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Abstract

Organic polymers S2218600, S2429901 and S2219200 (referred to as Polymer 1,
Polymer 2 and Polymer 3, respectively) of varying toxic potential, designed for use
in cosmetic aerosols, were used as model substances to predict inflammatory
potential. In vivo inflammogenic potential was evaluated by assessment of
inflammatory cell profile (alveolar macrophage (AM), polymorphonuclear
neutrophil (PMN)) of broncho-alveolar lavage fluid (BAL) 24hrs after a single
instillation of either 0.5 mg or 2 mg polymer in Sprague Dawley rats.
Pro-inflammatory Minusil particles and non-inflammatory titanium dioxide (TiO2)
particles were used as controls.

For comparison, cultured rat NR8383 AM-like cells, human THP-1 monocyte cells
or human monocyte derived macrophages were treated with polymer for 24 h and
supernatants analysed for indicators of cytotoxicity and inflammatory mediator
release. In addition, after 6 h treatment, gene changes in the rat lung tissue and also
in the rat NR8383 alveolar macrophage cell line were assessed using microarray to
analyse the entire rat genome.

The in vivo studies showed that Polymer 1, Polymer 3 and Minusil caused significant
PMN influx into BAL. Polymer 3 and Minusil caused a significant increase in AM
number in BAL. Polymer 2 and TiO2 had no effect on BAL cell profile. BAL
tumour necrosis factor-α (TNFα) and macrophage inflammatory protein-2 (MIP-2)
levels were significantly increased following instillation of Polymer 3 and Minusil.
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Thus the polymers and particles were ranked for potential to cause pulmonary
inflammation: Polymer 3 > Minusil > Polymer 1 > Polymer 2 > TiO2.

In vitro studies using cultured rat NR8383 AM-like cells showed that the polymers
and particles could be ranked similarly for cytotoxic potential and their ability to
stimulate the release of both TNFα and MIP-2. Cultured human monocyte derived
macrophages detected the pro-inflammatory abilities of Polymer 3, as measured by
cytotoxic potential and ability to stimulate TNFα, interleukin-8 (IL-8) and
macrophage inflammatory protein-1α (MIP-1α), however, did not detect the
pro-inflammatory abilities of Polymer 1. Cultured human THP-1 cells predicted the
pro-inflammatory effects of Polymer 3 in rat lungs using the cytotoxicity assay and
by changes in IL-1β, MIP-1α and IL-10 levels. The human THP-1 cell line did not
predict the pro-inflammatory effects of Polymer 1 that were observed the rat lungs.

Electron spin resonance (ESR) detected free radicals produced by the
pro-inflammatory polymers and particles which had the ability to break bonds in
super-coiled DNA and deplete intracellular glutathione (GSH).

Microarray analysis of the canonical pathways activated by the pro-inflammatory
polymers, Polymer 1 and Polymer 3, showed that 3 similar pathways were
significantly activated in the instilled rats and the rat NR8383 AM-like cells
following treatment. ‘Xenobiotic metabolism’, ‘IL-10 signalling’ and ‘leukocyte
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extravasation signalling’ pathways were significantly changed by the
pro-inflammatory polymers.

Use of these cell model alternatives in an industrial setting will refine and reduce in
vivo testing and as these models are further developed and used alongside future new
alternatives they will provide a substantial contribution towards the replacement of
animal testing.
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Chapter 1 - Introduction
1.1

The Replacement of Animal Testing

The replacement of animal testing is not a new idea and has been investigated for
many years. Most large industries now have an ethical code to minimise animal
testing wherever and by whatever means possible. This project aims to identify
suitable screening assays and predictive biomarkers that would be faster, cheaper and
more reliable than using animals.

In 1986 the Council of the European Communities (CEC) adopted Directive
86/609/EEC regarding the protection of animals used for experimental and other
scientific purposes (Directive 86/609/EEC, 1986). Article 7.2 of this directive states
“an experiment shall not be performed if another scientifically satisfactory method of
obtaining the result sought, not entailing the use of an animal, is reasonably and
practicably available”. Article 23 states “the Commission and Member States
should encourage research into the development and validation of alternative
techniques which could provide the same level of information as that obtained in
experiments using animals, but which involve fewer animals or which entail less
painful procedures, and shall take such other steps as they consider appropriate to
encourage research in this field.”

The CEC recognised that a critical stage in the development of an alternative method
is the transition from that of a potentially useful alternative to that of a method
accepted by a regulatory agencies. In 1992, a special administrative unit was set up,

20

known as the European Centre for the Validation of Alternative Methods (ECVAM).
The duties of ECVAM are; 1) to coordinate the validation of alternative test methods
at the European Union level, 2) to act as a focal point for the exchange of
information on the development of alternative test methods, 3) to set up, maintain
and manage a data base on alternative procedures, and 4) to promote dialogue
between legislators, industries, biomedical scientists, consumer organisations and
animal welfare groups, with a view to the development, validation and international
recognition of alternative test methods.

1.2

Validation of Alternative Methods

There are five main stages in the validation of alternative test methods; test
development; prevalidation; validation (which involves a formal interlaboratory
study with the testing of coded chemicals); independent assessment; and progression
toward regulatory acceptance. ECVAM has implemented a prevalidation scheme,
which includes three main phases: protocol refinement, protocol transfer, and
protocol performance. The objective of the prevalidation process is to ensure that
any method included in a formal validation study adequately fulfils the criteria
defined for inclusion in such a study, so that there is a greater likelihood that the
expectations of those in the scientific, regulatory and animal welfare communities,
who seek the replacement of current animal tests by relevant and reliable alternative
methods, will be met.
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To date, 14 validated alternatives have received regulatory acceptance. These
include assays which employ reconstituted human epidermis models
(EPISKIN - L’Oreal and EpiDerm - ZEBET) to replace the Draize skin irritation test
(Organisation for Economic Co-operation and Development (OECD) Test Guideline
404) which is performed on albino rabbits and an assay which uses skin from human
or animal sources to test skin absorption. All methods were validated by ECVAM
Scientific Advisory Committee with some of the validated alternatives now assigned
as OECD test guidelines.

1.3

Aerosol Cosmetic Testing Alternatives

Legislation is the main driver for the creation of this PhD project. A directive
created by The European Parliament Council (Amendment 7) (Directive
2003/15/EC, 2003), regarding the laws related to risk assessment of cosmetic
ingredients, states that ”it continues to be indispensable to carry out certain
toxicological tests to evaluate the safety of cosmetic products”. However, the
directive also requires that ”animal experiments be replaced by alternative methods,
when such methods exist and are scientifically satisfactory” (Directive 2003/15/EC,
2003). The 7th Amendment to the EU Cosmetics Directive has stipulated specific
deadlines for the replacement of animal testing for ingredients intended for use in
cosmetic products (encompassing a wide range of personal care products and
toiletries). Currently, the deadline for replacement of testing for acute endpoints
(e.g. dermal irritation and corrosivity) is 2009 and the deadline for some repeat-dose
studies (including inhalation toxicology) is 2013. Other repeat-dose endpoints
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(including reproductive toxicology) do not yet have a defined deadline for
replacement due to the inherent complexity of the systems being studied. Companies
producing personal care products therefore have a limited window in which to
develop new testing methods that can predict toxicology or they will not be able to
market new products.

1.4

Aim of the Project

The aim of this project was to investigate whether in vitro macrophage cell models
could be used to predict specific toxicological effects observed in vivo for testing
commercial materials, specifically polymers.

Alveolar macrophages are the first line of defence in the lung, phagocytosing inhaled
xenobiotics and thus an alveolar macrophage cell line should have the potential to be
used in in vitro models as alternatives to animal testing.

This project aimed to understand alveolar macrophage function in relation to
particulate and polymer toxicity by building on knowledge of the properties of
particles that render them stimulatory when they interact with cells.

Dose related

pro-inflammatory responses of alveolar macrophages to particles and polymers were
investigated both in vivo (intratracheal administration) and in vitro, and the responses
were ranked in order of pro-inflammatory ability. In vitro pro-inflammatory
rankings were compared with in vivo pro-inflammatory rankings with the aim of
getting similar rankings.
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1.5

Risk Assessment

Inhalation risk is determined in order to evaluate the toxic potential of the product to
the consumer, primarily via the inhalation route. The constituents of any product
which could potentially be inhaled by a consumer are subject to a series of toxicity
tests, potentially including animal toxicity studies. Toxicity results (hazard) are
combined with exposure data to obtain a risk assessment for that product
(Figure 1.1).

Risk = Hazard x Exposure
Figure 1.1. Calculation of Risk.

The gold standard for determining inhalation hazard is currently to test the product in
a 90-day subchronic rodent inhalation study, assessing pathology and histology of
the lung and other organs, along with other parameters such as haematology,
toxicokinetics, food consumption and body weight etc., resulting in a no observed
adverse effect level (NOAEL). Exposure is calculated from simulated consumer
product use to determine the dose of aerosol particles that has the potential to deposit
in the all regions of the human lung.
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1.6

The Respiratory System - Structure of Airways and Alveoli

The major function of the respiratory system is to exchange gases between inspired
air and the blood. Oxygen is supplied to the body and carbon dioxide is disposed
from the body.

The respiratory system extends from the mouth and nose to the alveoli where gas
exchange takes place. There are two anatomically separate regions, the upper
respiratory tract and the lower respiratory tract. The upper respiratory tract
comprises the nasal cavity, continuing over the nasopharynx and oropharynx to the
larynx and the proximal end of the trachea, and conducts air from the nose down to
the inlet to the lower respiratory tract cavity. The main function of the upper airways
is conditioning and cleaning of the air conducted to the lower airways (Pohunek,
2004).

Figure 1.2. Anatomy of the respiratory system, upper
respiratory tract in pink and lower respiratory tract in
blue. (www.anatomy.iupui.edu/respiratory.html.)
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The lower respiratory tract extends from the trachea to the alveoli. The right lung is
divided into three lobes and the left lung divided into two lobes, to accommodate the
heart. The trachea divides into the left primary bronchus and right primary bronchus.
Each bronchus enters the hilum of the lung where once inside each branches
dichotomously, giving rise to progressively smaller airways. The right main stem
bronchus is more vertical and more directly in line with the trachea than the left, and
consequently inspired airborne particulates are more likely to enter the right lung
rather than the left (Marieb, 1998).

There are about 23 orders of branching in human lungs from the first division of the
main bronchus to the terminal bronchioles. Air passages under 1 mm and 0.5 mm in
diameter are termed bronchioles and terminal bronchioles, respectively. These lack
cartilage and submucosal glands within their walls in contrast to bronchi walls and
lead to the respiratory bronchioles, then to the alveolar ducts and finally to the
alveoli, which provide a large surface area, approximately 85 m2, for gas exchange
(Seaton, 2006).

Alveoli arise directly from respiratory bronchioles in humans (not rats) and then
more frequently on the alveolar ducts which terminate in the alveolar sacs (Moore,
1999). Alveolar sacs have been compared to a bunch of hollow grapes and are
composed of alveoli which are abundantly surrounded by capillaries to facilitate gas
exchange (Seaton, 2006).
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1.7

The Respiratory System – Cells

1.7.1

Trachea

The tracheal wall consists of a mucosal layer, submusocal layer and the adventitial
layer. The mucosal layer consists of pseudostratified epithelial cells with mucus
secreting goblet cells. Mucus loaded with dust particles and other debris is
continuously propelled toward the pharynx by ciliated epithelial cells (Cohen, 2006).
The submucosa contains elastic fibres, a capillary plexus and mucus glands with
semicircular tracheal cartilage rings, the open ends of which are connected to smooth
muscle. The adventitia is the outermost connective tissue layer covering the trachea
(Bairati et al., 1996).

1.7.2

Bronchi

The bronchial walls are comprised of the mucosa, the submucosa and the
fibrocartilaginous layer that includes smooth muscle. The mucosa is stratified,
squamous epithelium set on a basement membrane of reticular collagen, with
underlying elastic and interstitial collagen fibres supporting the epithelium. The
mucosa thins progressively as it becomes more peripheral, with most of the surface
covered by groups of ciliated cells, interspersed with polygonal non-ciliated clara
cells which are joined at the epithelial surface by tight junctions (Bals, 1997).

Eight different cells have been identified in the bronchial epithelium; the ciliated cell,
the goblet cell, the clara cell, the serous cell, the basal cell, the intermediate cell, the
brush cell and the endocrine cell. The submucosa contains elastic fibres that are
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connected with the membrane and the fibrocartilaginous layer. Many glands can be
found in the submucosa, along with smooth muscle, nerves and lymphatics. Mucus
secreting glands are most prominent, which add their secretions to the surface of the
epithelium along with those of goblet cells (Verkman et al., 2003). The
fibrocartilaginous layer mainly consists of smooth muscle and elastic fibres. It is
pierced with nerves, blood vessels and mucous glands that run from the mucosa and
submucosa.

1.7.3

Alveoli

The gas exchange region of the lungs is comprised of numerous alveoli. An alveolus
(Figure 2) is composed of type I and type II epithelial cells surrounded by a network
of capillaries (Alberts, 2002b). The alveolar lining epithelium is separated from the
underlying connective tissue and capillaries of the interstitium by its basement
membrane (Brewis, 1995), which is approximately 7 µm in diameter (Alberts,
1983;Brewis, 1995;Marieb, 1998;Alberts, 2002a).
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Non-ciliated cell
Terminal bronchiole

Ciliated cell

Capillary wall
Type I epithelial cell

Alveolar macrophage

Capillary lumen
Red blood cell
Lymphocyte
Type II epithelial cell
Fibroblast

Figure 1.3. Diagram scanned from (McNeilly et al., 2004) then labelled.

The Type I epithelial cell is a very long, thin cell stretched over a very large area.
This cell cannot replicate and is susceptible to a toxic insult. Type I epithelial cells
are the epithelial barrier across which gas exchange occurs in the alveoli. The
Type II granular epithelial cell is a roughly cuboidal cell that is usually found at the
alveolar septal junctions. Type II cells cover about 5% of the surface area of the
alveoli, whereas type I epithelial cells (because of their squamous shape) cover 95%
of the total area. Even though they cover less surface area, type II cells greatly
outnumber type I cells. Type II cells are responsible for the production and secretion
of surfactant. The Type II epithelial cells can replicate in the alveoli and will
differentiate to replace damaged Type I epithelial cells.
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Type II cells are highly metabolically active, covered at their apex by microvilli and
contain numerous cytoplasmic organelles, including large, well-developed
mitochondria and osmophilic lamellar inclusion bodies of surfactant. The primary
metabolic function of type II cells is the synthesis and secretion of surfactant, which
is predominately composed of phospholipids, although approximately 10 % is
comprised of serum proteins, apoproteins and surfactant proteins (SP) –A, -B, -C and
–D (Pison et al., 1994). Pulmonary surfactant lines the alveoli, lowering the
air-liquid surface tension and reduces the elastic recoil of the lung tissue, thereby
preventing lung collapse. In addition, surfactant plays a role in host defences,
containing antioxidant activity and bacteria opsonising proteins which promote
alveolar macrophage activity especially phagocytosis.

1.8

Mucociliary Clearance

Mucociliary clearance of the respiratory tract is an important defence mechanism
against inhaled particles and pathogens. This is a continual process that sweeps
mucus containing particles or pathogens out up to the epiglottis where it can be
swallowed or expectorated (Houtmeyers et al., 1999). Cilia, which line both the
upper and lower airways, are covered by a thin layer of mucus derived from the
mucus-secreting cells, and beat rapidly in a co-ordinated fashion propelling particles
trapped in the mucus layer to the pharynx (Stannard and O'Callaghan, 2006).
Defective mucociliary clearance predisposes the respiratory tract to recurrent

30

infection (Cohen, 2006). Cilial defects may be either congenital (primary) or
acquired secondary to infection, toxins or drugs.

Mucus is produced by submucosal cells as well as goblet cells in the respiratory
system. It consists of mucin, a highly glycosylated peptide. Upon stimulation,
myrastine-alanine-rich protein kinases signal the binding of mucin filled vesicles to
the plasma membrane. The fusion of the vesicles causes the release of the mucin,
which as it exchanges Ca2+ for Na+ expands up to 600 fold (Rogers, 2003). The
result is a viscoelastic product of interwoven molecules.

Mucus is a relatively dilute suspension of innate immune proteins (2-4 %) that
scavenge, immobilise and/or kill pathogens. Some 190 proteins are readily
detectable in sputum by proteomic methods (Sheehan et al., 2006). The major single
protein by weight in sputum is a mixture of mucin (MUC) C5B and MUC5AC.

The extreme thinness of the alveolar membrane to allow gas exchange means that a
mucociliary system is untenable, and so the first line of defence in the alveoli of the
lung are the alveolar macrophages (Figure 1.4).
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Alveolar macrophage
Type I epithelial cell
Alveolar space

Figure 1.4. Transition electron microscope image of an alveolar macrophage resting on a type I
epithelial cell in an alveolus (supplied by Rodger Duffin, ELEGI).

1.9

Alveolar Macrophages

Alveolar macrophages are the phagocytic cells that dwell in the surfactant layer in
the alveoli, with a life span suggested by bone marrow transplant studies of
approximately 81 days (Thomas et al., 1976). Alveolar macrophages make up
approximately 5 % of the total lung cell population and occur at a frequency of
approximately one macrophage per alveolus under resting conditions (Stone et al.,
2007). Macrophages can move around and are in direct contact with Type I and II
epithelial cells where they interact with them by means of pseudopodia (Fels and
Cohn, 1986).

1.10

Macrophage Development

The name "macrophage" means "large (Latin macro) eater (Latin phage)".
Macrophages originate in the bone marrow as monoblasts, the least mature cell of the
mononuclear phagocyte system (Hume, 2006). Bone marrow production of
monocytes is stimulated by macrophage colony stimulating factor (M-CSF).
Division of a monoblast gives rise to two promocytes, which in turn divide to form
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monocytes (Lari et al., 2006;Hume, 2006). Newly formed monocytes usually remain
in the bone marrow for less than 24 h before entering the blood stream, where they
are distributed between circulating and marginating pools (van and Sluiter, 1986).
Monocytes circulate in the blood for 5-8 days and then enter tissues (Uthman, 2007).
Absolute monocyte count in adult blood is between 200 and 800 cells per µL of
blood (Hope and Hope, 1993).

Monocytes migrate into extravascular tissue to become macrophages by adhering to
the endothelium and then passing through the epithelium by a process of diapedesis.
Adherence of monocytes to the endothelium involves high molecular weight
glycoproteins such as lymphocyte function associated antigen-1 (LFA-1) which
interacts with molecules such as intercellular adhesion molecule-1 (ICAM-1) or
vascular cell adhesion molecule-1 (VCAM-1) present on vascular endothelial cells
(Muller, 2002). Cytokines such as interleukin-1 (IL-1) and interferon-γ (IFN-γ)
produced at an inflammatory focus increase the expression of ICAM-1 by endothelial
cells and can therefore facilitate monocyte adhesion and migration to sites of
inflammation (De, V et al., 1998). Once monocytes leave the circulation, they do not
return, differentiating into tissue-specifc macrophages in response to macrophage
colony stimulating factor (M-CSF), granulocyte M-CSF (GM-CSF), monocyte
chemoattractant protein-1 (MCP-1) or interleulin-3 (IL-3) (Shi and Simon, 2006).
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1.11

Macrophage Structure and Function

Alveolar macrophages are located in the alveoli of the lungs and are the first line of
defence in the lungs to inhaled pathogens. Alveolar macrophages ingest and
remove/destroy inhaled particles, orchestrating an inflammatory response relevant to
the inflammatory potency of the particles.

1.11.1 Macrophage Structure

Macrophages are irregularly shaped amoeboid cells, measuring 25-50 µM in
diameter. The surface is ruffled, with protruding microvilli and surface blebs.
Microtubules and microfilaments are prominent in macrophages and form a well
organised, three dimensional cytoskeleton which surrounds the nucleus and extends
throughout the cytoplasm to the cell periphery. Actin microfilaments immediately
beneath the cell membrane are responsible for ruffling, locomotion and pseudopod
formation, as well as influencing endocytotic events and establishing the polarity of
migration in response to chemotactic stimuli (Akisaka et al., 2006). The nucleus is
round or kidney shaped with one or two prominent nucleoli and finely dispersed
chromatin and is normally eccentrically placed. There is a juxtanuclear golgi
complex in an abundant cytoplasm (Klika et al., 1975). The most characteristic ultra
structural feature of alveolar macrophages is the abundance of membrane-bound
cytoplasmic inclusions (Nakstad et al., 1989). The cytoplasm contains fine granules
and multiple large, azurophilic granules (Miller et al., 1990). Cytoplasmic vacuoles,
formed by the process of pinocytosis, are seen frequently near the cell periphery
(Kaplan and Ward, 1990).
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1.11.2 Macrophage Secretory Release Mechanism

An important aspect of macrophages is their ability to secrete toxic chemicals to
destroy inhaled foreign matter. Macrophages have an extensive secretory capability
that includes secretion of enzymes and many other biologically active substances
(Table 1). Over 100 substances have been reported to be secreted by macrophages,
with molecular mass ranging from 32 Da (superoxide anions) to 440,000 Da
(fibronectin), and biological activity ranging from induction of cell growth to cell
death (Nathan, 1987). Secretion includes both release of constituents of these cells
into the external environment and also discharge of these materials into phagocytic
vacuoles.
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Table 1. Secretory products of macrophages (Burke and Lewis, 2002)
Cytokines

Enzymes

IL-1, IL-6, IL-8, IL-10, IL-12, IL-15, IL-16,
IL-18
TNFα, Interferons-α and γ
Platelet-derived growth factors
Fibroblast growth factor
Transforming growth factor-β
GM-CSF
M-CSF
Erythropoietin
Factor inducing monocytopoiesis
Angiogenesis factor
CXC chemokines (IL-8, GRO, ENA-78, IP10)
Macrophage-derived chemokine

Lysozyme
Lysosomal acid hydrolases:
lipases
proteases
(deoxy) ribonuclease
phosphatases
glycosidases
sulfatases
Neutral proteases:
collagenase
elastase
myelinase
angiotensin convertase
plasminogen activator
cytolytic proteinase
lipases
lipoprotein lipase
phospholipase A2
arginase

Enzyme & cytokine inhibitors

Reactive oxygen intermediates

Protease inhibitors:
α2-Macroglobulin
α1-Antitrypsin inhibitor
Collagenase inhibitor
Phospholipase inhibitor
IL-1 inhibitors

Superoxide
Hydrogen peroxide
Hydroxyl radical
Nitric oxide
Peroxynitrite

Complement components

Arachadonic acid intermediates

Classical pathway:
C1, C4, C2, C3, C5
Alternative pathway:
factor B, factor D, properdin
Active fragments:
C3a, C3b, C5a, Bb
Inhibitors:
C3b inactivator, β-1H

Cyclooxygenase products:
PGE2, prostacyclin, thromboxane
Lipooxygenase products:
hydroxyeicosotetranoic acids
leukotrienes
Platelet activating factors

Coagulation factors

Others

Tissue factor
Prothrombin activator
Coagulation factors II, VII, IX, X, XIII
Plasminogen activator
Plasminogen activator inhibitors

Thrombospondin
Fibronectin
Lipocortin
Transcobalamin II
Transferrin
Ferritin
Haptogloblin
Glutathione
Uric acid
Apolipoprotein E
Neopterin
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Macrophage secretion involves peptide synthesis on the rough endoplasmic
reticulum, co-translational glycosylation and translocation into the lumen of the
endoplasmic reticulum, transport to the golgi apparatus and vesicle transport to the
plasma membrane. The secretory vesicle fuses with the plasma membrane either
continuously or upon stimulation, expelling the contents into phagocytic vacuoles or
into the external environment.

1.11.3 Macrophage Metabolism

Another component and important aspect of macrophage killing is their ability to
generate toxic reactive oxygen species (ROS). Macrophages employ glycolysis and
oxidative phosphorylation to generate ATP (adenosine triphosphate) which is stored
in a creatine phosphate pool, providing an immediate source of energy for mobility
and function (Burke et al., 2002). The basal metabolism of macrophages can be
significantly affected by receptor-ligand interactions (Peters-Golden et al., 1991),
which often results in a ‘respiratory burst’ with the metabolism of large quantities of
glucose by the way of the hexose monophosphate shunt and increased oxygen
consumption (Babior, 1984). The respiratory burst results from the activation of
NADPH oxidase that catalyses the one-electron reduction of oxygen to superoxide
(O2-) at the expense of NADPH (Quinn et al., 2006):

O2 + NADPH → O2- + NADP+ + H+
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The O2- product is unstable and quickly undergoes another reduction to hydrogen
peroxide (H2O2), either spontaneously or in a much faster reaction catalysed by
superoxide dismutase:

2O2- + 2H+ → H2O2 + O2

O2- and H2O2 are used as starting materials for the production of oxidising halogens
and free radicals which are microbicidal. The H2O2 generated by the respiratory
burst reacts with chloride, catalysed by myeloperoxidase (MPO) to form
hypochlorous acid (HOCl), an oxidising halogen (Tkaczyk and Vizek, 2007):

Cl- + H2O2 → HOCl + OH-

HOCl is a very strong oxidant, which plays a crucial role in the killing of inhaled
pathogens. The hydroxyl free radical (OH•) is formed by reactions between O2- and
H2O2, a reaction catalysed by iron or copper (the Haber-Weiss reaction):

O2- + H2O2 → OH• + OH- + O2

In addition to generating ROS, macrophages can also produce reactive nitrogen
species (RNS) (Knaapen et al., 2006). The nitric oxide free radical (NO•) is
produced from the reaction of L-arginine, O2 and NADPH, catalysed by inducible
nitric oxide synthase (iNOS):
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L-arginine + O2 + NADPH → NO• + L-citrulline + NADP+

A second consequence of receptor-ligand interaction is the release of arachidonic
acid by phospholipase A2, from extracellular stores of phospholipids. Subsequently
it is converted via either lipoxygenases such as 5-lipoxygenase activating protein
(FLAP) or cyclooxygenases such as cyclooxygenase 1 or 2 (COX-1 or COX-2) to a
series of leukotrienes such as dihydroxy acid leukotriene (LTB4) (Miyahara et al.,
2006) or prostaglandins such as prostaglandin E2 (PGE2) (Steer et al., 2006),
respectively .

Lysosomal enzymes involved in degradation of phagocytosed material are
synthesised in the endoplasmic reticulum and packaged by the golgi apparatus into
structures called primary lysosomes (Mueller and Pieters, 2006). These primary
lysosomes fuse with phagocytic or pinocytic vacuoles (phagosomes) containing
ingested materials to form secondary lysosomes (phagolysosomes).

1.9.4

Macrophage Activation

Macrophage activation occurs when the cell recognises inhaled foreign matter or
inflammatory stimuli such as oxidative stress from particles or cytokines released
from other cells. ‘Activation’ of macrophages refers to a state of enhanced cellular
metabolism, mobility, lysosomal enzyme activity and cytocidal capacity (Fujihara et
al., 2003). Macrophage activation is usually accompanied by increased production
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of important products, including lysosomal neutral proteases, acid hydrolases,
complement components, enzyme inhibitors, binding proteins, IL-1, tumour necrosis
factor-α (TNFα) and factors promoting haematopoiesis (Fuller, 1992). Most forms
of activation, however, include down-regulation of certain physiological
characteristics as well as up-regulation of others.

A typical activation sequence of events following recognition of a microbe or foreign
particle goes as follows; bacteria or foreign matter deposited in alveolus, alveolar
macrophage recognises signals through cytokines released from epithelial cells for
example and becomes activated, macrophage generates pseudopodia which move the
cell to the location of the intruding bacteria or foreign particle, macrophage ingests
the particle by phagocytosis, macrophage secretes lysosomes containing proteolytic
enzymes and ROS into the phagosome to destroy contents whilst also releasing
cytokines, chemokines and growth factors etc into the external environment,
macrophage migrates to mucocillary escalator and is removed from lungs.

1.12

Macrophage Signalling

1.12.1 Surface Receptors

The macrophage interacts with its environment through a large number of surface
molecules present on the surface. Some of these are growth factor receptors, others
recognition or adhesion molecules important in cellular interactions, and others are
enzymes or receptors for specific ligands important in the role of the macrophage
(Arandjelovic et al., 1998). During differentiation and activation, this mosaic of cell
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surface molecules constantly changes in a way which is orchestrated by genetic
programming in response to signals from the extracellular environment. Table 2
details the main macrophage receptor types and their reported ligands.
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Table 2. Macrophage Receptors taken from (Burke et al., 2002).
Receptor Type

Receptor molecules

Fc receptors

IgG2a, IgG2b/IgG1, IgG3, IgA, IgE

Complement receptors

C3b, C3d, C3bi, C5a, C1q

Cytokine receptors

MIF, MAF, LIF, CF, MFF, IL-1, IL-2, IL-3, IL-4, IL-6, IL7, IL-10, IL-13, IL-16, IL-17, leptin, HGF Interferon-α, -β, γ
Colony-stimulating factors (GM-CSF, M-CSF/CSF-1)

Chemokine receptors

CCR1, CCR2, CCR5, CCR8, CCR9
CXCR1, CXCR2, CXCR4
CX3CR1

Peptide

and

small

molecule

receptors

H1, H2, 5-HT
1,2,5-Dihydroxy vitamin D3
N-Formylated peptides
Enkephalins/endorphins
Substance P
Arg-vasopressin

Hormone receptors
Transferrin

Insulin, Glucocorticosteroids, Angiotensin

and

lactoferrin

receptors
Lipoprotein lipid receptors

Anionic low-density lipoproteins
PGE2, LTB4, LTC4, LTD4, PAG
ApolipoproteinsB and E (chylomicron remnants, VLDL)

Coagulant

and

anticoagulant

receptors

Fibrinogen/Fibrin, Coagulation factor VII
α1-Antithrombin, Heparin

Fibronectin receptors
Laminin receptors
Mannosyl, fucosyl, galactosyl
residues
AGE receptors
α2-Macroglobulin-proteinase
complex receptors
Others

Cholinergic agonists, α-Andrenergic agonists,
β-Andrenergic agonists
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1.12.2 Cytokine Receptors

Macrophages, in addition to elaborating a large variety of cytokines, possess
receptors for many cytokines. Phosphorylation of proteins by protein kinase C
occurs following cell stimulation by IL-2, IL-3, TNFα and CSF-1 (Wen et al., 2007).
Individual cytokines or combinations of cytokines interacting with specific receptors
modulate the function of macrophages. A number of cytokines, including IFN-γ
(Gonwa et al., 1986), TNF (Talmadge et al., 1988), IL-2 (Malkovsky et al., 1987),
IL-4 (Crawford et al., 1987) and M-CSF (Flanagan and Lader, 1998), all having
pleotropic effects, are involved in the activation of macrophages. Many of the
functions carried out by macrophages, such as the destruction of intracellular
parasites, are enhanced by this activation.

1.12.3 Chemokine Receptors

The superfamily of chemokines includes representatives of the C, CC, CXC and
CX3C subclasses. A number of CC receptors (CCRs) and CXC receptors (CXCRs)
have been identified on the macrophage, including CCR1 which binds macrophage
inflammatory protein (MIP)-1α, RANTES and monocyte chemotactic protein
(MCP)-3; CCR2 which binds MCP-1, -2, -3 and -4; CCR5 which can bind RANTES,
MIP-1α and MIP-1β; CXCR-1 and CXCR-2 which both can bindIL-8; and CX3CR1
which can bind fractalkine (Thomson, 1998).
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1.12.4 Surface Antigens

The CD14 molecule is one of the most characteristic surface antigens of the
monocyte lineage and comprises 356 amino acids anchored to the plasma membrane
by phosphoinositol linkage (Schutt, 1999). It is expressed at high density and can be
used as a marker of monocytes and tissue macrophages. CD14 is the receptor for
endotoxins such as LPS. Toll-like receptors 2 and 4 (TLR2 and TLR4) mediate LPS
signalling through interaction with CD14 to form the LPS receptor complex which
activates NF-kappaB (Schutt, 1999;Aderem and Underhill, 1999). Another antigen,
CD68, also a specific marker of monocytes and macrophages is present in
intracellular granules but can also exist in the extracellular environment (Warnke et
al., 1989).

1.13

Molecular Macrophage Signalling Pathways

1.13.1 Complement System

The complement system is a biochemical cascade of the immune system derived
from many small plasma proteins that work together. The complement system is an
effective innate immune mechanism which defends and eradicates microbial
pathogens from the body. It is also widely involved in many forms of acute and
chronic inflammatory diseases including, acute lung injury and asthma (Abe, 2006).
Inflammation in the lung due to inhaled inflammatory particles causes activation of
the complement cascade, which in turn directly activates phagocytic cells and causes
chemotaxis of inflammatory cells to the area of injury (Czermak et al., 1998).
Complement component C5a, a small activation product of the complement cascade
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plays a prominent role in the recruitment and activation of phagocytic cells (Guo and
Ward, 2005) and complement component C3b, an opsonin, which coats the surface
of inflammatory particles (Donaldson et al., 2003) is recognized by receptors on
phagocytic cells (Sim and Tsiftsoglou, 2004).

1.13.2 MAPK

The transcription factor AP-1 is activated by signalling cascades involving
mitogen-activated protein kinases (MAPK) which are induced by toxic or mitogenic
stimuli (Shukla et al., 2003). The cascade has three main pathways which result in
transcriptional activation of genes of the jun and fos family or activation at the
protein level; the extracellular signal-regulated kinases (ERK) pathway, of which
ERK1 and 2 represent major mammalian kinases of this group; the
c-Jun-NH2-terminal kinases (JNK1, 2 and 3) pathway, also known as stress activated
protein kinases (SAPKs); and the p38 kinase pathway (Albrecht et al., 2004).

1.13.3 Transcription Factor AP-1

Transcription factor AP-1 is a dimer complex composed of Jun, Fos, or activating
transcription factor (ATF) subunits that bind to a common AP-1 binding site on DNA
(Karin et al., 1997). AP-1 activity is induced by growth factors, cytokines and other
intercellular signalling molecules such as mitogen activated protein kinases (MAPK)
following environmental insults, including particle-mediated oxidative stress
(Barnes, 2006;Turpaev, 2006a). Upon activation, AP-1 binds to specific DNA
promoter elements which recognise certain cell response elements and regulates the
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transcription of various sets of genes. In turn, AP-1 regulates a wide range of
cellular processes, such as cell proliferation, death, survival and differentiation
(Turpaev, 2006b).

1.13.4 Nuclear factor-kappaB (NF-kappaB)

Oxidative stress signalling leads to the activation of NF-kappaB, a transcription
factor that exists in virtually all cell types. NF-kappaB is a family of seven
structurally related transcription factors that play a central role in cardiovascular
growth, stress response, and inflammation by controlling gene network expression
(Brasier, 2006). NF-kappaB is composed of homodimeric and heterodimeric
complexes of members of the Rel (NF-kappaB) family (Baldwin, Jr., 1996). There
are five subunits of the NF-kappaB family in mammals: p50, p65 (RelA), c-Rel, p52
and RelB3. These proteins share a conserved 300 amino acid sequence in the Nterminal region, known as the Rel homology domain, that mediates DNA binding,
protein dimerization and nuclear localization (Inoue et al., 2007). This domain is
also a target of the IkappaB inhibitors, which include I-kappaBα, I-kappaBβ, IkappaBγ, Bcl-3, p105 and p100 (Gilmore and Herscovitch, 2006). NF-kappaB
responsive sites (kappaB sites) have been characterised in the promoters and
enhancers of numerous genes, making it an important component in the expression of
many proteins, including cytokines, acute phase response proteins and cell adhesion
molecules.
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NF-kappaB activation occurs through degradation of IĸB proteins and signals to the
cell that damage (oxidative stress, uv light) or infection (LPS, viral proteins) has
occurred (Escarcega et al., 2007). NF-kappaB is activated by cytokines, reactive
oxygen species, bacterial cell wall products, vasopressors, viral infection, and DNA
damage. These signals activate IĸB kinase which phosphorylates IĸB and leads to its
degradation. NF-kappaB regulates expression of an array of genes, which include
many inflammatory molecules such as cytokines, cell adhesion molecules, inducible
nitric oxide synthase and COX2 (Okamoto et al., 2007).

1.13.5 Fc and Complement Receptors

The attachment of the Fc portions of immunoglobulin molecules to the surface of the
macrophage via Fc receptors can trigger various functions such as endocytosis and
the generation of transmembrane signals. These signals result in the reorganisation
of cytoskeletal microfilaments at the site of attachment which facilitate phagocytosis
and the secretion of potent mediators (Khandani et al., 2007). Fc receptors can be
activated by IgG opsonised particles which triggers internalisation through actin
polymerisation beneath the particle, membrane recruitment to the site of particle
contact, membrane extension outward to surround the particle, and particle
engulfment (Underhill and Ozinsky, 2002). Complement activation is mediated by
mannose-binding lectin (MBL) and is a key mechanism for the mammalian acute
phase response to infection (Vasta et al., 1999). Inflammatory cytokines (TNFα),
microbial products (LPS) and adhesion (fibronectin) stimulate phagocytosis through
complement receptor 3 (CR3).
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1.14

Macrophage Role in Airway Defence Against Inhaled Particles

1.14.1 Defence in the airways

Inflammation is the critical defence mechanism protecting the host from lung injury.
Increased blood flow in vessels surrounding the ‘inflicted’ area and increased
vascular permeability allow infiltration of granulocytes and monocytes to accumulate
in the tissues. Inflammation resolves when the insult is removed or/and destroyed.
The inflammatory response is mediated by cytokines, chemokines and growth factors
produced by the residing and migrant cells (Larsen and Holt, 2000).

1.14.2 Role in Response to Particles

Alveolar macrophages phagocytose and remove particles that are inhaled and deposit
in the alveoli of the lungs. Phagocytosis results in release of pro-inflammatory
mediators which aid the process of particle clearance by recruiting phagocytic cells
(Becker et al., 2005). When the particle insult is cleared, inflammation resolves,
however, continuous exposure to carcinogenic or pro-fibrotic particles or fibres, such
as quartz or asbestos, causes persistent inflammation and persistent activation of
macrophages and neutrophils (Donaldson and Tran, 2002b). This results in a number
of processes, including cell proliferation and DNA damage that contribute to the
induction of carcinogenesis or fibrosis (Stone et al., 2007).

