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Abstract

Matrix-assisted laser desorption/ionisation-mass spectrometry imaging (MALDI-
MSI) has been extensively applied to monitoring the distribution of
pharmaceutical compounds in tissues. The main aim of the work reported in this
thesis is to monitor the distribution of respiratory compounds in the lungs
following inhaled delivery.

Glucocorticoids that contain multiple carbonyl functionalities are not easily
protonated/de-protonated to form charged species due to the poor ionisation
efficiencies of the carbonyl functionalities. Derivatisation with hydrazine based
reagents has been proposed as a solution to this problem. These reagents have
been employed for the in-solution and on-tissue derivatisation of a range of
glucocorticoids to form their respective hydrazones improving their mass
spectral ionisation efficiency and detection.

MALDI-MSI has been used to screen a set of respiratory compounds in order to
determine their on-tissue limit of detection. The distribution of a Tiotropium
Bromide was monitored throughout the lungs following inhaled delivery. High
spatial resolution imaging enabled a detailed view of the distribution of
Tiotropium in the trachea and major airways.

Quantitative mass spectrometry imaging is a new field that has recently gained
a lot of attention especially in pharmaceutical research. The ability to obtain
quantitative information as well as the distribution of pharmaceutical compounds
and associated metabolites offers a distinct advantage over traditional
quantitative methods such as LC-MS/MS and QWBA. The current methods of
generating quantification information from MALDI-MS images has been
evaluated, which let development of a method for the preparation of standards
for use in the quantification of drugs in tissue sections.

MALDI-MSI has been used to acquire data from serial sections obtained at
equal intervals through control mouse lung tissue, homogenate registration
markers were incorporated in order to aid the final 3D image construction. Using
two 3D imaging software packages were used to reconstruct the images were
stacked together to enable the 3D distribution of a particular endogenous
species throughout the lungs to be displayed.
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Other environmental factors can be separated into two groups:

e Outdoor environmental allergens - it is thought that atmospheric pollution
such as vehicle exhaust emissions can trigger an asthmatic episode,
however the most common outdoor allergens are pollen and fungal spores
(Bourke 2007).

¢ Indoor environmental allergens — people tend to spend most of their time
indoors and hence are greatly exposed to allergens that are derived from
pets (such as fur or flakes of skin) and house dust mites (Barker and Lai
2008).

There are othér factors that play a part in the development of asthma:

respiratory infections like influenza can increase airway responsiveness in

people, smoking can increase the production of IgE, diet such as eggs or milk
can result in an asthmatic episode and drugs such as aspirin can induce

bronchoconstriction (Barker and Lai 2008, Bourke 2007).

1.1.1.3: Pathogenesis of asthma

An asthmatic attack /episode starts by the inhalation of an allergen (early phase
reaction) to which the subject has become sensitized, the allergen interacts with
the IgE antibody that has bound to the receptors of inflammatory cells (such as
mast cells). This results in the activation of the inflammatory cells which
degranulate and release médiators (such as histamine, prostaglandins and
leukotrienes) this then results in smooth muscle contraction, increased luminal
secretions and increased vascular permeability resulting in mucosal oedema

(Bourke 2007), as shown in Figure 1.2.
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- 1.1.2: Chronic Obstructive Pulmonary Disease

Chronic obstructive pulmonary disease (COPD) clinically describes chronic
bronchitis and emphysema two co-existing diseases that cause progressive and
irreversible damage to the lungs. COPD is a disabling condition with symptoms
that progress gradually, leading to breathlessness, wheezing, excess coughing
and sputum production. At present there is no cure and non-pharmacological
/pharmacological treatments merely alleviate symptoms and slow the

progression of the disease.

1.1.2.1: Burden of COPD

According to the World Health Organisation (WHO) in 2011 approximately 210
million people had COPD. The disease claimed the lives of more than 3 million
people in 2011, which was equal to 5 % of all the deaths globally that year.
COPD is currently the fourth leading cause of death worldwide, however based
on current trends it is estimated that by 2030 chronic obstructive pulmonary

disease will be the third leading cause of death worldwide (www.who.int).

1.1.2.2: Causes of COPD

Cigarette smoking is the main cause of COPD, however only 15% of smokers
develop COPD indicating that additional factors have an influence on the
development of COPD (Maskell and Miller 2009). The additional factors that
have been identified include: vehicle exhaust fumes and occupational exposure
to dust or fumes from coal mining, paint spraying, cotton processing and
farming. These factors all contribute to a reduced forced expiratory volume

(FEV4) and an increased risk of developing COPD (Bourke 2007).


http://www.who.int

An imbalance between proteases and anti-proteases can be the result of a
genetic deficiency in the anti-proteases such as a1-antitrypsin, which accounts
for 2 % of COPD cases (Maskell and Millar 2009). Normally there is a balance
between proteases and antiproteases, however a deficiency in anti-proteases
could lead to the development of emphysema early on in life (Bourke 2007).

