process for treatment of nonylphenol ethoxylates. Majority
of nonylphenol ethoxylates is adsorbed to solids in primary sewage treatment plants.
Abiotic processes like hydrolysis or photolysis are negligible in degradation of
nonylphenol and short chain nonylphenol ethoxylates in water. Primary nonylphenol
ethoxylates are transformed to nonylphenol mono- or di- ethoxylates under anaerobic
condition, and nonylphenl carboxylates under aerobic condition, before they are
degraded finally into nonylphenol under anaerobic conditions.

In this study, it was revealed that in active sludge process, absorption rates of
nonylphenol mono-ethoxylates to nonylphenol tri-ethoxylates were more than 60%.
These compounds could be accumulated quickly in sludge within 10 min. It meant
that biodegradation process had some roles in treatment of short-chain nonylphenol
ethoxylates. After 24 hr, although nonylphenol di-ethoxylates and nonylphenol
tri-ethoxylates contents were markedly low, nonylphenol mono-ethoxylates content
was relative higher than those of others. It was indicated that nonylphenol
di-ethoxylates and nonylphenol tri-ethoxylates were converted to nonylphenol
mono-ethoxylates by microorganisms. Furthermore, it could be estimated that
absorption process was more than 60% by inactivated sludge system. As short-chain
nonylphenol ethoxyaltes could be accumulated rapidly in sludge within 10 min, they
gave certain effects on COD reduction.

Nonylphenol and short-chain nonylphenol ethoxylates such as nonylphenol
di-ethoxylates are present in aquatic environment as wastewater contaminants, and
their toxic effects on aquatic species have been reported. Apoptosis has been shown to
be induced by serum deprivation or copper treatment. To understand the toxicity of
nonylphenol di-ethoxylates, we investigated the effects of NP,EO on apoptosis

induced by serum deprivation and copper by using PC12 cell system, because it is
2



well known that apoptosis is induced by serum deprivation or copper treatment in the
cells. Nonylphenol diethoxylate itself showed no toxicity, and recovered decreased
cell viability caused apoptosis. In addition, nonylphenol diethoxylate decreased DNA
fragmentation due to apoptosis induced by serum deprivation and copper treatment in
PC12 cells. These phenomena were confirmed after treating apoptotic PC12 cells. In
addition, the cytochrome c release into the cytosol was decreased when nonylphenol
diethoxylates was added in apoptotic cells. Furthermore, Bax contents in apoptotic
cells were reduced after treatment with nonylphenol diethoxylate. From these results,
nonylphenol diethoxylate inhibits apoptosis induced in the cells. It has an opposite
effect of nonylphenol on apoptosis in PC12 cells, because nonylphenol enhances
apoptosis induced by serum deprivation. It was hypothesized that the difference
between nonylphenol and nonylphenol diethoxylates might be depending on the
differences for the structure of the two compounds. These results suggested that
nonylphenol diethoxylate has capability to affect cell differentiation and development
and has potentially harmful effect on organisms because of its unexpected impact on

apoptosis.



Chapter 1 General introduction

Chapter 1 General introduction

1.1 Introduction

1.1.1 Nonylphenol Ethoxylates

Activities of economic and social benefits for human being lead to various
environmental pollutions. Environmental problem has been one of the most serious
issues for human being in 21% century. Developing industry, agriculture and other
economical activities bring air, water and soil pollutions. Among them, the water
pollution is most strict. Majority of wastewater derive from municipal sewage
including domestic sewage, industrial effluent and rainfall. They contain large
amounts of pollutants such as organic pollutants, surfactants and volatile organic
chemicals (VOCs). In addition, endocrine disrupters have to do a lot of attentions
because they are toxic, persistent and easy to accumulate in organisms.

Surfactants are a unique kind of chemical compounds which radically alter surface and
interfacial properties and represent one of the more ubiquitous contaminants in aquatic
system (Schram et al., 2003). Alkylphenols are synthetic organic chemicals, which are
widely used in industrial and domestic application. Nonylphenol ethoxylates (NPEQS)
belong to one of the largest groups of non-ionic surfactants known as alkylphenol
ethoxylates (APEOs) of which they represent approximately 80-85% of the volume
(EPA, 2010). Since nonylphenol (NP) was discovered in 1940, NP production has
increased exponentially (EPA, 2010, Fiege et al., 2002). Using NP is in the
manufacture of NPEOSs as surfactants.

NPEOs are one kind of nonionic surfactants produced in large volumes. For about 40
years, due to their surface active properties, NPEOs have been used in a wide variety of
applications including industry (especially in pulp and paper, and textile) as detergents,
emulsifiers, wetting agents, dispersing agents, commercial and daily goods as surface
cleaners, lubricants, and shampoos, and agriculture (additives in pesticide formulations)

(CEPA, 2001; US EPA, 2005). A variety of cleaning products, degreasers and
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Chapter 1 General introduction

detergents are also available for institutional and domestic use. A typical NPEO
surfactant formulation is comprised of NP with an average of 10 ethoxy units, usually
within the range of 1 to 20 ethoxy units. Commercial NPEOs are complex mixtures of
isomers and oligomers, with hydrophilic chain that mainly consists of 3-20 ethoxy units
(Di Corcia et al., 2000).

After use and disposal, more than 60% of the products have been discarded into the
aquatic environment by discharges of industrial and municipal wastewater. The
majority of NPEOs may degrade in wastewater treatment systems to protect
environments. NPEOs can be biodegraded as shortening of the ethoxy chain and
subsequent degradation to NP under anaerobic conditions. In this process, short-chain
NPEOs (NP:EO, NP,EO and NP3EQO) under aerobic conditions during wastewater
treatment processes were detected (Ahel and Giger, 1993a; Ahel et al., 1994a, b; Giger
and Brunner, 1984). Although primary biodegradation of NPEOs is immediately going,
it leads to more toxic and persistent metabolites: NP, NP;EO and NP,EO, which are
accumulated in the environment (Mann and Boddy, 2000; Planas et al., 2002; TenEyck
and Markee, 2007).

Recently, these biodegradation metabolites have been found to be recognized as
endocrine disrupters, and cause harmful effects including feminization and
carcinogenesis on various organisms (White et al., 1994; Sonnenschein and Soto, 1998;
Sumpter, 1998). Therefore, the European Directive No. 2003/53/EC (2003) prohibited
the use of NP and its ethoxylates. However, because of NPEOs efficient
decontamination ability of NPEOs and its low price, they are still as the main non-ionic
surfactants on a large scale production and use in some developing countries. Their

accumulation in environment has raised public concern.

1.1.2 The structure and properties of NPEOs
Commercial APEOs are manufactured by the base-catalyzed ethoxylation reaction of
ethylene oxide and alkylphenol (AP). The reaction with ethylene oxide is rapid and

consumes all of the AP. The structure of NPEOs is shown in Fig. 1.1(Carter et al., 1995).
5



Chapter 1 General introduction

The structure of NPEOSs contains a hydrophilic ethoxylate chain attached to phenolic

oxygen and a hydrophobic nonyl part.

CgH1g (OCHZCH2)nOH

Fig 1.1 The structure of NPEOs

Where n is the average number of moles of ethylene oxide per mole of NP and ranges

from 1 to 100. By far the most commercially important AP is NP. NP is used primarily

to produce NPEOs surfactants; other uses include phenolic resins, rubber curatives and

antioxidants. NPEOs account for about 80% of the total APEOs market. Also

significant commercially are octylphenol (about. 15-20%), dodecylphenol and

dinonylphenol ethoxylates (about 1-2% each). NPEOs’ main degraded products are NP+
NP;EO and NP,EOQ. The structures are as follow,

CoH1a —O— OH CiHir —QOCH:CH:OH CoH1o AQ—(OCHICH&IOH

NP NP,EO NP,EO
Fig 1.2 Structure of NP, NP;EO and NP,EO
Water solubility is directly proportional to n. NPEQs is water soluble for values of n > 7.
The NPEOs most commonly used in cleaning products has n = 9-10 (NPgEQ, NP1xEO).
Solubility of NP and the lower NPEO at 25<C is shown in follows; 5 mg/L (NP), 3
mg/L (NP,EO), 6 mg/L (NP3EQ), 10 mg/L (NPsEO) (Ahel and Giger, 1993b).
The physicochemical properties of NPEO metabolites are listed in Table 1.1.
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Table 1.1 The physicochemical characteristics of NPEO metabolites

NP NP,;EO NP,EO
Molecular formula Ci5H240 C17H250, C19H3,03
Molecular weight 220.35 264.41 308.46
Water solubility
5.42 3.02 3.38
(mg/L, 25<C)
Log Kow water
4.48 4.17 4.21
partition coefficient
Organic carbon adsorption
240.470 288.403 151.356

coefficient (Koc)

The main characteristics of NPEOs are shown as follows (Witorsch et al., 2002):

(1) Surface tension is altered with the change of the number of ethylene oxide (EO).
With the increase of the value of the chain of EO, the surface tension of the aqueous
solution is increased.

(2) NPEOs have the properties of chemical stability, acid-resisting, alkali-resisting and
high temperature resistance.

(3) They can be used in metal pickling and strong alkaline detergent.

(4) They can be used as penetrating agent, emulsifier, detergent and peeling agent of
dyeing and so on.

(5) They show stability for the antioxidant. They are not easy to be oxidized by some
high oxidants such as sodium hypochlorite, borate and peroxide.

(6) These compounds are not easy to be biodegraded as compared with other nonionic

surfactant.

1.13 NPEO:s in daily life
Due to the characteristic of the structure of NPEOs, they have the resistance to
washing, wetting, and dispersion. They are widely used in industry, agriculture and

household as detergents, emulsifiers, wetting agents, dispersing agents, surface
7



Chapter 1 General introduction

cleaners, lubricants, shampoos and other products (Fig. 1.3). These products have
numerous applications, including controlling deposits on machinery, cleaning
equipment and scouring fibers, as wetting and de-wetting agents, in dyeing, in
machine felt cleaning and conditioning and in product finishing. Because of low price
of them, NPEOs were once commonly used in household laundry detergents. EPA and
the detergent manufacturers have cooperated to eliminate this use. However, NPEOs
are still widely used in large quantities in industrial laundry detergents and have some
additional uses which lead to releases to water.