1.15

Environmental Particles and Dusts

A key mechanism for inhaled particles known to cause inflammation is via oxidative
stress and release of free radicals (Figure 1.6). In order to develop in vitro models to
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test the hair sprays we assumed that the hair spray mechanism of action will be
similar to that of particles. Assuming that the oxidative stress hypothesis is as
pertinent to commercial chemicals as to particles, in vitro models that have
previously been used to assess the pro-inflammatory effects of particles should be
equally effective in predicting the pro-inflammatory effects commercial particles.

Particulates

Free radicals / oxidative stress

Inflammation

Asthma

COPD

Scarring

Cancer

Figure 1.6. Diagram showing one putative mechanism by which particulates cause lung damage.

The lung is normally exposed to particles that are present in background air and these
are dealt with by phagocytosis and clearance. Chronic inhalation of various dusts
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and fibres can cause a variety of lung disorders. Alveolar macrophages are involved
in local defence against pathogenic and particulate insults and play an early role in
inflammation and the control of infection. Inhaled particles are bound, ingested and
cleared from the lungs by alveolar macrophages (Casarett et al., 2001).

The macrophage is challenged and has an important role in dust-related lung diseases
or pneumoconiosis. For example, the inhalation of coal dust can cause chronic
bronchitis, lung function loss, simple coal workers pneumoconiosis, progressive
massive fibrosis and emphysema (Cohen and Velho, 2002). Macrophages and
neutrophils are the key inflammatory cells in such disorders with the release of
cytokines, ROIs and growth factors (Tetley, 2005). In vitro and in vivo studies with
coal dusts have shown the up-regulation of important leukocyte recruiting factors
such as MCP-1, LTB4, PDGF and TNFα, as well as CD54 (ICAM-1) (Schins and
Borm, 1999). In general, particles that are pathogenic, such as quartz or asbestos are
known to stimulate macrophage production of various factors, with the capacity to
modulate lung cells and/or extracellular matrix, including ROIs, fibroblast
chemoattractants (PDGF, TGFβ and fibronectin) and a number of factors that have
been shown to influence fibroblast growth and collagen production such as PDGF,
insulin-like growth factor, TNFα, TGFβ and PGE2 (Donaldson et al., 2002b).

1.16

Deposition of Particles in the Lungs

Inhaled particles deposit in different regions of the lungs, depending on the
aerodynamic diameter of the particles (Donaldson et al., 2001a), but also due to the
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mechanism of deposition. Particles can deposit by an inertial mechanism, a
sedimentation mechanism or by a diffusion mechanism (Heyder, 2004). Particles of
diameter 10-30 µM deposit in the mouth and nose, particles of diameter 2-10 µM
deposit in the trachea, bronchial and bronchiolar regions, and particles of diameter
less than 2 µM (including nano particles) deposit in the alveolar region of the lungs.
Inertial impaction occurs when particles continue to move in their original direction,
failing to negotiate bends, such that they impact at bifurcations. Sedimentation
occurs in response to gravity, where the particles settle due to their mass. Diffusion
occurs mainly for particles of diameter less than 0.5 µM (Schulz, 2000).

1.17

Particulate Matter Pertinent to the Lung

1.17.1 Ambient Particulate Matter

Particulate matter (PM) in ambient air is a complex mixture of multiple components
including microbes, soot, soil, dust, cigarette smoke and particles from atmospheric
chemistry (Hopke and Rossner, 2006). These particles range from a few nanometers
in size to tens of micrometers. They are emitted as liquids or solids from sources
including biomass burning, incomplete combustion of fossil fuels, volcanic
eruptions, wind erosion, road erosion from traffic, and is also constituted with sea
salt and biological materials (plant fragments, microorganisms, pollen etc.).
Environmental particle number varies between 10,000 to 100,000 particles/cm3 and
mass concentrations vary between 1-100 µg/m3 (Seaton et al., 2005).
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1.17.2 Silica

Crystalline silica is one of the most abundant materials in the earth’s crust.
Crystalline silica or free silica is the form which is most likely to produce harmful
effects (Donaldson and Borm, 1998). The most common polymorph of crystalline
silica is quartz, followed by tridymite and cristobalite. Occupational exposure to
quartz occurs following exposure to respirable silica-containing dusts present in
many industrial operations worldwide, including construction, tunneling and mining,
clay/pottery industry, quarrying etc. (American Thoracic Society, 1997;Donaldson et
al., 1998;Carlsten et al., 2007). Inhalation of quartz is associated with the
development of silicosis (Hnizdo and Vallyathan, 2003) and cancer (Morgan and
Seaton, 1995;Peretz et al., 2006).

The generation of oxidants by silica particles and by silica-activated cells results in
cell and lung damage via a chronic inflammatory response, with long-term exposure
causing constant activation of macrophages and neutrophils, leading to fibroblast
proliferation and fibrosis (Brown et al., 1989). The chronic inflammatory response
leads to upregulation of pro-inflammatory genes, expression of cytokines and further
oxidant release (Kelly and Mudway, 2007). When fine particles of silica dust are
deposited in the lungs, macrophages ingest the particles and set off an inflammatory
response by releasing TNF (Sayes et al., 2007), IL-1 (Koike, 1985;Rimal et al.,
2005), LTB4 (Schins et al., 1999) and many other cytokines. In turn, these stimulate
fibroblasts to proliferate and produce collagen around the silica particle, thus over a
period of time, resulting in fibrosis and formation of nodular lesions (Rimal et al.,
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2005;Warheit et al., 2007). Characteristic lung tissue pathology of silicosis consists
of fibrotic nodules with a concentric "onion-skinned" arrangement of collagen fibers,
central hyalinization, and a cellular peripheral zone (National Institute for
Occupational Safety and Medicine, 2007).

1.17.3 Microbial Particles

The particles most often encountered by macrophages are bacteria that are airborne
and deposit in the distal lung, thus the alveolar macrophage has an important role
maintaining sterility of the distal lung (Delclaux and Azoulay, 2003). Macrophages
have receptors for antibodies, complement (opsonins), and serum proteins, all of
which can identify microbes (Figure 1.7). Identification leads to phagocytosis and
the engulfed microbes are then subjected to a wide range of toxic intracellular
molecules, including superoxide, hydroxyl radicals, hypochlorous acid, nitric oxide,
antimicrobial cationic proteins and peptides, and lysozyme (Monton and Torres,
1998). The macrophages then process antigens and stimulate lymphocyte functions
by the release of pro-inflammatory mediators.
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Figure 1.7. Receptor and signaling interactions during phagocytosis of microbes (Underhill et al.,
2002).

1.18

Inflammatory Responses in the Lung

The airway and alveolar regions of the lungs are equipped with effective defense
mechanisms to clear particles (Fokkens and Scheeren, 2000). As mentioned above,
particles are trapped and swept out of the airways by the mucocillary escalator.
Alveolar macrophages, located beyond the ciliated airways phagocytose particles and
migrate, carrying their load, to the mucociliary escalator for removal. Problems arise
when the particles damage macrophages, stimulate inflammatory mediator release
from macrophages or epithelial cells, activate complement, or the high lung burden
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causes overload toxicity (Donaldson et al., 2002b). These factors lead to
inflammation in the lung and subsequently over a prolonged period of time progress
to lung disease (MacNee and Donaldson, 2003). Particles such as quartz generate
their pro-inflammatory effects via oxidative stress, which is caused by free radical
generation of the particle surface (Castranova, 1994b). Free radicals damage cell
membranes and initiate oxidative stress-mediated signaling (Barrett et al., 1999).

Inflammation is characterised by the ‘cardinal signs’ i.e. pain, swelling, heat and
redness at the site of injury, due to changes in local blood vessels (Larsen et al.,
2000). In the lung, inflammation is marked by fluid exudation that can result in
odema and cellular exudates. The latter influx of white blood cells may be separated
into two main classes: polymorphonuclear leukocytes (neutrophils, eosinophils and
basophils) or mononuclear leukocytes (monocytes and macrophages). Increased
neutrophil and/or macrophage populations in the lung are indicative of an
inflammatory response (Duffin et al., 2001).

There are considerable differences between the responses of these cells in response
to phagocytosis. Following phagocytosis, neutrophils either die by necrosis, forming
pus (if there are significant numbers) or they undergo apoptosis and die ‘silently’
without inducing further inflammation (Matute-Bello and Martin, 2003).
Macrophages respond to phagocytosis by releasing mediators that ‘orchestrate’ the
behaviour of other cells (Renwick et al., 2001).
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1.19

Role of Macrophages in Resolution of Inflammation

The resolution of inflammation involves the death of excess or old inflammatory
cells by a process of physiologically programmed cell death (apoptosis) and the
subsequent recognition and removal of apoptotic cells by phagocytes (Walker et al.,
2005). Phagocytosis of apoptotic bodies prior to necrosis prevents the release of
potentially toxic intracellular contents and activates an anti-inflammatory response in
macrophages (Fadok, 1999).

1.20

Fibrosis

Pulmonary fibrosis is characterised by an abnormal accumulation of fibroblasts and
deposition of collagen in the lung due to or following lung inflammation and
abnormal tissue repair (Khalil et al., 2007). Persistent lung insult, for example to
asbestos, leads to activation of cytokine and growth factor signalling by phagocytes
and the surrounding cells (Shukla et al., 2003), which in turn leads to increased
collagen gene expression, resulting in abnormal collagen deposition (GharaeeKermani and Phan, 2005). Usually, wound repair involves laying down of
extracellular matrix which is a normal and healthy response but continuous
inflammation like that noted following exposure to asbestos results in excessive
wound repair, poorly organised matrix deposition and fibrosis which affects normal
tissue architecture and ultimately can disable proper functioning of tissues (Stramer
et al., 2007).
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Growth factors, including transforming growth factor (TGFβ), platelet-derived
growth factor (PDGF) and fibroblast growth factor (FGF), released by phagocytic
and surrounding cells have been shown to play a key role in fibroblast proliferation,
collagen synthesis and deposition (Matsumoto and Azuma, 2006).

1.21

Scope of the Project

The principle idea behind this project is that cell models can be used to predict
specific toxicological effects observed in conventional animal studies. Of specific
interest, is that in vitro macrophage models may be able to predict a range of specific
toxicological effects previously identified in rodent studies investigating commercial
polymers by inhalation or instillation.

Rat lung toxicity is quantified by changes in BAL cell population, cytotoxicity within
the lung, inflammatory mediator changes and gene transcription changes. Although
not solely, alveolar macrophages orchestrate toxicity of polymers in rat lungs and
therefore a cell line should produce similar findings. Cell model toxicity,
inflammatory mediator release and changes in gene transcription levels will be
studied in order to determine polymer toxicity and the mechanisms of action.
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Chapter 2 - Materials and Methods
2.1

Polymers

Polymers are commonly used in cosmetic products because of their film forming
properties (Jachowicz and Yao, 2001). Three polymers, supplied by the sponsor,
were used in this project : S2218600 (Polymer 1), S2429901 (Polymer 2) and
S2219200 (Polymer 3) which can be used in hair sprays. These compounds are large
organic molecules formed by the joining of smaller monomeric units linked by
covalent bonds.

2.1.1

Methylvinyl Ether/Maleic Anhydride Polymers

Methylvinyl ether/maleic acid (MVE/MA) co-polymers are supplied as the anhydride
powder or in various other chemical forms derived from the anhydride (Figure 2.1).

Figure 2.1. Structure of Methylvinyl ether/maleic anhydride polymer

This family of co-polymers are widely used in pharmaceutical applications because
of their excellent film-forming properties and high quality bioadhesive performance.
They are also used as thickeners, complexing agents and hydrophilic colloids (Table
2.1).
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Product
AN Series

Applications
Thickening and suspending agents
Denture adhesive base
Buccal/transmucosal tablets
Transdermal patches

S Series

Toothpastes
Mouthwashes

MS Series

Denture adhesives
Ostomy adhesives

ES Series

Enteric film coating agents
Ostomy adhesives

Table 2.1. Typical applications of MVE/MA series of co-polymers

2.1.2

S2218600 - MVE/MA Polymer (Neutralised 24 %) (Polymer 1)

The liquid co-polymer used in this study is the half ester form of the anhydrous base
(Figure 2.2). This polymer is a clear, yellow, viscous liquid which is a 30 % solution
of polymer resin neutralised at 24 % with methyl aminopropanol (AMP) and
diisopropanolamine (DIPA) in aqueous ethanol.

ROH

Figure 2.2. Formation of the liquid co-polymer (Polymer 1) from methylvinyl ether/maleic anhydride
polymer.
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2.1.3

S2429901 - MVE/MA Polymer (Polymer 2)

The water soluble co-polymer used in this study is the free acid form of the
anhydrous base. It is a white powder formed by the addition of water to the
anhydrous polymer, resulting in a clear, tacky solution (Figure 2.3). The flow
properties of this polymer can be modified by the addition of salts and bases.

H20

Figure 2.3. Formation of the water soluble co-polymer (Polymer 2) from methylvinyl ether/maleic
anhydride polymer.

2.1.4

S2219200 - HMW Polymer (Polymer 3)

High molecular weight (HMW) polymer is a mixture of monomers (Figure 2.4).
HMW is neutralised at 55 %.
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Figure 2.4. Structure of Methylvinyl ether/maleic anhydride polymers (Polymer 3).

2.2

Particles

For this project, Minusil, a type of quartz particle, was used to demonstrate
inflammatory effects of a highly toxic dust in comparison to a particle of relatively
low intrinsic toxicity, titanium dioxide (TiO2). Minusil (Min-U-sil 5 µm particle
size) particles were obtained from U.S. Silica Company, Berkeley Springs, West
Virginia. Titanium dioxide (TiO2) was obtained from Tioxide Europe Ltd, Haverton
Hill Road, Billingham, UK, TS23. Particle treatments were prepared by weighing
40 mg and suspending in 5 mL saline to provide an 8 mg/mL suspension. The
treatments were sonicated for 10 min to disperse the particles thoroughly, prior to
administration in all experiments.

Polymer 2 (solid powder) treatment was prepared by weighting. A further 1:4
dilution 1 mL of the 8 mg/mL + 3 mL) saline was performed to provide 4 mL of a
2 mg/mL suspension.

Figure 2.5. SEM image of Minusil
particles (Experimental method
detailed in Section 2.21).

61

Figure 2.6. SEM image of TiO2
particles (Experimental method
detailed in Section 2.21).

2.3

Animal Instillations

Male Sprague Dawley rats obtained from Charles River UK, age ranging from 4 to
7 weeks, weighing approx 300 g were used for the experiments. The animals were
anesthetised with a mixture of 100 mg/mL Vetlar (Pharmacia, Kent, UK) and
1 mg/mL Dormitor (Pharmacia), and were instilled with 250 µL of test item into the
lungs using a syringe and canula. The animals were allowed to recover from the
anaesthesia.

Polymer treatments for the rat lung instillations were formulated in saline
(0.9% NaCl) and were mixed thoroughly between each stage of formulation and
prior to instillation into the rat lungs. Animals were instilled with 250 µL of
8 mg/mL (2 mg treatment) or 250 µL of 2 mg/mL (0.5 mg treatment) of each
polymer suspension.
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Polymer 1 (stock concentration 301.5 mg/mL) treatment was prepared by performing
a 1:10 dilution (200 µL Polymer 1 + 1800 µL saline), then 1326.5 µL of the dilution
was added to 3673.5 µL of saline providing 5 mL of an 8 mg/mL suspension. A
further 1:4 serial dilution (1 mL of the 8 mg/mL + 3 mL saline) was performed to
provide 4 mL of a 2 mg/mL suspension.

Polymer 2 (solid powder) treatment was prepared by weighting 40 mg and
suspending in 5 mL saline to provide an 8 mg/mL suspension. A further 1:4 dilution
1 mL of the 8 mg/mL + 3 mL) saline was performed to provide 4 mL of a 2 mg/mL
suspension.

Polymer 3 (stock concentration 55 mg/mL) treatment was prepared by addition of
90.9 µL of Polymer 1 to 4909.1 µL saline, providing 5 mL of an 8 mg/mL
suspension. A further 1:4 serial dilution (1 mL of the 8 mg/mL + 3 mL saline) was
performed to provide 4 mL of a 2 mg/mL suspension.

2.4

Bronchoalveolar Lavage

Animals were sacrificed at either 6 hours or 24 hours after instillation by
intra-peritoneal injection of 2 mL pentibarbitone (200 mg/mL). The diaphragm was
opened via the peritoneal cavity and the rib cage removed. The trachea was
cannulated using an intravenous canula (5F, 1.7 mm OD) (Portex, Kent), which was
tied in place. The trachea and lungs were removed by dissection and the lungs
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lavaged with 8 mL of sterile saline. The lungs were gently massaged to ensure the
saline reached all areas. This first lavage was retained in a separate tube for analysis
of bronchoalveolar lavage fluid (BALF) profile (LDH, total protein, TNFα and
MIP-2). Subsequently the lungs were lavaged with a further 3 x 8 mL volumes of
sterile saline, again employing gentle massage. All samples were centrifuged at 180
g for 5 mins at 4 ˚C, the supernatant was removed (supernatant from the first lavage
was aliquoted and stored at -80 ˚C for analysis) and the cell pellet from the first
lavage was combined with the cells from the subsequent lavages and resuspended in
1 mL of PBS. Total cell numbers were counted using a haemocytometer (Weber
Scientific, Middlesex) and cell cytospins were prepared and stained with Diff-Quik
(Raymond A Lamb, London) for differential cell counts to be assessed. Three
hundred cells per slide were counted and the results expressed as total cell number,
total neutrophil number and total macrophage number.

The lungs were cut into small pieces using a sterile scalpel, put into 2 mL eppendorfs
containing Trizol (Invitrogen, Paisley), snap-frozen in liquid nitrogen and were
stored at -80 ºC. The subsequent extraction of mRNA from the lung tissue for
microarray analysis is covered in Section 2.30.

2.5

Measurement of Alveolar Macrophage Size

Alveolar macrophage size was measured using a microscope eyepiece graticule
(Agar Scientific). Measurements were taken from BAL cytospins collected from
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animals instilled with polymers or particles. The horizontal diameter of 200 alveolar
macrophage cells was measured for each animal.

2.6

Transition Electron Microscopy (TEM)

Animals were sacrificed 24 hours after instillation by intra peritoneal injection of
2 mL pentibarbitone (200 mg/mL). The diaphragm was opened via the peritoneal
cavity and the rib cage removed. The trachea was cannulated using an intravenous
metal canula which was tied in place. The lungs were hung mid-air by attaching the
canula to a syringe on a retort stand and glutaldehyde fixative was allowed to flow
freely into the lungs. The trachea was tied off and the lungs were immersed in
fixative in a 150 mL sterile pot for approximately 24 hours. The fixed lungs were
removed from the fixative, the trachea was cut to allow fixative to flow out of the
lungs and the lungs were submerged in distilled water. Sections
(approximately 2 x 2 x 2 mm cubes) were cut using a stainless steel razor blade and
were suspended in distilled water in 2 mL eppendorf tubes.

For TEM, samples were fixed in 3% glutaraldehyde in 0.1M sodium cacodylate
buffer, pH 7.3, for 2 hours then washed in three 10 minute changes of 0.1M sodium
cacodylate. Specimens were then post-fixed in 1% osmium tetroxide in 0.1M
sodium cacodylate for 45 minutes, then washed in three 10 minute changes of 0.1M
sodium cacodylate buffer. These sections were then dehydrated in 50%, 70%, 90%
and 100% normal grade acetones for 10 minutes each, then for a further two
10-minute changes in analar acetone. Samples were then embedded in Araldite resin.
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Sections, 1µm thick were cut on a Reichert OMU4 ultramicrotome (Leica
Microsystems (UK) Ltd, Milton Keynes), stained with toluidine blue and viewed in a
light microscope to select suitable areas for investigation. Ultrathin sections, 60 nm
thick were cut from selected areas, stained in uranyl acetate and lead citrate then
viewed in a Phillips CM12 Transmission electron microscope (FEI UK Ltd,
Cambridge, England). Areas of interest were randomly selected and were
photographed on electron image film.

2.7

Assessment of Cytotoxicity: LDH Assay

Cytotoxicity was determined using the Lactate Dehydrogenase (LDH) Cytotoxicity
assay (Roche Molecular Biochemicals, Lewes, UK), a colorimetric assay to
determine plasma membrane leakage. The assay is a two stage assay with the initial
step involving the reduction of NAD+ by LDH to NADH + H+ by oxidation of
lactate to pyruvate, followed by the transfer of H/H+ causing the reduction of the
tetrazolium salt, iodotetrazolium chloride (INT) to formazan. An increase in LDH
activity directly correlates with the amount of formazan present, which is
proportional to the number of lysed cells. Formazan salt was detected
spectrophotometrically at a wavelength of 490 nm.

Forty microlitres of supernatant was pipetted into wells on a 96 well plate and the
volume made up to 100 µL (diluted 2:5) with PBS. LDH reagent was prepared by
adding Reagent 1 (diaphorase/NAD+) to Reagent 2 (INT and sodium lactate) at a
ratio of 1:45. 100 µL of LDH reagent was added to each well of the 96 well plate,
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which was then incubated in the dark for 10 - 30 min. The absorbance was
quantified at an emission of 490 nm with reference wavelength at 540 nm (Dynex
MRX plate reader). The percentage cytotoxicity was determined as follows:

Cytotoxtoxicity (%) =

(Experimental Value – Low Control)

x 100

(High Control – Low Control)
Low Control = Media alone
High Control =r 0.1 % Triton X-100 treated cells

Figure 2.7. Calculation of percentage cytotoxicity in the LDH assay

2.8

Determination of Protein: Bicinchoninic Acid (BCA) Protein Assay

The protein concentrations of samples were measured using the bicinchonic acid
method (BCA, Pierce, Rockford). This assay employs the principle of the biuret
reaction (Figure 2.7).

Protein + Cu2+ + OH- =Cu1+
Cu1+ +2 BCA = Cu1+/BCA chromophore (562 nm) (purple reaction product)

Figure 2.8. The biuret reaction equation.

The chelation of 2 molecules of BCA with 1 molecule of Cu1+ forms a purple
reaction product, which exhibits a strong absorbance at 562 nm and is linear with
increasing protein concentrations (Smith et al., 1985). A Bovine Serum Albumin
(BSA) standard curve ranging from 0-1000 µg/mL was prepared. Samples were
diluted either 1:4, 1:5 or 1:10 in PBS, to ensure sample protein concentrations were
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within the BSA standard curve, and 5 µL of diluted samples and standards were
added to wells on a 96 well plate (Costar, Corning, NY). BCA reagent was prepared
by adding BCA Reagent A (Bicinchoninic acid) to BCA Reagent B (Copper (II)
Sulphate 4 % (w/v)) at a ratio of 50:1. 100 µL of the reagent was added to each well
and the plate was incubated at 37 ˚C for 30 min. The absorbance was quantified at
an emission of 450 nm with reference wavelength at 570 nm (Dynex MRX plate
reader). The concentration of protein was determined using linear regression based
on the standard curve generated from the BSA samples.

2.9

TNFα ELISA

TNFα concentration was assessed using an ELISA Duo-set kit (R&D systems,
Abington, UK) which uses peroxidase and tetramethylbenzidine as a detection
method. Flat bottomed 96-well microtitre plates (E.I.A/R.I.A plate, Costar) were
coated overnight at room temperature with 100 µL of coating antibody (1.25 µg/mL
in PBS). Plates were washed 3 times with wash buffer (0.05 % Tween 20 in saline,
pH 7.2 - 7.4) and incubated for at least 1 hour with blocking buffer (1 % BSA in
PBS, pH 7.2 - 7.4, 0.2 µM filtered) to block non-specific binding sites. After
blocking, plates were washed 3 times with wash buffer followed by the addition of
100 µL of standard/sample which was added to each well in duplicate or triplicate.
The plates were incubated for 2 hours at room temperature on a plate shaker. After
incubation, the plates were again washed 3 times with wash buffer, 100 µL of
streptavidin-horse radish peroxidase (diluted 1 in 2500 in diluent) was added to each
well and incubated for 20 mins at room temperature on a plate shaker. A substrate
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stock of 3,3’, 5,5-tetramethylbenzidine (TMB) was prepared by dissolving 10 mg/mL
in dimethylsulfoxide (DMSO). To prepare the substrate buffer, 100 µL of TMB was
added per 10 mL of a 100 mM solution of sodium acetate/citrate, pH 4.9 with 5 µL
of H2O2 (30 %). After washing, 100 µL of substrate buffer was added to each well
and incubated for 20 mins in the dark, as TMB is light sensitive. The reaction was
stopped by the addition of 100 µL of 1 M sulphuric acid. The absorbance was
quantified at an emission of 450 nm with reference wavelength at 540 nm (Dynex
MRX plate reader) and samples were compared with the standard curve of rat TNFα
protein in order to elucidate the protein level in the test samples.

2.10

MIP-2 ELISA

MIP-2 concentration was assessed using an ELISA kit (BioSource International, Camarillo,
California), which uses peroxidase and tetramethylbenzidine as a detection method. Flat
bottomed 96-well microtitre plates (E.I.A/R.I.A plate, Costar) were coated overnight at room
temperature with 100 µL of coating antibody (1.25 µg/mL in coating buffer (50 mM
NaHCO3, 59 mM Na2CO3 in distilled water)). Plates were washed 3 times with wash buffer
(0.1 % Tween 20 in saline) and incubated for 2 hours with blocking buffer (0.5 % BSA in
PBS) to block non-specific binding sites. After blocking, plates were washed 3 times with
wash buffer followed by the addition of 100 µL of standard/sample which was added to each
well in duplicate or triplicate. The plates were incubated for 1.5 hours at room temperature
on a plate shaker. After incubation, the plates were washed 3 times with wash buffer, 100
µL of streptavidin-horse radish peroxidase (diluted 1 in 2500 in diluent) was added to each
well and incubated for 45 mins at room temperature on a plate shaker. A substrate stock of
3,3’, 5,5-tetramethylbenzidine (TMB) was prepared by dissolving 10 mg/mL in
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dimethylsulfoxide (DMSO). To prepare the substrate buffer, 100 µL of TMB was added per
10 mL of a 100 mM solution of sodium acetate/citrate, pH 4.9 with 5 µL of H2O2 (30 %).
After washing, 100 µL of substrate buffer was added to each well and allowed to incubate
for 30 mins in the dark, as TMB is light sensitive. The reaction was stopped by the addition
of 100 µL of 1 M sulphuric acid. The absorbance was quantified at an emission of 450 nm
with reference wavelength at 650 nm (Dynex MRX plate reader) and samples were
compared with the standard curve of rat MIP-2 protein in order to elucidate the protein level
in the test samples.

2.11

Assessment of Rat MIP-2 mRNA by RT-PCR

RNA was extracted from rat lungs instilled with polymer or particles by the method
described in Section 2.30. Two micrograms of RNA were added to a solution
containing 5 times reverse transcription buffer (Promega), 100 µg/mL
oligodeoxythymidine (dT), 100 mM dithiothreitol (DTT), 10 mM deoxynucleotide
triphosphates (dNTPs) and RNAse inhibitor; reverse-transcribed into complementary
DNA (cDNA) at 37 ˚C for 1 hour and 30 mins using Moloney-Murine Leukaemia
Virus Reverse Transcriptase (200 U/µL) and incubated at 94 ˚C for 10 min. Using a
thermal cycler (Hybaid, Ashford, UK), 5 µL of cDNA was PCR amplified in 40 µL
reaction volumes containing Polymerase Chain Reaction mix (1X TAQ polymerase
buffer, 2.5 mM MgCL2, 0.2 mM dNTPs) (Promega) and TAQ polymerase (1
Unit/µL). Conditions for PCR were as follows: 35 cycles of denaturation (94 ˚C for
1 min), annealing (55 ˚C for 1 min), extension (72 ˚C for 2 min) and final extension
of 72 ˚C for 7 min; for GAPDH, 23 cycles of denaturation (72 ˚C for 1 min 30 sec),
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annealing (94 ˚C for 45 sec), extension (60 ˚C for 45 sec) and final extension of 72
˚C for 10 min.

Oligonucleotide primers were chosen using published sequences of rat MIP-2
(Driscoll et al., 1993) and GAPDH (Gilmour et al., 2001). All primers were
synthesised by MWG-Biotech (Milton Keynes, UK). The sequence of the primers
used in the PCR reaction were as follows: MIP-2 (sense 5’-GGC ACA TCA GGT
ACG ATC CAG-3’) and (anti-sense 5’-ACC CTG CCA AGG GTT GAC TTC-3’);
GAPDH (sense 5’-CCA CCC ATG GCA AAT TCC ATG GCA-3’) and (anti-sense
5’-TCT AGA CGG CAG GTC AGG TCC ACC-3’). PCR products were
electrophoresed in 1.5 % agarose gel containing ethidium bromide. Bands were
visualized and scanned using a white/UV transilluminator (Ultra Violet Products,
Cambridge, UK) and quantified by densitometry. GAPDH was used as a house
keeping gene.

2.12

Culture of Rat Alveolar Macrophage Cells (NR8383)

The cell line NR8383 (normal rat, August 03, 1983 supplied by ATCC, Middlesex,
UK) is a rat cell line derived from normal rat alveolar macrophage cells obtained by
lung lavage. The cells exhibit characteristics such as phagocytosis (Helmke et al.,
1989), oxidative burst by production of H2O2 (hydrogen peroxide) (Hidalgo et al.,
1992), secretion of cytokines such as TNFα, IL-1 and IL-6, and have Fc receptors
(Helmke et al., 1987). The cells were used as a model to predict the inflammatory
effect of the polymers in the rat lung.
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The NR8383 cells were obtained from ATCC (Product: CRL-2192). Cells were
maintained in continuous culture in supplemented* 15 % FCS F12K medium
(Sigma-Aldrich, Poole, UK) at 37 °C in a humidified atmosphere containing 7.5 %
CO2. Newly formed cells floated on the surface of the medium, adhering to the
bottom of the flask as they matured. Cells were harvested when the cell population
of floating and adhered cells was approximately 70 % confluent in a 162 cm2 tissue
culture flask (Costar, Corning, NY). The growth medium containing the floating
cells was removed and the kept in a 50 mL falcon tube whilst the surface of the tissue
culture flask was scraped using a cell scrapper. The scraped cells were washed out
of the flask with 20 mL of F12K medium and added to the floating cell suspension.
The cells were collected by centrifugation (155 g for 6 min) and the cell pellet was
re-suspended in fresh media and seeded at the concentration required for the
experiment or diluted in complete media for continuous cell culture. Cells were used
at passages up to 40.

*Supplemented medium contained heat-inactivated foetal calf serum (FCS) (PAA
Laboratories) and 1 % penicillin (100 IU/mL)/streptomycin (100 µg/mL) (Invitrogen
Life Technologies, Paisley, UK).

2.13

Treatment of NR8383 cells

NR8383 cells were seeded 40,000 cells per well into wells on 48 well plates in
supplemented* 15 % FCS F12K medium (1 mL per well). After 24 h the medium
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was changed to supplemented* 0 % or 2 % FCS F12K. After 24 hours the cells were
treated with polymers ranging in concentration from 1-1000 µg/cm2 or particles
ranging in concentration from 10-40 µg/cm2 for 24 h. As a positive control, cells
were treated with 1 % Triton X-100 (Sigma-Aldrich, Poole, UK) a detergent that
causes complete cell lysis. Following incubation, the plates were centrifuged at 30 g
for 10 min to pellet any cell debris. The supernatant was collected for analysis.

2.14

Culture of Human Monocyte Cells (THP-1)

The THP-1 cell line is a human monocyte cell line derived from the blood of a boy
with acute monocytic leukaemia. This cell line has Fc and C3b receptors, but no
surface or cytoplasmic immunoglobulins. The monocytic nature of the cell line was
characterized by; lysozyme production, and phagocytosis of latex particles and
sensitized sheep erythrocytes (Tsuchiya et al., 1980). The cells were used to
determine if human macrophages could predict the toxicity of polymers in the rat
lung.

The THP-1 cells were received as a gift from Napier University, Edinburgh, UK,
they originated from ATCC (Product: TIB-202). Cells were maintained in
continuous culture in supplemented* 10 % FCS Roswell Park Memorial
Institute-1640 (RPMI-1640) at 37 °C in a humidified atmosphere containing 5 %
CO2. Differentiation of the THP-1 monocytes into macrophages was by overnight
incubation with phorbol myristate (PMA) (Sigma, Cat No p-8139) at a concentration
of 5 µM. Differentiated cells adhered to the flask, whereas undifferentiated
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monocytic cells remained in suspension and were removed by washing with
phosphate buffered saline (PBS). Adherent macrophage-like cells were harvested by
dislodgement of the cells through ‘smacking’ the side of the flask against a work top
surface. The cells were then resuspended in 2 % RPMI-1640 medium supplemented
with 2 % FCS and penicillin (100 IU/mL)/streptomycin (100 µg/mL) to be used in
experiments.

2.15

Treatment of THP-1 Cells

THP-1 cells were differentiated to macrophages overnight using 5 µM
phorbol 12-myristate 13-acetate (PMA). Adhered cells were scraped and seeded
600,000 cells per well into wells on 24 well plates in supplemented 10 % FCS
RPMI-1640 medium (400 µL per well). After 24 h the medium was changed to
supplemented* 2 % FCS RPMI-1640. After 24 h the cells were treated for 24 h with
polymers ranging in concentration from 1-1000 µg/cm2 or particles ranging in
concentration from 10-40 µg/cm2. As a positive control (high control), cells were
also treated with 1 % Triton X-100 (Sigma-Aldrich, Poole, UK) a detergent that
causes complete cell lysis. Following incubation, the plates were centrifuged at 30 g
for 10 min to pellet any cell debris. The supernatant was collected for analysis.

2.16

Culture of Monocyte-Derived Macrophages

Human macrophages were obtained by collecting monocytes from whole blood and
allowing them to differentiate. Blood samples (approx 240 mL) were collected from
patients into 6 x 50 mL falcon tubes, each containing 2 mL sodium citrate solution

74

3.8 % as an anticoagulant (Phoenix Pharma Ltd). The tubes were mixed by gentle
inversion and were then centrifuged for 20 min at 300 g (no brake). Following
centrifugation, serum was prepared by collecting the clear platelet-rich plasma from
each tube into glass tubes containing calcium chloride (CaCl2) (Sigma) (220 µL per
10 mL plasma).

Dextran solution (6 %) (Dextran 500,000) in 0.9 % sodium chloride (NaCl) was
added to the cell pellet in the 50 mL falcon tube (2.5 mL per 10 mL cell pellet) and
the volume made up to 50 mL with sterile Dulbecco’s phosphate buffered saline
(PBS) (PAA Laboratories). The tubes were mixed by gentle inversion and the cells
were allowed to sediment at room temperature for 30 min. The leukocyte rich upper
layer that formed was collected into new 50 mL falcon tubes, the volume was made
up to 50 mL using PBS and the tubes centrifuged at 250 g for 6 min. The
supernatant was poured off, cells were resuspended in 55 % Percoll and the
suspension combined into a single tube.

Percoll gradients (made with PBS) were set up in 4 x 15 mL flacon tubes in 3 layers
containing 2.5 mL of each concentration of Percoll. The bottom layer in the tube
was 80 % Percoll, the layer on top of this was a 2.5 mL of 70 % Percoll and the final
layer was 55 % Percoll which also contained the leukocytes. The tubes were
centrifuged at 400 g, acceleration 5, brake 2 for 20 mins. Cells that collected
between the 55/70 % layers were monocytes and cells that collected between the
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70/80 % layers were polymorphonuclear leukocytes. Any remaining red cells
pelleted at the bottom of the tube below the 80 % Percoll.

The mononuclear layer was carefully collected into a new 50 mL flacon tube using a
pipette and the cells were washed twice in saline by centrifugation at 156 g for 6 min.
Following the second wash the cell pellet was resuspended in supplemented* 0 %
FCS RPMI 1640 medium (PAA Laboratories).

Human mononuclear cells were seeded at 4 x 106 per well into wells on 24 well
plates in supplemented* 0 % FCS RPMI-1640 medium (1 mL per well). After
approximately 1 hour when cells had adhered the medium was replaced with
supplemented* 10 % FCS RPMI-1640 medium. The cells were incubated at 37 ˚C in
5 % CO2 in a humid environment for 5 days to allow differentiation to macrophages.
The culture medium was changed once during the differentiation period and then to
supplemented* 2 % FCS RPMI medium 1 day prior to treatment.

2.17

Treatment of Human Monocyte Derived Macrophage Cells

Cells were treated for 24 h with polymers ranging in concentration from
1-1000 µg/cm2 or particles ranging in concentration from 10-40 µg/cm2. As a
positive control (high control), cells were with 1 % Triton X-100 (Sigma-Aldrich,
Poole, UK) a detergent that causes complete cell lysis. Following incubation, the
plates were centrifuged at 30 g for 10 min to pellet any cell debris. The supernatant
was collected for analysis.
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2.18

Polymer and Particle Characterisation: TEM

Polymers and particles were characterised by TEM using a method adapted from
(Brown et al., 2001). Polymers and particles were suspended at a stock
concentration of 1 mg/mL in deionised water and sonicated for 10 min to ensure
even dispersion in solution. Five µL of each suspension was applied to the surface of
200-mesh size carbon-coated electron microscope grids (Agar Scientific, UK). Grids
were placed on filter paper (Whatman, UK) and allowed to dry at room temperature.
The grids were coated in an Emscope SC500 sputter coater (Emscope Laboratories
Ltd, Ashford, UK) with a 10 nm thick layer of Gold Palladium (Emitech Ltd,
Ashford, UK), and viewed in a Philips SEM 505 scanning electron microscope (FEI
UK Ltd, Cambridge, UK). Areas of interest were randomly selected and
photographed on black and white negative film at each of the magnifications;
x10,000, x35,000 and x125,000.

2.19

Methylene Blue Proliferation Assay

In order to assess the proliferative effects of the polymers and particles, the
methylene blue assay as described in (Oliver et al., 1989) was used to count adherent
cells in microwell cultures. NR8383 cells were seeded at 120,000 cells per well in a
96-well plate in supplemented F12K medium. Following 24 hours the medium was
removed from the cells by vacuum aspiration and the cells were treated with polymer
or particles for 24, 48 or 72 hours. After the treatment period medium was aspirated
from the wells using a vacuum, taking care not to disrupt the cell layer and the cells
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fixed by adding 100 µL of 100 % methanol for 30 min. The fixative was removed by
inversion of the plate over the sink followed by tapping on a pad of clean paper towel
and 100 µL of filtered 1 % (w/v) methylene blue in 0.01 M borate buffer (pH 8.5)
was added to each well. After 30 min, excess dye was removed by inversion of the
plate over the sink followed by tapping on a pad of clean paper towel. The
remaining dye was removed by washing each well four times with 300 µL of 0-01
M-borate buffer (pH 8.5) using a multichannel pipette (washing buffer was removed
by inversion of the plate over the sink followed by tapping on a pad of clean paper
towel). To elute the dye, 100 µL of 1:1 (v/v) ethanol and 0.I M HCl were added to
each well. The degree of methylene blue staining in the resultant elutant was
quantified at an absorbance of 650 nm (Dynex MRX plate reader).