Also an imbalance between oxidants and anti-oxidants can be the result of
" cigarette smoke and air pollution which both contain unstable reactive oxygen
species. Oxidants are also endogenously produced by neutrophils and
macrophages during the inflammatory response. Oxidants cause damage to
anti-proteases, increase mucus secretion and activate transcription factors that
produce pro-inflammatory mediators (Hansel and Barnes 2004, Maskell and

Millar 2009).

1.1.2.3: Pathogenesis of COPD

Briefly COPD is commonly caused by long term exposure to cigarette smoke,
COPD is characterised by airway inflammation/scarring and increased luminal
mucus secretion (chronic bronchitis) and destruction of the lung parenchyma
(emphysema) resulting in a loss in lung elasticity and elastic recoil, resulting in a
reduced airflow which is not fully reversible (Baker and Lai 2008). This is

illustrated in Figure 1.3.
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1.2: Pharmaceutical treatment strategies

1.2.1: B,-adrenoreceptor agonists

1.2.1.1: Bo-adrenoreceptor agonists target

The Bz-adrenoreceptor is a single polypeptide glyco.protein complex that is
embedded within the plasma membrane (Page and Barnes 2004). This receptor
belongs to a seven-transmembrane domain family of receptors which are also
known as G-protein coupled receptors (Johnson 2001). It is found in high
concentrations throughout the respiratory tract and brbnchial smooth muscle
with approximately 30-40,000 receptors per cell (Sears and Lotvall 2005). G-
protein coupled receptors are also found in the epithelium, in vascular smooth
muscle and in submucosal glands. This could explain the regulation of mucus
secretion observed following Bz-adrenoreceptor agonist administration (Barnes
2004b).

The Bz-adrenoreceptor is composed of 413 amino acid residues that are
arranged into seven-membrane spanning alpha helices with an extracellular N-
teminus and an intracellular C-teminus and three intracellular loops (Clark et al.,
1993, Sears and Lotvall 2005) as shown in Figure 1.6. These helices group
together to form a hydrophobic binding site, which is accessible to compounds

via the extracellular aqueous biophase (Anderson et al., 1994).
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Figure 1.7: Structures of the [Bj-adrenoreceptor agonists A) salbutamol, B)

formoterol and C)salmeterol.

The structures of the Bz-adrenoreceptor agonists determine how they enter the

active site of the Bz-adrenoreceptor and the agonistic duration of action. The

mechanism of interaction for each of the compounds described above is

illustrated

Cell < |ypid bllayer

mambrane

in Figure 1.8.

Formoterol

Aqueous blophase

rf“

N

Salbutamol

, Salmeterol

N Uptake

Mambrane
translocation

Figure 1.8: Diagram illustrating the different interactions of the three f-

adrenoreceptor agonists with the Bs-adrenoreceptor (Johnson 2001).

Salbutamol is a hydrophilic compound and interacts directly with the active site

of a B-adrenoreceptor, resulting in a rapid onset of action (Johnson 2001).
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Bronchodilation occurs within 2-3 minutes and peak bronchodilation is achieved
at 15 minutes post inhalation. Salbutamol is however, only a short acting B2-
adrenoreceptor agonist, as it only weakly binds to the active site of the receptor
resulting in a duration of action of around 4-6 hours (Sears and Lotvall 2005).
Another B2-adrenoreceptor agonist, formoterol is parﬁally lipophilic and is taken
up by the cell membrane to form a depot. From here the compound diffuses into
the receptor and interacts with the active site and consequently has a prolonged
duration of action of up to 12 hours (Sears and Lotvall 2005).

In contrast, salmetrol is highly lipophilic due to the long side-chain within the
compounds structure and as a result it enters the cell membrane and laterally
diffuses into the receptor, however this process is slow and can take up to 30
minutes (Johnson 2001). The binding of salmeterol to the active site is a unique
process that involves the binding of the side-chain to a secondary binding site
called the “exo-site”. The saligenin head of the compound can freely engage
and disengage from the active site due to the oxygen within the compound
acting as a hinge or fulcrum. Whilst the onset of action is relatively slow this
unique method by which salmeterol interacts with the active site of the receptor,

enables a prolonged duration of action of up to 12 hours.

1.2.1.3: Mechanism of action

B,-adrenoreceptor agonists are used to stimulate bronchial smooth muécle
relaxation through activation of adenyl cyclase (Baker and Lai 2008). Activation
of adenyl cyclase is facilitated by the receptor-associated guanine nucleotide
regulatory protein (Gs protein). This is composed of a, B and y subunits. In a
resting state the a-subunit binds GDP and exists as a heterotrimer with the B

and y subunits (Johnson 2001). However on receptor activation the GDP is

14
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1.2.2: Corticosteroids

Corticosteroids (or glucocorticoids) are the mainstay of asthma management
treatment and are commonly called preventers as these compounds treat the
underlying disease process by reducing the number of inflammatory cells in the
airways (such as eosinophils, T lymphocytes and mast cells) thus providing a
resistance to severe attacks. Corticosteroids are also used in the treatment of
COPD (Calverley 2000), however because of the damage caused by the
disease to the lungs their anti-inflammatory effect is minimal and barely

increases the patients forced expiratory volume (Baker and Lai 2008).