NPEOs are an effective and economical emulsifier, wetting agent, dispersant and
solubilizer. When NPEOs are used in formulated cleaning products, the contents of
NPEOs can range up to 20% in liquid laundry detergents, and down to less than 1% in
hard surface cleaners and personal care products. NPEOs contribute to the
performance of cleaning products by penetrating through oily soils, dislodging them
and carrying them away, leaving the surfaces clean. Different applications of NPEOs

are shown in table 1.2 in European Union market.
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Table 1.2 Different applications of NPEOs in European Union market, based on the

survey results of the European Chemical Industry Council (Cefic) (Groshart, 2001b).

Functional use in EU %

Surface active agents 46.1
Cleaning/washing agents 44.7
Foaming agents 2.8
Flotation agents 1.7
Construction materials and additives 1.4
Dust binding agents 1.5
Intermediates 0.2
Plant protection products, agricultural 0.1
Others 0.1

=

Emulsifiers

wetting agents

\"
4

Paints Dosmetics

Fig. 1.3 The application of NPEOs
As shown in Fig. 1.3, many studies have reported about the wide uses of APEO

metabolites in the environment (Ahel and Giger, 1985; Naylor et al., 1992; Bennie et

9



Chapter 1 General introduction

al., 1997; Ferguson et al., 2001; Tabata et al., 2001).

1.1.4 The fate of NPEOs and its degradation products in the environments

An annual growth of 1.5% of NPEOs has been expected to continue to drive the NP
market (Kirschner, 2007), even though developed countries like as Canada, EU
member countries, Korea, Taiwan and USA have enacted regulations or guidelines to
limit or restrict the use of APEOs for cleaning and washing detergents. NPEOs and
their degradation products (NP, NP;EO and NP,EQ) are not natural sources; their
existences in the environments are mainly caused by human activities. A total of
190-950 tons of NPEOs per year and 5-16 tons of NP per year are still used in Finland
(Mehtonen et al., 2012).

The variations of physical/chemical properties of NP/NPEOs and their rapid
degradation to other metabolites make their environmental fate extremely complex.

They are widely existed in environments such as air, water, soil, sludge and sediment.

1.1.4.1 Air

NP and NPEOs are semi-volatile organic compounds, which are not expected to
readily volatilize into air and degrade rapidly in the atmosphere. Dachs et al. (1999)
detected for the first time NP in all atmospheric samples collected from the urban and
coastal regions of the Lower Hudson Estuary for the first time. NP was also detected
in the air of urban area, industrial region and coastal region affected by discharged
pollutants of sewage. It was predicted that NP may volatilize from water to the air in
areas where NP concentrations are elevated in surface waters. The U.K. Environment
Agency (1998) has estimated 0.3 days as a half-life for the reaction of hydroxyl
radicals with NP in the atmosphere, indicating that it would be unlikely for any NP in
air to be transported to remote regions. NPEQOs are far less volatile than NP, and thus
it is expected that they would not partition to the atmosphere. Because of the presence
of NPEOs in aerially applied pesticide formulations, however, it is needed to

determine their atmospheric chemistry, photochemistry and fate. Rudel et al. (2001)
10



Chapter 1 General introduction

determined NP, NP,EO and NP,EO concentrations in the dust of residence and office

among 2.3-7.82 ng/g, 2.5-14.5ug/g and 0.82-1.45ug/g, respectively.

1.1.4.2 Water and sediment

In general, NPEOs and NP cannot readily biodegraded by using laboratory standard
test methods. Substantial biodegradation will occur after a period of acclimation.
NPEOs are, therefore, inherently biodegradable, and their mechanisms involve in
stepwise loss of ethoxy groups to lower NPEO congeners, followed by the production
of NPEC and NP, depending upon experimental conditions (Rudling and Solyom,
1974; Maki et al., 1994). During the degradation process, some metabolites and final
products of metabolism are more toxic and persistent than the primary NPEOSs;
however, some researchers indicated that these compounds can also be ultimately
biodegraded by the adequate methods. It was also noted that the use of high
concentrations of the chemicals in biodegradability tests may result in artificially high
risk if the chemicals poison the test organisms. This possibility has been suggested to
account for the differences between results for the biodegradability of NPEOs (e.g.,
U.K. Environment Agency, 1997).

It has been reported that full-scale municipal wastewater treatment plants (WWTPs)
can provide greater efficiencies for the removal of NPEOs than bench-scale systems,
which may due to a greater variety of microbial populations and nutrients in the
WWTPs (Holt et al., 1992).

Wastewater from industries or agricultures containing NPEOs is usually entered to
conventional activated sludge treatment plants, where they are partially degraded to
short chain NPEOs and other metabolites such as NP (Hayashi et al., 2005).

In general, primary biodegradation of NPEOs in WWTPs is readily completed,
however, ultimate biodegradation is difficult. Substantial differences in treatment
efficiencies for NPEOs and their degradation products exist in WWTPs. These
differences have been attributed to the degradation process of NPEOs in influent

streams and WWTP design and operating conditions, including temperature of
11



Chapter 1 General introduction

treatment. The persistent products such as NP and lower-chain NPEOs have been
observed in WWTP final effluents and receiving waters. In addition, substantial
concentrations of NP and lower-chain NPEOs are found in sludge from WWTPs. The
application of NP-containing sludge to agricultural land may result in potential
exposure in terrestrial environments. In general, primary biological degradation of
NPEOs is the major pathway and occurs more rapidly in WWTPs than in natural
environments, because the concentration of microorganisms in WWTPs is higher than
in natural environments. Most municipalities in Canada have some type of wastewater
treatment. WWTPs play a significant role in the transformation and degradation of NP
and NPEOs before their entry into the environment. More than 60% of the
higher-chain APEOs in WWTPs exit as stable metabolites (e.g., AP and short-chain
APEO:s) in either their effluents or their sludge (Ahel et al., 1994a). Short-chain
NPEOs (n =1 to 2) and NP have been detected at relatively high concentrations in
sewage influents, ranging from 0.69 to 280 ug/L (Maguire, 1999; Loyo-Rosales et al.,
2007).Furthermore, they could be accumulated in sediment and sludge depending on

because their physiochemical properties.

1.1.4.3 Soil

Providing sludge to agricultural land is an easy way of sludge treatment for sewage
treatment plant. At present, it is good way to restore soil fertility in all over the world.
However, this disposal ways cause eventually the organic pollutants in the sludge,
including NPEOs and NP are introduced into the soil environments. Studies have
shown that NPEOs and NP in the sludge concentration were 1 ~ 680 mg/kg and 1.8 ~
2530 mg/kg, respectively (Thiele et al., 2001). About NP and NPEOs behavior in the
soil, Marcomini et al. (1989) reported that initial concentrations of NP, NP;EO and
NP,EO in sludge soil for a year were 4.7 mg/kg, 1.1 mg/kg and 0.1 mg/kg (dry
weight), respectively. According to above concentrations, it was indicated that NP and

short chain NPEOs are widely existed in various environment.
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1.2 Degradation study of NPEOs

Contaminants in the water environments are usually removed by following ways;
absorption, volatilization and degradation. Possibility of NPEOs volatilities is not so
high. The main removal pathways of NPEOs are absorption and degradation. In
general, they are divided into physical method, chemical method, biological method,

and combined methods with above mentioned methods.

1.2.1 Physical and chemical methods

It was indicated that activated carbon could adsorb NP,,EO (Nevskaia et al., 2001);
however, absorption efficiency for removal of NPEOs was restricted by contaminated
organic compounds, pH and temperature. In addition, the cost using activated carbon
is high.

Other convincing methods for removing organic compounds include use of oxidant
reaction. At present, advanced oxidation was widely applied by using reactions of free
radical production which include ultrasonic oxidation method, electrochemistry
method, photochemical method and catalytic oxidation method. However, these
methods consume large amounts of energy (Yim et al., 2003; Kuramitz et al., 2002;

Deborde et al., 2005).

1.2.2 Biological method

Biodegradation mainly utilizes dominant bacterial community or engineering bacterial
communities to degrade targeted compounds. Some studies have revealed to isolate
dominant bacterial communities to be shortening EO chain of NPEOs (Liu et al.,
2007). It is confirmed that to degrade NPEOs is better way than others because of its
high efficiency and cost saving. Until now, it has been widely developed methods for

biodegradation of NPEOs.

1.3 Toxicity study of NP and NPEOs

There are many chemicals which disrupt the endocrine systems of fish, wildlife, and
13
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humans, thereby adversely affecting their growth, development, reproduction, and
health. Although the evidence about precise endocrine disrupting mechanism is not yet
unequivocally conclusive, the occurrence of environmental endocrine-disrupting
chemicals (EDCs) has been linked to the feminization of male fish, and sex
transposition in wildlife (Tyler et al. 1998), to decline in sperm counts in men (Sharpe

1998), and to increase of hormone-related cancers in humans (Soto et al. 1994).

1.3.1 Endocrine disrupting properties

Similarities in estrogenic structure of NP and short chain NPEOs as well as other
synthetic compounds were being studied, and were recognized as early as 1938 (Ying,
2006). Later findings showed that some chemicals and its degraded products are
weakly estrogenic activity in vitro and in vivo to mammals and aquatic organisms (in
particular fishes). It has been concerned about human health and species preservation
in environments. The degraded product, NP and short chain NPEOs found in sewage
effluent and sludge are even more toxic than the parent chemical long chain NPEOs
(Jobling and Sumpter, 1993).

Due to structural similarities between NP and short chain NPEOs, they are able to
mimic estrogen hormone through a direct binding with the estrogen receptor, blocking
the action of the original hormone. It may cause reproductive diseases. For this reason
NP and short chain NPEOs are listed as endocrine disrupting chemicals.

The parent NPEOs surfactants, short chained intermediates and NP exhibit various
degree of their estrogenic potency and toxicity. Health Canada has published a
priority substance list about NP and its ethoxylates. Based on a number of findings
from acute and chronic studies, the relative estrogenic effects and toxicities are shown
when the relative estrogenicity factor (17p-estradiol-equivalent) of NP is defined as

1.0 as listed in Table 1.3 (Health Canada, 2007)
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Table 1.3 Relative estrogenicity based on 17p-estradiol-equivalence of NP and

relative toxicity of NP and NPEO degraded products (Health Canada, 2007).