2.20

Phagocytosis Assay

The effects of polymers or particles on phagocytic function was assessed using the
Vibrant Phagocytosis Assay Kit (Product V-6694, Molecular probes). The process
of phagocytosis can be observed and quantitated in macrophages by following the
internalisation of fluorescent Escherichia coli (K-12 strain) BioParticles. This
technique uses the detection of the intracellular fluorescence emitted by the engulfed
particles, with fluorescence quenching by trypan blue to eliminate any extracellular
fluorescence.

NR8383 rat alveolar macrophage cells were seeded (1 x 105 cells per well in 100
µL) into wells on a Nunc FluroNunc black 96-well plate (Product P8741, Sigma) in
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supplemented (containing 2 % FCS and 1 % Pen/Strep) F12K medium. Negative
control wells were cell free and contained supplemented F12K medium only. Fifty
microlitres of phagocytosis effector (treatment) was added to each of the wells
containing cells, the plate was covered and incubated in a cell incubator for 1 hour to
allow the cells to adhere to the plate surface. After incubation the medium was
vacuum aspirated and 100 µL of fluorescent bioparticle suspension (one vial of
fluorescent-labelled E.coli K-12 bioparticles was mixed with one vial of 10X
concentrated Hanks’ balanced salt solution and 4.5 mL of deionised water and the
suspension sonicated) was added to each well including controls. The plate was
covered and incubated for 2 hours. Following incubation, the fluorescent
bioparticles were aspirated from each well using a vacuum and 100 µL of trypan blue
suspension was added to each well for 1 min to quench extracellular fluorescence.
The trypan blue was removed and the plate was read in a fluorescent plate reader
using ~480 nm excitation and ~520 nm emission. Net phagocytosis and the
response to the phagocytosis effector agent was calculated as follows:

Net positive reading = Average positive control – Average negative control
Net experimental reading = Average experimental value– Average negative control

% Phagocytosis =

Net experimental reading

x 100

Net positive reading

Figure 2.9. Calculation of percentage phagocytosis from the phagocytosis assay results
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2.21

Particle and Cell Characterisation: Scanning Electron Microscopy

Polymers and particles were characterised by scanning electron microscopy (SEM).
Polymers and particles were suspended at a stock concentration of 1 mg/mL in
deionised water and sonicated for 10 min to ensure even dispersion in solution. Five
µL of suspension was applied onto a glass cover slip which was mounted on an
aluminium stub (Agar Scientific Ltd, Stansted, UK) with double sided sticky tape.
The stub was coated in an Emscope SC500 sputter coater (Emscope Laboratories
Ltd, Ashford, England) with a 10 nm thick layer of Gold Palladium (Emitech Ltd,
Ashford, England), and viewed in a Philips SEM 505 scanning electron microscope
(FEI UK Ltd, Cambridge, England). Areas of interest were photographed on black
and white negative film.

2.22

Luminex

LuminexTM xMAP technology was used to quantify multiple cytokines
simultaneously at protein level from human monocyte-derived macrophages and the
human THP-1 monocyte cell line (Carson and Vignali, 1999). The technology
utilises small polystyrene/latex microspheres (~3-5 µM in diameter) labelled with a
green fluorescent reporter dye. The capture antibody of each immunosorbant assay
is coupled to a microsphere bead set (of approximately 100 different sets that are
available). Each bead set is comprised of microspheres manufactured with a
uniform, distinct proportion of red and orange fluorescent dyes. Once coupled,
microspheres from different bead sets can be pooled together for the assay and
separated later during data acquisition. The immunosorbant assay results in a
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variable amount of green reported dye, proportional to the amount of analyte, bound
to the surface of each microsphere.

Data were acquired on the Luminex High Thoughput Screening System, which is
essentially a flow cytometer. The flow cytometer quantitates the green, orange and
red fluorescence of each microsphere using the FL1, FL2 and FL3 detectors,
respectively. The pool of microspheres can be separated into individual bead sets
using the orange and red fluorescence data and presents the average amount of green
fluorescence for each bead (Figure 2.10). The concentration of the analytes in the
sample is calculated determined by extrapolation from an internal standard.

Human monocyte derived macrophages and THP-1 cells were treated for 24 hours
with polymers or particles. The supernatant was removed, analysed for LDH and the
remainder was stored frozen at -80 ˚C until required for analysis. Samples for
Luminex analysis were chosen following analysis of cytotoxicity results. The
samples were analysed for MCP-1, IL-8, MIP-1α, TNFα, IL-1β, IL-10, TGFα and
IL-4.
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Figure 2.10. Figure showing the principles of the Luminex assay as described in section 2.23. Taken
from Vignali, 2000.

2.23

Haemolysis Assay

The haemolytic potential of the polymers and particles was measured based on a
modified version of the method of (Harington et al., 1971). Erythrocytes were
obtained from fresh human venous blood, from healthy donors. Ten mL of blood
was added to 1 mL of 3.8 % sodium citrate solution (Phoenix Pharmaceuticals Ltd)
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in a 15 mL falcon tube to prevent coagulation of the blood. The blood was mixed by
gentle inversion of the tube and centrifuged at 1200 g for 10 min. The plasma
supernatant was discarded and the red blood cells (RBC) were washed 4 times by
suspension in saline (0.9 %) and centrifugation at 1200 g for 10 min. The final
suspension consisted of 4 % by volume RBC in saline.

Treatments were suspended in PBS and diluted in PBS to give concentrations
ranging from 0.2-55 µg/mL and 150 µL of treatment was added to a flat-bottomed
96-well plate in triplicate. Negative control treatments consisted of 150 µL of saline
and positive control treatments consisted of 1 % triton X-100 (Sigma, UK). To each
well, 75 µL of erythrocyte suspension was added and the plates were placed on an
orbital shaker, shaking at a medium rate for 15 mins. Following incubation, the
plates were centrifuged at 717 g for 5 min and 100 µL was removed from each well
(taking care not to disturb the cell pellet), and transferred to the corresponding well
of a new 96-well plate. The amount of haemoglobin released into the supernatant
was determined was quantified spectrophotometrically at 540 nm (Dynex MRX plate
reader). The percentage haemolysis was calculated using the equation of the straight
line, y = mx + c, as follows:

(optical

density

(y)

–

negative

control

optical

density

______________________________________________________
% Haemolysis =
(positive control optical density – negative control optical density) (m)
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(c))

Figure 2.11. Calculation of percentage haemolysis.

2.24

Free Radical Activity: Electron Spin Resonance.

Electron spin resonance (ESR) or electron paramagnetic resonance (EPR) was used
to detect free radicals from the polymers or particles. The basic principle involves
the exposure of paramagnetic molecules to a magnetic field. The field aligns the
magnetic moments of the electron spins of the unpaired electrons in free radicals and
then a microwave energy field is applied. Energy absorption promotes the unpaired
electron to a higher energy level. It is the net absorption of electromagnetic energy
that is detected and results in a characteristic ESR spectrum.

A tempone-H spin trap was used in conjunction with ESR to quantify individual free
radicals and to enhance the detection of a weak signal. Spin trapping involves the
addition of short-lived free radicals to a nitrone spin trap resulting in the formation of
a spin adduct, a nitrogen-based persistent radical, that can be detected using ESR
(Kopani et al., 2006). The spin trap Generation of radical production by the
polymers or particles was studied in the presence of H2O2 and the tempone-H spin
trap.

2.25

RF1 Plasmid DNA Assay

The plasmid assay is a cell-free assay which can be used to detect the free radical
activity of particles and chemicals. The presence of free radicals can damage the
bonds that determine the conformation of plasmid DNA, causing the structure to

84

unwind from supercoiled to circular DNA. Further degradation can cause breakages
in the circular DNA producing a linear molecule. Free radical activity was
determined using agarose gel electrophoresis (Gilmour et al., 1995). Smaller,
compact super-coiled DNA molecules move more effectively through agarose gel
compared to unwound circular and linear molecules. Damage to the super-coiled
DNA can therefore be detected by depletion in the intensity of the super-coiled band.

To identify the potential of polymers and particles to cause free radical damage, a
closed-circular, superhelical, ΦX174RF1 plasmid DNA (Invitrogen, UK) was
incubated with polymer or particles at a range of concentrations for 24 hours. The
samples were separated using electrophoresis in 1.5 % agarose gel containing
ethidium bromide. Bands were visualized and scanned using a white/UV
transilluminator (Ultra Violet Products, Cambridge, UK) and quantified by
densitometry.

2.26

Assessment of Total Glutathione Concentration

Total intracellular glutathione (GSH + GSSG) levels were determined by the
DTNB/GSSG reductase recycling method originally described by Tietze, (1969) with
slight modifications for use in a 96 well plate (Vandeputte et al., 1994). The assay
works on the principle that DTNB (sulfhydryl reagent) oxidises GSH (reduced
glutathione), forming a yellow derivative (2-nitro-5-thiobenzoic acid). The reduction
of β-NADPH converts GSSG to GSH by the enzyme glutathione reductase
(Figure 2.12). The rate of 2-nitro-5-thiobenzoic acid formation (yellow) is
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determined by the amount of GSH present in the sample and can be measured using a
spectrophotometer at an absorbance of 412 nm. The actual concentration of total
intracellular GSH was determined using linear regression to calculate the values from
a standard curve. Protein concentration was assessed using the BCA assay (Section
2.8) and the amount of GSH in nmols per microgram of protein was calculated.

DTNB

2 GSH

NADPH

Glutathione Reductase

2-Nitro-5-Thiobenzoic

GSSG

NADPH + H+

acid (Yellow)

Figure 2.12. Principle of the DTNB/GSSG reductase recycling method of Tietze et al., 1969 for
analysis of total glutathione concentrations.

NR8383 cells were seeded at a density of 1.8 x 106 cells/mL in 6-well plates and
treated for 24 hours with polymer or particles. Treatment was removed from the
wells and the cells were lysed by the addition of extraction buffer** and
homogenized on ice with a Teflon pestle (Eppendorf). Cell debris was collected by
centrifugation at 13,000 g for 5 min at 4 °C and lysates were transferred into
pre-chilled eppendorf tubes.
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Glutathione stock solution (Sigma-Aldrich, Poole, UK) prepared to a concentration
of 1 mg/mL in KPE*** was used to create a GSH standard curve ranging from
0.125-8 µg/mL (0.406-26 nM/mL). Twenty µL sample or standard was placed in a
flat-bottomed 96-well plate (Costar, NY). One hundred µL DTNB (0.2 mg/mL) and
glutathione reductase (GR; 1.7 U/mL) in phosphate buffer- EDTA were added to
each well for 30 seconds to allow for the conversion of GSSG to GSH. Sixty µL of
β-NAPDH (0.66 µg/mL) was then added and the rate of DTNB reduction was
measured using a spectrophotometer every 30 seconds for 2 mins at a wavelength of
405 nm (Dynex MRX plate reader). The concentration of total glutathione present in
the samples was determined using linear regression and was expressed as
nM GSH/mg protein following the determination of protein using the BCA protein
assay previously described in section 2.8.

** Extraction buffer:
20 µL Triton X-100 + 120 mg sulfosalicyclic acid in 20 mL 0.1 M phosphate buffer** with 5 mM
EDTA, pH 7.5.

*** 0.1 M Phosphate buffer (KPE):
Solution A – 6.8 g KH2PO4 in 500 mL dH2O
Solution B – 8.5 g K2HPO4 in 500 mL dH2O
Mix: 16 mL Solution A and 84 mL Solution B, pH 7.5 and add 0.327 g EDTA.
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2.27

Assessment of Reactive Oxygen Species by DCFH

The ability of the polymers or particles to cause oxidative stress by was determined
by the change in fluorescence resulting from the oxidation of the fluorescent probe
2’, 7'-dichlorofluorescein diacetate DCFH-DA (Sigma-Aldrich). The method was
adapted from research papers (Lin et al., 2006;Imrich et al., 2007). DCFH-DA is a
stable non-fluorescent compound that can be activated by hydrolysis to form 2',
7'-dihydrochlorofluorescin (DCFH) (Figure 2.13). The extent of the DCF formation
can then be detected and measured using fluorimetry.

DCFH-DA
(dichlorofluorescein diacetate)
(non-fluorescent)

ROS
DCFH
(dihydrochlorofluorescin)
(non-fluorescent)

DCF
(dihydrochlorofluorescin)
(fluorescent)

Figure 2.13. Mechanism of DCFH-DA assay.

Stock solutions of 1 mM DCFH-DA in methanol, 0.01 N NaOH in dH2O and
4 U/mL horseradish peroxidase (HRP) were made. The experiment was carried out
using 48-well tissue culture plates (Costar). DCFH-DA was hydrolysed to DCFH
using NaOH as follows: 1.5 mL of 1 mM DCFH-DA was mixed with 6 mL of 0.01
N NaOH, the tube was covered in foil to protect from light and was incubated at
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room temperature for 30 min. The reaction was stopped by the addition of 22.5 mL
phosphate buffered saline (PBS). Four hundred µL of DCFH solution was added to
each well followed by 50 µL of treatment (polymer/particles diluted/suspended in
PBS), followed by 50 µL of HRP. Fluorescence was quantified at excitation
wavelength 485 nm with emission wavelength 553 nm (BioTek, Synergy HT plate
reader).

2.28

Nuclear Factor-кB (NF-кB) ELISA

The experimental method was carried out in three steps; first, the cytoplasmic
fraction of the cells was collected; second, the nuclear fraction of the cells was
collected, and third, the ELISA was performed. A nuclear extraction kit (Active
Motif) and the TransAM™ NF-кB Family Transcription Factor Assay Kit (Active
Motif) were used for the experiment and contained all reagents for the experiment.
NR8383 cells seeded at 1.8 x106 per well in 6 well plates were treated for 24 hours
with either polymer or particles at the highest non-toxic dose. Media was aspirated
out of the wells, 2 mL ice-cold PBS/phosphatase Inhibitors (supplied in kit) was
added to each well and the plate was centrifuged at 30 g for 10 min. The solution
was aspirated out of the wells and a further 1.5 mL ice-cold PBS/phosphatase
inhibitors was added to each well. Cells were removed from the dish by scraping
with a cell scraper (eppendorf), the suspension transferred to pre-chilled 2 mL
eppendorfs and centrifuged at 80 g for 5 min at 4 ˚C. The cytoplasmic fraction was
collected by resuspending the pellet in 500 µL of 1 X hypotonic buffer for 15 min on
ice, followed by the addition of 25 µL of detergent (supplied in kit). The sample was
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vortexed for 10 sec and was then centrifuged at 14,000 g for 30 sec at 4 ˚C. The
nuclear fraction was collected by resuspending the pellet in 50 µL of complete lysis
buffer (supplied in kit). Samples were vortexed for 10 sec, then placed on ice on a
rocking platform for 30 min, vortexed for 30 sec and then centrifuged at 14000 g for
10 min at 4 ˚C. The supernatant containing the nuclear extract was transferred into
pre-chilled eppendorfs and stored at -80 ˚C.

Protein concentration was measured using the BCA protein assay described in
section 2.8. Thirty microlitres of complete binding buffer was added to each well on
a 96-well NFкB assay plate followed by 20 µg of nuclear extract. The plate was
sealed and incubated for 1 hour at room temperature with mild agitation on a rocking
platform. The wells were washed using the wash solution provided and 100 µL of
one of the NFкB antibodies (1:1000 dilution in 1 X antibody binding buffer) was
added to each well. The plate was sealed and incubated for 1 hour at room
temperature with mild agitation on a rocking platform. The wells were then washed
and 100 µL of HRP-conjugated antibody (1:1000 dilution in 1 X antibody binding
buffer) was added to all wells.

The plate was again sealed and incubated for 1 hour at room temperature with mild
agitation on a rocking platform. The wells were washed and 100 µL of developing
solution was a added to each well for 2-10 min. Upon sufficient development of a
blue colour the reaction was stopped with 100 µL of stop solution. Absorbance was
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quantified at 450 nm wavelength with a reference wavelength of 655 nm (BioTek,
Synergy HT plate reader).

2.29

Preparation of Diethyl Pyrocarbonate (DEPC) Water

Diethyl pyrocarbonate (DEPC) water was prepared by adding 50 µL of diethyl
pyrocarbonate in 500 µL of ethanol to 500 mL MilliQ water and warming to 37 ˚C
with gentle stirring overnight in a fume hood. The DEPC-treated water was then
autoclaved (15 min at 121 ˚C at 200 Kpa). Pipette-tips and glass-ware were also
rendered RNase-free by autoclaving.

2.30

mRNA Extraction

Total RNA was isolated from rat lungs and NR8383 cells using Trizol (Invitrogen,
Paisley) and the RNeasy Mini Kit (Qiagen, Crawley, UK). Rat lung tissue was
collected and chopped into smaller pieces, Trizol was added and the sample was then
homogenised and resuspended to make a total of 3 mL using Trizol. Total RNA was
collected from cultured NR8383 cells, 1 mL per 10 cm2 of surface area of Trizol
reagent was used and the wells were scrapped using a cell scraper. From this point
the same method applied to both animal tissue and the cultured cells.

Seven hundred and fifty µL of sample lysate in Trizol and 150 µL of
1-bromo-3-chloro-propane (BCP) (Sigma, UK) were added to phase lock tubes, the
tubes were shaken vigorously for 15 seconds and then allowed to stand at room
temperature for 2-15 min. The tubes were then centrifuged at 280 g for 15 min at
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4 ˚C. The clear top aqueous layer was removed and transferred to a sterile
eppendorf, 375 µL of 100 % isopropanol was added, the tubes were mixed and
allowed to stand at room temperature for 5-10 min. The tubes were centrifuged at
280 g for 15 min at 4 ˚C, supernatant was removed and the pellet was washed with
750 µL of 75 % ice-cold ethanol by vortexing and then centrifugation at 280 g for 5
min at 4 ˚C. Supernatant was removed and the pellet was air dried. The pellet was
then re-suspended in 50 -100 µL of DPEC water and the tube incubated in a heat
block at 55 ˚C for 15 min to ensure the RNA was resuspended. The sample was
aliquoted and stored in the freezer at -80 ˚C until ready to use.

RNA concentration was determined using a spectrophotometer. Two micro litres of
RNA solution was added to 998 µL of DEPC water and placed into a quartz cuvette.
Optical densities were read at 260 nm and 280 nm. RNA samples having an
absorbance260/280 ratio of less than 1.6 were selected for further use in
toxicogenomic analyses. The RNA concentration was calculated by multiplying the
absorbance260 value by a factor of 10.

2.31

mRNA Clean-up

The RNeasy kit (Qiagen, Crawley, UK) was used to clean up RNA previously
isolated by the TRIzol reagent and RNeasy Mini Kit. One hundred µg of RNA per
sample was used, the volume made up to 100 µL with DEPC water, 350 µL of RLT
buffer (supplied in kit) was added, and the sample mixed thoroughly. Two hundred
and fifty µL of ethanol (96-100 %) was added to the sample, was mixed by pipette
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and the sample was loaded into an RNeasy mini column placed in a 2 mL collection
tube. The tube was centrifuged for 15 sec at 8161 g and flow-through was discarded.
Five hundred µL of RPE buffer (supplied in kit) was loaded into the column, the
sample was centrifuged for 15 sec at 8161 g to wash the column and flow-through
was discarded. The wash step was repeated with the tube centrifuged for 2 min at
8161 g. RNA was eluted from the RNeasy column into a new collection tube and
30-50 µL of DEPC water was loaded into the column. The tube was centrifuged for
1 min at 8161 g and the RNA solution was kept in the freezer at -80 ˚C until ready to
use.

2.32

Toxicogenomics

Gene expression analysis was performed by one-colour (fluorescence intensitybased) microarray platforms. The Agilent One-Colour Gene Expression Platform
(Agilent) was used to analyse gene expression across the entire rat genome following
treatment of rats or the rat alveolar macrophage cell line (NR8383) with polymers or
particles.

Agilent 60-mer Whole Rat Genome Microarrays (Agilent) printed with Agilent
SurePrint® technology were used in this experiment. These microarrays have
41,000+ rat genes and transcripts with one 60-mer oligonucleotide probe
representing each sequence. Additionally, 75 selected probes are replicated 10 times
to allow for intra-array reproducibility measurements. Probes designed against 10
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different mRNA spike-in control transcripts are replicated 30 times on the
microarray.

Total rat RNA was collected and cleaned (Sections 2.31 and 2.32) from rat lungs
following instillation with polymer or particles, and NR8383 cells exposed to
polymer or particles. RNA was amplified and labelled with cyanin 3 fluorescent dye
to generate complementary RNA (cRNA). The Agilent One-Colour Spike-Mix
(Agilent) was diluted 1000-fold and 5 µL of the diluted spike-in mix was added to
500 ng of each of the total RNA samples prior to labelling reactions. The
spike-in-mix consists of a mixture of 10 in vitro synthesized, polyadenylated
transcripts derived from the Adenovirus E1A gene. The labelling reactions were
performed using the Agilent Low RNA Input Linear Amplification Kit (part number
5184-3523) in the presence of cyanine 3-CTP (Perkin Elmer part number NEL 580).
The labeled cRNA from each sample was hybridized to an individual microarray.
For microarray hybridization, 1500 ng of cyanine 3-labeled cRNA was fragmented
and hybridized on the Agilent Whole Rat Genome microarrays at 65 °C for 17 hours
using the Agilent Gene Expression Hybridization Kit (part number 5188-5281). The
hybridized microarrays were dissembled at room temperature in Gene Expression
Wash Buffer 1 (part number 5188-5325), then washed in Gene Expression Wash
Buffer 1 at room temperature for 1 minute. This was followed by a wash for 1
minute in Gene Expression Wash Buffer 2 (part number 5188-5326) at an elevated
temperature. The processed microarrays were scanned with the Agilent DNA
microarray scanner (part number G2565BA), and extracted with Agilent Feature
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Extraction software (version 8.5, part number 2567AA). The resulting text files were
loaded into the Agilent GeneSpring® GX software (version 7.3) for further analysis
and gene lists for pathway analysis were loaded into MetacoreTM, Ingenuity
Pathway AlalysisTM and PubmatrixTM.

2.33

Statistical Analysis

All in vitro experiments in this thesis included triplicate tests (at least) and each
experiment was repeated on three separate occasions. All in vivo experiments in this
thesis included at least 3 animals per group, each experiment was carried out once.

GraphPad Instat version 4 was used to analyse numeric data from experiments. Data
are expressed as means ± the standard error of the mean (SEM) and were analysed
using one-way analysis of variance (ANOVA). Multiple comparisons were analysed
using the Tukey-HSD (honestly significant difference) method. This resulted in a
probability (p) value ranging from zero to one. A small p-value concluded that the
difference was quite unlikely to be caused by random sampling and that the
populations had different means. P-values in this thesis are presented as * = p<0.05
or ** = p<0.01 or *** = p<0.001, actual p-values are recorded in the raw data. The
lower the probability the more certain that the populations measured had different
means.
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Chapter 3 - Inflammatory Effects in Animals
3.1

Animal Instillations

The overall aim of this project was to develop in vitro models which could be used to
model specific features of chemical-induced toxicity. The long term goal was to
contribute a battery of in vitro tests which could potentially provide an alternative to
rodent inhalation experiments. Therefore, an essential part of this project was to
provide a suitable in vivo benchmark of the effects of the polymers in the rat lung as
a basis of comparison for the in vitro test systems. Rat lung instillations were
performed and although controversy persists regarding the validity of intratracheal
instillation (IT) as a surrogate for inhalation exposure (IH) in rodents, it has been
shown that IH and IT studies of residual oil fly ash (ROFA) had comparable findings
of lobular distribution and injury biomarkers over a period of 96 h (Costa et al.,
2006). Henderson and colleagues, and Oberdorster and colleagues also showed that
instillation exposures of particles were comparable to inhalation exposures of
particles (Henderson et al., 1995;Oberdorster et al., 1997).

The results of the IT were used to determine the inflammatory effects of polymers in
rat lungs and to create a benchmark to which in vitro models could be compared.
The aim of the experiments was to ascertain whether the test procedures would
successfully rank the polymers in order of ability to cause inflammation according to
the known toxicological profile. It was hypothesised that indicators of inflammation
in the lung could be used to determine the inflammatory ranking. These experiments
were intended as the benchmark to which in vitro testing models could be compared.
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3.2

Inflammation

The total number of inflammatory cells (neutrophils and macrophages) in BAL from
rats intratracheally instilled with polymer or particles can be used as an indicator of
the inflammatory potential of polymers and particles. Increases in the number of
inflammatory cells in the lavage are indicative of inflammation in the lung.
Inflammatory/immune cells of the lung, for example alveolar macrophages,
encounter and phagocytose the inhaled xenobiotics and release pro-inflammatory
mediators such as TNFα and MIP-2 that cause a further influx of inflammatory cells
(Cocco et al., 2007). Polymers and control particles were instilled and BAL obtained
for differentials at 6 or 24 hours post-instillation. The data are expressed as total cell
number, total neutrophils and total macrophages at 6 or 24 hours post-instillation. A
summary of all results obtained in this chapter is presented in Figure 3.12.

3.2.1

Assessment of BAL Macrophage and Neutrophil Populations

At 6 hours rats instilled with Polymer 3 (2 mg) exhibited a significant increase in
BAL neutrophil number (Figure 3.2A) (p<0.05) and a significant decrease in BAL
macrophage number (Figure 3.3A) (p<0.01), compared to control animals. There
was no inflammation observed following 6 hour instillations of Polymer 1, Polymer
2, Minusil or TiO2.

At 24 hours rats instilled with Polymer 3 (2 mg) exhibited significant increases in
BAL total cell number (Figure 3.1B) (p<0.001), neutrophil number (Figure 3.2B)

97

(p<0.001), and macrophage number (Figure 3.3B) (p<0.05), compared to control
animals. Rats instilled with Polymer 1 exhibited a significant increase in BAL total
cell number and neutrophil number (p<0.001), compared to control animals. Rats
instilled with Minusil (0.5 mg) exhibited significant increases in BAL total cell
number (p<0.05), neutrophil number (p<0.05) and macrophage number (p<0.05),
compared to control animals. There was no inflammation observed following 24
hour instillations of Polymer 2 or TiO2.

From these findings the polymers could be ranked in order of decreasing
inflammatory ability as follows; Polymer 3 > Polymer 1 > Minusil > Polymer 2 =
TiO2.
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Figure 3.1. Total cell numbers obtained from BAL, 6 (A) and 24 (B) hours post intratracheal
instillation of either saline (Control), Polymer 1 Vehicle, Polymer 1, Polymer 2, Polymer 3
Vehicle, Polymer 3, TiO2 and Minusil at either 0.125 mg, 0.5 mg or 2 mg with the respective
dose of Vehicle. Each column bar is the mean and the bar represents SEM of three rats in
each group. *** p<0.001 compared to Control.
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Figure 3.2. Total neutrophil numbers obtained from BAL, 6 (A) and 24 (B) hours post
intratracheal instillation of either saline (Control), Polymer 1 Vehicle, Polymer 1, Polymer 2,
Polymer 3 Vehicle, Polymer 3, TiO2 and Minusil at either 0.125 mg, 0.5 mg or 2 mg with the
respective dose of Vehicle. Each column bar is the mean and the bar represents SEM of three
rats in each group. * p<0.05, *** p<0.001 compared to Control.
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Figure 3.3. Total macrophage numbers obtained from BAL, 6 (A) and 24 (B) hours post
intratracheal instillation of either saline (Control), Polymer 1 Vehicle, Polymer 1, Polymer 2,
Polymer 3 Vehicle, Polymer 3, TiO2 and Minusil at either 0.125 mg, 0.5 mg or 2 mg with the
respective dose of Vehicle. Each column bar is the mean and the bar represents SEM of three
rats in each group. * p<0.05, ** p<0.01 compared to Control.
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3.2.2

Measurement of BAL LDH, Total Protein, TNFα and MIP-2 levels.

Along with measuring the inflammatory potential of the polymers and particles via
the total number of inflammatory cells, the BAL profiles of LDH, total protein,
TNFα protein, MIP-2 protein and MIP-2 mRNA from homogenised lung tissue were
also measured as indicators of lung inflammation and lung damage.

At 6 hours rats instilled with Polymer 3 (2 mg) exhibited significantly increased
levels of LDH (Figure 3.4A) and TNFα (Figure 3.6A) in BAL (p<0.05), compared to
control animals. There was no inflammation observed following 6 hour instillations
of Polymer 1, Polymer 2, Minusil or TiO2.

At 24 hours rats instilled with Polymer 3 (2 mg) exhibited significantly increased
levels of LDH (Figure 3.4B) and TNFα (Figure 3.6B) in BAL (p<0.001 and p<0.05,
respectively), compared to control animals. Rats instilled with Polymer 3 (0.5 mg
and 2 mg) exhibited significantly increased levels of total protein (Figure 3.5B)
(p<0.05 and p<0.01, respectively) and rats instilled with Polymer 3 (0.5 mg)
exhibited significantly increased levels of MIP-2 protein (Figures 3.7 and 3.8)
(p<0.05), compared to control animals.

At 24 hours rats instilled with Polymer 1 (0.5 mg and 2 mg) exhibited significantly
increased levels of LDH (p<0.05 and p<0.001, respectively) and total protein levels
were significantly increased at the 2 mg dose (p<0.001), compared to the control
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animals. Rats instilled with Polymer 2 (2 mg) had significantly increased levels of
LDH (p<0.05) and alveolar macrophages (Figure 3.9) were significantly larger
(p<0.05), compared to control animals.

At 24 hours rats instilled with Minusil (0.5 mg) exhibited significantly increased
levels of LDH, total protein (both p<0.01) and TNFα protein (p<0.05), compared to
control animals. Rats instilled with Minusil (0.5 mg and 0.125 mg) exhibited
significantly increased levels of MIP-2 protein (p<0.01 and p<0.001, respectively),
compared to control animals. There was no inflammation observed following
24 hour instillation of TiO2.

From these findings the polymers could be ranked in order of decreasing
inflammatory ability to as follows; Polymer 3 > Minusil > Polymer 1 > Polymer 2 >
TiO2.
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Figure 3.4. LDH in BALF, 6 (A) and 24 (B) hours post intratracheal instillation of either saline
(Control), Polymer 1 Vehicle, Polymer 1, Polymer 2, Polymer 3 Vehicle, Polymer 3, TiO2 and
Minusil at either 0.125 mg, 0.5 mg or 2 mg with the respective dose of Vehicle. Each column bar
is the mean and the bar represents SEM of three rats in each group. * p<0.05, ** p<0.01,
***p<0.001 compared to Control.
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Figure 3.5. Total protein (BCA-assay) in BALF, 6 (A) and 24 (B) hours post intratracheal
instillation of either saline (Control), Polymer 1 Vehicle, Polymer 1, Polymer 2, Polymer 3
Vehicle, Polymer 3, TiO2 and Minusil at either 0.125 mg, 0.5 mg or 2 mg with the respective
dose of Vehicle. Each column bar is the mean and the bar represents SEM of three rats in
each group. * p<0.05, ** p<0.01, *** p<0.001 compared to Control.
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Figure 3.6. TNFα (ELISA) in BALF, 6 (A) and 24 (B) hours post intratracheal instillation of
either saline (Control), Polymer 1 Vehicle, Polymer 1, Polymer 2, Polymer 3 Vehicle, Polymer
3, TiO2 and Minusil at either 0.125 mg, 0.5 mg or 2 mg with the respective dose of Vehicle.
Each column bar is the mean and the bar represents SEM of three rats in each group.
* p<0.05 compared to Control.
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Figure 3.7. MIP-2 (ELISA) in BALF, 6 (A) and 24 (B) hours post intratracheal instillation of
either saline (Control), Polymer 1 Vehicle, Polymer 1, Polymer 2, Polymer 3 Vehicle,
Polymer 3, TiO2 and Minusil at either 0.125 mg, 0.5 mg or 2 mg with the respective dose of
Vehicle. Each column bar is the mean and the bar represents SEM of three rats in each
group. ** p<0.01 and ***p<0.001 compared to Control.
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3.2.2

Measurement of MIP-2 mRNA in Homogenised Rat Lung Tissue.

The effect of intratracheal instillation of polymers and particles on lung tissue MIP-2
mRNA expression 6 hours post installation is shown (Figures 3.8A and B). There
was a trend towards an increase in MIP-2 mRNA for rats instilled with Polymer 3
(2 mg) compared to the control however, this was not statistically significant.
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Figure 3.8A. MIP-2 mRNA (PCR) in rat lung tissue, 6 hours post intratracheal instillation of either
Saline (Control) Lane 1, Polymer 1 (0.5 mg) Lane 2, Polymer 2 (0.5 mg) Lane 3, Polymer 3 (0.5 mg)
Lane 4, TiO2 (0.125 mg) Lane 5, Minusil (0.125 mg) Lane 6, Saline (Control) Lane 7, Polymer 1 (2 mg)
Lane 8, Polymer 2 (2 mg) Lane 9, Polymer 3 (2 mg) Lane 10, TiO2 (0.5 mg) Lane 11, Minusil (0.5 mg)
Lane 12.
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Figure 3.8B. MIP-2 mRNA (PCR) in rat lung tissue, 6 hours post intratracheal instillation of either
Saline (Control) Lane 1, Polymer 1 (0.5 mg) Lane 2, Polymer 2 (0.5 mg) Lane 3, Polymer 3
(0.5 mg) Lane 4, TiO2 (0.125 mg) Lane 5, Minusil (0.125 mg) Lane 6, Saline (Control) Lane 7,
Polymer 1 (2 mg) Lane 8, Polymer 2 (2 mg) Lane 9, Polymer 3 (2 mg) Lane 10, TiO2 (0.5 mg)
Lane 11, Minusil (0.5 mg) Lane 12. Each column bar is the mean and the bar represents SEM of
three rats in each group.

3.3

Measurement of Alveolar Macrophage Size

Whilst performing differential cell counts on BAL from rats instilled with polymers
or particles it was noted that there was a difference in alveolar macrophage cell size.
Cell diameter was measured as detailed in section 2.3 and images demonstrating the
larger cells are presented from cytospins of the BAL from rats instilled with
Polymer 2. Alveolar macrophage BAL cells (Figure 3.9) from rats instilled with
Polymer 2 (2 mg) were significantly larger at 24 hours (p<0.05) compared to control
animals. A representative cytospin image (Figure 3.10) taken from rats instilled with
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Polymer 2 (0.5 mg and 2 mg) and the control at 24 hours shows one of the large
alveolar macrophages obtained compared to control animals.
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Figure 3.9. Alveolar macrophage size in BAL, 24 hours post intratracheal instillation of either
saline (Control), Polymer 1 Vehicle, Polymer 1, Polymer 2, Polymer 3 Vehicle and Polymer 3 at
either 0.5 mg or 2 mg with the respective dose of Vehicle. Each column bar is the mean and
the bar represents SEM of three rats in each group. *p<0.05 compared to Control animals.
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Alveolar macrophages

A
Nucleus
Cytoplasm

Erythrocyte
B

Enlarged alveolar macrophage
Neutrophil
C
Figure 3.10. Images of BAL cells from rats instilled with Polymer 2 at 24
hours. A = Control, B = Polymer 2 (0.5 mg) and C = Polymer 2 (2 mg).
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3.4

TEM Imaging of Rat Lungs Following 6 Hour Instillations

The rat instillation results indicated that some of the treatments were
pro-inflammatory, therefore, we used TEM to observe the effects of treatment within
the lungs of animals after 6 hour instillations of Polymer 1, Polymer 2, Polymer 3
Minusil or TiO2.

Alveolar epithelium
Alveolar septum
Endothelial cell
Type II alveolar epithelial cell
Red blood cell in capillary
Alveolar lumen
Basement membrane

TEM image 1 (control saline)

Basement membrane
Red blood cell
Capillary lumen
Endothelial cell nucleus

TEM image 2 (control saline)
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Endothelial cell nucleus

Airspace
Slight oedema

Basement membrane
Slight oedema

TEM image 3 (Polymer 3)

Slight oedema
Neutrophil in capillary

TEM image 4 (Polymer 3)
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Red blood cell

Endothelial cell nucleus

TEM image 5 (Polymer 1)

Red blood cell
Neutrophil in capillary (possibly marginating)
Multilobed nucleus

Granules

TEM image 6 (Polymer 1)
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Alveolar macrophage

Type II epithelial cells

Red blood cell in capillary

TEM image 7 (Polymer 2)

Ruffled surface
Lysosomes
Alveolar macrophage nucleus
Golgi apparatus
Vesicles, vacuoles and pinocytic vesicles

TEM image 8 (Polymer 2)

115

Type II epithelial cell nucleus

TEM image 9 (Minusil)

Red blood cells
Alveolar septum
Capillary lumen

Alveolar epithelium

TEM image 10 (Minusil)
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Alveolar macrophage
Phagocytosed TiO2 particles (dense black)

TEM image 11 (TiO2)

Alveolar macrophage in alveolar lumen

TEM image 12 (TiO2)

The TEM images from saline treated lungs (Images 1 and 2) demonstrate the normal
lung alveoli architecture with 4 alveoli separated by the alveoli walls through which
a capillary containing a red blood cell runs. The TEM images from lungs exposed to
Polymer 3 (Images 3 and 4) and Minusil (Image 10) show that the airspace walls are
swollen slightly and denser compared to the saline treated lung walls. This slight
oedema is indicative of a very mild, early inflammatory response to the treatments.
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There were no other indications of oedema for any of the other treatments. Further
to this we were unable to observe any enlarged alveolar macrophages following
treatment with Polymer 2 (see section 3.3).

