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Abstract

Streptococcus pneumoniae- and Staphylococcus aureus-caused pneumonias are
accompanied by slightly different profiles of pathological and biochemical processes with
undiscovered metabolic consequences. We predicted that these processes result in unique
metabolic profiles in urine, serum and broncho-alveolar lavage (BAL) fluid of mice,
infected will these bacteria. We also predicted that metabolic changes during epithelial
lung cells infections with these bacteria can correlate with damage of host cells and
mitochondria. We found unique metabolic profiles during S. preumoniae-infection of
infected mice are different than the profiles of uninfected controls. Metabolic profiles
during S. aureus infection (preliminary data) are different than in uninfected and infected
with S. pneumoniae mice; this can be potentially used for diagnosis and prognosis of
pneumonia. We also found correlations between changes in metabolite concentrations
and degree of cell death during S. pneumoniae-infection. This can help to describe

mechanisms of metabolic changes during mice infection.
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Chapter 1

General Introduction



1.1. Pneumonia: description and diagnosis

Pneumonia is a disease of the lung, characterised by inflammation and
consolidation of lung tissue due to respiratory infections (Marrie, 1997). It is caused by
more than 100 pathogenic infectious agents, each with slightly different epidemiology,
history of disease, symptoms, complications, and pathogenesis (Mandell, 2000; Levison,
1998). The etiologic diagnosis of pneumonia is beneficial for proper treatment and
prognosis, but in many cases is difficult or impossible with current methods (Mandell,
2007). Current methods comprise consideration of the history of the disease, a clinical
picture of the disease, physical and radiological investigations, laboratory studies of
patient samples (to examine pathological processes in the lung) for educated guesses
about diagnosis, and bacteriological analysis for definite and suggestive diagnosis
(Marrie, 1997; Levison, 1998). New methods of etiologic diagnosis of pneumonia that
can give either definite or suggested diagnoses are also beneficial, especially with the
recent increase in a risk population, the appearance of new causative agents of
pneumonia, and an increase in antibiotic-resistant strains (Mérrie, 1997). One of the more
novel methods is metabolomics (metabolic profiling) which has been used to determine
metabolic changes during diabetes mellitus (Salek, 2007), and damage of kidney
(Nicholson, 1985) and liver (Waters, 2006). Metabolomics is the study of small
molecular weight compounds with the help of high-throughput methods and multivariate
data analysis (such as principal component analysis [PCA] and partial least squares) to
describe a holistic picture of metabolic changes in an organism, biofluids, cell, or tissues

as a result of environmental influences (German, 2005; van der Werf, 2005; Weckwerth,



2003), including pneumonia. Information obtained by diagnostic methods often has
prognostic and monitoring value (Marshall, 1995).
1.1.1. Epidemiology and etiology of pneumonia

Pneumonia and influenza are two of the most common infectious diseases and are
leading causes of death in the United States (Anderson, 2005). Pneumonia aléne has an
incidence of approximately 4 million cases annually and is the sixth leading cause of
death in the USA (Mandell, 2000). Worldwide, mortality due to pneumonia is
approximately 4 million children and 2 million neonates per year (Ferreira, 2003). In the
United States pneumonia causes 600,000 hospital admissions, 64 million patient-days of
restricted activity, resulting in $12 out of $23 billion of the yearly cost of treating
community-acquired pneumonia (Colice, 2004; Mandell, 2000; Marrie, 1997).

Pneumonia can be classified as community-acquired (CAP), hospital-acquired
(HAP), or immunocompromised-associated (IAP) according to the following criteria: the
type of causative organism, predisposing factors, its route into the host body, its clinical
manifestation, co-morbidities, and complications (Mandell, 2000; Levison, 1998). Some
authors also distinguish non-severe and severe CAP and HAP, pneumonia in elderly
population of nursery homes, geographically associated pneumonia and recurrent
pneumonia (Mandell, 2007; Macfarlane, 2000).

The most common infectious agents causing CAP, are Streptococcus pneumoniae,

Haemophilus influenzae, Staphylococcus aureus, Mycoplasma pneumoniae, Moraxella
catarrhalis (Table 1). Community-acquired pneumonia caused by Streptococcus

preumoniae and by Staphylococcus aureus are the main subject of the present study.