Chemical Relative estrogenicity to NP  Relative toxicity based on
(based on 17p-estradiol) acute and chronic data

NP 1 1

NP1EO 0.67 0.5

NP,EO 0.67 0.5

NP,EO (n>9) 0 0.005

NP,EC 0.63 0.005

NP,EC 0.63 0.005

OoP 4.1 1

OP,EC 0.63 0.005

OP,EC 0.63 0.005

1.3.2 Toxicities of NP and NPEOs

It is well known that NP and short chain NPEOs can interact with some proteins. They
may change the structure and activity of enzymes. Toxicities of NPEOs are increased
in proportion of shortness of EO chain length. LCsy values for NP and NPgEO are
reported to be 190 pg/L and 14,000 pg/L, respectively. Toxicities of NPEOs to aquatic

organisms tend to decrease with increasing degree of ethoxylation.

1.4 Aims and objectives

The one of the purposes in the current study is to develop an effective biological
method technique for the removal of short chain NPEOs from the aquatic
environments. Main purpose of the study is to clarify toxic mechanism of short chain
NPEOs using apoptotic reactions in PC12 cells. To attain this purpose, individual
objectives of the research are shown as follows;

1. To clarify aerobic degradation of short-chain NPEOs by activated sludge process

2. To examine absorption rates of these compounds in activated sludge
15
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3. To detect cytotoxicity of short chain NPEOs in PC12 Cells.
4. To clarify toxic mechanism of short chain NPEOs in apoptotic PC12 Cells.
5. To investigate effect of NPEOs including the different EO chain length on apoptotic

status caused by copper exposure.

o

To clarify the mechanisms of the effects of short chain NPEOs and long chain

NPEOs on apoptotic conditions.

1.5 Outline of thesis

The total research work presented in this dissertation is organized into five chapters.
Chapter | explained comprehensively introduction of the overall background, concept
and purpose of this study along with the review of relevant literatures to understand
short chain NPEOs application, characteristics and contamination in the environments,
and toxicity study of short chain NPEOs. Chapter Il presented degradation techniques
of NPEOQs, using activated sludge process and inactivated sludge. It would be clarified
biodegradation role and absorption rate in sludge. Chapter I11 showed the cytotoxicity
of NP,EO and its mechanism using apoptotic PC12 cells. In addition, meanings of the
obtained results were discussed. Chapter VI presented effects of NP;EO, NPsEO and
NP10EO on apoptotic conditions of PC12 cells to prove the hypothesis presented in
chapter Ill. Finally chapter VV was section total conclusions and recommendation,

summarized all chapters.
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Abstract

Biodegradation is a natural process carried out by microorganisms to break down
organic matter into smaller compounds. The biodegradation is depending on the
organisms can utilize target organic compounds as nutrient and energy. It is an
important recycling process in nature to allow the breakdown of complex organic
compounds into small and simple molecules or inorganic ones. They are expected to
be able to be reused and rebuilt again into useful forms by the organisms.

In activated sludge process, absorption rates of NP;EO to NP3sEO were more than
60%. These compounds could be accumulated quickly in the sludge within 10 min. It
was clear that these biodegradation reactions play some roles in degradation process
of short-chain NPEOs. After 24 hr, although NP,EO and NP3EO contents were
extremely reduced, NP,EO content was relative higher than others. It was suggested
that NP,EO and NP3EO were converted to NP;EO by microorganisms.

Furthermore, it was confirmed that absorption process was more than 60% by

inactivated sludge system. Short-chain NPEOs affected on COD removal.

2.1 Biological treatment process of organic matters

Biological treatment for organic matters using microorganism can be divided into
aerobic and anaerobic biological processes. Aerobic biological process for wastewater
was shown in Fig. 2.1. Aerobic biological process is defined that organic chemical
substances are degraded by aerobic microorganisms under the presence of free oxygen
(molecular oxygen) conditions. This process is well known as stable and harmless
methods. Microbes utilize organic pollutants in wastewater as nutrient for aerobic
metabolism. These high-energy organic matters are converted to low energy inorganic

material step by step through a series of biochemical reactions.

23



Chapter 2 Biodegradation study of NP,EO

Composite . ,
4 Protoplasm {microorganisms’ growth)
A
b e meeeeeem——aae .
1/3
Organicmatter+ Oz !
microorganisms 2/3 E

|. -------- » Discharge

Fig. 2.1 Metabolic mechanism of organic chemical substances in aerobic biological
process.

Anaerobic treatment of wastewater is that facultative bacteria and anaerobic bacteria
degrade and stabilize pollutants without the presence of free oxygen. In anaerobic
biological processes, complex organic matters can be degraded and converted into
simple compounds. The transformation of organic matter is divided into three parts:
first one is conversion into CH,4; second one is changing into CH;, CO,, NH3, HJS,
and last one is that small amount of organic matter is converted to new protoplasm. In
these processes, different microbial metabolic processes influence, restrict each other,
and form complex ecosystems. Anaerobic biological process for wastewater is shown

in Fig. 2.2.
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Fig. 2.2 Metabolic mechanism of organic chemical substances in anaerobic biological

process.
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2.2 Biodegradation process of NPEOs

Biodegradation is a natural process carried out by microorganisms to break down
organic matter into smaller compounds. The biodegradation is depending on the
organisms can utilize target organic compounds as nutrients or energy. It is an
important recycling process in nature to allow the breakdown of complex organic
compounds into small and simple molecules or inorganic ones. They are expected to
be able to be reused and rebuilt again into useful forms by the organisms. The rate of
biodegradation depends on 1) the presence of the involved microorganisms, 2) physical
environment for growth, e.g. temperature, pH, salinity and contaminants in wastewater,
3) structure of the chemicals (Corvini et al., 2006), and 4) bioavailability of the
chemicals (Merrettig-Bruns and Jelen, 2009). Biodegradation is the main process for
the removal of NPEOSs, and its important factor is intermediate metabolites as
compared with the other degradation processes (Ahe et al., 1994).

Although majority of NPEOs is absorbed into the sludge in primary sewage Treatment
plants (STW). Biological process is difficult to remove NPEOs from water body.
However, abiotic processes like as hydrolysis or photolysis are negligible in
degradation step of NP and short chain NPEOs (ECHA, 2012). The two simplified
pathways under aerobic and anaerobic conditions are illustrated in Fig. 2.3. Primary
NPEOs are transformed to NP;EO or NP,EO under the anaerobic condition, and
nonylphenl carboxylates (NP;EC and NP,EC) under the aerobic condition, before
they finally degraded into NP under the anaerobic conditions (Giger et al., 1984).

On basis of the experiments reported (Giger et al., 1984), significantly higher
concentrations of NP in digested sludge were as compared with those in active sludge.
Therefore, it was suggested that anaerobic biodegradation is likely predominantly

degradation process to degrade from short-chained NPECs and/or NPEOs to NP.
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Fig. 2.3 Biodegradation pathways for NPEOs
As shown in Fig. 2.4, the processes of two kinds of aerobic biodegradation pathway
for NPEOs were indicated (John and White, 1998; Sato et al., 2001).
From the fact presented in Fig. 2.4, it was indicated that short chain NPEOSs is
difficult to process further degradation. In this study, degradation and adsorption of
short chain NPEOs in activated sludge might provide some evidences how to further

degrade for short chain NPEOs.
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shift cleavage model, and (B) terminal oxidation cleavage model.

2.3 Materials and Methods
2.3.1 Materials and Reactors
The activated sludge is kindly donated from aerobic tank of Soseigawa Wastewater

Treatment Center. Initially, activated sludge was incubated with artificial domestic
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wastewater. The main composition of it was shown in Table 2.1. In this way, increase
of sludge biomass can well degrade NP,EQ. Three small reactors were prepared as
follows; control reactor (without NP,EQ), target reactor (treatment of NP,EQO), and
inactivated sludge reactor to confirm biodegradation and absorption rate. NP,EO is

defined as a mixture consisting of NP;-sEO.

Table 2.1 Synthetic wastewater composition (Smolders et al., 1994 a and b)

Initial
Category Reagents concentration Remarks
(mg/L)
Glucose 400 COD~400 mg/L
C source
NP,EO 60
N source NH,CI 202 TN=50 mg/L
P source K2HPO4 45 TP=~8 mg/L
Buffer NaHCO; 120
CaCl, 6
FeSO,4 7H,0 0.55
Inorganic salt MgSO, 7H;0 6
MnSO, H,0 6

After that, a small aerobic reactor was set up. Adjusting factors as listed in Table 2.2
reactor condition will be better for microorganisms to degrade NP,EO. When biomass
reaches certain contents, NP,EO dissolved in 1 mL methanol was added into reactor.
The fresh wastewater was added into the reactor once 24 hr after addition of NP,EO.
At the same time, to confirm sludge activity, reactor containing inactive sludge
inactivated by heat treatment at 110<C was also prepared. The same concentration of

NP,EO was also added into the reactor containing inactive sludge.
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Table 2.2 Parameters defined in the reactors

SRT (sludge retention time) 10 days

DO (dissolved oxygen) conc. | more than 5 mg/L
pH about 7.5
Temperature about 20C
Operation time 24 hr

Wastewater amount: 500 mL/day
MLSS (biomass) conc. 4000 mg/L

2.3.2 Sample collection and preparation

Sludge samples and aquatic samples were collected at 10 min and 24 hr after reaction
is started from every reactors. Sample volumes of water and sludge are 500 mL and50
mL, respectively. Water sample collected was and separated by liquid-liquid
extraction. The procedures are as follows.

1. Five hundred mL wastewater sample is filtered by 0.45 pm organic filter
membrane.

2. Five mL 1 mol/L HCI, 25 g NaCl, 50 mL OF CH,CI; are added to 500 mL bottle.
Then the mixture is shaken for 2 min, and is kept on sand at room temperature
afterward for 20 min.

3. Organic phase is transferred into 50 mL tube, and is centrifuged at 5,000 rpm/min
for 10 min by centrifuge. Water phase is transferred back into 500mL bottle.

4. Above mentioned procedures are repeated again. Then the both extracts are mixed.
5. The extract is dried on 40<C.

6. Then the extracts are resolved in 5 mL of 2-propanol reagent. Then the resolved
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sample is filter with 0.45 pm organic filter membrane.

The method procedure is shown as follows.