Other observations seen in the TEM images included a neutrophil, possibly
marginating, prior to emigration from the capillary (Image 6), a close-up of an
alveolar macrophage showing the ruffled surface the cell, lysosomes, vesicles,
vacuoles, the golgi apparatus and the nucleus (Image 8) and an alveolar macrophage
with phagocytosed TiO2 particles which are dense black (Image 11).
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3.5

Summary Table of Animal Experiment Results
Total cells
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MIP-2

MIP-2

Mean

neutrophils

macrophages

(cytotoxicity)

protein

protein

protein

mRNA

cell size

24 h
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Figure 3.12. Rat instillation results summary table. ↑ indicates an increase in the measured parameter, ↓ indicates a decrease in the measured
parameter, *p<0.05, **p<0.01 and ***p<0.001 compared to Control in the relevant experiment.
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3.6

Discussion

Aerosol is inhaled during use, exposing the lungs to the polymer, and so toxicity
needs to be assessed. For regulatory toxicology, rat inhalation experiments are
commonly used and have been utilised to test the polymers used in hair spray. Many
pathogenic particles cause inflammation (Schins et al., 2000) and if persistent, this
can lead to lung fibrosis and lung cancer (Oberdorster, 1997). Extreme exposure to
hair spray was reported in 1980 to cause alterations of the lung parenchyma,
including a so-called “hair spray lung” (Gebbers et al., 1980) which decreased
respiratory function due to fibrosing alveolitis. Here, we instilled rat lungs with
polymer to test the pro-inflammatory effects.

The pro-inflammatory effects of particles in rat lungs have been demonstrated in
previous studies (Donaldson et al., 2001b;Shwe et al., 2005) by changes in BAL cell
populations, indicators of lung damage (total protein, LDH) and pro-inflammatory
mediator release. We have shown increases in BAL inflammatory cell populations,
total protein, LDH and pro-inflammatory mediator release following instillation of
Minusil particles. Monteiller and colleagues have given evidence that this could be
due to free radical activity exerted upon the cells of the lung which in turn causes an
inflammatory response from resident cells, causing release of pro-inflammatory
mediators (Monteiller et al., 2007). It was demonstrated here that instillation of
Minusil caused a significant increase in the levels of TNFα and MIP-2 showing that
Minusil promotes an inflammatory response and also promotes a chemotactic
response towards neutrophils, these findings have been previously reported in
experiments by Warheit (Warheit et al., 2006). Instillation of TiO2 caused no
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inflammatory response in the rat confirming that it is a non-inflammatory particle.
This finding was also reported by Monteiller and Donaldson and Duffin (Duffin et
al., 2001;Donaldson et al., 2003). This model confirms that lung instillations in rats
can be used to determine pro-inflammatory effects of particles, but also demonstrates
that this model can be used to determine the pro-inflammatory effects of polymers.

Analysis of BAL is an effective method of detecting an inflammatory response in the
lungs of animals (Henderson et al., 1985). After 6 hours exposure to Polymer 3 there
was a significant decrease in the total macrophage population and a significant
increase in the total neutrophil population. These changes can possibly be attributed
to toxicity of the polymer on the macrophages causing death or that the alveolar
macrophages have migrated to the mucocillary escalator and have been removed
from the lungs (Erjefalt, 2005). The increase in neutrophils is indicative of an
inflammatory response to Polymer 3 treatment (McQueen et al., 2007). Polymer 3
caused increases in BAL neutrophil and macrophage populations, along with
increases in pro-inflammatory mediator release indicating that the polymer can
induce pro-inflammatory effects in the rat lungs. Increases in LDH and total protein
levels in BAL indicated that Polymer 3 caused direct cell membrane damage and
damage to the capillary-epithelial barrier (Reasor and Antonini, 2001). Similar
experimental results for Polymer 3 and Minusil indicate that Polymer 3 is
pro-inflammatory in the lungs of rats and to almost the same extent as the highly
pro-inflammatory Minusil particles.
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Polymer 1 instillations caused increases in the neutrophil inflammatory cell
population but had no effect on the alveolar macrophage population. This indicates
that the polymer is pro-inflammatory but to a lesser extent than Polymer 3. Increased
BAL LDH and total protein levels indicate that Polymer 1 caused direct cell
membrane damage and damage to the capillary-epithelial barrier. The results of the
experiments show that Polymer 1 causes inflammation and damage within the lung,
however, the extent of the damage was less than Polymer 3 or Minusil because of the
smaller changes in inflammatory cell populations and no increase in proinflammatory mediators.

Previous studies have investigated the pathology and mechanism of lung toxicity
induced by chronic hair spray inhalation. Pages and colleagues showed that hair
spray exposed rats exhibited diminished ciliary activity of the tracheal epithelium
and increased macrophage number in BAL which had decreased phagocytic ability
(Pages et al., 1986). Kawajiri and colleagues showed that following exposure to hair
spray in rats, neutrophils and macrophages increased in BAL, alveolar macrophages
showed increased expression of TNFα mRNA, MIP-2 mRNA and cytokine-induced
neutrophil attractant (CINC) (Kawajiri et al., 2004). In our experiments there was a
significant increase in MIP-2 protein after 24 hour treatment with Polymer 3 (low
dose) and it was assumed that MIP-2 levels had diminished after treatment with a
high dose of Polymer 3. MIP-2 protein levels measured following 24 hour treatment
with Minusil were similar to levels measured by Duffin from animals treated with
Quartz (Duffin et al., 2001). We investigated the effect of 6 hour exposure on MIP-2
levels and there were no changes in MIP-2 with any treatment, however, there was a
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trend towards an increase for MIP-2 mRNA following 6 hour exposure to Polymer 3
and Minusil, however, these results were not significantly different. Duffin and
colleagues showed that MIP-2 protein increased in rats after 18 hour exposure to
quartz so mRNA levels would be expected to be significantly increased following
exposure of between 6 and 18 hours. An explanation as to why increases in MIP-2
mRNA following treatment with the pro-inflammatory treatment were not observed
is that this experiment used whole rat lung tissue for collection of RNA, whereas in
the experiments by Duffin RNA was extracted from BAL cells. After 6 hours
treatment with an inflammatory treatment it would be expected that only local cells
such as alveolar macrophages, neutrophils and epithelial cells would be activated to
produce MIP-2, therefore, measurement of MIP-2 from the entire lung has probably
masked localised MIP-2 mRNA changes. Future experiments should analyse MIP-2
mRNA from BAL cells, however, MIP-2 mRNA measured from these samples will
be from both macrophages and neutrophils (the major cell type in BAL).

The only toxicity shown following Polymer 2 instillation was an increase in the BAL
LDH level. An interesting finding was the increased alveolar macrophage size
following instillation of the polymer. Enlarged alveolar macrophages have been
observed in mice after exposure to cigarette smoke (Hornby and Kellington, 1990)
and if we assume that the alveolar macrophages in this experiment have
phagocytosed the polymer, the polymer is only causing some membrane damage but
no other pro-inflammatory effects. It seems that the macrophages have
phagocytosed the polymer but have remained in the lungs and not migrated to the
mucocillary escalator, possibly as a result of the macrophages being heavily laden
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with polymer, and therefore their motility impaired. Support for this
observation/theory comes from Negishi, where the author suggests that alveolar
macrophages with a small particle burden could migrate to the mucociliary escalator
of the terminal bronchioles but those with a large particle burden would agglomerate
in alveoli due to loss of their motility (Negishi, 1995). Morrow’s experimental
results support this theory by showing that inability of alveolar macrophages to
translocate to the mucociliary escalator correlates to the particle volume in the
macrophage and that cell overload causes translocation to cease (Morrow, 1988).
The results of the experiments indicate that Polymer 2 is only slightly cytotoxic and
the experimental results compare similarly to the non inflammatory TiO2 particles.

The TEM images of lungs exposed to Polymer 3 and Minusil showed a slight
indication of an inflammatory response after 6 hours. We had hoped to visualise a
greater inflammatory response, for example oedema and identification large
populations of alveolar macrophages and neutrophils, to the pro-inflammatory
treatments, however, it was apparent that a later timepoint would have produced
better results from this experiment.

To conclude, intratracheal instillation of Minusil and TiO2 proved that rat lung
instillations could predict pro-inflammatory effects of particles and this proven
model was then used to test the pro-inflammatory effects of the polymers. Polymer 3
demonstrated the highest level of pro-inflammatory effects in the rat lungs, followed
by Minusil, then Polymer 1. Polymer 2 demonstrated only slight cytotoxic effects in
rat lungs and no inflammatory response, but further experiments are necessary to
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investigate the effects of the enlarged alveolar macrophage cells. TiO2 was not
pro-inflammatory. The treatments ranked in order of ability to cause inflammation
as follows: Polymer 3 > Minusil > Polymer 1 > Polymer 2 > TiO2, becoming the
benchmark to which the in vitro models would be compared.
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Chapter 4 – Pro-inflammatory Effects in Cell Lines
4.1

Rat Alveolar Macrophage Cell Line – NR8383

Alveolar macrophages are located in the alveoli of the lungs and are the first line of
defence in the lungs to inhaled particles and pathogens. They ingest and
remove/destroy inhaled particles, orchestrating an inflammatory response relevant to
the inflammatory potency of the particles. Therefore, it was decided that a rat
alveolar macrophage cell line would be tested for its ability to predict the
pro-inflammatory effects of the polymers. The NR8383 rat alveolar macrophage cell
line was chosen because it has been shown to give similar responses to freshly
derived rat macrophages (Helmke et al., 1989). The aim of the experiments was to
rank the polymers in order of inflammatory potential by using a series of experiments
designed to assess cell damage, pro-inflammatory cytokine release, phagocytic
ability and proliferative effects.

A further part of this chapter investigates the ability of different models of humanderived macrophages to predict the pro-inflammatory effects of the polymers in order
to investigate whether any effects found were consistent with those seen in the rodent
cultures. Human blood monocytes and human monocyte THP-1 cells were
differentiated into macrophages. The THP-1 cell was selected because it mimics
native monocyte-derived macrophages (Auwerx, 1991). The aim of the experiments
was to rank the polymers in order of inflammatory ability by assessing cell damage
and pro-inflammatory mediator release. It was hypothesised that different types of
macrophages would similarly predict the inflammatory effects of the polymers.

126

4.2

Cytotoxicity of Polymers on the NR8383 Cell Line

The cytotoxic effect of polymers and control particles on rat alveolar macrophage
NR8383 cell membrane integrity was determined by the LDH assay. Minusil
particle treatment (Figure 4.1) at 40 µg/cm2 caused a significant (p<0.05)
membranolytic effect after 24 h exposure in both 0 % and 2 % FCS conditions
compared to the relevant control. TiO2 particle treatment at dose levels up to
40 µg/cm2 caused no membranolytic effect in either 0 % or 2 % FCS conditions
compared to control.

Polymer 1 Vehicle (Figure 4.2) caused a significant membranolytic effect after 24 h
exposure of 40 µL/mL in 0 % FCS conditions (p<0.01) and of 20 µL/mL in 2 % FCS
conditions (p<0.05) compared to the control. Polymer 3 Vehicle treatments up to
40 µL/mL caused no membranolytic effect in either 0 % or 2 % FCS conditions
compared to control.

Polymer 3 (Figure 4.3) caused a significant membranolytic effect after 24 h exposure
of 5 µg/cm2 in 0 % FCS conditions (p<0.001) and of 10 µg/cm2 in 2 % FCS
conditions (p<0.05) compared to the control. Polymer 1 caused a significant
membranolytic effect after 24 h exposure of 500 µg/cm2 in 0 % and 2 % FCS
conditions (p<0.001 and p<0.05, respectively) compared to the control. Polymer 2
caused a significant membranolytic effect after 24 h exposure of 1000 µg/cm2 in
0 % FCS conditions (p<0.001) compared to the control. Polymer 3 treatments up to
1000 µg/cm2 caused no membranolytic effect in 2 % FCS conditions compared to
control.

127

The treatments were ranked by their ability to cause membranolytic effects in serum
free conditions as follows; Polymer 3 > Minusil > Polymer 1 > Polymer 2 > TiO2,
and in 2 % serum conditions as follows; Polymer 3 > Minusil > Polymer 1 > TiO2 >
Polymer 2. Non-toxic dose levels were used for future experiments with this rat
alveolar macrophage cell line.
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Figure 4.1. Cytotoxicity (LDH release) of Minusil and TiO2 in NR8383 cells in 0 % (A) or 2 % (B) FCS
conditions. Cells were treated for 24 hours at the indicated concentrations. Data are expressed as the
percentage of total LDH released by detergent and represents the mean ± standard error of three
2
independent experiments, each using triplicate wells per treatment. *p<0.05 versus 10 µg/cm .
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Figure 4.2. Cytotoxicity (LDH release) of Polymer 1 Vehicle and Polymer 3 Vehicle in NR8383 cells in
0 % (C) or 2 % (D) FCS conditions. Cells were treated for 24 hours at the indicated concentrations.
Data are expressed as the percentage of total LDH released by detergent and represents the mean
± standard error of three independent experiments, each using triplicate wells per treatment. *p<0.05,
2
**p<0.01 and ***p<0.001 versus 10 µg/cm .
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Figure 4.3. Cytotoxicity (LDH release) of Polymer 1, Polymer 2 and Polymer 3 in NR8383 cells in 0 %
(E) or 2 % (F) FCS conditions. Cells were treated for 24 hours at the indicated concentrations. Data
are expressed as the percentage of total LDH released by detergent and represents the mean
± standard error of three independent experiments, each using triplicate wells per treatment. *p<0.05,
2
**p<0.01 and ***p<0.001 versus 1 µg/cm .
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4.3

Proliferative Effects of Polymers on the NR8383 Cell Line

Only about 1% of alveolar macrophages are capable of undergoing cell division (Lin
et al., 1982), whilst the NR8383 cell line is immortal. We investigated the effects of
treatments to separate cytostatic effects that could alter the cell number, from
pathophysiologic effects on the cell function. The aim of this experiment was to
investigate the effects of the polymers on proliferation. It was hypothesised that the
pro-inflammatory polymers could be proliferative because the activated NR8383
macrophages can release growth factors such as TGF-β which can have an autocrine
effect (Yagnik et al., 2004).

The proliferative effect of polymer, particles, TNFα and LPS was determined by
using an assay based on counting cells. Minusil at 20 µg/cm2 (Figure 4.4A) showed
significant proliferative effects following 48 hours exposure compared to the control.
No proliferative effects were observed for Minusil at 24 or 72 hours, and TiO2, TNFα
or LPS showed no proliferative effects at any of the time points observed.

Polymer 1 at 2.5 µg/cm2 (Figure 4.4B) showed significantly increased proliferative
effects at 24 and 48 hours (p<0.05 and p<0.001, respectively) compared to control.
No proliferative effects were observed following Polymer 1 treatment at 72 hours,
however the control results indicate that by 72 hours the cells stop growing and this
was attributed to FCS availability. Polymer 2 and Polymer 3 at 2.5 µg/cm2 cause a
significant decrease in cell proliferation at 24 hours (p<0.001 and p<0.01,
respectively) and at 48 hours (p<0.01 and p<0.001, respectively), compared to
control.
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The polymers were ranked by their ability to be proliferative to NR8383 cells as
follows; Polymer 1 > Minusil > Polymer 2 = Polymer 3 =TiO2.
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Figure 4.4. Proliferative effects (Methylene blue assay) of Minusil, TiO2, TNFα and LPS (A), and
Polymer 1, Polymer 2 and Polymer 3 in NR8383 cells. Cells were treated for the indicated time period
at the indicated concentrations. Data are expressed as the average absorbance and represents the
mean ± standard error of three independent experiments, each using triplicate wells per treatment.
*p<0.05, **p<0.01 and ***p<0.001 versus control.
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4.4

Phagocytic Effects of Polymers on the NR8383 Cell Line

Alveolar macrophages ingest and remove/destroy inhaled particles by phagocytosis
orchestrating an inflammatory response, the extent of which is related to the
inflammatory potency of the particles. The effect of the polymer on the NR8383
cells was investigated to provide information about the phagocytic effects of the
polymers. The aims of this experiment were to prove that the NR8383 cell line could
phagocytose and to investigate the effects of the polymers on the phagocytic ability
of the cells.

Phagocytic ability following exposure to polymer, particles, LPS, TNFα and cool
(4 ˚C) conditions was measured by the assessing phagocytosis of fluorescent E.coli
beads. The experiment proved that the NR8383 cell could phagocytose fluorescent
E.coli beads (No macs compared to Macs alone) (Figure. 4.5). NR8383 cells kept in
4 ˚C conditions had significantly decreased (p<0.001) phagocytic ability compared to
untreated cells. There were no significant changes in phagocytic ability following
treatment with the polymers, particles, LPS or TNFα, however, there was a trend
towards increased phagocytosis following treatment with Polymer 1 Vehicle,
Polymer 1 and Polymer 3.
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Figure 4.5. Phagocytosis assay showing effects of 4 ˚C, Polymer 1 Vehicle, Polymer 1, Polymer 2,
Polymer 3 Vehicle, Polymer 3, TiO2, Minusil, LPS and TNFα on phagocytic ability of NR8383 cells.
Cells were treated with the phagocytic effector for 1 hour. Data are expressed as the average
fluorescence and represents the mean ± standard error of three independent experiments, each using
five wells per treatment. ***p<0.001

4.5

Pro-inflammatory Mediator Release from the NR8383 Cell Line

TNFα is a general early-acting pro-inflammatory cytokine released during
inflammation, which activates local cells. TNFα release is indicative of a
pro-inflammatory effect and was measured in supernatant from NR8383 cells
exposed to polymer or particles.

TNFα levels were significantly increased (p<0.001) following treatment with Minusil
at 40 µg/cm2 in 0 % FCS and 2 % FCS conditions, compared to control (Figure 4.6).
TiO2 had no effect on TNFα at dose levels up to 40 µg/cm2 in either 0 % FCS or
2 % FCS.
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Polymer 1 Vehicle at 20 µL/mL in 0 % FCS and 2 % FCS conditions caused a
significant increase in TNFα release (p<0.01 and p<0.001, respectively), compared to
control (Figure 4.7). Polymer 3 Vehicle caused no changes in TNFα release.

Polymer 1 caused a significant increase in TNFα release at 2.5 µg/cm2 in 0 % FCS
conditions (p<0.01) and at 5 µg/cm2 in 2 % FCS conditions (p<0.01), compared to
control (Figure 4.8). Polymer 3 caused a significant increase (p<0.05) in TNFα
release at 50 µg/cm2 in 0 % FCS conditions and at 250 µg/cm2 in 2 % FCS
conditions compared to control. Polymer 2 caused a significant increase in TNFα
release at 500 µg/cm2 in 0 % FCS conditions (p<0.05) compared to control. Polymer
2 had no effect on TNFα release in 2 % FCS conditions and the control cells in 2 %
FCS conditions did not release TNFα.

The polymers were ranked by ability to cause an inflammatory response in serum
free and 2 % serum conditions as follows; Polymer 3 > Minusil > Polymer 1 >
Polymer 2 > TiO2.
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Figure 4.6. TNFα protein levels following exposure to Minusil and TiO2 in NR8383 cells in 0 % (A) or
2 % (B) FCS conditions. Cells were treated for 24 hours at the indicated concentrations. Data are
expressed as the mean ± standard error of three independent experiments, each using triplicate wells
per treatment. *** p<0.001 versus control.
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Figure 4.7. TNFα protein levels following exposure to Polymer 1 Vehicle and Polymer 3 Vehicle in
NR8383 cells in 0 % (C) or 2 % (D) FCS conditions. Cells were treated for 24 hours at the indicated
concentrations. Data are expressed as the mean ± standard error of three independent experiments,
each using triplicate wells per treatment. **p<0.01 and ***p<0.001 versus control.
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Figure 4.8. TNFα protein levels following exposure to Polymer 1, Polymer 2 and Polymer 3 in NR8383
cells in 0 % (E) or 2 % (F) FCS conditions. Cells were treated for 24 hours at the indicated
concentrations. Data are expressed as the mean ± standard error of three independent experiments,
each using triplicate wells per treatment. *p<0.05, **p<0.01 and ***p<0.001 versus control.
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4.6

Chemokine Release from the NR8383 Cell Line

Inflammation causes release of chemokines which induce migration of inflammatory
cells, including neutrophils and macrophages to the area of insult (Tetley, 2005).
The release of MIP-2 has been shown to be a potent chemotactic cytokine for
neutrophils during inflammation (Driscoll, 2000). The aim of this study was to
establish if the pro-inflammatory polymers caused release of MIP-2 and therefore
predict the inflammatory cell influx that was observed in the rat lungs following
intratracheal instillation (Section 3.2). It was hypothesised that the pro-inflammatory
polymers would cause increases in MIP-2 secretion from NR8383 cells.

MIP-2 levels were assessed in supernatants from NR8383 cells as an indicator of
pro-inflammatory effect. Minusil or TiO2 particles caused no change in MIP-2
release from cells treated up to 40 µg/cm2 (Figure 4.9).

Polymer 1 Vehicle at 20 µL/mL in 0 % FCS conditions caused significantly
increased (p<0.05) MIP-2 levels, compared to control (Figure 4.10). Polymer 3
Vehicle treated in 0 % FCS or 2 % FCS caused no change in MIP-2 release from
cells treated up to 40 µL/mL.

Polymer 3 at 2.5 µg/cm2 in 2 % FCS conditions caused a significant increase
(p<0.05) in MIP-2 release, compared to control (Figure 4.11). Polymer 2 at 250
µg/cm2 in 2 % FCS conditions caused a significant increase (p<0.05) in MIP-2
release compared to control. Polymer 1 did not show significantly increased MIP-2
levels following treatment, however, there was trend towards an increase in MIP-2
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following treatment at dose levels up to 50 µg/cm2. No change in MIP-2 levels were
noted following treatment with Polymer 1, Polymer 2 or Polymer 3 in 0 % FCS
conditions.

The polymers were ranked by ability to be chemotactic for inflammatory cells in 2 %
serum conditions as follows; Polymer 3 > Polymer 1 = Polymer 2 = Minusil = TiO2.
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Figure 4.9. MIP-2 protein levels following exposure to Minusil and TiO2 in NR8383 cells in 0 % (A) or
2 % (B) FCS conditions. Cells were treated for 24 hours at the indicated concentrations. Data are
expressed as the mean ± standard error of three independent experiments, each using triplicate wells
per treatment.
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Figure 4.10. MIP-2 protein levels following exposure to Polymer 1 Vehicle and Polymer 3 Vehicle in
NR8383 cells in 0 % (C) or 2 % (D) FCS conditions. Cells were treated for 24 hours at the indicated
concentrations. Data are expressed as the mean ± standard error of three independent experiments,
each using triplicate wells per treatment. *p<0.05 versus control.
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Figure 4.11. MIP-2 protein levels following exposure to Polymer 1, Polymer 2 and Polymer 3 in
NR8383 cells in 0 % (E) or 2 % (F) FCS conditions. Cells were treated for 24 hours at the indicated
concentrations. Data represent the mean ± standard error of three independent experiments, each
using triplicate wells per treatment. *p<0.05 and **p<0.01 versus control.
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4.7

NR8383 Experiment Results Summary
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Figure 4.12. NR8383 rat alveolar macrophage results summary table. ↑ indicates an increase in the measured parameter, ↓ indicates a decrease in the measured
parameter, *p<0.05, **p<0.01 and ***p<0.001 compared to Control in the relevant experiment. Reported dose is lowest dose at which a significant difference is
observed.
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4.8

Discussion – NR8383 Cell Line

Development of alternatives to animal testing has major potential benefits to
industry. Increasing ethical considerations, the desire for higher throughput and
more efficient testing systems, and the impending EU ban on animal testing of
ingredients intended for cosmetic products has meant that companies (and scientists)
are striving to develop new and reliable testing models which can model the effects
observed in vivo (Bakand et al., 2005). Other benefits of using in vitro models
include the low price compared to that of an animal experiment, the capability of
rapidly providing toxicology information, the ability to test formulations, the ability
to test more products than before by conducting a large scale screening and the fact
that there should be a better success rate for candidate particles in vivo (Lehr et al.,
2006).

Along with new cosmetics, each year thousands of new pharmaceuticals, pesticides
and consumer products are introduced into the marketplace. There are
approximately 80,000 chemicals in commerce (NTP, 2002) as well as an extremely
large number of chemical mixtures. In vivo testing of these would be expensive,
consume a significant number of animal lives and be time consuming, creating a
demand for in vitro models. Research has focussed on developing models such as
the lung epithelial model to replace inhalation testing. Lehr, Forbes and Grainger
have investigated the ability of human epithelial cell cultures to model the absorption
barrier of the lung and these models have been assessed for ability to test the safety
of the Polymer 1 used in this project (Forbes and Ehrhardt, 2005;Lehr et al.,
2006;Grainger et al., 2006). The epithelial cell line did not show the
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pro-inflammatory effects we observed in rat lungs following instillation of Polymer 1
(Grainger, results not published). Other researchers have focussed on developing
cell co-culture methods. Wottrich and colleagues co-cultured human alveolar
epithelial cells with 2 types of macrophages and used the models to successfully test
particle toxicity (Wottrich et al., 2004). Gehr and colleagues have co-cultured
epithelial cells, macrophages and dendritic cells and studied responses to particles
(Gehr et al., 2006), showing that particles can cross the epithelial membrane and via
dendritic processes.

For this project a rat cell line was chosen because it was the same species as the in
vivo experiments, and alveolar macrophages are the cells of the lung that are the first
cellular line of defence, in vivo, to encounter the inhaled polymer. The
pro-inflammatory effects observed in the rat lung instillation experiments (Chapter 3)
demonstrated that the polymers had differing pro-inflammatory abilities.

It has been demonstrated here that the cytotoxicity assay in 0 and 2 % serum
conditions predicted polymer inflammation in rat lungs and the cytotoxicity in 2 %
serum conditions predicted the capillary-epithelial barrier damage observed (shown
by measuring total protein in BAL) in the rat lungs. Cytotoxicity assays have been
used to test the effects of particles in animals for many years and are an effective
method of detecting a cytotoxic/inflammatory response (Henderson et al., 1985).
Both serum- free and 2 % serum conditions predicted the overall pro-inflammatory
ranking of the polymers in rat lungs. The cytotoxicity assay also showed that the
NR8383 cells were more susceptible to damage from both the polymers and particles
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when the cells were serum-starved. Untreated cells in 2 % serum conditions did not
release TNFα, whereas, untreated cells in 0 % serum conditions released low levels
of TNFα. Other researchers have also shown that serum starvation causes cells to
release growth factors and cytokines. Results from Uemura et al show increases in
the growth factor G-CSF and cytokine GM-CSF were observed when two lung
cancer cell lines were deprived of serum (Uemura et al., 2004). It is therefore
important to consider the serum conditions of cell models as this could mask or
enhance a cytokine response when exposed to polymers.

The TNFα results in the 2 % serum conditions predicted the pro-inflammatory cell
influx and inflammation in the rat lungs. NR8383 cells treated in both 0 and 2 %
serum conditions predicted the overall pro-inflammatory ranking of the polymers in
rat lungs.

MIP-2 increases in the cell line predicted the neutrophil influx observed in the rat
lungs for Polymer 1 and Polymer 3. Other studies have also measured MIP-2 as an
indicator of inflammation (Henderson, 2005). The dose levels used in the cell model
were high in comparison to the rat instillations so this could explain why Polymer 2
caused a significant increase in MIP-2 levels in the cells but not found for neutrophil
counts in the rat lungs.

The methylene blue assay showed that Polymer 1 exerted a proliferative effect and
although ‘real life’ alveolar macrophages do not proliferate, this result is similar to
the proliferative effects of Polymer 1 in RFL-6 fibroblasts by Gaiser (Gaiser et al.
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personal communication). This finding suggests that Polymer 1 would have a
pro-inflammatory effect in rat lungs, however it did not predict any
pro-inflammatory effect for Polymer 3. An interesting observation was the
significant decrease in cell proliferation caused by Polymer 2 and Polymer 3, even
though non-cytotoxic dose levels were used.

The phagocytosis assay results, although not significant, showed a trend towards an
increased phagocytic effect for Polymer 1 and Polymer 3 and no effect on
phagocytosis by Polymer 2. Phagocytosis of quartz has been shown to cause
proliferation, apoptosis, and production of inflammatory cytokines (Shukla et al.,
2003). With inflammation having been previously demonstrated in rat lungs after
administration of Polymer 1 and Polymer 3 this assay has the potential to be used as
a predictive model for inflammation.

To conclude, the NR8383 cell line predicted the pro-inflammatory ranking of the
polymers in rat lungs using the cytotoxicity assay and assays measuring TNFα and
MIP-2 levels. The methylene blue assay indicated that Polymer 1 could be
proliferative in rat lungs and the phagocytosis assay gave an indication that
Polymer 1 and Polymer 3 were phagocytosed and could cause release of
pro-inflammatory mediators from alveolar macrophages in rat lungs. The results of
the NR8383 cell line ranked the treatments by pro-inflammatory ability as follows;
Polymer 3 > Minusil > Polymer 1 > Polymer 2 > TiO2. Thus, the NR8383 rat
alveolar macrophage cell line has the ability to predict certain aspects of polymer
toxicity in rat lungs. Therefore, based on using this rather limited number of
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polymers, the NR8383 rat alveolar macrophage cell line has the potential to be
indicative of certain aspects of polymer toxicity in vivo and therefore could form part
of a predictive, in vitro testing battery.
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4.9

Human Monocyte-Derived Macrophages

The ability of human cells to predict inflammatory effects of polymers or particles
was studied with the idea of creating a human cell model that could predict polymer
toxicity. The aim of the experiments was to rank the polymers by ability to cause
toxicity and release pro-inflammatory mediators, comparing the results with those
from the rat lung instillations and those from the NR8383 in vitro cell line
experiments. It was hypothesised that the inflammatory effects of the different
polymers could be predicted using human monocyte-derived macrophages and that
the results would compare with those from the NR8383 cell line.

4.10

Cytotoxicity of Polymers on Human Monocyte-Derived Macrophages

The cytotoxic effect of polymer and particles on human monocyte derived
macrophages was determined using the LDH assay. The effects of polymer and
particles on LDH release are shown.

Minusil or TiO2 up to 40 µg/cm2 caused no membranolytic effect in human
monocyte derived macrophage cells (Figure 4.12A).

Polymer 3 caused a significant membranolytic effect (p<0.05) after 24 h exposure of
125 µg/cm2 in 0 % FCS conditions, compared to control (Figure 4.12). Polymer 1
and Polymer 2 had no membranolytic effects.

The polymers were ranked in their ability to cause membranolytic effects as follows;
Polymer 3 > Minusil = Polymer 1 = Polymer 2 = TiO2. Non-toxic dose levels were
used for future experiments with this cell type.
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Figure 4.13. LDH release caused by Minusil and TiO2 (A), and Polymer 1, Polymer 2 and Polymer 3
(B) in human monocyte derived macrophage cells in 2 % FCS conditions. Cells were treated for
24 hours at the indicated concentrations. Data are expressed as the percentage of total LDH and
represents the mean of three independent experiments (± standard error mean bars have been
removed for clarity), each using triplicate wells per treatment. *p<0.05 and **p<0.01 versus 1 µg/cm2.
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4.11

Pro-inflammatory Mediator Release

Inflammation causes release of pro-inflammatory mediators that have a range of
functions including cell chemotaxis, growth, proliferation, activation etc. In this
experiment we assessed a range of pro-inflammatory mediators using Luminex
technology. The mediators were selected from an available list of 20. IL-4, IL-8,
IL-1β, IL-10, MIP-1α, TNFα, TGFα and MCP-1 were assessed. The aim of the
experiment was to measure a range of pro-inflammatory mediators following
treatment of the cells with the polymers (Figures 4.13 to 4.15). It was hypothesised
that the pro-inflammatory polymers would change the levels of these
pro-inflammatory mediators.

Polymer 3 at 25 µg/cm2 caused a significant increase in IL-8 (p<0.01) (Figure
4.13A) and at 100 µg/cm2 caused a significant increase in TNFα (Figure 4.13B) and
MIP-1α (Figure 4.14C) (p<0.001), compared to control. No other changes in
cytokine levels were noted.

The polymers were ranked by ability to cause pro-inflammatory mediator release
from cells as follows; Polymer 3 > Minusil = Polymer 1 = Polymer 2 = TiO2.
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Figure 4.14. IL-8 (A) and TNFα (B) protein levels following exposure to Polymer 1, Polymer 2, Polymer
3, TiO2 and Minusil in human monocyte derived macrophage cells in 2 % FCS conditions. Cells were
treated for 24 hours at the indicated concentrations. Data represents the mean ± standard error of
three independent experiments, each using triplicate wells per treatment. **p<0.01 and ***p<0.001
versus control.
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Figure 4.15. MIP-1α (C) and IL-4 (D) protein levels following exposure to Polymer 1, Polymer 2,
Polymer 3, TiO2 and Minusil in human monocyte derived macrophage cells in 2 % FCS conditions.
Cells were treated for 24 hours at the indicated concentrations. Data represents the mean ± standard
error of three independent experiments, each using triplicate wells per treatment. **p<0.01 versus
control.
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4.12

Monocyte Derived Macrophages Experiment Results Summary
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Figure 4.17. Monocyte derived macrophage results summary table. ↑ indicates an increase in the measured parameter, *p<0.05,
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4.13

Discussion - Human Monocyte-Derived Macrophages

Section 4.8 demonstrated that a rat alveolar macrophage cell line could be used to
predict certain aspects of the pro-inflammatory effects of polymer in rat lungs.
However, as the rat is a model for ‘real life’ human exposure, toxicity responses of a
human cell line are of interest. Previous studies have shown that NR8383 rat
alveolar macrophage cells, RLE-6TN (rat type II epithelial cells) and A549 human
lung epithelial cells treated with a series of metals gave similar rankings using the
LDH assay (Gaiser personal communication). Other studies have shown that
different cell types respond similarly to the same treatments (Xu et al., 2002;Riley et
al., 2005). This raises the question, do all macrophages respond similarly following
treatment with polymers?

It has been demonstrated here that release of LDH, IL-8, TNFα and MIP-1α from
human monocyte derived macrophage cells predicted the pro-inflammatory effects of
Polymer 3 in rat lungs. The pro-inflammatory effects of Polymer 1 observed in the
rat lungs were not predicted, indicating that there are different mechanisms of action
between Polymer 1 and Polymer 3, and raises the question whether the
pro-inflammatory effects of Polymer 1 would be seen in all species? One
explanation for this finding may be that Polymer 1 is pro-inflammatory in rat lungs
but not pro-inflammatory in human lungs (or at least as predicted from use of human
macrophages), as not all agents that cause toxicity in animals cause toxicity in
humans (Klaassen et al., 2001). Another explanation may be that polymer 1 confers
toxic effects via an entirely different mechanism of action, or that radicals generated
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by Polymer 1 are different to Polymer 3 (as shown in Section 5.3) which do not
activate certain signalling mechanisms in the human cells.

The increased pro-inflammatory mediator levels released from the human
macrophages in vitro indicate that Polymer 3 could cause a pro-inflammatory effect
in the rat lungs. IL-8 (the equivalent of MIP-2 in rats) is chemotactic for neutrophils
and increased levels of this chemokine released by the macrophages predicted the
neutrophil influx observed in rat lungs following instillation of Polymer 3. In
experiments where human monocyte-derived macrophages were exposed to
pro-inflammatory particles, IL-8 levels were found to be increased due to oxidative
stress activation of the NF-кB pathway (Brown et al., 2007).

Increased levels of MIP-1α observed following treatment of the human macrophages
with Polymer 3 suggest that this polymer will cause a local inflammatory response in
the rat lungs (neutrophil influx). Studies by Guan have shown that MIP-1α induces
superoxide production by neutrophils which causes oxidative damage in the area of
the inflammatory response (Guan et al., 2001).

Increased levels of TNFα observed following treatment of the human macrophages
with Polymer 3 indicate that the polymer may cause neutrophil chemotaxis, increase
neutrophil adherence to the endothelium and induce synthesis of a number of other
pro-inflammatory mediators. With regards to fibrosis and cancer, proliferation and
synthesis of collagenase and prostaglandin E2 in fibroblasts is induced by TNFα
(Chung, 2006).
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To conclude, human monocyte derived macrophages predicted the pro-inflammatory
effects of Polymer 3 in rat lungs using the cytotoxicity assay and by causing
increases in IL-8, TNFα and MIP-1α release. The human macrophages did not
predict the pro-inflammatory effects of Polymer 1 that were observed in the rat
lungs.

4.14

Human Monocyte Cell Line – THP-1

We investigated another human macrophage cell type to predict the
pro-inflammatory effects of the polymers - the human monocyte cell line (THP-1).
The aim of the experiments was to rank the polymers by ability to cause toxicity and
release pro-inflammatory mediators, comparing the results with the rat lung
instillations and those from the NR8383 rat alveolar macrophage cell line and human
monocyte derived macrophage experiments. It was hypothesised that the
pro-inflammatory effects of the polymers could be predicted using the THP-1 cell
line and that the results would compare with those from the NR8383 cell line.

4.15

Cytotoxicity of polymers on the THP-1 cell line

The cytotoxic effect of polymer and particles on THP-1 cells was determined by the
LDH assay. Minusil at 30 µg/cm2 caused a significant (p<0.05) increase in LDH
release form THP-1 cells, compared to control (Figure 4.16A). TiO2 particle
treatments up to 100 µg/cm2 had no effect on LDH release.

Polymer 3 at 126 µg/cm2 caused a significant (p<0.001) LDH release after 24 hours,
compared to control (Figure 4.16B). In contrast, Polymer 2 at 1000 µg/cm2 caused a
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significant decrease in LDH (p<0.05) compared to control. Polymer 1 had no effects
on LDH release.

The polymers were ranked by their ability to cause membranolytic effects as follows;
Polymer 3 > Minusil > Polymer 1 = Polymer 2 = TiO2. The negative membranolytic
effect was not used in the ranking. Non-toxic dose levels were used for future
experiments with this cell type.
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Figure 4.18. LDH level in supernatant after treatment with Minusil and TiO2 (A), and Polymer 1,
Polymer 2 and Polymer 3 (B) in THP-1 cells in 2 % FCS conditions. Cells were treated for 24 hours at
the indicated concentrations. Data represents the mean ± standard error of three independent
2
experiments, each using triplicate wells per treatment. *p<0.05, and ***p<0.001 versus 1 µg/cm .
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4.16

Pro-inflammatory Mediator Release from the THP-1 Cell Line

Inflammation causes release of pro-inflammatory mediators that have a range of
functions including cell chemotaxis, growth, proliferation, activation etc. Similarly
to the experiment using the human monocyte derived macrophages (section 4.11), we
assessed a range of pro-inflammatory mediators using Luminex technology. The aim
of the experiment was to measure a range of pro-inflammatory mediators following
treatment of the cells with the polymers. It was hypothesised that the
pro-inflammatory polymers would cause an increase in these pro-inflammatory
mediators.