Causative agent

Contribution (%) (range)

Streptococcus pneumoniae

36% (20-60 %)

Influenza virus

8% (2-8 %)

Mycoplasma pneumoniae

7 % (1-6 %)

Legionella species

6 % (2-8 %)

Haemophilus influenzae

9 % (3-10 %)

Chlamydia pneumoniae

4-6 %

Other viruses

5% (2-15 %)

Psittacosis/ Q fever

3 % (0-6 %)

Gram-negative enteric bacilli

3% (3-10 %)

Staphylococcus aureus

2% (2-5 %)

No identified causative agent

36 % (30-50 %)

Table 1.1 Frequencies of infectious agents of community acquired pneumonias
(CAP) with Streptococcus pneumoniae being the leadin g agent in the world. Only a small
number of CAP cases have mixed infections (caused by two or more species of bacteria,
not shown). The large number of unidentified causes and some discrepancies in different
studies suggest imperfections in current diagnostic methods. Modified from Macfarlane,

2000; Schmitt, 2002; Mandell, 2000.



This review will include a summary of risk groups, preferential routes of bacterial
invasion into lung alveoli, clinical and laboratory methods of diagnosis of pneumonia,
evaluation of severity of disease for prognosis and monitoring, and known data of
changes in homeostasis and metabolism.

1.1.1.1. Risk groups

The risk groups for S. pneumoniae and S. aureus-caused pneumonia are children
under 2 years, the elderly over 65, and individuals with predisposing factors who acquire
new strains of bacteria, have other respiratory and extrapulmonary diseases (which
increase colonisation of bronchi and oropharynx by these bacteria and decrease local
immune response), and compromise immune systems (Marrie, 1997; Reynolds, 1994).
An increased incidence of pneumococcal pneumonia is observed in people who have
changed living or working environments (such as admission to school, army, prison, or
starting new job), individuals with chronic obstructive pulmonary disease (COPD), cystic
fibrosis, genetic immunoglobulin G, or G deﬁciency, recent viral infection, congestive
heart failure (Farr, 1994; Harford, 1950). S. aureus-caused pneumonia is relatively rare in
healthy adults and happens either in neonates or in patients after viral pneumonia,
however S. pneumoniae-caused pneumonia still prevail (Reynolds, 1994). Patients with
diabetic ketoacidosis, cystic fibrosis, and alcohol abuse (without aspiration of stomach
contents) have increased incidence of both S. pneumoniae and S. aureus- pneumonia
(Reynolds, 1994; Marrie, 1997; Kahl, 1998; Levison, 1998; Macfarlane, 2000). In other
words, risk groups of pneumococcal and staphylococcal >pneum0nia overlap significantly,

decreasing their usefulness for diagnosis.



1.1.1.2. Routes of infection

Pneumomia starts with lung alveolar infection by pathogens through several
routes: aspiration of nasopharyngeal secretion with bacteria during sleep, inhalation of
infectious aerosol, hematogenous infection from other sites in the body, direct
transportation of bacteria in the trachea and lung during intubation, or spread of bacteria
from adjacent infected organs and wounds (Schmitt, 2002). The first mechanism,
aspiration of nasopharyngeal secretion, is the most common cause for S. preumoniae-
and S. aureus-induced CAP (Woods, 1994). The nasopharynx is colonised by S.
pneumoniae in 5-10% of healthy adults (and 20-40% of healthy children) and by S.
aureus in 20-40% of healthy adults. The colonisation of one species counteracts with
colonisation of the other which possibly decreases the probability of mixed bacterial
pneumonia (McNally, 2006; Mandell, 2000; Kluytmans, 1997, and Musher, 1998).
Aspiration of nasopharyngeal secretion during sleep occurs in 50% of normal individuals
(and in 70% of individuals with severe disease or impaired consciousness), which can
lead to pneumonia (Woods, 1994). Person to person spread of strains of S. pneumonia
and S. aureus is probably done by large droplets of aerosol and unwashed hands (Farr,
1994). Small droplets of aerosol (diameter 3—5 pm) can reach alveoli and cause disease,
as have been observed with a number of pathogens (for instance Mycobacterium
tuberculosis, influenza virus, Legionella spp., Histoplasma spp., Chlamydia psittaci, and

Coxiella burnetii, but rarely by S. pneumoniae and S. aureus) (Levison, 1998).