S A =

K_ggg it_ﬁroom Water
temperature |
for 10min sample
o v 3 K
Precipitation @ [»
g 5mL of 1 M
— 57 @ HCl, 25g Nadl,
i j¥L 50 mL of CH,Cl,
5000 rpm/min
(0 10 min/_ Water Shake 5 min
hase  TRERTI TN
R Keep still 20
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5 mL 2-propanol
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Boil to dryness
o 0.45 um

TS TSR o
membrane U

40°Cthermo condition

Sludge sample was collected and extracted by sonication-assisted extraction.

1. Fifty mL of sample is separated by centrifugation at 10,000 rpm for 15 min. Sludge
phase is lyophilized (freeze-dried). Then dried sludge is stored in -20<C before
extraction.

2. A freeze-dried sludge (0.18 g) is sonicated for 1 min with 5 mL of dichloromethane
/ methanol (7/3, v/v). The extract is separated by centrifugation at 5,000 rpm for 5 min.
The extraction is repeated three times with a fresh solvent mixture.

3. All of extracts are evaporated to dry at 40<C.

4 Then the extracts are resolved in 5 mL of 2-propanol reagent. Then the resolved
sample is filtered by using 0.45 m organic filter membrane.

The method procedure is shown as follows.
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methanol (7/3, v/v)

>
10000 rpm Freeze-dried SonicatiQ
15 min 1 min

5 mL 2-propanol
reagent

5000 rpm Evaporated to dryness S 0.45 pm
5 min thermo 40°C condition membrane

2.3.3 Analysis

Chemical oxygen demand (COD) is measured by pack test (Kyoritsu Chemical —
Check Lab. Corp., Tokyo, Japan).The amounts of NP,EO extracted from water and
sludge samples were measured by high-performance liquid chromatography (HPLC)
equipped with an ultraviolet detector and APS-2 NH, column (250 mm, 4.6 pm, 5
am). Detector was adjusted at a wavelength as 277 nm. N-hexane/2-propanol (98:2
v/v) was used as mobile phase at a flow rate of 1 mL/min. The column temperature

was fixed at 25C during the measurements. Injection volume was selected as 20pL.

2.3 Results and discussion

The biomass acclimation process to removal of organic compounds is a critical step in
order to induce microbial selection and physiological transformations of the metabolic
pathways required for biodegradation. In order to ensure effective biomass acclimation,
it is important to realize a biomass exposure to the compound (NPEOSs) and each step
increase has been given only when stable operating conditions in terms of COD
removals were reached (Tomei et al., 2003). In this study, three reactors (control
reactor (without NP,EQO), target reactor (treatment with NP,EO) and inactivated
sludge reactor (to estimate absorption rate in the sludge)) were used. For target reactor,

when the reactor was stable, it means that the activated sludge reached the best
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activity and condition, NP,EO were added into the reactor. To investigate
biodegradation rate and absorption rate, the short chain NPEOs contents were

detected by HLPC.

2.3.1 COD removal

In this study, at the beginning of setting up the reactors, synthetic domestic
wastewater without NP,EO was added to reactors to keep certain biomass (MLSS:
4,000mg/L). Original COD concentration is about 500 mg/L. When NP,EO (60 mg/L)
was added into the target reactor. COD concentration was 460 mg/L. As shown in Fig.
2.5, COD was decreased to about 300 mg/L in control reactor at 10 min. After 24 hr,
final COD concentration was about 50 mg/L. However, COD concentration in target
reactor was relative higher at 10 min than that in control reactor. After 24 hr, the finial
COD concentration in target reactor was around 100 mg/L. This result indicated that
NP,EO has some impacts on COD removal in the reactor at the beginning of

operational time.
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Fig. 2.5. COD concentrations in activated sludge at 24 hr, Error bar indicates mean %

S.E.M (n=6). **: significant differences (P<0.01)

2.3.2 Short chain NPEO concentration in reactors

When NP,EO was added into reactors, water sample and sludge sample at 10 min and
24 hr were collected and extracted by the extraction methods. The NP,EO extracted in
the samples were measured by HPLC. The peaks of NP;EO to NPsEO were identified
under the HLPC conditions. The HPLC profiles were shown in Fig. 2.6. Amount of
short chain NPEOs in water samples detected were calculated according to area for
the each peak values.

NP,EO could be rapidly adsorbed at 10 min in target reactor. About 60% of NP;_3EO
can be adsorbed in the activated sludge after 24 hr (Fig. 2.8). After 24 hr, NP,EO and
NP3;EO contents in water were absolutely low; however, NP1EO content in water was
relative higher than others (Fig. 2.7). It was indicated that NP,EO and NP3;EO were

converted to NP1EO by microorganisms.
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Fig. 2.6. HPLC Chromatograms of NP1EO to NP3sEO of water samples, A; original peak
conditions of NP,EO, NP,EO and NP3EO, B; peak conditions of NP,EO, NP,EO and
NP3EO at 10 min after operation of reactors, C; peak conditions of NP;EO, NP,EO

and NP3;EO at 24 hr after operation of reactors.
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Fig. 2.7. Degradation of NPEOs in activated sludge at 24 hr (n=6)

To further confirm whether majority of short chain NPEOs were adsorbed in sludge,
NPEOSs contents in reactor containing an inactivated sludge were measured. It was
indicated that absorption process was progressed more than 60% by inactivated

sludge system. Short-chain NPEOs could be accumulated rapidly in sludge within 10

min.
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Fig. 2.8. Amounts of NPEOs in inactivated sludge at 24 hr (n=6)

2.4 Conclusions

In activated sludge process, absorption rates from NP;EO to NP3EO were more than
60%. It meant that these compounds could be accumulated quickly in sludge within
10 min. However, biodegradation process had some roles in treatment of short-chain
NPEOs. After 24 hr, NP,EO and NP3EO contents were absolutely low, NP;EO
content was relative higher than the others. It was indicated that NP,EO and NP3;EO
were converted to NP,EO by microorganisms.

Furthermore, it was shown that absorption process was more than 60% by inactivated
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sludge system. Short-chain NPEOs could be accumulated rapidly in sludge within 10

min. It was suggested that behavior of short- chain NPEOs affected on COD removal.
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Chapter 3 Effect of NP,EO on apoptosis

Abstract

NP and short-chain NPEOs such as NP,EO are presented in aquatic environment as
wastewater contaminants, and their toxic effects on aquatic species have been
reported. Apoptosis has been shown to be induced by serum deprivation or copper
treatment. To understand the toxicity of NP,EO, we investigated the effects of NP,EO
on apoptosis induced by serum deprivation and copper by using PC12 cell system.
NP,EO itself showed no toxicity and recovered cell viability from apoptosis. In
addition, NP,EO decreased DNA fragmentation caused by apoptosis in PC12 cells.
This phenomenon was confirmed after treating apoptotic PC12 cells with NP,EO,
whereas the cytochrome c release into the cytosol decreased compared to that in
apoptotic cells not treated with NP,EO. Furthermore, BAX contents in apoptotic cells
were reduced after exposure to NP,EO. Thus, NP,EO has the opposite effect on
apoptosis in PC12 cells compared to NP, which enhances apoptosis induced by serum
deprivation. The difference in structure of the two compounds is hypothesized to be
responsible for this phenomenon. These results indicated that NP,EO has capability to
affect cell differentiation and development and has potentially harmful effect on

organisms because of its unexpected impact on apoptosis.

3.1 Introduction

APEOs are nonionic surfactants found in industrial, institutional, and household
products. NPEOs are the most commercially abundant APEOSs, representing about 80%
of the market (APERC, 2006). NPEOs are often used in non-agricultural pesticides,
cosmetic and cleaning products, and correction fluids and inks (Stasinakis et al., 2008).
Because of the widespread application of these products, NPEOs enter the environment
via industrial effluents and wastewater. NPEOs released into the environment are
biodegraded to shorter-chain metabolic intermediates including NP, NP:EO, and

NP,EO by the loss of EO (Ahel et al., 1994), which are more toxic, lipophilic, and
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stable compared to long chain NPEOs (Ying, 2006; Sharma et al., 2009). In recent years,
the toxicity of NPEOs and NP has been studied particularly in the aquatic environment
(Vazquez et al., 2005; Soares et al., 2008). The toxicity of NPEOs to aquatic organisms
increases as the length of EO chain decreases (Teneyck and Markee, 2007). NP and
short chain NPEOs are frequently identified as major contaminants in waste and even
drinking water (Ying, 2006; Soares et al., 2008; Sharma et al., 2009). Recently, these
sub-products have been detected in vegetables (Cai et al., 2012).

NP and NPEOs are toxic to both aquatic and terrestrial organisms probably as a result
of their interaction with proteins (Scott and Krogh, 2004). NPEOs are produced by a
base catalyzed reaction of ethylene oxide with NP (Naylor, 1995). NP and NPEOs have
different structures; hence, they disrupt differently the biochemical processes in
organisms. It has been reported that enzymes such as P-glycoprotein interact with
various NPEO compounds, but not with NP (Loo et al., 1998). NP exhibits stable
hydrophobicity and has limited biodegradation potential (Tollefsen et al., 2008). It
accumulates in organisms, and causes acute toxicity to algae, clams, shrimp,
crustaceans, and fish (Tollefsen et al., 1998). NP and short chain NPEOs have also been
reported to interact with intracellular and extracellular estrogen binding proteins
(Knudsen and Pottinger, 1999), and to interfere with reproductive functions and normal
development of fish (Jobling et al., 1996; Seki et al., 2003).

It was found that more than 80% of the male Medaka exposed to concentrations of 50
pug/L to 100 ug/L NP exhibited gonadal intersex (i.e., intermediate characteristics
between males and females). Treatment with 300 pug/L NP,EO produced a similar
outcome, indicating that when NP was mixed in NP;EO, the toxicity of NP,EO was
enhanced. Because of the differences in the structure of the two compounds, NP had a
much stronger effect on fish and mammals compared to the short chain NPEOs (Balch
et al., 2006).

Some studies have demonstrated that NPEOs with relatively small number of EO units
(s = 0-30) showed greater cytotoxicity (inhibition of cell proliferation) in human skin

fibroblast cells compared to long chain NPEOs (Goto et al., 2004). The genotoxic
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effects of NPEOs on mammalian cells have also been studied. NPEOs were found to
cause direct DNA damage (DSBs, double strand breaks), but did not contribute to
reactive oxygen species (ROS) (Toyooka et al., 2012). NPEOs also act as tumor
initiators and promoters. In contrast, NP decreases the viability of Raji cells via ROS
(Qietal., 2013). These differences of the effect of NPEOs and NP may be dependent on
their structures, although the reason for the observed discrepancy between NP and short
chain NPEOs remains unclear.