Polymer 3 at 126 µg/mL caused a significant increase (p<0.01) in IL-1β levels,
compared to control (Figure 4.17). Polymer 3 at 32 µg/cm2 caused a significant
decrease (p<0.001) in IL-10 levels, at 126 µg/cm2 caused a significant decreases in
TNFα levels (Figure 4.18) (p<0.001), IL-8 levels (p<0.001), MCP-1 levels (p<0.01),
and at 501 µg/cm2 caused a significant decrease in MIP-1α (p<0.001), compared to
control.

Polymer 1 and Polymer 2 at 501 µg/cm2 caused a significant decrease in TNFα
levels, IL-8 levels and MCP-1α (p<0.01 or p<0.001) levels compared to control.
Polymer 1 at 32 µg/cm2 and polymer 2 at 126 µg/cm2 caused a significant decrease
in IL-10 levels (p<0.001) compared to control.
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The polymers were ranked by ability to be cause pro-inflammatory mediator release
from cells as follows; Polymer 3 > Polymer 1 > Polymer 2. Due to experimental
limitations Minusil and TiO2 samples were not measured.
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Figure 4.19. IL-10 (A), IL-1β (B) and TGFα (C) protein levels following treatment with Polymer 1,
Polymer 2, and Polymer 3 in THP-1 cells in 2 % FCS conditions. Cells were treated for 24 hours at the
indicated concentrations. Data represents the mean ± standard error of three independent
experiments, each using triplicate wells per treatment. **p<0.01, and ***p<0.001 versus control.
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Figure 4.20. TNFα (D) and IL-8 (E) protein levels following treatment with Polymer 1, Polymer 2, and
Polymer 3 in THP-1 cells in 2 % FCS conditions. Cells were treated for 24 hours at the indicated
concentrations. Data represents the mean ± standard error of three independent experiments, each
using triplicate wells per treatment. **p<0.01, and ***p<0.001 versus control.
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Figure 4.21. MCP-1 (F) and MIP-1α (G) protein levels following treatment with Polymer 1, Polymer 2,
and Polymer 3 in THP-1 cells in 2 % FCS conditions. Cells were treated for 24 hours at the indicated
concentrations. Data represents the mean ± standard error of three independent experiments, each
using triplicate wells per treatment. **p<0.01, and ***p<0.001 versus control.
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4.17

THP-1 Experiment Results Summary
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Figure 4.22. THP-1 macrophage results summary table. ↑ indicates an increase in the measured parameter, ↓ indicates a decrease in the measured
2
parameter, units are µg/cm , *p<0.05, **p<0.01 and ***p<0.001 compared to Control in the relevant experiment. Reported dose is lowest dose at which

a significant difference is observed. Significance shown for dose listed. Reported dose is lowest dose at which a significant difference is observed.
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4.18

Discussion - THP-1 Cell Line

It has been shown that human macrophages do not respond the same as the rat alveolar
macrophage cell line following treatment with polymers and do not predict the
pro-inflammatory effects of Polymer 1. Also, it would not be viable to use human
monocyte derived macrophages in an industrial setting as they are extracted from
peripheral blood, immediately after sampling. However, the use of human cells would
be a preferred model and these cells did predict the pro-inflammatory effects of
Polymer 3, therefore, we wanted to investigate the ability of a human cell line as a
model. Previous studies have used the human THP-1 cell line as a test model. Singh
and colleagues used THP-1 cell models to test novel compounds for potential
anti-inflammatory effects (Singh et al., 2005) and Heil and colleagues have compared
human macrophages and THP-1 cells similarly for ranking the cytotoxicity of dental
biomaterials (Heil et al., 2002).

The data shows that using THP-1 cells, the cytotoxicity assay predicted the
pro-inflammatory effects of Polymer 3 in rat lungs but not those of Polymer 1. Polymer
3 caused increased IL-1β, which causes expression of adhesion factors on endothelial
cells to enable transmigration of leukocytes to the site of injury (Huising et al., 2004)
and decreased MIP-1α which causes a local inflammatory response (Ward, 1996). All
of the polymer treatments caused decreases in the anti-inflammatory cytokine IL-10
(Yamagata and Ichinose, 2006), and at 501 µg/mL all polymers caused decreased TNFα,
IL-8 and MCP-1.
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The LDH results at 1000 µg/mL showed that Polymer 2 had an negative cytotoxic effect
and this result may be linked to the observation of large alveolar macrophages which
were observed following instillation of rats with Polymer 2 (Figure 3.10.C).

To conclude, the human THP-1 cell line predicted the pro-inflammatory effects of
Polymer 3 in rat lungs using the cytotoxicity assay and by changes in IL-1β, MIP-1α and
IL-10 levels. The human THP-1 cell line did not predict the pro-inflammatory effects of
Polymer 1 that were observed the rat lungs. Following treatment with Polymer 3 the
THP-1 cell line and human macrophage results were comparable for cytotoxicity
ranking of the polymers as shown by Heli et al (2002), but contrasting for IL-8, TNFα
and MIP-1α levels.
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4.19

Summary Table

Comparison of Experimental Parameters Measured Across all Cell Types

TiO2

Minusil

Polymer 1

Polymer 2

Polymer 3

Rat NR8383

Rat NR8383

Alveolar Macrophages

Alveolar Macrophages

0 % FCS

2 % FCS

No effect

No effect

Cytotoxicity 40 µg/cm

2

Cytotoxicity 40 µg/cm

TNFα release 40 µg/cm
Cytotoxicty 500 µg/cm

2

Cytotoxicty 500 µg/cm

TNFα release 50 µg/cm
Cytotoxicty 1000 µg/cm

2

Cells

No effect

No effect

2

No effect

Cytotoxicity 30 µg/cm

2

TNFα release 250 µg/cm

2

Decreased IL-8 501 µg/cm

2

2

Decreased cytotoxicity 1000 µg/cm
2

MIP-2 release 250 µg/cm

2

2

Decreased TNFα 501 µg/cm

No effect

Decreased IL-8 501 µg/cm

Cytotoxicty 10 µg/cm

2

TNFα release 2.5 µg/cm

2

Decreased TNFα 501 µg/cm

No effect

2

TNFα release 500 µg/cm

Cytotoxicty 5 µg/cm

Human THP-1

2

TNFα release 40 µg/cm

2

Human Monocyte
Derived Macrophages

2

TNFα release 5 µg/cm

MIP-2 release 2.5 µg/cm

IL-8 release 25 µg/cm
2

2

Cytotoxicty 126 µg/cm

Decreased TNFα 126 µg/cm

TNFα release 100 µg/cm

2

2

2

2

Cytotoxicty 250 µg/cm
2

2

2

Decreased IL-8 126 µg/cm

2

2
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4.20

The Three Cell Types Compared

The NR8383 rat alveolar macrophage cell line showed a cytotoxic response when
treated with the polymers which ranked similarly to the ranking observed when the
polymers were instilled into rat lungs. The human monocyte derived macrophages and
human THP-1 cells showed a cytotoxic response when treated with Polymer 3 only.

The NR8383 rat alveolar macrophage cell line treated with the polymers released TNFα
at dose levels which reflected polymer toxicity, i.e. peak levels of TNFα were observed
at dose levels very close to the highest cytotoxic dose, and at doses above the highest
cytotoxic dose TNFα levels diminished because the cells were dying. The human
monocyte derived macrophages only released TNFα when treated with Polymer 3. In
contrast, when human THP-1 cells were treated with Polymer 1, Polymer 2 or Polymer 3
there was a decrease in TNFα release. Therefore, the better model for testing polymers
is the NR8383 rat alveolar macrophage cell line.

The NR8383 rat alveolar macrophage cell line in 2 % FCS conditions treated with
Polymer 2 and Polymer 3 released MIP-2. An increase in IL-8, the human equivalent of
MIP-2, was observed when human monocyte derived macrophages were treated with
Polymer 3 only. In contrast to this, when human THP-1 cells were treated with
Polymer 1, Polymer 2 or Polymer 3 there was a decrease in IL-8 release. Therefore, the
better cell culture conditions for the NR8383 rat alveolar macrophage cell line were in
2 % serum.
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The pro-inflammatory Minusil particles caused cytotoxicity to NR8383 rat alveolar
macrophage cells and human THP-1 cells. No cytotoxicity was observed when human
monocyte derived macrophages were treated with Minusil. The NR8383 rat alveolar
macrophage cells released TNFα in response to the Minusil particles. No changes in
TNFα levels were observed when human monocyte derived macrophages and human
THP-1 cells were treated with Minusil particles. The non-inflammatory TiO2 particles
had no effect on NR8383 rat alveolar macrophage cells, human monocyte derived
macrophages or human THP-1 cells.

Overall, all 3 cell types predicted the pro-inflammatory effects of Polymer 3. The
NR8383 rat alveolar macrophage cells and the human THP-1 cells predicted the
pro-inflammatory effects of Polymer 1. The human monocyte derived macrophages did
not predict the pro-inflammatory effects of Polymer 1. Polymer 2 had different effects
on NR8383 rat alveolar macrophages, depending on the serum conditions, and human
THP-1 cells. The different responses of the three cell types are probably due to the
antioxidant capabilities of the cells, as cells with higher antioxidant levels would be able
to tolerate higher levels of oxidative stress. The experiments (Table 4.19) show that the
human monocyte-derived macrophages had a greater ability to deal with oxidative stress
produced by Minusil treatment compared to the effects of Minusil on the NR8383 rat
alveolar macrophage cell line and the THP-1 cell line. In order to compare the levels of
antioxidants across the three cell lines and prove that different levels of antioxidants are
responsible for the different responses following treatment, various assays could be
conducted including the GSH assay (Section 2.26) and the DCFH assay (Section 2.27).

173

These results demonstrate that in vivo testing of the polymers is more sensitive because
not all of the in vitro cell types predicted the pro-inflammatory effects of Polymer 1.
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Chapter 5 - Mechanisms
5.1

Mechanisms of Toxicity

The results from the rat lung instillations and treatment of the cell line show that some of
the polymers and particles are pro-inflammatory. The aim of the experiments in this
chapter was to determine the mechanism by which the polymers cause the
pro-inflammatory effects. We set out to test a series of models that could give an
indication of the mechanism of action of the polymers and particles, and that could be
used as models to test polymers in the future as an alternative to using animals.

5.2

Haemolytic Effects of Polymers and Particles on RBC’s

The total protein results from analysis of BAL from instilled rats indicated that
membrane damage was occurring within the lungs of the rats following treatment with
Polymer 1, Polymer 3 and Minusil. It was hypothesised that a cell model could be used
to predict this membrane damage. The membrane-disruptive activity of the polymers
and particles was tested by the haemolysis assay (Murthy et al., 1999a;Murthy et al.,
1999b;Duffin et al., 2001;Warheit et al., 2007) using human erythrocytes.

Minusil particles were found to cause a significant dose-dependent increase in the
percentage haemolysis of human erythrocytes at dose levels up to 16 µg/mL
(Figure 5.1). Minusil at 2 µg/mL caused a significant increase (p<0.05) in the
percentage haemolysis of human erythrocytes compared to control. TiO2 treatment had
no haemolytic effect on human erythrocytes.
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Polymer 1 at 6.9 µg/mL was found to cause a significant increase (p<0.05) in the
percentage haemolysis of human erythrocytes compared to control. Polymer 3 showed a
clear dose related trend towards increased haemolysis and at 28 µg/mL this was found to
be significantly increased (p<0.001) compared to control. Polymer 2 treatment had no
haemolytic effect on human erythrocytes. The treatments were ranked by their ability to
cause haemolysis as follows; Polymer 1 > Minusil > Polymer 3 > Polymer 2 = TiO2.
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Figure 5.1. Haemolytic activity of polymers or particles on human erythrocytes. Data are mean and
standard error of three replicates in three experiments. *p<0.05, **p<0.01 and ***p<0.001 versus control.

5.3

Electron Spin Resonance Analysis on Particles and Polymers

Minusil has been shown to exert its pro-inflammatory effects due to free radical
generation (Donaldson et al., 2001b) and it was hypothesised that the pro-inflammatory
effects observed in the animals and the cell model following treatment with Polymer 1
and Polymer 3 were due to oxidative stress. Electron spin resonance (Castranova,
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1994a;Donaldson et al., 2001b) was used as an investigative tool to study free radical
generation by the polymers. The tempone –H spin trap used in this assay detects
superoxide and peroxynitrite radicals (Paterson et al., 2001).

ESR intensity for Minusil increased at a greater rate than the ESR intensity for TiO2, and
after 145 min Minusil ESR intensity was 3 fold higher compared to TiO2 ESR intensity
(Figure 5.2). Polymer 3 ESR intensity was significantly increased (p<0.01) at all time
points compared to control. The ESR intensity for Polymer 3 was similar to Minusil
after 145 min. Polymer 1 and Polymer 2 ESR intensity was similar to control at all time
points. The treatments polymers were ranked by their ability to generate free radicals as
follows; Minusil > Polymer 3 > TiO2 > Polymer 1 = Polymer 2.
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Figure 5.2. Electron spin resonance intensity of particles (A) and polymers (B) at a concentration of
1 mg/mL, using the tempone-H spin trap. Data are mean ± standard error of five replicates. *p<0.05,
**p<0.01 and ***p<0.001 compared to the saline control.
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5.4

Polymer and Particle Ability to Damage Supercoiled DNA

In order to determine the oxidative capacity of the polymers and particles, an in vitro
assay which monitors damage of supercoiled DNA was utilised. The plasmid assay
(Zhang et al., 1998;Healey et al., 2005) was used as a model to test the ability of the
polymers and particles to break the bonds in super-coiled DNA, to either linear strands
or relaxed strands shown in Figures 5.3 and 5.4. Hydrogen peroxide was used as a
positive control because of its ability to cause oxidative stress. Hydrogen peroxide was
not used in the polymer or particle treatments. The plasmid assay detects hydroxyl
radicals (Donaldson et al., 1997) which have the ability to break DNA strands and this

TiO2 (100 µg/mL)

Minusil (100 µg/mL)

TiO2 (50 µg/mL)

Minusil (50 µg/mL)

TiO2 (25 µg/mL)

Minusil (25 µg/mL)

TiO2 (10 µg/mL)

H2O2 (10mM)

PST-1

B

Control

A

Minusil (10 µg/mL)

assay was used for its ability to demonstrate oxidative stress potential of particles.

Relaxed
Linear
Supercoiled

Figure 5.3. Depletion of plasmid DNA by treatment; controls (A), particles (B) and polymers (C) following
24 hour incubation with ФX174 RF plasmid DNA at 37 ˚C. The three plasmid forms were separated by
electrophoresis and analysed by densitometry (results shown in Figure 5.5).
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Figure 5.4. Depletion of plasmid DNA by treatment; controls (A), particles (B) and polymers (C) following
24 hour incubation with ФX174 RF plasmid DNA at 37 ˚C and the three plasmid forms were separated by
electrophoresis and analysed by densitometry (results shown in Figure 5.5).
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Minusil at 100 µg/mL caused a significant depletion of the supercoiled plasmid DNA
compared to the DNA control (Figure 5.5). TiO2 did not deplete supercoiled DNA.

Polymer 3 caused significant depletion of the supercoiled plasmid DNA at 1000 µg/mL
and Polymer 1 caused significant depletion of the supercoiled plasmid DNA at
10,000 µg/mL compared to the DNA control. Polymer 3 was 10-fold more potent than
Polymer 1. Polymer 2 did not deplete supercoiled plasmid DNA.

181

DNA survival (% control)

180
160
140
120
100

Min

80

TiO2

60
40

*

20
0
0

20

40

60

80

100

120

Dose (µg/mL)

DNA survival (% control)

160
140
120
100
80

Polymer 1

60

***

40
20
0
0.1

1

10

100

1000

10000

Log dose (µg/mL)

Figure 5.5. Densitometry analysis of super-coiled DNA survival (plasmid assay) following exposure to
polymer or particles for 24 hours. Data are mean and standard error of 3 three replicates in three separate
experiments. *p<0.05 and ***p<0.001 compared to control.
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Figure 5.5 continued. Densitometry analysis of super-coiled DNA survival (plasmid assay) following
exposure to polymer or particles for 24 hours. Data are mean and standard error of 3 three replicates in
three separate experiments. *p<0.05 and ***p<0.001 compared to control.
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5.5

Effect of Polymers and Particles on NR8383 GSH Levels

Cellular damage due to oxidative stress occurs when oxidation exceeds the ability of
endogenous antioxidants to ‘quench’ the oxidants/free radicals (Barry B.Halliwell and
Henrik E.Poulsen, 2006). A typical characteristic of pro-inflammatory particles is their
ability to produce free radicals which, when in excess, can cause a depletion of
antioxidants, such as glutathione (GSH). To investigate the involvement of reactive
oxidant species (ROS) in the inflammatory and toxic responses previously shown, levels
of the intracellular antioxidant glutathione were measured as an indicator of oxidative
stress in NR8383 cells treated for 24 h.

Minusil at 150 µg/cm2 caused a significant decrease (p<0.001) in intracellular
glutathione levels compared to control. TiO2 had no effect on intracellular glutathione
levels.

Polymer 1 and Polymer 3 at 150 µg/cm2 (Figure 5.6) caused a similar decrease (p<0.05)
in intracellular glutathione levels, compared to control. Polymer 2 had no effect on
intracellular glutathione levels. The treatments were ranked by their ability to deplete
GSH as follows; Minusil > Polymer 1 Polymer 3 > Polymer 2 = TiO2.
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Figure 5.6. Intracellular glutathione levels in NR8383 alveolar macrophages following treatment with
polymer, particles, TNFα and H2O2 for 24 h. Data are expressed as mean and standard error of three
replicates in three separate experiments. *p<0.05 and ***p<0.001 versus control.

5.6

Induction of Intracellular ROS by Polymers or Particles

The previous experiments assessed the radical activity from the polymers and particles,
the ability of the radical activity to break supercoiled DNA and the antioxidant levels in
the cell. The decreases noted in intracellular antioxidant levels indicated that
intracellular oxidative stress may be occurring following treatment with the polymers or
particles. It was hypothesised that the polymers or particles could be causing
intracellular oxidative stress. The DCFH-DA assay (Frank et al., 2000;McNeilly et al.,
2004) was used to detect intracellular oxidative stress and it was proposed that this
model could be used to predict intracellular oxidative stress caused by polymers.
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Minusil treatment at 100 µg/cm2 caused a significant increase in intracellular oxidative
stress in NR8383 cells exposed for 6 hours. There were no changes in intracellular
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Figure 5.7. DCFH fluorescence following 30 min exposure to polymer or particles. Data are mean and
standard error of two replicates in three separate experiments. **p<0.01 and ***p<0.001 versus control.

5.7

Nuclear Translocation of NF-kappaB by Polymers and Particles

TNFα protein expression was observed in BAL from animals instilled with, Polymer 3
or Minusil and when NR8383 rat alveolar macrophage cells were treated with
pro-inflammatory polymers or Minusil. In addition, glutathione depletion was noted
following treatment of NR8383 cells with Polymer 1, Polymer 3 or Minusil. It was
hypothesised that the NF-kappaB transcription factor pathway would be activated due to
the observed increases in oxidative stress and also due to the release of the
pro-inflammatory mediator, TNFα (Sasaki et al., 2005). Therefore, to investigate the
effect of polymers or particles on NF-kappaB an ELISA assay which detected changes
in the five protein subunits of the NF-kappaB family (p50, p65 (RelA), c-Rel, p52 and
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RelB3) was carried out following treatment of NR8383 cells for 24 h. Rat TNFα was
used as a positive control.

No differences were noted in of NF-kappa B subunit levels following treatment with
polymer or particles compared to the control.
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Figure 5.8. Nuclear factor-kappaB sub unit ELISA assay following treatment of NR8383 cells with Polymer
1 (12 µg/mL), Polymer 2 (6 µg/mL), Polymer 3 (96 µg/mL), TiO2 (60 µg/cm2) and Minusil (60 µg/cm2). Data
are mean and standard error of three replicates in three separate experiments.
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5.8

Summary Table

Results from Mechanistic Experiments with Polymer or Particles

Note: reported dose is lowest dose at which a significant difference, suggestive of toxicological effect in comparison to
control was observed.
Haemolysis

Glutathione
ESR Intensity

Plasmid assay

assay

TiO2

NF-kappaB
DCFH assay

assay

ELISA

-

2390

-

-

-

-

*2 µg

7275

*100 µg/mL

***150 µg/cm2

**100 µg/cm2

-

Polymer 1

*6.9 µg

386

***10000 µg/mL

*150 µg/cm2

-

-

Polymer 2

-

99

-

-

-

-

Polymer 3

*28 µg

6718

**1000 µg/mL

*150 µg/cm2

-

-

Minusil

Figure 5.9. Summary table of mechanistic experiment results.
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5.9

Mechanistic Ranking of Polymer Toxicity.

Measurements

Haemolysis assay

Least

Pro-inflammatory

Most

Polymer 2

Polymer 1 + 3

ESR intensity

Polymer 1 + 2

Polymer 3

Plasmid assay

Polymer 2

Glutathione assay

Polymer 2

DCFH assay

No findings

NF-kappaB ELISA

No findings

Overall ranking

Polymer 2

Polymer 1

Polymer 3
Polymer 1 + 3

Polymer 1

Polymer 3

Figure 5.10. Table showing ranking of polymer toxicity from mechanistic experiments.
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5.10

Discussion

Animal tests can provide a lot of information when they are used to test a substance.
Thus should animal tests be replaced by in vitro models, then ideally the models would
be able to not only predict toxicity but also to provide an insight into the mechanism by
which the test substance exerts its effect. There is a multitude of mechanisms of action
by which a test substance could exert an effect (Klaassen et al., 2001) for example
oxidative stress, physical interaction, initiating an immune or viral response, chemical
interaction, contaminants (such as LPS), macrophage clearance-induced inflammatory
responses, receptor-mediated interactions, disruption of intracellular mechanisms,
metabolites, genotoxicity etc. We sought to investigate the mechanism of oxidative stress
to investigate if this was the mechanism by which the polymers and particles were
exerting an effect in rat lungs and on cell lines. It has been reported that the mechanism
of action of pro-inflammatory particles is via oxidative stress (Donaldson et al.,
2002b;Albrecht et al., 2005) and it was hypothesised that this was also the mechanism of
action of the polymers.

The in vitro experiments with the rat alveolar macrophage cells predicted the toxicity
ranking of the polymers in ability to cause lung inflammation. Measures such as LDH
release and pro-inflammatory mediators TNFα and MIP-2 correlated with ability to
produce inflammation. The additional experiments here investigated the potential
mechanism underlying these effects in vivo and in vitro.

The findings of the haemolysis assay reflect the ranking of the polymers and particles in
the rat lung instillation experiments and also in the NR8383 cell line experiments
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(P3 > P2 > P1 = Minusil > TiO2). TiO2 particles and Polymer 2 did not cause
erythrocyte haemolysis which again reflected the outcome of the animal and NR8383 cell
line experiments. Previous studies (Duffin et al., 2001) have shown that DQ12 (quartz)
induces haemolysis of red blood cells due to surface reactivity and that these effects are
due to metal ions on the surface of the quartz. Other studies (Lang et al., 2006) also show
that oxidative stress leads to death of erythrocytes. Thus we hypothesised that the
polymers and particles were exerting their toxicity via oxidative stress through free
radical activity, although other mechanisms, such as direct interaction with membranes
are a possibility.

Measurement of free radical activity by ESR indicated that Minusil had high free radical
activity and it is well documented that the pro-inflammatory effects of Minusil are due to
radical activity on the particle surface (Schins et al., 2002). The high radical activity
noted for Polymer 3, approximately equal to that of the Minusil particles, supports the
contention that Polymer 3 causes erythrocyte membrane damage by the mechanism of
oxidative stress. However, Polymer 1, which demonstrated membrane damage and
pro-inflammatory effects in the animal and cell model, showed less free radical activity
than the TiO2 particles. Thus the toxicological effects induced by Polymer 1 could be
mediated through another mechanism. We then investigated another assay for free
radicals, the plasmid assay.

In the plasmid assay, Minusil caused total depletion of the super-coiled plasmid DNA
indicating that high levels of radicals are produced on the surface of the particles.
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Polymer 1 and Polymer 3 also showed evidence for free radical generation, although to
different degrees. Depletion of super-coiled plasmid DNA occurred at 1000 ug/mL for
Polymer 3 whereas, there is a 10-fold increase in the dose level for Polymer 1 until
depletion of the super-coiled plasmid occurs. The plasmid assay also correctly
demonstrated that TiO2 and Polymer 2 did not generate free radicals and the polymers
and particles could be ranked by ability to cause free mediated oxidative stress as
follows; Minusil > Polymer 3 > Polymer 1 > Polymer 2 > TiO2.

The results of the ESR assay showed that Polymer 3 produced a high signal indicating
high free radical activity, almost equal to that of Minusil. No signal was observed for
Polymer 1 in the ESR assay, indicating that, if, the activity of Polymer 1 was due to free
radical activity, the spin trap did not detect the type of radicals specific to it. Tempone-H
has been shown by Dikalov et al. to react with peroxynitrite, superoxide and peroxyl
radicals (Dikalov et al., 1997a) and this gives an indication of the type of radicals that
are/not present in Polymer 1 and Polymer 3. Another spin trap, DMPO, reacts with
hydroxyl and superoxide radicals (Shi et al., 2003) and although not used in this project it
could be used in future experiments to further explore the type of free radicals potentially
produced by Polymer 1 and Polymer 3.

Whilst generation of free radicals by particles could be important, the key site for
oxidative stress is within target cells and so we set out to measure oxidant/antioxidant
imbalance within the cells following treatment with polymers or particles. We focussed
on GSH, the major small molecular weight antioxidant found in cells and tried to

192

determine whether levels of GSH were affected by particle treatment. Glutathione is a
sacrificial thiol antioxidant that forms GSSH under direct oxidation, and also acts with
glutathione peroxidase, catalyzing the reduction of hydrogen peroxide and lipid peroxides
at the expense of GSH (Brigelius-Flohe and Traber, 1999). In response to free radicals,
intracellular GSH levels have been shown to be decreased (Zielinski et al., 1999;Fenoglio
et al., 2003) as GSSG is formed and excreted. Minusil, Polymer 1 and Polymer 3
significantly reduced glutathione levels within the NR8383 cell line thus proving that
these treatments were causing oxidative stress. Again, TiO2 and Polymer 2 had no effect
on glutathione levels. The results of the experiment ranked the polymers and particles by
their ability to deplete intracellular glutathione levels as follows;
Minusil > Polymer 1 = Polymer 3 > Polymer 2 = TiO2.

To investigate the global oxidative stress within the target cells, we used a dye that senses
oxidation and determined whether the particles or polymers were causing intracellular
oxidative stress. Minusil caused increased DCF fluorescence in the NR8383 cells after
15 minutes, whilst, treatment with the polymers or TiO2 caused no such effect. The
results of this experiment indicate that the polymers do not cause intracellular oxidative
stress whereas Minusil does. This raises the possibility that the polymers do not enter the
cell whilst Minusil does.

Pro-inflammatory mediator measurements from the animal and cell experiments showed
increases in TNFα and it was hypothesised this would cause further release of
pro-inflammatory mediators via the NF-kappaB transcription factor pathway (Shukla et
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al., 2003). TNFα binds to the TNF receptor on the cell and causes recruitment of kinase
IKK which phosphorylates IkappaB. This releases NF-kappaB which translocates to the
nucleus and mediates the transcription of a vast array of proteins involved in an
inflammatory response. The results of the experiment to measure the levels of the
NF-kappaB subunits in the nuclear protein fraction showed that there was no change in
the subunit levels, suggesting that the oxidative stress generated by these polymers was
not sufficient to activate NF-kappaB. However, previous experiments have shown that
NF-kappa B is involved in inflammation caused by Minusil (Schins et al., 2000;Sasaki et
al., 2005) so the model could still be used to study mechanisms of activation. Other
scientific methods by which NF-kappaB activation could be assessed include fluorescent
antibody staining and analysis using a fluorescent microscope, flow cytometry, or the
Elecrophoretic Mobility Shift Assay (EMSA), Western blot, Northern blot or Southern
blot analysis (Wang and Cassidy, 2003;Szulakowski et al., 2006). These scientific
methods could be assessed to develop further knowledge about the role of NF-kappaB in
the inflammation caused by the polymers.

To conclude, we have shown that Polymer 3 caused membrane damage to human
erythrocytes which is likely to be via oxidative stress due to the high free radical activity
observed in ESR analysis. Polymer 3 produces peroxynitrite, superoxide or peroxyl
radicals and this could therefore be associated with decreases in intracellular antioxidant
levels, although it seems these radical species do not induce intracellular oxidative stress.
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Polymer 1 causes membrane damage to human erythrocytes, a decrease in intracellular
antioxidant levels and at an extremely high dose, some evidence of free radical
generation as shown in the plasmid assay. ESR analysis showed that the free radicals
produced by Polymer 1 were not peroxynitrite, superoxide or peroxyl radicals thus toxic
effects may be mediated through another mechanism or radical species.

Polymer 2 showed no positive effects in any of the mechanistic models tested here, which
correlates well with the results of the animal instillations.

Overall the results showed that mechanistic models can be used to predict in vivo toxicity
of polymers, although further work to elucidate relevant mechanisms is needed.
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Chapter 6 - Toxicogenomics
6.1

Introduction

Genomics is the study of genes and their products and is a collection of technologies that
encompasses numerous ‘-omics’, genomics itself (focused on DNA), transcriptomics
(focused on gene expression), proteomics (focused on proteins) and metabolomics
(focused on metabolites) (Kroeger, 2006). Toxicogenomics is the application of
transcriptomics in toxicology research. Toxicogenomics offers the potential to
holistically assess the functional role of molecular responses to toxic reactions, and has
been suggested as an enabling technology to reduce animal use in toxicity testing (Thole,
2004).

Cancer, for example, is a genetic disease and it is likely that carcinogenic compounds of
the same class will act on similar sets of genes. By establishing gene-expression profiles
related to certain phenotypic endpoints or characteristics of known toxic compounds the
gene-expression profiles of cells or tissues exposed to such new compounds can be first
compared with existing known gene expression profiles specific to individual,
toxicological endpoints, instead of directly moving to animal experiments (Aardema and
MacGregor, 2002).

In the pharmaceutical industry, toxicogenomics is considered a valuable tool for reducing
pharmaceutical candidate attrition by facilitating earlier identification, prediction and
understanding of toxicities (Foster et al., 2007). Foster and colleagues analysed the
transcriptional profiling of 33 compounds and reported that marked global transcriptional
changes were shown to be a robust biomarker for dosages considered to be toxic. For
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60 % of toxicities investigated, transcriptional changes were observed prior to physical
indicators of toxicity. Mechanistic classification of toxicity was obtained for 30 % of
targets. These results demonstrate that toxicogenomics has the potential to assess toxicity
of new substances. Already, people have defined biomarkers that can predict toxicity.
Stigson and colleagues have used DNA microarrays to identify teratogen-responsive
genes in cell models that potentially could be used to predict teratogenic findings in
animals (Stigson et al., 2007).

For toxicogenomics to be used as a screening tool to reduce/replace hazard testing on
animals, evidence will have to be generated to support the theory that compounds having
similar toxic modes of action will induce similar specific gene expression profiles. A
predictive pathway can be a biomarker for a specific treatment but changes in specific
genes do not always lead to changes in specific biochemical end products as many genes
have no correlation to biological endpoints. Therefore, it has been suggested that the
toxicity of unknown compounds could be predicted by comparison of their pattern of
gene expression changes with a panel of compounds of known toxicity (a benchmark)
(Thybaud et al., 2007).

In the present case we assembled a polymer and particle panel and demonstrated that it
contained both inflammogenic and non-inflammogenic members. We analysed the
pathways and genes changed by these treatments to identify pathways or gene changes
that matched with pro-inflammatory treatments and investigated if these were present
both in vitro and in vivo. This panel would then be scaled up to a significantly larger
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panel, which would have the potential to predict pro-inflammatory ability of new
polymers or particles. Ideally, benchmarking a panel that includes hundreds of polymers
of differing inflammogenicity could be used to derive a genomic ‘fingerprint’ indicative
of inflammogenciity (Ach et al., 2007). The reliability of the results obtained with DNA
microarray is good as shown by Ach and colleagues where measurement of one particular
breast cancer gene expression signature in three different laboratories was found to be
robust, showing a high intra-laboratory and inter-laboratory reproducibility.

In this project we used transcriptomics to study the intricate network of gene interactions
in rat lungs and the rat alveolar macrophage cell line following treatment with polymers
or particles. We had 4 aims; 1. to rank treatments by assessing ability to activate or
deactivate a predetermined range of gene networks and to compare the rankings between
in vivo and in vitro models; 2. to identify key networks or pathways that were common to
the pro-inflammatory treatments both in vivo and in vitro; 3. to determine the
mechanisms of activation of the pro-inflammatory treatments; and 4. to find genes that
were common for pro-inflammatory treatments within each model and also between each
model which may act as biomarkers. We hypothesised that toxicogenomics could aid in
the pro-inflammatory ranking of the polymers and that mechanisms of action and gene
changes in the rat NR8383 alveolar macrophage cell line exposed to polymers would
overlap with mechanisms of action and gene changes in rat lungs exposed to the same
polymers.
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6.2

Treatment groups

For the toxicogenomic experiment, rats were instilled with 250 µL of treatment for
6 hours or the rat NR8383 alveolar macrophage cell line was treated for 6 hours. The
dose levels used (Table 6.1) were the highest non-toxic dose levels, as determined by
previous cytotoxicity studies (Section 3.2 and 4.2). mRNA was extracted from
homogenised lung tissue from instilled rats or NR8383 cells using Trizol and the RNeasy
Mini Kit (Section 2.31), cleaned (Section 2.32) and the rat transcriptome was analysed
using the Agilent Rat Whole Genome Microarray (Code G4131F). Full details of the
experimental procedure are detailed in Section 2.33.

Control
Model

Polymer 1

Polymer 2

Polymer 3

TiO2

Minusil

0 mg

0.5 mg

0.5 mg

0.5 mg

0.125 mg

0.125 mg

0 µg/mL

12 µg/mL

96 µg/mL

6 µg/mL

60 µg/cm

2

60 µg/cm2

(saline)
Instilled Rats
(6 hour)
NR8383 cell line
(6 hour)

Table 6.1. Dose levels used in microarray experiment. Rats were instilled for 6 hours or the rat NR8383
alveolar macrophage cell line was treated for 6 hours and mRNA was collected.

6.3

Data Analysis

GeneSpring® gene expression analysis software (GeneSpring GX Version 7.3. Agilent
Technologies, www.chem.agilent.com) was used to analyse genes changed by treatment
and to create gene lists for each treatment. Gene lists were created by filtering the data
based flags then on gene expression fold-change. An arbitrary fold-change level was set
at 1.7-fold, meaning that genes that were either up- or down-regulated by 1.7-fold or
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more were included in the gene list for analysis. Unilever suggested this cut-off as this is
based on studies of self V’s self hybridisations where 1.7-fold encompassed all technical
variation (personal communication). These gene lists were exported to Ingenuity
Pathways Analysis (IPA) software (Ingenuity® Systems, www.ingenuity.com).

6.4

Gene Lists

The gene list for each treatment was analysed using IPA software and the results were
expressed as the probability that the genes were associated with known networks or
pathways in IPA. IPA is a genomic pathway database that contains a vast number of
genomic pathways. Gene lists entered into IPA are associated with certain pathways and
profiles of gene expression are identified by the software as being indicative of activation
or suppression of these pathways. Specific networks or pathways were selected for
analysis on the basis that they would be altered by inflammation or were linked to lung
fibrosis/cancer or macrophages. A list of the 16 networks that were selected for analysis
is detailed (Section 6.5). We aimed to gain an understanding of the mechanisms of action
following treatment therefore we looked at functional networks and pathways, and then
genes changed in these functional networks and pathways.

In rat lung tissue the highest number of gene changes (Table 6.2 and Figure 6.1) were
observed following instillation of Polymer 1 (4727 changed), followed by TiO2
(3044 changed), Polymer 2 (1959), Minusil (1746), with Polymer 3 (82 changed) causing
the least number of gene changes. Instillation of Polymer 1, Polymer 2 or TiO2 caused
up-regulation (98 % or more) of changed genes (Figure 6.2), with instillation of Minusil
or Polymer 3 causing 68 % or 65 %, respectively, of changed genes to be up-regulated.
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Instillation of Polymer 3 caused the highest percentage of down-regulated genes (35 %)
(Figure 6.3) and Minusil caused 32 % of genes changed to be down-regulated.

Treatment of the rat NR8383 alveolar macrophage cell line with Polymer 1 caused
greatest number of gene changes (2471 changed), followed by Polymer 3 (1147
changed), Polymer 2 (959 changed), Minusil (763), with TiO2 (194 changed) causing the
least number of gene changes. Polymer 2 caused 75 % of the gene changes to be
up-regulated, Polymer 1 caused 48 % to be up-regulated, Minusil caused 45 % to be
up-regulated, TiO2 caused 32 % to be up-regulated and Polymer 3 caused 24 % to be
up-regulated.

Rat Lung Tissue

Treatment
(6 hours)
Total

Polymer 1

4727

Polymer 2

1959

Polymer 3

892

TiO2

3044

Minusil

1746

NR8383 Cell Line

Up-

Down-

regulated

regulated

4676

51

(99 %)

(1 %)

1940

19

(99 %)

(1 %)

581

311

(65 %)

(35 %)

2994

50

(98 %)

(2 %)

1188

558

(68 %)

(32 %)

Total

2471

959

1147

194

763

Up-

Down-

regulated

regulated

1191

1280

(48 %)

(52 %)

721

238

(75 %)

(25 %)

280

867

(24 %)

(76 %)

62

132

(32 %)

(68 %)

340

423

(45 %)

(55 %)

Table 6.2. Total number of genes changed by 1.7 fold or more following 6 hour treatment and number
up-regulated or down-regulated. Numbers in brackets are percentage of total gene changes either up- or
down-regulated.
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Figure 6.1. Graph showing number of genes changed by 1.7 fold or more in rat lung tissue or the rat
NR8383 alveolar macrophage cell line following 6 hour instillation in rats or 6 hour exposure in the cell line.
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Figure 6.2. Graph showing number of genes up-regulated by 1.7 fold or more in rat lung tissue or the rat
NR8383 alveolar macrophage cell line following 6 hour instillation in rats or 6 hour exposure in the cell line.
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Figure 6.3. Graph showing number of genes down-regulated by 1.7 fold or more in rat lung tissue or the rat
NR8383 alveolar macrophage cell line following 6 hour instillation in rats or 6 hour exposure in the cell line.