1.1.2. Current methods to determine etiology and severity of pneumonia
1.1.2.1. Clinical manifestations

Clinical manifestations of CAP caused by different bacteria are not specific and
cannot be used for etiologic diagnosis; however, they are helpful in determination of the
other important characteristics ‘of disease: current stage, severity, complications,
prognosis, necessary additional diagnostic methods and treatment (Levison, 1998). The
most common signs include tactile fremitus, dullness, decreased breath sounds, wheezes,
crackles, bronchial breath sounds, and tachypnea, as well as symptoms of fever, cough
with or without sputum, decreased appetite, and night sweats (Mandell, 2000). Less
frequent symptoms are pleuritic chest pain, rigors, dyspnea, headache, myalgias, and
diarthea (Isselbacher, 1994). Severe pneumonia can manifest itself with dramatically
abnormal temperature (lower than 35° C or higher than 40° C), decreased blood pressure,
tachycardia, significantly increased respiratory rate, hypoxia (with cyanosis of skin,
fingers, and lips), or altered mental status (Mandell, 2007). These symptoms often appear
some time after the beginning of lung inflammation, peak at the climax of disease, and
disappear after inflammation decreases. Thus, symptoms are important in diagnosis of
pneumonia and in monitoring of health status with relatively low sensitivity and
specificity of syndromes (Mandell, 2000).
1.1.2.2. X-ray analysis

Chest radiographs are the gold standard for diagnosis of pneumonia (although
certainly not perfect) and the findings on the radiograph usually are not indicative of the

causative agent of the pneumonia.



1.1.2.3. Bacteriological methods to determine etiologic diagnosis of pneumonia

Bacteriological analysis of sputum samples, blood, and pleural effluent detect
presence of bacteria in normally sterile body compartments and are used to make definite,
probable or possible diagnosis of pneumonia (Mandell, 2007).
1.1.2.3.1. Sputum analysis

Bacteriological analysis of sputum samples includes visual observation and
examination of cultured specimens and sputum. “Dirty” and bloody sputum with an
unpleasant odour suggests anaerobic flora, “rusty” sputum suggests S. pneumoniae
infection (usually some time after the beginning of pneumonia) (Marrie, 1997).

Gram-stained sputum samples (containing > 25 leukocytes and < 10 epithelial
cells to be distinguished from saliva), can confirm the presence of Streptococci,
Staphylococci, Haemophilus, Nocardia, Actinomyces, and Aspergillus (Marrie, 1997;
Levison, 1998; Farr, 1994). A large amount of lancet-like Gram-positive encapsulated
diplococci suggest S. pneumoniae infection (S. pneumoniae serotype 3 produce chains
more often than other serotypes in vivo, but the lancetoid shape of each bacterium is
preserved [Forbes, 2002]). Accumulation of | grape-like clusters of Gram-positive cocci
suggests S. aureus infection. Gram-negative bacillus on the slide may be a sign of mixed
infection (which can complicate Gram-positive pneumonias) or anaerobic infection;
however, Gram-negative bacillus can derive from saliva of mouth or from mucus of the
upper airway and thus diagnosis is doubtful (Levison, 1998). Bacteriologic and mouse
model experiments show that 10 gram-positive lancet-like diplococci under a low-power

field are specific for S. pneumonia-caused pneumonia in 85% of cases and sensitive in



62% (Schmitt, 2002). However, this method becomes less efficient with small amount of
sputum and is subject to variability between investigators (Mandell, 2007).

Sputum culture is informative for diagnosis of tuberculosis and fungal infections
of the lungs, but it has less value for diagnosis of many Gram-positive and Gram-negative
bacteria due to contamination with oral microflora, patients who have received
antibacterial treatment, or intubated patients (Pentington, 1994). In wintgr, colonies of S.
pneumonia and S. aureus can be found on the airway mucosa in 50% of relatively healthy
people and can contaminate sputum samples (Macfarlane, 2000). Sputum culture is
positive for pneumococci in one-half of patients with pneumonia diagnosed by
transtracheal aspiration and positive blood culture (Farr, 1994). Pneumonia patients are
diagnosed by levels exceeding 10° colony-forming units/mL in sputum, 10* colony-
forming units/mL in lavage fluid, or 10° colony-forming units'mL in transtracheal
aspirate for proper interpretation of sputum culture (Farr, 1994). S. aureus 1s cultured on
5% sheep blood agar and produce smooth, translucent colonies that are slightly raised
above the surface, These colonies appear white-yellow at first and became yellow later,
surrounded by transparent halo of B-hemolysis (most pathogenic strains), coagulase-
positive or produce extracellular coagulase (most cases), and that can be lysed with
lysostaphin (Forbes, 2002). S. pneumoniae grows on 5% sheep blood agar and produces
small, grey, and glistening colonies with sharp edges and excavation in the centre of each
colony, surrounded by a-hemolytic halos, and which are bile-soluble and Optochin-
sensitive (Forbes, 2002).