1.2.2.1: Structures of corticosteroids

All modern corticosteroids used in the management of asthma are synthetic
analogues of natural corticosteroids such as cortisone and hydrocortisone, first
isolated from the adrenal glands in the late 1930’s and successfully used in anti-
inflammatory treatment in the mid 1940’'s (Gupta et al., 2004).

Structural modifications by way of the addition or modifications of various
functional groups helped to improve the anti-inflammatory action and reduce
some of the observed systemic side effects. Dexamethasone (Figure 1.10A)
was introduced in the 1950's and is derived from triamcinolone by the
replacement of the 16a-hydroxyl group with a methyl group, this further
improved the anti-inflammatory action and devoid of any side effects.

The major breakthrough came with the inhalation of topically active
corticosteroids for the management of asthma, which negates any associated
systemic side effects. Beclomethasone dipropionate (Figure 1.10B) which is a
derivative of beclomethasone, was one of the first of inhaled topically active

corticosteroids. Fluticasone propionate (Figure 1.10C) is a derivative of

16



fluticasone. Budesonide (Figure 1.10D) introduced in early 1980's is a non-
halogenated corticosteroid.
The role of particular functional groups and the history of the production of

modern synthetic corticosteroids were reviewed by (Gupta et al., 2004).

Figure 1.10: Structures of the synthetic corticosteroids A) dexamethasone, B)

beclomethasone dipropionate, C) fluticasone propionate and D) budesonide.

1.2.2.2: Mechanism of action

Corticosteroids llicit an anti-inflammatory responce by crossing the cell
membrane and binding to the intracellular glucocorticoid receptor (GR) as
shown in the schematic in Figure 1.11. In their dormant state glucocorticoid
receptors are bound in an oligomeric complex to chaperone proteins such as
the 90 KDa heat shock protein (hsp90). This prevents the receptor from moving
into the nucleus (Pelaia et al., 2003).

The binding of the corticosteroid to the C-terminal end of the dormant
glucocorticod receptor, results in allosteric changes to the structure of the
receptors causing the chaperone proteins to detach. The loss of the chaperone

proteins reveals nuclear localisation signals on the glucocorticoid receptor and

17



allows the active steroid-receptor complex to translocate into the nucleus (Page
and Barnes 2004).

Once in the nucleus the activated steroid-receptor complex can homodimerise
and bind to the "glucocorticoid response elements" of the target DNA (Umland
et al., 2002). The binding is mediated through what are known as "zinc fingers"
which consist of a zinc ion tetraedrically coordinated to four cystiene residues

located on the glucocorticoid receptor (Barnes 1998).

GCS binding

Tau2‘
= (Yo

Taut
< > DNA binding

Zinc fingers

Figure 1.11: Simplified structure of the glucocorticoid receptor, showing the
corticosteroid binding domain at the C-terminal region of the receptor and the
DNA binding domain in the middle of the receptor with the “zinc fingers” (Barmes

1998).

This results in the unwinding of DNA and allows access of the CREB-binding
protein (CBP), this forms a scaffold for the attachment of transcription factors
and also has histone acetyl transferase (HAT) activity. Acetylation of histones
permits unwinding of the local DNA and permits the RNA polymerase |l to
transcribe messenger RNA resulting in the production of anti-inflammatory
proteins (Hansel and Barnes 2004). This increase in gene transcription of anti-

inflammatory proteins is known as transactivation (Barnes 2010).
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1.2.3: Anticholinergic bronchodilators

Anticholinergic bronchodilators are commonly used in the management of
COPD but have also been used in the management of asthma either alone or in
combination with other bronchodilator agents. Anticholinergic bronchodilators
are the most effective class of bronchodilator in patients with COPD, this is
because the airway cholinergic vagal tone is the only reversible component of

the disease (Barnes 2004d).

1.2.3.1: Structures of anticholinergic bronchodilators

Modern anticholinergic bronchodilators are synthetic derivatives of atropine
isolated from the berries of the deadly nightshade plant, Atropa Belladonna
(Clark et al., 1994). Anticholinergic bronchodilators such as ipratropium (Figure
1.13A), which is a quaternary methyl isopropyl derivative of atropine contains a
positively charged quaternary nitrogen. This makes the compound poorly
absorbable by the respiratory mucosal surface and prevents systemic
absorption and therefore minimises the risks of any possible side effects (Page

and Barnes 2004).

N

A B N?
0
>_ 0
L
S

% on .

| AT

J s
(o]

Figure 1.13: Structure of A) the short-acting anticholinergic bronchodilator

ipratropium and B) the long-acting anticholinergic bronchodilator tiotropium.
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