203

6.5

Networks and Functional Groups Selected for Analysis in IPA

The networks and functional groups listed below were selected for analysis as there was
potential for genes to be changed by the pro-inflammatory treatments which may act as
biomarkers for inflammation. It would be expected that treatment of the rat NR8383
macrophage cell line with a pro-inflammatory treatment would cause genes changes in
molecular and cellular functions such as cell signalling, cellular movement, free radical
scavenging, cellular compromise and possibly immune response, as the macrophages
phagocytose the treatment and produce an inflammatory response. Similarly with
instillation of rat lungs with a pro-inflammatory treatment, genes changes would be
expected to be observed in diseases and disorders networks, such as cancer, inflammatory
disease, respiratory disease and organismal injury and abnormalities.
Diseases and Disorders

Physiological System Development and Functions

Cancer

Immune Response

Inflammatory Disease

Tissue development

Organismal Injury and Abnormalities
Respiratory Disease

Molecular and Cellular Functions
Cell Death

Cellular Movement

Cell Signalling

Free Radical Scavenging

Cell-to-Cell Signalling and Interaction

Molecular Transport

Cellular Assembly and Organization
Cellular Compromise
Cellular Function
Cellular Growth and Proliferation
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Explanation of results

IPA uses the Fisher’s exact test with a Benjamini-Hochberg false discovery rate applied.
This compares the number of molecules of interest relative to the total number of
occurrences of these molecules in all pathways annotated in the IPA database. The
p-value is the probability that the list of genes for that treatment are associated with the
pathway under analysis. The results are presented as -Log(p-value).

-Log(p-value)

p-value

1.3

0.05 (*)

2.0

0.01 (**)

3.0

0.001 (***)

Table 6.3. Table showing conversion of –Log(p-values) to p-values.

6.6

Results – Genomic Functions

Inflammatory disease network (from IPA)

This is taken as an example of the analysis of a network (Figure 6.4) representative of the
16 networks that were analysed. Data (-Log(p-values)) for the remaining 15 networks are
tabulated (Tables 6.4 to 6.6). Individual graphs are presented in the Appendix.
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Function: inflammatory disease
12

-Log(p-value)

10
8
6
4
2
0
Poly 1 Poly 2 Poly 3

TiO2

Minusil

Rat

Poly 1 Poly 2 Poly 3

TiO2

Minusil

Cell line
Model (treatment)

Figure 6.4. Gene changes associated with inflammatory disease network following instillation in rats or
treatment of a rat alveolar macrophage cell line with Polymer 1, Polymer 2, Polymer 3, TiO2 or Minusil for 6
hours. Values for the instilled rats are the mean of 3 individual animals. Values for the rat alveolar
macrophage cell line are the mean of 2 separate experiments.

The genes that changed in rats following instillation of Polymer 3 were more associated
with the inflammatory disease network than the genes that changed in rats following
instillation of Polymer 1 or Polymer 2. The genes that changed in the rat alveolar
macrophage cell line following treatment with Polymer 1 were more associated with the
inflammatory disease network than the genes that changed in the rat alveolar macrophage
cell line following treatment with Polymer 2 or Polymer 3. For the Minusil and TiO2
particle treatments, the genes that changed following instillation of TiO2 in rats were
more associated with the inflammatory disease network compared to instillation of
Minusil, and the genes that changed following Minusil treatment of the rat alveolar
macrophage cell line were more associated with the inflammatory disease network than
the TiO2 treatments.
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The ability of the treatments to cause gene changes in the inflammatory disease network
ranked in rat lungs as follows: instilled rats - Polymer 3 > TiO2 > Polymer 1 > Polymer 2
> Minusil; treated rat alveolar macrophage cell line - Polymer 1 > Polymer 3 > Polymer 2
> Minusil > TiO2.

6.6.1

Diseases and Disorders Functional Networks

Instillation of Polymer 3 caused the most significant gene changes in the cancer,
inflammatory disease, organismal injury and abnormalities, and respiratory disease
networks (Table 6.4). Rat alveolar macrophage cells treated with Polymer 1 had the
most significant gene changes in these networks. Treatment of the rat alveolar
macrophage cell line with TiO2 caused the lowest number of gene changes in each
network.

For instilled animals, all networks analysed in diseases and disorders predicted the
pro-inflammatory ranking of the polymers, Polymer 3 > Polymer 1 > Polymer 2,
however, only the organismal injury and abnormalities network predicted the
pro-inflammatory ranking of the particles, Minusil > TiO2.

For the treated rat NR8383 alveolar macrophage cell line, no networks from these
selections predicted the pro-inflammatory ranking of the polymers, however, the cancer,
inflammatory disease and respiratory disease network did predict the pro-inflammatory
ranking of the particles, Minusil > TiO2.
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Treatment

Cancer

Inflammatory

Organismal injury &

disease

abnormalities

Respiratory disease

Poly 1 - Rat

5.84

3.10

3.95

2.68

Poly 2 – Rat

4.38

2.82

2.82

2.36

Poly 3 – Rat

10.48

8.05

5.88

5.33

TiO2 - Rat

6.34

3.31

3.06

4.39

Minusil - Rat

4.92

2.46

3.88

3.23

Poly 1 – Cell

13.36

11.26

3.71

4.07

Poly 2 – Cell

5.53

6.21

2.44

2.78

Poly 3 - Cell

4.91

6.66

2.37

2.67

TiO2 – Cell

2.28

2.58

2.28

1.80

Minusil - Cell

7.00

4.69

2.28

2.87

Poly 3 (10.48)

Poly 3 (8.05)

Poly 3 (5.88)

Poly 3 (5.33)

Rank – Rat
(-Log (p-value))

Rank – Cell
(-Log (p-value))

TiO2 (6.34)

TiO2 (3.31)

Poly 1 (3.95)

TiO2 (4.39)

Poly 1 (5.84)

Poly 1 (3.10)

Minusil (3.88)

Minusil (3.23)

Minusil (4.92)

Poly 2 (2.82)

TiO2 (3.06)

Poly 1 (2.68)

Poly 2 (4.38)

Minusil (2.46)

Poly 2 (2.82)

Poly 2 (2.36)

Poly 1 (13.36)

Poly 1 (11.26)

Minusil (7)

Poly 3 (6.66)

Poly 2 (5.53)

Poly 2 (6.21)

Poly 3 (4.91)

Minusil (4.69)

TiO2 (2.28)

TiO2 (2.58)

Poly 1 (3.71)
Poly 2 (2.44)
Poly 3 (2.37)
Minusil+TiO2 (2.28)

Poly 1 (4.07)
Minusil (2.87)
Poly 2 (2.78)
Poly 3 (2.67)
TiO2 (1.80)

Table 6.4. Treatment represent rats (Sprague Dawley) instilled with Polymer or Particles for 6 hours or cells
(NR8383 rat alveolar macrophage cell line) treated with Polymer or Particles for 6 hours. Numbers represent
the probability that the gene changes found were associated with the network under analysis. The results are
presented as -Log(p-value) (see conversion table (Table 6.3)). Ranking shows ability of treatment to activate
network compared to other treatments. Actual graphs are presented in the Appendix.
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6.6.2

Molecular & Cellular Functional Networks

Instillation of Polymer 3 caused the most significant gene changes in the cell-to-cell
signalling and interaction, cellular compromise, cellular movement, free radical
scavenging and molecular transport networks (Table 6.5). In only 2 networks out of the
10 analysed in this group did Minusil rank higher than TiO2. These networks were
cellular compromise and cellular function and maintenance.

Two networks correctly predicted the pro-inflammatory ranking of polymers. The
cellular function and maintenance network and the cellular growth and proliferation
network ranked the treatments as follows: Polymer 3 > Polymer 1 > Polymer 2. Two
networks also correctly predicted the pro-inflammatory ranking of the particles. The
cellular function and maintenance network and the cellular compromise network ranked
the particles as follows: Minusil > TiO2.

Rat alveolar macrophage cells treated with Polymer 1 had the most significant gene
changes in 7 networks out of the 10 analysed. Treatment of the rat alveolar macrophage
cell line with TiO2 caused the lowest number of gene changes in 8 networks out of the 10
analysed.

No networks analysed in the rat alveolar macrophage cell line following treatment
correctly predicted the pro-inflammatory ranking of the polymers, however, 9 networks
out of the 10 analysed predicted the pro-inflammatory ranking of the particles,
Minusil > TiO2. Four networks out of the 10 analysed ranked the treatments
Polymer 1 > Polymer 3 > Polymer 2 and although this is not identical to the
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pro-inflammatory ranking, it does differentiate the pro-inflammatory polymers from the
non-inflammatory polymer, Polymer 2.
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Treatment

Cell death

Cell
signalling

Cell-to-cell

Cellular

signalling

Assembly &

& interaction

organisation

Cellular

Cellular

Cellular

function

growth

Cellular

compromise

&

&

movement

maintenance

proliferation

Free
radical
scavenging

Molecular
transport

Poly 1 - Rat

4.57

5.99

5.92

6.22

3.70

3.21

7.65

4.23

0.00

Poly 2 – Rat

4.22

3.92

4.01

3.38

4.24

2.36

5.97

4.24

0.00

2.27
2.82

Poly 3 – Rat

6.21

8.77

12.26

3.52

5.46

5.96

8.51

15.54

4.25

8.77

TiO2 - Rat

6.95

21.00

7.37

6.05

3.64

3.03

8.57

8.31

0

3.83

3.23

16.26

5.78

3.81

4.47

3.81

6.21

5.89

0

3.02

Poly 1 – Cell

15.36

5.91

6.35

4.95

3.08

3.85

15.42

12.45

0.00

3.71

Poly 2 – Cell

4.54

3.75

5.16

4.25

3.52

3.52

3.95

4.37

0.00

3.75

Poly 3 - Cell

4.65

2.46

4.49

2.67

2.80

3.72

5.69

9.12

3.13

2.74

TiO2 – Cell

2.28

1.88

2.10

2.58

0.00

2.18

2.58

2.58

1.47

3.22

Min - Cell

3.62

4.20

5.96

2.85

2.92

2.85

3.13

8.21

0.00

4.20

Min - Rat

Rank – Rat
(-Log (p-value))

Rank – Cell
(-Log (p-value))

TiO2 (6.95)

TiO2 (21.00)

Poly 3 (12.26)

Poly 1 (6.22)

Poly 3 (5.46)

Poly 3 (5.96)

TiO2 (8.57)

Poly 3 (15.54)

Poly 3 (6.21)

Minusil (16.26)

TiO2 (7.37)

TiO2 (6.05)

Minusil (4.47)

Minusil (3.81)

Poly 3 (8.51)

TiO2 (8.31)

Poly 1 (4.57)

Poly 3 (8.77)

Poly 1 (5.92)

Minusil (3.81)

Poly 2 (4.24)

Poly 1 (3.21)

Poly 1 (7.65)

Minusil (5.89)

Poly 2 (4.22)

Poly 1 (5.99)

Minusil (5.78)

Poly 3 (3.52)

Poly 1 (3.70)

TiO2 (3.03)

Minusil (6.21)

Poly 2 (4.24)

Minusil (3.23)

Poly 2 (3.92)

Poly 2 (4.01)

Poly 2 (3.38)

TiO2 (3.64)

Poly 2 (2.36)

Poly 2 (5.97)

Poly 1 (4.23)

Poly 3 (8.77)
Poly 3 (4.25)
P1+P2+M+T2 (0)

TiO2 (3.83)
Minusil (3.02)
Poly 2 (2.82)
Poly 1 (2.27)

Poly 1 (15.36)

Poly 1 (5.91)

Poly 1 (6.35)

Poly 1 (4.95)

Poly 2 (3.52)

Poly 1 (3.85)

Poly 1 (15.42)

Poly 1 (12.45)

Poly 3 (4.65)

Minusil (4.20)

Minusil (5.96)

Poly 2 (4.25)

Poly 1 (3.08)

Poly 3 (3.72)

Poly 3 (5.69)

Poly 3 (9.12)

Poly 3 (3.13)

Minusil (4.20)
Poly 2 (3.75)

Poly 2 (4.54)

Poly 2 (3.75)

Poly 2 (5.16)

Minusil (2.85)

Minusil (2.92)

Poly 2 (3.52)

Poly 2 (3.95)

Minusil (8.21)

TiO2 (1.47)

Poly 1 (3.71)

Minusil (3.62)

Poly 3 (2.46)

Poly 3 (4.49)

Poly 3 (2.67)

Poly 3 (2.80)

Minusil (2.85)

Minusil (3.13)

Poly 2 (4.37)

Min,P1,P2 (0)

TiO2 (2.28)

TiO2 (1.88)

TiO2 (2.10)

TiO2 (2.58)

TiO2 (0)

TiO2 (2.18)

TiO2 (2.58)

TiO2 (2.58)

TiO2 (3.22)
Poly 3 (2.74)

Table 6.5. Treatment represent rats (Sprague Dawley) instilled with Polymer or Particles for 6 hours or cells (NR8383 rat alveolar macrophage cell line) treated with
Polymer or Particles for 6 hours. Numbers represent the probability that the gene changes found were associated with the network under analysis. The results are
presented as -Log(p-value) (see conversion table (Table 6.3)). Ranking shows ability of treatment to activate network compared to other treatments. Actual graphs
are presented in the Appendix.
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6.6.3

Physiological System Development & Functional Networks

Rat instillations of Polymer 3 caused the most significant gene changes in the
immune response and tissue development networks (Table 6.6). Gene changes
ranked the polymers in the order Polymer 3 > Polymer 1 > Polymer 2 which is the
same as the pro-inflammatory ranking of the polymers.

Treatment of the rat alveolar macrophage cell line with TiO2 caused the lowest
number of gene changes. The 2 networks analysed in the rat alveolar macrophage
cell line following treatment did not predict the pro-inflammatory ranking of the
polymers, however, both networks did predict the pro-inflammatory ranking of the
particles, Minusil > TiO2. The analyses ranked the treatments Polymer 1 > Polymer
3 > Polymer 2 and although this is not identical to the pro-inflammatory ranking, it
does differentiate the pro-inflammatory polymers from the non-inflammatory
polymer, Polymer 2.
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Treatment

Immune response

Tissue development

Polymer 1 - Rat

3.55

11.82

Polymer 2 – Rat

2.62

10.12

Polymer 3 – Rat

12.85

12.41

TiO2 - Rat

5.06

14.24

Minusil - Rat

2.98

10.25

Polymer 1 – Cell

7.34

7.45

Polymer 2 – Cell

4.79

3.52

Polymer 3 - Cell

6.16

6.02

TiO2 – Cell

2.49

2.58

Minusil - Cell

7.47

4.33

Poly 3 (12.85)

Poly 3 (12.41)

Rank – Rat
(-Log (p-value))

Rank – Cell
(-Log (p-value))

TiO2 (5.06)

TiO2 (14.24)

Poly 1 (3.55)

Poly 1 (11.82)

Minusil (2.98)

Minusil (10.25)

Poly 2 (2.62)

Poly 2 (10.12)

Minusil (7.47)

Poly 1 (7.45)

Poly 1 (7.34)

Poly 3 (6.02)

Poly 3 (6.16)

Minusil (4.33)

Poly 2 (4.79)

Poly 2 (3.52)

TiO2 (2.49)

TiO2 (2.58)

Table 6.6. Treatment represent rats (Sprague Dawley) instilled with Polymer or Particles for 6 hours or
cells (NR8383 rat alveolar macrophage cell line) treated with Polymer or Particles for 6 hours.
Numbers represent the probability that the gene changes found were associated with the network
under analysis. The results are presented as -Log(p-value) (see conversion table (Table 6.3)).
Ranking shows ability of treatment to activate network compared to other treatments. Actual graphs
are presented in the Appendix.

6.6.4

Genomic Functions Discussion

The aim of this section was to test the ability of the transcriptomic profiles to predict
the pro-inflammatory ranking of the treatments in instilled rat lungs and in the rat
NR8383 alveolar macrophage cell line. The pro-inflammatory ranking of the
polymers and particles following rat instillations was predicted by 2 out of the 16
genomic functions analysed. This result supports the findings by Foster et al 2007
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who reported that transcriptional changes were observed prior to inflammation. Four
functions analysed in the ‘diseases and disorders’ functions group predicted the proinflammatory ranking of the polymers in instilled rats, however, only the ‘organismal
injury and abnormalities’ function correctly predicted the pro-inflammatory ranking
of the polymers and the particles. ‘Organismal injury and abnormalities’ includes
functions associated with injuries and abnormalities of multicellular organisms,
primarily humans, mice and rats. This includes abnormal functions such as bleeding,
oedema, and haemorrhage of any tissue or organ, as well as functions associated with
abnormal tissues such as lesions, ulcers, scars and wounds. The pro-inflammatory
treatments are therefore causing injury to the rat lungs and the rat lung cells are
responding by altering gene regulation to repair the injury.

Five networks analysed in the ‘molecular and cellular functions’ group correctly
predicted the pro-inflammatory ranking of the polymers in instilled rats, however,
only the ‘cellular function and maintenance’ network correctly predicted the
pro-inflammatory ranking of the polymers and the particles. ‘Cellular function and
maintenance’ describes functions associated with the normal cellular functions that
maintain cellular homeostasis. This includes functions such as engulfment,
phagocytosis, regulation, and stasis of cells. The pro-inflammatory treatments are
causing altered gene regulation in the alveolar macrophages in the rat lungs which
will cause engulfment and phagocytosis of the polymers or particles, removing the
insult. The cells of the lung damaged by the insult are altering gene regulation to
regulate cellular function and maintenance to compensate for the injury.

214

Two networks in the ‘physiological system development and functions’ group
correctly predicted the pro-inflammatory ranking of the polymers in instilled rats,
however, these networks did not correctly predict the pro-inflammatory ranking of
the particles. Therefore it can be concluded that the ‘organismal injury and
abnormalities’ function and the ‘cellular function and maintenance’ function
predicted the pro-inflammatory ranking of the polymers and particles in instilled rats.

The pro-inflammatory ranking of the 3 polymers in the rat NR8383 alveolar
macrophage cell line was not predicted by any of the genomic functions, however, 7
of the 16 functional groups ranked the polymers Polymer 1 > Polymer 3 >
Polymer 2. Although this is not identical to the pro-inflammatory ranking following
rat instillations, this ranking does differentiate the pro-inflammatory polymers from
the non-inflammatory polymer (Polymer 2). Three of these functions also correctly
predicted the pro-inflammatory ranking of the particles. ‘Cellular movement’,
‘immune response’ and ‘tissue development’ are functions that differentiate the
pro-inflammatory polymers from non-inflammatory polymers and predict the
pro-inflammatory ranking of the particles.

The ‘cellular movement’ function describes functions associated with movement and
localization of cells. Some examples of these functions include chemotaxis,
infiltration, rearrangement, and transmigration of cells. The rat NR8383 alveolar
macrophage cell line is responding to the pro-inflammatory treatments by regulating
genes that cause chemotaxis and transmigration of cells. These genes will produce
pro-inflammatory mediators which will attract and activate surrounding cells to
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phagocytose the polymers or particles. In a normal multi-cellular environment (in
vivo) release of chemotactic factors and transmigration factors would cause an influx
of inflammatory cells to the area of insult (Renwick et al., 2004).

The ‘immune response’ function describes functions associated with an immune
response. This category includes functions such as antibody response, engulfment
and proliferation of immune cells and tissues, as well as functions specific to an
immune response such as phagocytosis, fever and TH1 immune response. The rat
NR8383 alveolar macrophage cell line is responding to the pro-inflammatory
treatments by altering genes encoding for antimicrobial peptides, phagocytosis, the
complement cascade and defensins (Boyton and Openshaw, 2002) in an attempt to
clear the pro-inflammatory insult caused by the polymers or particles.

The ‘tissue development’ function describes functions associated with the normal
development and differentiation of tissues and the formation of tissue through the
association of cells. Some examples of this include growth and survival of tissue,
and accumulation, adhesion and clustering of cells. Altered regulation of these genes
indicates that the rat NR8383 alveolar macrophage cell line is regulating genes for
anti-inflammatory products such as IL-10 (Chanteux et al., 2007), adhesion
molecules which would aid chemotaxis of inflammatory cells (Martin et al., 2007)
and growth factors which would stimulate the healing process (Ruppert et al., 2008).

In conclusion, analysis of ‘cellular movement’, ‘immune response’ and ‘tissue
development’ functions in the rat NR8383 alveolar macrophage cell line
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distinguished the pro-inflammatory treatments from the non-inflammatory
treatments, however, they did not predict the pro-inflammatory ranking of the
treatments that was observed in vivo. Secondly, there were no similar functions
between the in vivo and in vitro model that predicted the pro-inflammatory ranking.
The most plausible reason why the ranking did not predict the pro-inflammatory
ranking is due to dose levels used to treat the cell line. Polymer 3 is the most
pro-inflammatory polymer, administered at 6 µg/mL, followed by Polymer 1
administered at 12 µg/mL, then Polymer 2 at 96 µg/mL. The cytotoxicity of
Polymer 3 at 6 µg/mL is very similar to that of Polymer 1 at 12 µg/mL as observed
in Section 4.2. In hindsight, the polymers should have been administered to the cells
at similar doses. Another point that must be considered here is that the rat NR8383
alveolar macrophage cells are not interacting with different types of surrounding
cells, such as epithelial cells, which could mean that they are more or less activated
than they would be in a multi-cellular environment.
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6.7

Canonical Pathways

Canonical pathways are cell signalling pathways that are literature based text book
pathways which IPA software compares gene lists to. IPA analyses genes that have
been up- and/or down-regulated and associates them with specific cellular pathways.
Prior to generation of the graphs, a customised canonical pathway list was selected
from those available in IPA (Table 6.7).

Actin cytoskeleton signalling

IL-6 signalling

Antigen presentation pathway

Integrin signalling

Apoptosis signalling

JAK/Stat signalling

B cell receptor signalling

Leukocyte extravasation signalling

Calcium signalling

Neuclotide excision repair pathway

cAMP mediated signalling

NF-kappaB signalling

chemokine signalling

P38 MAPK signalling

complement and coagulation cascades

PDGF signalling

death receptor signalling

PI3K/AKT signalling

EGF signalling

PPAR signalling

Eicosanoid signalling

Protein Ubiquitination pathway

Endoplasmic reticulum stress pathway

SAPK/JNK signalling

Ephrin receptor signalling

T cell receptor signalling

FGF signalling

TGF-b signalling

GM-CSF signalling

Toll-like receptor signalling

IGF-1 signalling

Xenobiotic metabolism

IL-10 signalling
Table 6.7. The 33 canonical pathways investigated for each treatment.

6.7.1

Canonical pathways activated for each treatment

The ratio is the number of genes from the selected gene list that map to the canonical
pathway, divided by the total number of genes in the canonical pathway. Thus, the
higher the ratio the more genes that are present in the pathway.
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Figure 6.5 is an example of the results obtained from IPA when the gene list from
rats instilled with Polymer 1 was analysed to investigate the cellular pathways
activated. Graphs for the remaining treatments are located in the Appendix.

Following instillation of Polymer 1 into rats, the pulmonary genes which were
changed were significantly associated (p<0.05 or less) with 15 of the 33 canonical
pathways selected (Figure 6.5).

Polymer 1; rat lung; canonical pathways

Figure 6.5. Canonical pathways significantly activated following Polymer 1 rat instillations for 6 hours.
Bars represent probability that pathway is activated. Values are the mean of 2 individual animals.
Threshold line = p<0.05 = -Log(p-value) 1.3. Ratio is number of genes from gene list that map to the
canonical pathway, divided by the total number of genes in the canonical pathway. Graphs have been
exported from IPA software.
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6.7.2

Canonical Pathway Analysis Summary

Analysis of the canonical pathways showed that 3 pathways were significantly
changed by the pro-inflammatory polymers (Polymer 1 or Polymer 3) in both
instilled rats and the treated rat alveolar macrophage cell line (Table 6.14). These
pathways were xenobiotics signalling, IL-10 signalling and leukocyte extravasation
signalling.

Six canonical pathways were identified that were most significant to the changed
genes following treatment of the rat alveolar macrophage cell line with the
pro-inflammatory polymers (Polymer 1 and Polymer 3). These were as follows:
death receptor signalling, IL-6 signalling, integrin signalling, LPS/IL-1 mediated
inhibition of RXR function, PI3K/AKT signalling and toll-like receptor signalling.
Linoleic acid metabolism was identified in the rat lungs for both pro-inflammatory
polymers.

Canonical pathway

Cell model

Rat lung

Xenobiotic metabolism signalling

Present

Present

IL-10 signalling

Present

Present

Leukocyte extravasation signalling

Present

Present

Death receptor signalling

Present

IL-6 signalling

Present

Integrin signalling

Present

LPS/IL-1 mediated inhibition of RXR function

Present

PI3K/AKT signalling

Present

Toll-like receptor signalling

Present

Linoleic acid metabolism

Present

Table 6.14. Canonical pathways significantly changed following instillation in rats or treatment of a rat
alveolar macrophage cell line with the pro-inflammatory polymers (Polymer 1 and Polymer 3) for 6
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hours. Values for the instilled rats are the mean of 3 individual animals. Values for the rat alveolar
macrophage cell line are the mean of 2 separate experiments.

6.7.3

Xenobiotic metabolism signalling

A xenobiotic is a chemical which is found in an organism but which is not normally
produced or expected in it. The body removes xenobiotics by metabolism, by
deactivation and secretion, mainly by the liver, but the lung also has the capability to
carry out this function. Enzymes are responsible for the metabolism of xenobiotics
by first activating them by oxidation, reduction, hydrolysis and/or hydration, and
then conjugating the active secondary metabolite with glucuronic acid, sulphuric
acid, or glutathione, followed by excretion in bile or urine (Hewitt et al., 2007).

The pro-inflammatory polymers, Polymer 1 and Polymer 3 caused significant
changes in genes that are involved in xenobiotic metabolism signalling in both the rat
lungs and the rat alveolar macrophage cell line (Figure 6.14).

Function: Xenobiotic metabolism signalling
6

-Log(p-value)

5
4
3
2
1
0
Poly 1

Poly 2

Poly 3

TiO2

Minusil

Poly 1

Rat

Poly 2

Poly 3

TiO2

Minusil

Cell line
Model (treatment)

Figure 6.14. Gene changes associated with xenobiotic metabolism signalling following instillation in
rats or treatment of a rat alveolar macrophage cell line with Polymer 1, Polymer 2, Polymer 3 TiO2 or
Minusil for 6 hours. Values for the instilled rats are the mean of 3 individual animals. Values for the rat
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alveolar macrophage cell line are the mean of 2 separate experiments. The dotted line is the threshold
between statistically non-significant (below the line) and statistically significant which is 1.3 (p<0.05).

Analysis of the genes changed in xenobiotic metabolism following instillation of rats
with Polymer 1 (Table 6.8) and treatment of the rat NR8383 alveolar macrophage
cell line with Polymer 3 showed that 3 similar genes were observed to be
up-regulated. Maf, Pik3cd and Mapk14 genes were up-regulated in both treatment
models. Maf which encodes a transcription factor for regulation of nucleobase,
nucleoside, nucleotide and nucleic acid metabolism was up-regulated 2.551 fold in
rat lung tissue and up-regulated 2.138 fold in the rat NR8383 alveolar macrophage
cell line. Pik3cd was up-regulated 2.275 fold in rat lung tissue and up-regulated
1.783 fold in the rat NR8383 alveolar macrophage cell line. Mapk14 was
up-regulated 1.767 fold in the rat lung tissue and up-regulated 1.82 fold in the rat
NR8383 alveolar macrophage cell line.

Other genes involved in xenobiotic metabolism signalling that were up-regulated in
rat lungs following instillation of Polymer 1 included IL1a, Map3kw2 and Pik3cb,
however, these genes were down-regulated in the rat NR8383 alveolar macrophage
cell line following treatment of Polymer 1.
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Treatment
Pathway

Polymer 1 Cell
Xenobiotic Metabolism Signaling

Treatment
Pathway

Polymer 1 Rat
Xenobiotic Metabolism Signaling

Agilent ID
A_44_P400324
A_42_P823894
A_43_P12479
A_43_P12150
A_44_P213363
A_44_P547801
A_43_P12820
A_44_P531876
A_44_P307978
A_44_P261444
A_44_P545686
A_44_P476733
A_44_P141897
A_44_P294838
A_44_P186860
A_44_P273783
A_44_P146712

Gene
Maf
Map3k1
Mapk14
Pik3r2
Pik3cd_predicted
Gstt2
Pik3cb
Map3k2
Cited2
Nfkbia
Nos2a
Nqo1
Abcb1
Il1a
Nfkbib
Aldh1a3
Mapk13

Agilent ID
A_43_P12749
A_44_P375490
A_44_P339708
A_43_P18492
A_44_P170939
A_44_P400324
A_44_P381822
A_44_P463480
A_44_P165902
A_44_P294838
A_44_P213363
A_44_P170368
A_44_P432358
A_42_P757370
A_43_P15436
A_44_P407402
A_44_P242397
A_44_P233963
A_44_P358194
A_44_P486312
A_44_P372501
A_44_P360409
A_44_P321009
A_44_P557345
A_44_P104679
A_44_P371339

Gene
Nr1i2
Pik3cg_predicted
Camk2d
Nfkb2
Ppm1l_predicted
Maf
Aldh5a1
Ppp2r5b
Prkcg
Il1a
Pik3cd_predicted
Fmo4
Ugt1a6
Prkce
Ep300
Map3k2
Ppp2r2b
Mras
Fmo3
Fmo2
Sult1a1
Mapk14
Cyp1a1
Prkci
Pik3cb
Il6

Fold Change
2.138
1.912
1.826
1.813
1.783
1.716
0.575
0.572
0.551
0.532
0.458
0.445
0.391
0.39
0.339
0.331
0.322

Fold Change
3.375
3.367
2.875
2.792
2.56
2.551
2.549
2.462
2.379
2.362
2.275
2.218
2.186
2.182
2.061
1.984
1.902
1.885
1.824
1.799
1.782
1.767
1.739
1.735
1.712
0.254

Table 6.8. Gene lists showing genes changed for xenobiotic metabolism following 6 hour instillation of
rats with Polymer 1 or 6 hour treatment of the rat NR8383 alveolar macrophage cell line with
Polymer 1. For each gene the Agilent ID, Gene name and fold change are detailed.
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Analysis of the genes changed in xenobiotic metabolism following instillation of rats
with Polymer 3 (Table 6.9) and treatment of the rat NR8383 alveolar macrophage
cell line with Polymer 3 showed that no similar genes were changed.

Treatment
Pathway

Polymer 3 Rat
Xenobiotic Metabolism Signaling

Treatment
Pathway

Polymer 3 Cell
Xenobiotic Metabolism Signaling

Agilent ID
A_44_P163271
A_44_P545686
A_43_P12749
A_44_P170368
A_43_P11513
A_44_P242397
A_43_P11472
A_42_P602724
A_44_P321009
A_44_P371339

Gene
Cyp2b6
Nos2
Nr1i2
Fmo4
Tnf
Ppp2r2b
Hmox1
Ubd
Cyp1a1
Il6

Agilent ID
A_44_P294838
A_44_P1056503
A_44_P104679
A_44_P104679
A_43_P15622
A_44_P788758
A_44_P261450
A_44_P184726
A_44_P371125
A_44_P141897
A_44_P146712

Gene
Il1a
Ppm1j
Pik3cb
Pik3cb
Camk1g
Sult1c2
Nfkbia
Rela
Sult1b1
Abcb1
Mapk13

Fold Change
2.441
2.423
2.141
1.747
0.57
0.549
0.528
0.413
0.403
0.202

Fold Change
0.575
0.556
0.554
0.554
0.539
0.536
0.524
0.516
0.447
0.42
0.36

Table 6.9. Gene lists showing genes changed for xenobiotic metabolism following 6 hour instillation of
rats with Polymer 3 or 6 hour treatment of the rat NR8383 alveolar macrophage cell line with
Polymer 3. For each gene the Agilent ID, Gene name and fold change are detailed.
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6.7.4

IL-10 signalling

IL-10 is an anti-inflammatory cytokine. It is capable of inhibiting synthesis of
pro-inflammatory cytokines such as IL-2, IL-3, TNFα, and GMCSF made by cells
such as macrophages (de Vries, 1995;Cavaillon, 1995).

The pro-inflammatory polymers, Polymer 1 and Polymer 3 caused significant
changes in genes involved in IL-10 signalling (Figure 6.15) in both the rat lungs and
the rat alveolar macrophage cell line.

Function: IL-10 signalling
5

-Log(p-value)

4
3
2
1
0

Poly 1

Poly 2

Poly 3

TiO2

Minusil

Poly 1

Rat

Poly 2

Poly 3

TiO2

Minusil

Cell line
Model (treatment)

Figure 6.15. Gene changes associated with IL-10 signalling following instillation in rats or treatment of
a rat alveolar macrophage cell line with Polymer 1, Polymer 2, Polymer 3 TiO2 or Minusil for 6 hours.
Values for the instilled rats are the mean of 3 individual animals. Values for the rat alveolar
macrophage cell line are the mean of 2 separate experiments. The dotted line is the threshold
between statistically non-significant (below the line) and statistically significant which is 1.3 (p<0.05).
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Analysis of the genes changed in IL-10 signalling following instillation of rats with
Polymer 1 (Table 6.10) and treatment of the rat NR8383 alveolar macrophage cell
line with Polymer 1 showed the Mapk14 gene was up-regulated 1.767 fold in the rat
lung tissue and up-regulated 1.826 fold in the rat NR8383 alveolar macrophage cell
line. Il1a was up-regulated 2.362 fold in rat lungs following instillation of Polymer
1, however, this gene was down-regulated 0.39 fold in the rat NR8383 alveolar
macrophage cell line following treatment of Polymer 1.

Treatment
Pathway

Polymer 1 Rat
IL-10 Signaling

Agilent ID
A_44_P184726
A_43_P18492
A_43_P18039
A_44_P294838
A_43_P11513
A_44_P360409
A_44_P168405
A_44_P259979
A_44_P371339

Gene
Rela
Nfkb2
Map3k7ip2
Il1a
Tnf
Mapk14
Fcgr3
Jak1
Il6

Fold Change
3.301
2.792
2.694
2.362
1.841
1.767
1.714
1.704
0.254

Treatment
Pathway

Polymer 1 Cell
IL-10 Signaling

Agilent ID
A_43_P12479
A_44_P161233
A_44_P261444
A_44_P112890
A_44_P294838
A_44_P186860
A_44_P146712
A_44_P519251

Gene
Mapk14
Il18
Nfkbia
Il1rn
Il1a
Nfkbib
Mapk13
Cd14

Fold Change
1.826
1.816
0.532
0.448
0.39
0.339
0.322
0.175

Table 6.10. Gene lists showing genes changed for IL-10 signalling following 6 hour instillation of rats
with Polymer 1 or 6 hour treatment of the rat NR8383 alveolar macrophage cell line with Polymer 1.
For each gene the Agilent ID, Gene name and fold change are detailed.
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Analysis of the genes changed in IL-10 signalling following instillation of rats with
Polymer 3 and treatment of the rat NR8383 alveolar macrophage cell line with
Polymer 3 showed no similar genes were changed, however, all gene changes caused
by polymer 3 were down-regulated (Table 6.11).

Treatment
Pathway

Polymer 3 Rat
IL-10 Signaling

Agilent ID
A_43_P15515
A_43_P11513
A_43_P11472
A_44_P462661
A_42_P820657
A_44_P371339

Gene
Ccr5
Tnf
Hmox1
Il1rn
Il1r2
Il6

Fold Change
0.576
0.57
0.528
0.517
0.384
0.202

Treatment
Pathway

Polymer 3 Cell
IL-10 Signaling

Agilent ID
A_44_P337300
A_44_P261450
A_44_P261450
A_44_P184726
A_44_P146712
A_44_P469584

Gene
Il4ra
Nfkbia
Nfkbia
Rela
Mapk13
Cd14

Fold Change
0.524
0.524
0.524
0.516
0.36
0.275

Table 6.11. Gene lists showing genes changed for IL-10 signalling following 6 hour instillation of rats
with Polymer 3 or 6 hour treatment of the rat NR8383 alveolar macrophage cell line with Polymer 3.
For each gene the Agilent ID, Gene name and fold change are detailed.
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6.7.5

Leukocyte extravasation signalling

Leukocyte extravasation signalling refers to the movement of leukocytes from the
circulatory system towards the site of tissue damage or infection. This process
occurs as follows: chemoattraction, rolling adhesion, tight adhesion and
transmigration (Ley et al., 2007).

The pro-inflammatory polymers, Polymer 1 and Polymer 3 caused significant gene
changes that are involved in leukocyte extravasation signalling (Figure 6.16) in both
the rat lungs and the rat alveolar macrophage cell line.

Function: Leukocyte extravasation signalling
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-Log(p-value)
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Poly 2

Poly 3

TiO2

Minusil

Cell line
Model (treatment)

Figure 6.16. Gene changes associated with IL-10 signalling following instillation in rats or treatment of
a rat alveolar macrophage cell line with Polymer 1, Polymer 2, Polymer 3 TiO2 or Minusil for 6 hours.
Values for the instilled rats are the mean of 3 individual animals.
macrophage cell line are the mean of 2 separate experiments.