Most of the research on NPEOs degradation from NP has focused on the growth of
reproductive organs in rats (Laws et al., 2000; Lee et al., 1996; Odum et al., 1999).
Beside reproductive organs, NP also affects nonreproductive organs, such as kidney
and liver (Chapin et al., 1999; Nagao et al., 2001). It has been found that hydroxyl
radical formation in the striatum was induced in rats treated with NP, which might
contribute to certain stages in the advancement of brain damage (Obata and Kubota,
2000). Furthermore, behavioral alterations were observed in the open-field activity of
rat offspring exposed to NP (Ferguson et al., 2000). These findings indicate that NP
may affect the central nervous system. Thus, NP deleteriously affects several organs, in
addition to adipose tissue and adipocytes (Ferguson et al., 2000; Obata and Kubota,
2000; Masuno et al., 2003). However, the effects of short chain NPEOs on cells or
organisms have received comparatively little attention because of its smaller toxicity
compared to NP.

Few studies have demonstrated the influence of NPEOs on three cell lines; namely,
ASF4-1 cells, Jurkat cells, and NIH3T3 cells, which represent normal human skin
fibroblasts, human leukemia cells, and mouse fibroblasts, respectively. Certain NP7EO
showed no cytotoxicity in any of the cell lines, whereas other NP1oEO exhibited
significant toxicity. NP1oEO toxicity was caused by detachment of cells due to the
structural change of the cell membrane. In addition, it was also shown that cytotoxicity
was dependent on the number of EO units in all three cell lines. With decreasing the
number of EO units, cell proliferation was increasingly inhibited (Goto et al., 2004).

Moreover, LCsy of NPEOs (s = 1.5, 9, 15, 40, and 50) in Mysidopsis bahia was 0.11,
43



Chapter 3 Effect of NP,EO on apoptosis

1.41, 2.57, over 100 and over 4110 mg/L, respectively (Goto et al., 2004). These
findings indicate that the toxicity of NPEOs increases with decreasing the number of
EO units. Further detailed cytotoxicity studies of short chain NPEOs are needed.

PC12 is a rat pheochromocytoma clonal cell line that responds to nerve growth factor
by extending neuritis, thus acquiring the appearance of neurons (Greene and Tischler,
1976). PC12 cells have become a very suitable model to study neuronal function and
differentiation (Vaudry et al., 2002; Ravni et al., 2006). On the other hand, it is well
known that apoptosis is induced by serum deprivation in PC12 cells (Maroto and
Perez-Polo, 1997). Recently, we have reported that some endocrine disrupters inhibited
apoptosis induced by serum deprivation (Yamanoshita et al., 2000; 2001). In addition,
we have examined whether NP affects apoptosis in PC12 cells. Our results of DNA
fragmentation and relative expression of apoptotic factors indicated that NP enhances
apoptosis induced by serum deprivation in PC12 cells (Aoki et al., 2004). The effects of
short chain NPEOs on apoptosis have not been clarified, although it is expected that the
toxicity of NPEOs will decrease with increasing the number of EO units. Apoptosis is a
physiological cell-death mechanism commonly associated with programmed events,
including morphological and biochemical changes, which are necessary for the
differentiation and development of organs and organisms (Maroto and Perez-Polo,
1997). Investigation of effects on apoptosis is expected to contribute new insight into
the mechanisms of the effect of NPEOs on the differentiation and development of an
organism. In addition, PC12 cells are a good model for study of apoptotic changes
because apoptotic condition can be regulated by bovine fetal aloumin (Maroto and
Perez-Polo, 1997) and copper (Kawakami et al., 2008). The objective of our study is to
investigate the role of NPEOs regulation of the changes of apoptotic status caused by
serum deprivation or copper, and to clarify the mechanisms of the effects of short chain
NPEOs on apoptotic conditions. The significance of obtained results was discussed in

detail.
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3.2 Materials and Methods

The procedures of present study are shown as follows.

Study subject
Pheochromocytoma — Cell culture

(PC12) Cells

Serum, serum-free medium, serum
containing copper medium with or
without NP,EO, cell culture for 72hr or

24hr
Cell viability Relative Lactate DNA ladder Relative
(measured by ?rypan Dehydrogenase (LDH) activity apoptoticfactors
blue exclusion by a nonradioactive (cytochrome ¢, Bcl-2
method cytotoxicity assay kit family)

3.2.1 Materials

PC12 cells were purchased from the American Type Culture Collection (USA and
Canada). Dulbecco’s modified Eagle medium (DMEM), ribonuclease A and
o-phenylenediamine dihydro chloride (OPD) were obtained from Sigma-Aldrich (St.
Louis, MO, USA). NP,EO was purchased from Tokyo Chemical Industry Corporation
(Tokyo, Japan). Fetal bovine serum (FBS) was obtained from HyClone (Rockville, MD
USA). Monoclonal antibody against cytochrome c, and polyclonal antibody against
Bcl-2 were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Nonradioactive
cytotoxicity assay kit and purified horseradish peroxidase conjugate of goat anti-mouse
IgG (H+L) were obtained from Promega (Madison, WI, USA). Polyclonal antibody
against Bax was provided by Calbiochem (San Diego, CA, USA). Anti-rabbit
immunoglobulin peroxidase conjugate was obtained from Amersham Bioscience UK

Limited (UK). AmershamTM ECLTM western blotting detection reagents were
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obtained from GE Healthcare UK Limited (UK). The High Pure PCR template
Preparation Kit for genomic DNA and Proteinase K was obtained from Roche
Diagnostics (Basel, Switzerland). Trypan blue stain solution (0.5%) was obtained from
Bio-Rad (Hercules, CA, USA). The Cytochrome ¢ Releasing Apoptosis Assay Kit was
from Medical and Biological Laboratories Co., Ltd (Japan). All other chemicals were

analytical grade.

3.2.2 Cell Culture

PC12 cells were cultured in DMEM supplemented with 10% FBS in a humidified
incubator at 37 <C and 5% CO,. The cells were pre-incubated overnight in Nunclon TM
Delta treated 25-cm? flasks (ThermoFisher Scientific; Waltham, MA, USA), and the
medium was then replaced with serum/serum-free DMEM with and without NP,EO,
and serum DMEM containing CuSO,4 with and without NP,EO. Before the transfer to
the serum-free medium that was replaced with medium without serum, the cells in the
flask were washed twice with serum-free DMEM. The procedures of cell culture are

shown as follows.

Cell culture

FBS(+)  wapi

=
S
=}
[2]
o
=3
o
=2
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3.2.3 Cell Viability

Cell viability was measured by trypan blue exclusion assay. PC12 cells were incubated
in the serum and serum-free medium with 0-1 pg/mL of NP,EO or serum medium
containing 0-500 uM copper with and without NP,EO for 72 hr. After incubation, the
cells were stained in 0.25% trypan blue solution in phosphate-buffered saline (PBS).
Total cells and trypan blue-stained cells were counted using a hemocytometer
(TC10TM Automated Cell Counter, Bio-Rad). Cell viability was expressed as a
percentage against the total cell number in each experiment. Each experiment was

repeated 3-6 times.

3.2.4 Lactate dehydrogenase (LDH) leakage method

The cytotoxicity of NP,EO was assessed under different experimental settings by
measuring the amount of leaked LDH with a nonradioactive cytotoxicity assay Kit.
PC12 cells were cultured on serum/serum-free DMEM with and without NP,EO, and
serum DMEM containing CuSO4 with and without NP,EO. The number of cells was
counted using a hemocytometer (TC10TM Automated Cell Counter, Bio-Rad), and
aliquot of each medium was kept at -20<C until examination. The storage medium (50
uL) was transferred to multititer plates. Same volume of substrate mixture containing
tetrazolium salts was added, and the plates were incubated for 30 min. The reaction
was terminated by adding stop solution, and the developed formazan dye was
quantified by measuring absorbance at 495 nm in a Micro Plate Reader model 450
(Bio-Rad). The cytotoxicity of NP,EO was expressed as follows (relative LDH

activity for sample- relative LDH activity for medium)/1x106 cells.

3.2.5 DNA Extraction from PC12 Cells

The PC12 cells were incubated in serum/serum-free DMEM containing 0-1 pg/mL
NP,EO or serum DMEM containing 0-500 uM CuSO,4 with and without NP,EO for 72
hr. After the treatment, the cells were harvested with a scraper and transferred into

15-mL tubes. The cells were washed with 1>PBS. Genomic DNA was isolated with
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High Pure PCR Template Preparation Kit following the manufacturer’s instructions.
Finally, the DNA was recovered using ethanol precipitation method.

The DNA ladder pattern was quantified using agarose gel electrophoresis. From 3 ug to
5 png of DNA was subjected to electrophoresis on 1.5% agarose gel. After
electrophoresis, the gel was soaked in ethidium bromide solution for 15 min in the dark,
and DNA was visualized and photographed under UV illumination with ChemiDoc
XRS (Bio-Rad) to determine the extent of cell death. Density of the DNA ladder was

estimated by Image J software.

3.2.6 Western Blotting Analysis of Cytochrome ¢ Release in Cytosol

Cytochrome c release in the cytosol was assessed using Cytochrome c Release
Apoptosis Assay Kit (Calbiochem, Darmstadt, Germany). The cells prepared following
kit instructions were disrupted by sonication for 30 s in a Sonifier 250 (Branson
Ultrasonic). Lysed cells were separated from the intact cells by centrifugation at 650>
for 5 min. Each supernatant was transferred into a separate 1.5-mL tube and centrifuged
at 10,000>g at 4<C for 30 min. The treated lysate including released cytochrome c
(20-30 pg proteins) was separated by polyacrylamide gel electrophoresis (12.5%
polyacrylamide for the separation gel and 3% for the stacking gel), and the
electrophoresed proteins were transferred to nitrocellulose membranes with a wetting
blotting system, type-AE6678 (ATTO, Tokyo, Japan). The membranes were incubated
overnight at 4<C in 0.15% Tween-20, 40 mM Tris-HCI buffer, pH 7.4, containing 150
mM NaCl and 2.5 g dry non-fat milk. The membranes were incubated for 45 min at
37<C with anti-cytochrome ¢ antibody (dilution 1: 200) in 0.15% Tween-20, 40 mM
Tris-HCI buffer (pH 7.4), and 150 mM NaCl. The membranes were washed with the
same buffer for 3 min 3 times, and then incubated at 37 <C for 30 min using anti-mouse
IgG-conjugated peroxidase as a secondary antibody (dilution; 1:2500) in the same
buffer. The membranes were washed for 3 min 5 times. Finally, the protein bands that
responded to antibodies were detected with an enhanced chemiluminescence imaging

system (ChemiDoc XRS, Bio-Rad). The cytochrome c content was measured using
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Image J software.