If data interpretation is complicated by colonization of throat bacteria and the

patient does not respond to the applied treatment, secretions should be taken by fiberoptic



bronchoscopy with a protected brush or device for bronchoalveolar lavage, transtracheal,
transbronchial aspiration, or transcutaneous aspiration (Schmitt, 2002). However, due to
invasiveness and possible complications, usage of these methods is not very common
(Mandell, 2000).

Other bacteriological methods include culture of blood, pleural effluent and
serological tests for pneumococcal antigen. A positive blood culture provides a definite
etiologic diagnosis with high specificity and low sensitivity, since the culture is positive
in approximately 10-20% of cases of bacterial pneumonia (Marrie, 1997; Farr, 1994). Up
to 60% of cases of pneumococcal pneumonia have pleural effusion and pneumococci can
be recovered in 1-2% of effluents (Taryle, 1978; Storch, 1998), while effluent from other
bacterial pneumonias may be infected in approximately 10-30% of cases (Levison, 1998;
Joseph, 2003).
1.1.2.3.2. Other methods

Antigen detection tests. Counterimmunoelectrophoresis detects pneumococcal
antigens in the urine of 50%, in the serum of 10%, and in the sputum of 75% of patients
in 2-3 h of analysis (Navarro, 2004; Farr, 1994). This method (as well as latex
agglutination, enzyme immunoassays [EIA] of different pneumococcal antigens
[Murdoch, 2001]) is not often used in clinic, but can be potentially useful for patients
who have received antibiotic treatment and who produce little sputum (Farr, 1994).

Molecular techniques. The polymerase chain reaction (PCR) analysis of samples
is a very sensitive method which may be used to identify many types of pathogens (Renz,
1991; Petit, 1991). However, it is rarely used in clinics for diagnosis of bacterial

pneumonias (Mandell, 2000) because of its novelty and some reported false-positive
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results of detection of bacteria that colonize the nasopharynx or bronchi, but do not cause
pneumonia (Pennington, 1994; Ieven, 2004).

Hematological tests. Changes in peripheral blood are used to evaluate severity
and immune response during pneumonia; however, they are not specific for different
bacterial infections (Schmitt, 2002; Levison, 1998).

Biochemical analysis of blood. Biochemical characteristics of pneumonia are
usually not specific and used to evaluate severity of disease in lung, reactivity of
organism (acute-phase response), and damage of host cells and organs (slightly increased
liver tests [Lewison, 1998]).

1.1.3. Metabolic changes in human with pneumonia

Metabolic changes in the biofluids of patients with pneumonia (as assessed by the
measurement of a few metabolites) are nonspecific and reflect mainly disease severity
and complications. Increased bilirubin (up to 68 umol/L in serum) indicates lysis of
erythrocytes, hypoxia, and damage of hepatocytes (Musher, 1998). Severe complicated
pneumonia is associated with increased urea, creating, and creatinine, as result of severe
catabolic processes and therefore, have prognostic and monitoring value (Brandenburg,
2000). Electrolyte balance may also be compromised: some pneumonia patients develop
mild hyponatremia (Lee-Levandrowski, 2002; Marshall, 1995), hyponatremia together
with hypophosphatemia indicate Legionnaires’ disease (Cunha, 1997).

To summarize, diégnostic methods of bacterial pneumonia show definite,
probable or possible etiological diagnosis in approximately 20-30% of cases (Mandell,
2000; Bates, 1992). Combinations of the previously discussed diagnostic methods which

test blood, sputum, pleural effluent, and intratracheal aspirates can increase diagnostic
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efficiency up to 85% of all hospitalised patients with pneumonia (Ruiz-Gonzalez, 1998).
However, due to invasiveness of some of these methods, and increased time of etiologic
diagnosis, they are unsuitable for current clinical practice. The biochemical and
hematological methods also evaluate the severity of the inflammatory syndrome and have
prognostic and monitoring value.
1.2. Pathogenesis of pneumonia and potential changes in metabolism
1.2.1. Systemic changes in homeostasis and their influences on metabolism