Values for the rat alveolar

The dotted line is the threshold

between statistically non-significant (below the line) and statistically significant which is 1.3 (p<0.05).
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Analysis of the genes changed in leukocyte extravasation signalling following
instillation of rats with Polymer 1 and treatment of the rat NR8383 alveolar
macrophage cell line with Polymer 1 showed that 2 similar genes were observed to
be up-regulated (Table 6.12). Pik3cd was up-regulated 2.275 fold in rat lung tissue
and up-regulated 1.783 fold in the rat NR8383 alveolar macrophage cell line.
Mapk14 was up-regulated 1.767 fold in the rat lung tissue and up-regulated 1.82 fold
in the rat NR8383 alveolar macrophage cell line.
Treatment
Pathway

Polymer 1 Rat
Leukocyte Extravasation Signaling

Treatment
Pathway

Polymer 1 Cell
Leukocyte Extravasation Signaling

Agilent ID
A_44_P821587
A_44_P375490
A_44_P100301
A_44_P412215
A_44_P285463
A_44_P1047578
A_43_P19706
A_44_P165902
A_44_P999869
A_44_P213363
A_44_P588779
A_42_P757370
A_44_P234011
A_43_P19735
A_44_P305223
A_43_P19669
A_44_P511088
A_44_P480120
A_44_P299550
A_44_P836576
A_44_P491308
A_44_P298049
A_42_P538670
A_44_P360409
A_44_P557345
A_44_P539359
A_44_P104679
A_42_P656495
A_43_P15993
A_44_P255236

Gene
Dlc1
Pik3cg_predicted
Selpl_predicted
Spn
Cldn1
Cldn19
Actn2_predicted
Prkcg
Ptpn11
Pik3cd_predicted
Arhgap5
Prkce
Pxn
Cdh5_predicted
Pecam
Itga4_mapped
Abl1_mapped
Actc1
Cldn4
Ptk2
Cd44
Ncf1
Cybb
Mapk14
Prkci
Mmp28_predicted
Pik3cb
Actn3
Itgam
Acta1

Agilent ID
A_43_P11590
A_44_P442802
A_43_P12479
A_43_P12150
A_44_P213363
A_43_P12820
A_42_P659546
A_44_P996729
A_43_P15993
A_44_P273697
A_44_P332618
A_44_P555271
A_44_P501112
A_44_P146712
A_43_P15253
A_44_P404861

Gene
Mmp7
Rassf5
Mapk14
Pik3r2
Pik3cd_predicted
Pik3cb
Actn1
Mmp2
Itgam
Itgb1
Actn4
Mmp12
Mmp9
Mapk13
Icam1
Mmp10

Fold Change
3.432
3.367
2.614
2.592
2.471
2.453
2.414
2.379
2.34
2.275
2.257
2.182
2.117
1.948
1.941
1.919
1.915
1.915
1.888
1.881
1.836
1.83
1.816
1.767
1.735
1.73
1.712
0.585
0.558
0.512

Fold Change
2.262
2.028
1.826
1.813
1.783
0.575
0.574
0.558
0.544
0.533
0.463
0.434
0.364
0.322
0.305
0.168

Table 6.12. Gene lists showing genes changed for Leukocyte extravasation signalling following 6 hour
instillation of rats with Polymer 1 or 6 hour treatment of the rat NR8383 alveolar macrophage cell line
with Polymer 1. For each gene the Agilent ID, Gene name and fold change are detailed.
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Analysis of the genes changed in leukocyte extravasation signalling following
instillation of rats with Polymer 3 (Table 6.13) and treatment of the rat NR8383
alveolar macrophage cell line with Polymer 3 showed that 2 similar genes were
observed to be down-regulated. Mmp12 and Itgam genes were down-regulated in
both treatment models. Mmp12 was down-regulated 0.545 fold in the rat lung tissue
and down-regulated 0.455 fold in the rat NR8383 alveolar macrophage cell line.
Itgam was down-regulated 0.225 fold in the rat lung tissue and down-regulated 0.486
fold in the rat NR8383 alveolar macrophage cell line.

Treatment
Pathway

Polymer 3 Rat
Leukocyte Extravasation Signaling

Treatment
Pathway

Polymer 3 Cell
Leukocyte Extravasation Signaling

Agilent ID
A_44_P508554
A_44_P285463
A_44_P539359
A_44_P555271
A_44_P461154
A_43_P12170
A_43_P15993
A_43_P11590

Gene
Ncf2_predicted
Cldn1
Mmp28_predicted
Mmp12
Timp1
Mmp8
Itgam
Mmp7

Agilent ID
A_44_P990065
A_43_P12708
A_44_P332618
A_44_P224259
A_43_P15993
A_44_P555271
A_44_P501112
A_44_P452222
A_44_P146712
A_44_P404861
A_44_P318318

Gene
Arhgap5
Src
Actn4
Pxn
Itgam
Mmp12
Mmp9
Itgal
Mapk13
Mmp10
Mmp3

Fold Change
2.232
1.904
1.749
0.545
0.511
0.493
0.225
0.17

Fold Change
0.588
0.567
0.565
0.487
0.486
0.455
0.396
0.376
0.36
0.22
0.137

Table 6.13. Gene lists showing genes changed for Leukocyte extravasation signalling following 6 hour
instillation of rats with Polymer 3 or 6 hour treatment of the rat NR8383 alveolar macrophage cell line
with Polymer 3. For each gene the Agilent ID, Gene name and fold change are detailed.
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6.7.6

Canonical Pathways Discussion

The first aim of this section was to identify if any of the key pathways hypothesised
to be important were activated by the pro-inflammatory polymers. Analysis of the
canonical pathways activated by the pro-inflammatory treatments, Polymer 1 and
Polymer 3, showed that 3 similar pathways were significantly activated in the
instilled rats and the rat NR8383 alveolar macrophage cell line following treatment.
‘xenobiotic metabolism’, ‘IL-10 signalling’ and ‘leukocyte extravasation signalling’
pathways were significantly changed by the pro-inflammatory polymers, however,
they were not significantly changed following treatment with the pro-inflammatory
Minusil particles.

‘Xenobiotic metabolism’ signalling indicates activation of pathways for the removal
of conventional lipophilic toxins which may assist in biotransformation and removal
of the polymers. Polymer 1 instillation into the rat lungs causes up-regulation of the
cyp1a1 gene that encodes a member of the cytochrome P450 superfamily of enzymes
which is primarily involved in xenobiotic metabolism (Zhang et al., 2006). ‘IL-10
signalling’ is anti-inflammatory (Strieter et al., 2003) and activation of this pathway
suggests that a feedback loop for ‘switching off’ inflammation is being activated.
‘Leukocyte extravasation signalling’ indicates that leukocytes are being recruited to
the lungs from the circulation which is indicative of inflammation (Liehn et al.,
2006).

In conclusion, we identified 3 pathways, ‘xenobiotic metabolism’, ‘IL-10 signalling’
and ‘leukocyte extravasation signalling’ that were significantly changed in both
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models following treatment with the pro-inflammatory polymers, Polymer 1 or
Polymer 3.

The second aim of this section was to identify gene changes that were common
within or between the in vivo and in vitro models, and to use these to determine the
mechanism of action of the pro-inflammatory treatments. We analysed the gene
lists for the pathways that were significantly changed by the pro-inflammatory
treatments; ‘xenobiotic metabolism’, ‘IL-10 signalling’ and ‘leukocyte extravasation
signalling’ pathways. Four genes were identified; mapk14, pik3cd, mmp12 and
itgam were changed following instillation of rats and treatment of the rat NR8383
alveolar macrophage cell line.

The Mapk14 gene was up-regulated in ‘xenobiotic metabolism’, ‘IL-10 signalling’
and ‘leukocyte extravasation signalling’ by Polymer 1 in the instilled rat lungs and
the rat NR8383 alveolar macrophage cell line. The pik3cd gene was up-regulated in
‘xenobiotic metabolism’ and also in ‘leukocyte extravasation signalling’ in the
instilled rat lungs and the rat NR8383 alveolar macrophage cell line. The mmp12
gene and itgam gene were both down-regulated by Polymer 3 in the instilled rat
lungs and the rat NR8383 alveolar macrophage cell line.

Mapk14 encodes for mitogen-activated protein kinase 14, a member of the MAPK
family that respond to extracellular stimuli, such as chemicals or proteins that
encourage the cell to commence cell division (mitogens) (Eckert et al., 2003).
Mitogens trigger signal transduction pathways in which MAPK is involved, leading
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to gene expression, mitosis, differentiation and cell survival or apoptosis. This gene
is up-regulated by various environmental stresses and pro-inflammatory cytokines.
The activation requires its phosphorylation by MAP kinase kinases (MKKs) (Gioeli
et al., 2006). A proposed mechanism of action for Polymer 1 is via the transcription
factor AP-1 which is activated by signalling cascades involving MAPK, resulting in
transcriptional activation of genes of the jun and fos family via either the ERK
pathway (Kim et al., 2006), the SAPKs pathway (Cheon et al., 2008), or the p38
kinase pathway (Asaduzzaman et al., 2008).

Pik3cd encodes for phosphoinositide 3-kinase, an enzyme that phosphorylates
phosphatidylinositol (PI), a minor phospholipid component in the cytostolic side of
cell membranes. Pik3cd is found principally in leukocytes but also macrophages, T
cells, B cells, mast cells and neutrophils. The enzyme functions in a mechanism by
which an assorted group of signalling proteins, containing a phosphoinositidebinding structural domain (PX domain) (Lemmon, 2003) or pleckstrin homology
domain (PH domain) (Lemmon, 2007) are recruited to various cellular membranes.
These recruit proteins to membranes thus targeting them to appropriate cellular
compartments or enabling them to interact with other compounds of the signal
transduction pathways. PI 3-kinases are linked with a diverse group of cellular
functions including cell growth, proliferation, differentiation, motility, survival and
intracellular trafficking (Condliffe et al., 2000).

Mmp12 encodes for matrix metallopeptidase 12 which is an elastase specifically
secreted by macrophages (Matute-Bello et al., 2007). Proteins of the matrix
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metalloproteinase (MMP) family are involved in the breakdown of extracellular
matrix in normal physiological processes, such as embryonic development,
reproduction, and tissue remodelling, as well as in disease processes, such as arthritis
and metastasis. Most MMP's are secreted as inactive proteins which are activated
when cleaved by extracellular proteinases. The Mmp12 enzyme degrades soluble
and insoluble elastin and has been reported to play a role in aneurysm formation and
studies in mice suggest a role in the development of emphysema (Woodruff et al.,
2005). Emphysema is a chronic obstructive pulmonary disease (COPD) which is
often caused by exposure to toxic chemicals or long term exposure to tobacco smoke
(Molet et al., 2005). Emphysema is caused by loss of elasticity of the lung tissue,
from destruction of structures supporting the alveoli and destruction of capillaries
feeding the alveoli. Thus the small airways collapse during exhalation impeding
airflow (Roberts, 2003). In this case Mmp12 was down-regulated by Polymer 3.
Down-regulation occurs when a cell is overly stimulated by a protein for a prolonged
period of time, causing regulator genes to code repressor proteins which prevent
RNA polymerase from creating messenger RNA (Malave and Dent, 2006) thus
protecting the cell.

Itgam encodes for integrin alpha M, a protein subunit that forms the heterodimeric
integrin alpha-M beta-2 molecule, also known as macrophage-1 antigen (Mac-1) or
complement receptor 3 (CR3) (Solovjov et al., 2005). Itgam is also known as CR3A
and cluster of differentiation molecule 11B (CD11B). The second chain of the
heterodimer, the beta chain subunit, is known as CD18. Itgam is expressed on the
surface of many leukocytes involved in the innate immune system, including
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monocytes, granulocytes, macrophages and natural killer cells (Kim et al., 2004). It
mediates inflammation by regulating leukocyte adhesion and migration and has been
implicated in several immune processes such as phagocytosis, cell-mediated toxicity,
chemotaxis and cellular activation. It is involved in the complement system due to
its capacity to bind inactivated complement component 3b. Itgam is directly
involved in causing adhesion and spreading of cells but is unable to mediate cellular
migration without the presence of the beta CD18 subunit (Flick et al., 2004). Again,
it is hypothesised that Polymer 3 down-regulated Itgam which is an indication that
Polymer 3 was overly stimulating the cells.

In conclusion, the first proposed mechanism of action of Polymer 1 is via MAPK
activation of AP-1 resulting in activation of the ERK, SAPKs or p38 kinase pathway.
The second proposed mechanism of action of Polymer 1 is via the phosphoinositide
3-kinase enzyme which is involved in a mechanism by which an assorted group of
signalling proteins activate signal transduction pathways. The first proposed
mechanism of action of Polymer 3 is via over-activation of MMP-12 an enzyme
specific to macrophages which breaks down cellular matrix. The second proposed
mechanism of Polymer 3 is via Itgam which mediates inflammation by regulating
leukocyte adhesion, migration and spreading of cells.

6.8

Analysis of Most Significantly Changed Genes for each Treatment

The tables in this section detail the 10 genes that were most changed (up-regulated or
down-regulated) following treatment with the polymers or particles. The genes listed
below are not all related to inflammation, however, they may have utility as
biomarkers of toxicity for a treatment.
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6.8.1

Instilled Rats - Analysis of ‘10 Most Changed Gene Lists’.

The 10 most changed genes in rat lungs instilled with each treatment are presented
in Tables 6.15 to 6.19.

The SPRED1 gene was up-regulated between 21 to 47 fold in rat lungs following 6
hour instillation of all treatments (Table 6.20). The pro-inflammatory treatments,
Polymer 1 or Minusil, down-regulated 3 genes in rat lungs following 6 hour
instillations. Polymer 1 or Minusil down-regulated MYLPF 27 or 52 fold,
respectively, TNNI2 was down-regulated 6 or 14 fold, respectively and TNNT3 was
down-regulated 6 or 29 fold, respectively.

The non-inflammatory treatments, Polymer 2 or TiO2, up-regulated FOXE1 5 or 8
fold, respectively.
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Polymer 1; rat lung
Order
1
2
3
4
5
6
7
8
9
10

Gene
CILP
SPRED1
MYLPF
NPPA
AURKB
OCM
ZBTB16
TNNT3
TNNI2
NPPB

Fold change
-462.960
33.380
-26.810
17.090
11.530
11.140
8.193
-6.211
-5.714
5.574

Agilent ID
A_44_P436808
A_43_P19632
A_44_P1005462
A_44_P317600
A_44_P533786
A_44_P533786
A_44_P366142
A_44_P998964
A_42_P718022
A_43_P14894

Table 6.15. The 10 most changed genes following

Agilent ID
A_43_P19632
A_44_P317600
A_44_P366142
A_44_P527205
A_44_P533786
A_43_P14894
A_43_P15859
A_44_P271658
A_43_P13335
A_43_P15523

Table 6.16. The 10 most changed genes following

Agilent ID
A_43_P19632
A_43_P15489
A_44_P527205
A_44_P115192
A_44_P1022002
A_44_P102685
A_42_P693821
A_42_P743580
A_44_P452245
A_43_P15900

Table 6.17. The 10 most changed genes following

Agilent ID
A_44_P288548
A_43_P19632
A_44_P479881
A_43_P15859
A_44_P115192
A_44_P221588
A_44_P313652
A_43_P13335
A_44_P366142
A_43_P19944

Table 6.18. The 10 most changed genes following

instillation of Polymer 1 into rats for 6 hours. Values
are the mean of 3 animals. Table details position
(Order), short name of gene (Gene), up- or downregulation of gene (Fold Change), and the Agilent ID
for each gene.

Polymer 2; rat lung
1
2
3
4
5
6
7
8
9
10

Gene
SPRED1
NPPA
ZBTB16
RNASE1
AURKB
NPPB
OCM
REG3A
FOXE1
PRP15

Fold change
31.580
9.484
8.406
-8.333
7.830
7.631
6.236
-5.650
5.095
5.082

instillation of Polymer 2 into rats for 6 hours. Values
are the mean of 3 animals. Table details position
(Order), short name of gene (Gene), up- or downregulation of gene (Fold Change), and the Agilent ID
for each gene.

Polymer 3; rat lung
1
2
3
4
5
6
7
8
9
10

Gene
SPRED1
IL24
RNASE1
SLC5A5
CCL7
IL13RA2
FOSL1
RGS4
SERPINE1
CCL22

Fold change
36.710
-30.769
-13.643
-12.376
-8.696
-8.000
-7.143
6.702
-6.623
-6.623

TiO2; rat lung
1
2
3
4
5
6
7
8
9
10

Gene
PREX1
SPRED1
DUSP4
OCM
SLC5A5
PPP3CA
H2-Q10
FOXE1
ZBTB16
UPK3A

Fold change
-1600.000
46.750
18.450
10.830
-9.009
8.994
7.929
7.566
7.276
6.643

instillation of Polymer 3 into rats for 6 hours. Values
are the mean of 3 animals. Table details position
(Order), short name of gene (Gene), up- or downregulation of gene (Fold Change), and the Agilent ID
for each gene.

instillation of TiO2 into rats for 6 hours. Values are
the mean of 3 animals. Table details position
(Order), short name of gene (Gene), up- or downregulation of gene (Fold Change), and the Agilent ID
for each gene.

Minusil; rat lung
1
2
3
4
5
6
7
8
9
10

Gene
SNAP25
TNNC2
MYLPF
TNNT3
KRT13
TRPV6
SPRED1
TNNI2
NPPA
ACTN3

Fold change
71.610
-64.935
-52.356
-28.736
-24.155
-21.739
21.370
-13.524
12.100
-10.000

Agilent ID
A_44_P371172
A_42_P778184
A_44_P1005462
A_44_P998964
A_44_P1033435
A_44_P494274
A_43_P19632
A_42_P718022
A_44_P317600
A_42_P656495

Table 6.19. The 10 most changed genes following
instillation of Minusil into rats for 6 hours. Values are
the mean of 3 animals. Table details position
(Order), short name of gene (Gene), up- or downregulation of gene (Fold Change), and the Agilent ID
for each gene.
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Gene
AURKB

Treatment
Poly 1 Rat

Fold Change
11.53

A_44_P533786

Agilent ID

AURKB

Poly 2 Rat

7.83

A_44_P533786

FOXE1

Poly 2 Rat

5.095

A_43_P13335

FOXE1

TiO2 Rat

7.566

A_43_P13335

MYLPF

Poly 1 Rat

-26.81

A_44_P1005462

MYLPF

Minusil Rat

-52.356

A_44_P1005462

NPPA

Poly 1 Rat

17.09

A_44_P317600

NPPA

Poly 2 Rat

9.484

A_44_P317600

NPPA

Minusil Rat

12.1

A_44_P317600

NPPB

Poly 1 Rat

5.574

A_43_P14894

NPPB

Poly 2 Rat

7.631

A_43_P14894

OCM

Poly 1 Rat

11.14

A_43_P15859

OCM

Poly 2 Rat

6.236

A_43_P15859

OCM

TiO2 Rat

10.83

A_43_P15859

RNASE1

Poly 2 Rat

-8.333

A_44_P527205

RNASE1

Poly 3 Rat

-13.643

A_44_P527205

SLC5A5

Poly 3 Rat

-12.376

A_44_P115192

SLC5A5

TiO2 Rat

-9.009

A_44_P115192

SPRED1

Poly 1 Rat

33.38

A_43_P19632

SPRED1

Poly 2 Rat

31.58

A_43_P19632

SPRED1

Poly 3 Rat

36.71

A_43_P19632

SPRED1

TiO2 Rat

46.75

A_43_P19632

SPRED1

Minusil Rat

21.37

A_43_P19632

TNNI2
TNNI2

Poly 1 Rat

-5.714
-13.524

A_42_P718022

Minusil Rat

TNNT3
TNNT3

-6.211
-28.736

A_44_P998964

Minusil Rat

Poly 1 Rat

A_42_P718022

A_44_P998964

ZBTB16

Poly 1 Rat

8.193

A_44_P366142

ZBTB16

Poly 2 Rat

8.406

A_44_P366142

ZBTB16

TiO2 Rat

7.276

A_44_P366142

Table 6.20. Table comparing similar genes changed in
the 10 most changed lists (Tables 6.15 to 6.19) following
instillation of rats for 6 hours.
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6.8.2

NR8383 Cell Line - Analysis of ‘10 Most Changed Gene Lists’.

The 10 most changed genes in the rat NR8383 alveolar macrophage cell line
following treatment are presented in Tables 6.21 to 6.25.

In the rat NR8383 alveolar macrophage cell line following 6 hour treatment
(Table 6.26) with Polymer 1, Polymer 2 or Polymer 3, the doublecortin (DCX) gene
was down-regulated 19, 5 or 6 fold, respectively and the INHBA gene was
down-regulated 58, 5 or 8 fold, respectively.

GDF15 was down-regulated in the rat NR8383 alveolar cell line following treatment
with the pro-inflammatory Polymer 1 or Minusil particles (35 or 5 fold,
respectively). In the same model, the pro-inflammatory treatments, Polymer 3 and
Minusil, caused down-regulation of solute carrier family 2 (SLC2A6) (6 fold) and
Polymer 1 and Polymer 3 caused down-regulation of prolactin-like protein F
(PRLPF) (17 or 8 fold, respectively).
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Polymer 1; NR8383 cell line
1
2
3
4
5
6
7
8
9
10

Gene
INHBA
GDF15
FGF18
IRG1
DCX
RBP1
HK1
CCL4
PRLPF
FASLG

Fold change
-58.480
-35.461
-20.964
-19.157
-18.939
-17.668
-17.182
-16.779
-16.667
-15.361

Agilent ID
A_44_P459144
A_42_P608780
A_44_P556319
A_44_P433668
A_44_P129412
A_43_P11537
A_43_P11538
A_44_P212551
A_43_P12241
A_44_P409820

Table 6.21. The 10 most changed genes following
treatment of the rat alveolar macrophage cell line with
Polymer 1 for 6 hours. Values are the mean of 2
individual experiments. Table details position (Order),
short name of gene (Gene), up- or down-regulation of
gene (Fold Change) and the Agilent ID for each gene.

Polymer 2; NR8383 cell line
1
2
3
4
5
6
7
8
9
10

Gene
DCX
INHBA
IRG1
ES1
LCN2
SLC6A3
RABIF
MYH11
TXNDC3
GYS2

Fold change
-5.263
-4.854
-4.762
-4.032
-3.968
-3.731
3.399
3.347
3.317
3.225

Agilent ID
A_44_P129412
A_44_P459144
A_44_P433668
A_44_P266955
A_42_P638620
A_44_P314969
A_44_P547745
A_44_P274021
A_44_P498687
A_43_P11706

Table 6.22. The 10 most changed genes following
treatment of the rat alveolar macrophage cell line with
Polymer 2 for 6 hours. Values are the mean of 2
individual experiments. Table details position (Order),
short name of gene (Gene), up- or down-regulation of
gene (Fold Change) and the Agilent ID for each gene.

Polymer 3; NR8383 cell line
1
2
3
4
5
6
7
8
9
10

Gene
DLG4
INHBA
PRLPF
LCN2
MMP3
ABCB1
FCAR
SLC2A6
DCX
IRG1

Fold change
-9.709
-7.874
-7.812
-7.463
-7.299
-7.299
-6.897
-6.452
-6.024
-5.882

Agilent ID
A_44_P238314
A_44_P459144
A_43_P12241
A_42_P638620
A_44_P318318
A_44_P279083
A_44_P519948
A_42_P472133
A_44_P129412
A_44_P433668

Table 6.23. The 10 most changed genes following

Agilent ID
A_42_P738337
A_44_P466089
A_44_P278688
A_44_P105238
A_44_P473074
A_44_P191022
A_44_P187005
A_44_P105577
A_44_P398132
A_43_P12619

Table 6.24. The 10 most changed genes following

TiO2; NR8383 cell line
1
2
3
4
5
6
7
8
9
10

Gene
GRIN2C
HOXB8
YME1L1
HNRPLL
SLC22A5
PHYH
ABCB9
SHMT1
SLC22A12
NR4A3

Fold change
-5.525
-4.000
-3.968
-3.077
3.021
-2.833
-2.427
2.365
2.235
2.143

treatment of the rat alveolar macrophage cell line with
Polymer 3 for 6 hours. Values are the mean of 2
individual experiments. Table details position (Order),
short name of gene (Gene), up- or down-regulation of
gene (Fold Change) and the Agilent ID for each gene.

treatment of the rat alveolar macrophage cell line with
TiO2 for 6 hours. Values are the mean of 2 individual
experiments. Table details position (Order), short
name of gene (Gene), up- or down-regulation of gene
(Fold Change) and the Agilent ID for each gene.

Minusil; NR8383 cell line
1
2
3
4
5
6
7
8
9
10

Gene
NID1
CDC16
SLC2A6
GDF15
IRG1
BTG4
AMBP
EPS8
SYTL3
CD69

Fold change
-8.264
-6.410
-5.525
-5.236
-4.651
-3.704
-3.690
-3.676
-3.521
-3.460

Agilent ID
A_44_P245616
A_44_P154367
A_42_P472133
A_42_P608780
A_44_P433668
A_43_P22691
A_44_P454532
A_44_P450307
A_43_P18469
A_43_P16166

Table 6.25. The 10 most changed genes following
treatment of the rat alveolar macrophage cell line with
Minusil for 6 hours. Values are the mean of 2
individual experiments. Table details position (Order),
short name of gene (Gene), up- or down-regulation of
gene (Fold Change) and the Agilent ID for each gene.
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Gene
DCX
DCX

Treatment
Poly 2 Cell

Fold Change
-18.939
-5.263

DCX

A_44_P129412

Poly 3 Cell

-6.024

A_44_P129412

GDF15
GDF15

Poly 1 Cell

-35.461
-5.236

A_42_P608780

Poly 1 Cell

Minusil Cell

Agilent ID
A_44_P129412

A_42_P608780

INHBA
INHBA

Poly 1 Cell

-58.48
-4.854

A_44_P459144

Poly 2 Cell

INHBA

Poly 3 Cell

-7.874

A_44_P459144

IRG1
IRG1

Poly 1 Cell

-19.157
-4.762

A_44_P433668

IRG1

Poly 2 Cell

A_44_P459144

A_44_P433668

Poly 3 Cell

-5.882

A_44_P433668

IRG1

Minusil Cell

-4.651

A_44_P433668

LCN2

Poly 2 Cell

-3.968

A_42_P638620

LCN2

Poly 3 Cell

-7.463

A_42_P638620

PRLPF
PRLPF

Poly 1 Cell

-16.667
-7.812

A_43_P12241

Poly 3 Cell

A_43_P12241

SLC2A6

Poly 3 Cell

-6.452

A_42_P472133

SLC2A6

Minusil Cell

-5.525

A_42_P472133

Table 6.26. Table comparing similar genes changed in
the 10 most changed lists (Tables 6.21 to 6.25) following
treatment of the rat NR8383 alveolar macrophage cell line
for 6 hours.
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6.8.3

Discussion

The aim of this section was to analyse the genes in the ‘10 most changed gene lists’
to identify genes that were common within or between the in vivo and in vitro models
and to determine the role of these genes.

Spred1 was up-regulated in instilled rat lungs following all treatments. Spred1
encodes a member of the Sprouty family of proteins that regulate growth factorinduced activation of the MAPK cascade. This gene regulates the Ras-ERK pathway
and modulates IL-5 signalling in asthma (King et al., 2005).

The pro-inflammatory treatments, Polymer 1 and Minusil, down-regulated MYLPF,
TNNI2 and TNNT3 genes in rat lungs following 6 hour instillations. MYLPF is a
gene which is critically important for fast and slow skeletal muscle development
(Wang et al., 2007). TNNI2 and TNNT3 are specific markers of myocyte injury
(Mullen and Barton, 2000).

The non-inflammatory treatments, Polymer 2 and TiO2, up-regulated FOXE1
following instillation into rat lungs. FOXE1 is a thyroid-specific factor involved in
thyroid differentiation (Cuesta et al., 2007).

In rat NR8383 alveolar macrophage cell line the DCX gene and the INHBA gene
were down-regulated in the rat NR8383 alveolar macrophage cell line following 6
hour treatment with all 3 polymers. DCX belongs to a novel class of intracellular
proteins involved in neuronal migration through Ca2+-dependent signalling (Sossey-
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Alaoui et al., 1998). The INHBA is a glycoprotein hormone belonging to the TGFβ
superfamily.

GDF15 was down-regulated in the rat NR8383 alveolar cell line following treatment
with the pro-inflammatory Polymer 1 or Minusil particles. In the same model, the
pro-inflammatory treatments, Polymer 3 and Minusil, caused down-regulation of
solute carrier family 2 (SLC2A6) and Polymer 1 and Polymer 3 caused
down-regulation of prolactin-like protein F (PRLPF). GDF15 is reported to
down-regulate cell proliferation by inducing activation of p53 and p21 synthesis.
SLC2A6 catalyses hexose transport into mammalian cells (Clark et al., 2008).
PRLPF is a cytokine which is expressed in a gestationally specific pattern (Ho-Chen
et al., 2007).

In conclusion SPRED1 was up-regulated for all treatments following rat lung
instillations. MYLPF, TNNI2 or TNNT3 were down-regulated by Polymer 1 and
Minusil following rat lung instillations. The FOXE1 gene was up-regulated by the
non-inflammatory treatments, Polymer 2 or TiO2 following rat lung instillations. In
the rat NR8383 alveolar macrophage cell line, DCX or INHBA were down-regulated
following treatment with Polymer 1, Polymer 2 or Polymer 3, GDF15 was
down-regulated by Polymer 1 or Minusil, SLC2A6 was down-regulated by Polymer
3 or Minusil and PRLPF was down-regulated by Polymer 1 or Polymer 3.

Other genes of interest that were related to inflammation in the ‘10 most changed’
gene lists were as follows: Polymer 3 in the rat lungs down-regulated 2 interleukin
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genes, interleukin 24 (IL24) and interleukin 13 receptor alpha 2 (IL13RA2), and
2 chemokine genes, CCL7 and CCL22. In the rat alveolar macrophage cell line
Polymer 1 down-regulated fibroblast growth factor 18 (FGF18) and a chemokine
(CCL4), Polymer 3 down-regulated matrix metallopeptidase (MMP3) and Minusil
down-regulated CD69.

IL-24 is predominantly released by activated monocytes and macrophages and acts
on skin, lung and reproductive tissues (Poindexter et al., 2005), having a role in
wound healing and cancer (Wang and Liang, 2005). IL13RA2 receptor signals for
tumour growth factor-β (TGFβ) (Fichtner-Feigl et al., 2006). CCL7, previously
called monocyte chemoattractant protein-3 (MCP3), specifically attracts monocytes,
and regulates macrophage function (Opdenakker et al., 1993). CCL22 is a
chemoattractant for activated T cells, monocytes, monocyte-derived dendritic cells,
and natural killer cells (Chang et al., 1997).
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Chapter 7 - Concluding Discussion

The replacement of animal testing has been investigated for many years, with most
large industries now having an ethical code to minimise animal testing, wherever and
by whatever means possible. The “three R’s”; Reduction of animal use, Refinement
of studies to enhance animal welfare and Replacement of animal experiments with
alternative testing methods are guiding principles for the use of animals in research
(Rogiers and Pauwels, 2006). In 1986, the Council of European Communities
adopted a Directive whereby an animal experiment could not be performed if a
satisfactory alternative was available. In order for alternatives to be accepted by
regulatory agencies, ECVAM was founded in 1992 to coordinate the validation of
alternative test methods (Hartung, 2006).

Legislation is the underlying driver for this PhD project. The 7th Amendment to the
EU cosmetics Directive stipulates a 2013 deadline for repeat dose inhalation animal
testing of ingredients intended for use in cosmetic products (Pauwels and Rogiers,
2007). Companies producing cosmetics therefore have a limited time period to
develop validated alternatives to replace animal inhalation testing of cosmetic
ingredients.

This project investigated the ability of macrophage models to predict the
pro-inflammatory ranking of polymers, found after the same polymers were instilled
into rat lungs. Alveolar macrophages are the first line of defence in the lung,
phagocytosing inhaled xenobiotics (Castell et al., 2005). We investigated
macrophage responses to a panel of polymers and particles. Three different types of
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macrophage were investigated for ability to be used as alternatives; the rat NR8383
alveolar macrophage cell line, the human THP-1 monocyte cell line and human
monocyte derived macrophages. The cell-free ESR assay which detects free radicals
(Haberzettl et al., 2007) and the haemolysis assay, using human red blood cells, to
measure membrane disruptive ability (Wilson et al., 2000) of a substance were also
investigated.

Development of the in vivo benchmark of pro-inflammatory ability for the panel of
treatments was key to the success of this project. Rat lung instillations were
performed and BAL was used to measure markers of inflammation to create the
pro-inflammatory benchmark. Results from in vitro model investigations were then
compared to the benchmark, indicating the ability of any model to be used as an
alternative test model.

Following rat lung instillations and collection of BAL, results from analysis of BAL
neutrophil or alveolar macrophage populations, along with pro-inflammatory
mediator and LDH levels were used to rank the treatments by ability to cause
inflammation. Increased populations of inflammatory cells and pro-inflammatory
mediator levels are indicative of a pro-inflammatory treatment (Castranova et al.,
2002). Increases in LDH and total protein are indicative of direct cell membrane
damage (Chang et al., 2007) and damage to the capillary-epithelial barrier
(Karlhuber et al., 1997). The pro-inflammatory ranking of the panel of treatments
following rat lung instillations was as follows; Polymer 3 > Polymer 1 > Minusil >
Polymer 2 > TiO2.
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A criticism of the animal instillation experiments was that an untreated group of
animals was not included i.e. animals that were not subjected to the instillation
procedure. The results showed that several BAL markers (LDH, total protein, TNFα,
MIP-2) were either reduced or increased in animals instilled with saline for 6 hours
compared to animals instilled with saline for 24 hours. The most likely reason for
these changes is slight damage to the trachea due to the instillation procedure,
therefore, a recommendation for future experiments would be to include a group of
animals that are not subjected to the instillation procedure. Another plausible reason
for these changes could be due to the health of the animals, as animals would have
altered lung responses if they had, for example, a lung infection. The time between
completion of the 6 hour exposure and 24 hour experiments was approximately 5
weeks and separate batches of animals were delivered from the supplier for each of
the experiments.

An important point to note is that the controls in the panel of treatments used in this
project are particles, whereas the polymers are droplets. The control particles were
chosen to have low and high pro-inflammatory ability; Minusil is pro-inflammatory
(Clouter et al., 2001) and TiO2 is low in pro-inflammatory effect (Donaldson et al.,
1989) when instilled into rat lungs, at the doses used. The control particles were
used to validate the rat lung instillations exposure method to assess the
pro-inflammatory ability of the panel of polymers. In vitro, the control particles
were used to validate the pro-inflammatory predictive ability of the models. When
the results of in vitro model investigations were compared to the benchmark, the
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ranking of the control particles was first compared and then the ranking of the
polymers was compared, thus determining the success of the model at predicting the
pro-inflammatory ability of the polymers.

A criticism of the controls used in the project is use of particle controls instead of
droplet controls, however, by using particles we understood the mechanism of action
for Minusil was via oxidative stress (Donaldson et al., 2002a) so we were able to
compare the ability off the polymers to cause oxidative stress. The polymers used in
this project can be used as controls in future investigations to further develop
alternative testing models. A further criticism is in relation to the number of
treatments on the panel. A larger panel of polymers would have created a more
robust pro-inflammatory benchmark and would have made the predictive ability of
the in vitro models more reliable. A point to note is that ECVAM use a panel of 50
compounds to validate alternative models (Gouaze, 1994), therefore, the larger the
panel of treatments used to develop the model the greater the likelihood of the model
successfully meeting the criteria set by ECVAM, and being accepted as a validated
alternative.

An important factor that must be considered when assessing the inflammatory effects
of a treatment is endotoxin contamination. Use of an endotoxin contaminated
treatment to treat a cell line or for instillation into animals would elicit a strong
immune response thus falsifying research results for the treatment in the test system
(Bosshart and Heinzelmann, 2007). A very sensitive assay for detecting presence of
endotoxins is the Limulus Amebocyte Lysate assay which utilises blood from the
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Horseshoe crab which coagulates in the presence of endotoxin (Tuomela et al.,
2005). Preventative methods include ultrafiltration of chemical and buffer solutions
used during manufacture and applying appropriate hygienic practices. Several
techniques exist to remove contamination including ion exchange chromatography,
distillation, oxidation or heating.

With regards to the control particles used in this project, Minusil particles were
pro-inflammatory and TiO2 particles were the least pro-inflammatory. Results from
analysis of pro-inflammatory cell populations and pro-inflammatory mediator levels
in BAL following rat instillations of Minusil indicated that the particles were
pro-inflammatory. LDH levels and BAL alveolar neutrophil and macrophage
populations were increased, and TNFα and MIP-2 levels were increased, indicating
that the Minusil particles were pro-inflammatory in the rat lungs.

In vitro investigation results following treatment with Minusil, from the rat NR8383
alveolar macrophage cell line model, and the human THP-1 monocyte cell line
model indicated Minusil was cytotoxic as indicated by increased LDH release.
Treatment of the rat NR8383 alveolar macrophage cell line with Minusil caused an
increase in the pro-inflammatory mediator TNFα which is an indicator of an
inflammatory response. In the haemolysis assay Minusil particles caused
dose-related membrane disruption which is a predictor that the particles would cause
damage in rat lungs. The human monocyte derived macrophage model did not
demonstrate the pro-inflammatory effects of Minusil at the doses tested.
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Investigations into the mechanism of action of Minusil showed generation of high
levels of free radicals, as measured by the ESR assay and the plasmid assay. The
ESR assay detects superoxide and peroxynitrite radicals using the tempone-H spin
trap (Dikalov et al., 1997b), and the plasmid assay measures hydroxyl radicals (Dick
et al., 2003). Superoxide, peroxynitrite and hydroxyl radical generation by Minusil
would explain its highly cytotoxic ability, including ability to cause haemolysis of
red blood cells (Duffin et al., 2001) but also the depletion of the intracellular
antioxidant, GSH (Zielinski et al., 1999). The results from these in vitro model tests
indicate that Minusil would cause a pro-inflammatory response in rat lungs.

Results from the in vitro model experiments indicted that Minusil was
pro-inflammatory therefore these models correctly predicted the pro-inflammatory
ability of Minusil in rat lungs. These results show that the models have the ability to
predicting pro-inflammatory findings in rat lungs at least for particles.

With regards to TiO2, results from analysis of BAL for pro-inflammatory indicators
showed that TiO2 had no pro-inflammatory effect in the instilled rat lungs. In vitro
investigation results following treatment of the rat NR8383 alveolar macrophage cell
line, the human THP-1 cell line and the human monocyte derived macrophage cell
line, along with results from the ESR assay and the plasmid assay indicated that TiO2
was not pro-inflammatory and produced low levels of antioxidants. These results
demonstrate that the in vitro models were successful at predicting ‘no’
pro-inflammatory response from a non-inflammatory treatment with particles, thus,
the models have the ability to be used to as alternatives.
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The pro-inflammatory benchmark showed Polymer 3 was the most pro-inflammatory
of the panel of treatments. In vitro investigation results, from the rat NR8383
alveolar macrophage cell line, the human THP-1 monocyte cell line and the human
monocyte derived macrophage cells indicated Polymer 3 was most pro-inflammatory
of the panel of polymers. Polymer 3 was the most cytotoxic, measured by release of
LDH, in all 3 models investigated as alternatives and also had the ability to cause
dose-related haemolysis of red blood cells, indicating ability to cause direct cell
membrane damage.