3.2.7 Enzyme Linked Immune-Sorbent Assay (ELISA) of BAX and BCL-2 in
PC12 Cells

The ELISA procedure was carried out according to Yamanoshita et al. (2000). The cells
under different experimental settings were washed with 1>PBS and harvested by
centrifugation at 650>g for 5 min. The cells were resuspended in the lysis buffer
consisting of 2 mM HEPES, 100 mM NaCl, 10 mM EGTA, 1 mM PMSF, 1 mM
NazVOy, 0.1 mM Na,MoO,4, 5 mM b-glycerophosphoric acid disodium salt, 50 mM
NaF, 1 mM MgCl,, 2 mM DTT, and 1% TritonX-100, and disrupted by sonication
(Branson Sonifier 250) for 30 s. The cell debris and intact cells were removed by
centrifugation. The contents of BAX and BCL-2 in the cell extracts of the sample
solution were measured by ELISA. In brief, 100 pL of each sample was placed in
titerplate wells. The plate was incubated for 1 hr at 37 <C. After the incubation, the
titerplate was washed twice with 40 mM Tris—HCI buffer, pH 7.4, containing 150 mM
NaCl and 0.05% Tween-20 and blocked by adding 200 pL of the same buffer
containing 2% blocking reagent. The plates were then incubated for 1 hr at 37<C. The
first antibody for BAX or BCL-2 (1:750 or 1:100 diluted with the same buffer) was
immobilized with antigens in the samples for 1 hr at 37 <C. Then, the plate was washed
with the same buffer 3 times. The second antibody, an anti-rabbit immunoglobulin
peroxidase (1:500 diluted with the same buffer), was added and the plate was incubated
for 1 hr at 37 <C. Then the plate was washed with the same buffer 5 times. After washing,
0.1% OPD in 50 mM phosphate-citrate buffer, pH 5.0, containing 0.03% sodium
perborate was added into the wells. After 10 min, HCI was added to stop the enzyme
reaction. Absorbance at 495 nm was measured with Microplate Reader model 450

(Bio-Rad).

3.2.8 Statistical Analysis

Each value is expressed as the mean £S.E. Statistical analyses were performed by the
49



Chapter 3 Effect of NP,EO on apoptosis

student’s t-test.

3.3 Results

3.3.1 Cell Viability

To evaluate the cytotoxicity of NP,EO, cell viability was measured by trypan blue
staining after the PC12 cells were exposed to 0, 0.1 and 1 pg/mL NP,EO for 72 hr. As
shown in Fig. 3.1 A, no significant difference in viability was observed in cells exposed
to 0.1 or 1 pg/mL NP,EO compared to the viability of cells cultured in serum medium
without NP,EO. A significant decrease in viability was observed in cells cultured in the
serum-free medium free of NP,EO. Furthermore, after the addition of NP,EO to the
serum-free medium, a significant increase of cell viability was observed between 0.1

and 1 pg/mL NP,EO (Fig. 3.1 B).
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Fig. 3.1 Cell viability of PC12 cells in serum medium (A) and serum-free medium(B)
containing 0-1 pug/mL NP,EO for 72 hr. Error bars indicate SEM (n = 6). **:
significant difference (p < 0.01). *: significant difference (p < 0.05).
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Copper has been reported to induce apoptosis in PC12 cells (Kawakami et al., 2008).
Cell viability in the serum medium containing CuSO4 (500 uM) decreased significantly
(Fig. 3.2). When copper and NP,EO were co-present in the medium for PC12 cells, cell
viability significantly increased compared to the cells exposed to copper only.

Therefore, NP,EO recovers viability of copper treated cells.
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Fig. 3.2 Cell viability of PC12 cells exposed to 500 uM CuSO, containing 0-1 pg/mL

NP,EO for 72 hr. Error bars indicate SEM (n = 3). **: p < 0.01 *: p < 0.05.

3.3.2. LDH leakage in cell medium
To confirm the results of the cell viability assay, relative LDH activity/1x<106 cells

was measured by the PC12 cells were exposed to 0-1 ug/mL NP,EO for 72 hr. As
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shown in Fig. 3.3 A, no significant difference in activity was observed in the medium
with cells exposed to 0.1 or 1 ug/mL NP,EO compared to the activity in the medium
with cells cultured in serum medium without NP,EO. A significant increase in activity
was observed in the medium with cells cultured in the serum-free medium free of
NP,EO. This increase was considered to be caused by apoptosis induced by serum
deprivation. Similarly to the cell viability profile (Fig. 3.3 B), the addition of NP,EO
to the serum-free medium slightly decreased, the activity in the medium with cells
treated with NP,EO (Fig. 3.3 B). These results indicate that it was indicated that

serum deprivation breaks membrane integrity, and NP,EO protects the membrane

permeability.
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Fig. 3.3 Relative LDH activity of PC12 cells in serum medium (A) and serum-free
medium(B) containing 0-1 pg/mL NP,EO for 72 hr. Error bars indicate SEM (n = 4).

*: significant difference (p < 0.05).
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The activity profile of the medium containing CuSO, (Fig. 3.4) was very similar to

one given in Fig.3.2.
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Fig. 3.4 LDH activity of PC12 cells exposed to 500 uM CuSO, containing 0-1 ug/mL
NP2EO for 72 hr. Error bars indicate SEM (n = 4). **: p <0.01 *: p < 0.05.

3.3.3 DNA Fragmentation by Agarose Gel Electrophoresis

Mechanism of apoptosis is shown as follow (Fig. 3.5).
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Fig. 3.5 Mechanism of apoptosis

Previous studies reported that apoptosis is induced by serum deprivation in PC12 cells
(Maroto and Perez-Polo, 1997). To investigate the effect of NP,EO on apoptosis, DNA
fragmentation of PC12 cells cultured in serum/serum-free medium with and without

NP,EO was studied (Fig. 3.6).
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Fig. 3.6 DNA fragmentation of PC12 cells cultured in serum-containing medium (A)
and serum-free medium (B) for 72 hr after exposure to 0-1 pg/mL NP,EO.
Fragmentation was evaluated by measurement of density (C). * and ** mean
significant differences of p < 0.05 and p < 0.01 from the cells incubated in serum-free

medium without NP,EO, respectively.

The morphological characteristics of apoptosis are frequently accompanied by multiple
cleavage of DNA into fragments 180-200-bp long (Woodgate et al., 1999). DNA
fragmentation was observed when apoptosis was induced by serum-deprivation in the
cells (Fig. 3.6 B), and it was absent in PC12 cells cultured in the serum containing
medium with 0-1 pg/mL NP,EO (Fig. 3.6 A). These results indicate that NP,EO does
not induce apoptosis in PC12 cells. On the other hand, the DNA ladder pattern

gradually decreased in cells cultured in the serum-free medium in a dose-dependent
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manner of NP,EO (Fig. 3.6 B). In addition, the densities of the DNA ladders also
decreased when the cells were exposed to 0.1 or 1 ug/mL NP,EO (Fig. 3.6 C). These
results indicate that NP,EO reduce the apoptosis induced by serum deprivation in PC12
cells.

As expected, the same DNA fragmentation pattern was observed in the serum medium
containing CuSQ4 (500 uM) treated with 0.1 or 1 pg/mL NP,EO (Fig. 3.7 A). NP,EO
reduced the DNA fragmentation in the cells grown in serum medium containing CuSO4,
with the densities of DNA ladders also decreasing when the cells were exposed to 0.1 or
1 ng/mL NP,EO (Fig. 3.7 B).

FBS + + + + M
CusO,(uM) 0 500 500 500

NP,EO (ug/mL)0 0 01 1 e

A — B 800 r
n
{ %
[0}
©
T 600
Y
<L
zZ
O 400
U
0
i
‘0 200 +
[0}
&)

0
0 0 0.1 1

FBS + + + +

CuSO, (uM) 0 500 500 500
NP,EO concentration (ug/mL)

Fig. 3.7 DNA fragmentation of PC12 cells cultured in serum containing medium with
0-500 uM CuSOg4 and 0-1 pg/mL NP,EO for 72 hr (A). Fragmentation was evaluated
by the measurement of DNA ladder patterns (B) ** mean significant differences from

the cells incubated in serum medium including copper without NP,EO (p < 0.01).
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3.3.4 Detection of Cytochrome ¢ Release by Western Blotting

As shown in Fig. 3.8 B, no significant changes in cytochrome c release were observed
among the cells cultured in serum medium with and without NP,EO. These results
further confirmed that NP,EO does not induce apoptosis. Yet, after treating PC12 cells
with NP,EO in the serum-free medium, cytochrome c content declined in comparison
to the PC12 cells without NP,EO (Fig. 3.8 A). Hence, relatively low concentrations of
NP2EO might inhibit the apoptosis induced by serum deprivation in PC12 cells.
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Fig. 3.8 Representative western blot analyses for cytochrome ¢ in PC12 cells cultured
in serum-containing medium (A) and serum-free medium (B) for 72 hr after exposure
to 0-1 pg/mL NP,EO. **: significant differences from the cells incubated in serum
medium including copper without NP,EO (p < 0.01). *: significant differences (p <
0.05).

Furthermore, the cytochrome c release decreased significantly in PC12 cells cultured in
serum medium containing copper with 0.1 or 1 pg/mL NP,EO (Fig. 3.9). Thus, NP,EO

reduced the cytochrome c release under the apoptotic situation caused by copper.
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Fig. 3.9 Representative western blot analyses for cytochrome ¢ in PC12 cells cultured
in serum medium containing with 0-500 uM CuSO, for 72 hr after exposure to 0-1
ppm NP,EO. Error bars indicate SEM (n = 5). * and ** mean significant differences

of p <0.05and p < 0.01, respectively.