Investigations into the mechanism of action of Polymer 3 showed generation of high
levels of free radicals, similar to Minusil, as measured by the ESR assay and the
plasmid assay. Superoxide, peroxynitrite and hydroxyl radical generation by
Polymer 3 would explain its highly cytotoxic ability, including ability to cause
haemolysis of red blood cells but also ability to deplete intracellular GSH levels.
The results from the in vitro assays indicate that this polymer would cause a
pro-inflammatory response in rat lungs.

Additionally, the increased release of pro-inflammatory mediators, TNFα and MIP-2,
observed following Polymer 3 rat lung instillations was observed following treatment
of the rat NR8383 alveolar macrophage cell line and the human monocyte derived
macrophage cell model with Polymer 3. Increased levels of IL-1β in the THP-1 cell
model and increased levels of MIP-1α in the human monocyte derived macrophage
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cell model following treatment with Polymer 3 gave an indication that Polymer 3
would be pro-inflammatory in rat lungs.

Toxicogenomics indicated Polymer 3 was activating the complement cascade,
following changes in the Itgam gene, which regulates lymphocyte adhesion and
migration, and phagocytosis. Another mechanism related to Polymer 3 treatment
involved changes in matrix metalloproteinases which are released by alveolar
macrophages which cause breakdown of extracellular matrix (Baraldo et al., 2007).

Results from the in vitro model experiments indicted that Polymer 3 was
pro-inflammatory, therefore, these models correctly predicted the pro-inflammatory
ability of Polymer 3 in rat lungs, compared to the other polymers.

The pro-inflammatory benchmark indicated that Polymer 1 was the second highest
pro-inflammatory polymer in rat lungs. In vitro investigation results from the rat
NR8383 alveolar macrophage cell line indicated that Polymer 1 was cytotoxic,
however, to a lesser extent that Polymer 3. Polymer 1 also had the ability to cause
haemolysis to red blood cells in the haemolysis assay indicating that the polymer
would cause damage in rat lungs which would cause inflammation.

Investigations into the mechanism of action of Polymer 1 showed production of
hydroxyl radicals, at a lower rate than Polymer 3 and Minusil. Hydroxyl radical
production would cause oxidative stress that could cause cytotoxicity and cell
membrane damage in the haemolysis assay. Oxidative stress would cause depletion
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of intracellular GSH levels as observed in the GSH assay. The results from the in
vitro models indicate that Polymer 1 would be pro-inflammatory in rat lungs. The
fact that there are fewer radicals produced by Polymer 1, one would expect a lower
degree of inflammation in rat lungs and this was indicated in the results from
analysis of BAL from rats instilled with Polymer 1.

Rats instilled with Polymer 1 demonstrated significantly increased alveolar
neutrophil populations whereas those instilled with Polymer 3 demonstrated
significantly increased alveolar neutrophil and macrophage populations. An
explanation for the increase in alveolar macrophages by Polymer 3 is likely due to
the higher levels of oxidative stress produced by Polymer 3 compared to the levels
produced by Polymer 1.

In vivo, Polymer 1 caused an increase in TNFα levels in BAL following rat
instillation. In vitro, an analogous finding was observed when rat NR8383 alveolar
macrophages were treated with Polymer 1. With regards to the human THP-1 cell
model, the only indicator observed that Polymer 1 was pro-inflammatory was a
significant decrease in IL-10. Treatment of human monocyte derived macrophages
with Polymer 1 showed no pro-inflammatory effect. The results from treatment of
the human THP-1 cell line and human monocyte derived macrophages demonstrate
that different types of macrophages do not respond similarly.

The THP-1 cell model and the human monocyte derived macrophage cell model
identified the pro-inflammatory ability of Polymer 3, however they were not
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successful identifying the pro-inflammatory ability of Polymer 1. An explanation for
this finding could be that human cells are better equipped to deal oxidative stress.

Toxicogenomics indicated Polymer 1 causes MAPK activation of AP-1 resulting in
activation of the ERK, SAPKs or the p38 kinase pathway and also affects
phosphoinositide 3-kinase enzyme regulation which is involved in a mechanism by
which an assorted group of signalling proteins activate signal transduction pathways.

The major criticism of the toxicogenomics experiment was that we analysed gene
changes from homogenised lung tissue. Homogenised tissue included all the types of
cells found in the lung. In hindsight, it would have been better to compare gene
changes in alveolar macrophages lavaged from instilled rats, with treated rat NR8383
alveolar macrophage cells. This would have given a direct comparison between
alveolar macrophage gene changes in vitro and in vivo following treatment. A
further criticism of the toxicogenomics experiment in this project was that we only
looked at gene changes after 6 hours. At the 6 hour time point we were unable to
determine if genes were down regulated or the treatment was genotoxic. Further
analysis at other time points would have provided more information about how genes
changed following time after treatment. However, we were severely restricted by
budgetary considerations and could only do one time point.

Results from the in vitro model experiments using the rat NR8383 alveolar
macrophage cell line indicated that Polymer 1 was pro-inflammatory and had less
pro-inflammatory ability than Polymer 3 therefore this model correctly predicted the
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pro-inflammatory ability of Polymer 1 in rat lungs. The human THP-1 cell line and
the human monocyte derived macrophage models were unsuccessful at predicting
Polymer 1 pro-inflammatory effects, however, they were successful at identifying the
pro-inflammatory ability of Polymer 3, therefore these models can be used
simultaneously in a battery of in vitro tests and thus have the ability to be used as
alternative models.

The in vivo standard indicated that Polymer 2 was the least pro-inflammatory
polymer in rat lungs. Results from analysis of BAL for pro-inflammatory indicators
showed that Polymer 2 caused a slight pro-inflammatory effect in the rat lungs, as
indicated by a small significant increase in LDH. There were no other changes in
indicators of inflammation following instillation of Polymer 2, however, alveolar
macrophage size was significantly increased following rat instillations of the high
dose (2 mg). An explanation for this could be that the macrophages have
phagocytosed the polymer but have not migrated to the mucocillary escalator where
they can be removed from the lungs, possibly because they are heavily laden with
polymer, inhibiting or slowing movement. In vitro investigation results following
treatment of the rat NR8383 alveolar macrophage cell line, the human THP-1 cell
line and the human monocyte derived macrophage cell line, along with results from
the ESR assay and the plasmid assay indicated that Polymer 2 was not
pro-inflammatory and produced low levels of antioxidants. Results from the in vitro
models compare similarly to the non-inflammatory TiO2 particles.
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These results demonstrate that the in vitro models were successful at indicating ‘no’
pro-inflammatory response from a treatment that was not pro-inflammatory, thus, the
models were successful in predicting a non-inflammatory response and therefore
have the potential for use as alternative test models.

Whilst investigating the ability of alternatives to rank the panel of polymers and
particles by pro-inflammatory ability, it was apparent that no single assay could be
used as an alternative to predict the pro-inflammatory ability of polymers in rat
lungs. As each new assay was developed and the panel of treatments was tested,
more insight was gained into the pro-inflammatory ability or mechanism of action of
the treatments. No single assay gave a ‘Go or No-go’ decision, with regards to how
successful a treatment would be in a repeat dose toxicity inhalation study in rats. A
confident decision could only be made to predict the pro-inflammatory ability of a
treatment when the results of all the assays carried out for each macrophage model
were looked at together. For example, Polymer 3 was identified as pro-inflammatory
by all 3 models, however, the human THP-1 cell line and the human monocyte
derived macrophage cell models did not identify the pro-inflammatory ability of
Polymer 1 which was identified by the rat NR8383 alveolar macrophage model.
This would make the rat NR8383 alveolar macrophage model the most successful
model of the 3 macrophage models investigated, however, the results from the
human macrophage models bolstered the findings regarding the high
pro-inflammatory ability of Polymer 3 therefore, these models should be used
simultaneously as test models.
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The alternative models developed in this project provide results which can be used to
help make a decision to select a potential non-inflammatory polymer, for example,
the least pro-inflammatory polymer candidate from a group of possible polymer
candidates that could be used in a new personal care product. The alternatives give
an indication about which candidate would be the least likely to produce an
inflammatory response. If the 3 polymers used in this project all had the potential to
be used as a new cosmetic ingredient in a product then based on the in vitro assay
test results in this project, Polymer 2 would be the candidate which would be
expected to have the best chance of success because it shows the least
pro-inflammatory activity compared to Polymer 1 or Polymer 3.

For these reasons, to use alternatives successfully, we recommend testing a new
polymer using all 3 macrophage models, along with the haemolysis assay and the
cell-free assays developed in this project. The results can then be assessed in order
to compare pro-inflammatory ability to the pro-inflammatory benchmark created in
this project.

In order to use alternatives to predict the pro-inflammatory ability of a new polymer
(or other treatment) we recommend that dose range finding cytotoxicity assays are
carried out using the 3 macrophage models investigated; the rat NR8383 alveolar
macrophage cell line, the human THP-1 cell line and human monocyte derived
macrophages. These assays should include the control particles and polymers tested
in this project, which can now be used as polymer (droplet) controls. The results of
these assays indicate how cytotoxic the new polymer is in relation to the controls and
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provide information regarding non-toxic dose levels that can be used in further
assays.

In order to gain an understanding of the pro-inflammatory ability of a new polymer
the supernatant from the cytotoxicity assays can be analysed for changes in
pro-inflammatory mediator or cytokine levels. Increased levels of TNFα, the main
pro-inflammatory mediator released by macrophages (Gordon, 2007), and MIP-2
which is chemotactic for neutrophils (Linden, 2001) are indicative of a proinflammatory response by the rat NR8383 alveolar macrophage cell line. In an
industrial setting, it would be much faster and more efficient to use Luminex®
technology to test the supernatant levels of a variety of pro-inflammatory mediators
or cytokines such as TNFα, MIP-2 (IL-8 in humans), IL-10 (anti-inflammatory)
(Murray, 2006), TGFβ (growth factor) (Hanada and Yoshimura, 2002), MCP-1
(induces recruitment of monocytes, T lymphocytes, eosinophils and basophils)
(Julkunen et al., 2001) and IL-1β (pro-inflammatory cytokine) (Liu et al., 2007).

In order to understand the mechanism of action of the new treatment (if any), the
ESR assay and the plasmid assay, both cell free, should be used to investigate levels
and the type of free radicals that might be produced, these can be followed up with
the GSH assay and the DCFH assay which measure intracellular antioxidant levels.
High levels of free radical production would indicate that the new polymer would
cause oxidative stress, which would deplete intracellular antioxidant levels and lead
to inflammation.

258

The previous mechanistic experiments only investigate if the mechanism of action is
via oxidative stress. In order to gain a better understanding of the mechanisms
involved toxicogenomics should be used. The highest non-toxic dose level and also
a non-toxic dose level similar to that of the controls, should be used to treat rat
NR8383 alveolar macrophages for 3, 6, 12 and 24 hours. We recommend that n=4
replicates as a minimum are carried out in the event that the mRNA for a replicate is
of a low quality or produces spurious results in the analysis. Toxicogenomics should
indicate a number of mechanisms that are activated that can help understand the
mechanism of action of the treatment.

The in vitro models assays developed in this project specifically predict the effect of
the treatments when instilled into rat lungs, further investigations would need to be
carried out to investigate how well these models predict the pro-inflammatory ability
of the treatments in a repeat dose inhalation toxicity study in rats. There are a
multitude of other mechanisms of action that are not covered by these assays which
could cause lung damage including apoptosis, fibrosis and necrosis.

For alternatives to be successfully validated to gauge the pro-inflammatory ability of
cosmetic ingredients in an industrial setting by 2013, further research must be carried
out. The models developed in this project require further research and development
research should continue to discover new models.

In this project it was apparent that the panel of polymers and particles needed to be
larger to test the ability of the alternative models to predict and rank polymer
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toxicity. For more accurate predictions of toxicity to be made, future work should
aim to increase the size of the polymer panel, keeping Minusil and TiO2 particles on
the panel. This would involve testing the polymers via rat lung instillations and then
adding the polymers to the pro-inflammatory benchmark. The polymers would then
need to be tested using the alternative models developed in this project and the
results compared to the pro-inflammatory benchmark; effectively further validating
the models in the process. When selecting new polymers to add to the panel an aim
should be to create a benchmark which includes a NOEL and also a point at which
pro-inflammatory ability should not exceed. Introduction of these points on the
benchmark would be useful if a polymer candidate had to be selected to progress,
from the laboratory to animal testing, from a selection of polymer candidates.

In this project the pro-inflammatory benchmark was developed by instilling rats with
the treatments and analysing BAL for indicators of inflammation. Further
investigations should investigate the pro-inflammatory effects of the panel of
treatments in repeat dose inhalation toxicity experiments in rats and compare the
results to those from the rat lung instillations. The results from this research could
validate the rat lung instillation method as a method to refine repeat dose inhalation
toxicity studies in rats but would also provide results that could be used to compare
the ability of the in vitro models to predict the pro-inflammatory ability of polymers
in repeat dose inhalation toxicity studies in rats.

A weakness identified when using the macrophage models to test Polymer 2 was
their inability to predict the enlarged alveolar macrophage finding that was observed
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following instillation into rat lungs. This finding requires further investigation to
determine if the enlarged macrophages eventually migrate out of the lung or if they
remain in the alveoli of the lung. Persistence of the enlarged alveolar macrophages
in the lung could have a detrimental effect, leading to fibrosis or cancer, if the cells
were to continuously release pro-inflammatory mediators. This finding should be
further investigated by instilling rats with Polymer 2 investigating the effects of long
term exposure. Research to investigate this finding should investigate the
mechanisms of phagocytosis and chemotaxis by macrophages and this has the
potential to create new predictive models.

Toxicogenomics is a financially expensive experiment to complete therefore it is
important to have high quality mRNA samples to enable good results to be obtained.
In this project one replicate of mRNA samples from the homogenised rat lungs
following instillation with the treatments produced spurious results and had to be
excluded from the analysis. In future experiments 4 replicates should be used to
minimise the chance of this problem occurring again. Also, a further experiment is
required to investigate gene changes in alveolar macrophages from rats instilled with
the polymers and particles. The results of this experiment can be compared with
those from the treated rat NR8383 alveolar macrophage cell line.

In order for toxicogenomics to be successful in predicting pro-inflammatory ability
of polymers and identifying mechanisms of action, similar dose levels must be
selected to compare treatments but it would also be useful to investigate the highest
non-toxic dose level for a treatment in order to have the chance of identifying a
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mechanism of action. Further research should investigate a dose range response in
genomics to determine the time at which most genes change following treatment.

Another important factor in toxicogenomics is the fold change cut-off value. This
value determines what genes are included in gene lists for analysis. Toxicogenomic
studies use a range of fold change cut-off values, ranging from no cut-off to 2.4 fold,
we used 1.7 fold in this project. Future studies should investigate a range of fold
change cut-off values to determine the best value to use in toxicogenomic assays.
The ultimate aim of toxicogenomics experiments should be to develop a microarray
specifically to detect biomarkers of lung inflammation. A specifically designed
microarray could be used to screen compounds by ability to up- or down-regulate
biomarkers of lung injury. Future work should focus on identifying a panel of
biomarkers specific to identify pro-inflammatory polymers from cell models.

This project focused on oxidative stress related mechanisms of action, however, there
are many mechanisms by which a substance could exert an effect. Analysis of other
mechanisms, such as phagocytosis, might have provided indication of the reason for
the increased alveolar macrophages observed in the rat lungs following treatment
with Polymer 2. Future work should aim to research other mechanisms including
phagocytosis, apoptosis and necrosis which could potentially lead to creation of new
alternative test models.

The data in this thesis showed that human cells did not respond similarly to rat cells.
This raised a question and highlighted a key issue that should be incorporated into
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cell model alternatives so they produce confident testing results. Results from the rat
instillations indicated that Polymer 1 was pro-inflammatory, however, results from
the human macrophage experiments indicated that this polymer was not
pro-inflammatory. This raises a question about which of these findings is true with
regards to human lung exposure, and highlights a key issue, that not all macrophages
respond similarly. This finding also highlights the fact that an alternative model
might not predict a toxic response, hence, for macrophage models to be used
confidently as alternatives to animal testing, and because the tests using the models
can be executed relatively quickly, it would be advisable to use different species of
macrophage model to test each polymer. With regards to the inability of the human
cells to predict inflammatory effects of Polymer 1, future work should be carried out
to investigate the reason for this difference, which could be found by looking at
mechanisms which are present or absent between the cell types.

To conclude, the macrophage models developed in this project predicted the
pro-inflammatory ranking of polymers following rat lung instillations. Use of these
alternatives in an industrial setting will refine and reduce in vivo testing and as these
models are further developed and used alongside future new alternatives they will
provide a substantial contribution towards the replacement of animal testing.
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Chapter 8 – Appendix
8.1

Functions graphs

8.1.1

Cancer

Cancer describes functions associated with cancer and includes any process
associated with a tumour, cancer cell or cancerous tissue, as well as any object
associated with a cancer process such as transformation and metastasis. This
category also includes all cancerous diseases such as lymphoma and neuroblastoma.

Function: cancer
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Figure 8.1. Gene changes associated with cancer pathways following instillation in rats or treatment of
a rat alveolar macrophage cell line with Polymer 1, Polymer 2, Polymer 3 TiO2 or Minusil for 6 hours.
Values for the instilled rats are the mean of 3 individual animals. Values for the rat alveolar
macrophage cell line are the mean of 2 separate experiments. Dotted line at 1.3 -Log(p-value) and
above indicates significance.

In vivo polymer ranking; Polymer 3 > Polymer 1 > Polymer 2
In vitro polymer ranking; Polymer 1 > Polymer 2 > Polymer 3
In vivo particle ranking; TiO2 > Minusil
In vitro particle ranking; Minusil > TiO2
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8.1.2

Respiratory disease

Respiratory disease describes diseases and abnormalities of the respiratory system.
Some examples include oedema of lung, inflammation of airway and pneumonia.

Function: respiratory disease
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Figure 8.2. Gene changes associated with respiratory disease pathways following instillation in rats or
treatment of a rat alveolar macrophage cell line with Polymer 1, Polymer 2, Polymer 3 TiO2 or Minusil
for 6 hours. Values for the instilled rats are the mean of 3 individual animals. Values for the rat
alveolar macrophage cell line are the mean of 2 separate experiments.

In vivo polymer ranking; Polymer 3 > Polymer 1 > Polymer 2
In vitro polymer ranking; Polymer 1 > Polymer 2 > Polymer 3
In vivo particle ranking; TiO2 > Minusil
In vitro particle ranking; Minusil > TiO2
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8.1.3

Organismal injury and abnormalities

Organismal injury and abnormalities describes functions associated with injuries and
abnormalities of multicellular organisms, primarily humans, mice and rats. This
includes abnormal functions such as bleeding, oedema, and haemorrhage of any
tissue or organ, as well as functions associated with abnormal tissues such as lesions,
ulcers, scars and wounds.

Function: organismal injury & abnormalities
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Figure 8.3. Gene changes associated with organismal injury & abnormalities pathways following
instillation in rats or treatment of a rat alveolar macrophage cell line with Polymer 1, Polymer 2,
Polymer 3 TiO2 or Minusil for 6 hours. Values for the instilled rats are the mean of 3 individual animals.
Values for the rat alveolar macrophage cell line are the mean of 2 separate experiments.

In vivo polymer ranking; Polymer 3 > Polymer 1 > Polymer 2
In vitro polymer ranking; Polymer 1 > Polymer 2 > Polymer 3
In vivo particle ranking; Minusil > TiO2
In vitro particle ranking; Minusil > TiO2
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8.2

Results - molecular and cellular functions

8.2.1

Cell death

Cell death describes functions associated with cellular death and survival. Some
examples of functions included in this category are cytolysis, necrosis, survival, and
recovery of cells.
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Figure 8.4. Gene changes associated with cell death pathways following instillation in rats or treatment
of a rat alveolar macrophage cell line with Polymer 1, Polymer 2, Polymer 3 TiO2 or Minusil for 6 hours.
Values for the instilled rats are the mean of 3 individual animals. Values for the rat alveolar
macrophage cell line are the mean of 2 separate experiments.

In vivo polymer ranking; Polymer 3 > Polymer 1 > Polymer 2
In vitro polymer ranking; Polymer 1 > Polymer 3 > Polymer 2
In vivo particle ranking; TiO2 > Minusil
In vitro particle ranking; Minusil > TiO2
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8.2.2

Cell signalling

Cell signalling describes functions that are involved in intracellular signalling
pathways. Specifically it describes functions associated with signalling molecules
such as cyclic AMP, nitric oxide, and calcium, signalling functions such as tyrosine
phosphorylation and guanine nucleotide exchange, as well as receptor-mediated
signalling interactions.

Function: cell signalling
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Figure 8.5. Gene changes associated with cell signalling pathways following instillation in rats or
treatment of a rat alveolar macrophage cell line with Polymer 1, Polymer 2, Polymer 3 TiO2 or Minusil
for 6 hours. Values for the instilled rats are the mean of 3 individual animals. Values for the rat
alveolar macrophage cell line are the mean of 2 separate experiments.

In vivo polymer ranking; Polymer 3 > Polymer 1 > Polymer 2
In vitro polymer ranking; Polymer 1 > Polymer 2 > Polymer 3
In vivo particle ranking; TiO2 > Minusil
In vitro particle ranking; Minusil > TiO2
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8.2.3

Cell-to-cell signalling and interaction

Cell-to-cell signalling and interaction describes functions that are involved in
intercellular interactions such as binding, detachment, communication, pheromone
response, and stimulation. This category also includes functions associated with
specific cellular components that are involved in signalling and interaction such as,
intercellular junction and cell substratum contact.

Function: cell-cell signalling & interaction
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Figure 8.6. Gene changes associated with cell-to-cell signalling & interaction pathways following
instillation in rats or treatment of a rat alveolar macrophage cell line with Polymer 1, Polymer 2,
Polymer 3 TiO2 or Minusil for 6 hours. Values for the instilled rats are the mean of 3 individual animals.
Values for the rat alveolar macrophage cell line are the mean of 2 separate experiments.

In vivo polymer ranking; Polymer 3 > Polymer 1 > Polymer 2
In vitro polymer ranking; Polymer 1 > Polymer 2 > Polymer 3
In vivo particle ranking; TiO2 > Minusil
In vitro particle ranking; Minusil > TiO2
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8.2.4

Cellular assembly and organisation

Cellular assembly and organisation describes functions associated with subcellular
components that are involved in cellular organisation and assembly of cellular
substructures. Examples of functions in this category include alignment of actin
filaments and aggregation of liposomes.

Function: cellular assembly & organisation
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Figure 8.7. Gene changes associated with cellular assembly & organisation pathways following
instillation in rats or treatment of a rat alveolar macrophage cell line with Polymer 1, Polymer 2,
Polymer 3 TiO2 or Minusil for 6 hours. Values for the instilled rats are the mean of 3 individual animals.
Values for the rat alveolar macrophage cell line are the mean of 2 separate experiments.

In vivo polymer ranking; Polymer 1 > Polymer 3 > Polymer 2
In vitro polymer ranking; Polymer 1 > Polymer 2 > Polymer 3
In vivo particle ranking; TiO2 > Minusil
In vitro particle ranking; Minusil > TiO2
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8.2.5

Cellular compromise

Cellular compromise describes functions associated with the damage or degeneration
of cells or any process that might compromise the function of the cell. Examples of
functions included in this category are atrophy, damage, disruption, and swelling of
cells.

Function: cellular compromise
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Figure 8.8. Gene changes associated with cellular compromise pathways following instillation in rats or
treatment of a rat alveolar macrophage cell line with Polymer 1, Polymer 2, Polymer 3 TiO2 or Minusil
for 6 hours. Values for the instilled rats are the mean of 3 individual animals. Values for the rat
alveolar macrophage cell line are the mean of 2 separate experiments.

In vivo polymer ranking; Polymer 3 > Polymer 2 > Polymer 1
In vitro polymer ranking; Polymer 2 > Polymer 1 > Polymer 3
In vivo particle ranking; Minusil > TiO2
In vitro particle ranking; Minusil > TiO2
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8.2.6

Cellular function and maintenance

Cellular function and maintenance describes functions associated with the normal
cellular functions that maintain cellular homeostasis. This includes functions such as
engulfment, phagocytosis, regulation, and stasis of cells.

Function: cellular function & maintainence
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Figure 8.9. Gene changes associated with cellular function & maintenance pathways following
instillation in rats or treatment of a rat alveolar macrophage cell line with Polymer 1, Polymer 2,
Polymer 3 TiO2 or Minusil for 6 hours. Values for the instilled rats are the mean of 3 individual animals.
Values for the rat alveolar macrophage cell line are the mean of 2 separate experiments.

In vivo polymer ranking; Polymer 3 > Polymer 1 > Polymer 2
In vitro polymer ranking; Polymer 1 > Polymer 3 > Polymer 2
In vivo particle ranking; Minusil > TiO2
In vitro particle ranking; Minusil > TiO2
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8.2.7

Cellular growth and proliferation

Cellular growth and proliferation describes functions associated with the growth and
proliferation of cells. Some examples of these functions include colony formation,
proliferation, and outgrowth of cells.
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Figure 8.10. Gene changes associated with cellular growth & proliferation pathways following
instillation in rats or treatment of a rat alveolar macrophage cell line with Polymer 1, Polymer 2,
Polymer 3 TiO2 or Minusil for 6 hours. Values for the instilled rats are the mean of 3 individual animals.
Values for the rat alveolar macrophage cell line are the mean of 2 separate experiments.

In vivo polymer ranking; Polymer 3 > Polymer 1 > Polymer 2
In vitro polymer ranking; Polymer 1 > Polymer 3 > Polymer 2
In vivo particle ranking; TiO2 > Minusil
In vitro particle ranking; Minusil > TiO2
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8.2.8

Cellular movement

Cellular movement describes functions associated with movement and localization of
cells. Some examples of these functions include chemotaxis, infiltration,
rearrangement, and transmigration of cells.
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Figure 8.11. Gene changes associated with cellular movement pathways following instillation in rats or
treatment of a rat alveolar macrophage cell line with Polymer 1, Polymer 2, Polymer 3 TiO2 or Minusil
for 6 hours. Values for the instilled rats are the mean of 3 individual animals. Values for the rat
alveolar macrophage cell line are the mean of 2 separate experiments.

In vivo polymer ranking; Polymer 3 > Polymer 1 = Polymer 2
In vitro polymer ranking; Polymer 1 > Polymer 3 > Polymer 2
In vivo particle ranking; TiO2 > Minusil
In vitro particle ranking; Minusil > TiO2
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8.2.9

Free radical scavenging

Free radical scavenging describes functions associated with scavenging free radicals
and other reactive oxygen molecules, for example the removal of superoxide radicals
and production of reactive oxygen species.
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Figure 8.12. Gene changes associated with free radical scavenging pathways following instillation in
rats or treatment of a rat alveolar macrophage cell line with Polymer 1, Polymer 2, Polymer 3 TiO2 or
Minusil for 6 hours. Values for the instilled rats are the mean of 3 individual animals. Values for the rat
alveolar macrophage cell line are the mean of 2 separate experiments.

In vivo polymer ranking; Polymer 3 > Polymer 1 = Polymer 2
In vitro polymer ranking; Polymer 3 > Polymer 1 = Polymer 2
In vivo particle ranking; TiO2 > Minusil
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8.2.10 Gene expression

Gene expression describes functions associated with gene expression. Some
examples include acetylation of chromatin, transcription of gene and elongation of
mRNA.

-Log(p-value)

Function: gene expression
18
16
14
12
10
8
6
4
2
0
Poly 1

Poly 2

Poly 3

TiO2

Minusil

Poly 1

Rat

Poly 2

Poly 3

TiO2

Minusil

Cell line
Model (treatment)

Figure 8.13. Gene changes associated with gene expression pathways following instillation in rats or
treatment of a rat alveolar macrophage cell line with Polymer 1, Polymer 2, Polymer 3 TiO2 or Minusil
for 6 hours. Values for the instilled rats are the mean of 3 individual animals. Values for the rat
alveolar macrophage cell line are the mean of 2 separate experiments.

In vivo polymer ranking; Polymer 1 > Polymer 2 > Polymer 3
In vitro polymer ranking; Polymer 1 > Polymer 3 > Polymer 2
In vivo particle ranking; TiO2 > Minusil
In vitro particle ranking; Minusil = TiO2
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8.2.11 Molecular transport

Molecular transport describes functions associated with the intra- and extracellular
movement of molecules, including small molecules, ions, DNA, RNA, protein, lipids
and carbohydrates. Examples include efflux of glutamate and depletion of DNA.
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Figure 8.14. Gene changes associated with molecular transport pathways following instillation in rats
or treatment of a rat alveolar macrophage cell line with Polymer 1, Polymer 2, Polymer 3 TiO2 or
Minusil for 6 hours. Values for the instilled rats are the mean of 3 individual animals. Values for the rat
alveolar macrophage cell line are the mean of 2 separate experiments.

In vivo polymer ranking; Polymer 3 > Polymer 2 > Polymer 1
In vitro polymer ranking; Polymer 2 > Polymer 1 > Polymer 3
In vivo particle ranking; TiO2 > Minusil
In vitro particle ranking; Minusil > TiO2
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8.2.12 Protein synthesis

Protein synthesis describes functions associated with the generation of protein.
Examples include translation of mRNA, incorporation of amino acids, and formation
of protein.

Function: protein synthesis
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Figure 8.15. Gene changes associated with protein synthesis pathways following instillation in rats or
treatment of a rat alveolar macrophage cell line with Polymer 1, Polymer 2, Polymer 3 TiO2 or Minusil
for 6 hours. Values for the instilled rats are the mean of 3 individual animals. Values for the rat
alveolar macrophage cell line are the mean of 2 separate experiments.

In vitro polymer ranking; Polymer 2 > Polymer 1 = Polymer 2
In vitro particle ranking; Minusil > TiO2
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8.3

Results - physiological system development and functions

8.3.1

Connective tissue development and function

Connective tissue development and function describes functions associated with the
normal development and function of the cells and tissues that make up connective
tissue. Examples include accumulation of adipose tissue and density of collagen
bundle.

Function: connective tissue development & function
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Figure 8.16. Gene changes associated with connective tissue development & function pathways
following instillation in rats or treatment of a rat alveolar macrophage cell line with Polymer 1, Polymer
2, Polymer 3 TiO2 or Minusil for 6 hours. Values for the instilled rats are the mean of 3 individual
animals. Values for the rat alveolar macrophage cell line are the mean of 2 separate experiments.

In vivo polymer ranking; Polymer 3 > Polymer 2 > Polymer 1
In vitro polymer ranking; Polymer 3 > Polymer 3 > Polymer 1
In vivo particle ranking; Minusil > TiO2
In vitro particle ranking; Minusil > TiO2
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8.3.2

Immune response

Immune response describes functions associated with an immune response. This
category includes functions such as antibody response, engulfment and proliferation
of immune cells and tissues, as well as functions specific to an immune response
such as phagocytosis, fever and TH1 immune response.

Function: immune response
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Figure 8.17. Gene changes associated with immune response pathways following instillation in rats or
treatment of a rat alveolar macrophage cell line with Polymer 1, Polymer 2, Polymer 3 TiO2 or Minusil
for 6 hours. Values for the instilled rats are the mean of 3 individual animals. Values for the rat
alveolar macrophage cell line are the mean of 2 separate experiments.

In vivo polymer ranking; Polymer 3 > Polymer 1 > Polymer 2
In vitro polymer ranking; Polymer 1 > Polymer 3 > Polymer 2
In vivo particle ranking; TiO2 > Minusil
In vitro particle ranking; Minusil > TiO2
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8.3.3

Respiratory system development and function

Respiratory system development and function describes functions associated with the
normal development and function of the cells, tissues and organs that make up the
respiratory system, as well as functions specific to the respiratory system. Examples
include area of pneumocytes and inspiration.
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Figure 8.18. Gene changes associated with respiratory system development & function pathways
following instillation in rats or treatment of a rat alveolar macrophage cell line with Polymer 1, Polymer
2, Polymer 3 TiO2 or Minusil for 6 hours. Values for the instilled rats are the mean of 3 individual
animals. Values for the rat alveolar macrophage cell line are the mean of 2 separate experiments.

In vivo polymer ranking; Polymer 1 > Polymer 2 > Polymer 3
In vitro polymer ranking; Polymer 3 > Polymer 2 > Polymer 1
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8.3.4

Tissue development

Tissue development describes functions associated with the normal development and
differentiation of tissues and the formation of tissue through the association of cells.
Some examples of this include growth, patterning and survival of tissue, and
accumulation, adhesion and clustering of cells.

Function: tissue development
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Figure 8.19. Gene changes associated with tissue development pathways following instillation in rats
or treatment of a rat alveolar macrophage cell line with Polymer 1, Polymer 2, Polymer 3 TiO2 or
Minusil for 6 hours. Values for the instilled rats are the mean of 3 individual animals. Values for the rat
alveolar macrophage cell line are the mean of 2 separate experiments.

In vivo polymer ranking; Polymer 3 > Polymer 1 > Polymer 2
In vitro polymer ranking; Polymer 1 > Polymer 3 > Polymer 2
In vivo particle ranking; TiO2 > Minusil
In vitro particle ranking; Minusil > TiO2
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8.4

Canonical Pathways

Following instillation of Polymer 2 into rats, many fewer pulmonary genes were
significantly changed (p<0.05 or less) than was the case with Polymer 1.
Eight canonical pathways of the 33 selected were activated (Figure 8.20).

Polymer 2; rat lung; canonical pathways

Figure 8.20. Canonical pathways significantly activated following Polymer 2 rat instillations for 6 hours.
Bars represent probability that pathway is activated. Values are the mean of 2 individual animals.
Values are the mean of 2 individual animals. Threshold line = p<0.05 = -Log(p-value) 1.3. Ratio is
number of genes from gene list that map to the canonical pathway, divided by the total number of
genes in the canonical pathway. Graphs have been exported from IPA software.
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Following instillation of Polymer 3 into rats, the pulmonary genes which were
significantly changed (p<0.05 or less) were associated with only 5 of the 33
canonical pathways selected (Figure 8.21).

Polymer 3; rat lung; canonical pathways

Figure 8.21. Canonical pathways significantly activated following Polymer 3 rat instillations for 6 hours.
Bars represent probability that pathway is activated. Values are the mean of 2 individual animals.
Values are the mean of 2 individual animals. Threshold line = p<0.05 = -Log(p-value) 1.3. Ratio is
number of genes from gene list that map to the canonical pathway, divided by the total number of
genes in the canonical pathway. Graphs have been exported from IPA software.
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Following instillation of TiO2 into rats, the pulmonary genes which were
significantly changed (p<0.05 or less) were associated with 17 of the 33 canonical
pathways selected (Figure 8.22).

TiO2 ; rat lung; canonical pathways

Figure 8.22. Canonical pathways significantly activated following TiO2 rat instillations for 6 hours. Bars
represent probability that pathway is activated. Values are the mean of 2 individual animals. Values
are the mean of 2 individual animals. Threshold line = p<0.05 = -Log(p-value) 1.3. Ratio is number of
genes from gene list that map to the canonical pathway, divided by the total number of genes in the
canonical pathway. Graphs have been exported from IPA software.

285

Following instillation of Minusil into rats, the pulmonary genes which were
significantly changed (p<0.05 or less) were associated with 12 of the 33 canonical
pathways selected (Figure 8.23).

Minusil; rat lung; canonical pathways

Figure 8.23. Canonical pathways significantly activated following Minusil rat instillations for 6 hours.
Bars represent probability that pathway is activated. Values are the mean of 2 individual animals.
Values are the mean of 2 individual animals. Threshold line = p<0.05 = -Log(p-value) 1.3. Ratio is
number of genes from gene list that map to the canonical pathway, divided by the total number of
genes in the canonical pathway. Graphs have been exported from IPA software.
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Following treatment of the rat alveolar macrophage cell line with Polymer 1, the
genes which were significantly changed (p<0.05 or less) were involved in 14 of the
33 canonical pathways selected (Figure 8.24).

Polymer 1; rat alveolar macrophage cell line; canonical pathways

Figure 8.24. Canonical pathways significantly activated following Polymer 1 treatment of the rat
alveolar macrophage cell line for 6 hours. Bars represent probability that pathway is activated. Values
are the mean of 2 individual animals. Values are the mean of 3 individual experiments. Threshold line
= p<0.05 = -Log(p-value) 1.3. Ratio is number of genes from gene list that map to the canonical
pathway, divided by the total number of genes in the canonical pathway. Graphs have been exported
from IPA software.
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Following treatment of the rat alveolar macrophage cell line with Polymer 2, the
genes that were significantly changed were involved in a single canonical pathway
(Figure 8.25) - the chemokine signalling pathway.

Polymer 2; rat alveolar macrophage cell line; canonical pathways

Figure 8.25. Canonical pathways significantly activated following Polymer 2 treatment of the rat
alveolar macrophage cell line for 6 hours. Bars represent probability that pathway is activated. Values
are the mean of 2 individual animals. Values are the mean of 3 individual experiments. Threshold line
= p<0.05 = -Log(p-value) 1.3. Ratio is number of genes from gene list that map to the canonical
pathway, divided by the total number of genes in the canonical pathway. Graphs have been exported
from IPA software.

288

Following treatment of the rat alveolar macrophage cell line with Polymer 3, the
genes which were significantly changed (p<0.05 or less) were involved in 9 of the 33
canonical pathways selected (Figure 8.26).

Polymer 3; rat alveolar macrophage cell line; canonical pathways

Figure 8.26. Canonical pathways significantly activated following Polymer 3 treatment of the rat
alveolar macrophage cell line for 6 hours. Bars represent probability that pathway is activated. Values
are the mean of 2 individual animals. Values are the mean of 3 individual experiments. Threshold line
= p<0.05 = -Log(p-value) 1.3. Ratio is number of genes from gene list that map to the canonical
pathway, divided by the total number of genes in the canonical pathway. Graphs have been exported
from IPA software.
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Following treatment of the rat alveolar macrophage cell line with Minusil, the genes
which were significantly changed (p<0.05 or less) were involved in 2 of the 33
canonical pathways selected (Figure 8.27).

Minusil; rat alveolar macrophage cell line; canonical pathways

Figure 8.27. Canonical pathways significantly activated following Minusil treatment of the rat alveolar
macrophage cell line for 6 hours. Bars represent probability that pathway is activated. Values are the
mean of 2 individual animals. Values are the mean of 3 individual experiments. Threshold line =
p<0.05 = -Log(p-value) 1.3. Ratio is number of genes from gene list that map to the canonical
pathway, divided by the total number of genes in the canonical pathway. Graphs have been exported
from IPA software.
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