3.3.5 Contents of BAX, BCL-2 in PC12 Cells by ELISA

To examine whether bcl-2 family is related to reduction of apoptotic situation caused by
NP,EOQ, the contents of BAX and BCL-2 were measured by ELISA after PC12 cells
were exposed to 0-1 pug/mL NP,EO for 24 hr (Fig. 3.10). NP,EO significantly

decreased BAX contents in PC12 cells cultured in serum-free medium (Fig. 3.10 A).
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However, as shown in Fig. 3.10B, there was no significant difference in the contents of

BCL-2 between the cells cultured in serum-free medium with and those without

NP,EO.
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Fig. 3.10 The contents of BAX (A) and BCL-2 (B) in PC12 cells cultured in
serum-containing medium or serum-free medium for 24 hr after exposure to 0-1
pug/mL NP,EO. Error bars indicate SEM (n = 6).* and *** mean significant

differences of p < 0.05 and p < 0.001, respectively.

Similarly, the content of BAX decreased significantly in PC12 cells cultured in serum
medium containing copper with 0.1 or 1 pg/mL NP,EO (Fig. 3.11 A), although the
content of BCL-2 did not change significantly in the cells cultured on copper containing

medium with and without NP,EO (Fig. 3.11 B).
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Fig. 3.11 The contents of BAX (A) and BCL-2 (B) in PC12 cells cultured in serum
medium containing with 0-500 uM CuSO,4 for 72 hr after exposure to 0-1 pg/mL
NP2EO. Error bars indicate SEM (n = 6).* and *** mean significant differences of p <

0.05 and p < 0.001, respectively.

3.4 Discussion

This study confirmed that NP,EO inhibits apoptosis induced by serum deprivation
through examining cell viability (Fig. 3.1), DNA fragmentation (Fig. 3.6), and by
copper exposure through cell viability (Fig.3.2), DNA fragmentation (Fig. 3.7). In
addition, there was no cytotoxicity in PC12 cells cultured in serum containing medium
with 0.1 or 1 pg/mL NP,EO, and DNA fragmentation was not observed in these cells
(Fig. 3.6 A). The results indicated that the short chain NPEOs do not induce apoptosis.

However, compared to PC12 cells without NP,EQ, the cytotoxicity of cells increased
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when exposed to 0.1 or 1 pg/mL NP,EO under apoptotic conditions caused by serum
deprivation (Fig. 3.6 B), whereas NP,EO caused a significant decrease in DNA
fragmentation (Fig. 3.6 C). These results indicated that NP,EO inhibits apoptosis
caused by serum deprivation. This finding is additionally supported by the results
presented in Fig. 2. These results suggest that NP,EO could significantly recover the
cytotoxicity of cells exposed to CuSO,4 because CuSO, is known to induce apoptosis
(Woodgate et al., 1999). In addition, DNA fragmentation decreased with addition of
NP,EO (Fig. 3.7). These results indicated that NP,EO inhibits apoptosis activity caused
by copper exposure.

It has been demonstrated that NP induces apoptosis (Bechi et al., 2006; Kuo et al.,
2012). Furthermore, Aoki et al. (2004) reported that NP enhances apoptosis induced by
serum deprivation. Yet, the current study showed that NP,EO itself did not induce
apoptosis, and that it inhibited apoptosis induced by serum deprivation and copper
exposure. Previous studies have indicated that NP cytotoxicity was higher than the
short chain NPEOs (Teneyck and Markee, 2007). Therefore, the strength of toxicity
might depend on the length of EO chain, because NP can be defined as NPoEO.

The current study also aims to determine whether oxidative stress contributes to the
observed changes in apoptotic status caused by short chain NPEOs. Cytochrome c
release in apoptotic PC12 cells that were and were not exposed to NPEOs was
measured by western blotting. Serum deprivation and copper exposure increased the
amount of cytochrome c release from mitochondria (Figs. 3.8 and 3.9). This increase
was because of the disruption of mitochondrial membrane caused by ROS production
(Atlante et al., 2000; Kawakami et al., 2008). The cytochrome c release decreased when
PC12 cells were exposed to NP,EO under the apoptotic condition. These results might
be due to NP,EO causing a reduction in oxidative stress. However, previous research
showed that NP exposure induced apoptosis in the liver of malt rats, and enhanced the
expression of cytochrome c with increasing oxidative stress (Jubendradass et al., 2012).
EO chain length might influence the difference in the toxicity between NP and short

chain NPEOs; however, the actual mechanism remains unclear. To elucidate the
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different toxicity of these two compounds, examination of NP,EO under the apoptotic
conditions is required.

Serum deprivation has been reported to induce apoptosis in PC12 cells (Maroto and
Perez-Polo, 1997). Results obtained in our laboratory suggested that NP enhanced
apoptosis by serum deprivation in PC12 cells (Aoki et al., 2004) as indicated by the
caspase-3 pathway. In comparison, the contents of BAX and BCL-2 from the BCL-2
family were not altered, with only the content of BAD increasing. These results
indicated that enhanced apoptotic cell death might be dependent on the pathway
regulating the release of cytochrome c¢ from mitochondria. It has been reported that
cytochrome c is released from the mitochondria when apoptosis is induced (Gao et al.,
2001). In the current study, it was observed that the relative release of cytochrome c in
PC12 cells treated with NP,EO decreased in serum-free medium and medium
containing copper. In addition, the contents of BAX from the BCL-2 family decreased
significantly in PC12 cells under apoptotic conditions after exposure to NP,EO (Figs.
3.10 and 3.11). These results indicated that NP,EO might inhibit apoptotic pathway
because of reduction of Bax contents. It has been reported that tributyl tin and 2,4,5-T
completely inhibit apoptosis induced by serum deprivation, decreasing both Bax and
proapoptotic protein content (Yamanoshita et al., 2000; 2001). Hence, NP,EO might
have a similar impact on the apoptosis of PC12 cells to these compounds. Therefore,
the addition of NP,EO affects BCL-2 family protein expression, and hence, affects

apoptosis induced by serum deprivation or copper exposure.

3.5 Conclusion

NP,EO inhibited apoptosis induced by serum deprivation and copper. NP,EO exhibited
the opposite effect on apoptosis in PC12 cells compared to NP, which might be due to
the difference in the structure of the two compounds, along with different response
mechanisms to apoptosis. Ultimately, further investigation is required to clarify the

precise toxicity mechanism of short chain NPEOs and NP.
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Chapter 4 Comparison study of effects of short chain NPEOs and

relative long chain NPEOs on apoptosis induced in PC12 cells

Abstract

Short chain NPEOs have been reported to more toxic than long chain NPEOs on
aquatic species and NPEOs are widely existed in various environments, such as
water, sludge, sediment and so on. To understand the different toxicity of various
NPEOs from NP,EOs, we investigated the effects of NP,EO, NPsEO, and NPxEO
on apoptosis induced by copper in PC12 cell system. NP;EO belongs to short chain
NPEOs; however, NP1oEO is long chain NPEOs. As results, NP;EO, NPsEO, and
NP10EO themselves have no toxicity as same as NP,EO and NP;EO. In addition,
there is no effect of NPsEO and NP1 cEO on cell viability caused by apoptotic
condition; however, DNA fragmentation caused by apoptosis was decreased when
PC12 cells were treated with NP,EO. It was indicated that the length of EO part in
NPEOs has given different impacts on apoptosis. Although NP enhances apoptosis
induced by serum deprivation, short chain NPEOs inhibited apoptosis induced in
PC12. Furthermore, long chain NPEOs (more than 5 EO parts) have no effect on
apoptosis in PC12 cells. These differences might be considered to be depending on

structure of these compounds, especially length of EO part.

4.1 Introduction

Commercial NPEOs are consisting of compounds having hydrophilic chain, 3-20
EO units (Di Corcia et al., 2000). NPEOs in environments or wastewater were
degraded into NP and other metabolites (NPEOs) which could be more toxic as
compared with their parent compound (Ying et al., 2002; Soares et al., 2008), and

be more bioaccumulative in aquatic organisms (Shang et al., 1999).
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Usually degradation process of NOEOs was not progressed completely. Biological
degradation of NPEOs occurs in natural environments and waste water treatment
plants. These substances were mainly contaminated into surface waters via
effluents from the wastewater treatment plants. However, NPEOs are easily
bioconverted into short chain NPnEOs (n=1-3). These compounds appear to be
recalcitrant to further microbial attack and, consequently they accumulate in
sediments, ground waters and sewage sludge (Giger et al., 1984; Vallini et al.,
2001). In current study, it was shown that degradation of relative short chain was
mainly carried out in the sludge. These nonylphenolic metabolites are difficult to
further degrade. These environmental endocrine disruptors are exogenous
chemicals which affect the balance of normal hormonal functions, and produce
adverse developmental, reproductive, neurological, and immune effects in animals
(Crisp et al., 1998).

It is well known that toxicity of NPEOs against aquatic organisms decreases with
increasing degree of ethoxylation (EC, 2002; EPA, 2010). Xuelei et al. (2011)
showed that NP was more toxic to Moina macrocopa than NP1,EQ. Depending on
length of ethoxylate, 24 and 48 hr after treatment of the chemicals LC50 values
were 0.154 and 0.065 mg/L for NP, and 3.37 and 2.11 mg/L for NP3EO,
respectively.

The objective of this part is to investigate effect of NPEOs including the different
EO chain length on apoptotic status caused by copper exposure, and to clarify the
mechanisms of the effects of short chain NPEOs and long chain NPEOs on

apoptotic conditions. The significance of obtained results was discussed in detail.
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4.2 Material and methods
4.2.1 Materials

In this part, all of materials are the same as chapter 3.

4.2.2 Cell Culture

First of all, PC12 cells were incubated in DMEM supplemented with 10% FBS in a
humidified incubator at 37<C and regulated as 5% CO,. The cells were
pre-incubated for overnight in Nunclon TM Delta treated 25-cm? flasks
(ThermoFisher Scientific; Waltham, MA, USA), and the medium was then replaced
with serum/serum DMEM containing 500 pM CuSQO,4 with and without NP;EQO,

NPsEO and NP1oEO. The procedures of cell culture in detail are shown as follow.

Cell culture

FBS(+)  wep

Normal control

I i I

Overnight

|
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4.2.3 Cell Viability

Cell viability was measured by trypan blue exclusion assay. PC12 cells were
incubated in the serum medium containing 0-500 uM copper with and without
NP;EO (0-1 pg/mL), NPsEO (0-5 pg/mL) NPy EO (0-5 pg/mL) for 72 hr,
respectively. After incubation, a part of cells was stained in 0.25% trypan blue
solution in phosphate-buffered saline (PBS). Total cells and trypan blue-stained
cells were counted using a hemocytometer (TC10TM Automated Cell Counter,
Bio-Rad). Cell viability was expressed as a percentage against the total cell number

in each experiment. Each experiment was repeated 3-6 times.

4.2.4 DNA Extraction from PC12 Cells

The PC12 cells were incubated in serum DMEM containing 0-500 uM CuSO4 with
and without NP,EO, NPsEO or NPoEO for 72 hr. After the treatments, the cells
were harvested with a scraper, and transferred into 15-mL tubes. The cells were
washed with 1>PBS. Genomic DNA was isolated with High Pure PCR Template
Preparation Kit following the manufacturer's instructions. Finally, the DNA was
recovered using ethanol precipitation method.

The DNA ladder pattern was quantified using agarose gel electrophoresis. From 3
to 5 ug of DNA were subjected for electrophoresis on 1.5% agarose gel. After
electrophoresis, the gel was soaked in ethidium bromide solution for 15 min in the
dark, and DNA was visualized and photographed under UV illumination with

ChemiDoc XRS (Bio-Rad) to determine the extent of cell death.
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4.3 Results
4.3.1 Cell Viability

To evaluate effects of different EO chain in NPEOs on PC12 cells, these three
NPEOs, NP;:EO (0-1 ug/mL), NPsEO (0-5 ug/mL) and NP1oEO (0-5 pg/mL), were
selected. No significant difference in cell viabilities in cells exposed to NP;EQ,
NPsEO, and NP;,EO was observed as compared with the viabilities of cells
cultured in serum medium without NPEOs (data are not shown).

To clarify effects of NP,EO, NPsEO, and NP1,EO on apoptotic PC12 cells, cell
viability was measured by trypan blue staining after the PC12 cells cultured in
serum containing medium with copper were exposed to 0-1 pg/mL NP,EO, 0-5
pg/mL NPsEO and 1-5 pg/mL NP1oEO for 72 hr. It is well known that copper has
been reported to induce apoptosis in PC12 cells (Kawakami et al., 2008). Cell
viability of the cells cultured in the serum medium containing CuSO4 (500 uM)
decreased significantly as compared with that in the medium without copper (Fig.
4.1). When copper and NP,EO were co-present in the medium for PC12 cells, cell
viability significantly increased compared to the cells exposed to copper only (Fig.
4.1 A). Therefore, NP1EO can recover viability of copper treated cells. However,
the same concentration of NPsEO and NP3 ,EO compared with NP,EO did not

impact on cell viability in the serum medium containing CuSO,4 (500 uM).
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Fig. 4.1 Cell viabilities of PC12 cells exposed to 500 uM CuSO, containing (A) 0-1
ug/mL NP,EO, (B) 0-5 ug/mL NPsEO and (C) 0-5 ug/mL NP1oEO for 72 hr. Error
bars indicate SEM (n = 3). ***: p < 0.001**: p < 0.01 *: p < 0.05.
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4.3.2 DNA Fragmentation by Agarose Gel Electrophoresis

It has been reported that the morphological characteristics of apoptosis are
frequently accompanied by multiple cleavage of DNA into fragments 180-200-bp
long (Woodgate et al., 1999). The DNA ladders were not observed when cells were
cultured in serum medium with or without the target compounds (NP;EO, NPsEQ,
and NP1oEO (data not shown). These results indicate that these NPEOs themselves
did not induce apoptosis in PC12 cells. At the same time, DNA ladder was observed
when apoptosis was induced by copper in the serum for the cells (Fig. 4.2), and the
ladder form was decreased in PC12 cells cultured in the serum containing copper
medium with 0-1 pg/mL NP,EO (Fig. 4.2 A). On the other hand, the changes of
DNA fragmentation pattern was not observed in the serum medium containing
CuSOq4 (500 uM) treated with NPsEO or NP1xEO (Fig. 4.2 A and B). It meant that
the relative high concentrations of NPsEO, NP1,EO do not affect apoptosis induced

by copper exposure.
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Fig. 4.2 DNA fragmentation of PC12 cells cultured in serum-containing medium
with 0-500 pM CuSO4and with (A) 0-1 pg/mL NP1EO, 0-5 ug/mL NPsEO, and (B)
0-5 ng/mL NP1oEO. Fragmentation was evaluated by measurement of density (C)
NP,EO, (D) NPseO (E) NP1,EO Error bars indicate SEM (n=3). * and ** mean
significant differences of p < 0.05 and p < 0.01 from the cells incubated in serum

containing copper medium without NPEQOs, respectively.

4.4 Discussion
In Chapter 3, it has been clarified that NP,EO inhibits apoptosis under apoptotic
conditions through changes of the related apoptotic factors. In addition, it is also

confirmed that NP,EO has no cytotoxicity and cannot induce apoptosis. At the
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same time, comparison studies about NPEOs having different EO chain are done to
prove the hypothesis presented in chapter Il1l. As compared to NP;EO, it was
expected that NP,EO could significantly recover the cytotoxicity of cells exposed
to CuSQ, (Fig. 4.1 A) although CuSQOy is known to induce apoptosis (Woodgate et
al., 1999). In addition, DNA ladder decreased clearly after treatment of NP,EO (Fig.
3.6). These results indicated that NP;EO also inhibits apoptosis caused by copper
exposure as same as NP,EO. The short chain NPEOs has the same effects on
apoptosis under apoptotic condition in PC12 cells. To further confirm the
hypothesis, the relative long chain NPEOs (NPsEO) and long chain NPEOs
(NPoEO) are chosen to analyze effects on apoptosis induced in PC12 cells.
Teneyck and Markee (2007) had indicated that the strength of toxicity of NPEOs
might depend on the length of EO chain.

It the current study, it was confirmed that the relative long chain NPEOs did not
impact on apoptosis by detecting cell viability (Figs. 4.1 B and C) and DNA
fragmentation (Fig. 4.2). These results indicated that toxicity of NP;EO was caused
by reduction of oxidative stress. EO chain length might influence the difference
from the toxicity of NPEOs. However, the related mechanism remains still unclear.
To elucidate the mechanism of toxicity of these compounds, some relative studies

will be need.

4.5 Conclusion

NP;EO has the same impacts of NP,EO on apoptosis under apoptotic condition. It
meant that NP,EO inhibited apoptosis induced by copper. The short chain NPEOs
such as NP1EO and NP,EO exhibited the opposite effect on apoptosis in PC12 cells
as compared with NP. The differences of behavior on apoptosis might be due to the

difference in the structure of these compounds. The relative high concentrations of
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NPsEO and NP1oEO did not affect apoptosis. It is indicated that the different length
of EO chain has different effects on cytotoxicity and apoptosis. Ultimately, further
investigation will be required to clarify the precise toxicity mechanism of short

chain NPEOs and NP and long chain NPEOs.
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Biodegradation is the main process to treat NPEOs and their intermediate
metabolites as compared with the other degradation processes. Biological process
to remove NPEQOs from water because majority of them are adsorbed to solids in
primary sewage Treatment plants (STW). Abiotic processes like hydrolysis or
photolysis are negligible in degradation of NP and short chain NPEOs in water.
Primary NPEOs are transformed to NP1EO or NP,EO under anaerobic condition,
and NP;EC and NP,EC under aerobic condition, before finally degraded into NP
under anaerobic conditions.

In this study, in activated sludge process, absorption rates of NP,EO to NP3EO
were more than 60%, these compounds could be accumulated quickly in sludge at
10 min. But at the same, it was clear that biodegradation process had some roles
in treatment of short-chain NPEOs. After 24 hours, NP,EO and NPsEO contents
were very low, NP,EO content was relative higher. It was indicated that NP,EO
and NP3EO were converted to NP;EO by microorganisms. Furthermore, it could
be confirmed that absorption process was more than 60% by inactivated sludge
system. Short-chain NPEOs could be accumulated rapidly in sludge in 10 min.
Short- chain NPEOs had certain effects on COD removal. Short chain NPEOs
could be biodegraded in activated sludge, but it is more difficult than primary
NPEOs. Treated wastewater still contains amounts of short chain NPEOs.
Apoptosis has been shown to be induced by serum deprivation or copper treatment.
To understand the toxicity of NP,EO, we investigated the effects of NP,EO on
apoptosis induced by serum deprivation and copper by using PC12 cell system.
NP,EO itself showed no toxicity and recovered cell viability from apoptosis. In

addition, NP,EO decreased DNA fragmentation caused by apoptosis in PC12 cells.
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This phenomenon was confirmed after treating apoptotic PC12 cells with NP,EQO,
whereas the cytochrome c release into the cytosol decreased compared to that in
apoptotic cells not treated with NP,EO. Furthermore, BAX contents in apoptotic
cells were reduced after exposure to NP,EO. Thus, NP,EO has the opposite effect
on apoptosis in PC12 cells compared to NP, which enhances apoptosis induced by
serum deprivation. The difference in structure of the two compounds is
hypothesized to be responsible for this phenomenon. These results indicated that
NP,EO has capability to affect cell differentiation and development and has
potentially harmful effect on organisms because of its unexpected impact on

apoptosis. Present study final conclusion was shown in follow paragraph.
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Fig. 5.1 The final conclusions of NP,EO and NP
To clarify the mechanisms of the effects of short chain NPEOs and long chain
NPEOs on apoptotic conditions, cells were exposed to serum containing copper

medium with or without NP1EO, NPsEO, or NP ,EO. NP:EO has the same
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impacts of NP,EO on apoptosis under apoptotic condition. It meant that NP;EO
inhibited apoptosis induced by copper. The short chain NPEOs such as NP,EO and
NP,EO exhibited the opposite effect on apoptosis in PC12 cells as compared with
NP. The relative high concentrations of NPsEO and NP;oEO did not affect
apoptosis. It is indicated that the different length of EO chain has different effects
on cytotoxicity and apoptosis. Ultimately, further investigation will be required to
clarify the precise toxicity mechanism of short chain NPEOs and NP and long chain

NPEOs. Final conclusion was shown as follows.
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Fig. 5.2 The final conclusions of NP,EO, NPsEO and NP1,EO
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