Systemic changes during pneumonta include hypoxia, acidosis, decreased food
intake (due to decreased appetite), weight loss, toxic syndrome (due to inflammation),
and increased temperature. These changes influence physiological processes which in
turn modify the concentrations of metabolites in biofluids and tissues of patients. Some
mechanisms of metabolic changes are known due to either in vivo or in vitro studies; the
rest remain to be described.
1.2.1.1. Hypoxia

Gas exchange, the main function of the lungs, is impaired during pneumonia with
subsequent relative respiratory insufficiency (Taylor, 1985). Pneumonia leads to
exudation into alveoli with progressive decrease in diffusion of gases (alveolar-capillary
block) until alveoli become respiratory dead space. Edema leads to decreased oxygen
levels locally in alveoli (hypoxia) and increased carbon dioxide levels (hypercapnia).
Shunting of venous blood through poorly ventilated alveoli can further facilitate
disturbance in blood gas levels and systemic hypoxia. Hypoxia can lead to numerous
changes in lung and systemi‘c metabolism. Local hypoxia can lead to increased anaerobic

and decreased aerobic respiration with increased production of lactate in the infected
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alveoli. Lactate diffuses from tissue into blood due to a concentration gradient with
subsequent uptake in liver and utilization for gluconeogenesis (Frayn, 2003). Severe
pneumonia and sepsis can lead to significant hypoxia, hypercapnia, and increased lactate
concentration in blood (Gernardin, 1996). Hypoxia also leads to increased production of
angiotensin II due to activated angiotensin-converting enzyme into the lung (Gillis, 1977)
with subsequent changes in distribution of electrolytes and metabolites which 1 will
discuss further.
1.2.1.2. Local and systemic acidosis

Uncompensated hypoxia during severe pneumonia is accompanied by respiratory
acidosis (Marshall, 1995). Additional contributing factors are increased production of
lactate in the lung and (during severe pneumonia) in tissue, decrease in food intake due to
loss of appetite and subsequent lipolysis and gluconeogenesis with production of ketone
bodies (relative importance of the later metabolic pathway for mice is not completely
kﬁown). Increase in hydrogen ion concentration in blood is balanced by augmented
secretion of it in the urine (with its subsequent acidification of ’ghe urine) and increased
ventilation (Marshall, 1995). This process is partially compensated in kidney by
catabolism of amino acids and release of ammonia into kidney to increase urine pH and
reabsorb sodium ions (Marshall, 1995). Increased catabolism of amino acids for
production of ammonia leads to decreased concentrations of amino acids in biofluids and

shunting of nitrogen into ammonia rather than into production of urea. Acidification of

urine leads to increased reabsorption of some metabolites such as citrate (Brennan, 1988).
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1.2.1.3. Decreased food uptake

Decreased appetite leads to decreased food intake as a part of physiologic
response to infection. Decreased food intake results in decreased concentrations of food-
derived metabolites, such as glucose, amino écids, fatty acids, and other. Decreasing
concentrations of glucose in biofluids tend to be rapidly corrected (because of the high
importance of glucose for the organism) by increased gluconeogenesis from amino acids,
fatty acids, lactate, acetate, and other metabolites (Coffee, 1998). Increased catabolism of
amino acids for gluconeogenesis leads to catabolisin of proteins (especially in skeletal
muscles) to restore the amino acid balance, leading to a net decrease of concentrations of
amino acids and increased concentrations of urea in biofluids (Salway, 1994). Wasting of
organs and tissues are significant and well described in chronic infectious diseases such
as tuberculosis, but less significant S. aureus and S. pneumoniae infections (Langen,
2006). The general outcome of these processes is increased catabolism and decreased
anabolism.
1.2.1.4. Toxic syndrome

During inflammation caused by bacteria, many substances are released locally and
systemically: bacterial enzymes, metabolites, components of cell wall and toxins, host
cell metabolites, enzymes from damaged and dead cells, and fractions of peptides, lipids
and nucleic acids as a result of inflammation and cytokine action. The concentrations of
these substances increase in more severe pneumonia, during bacteremia and especially
sepsis. The host counteracts these deleterious influences by phagocytosis of larger
particles by macrophages in spleen, liver, and other organs, by excretion of smaller

peptides in kidney, and uptake of unregulated metabolites by hepatocytes (Amersfoort,
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2003). A large proportion of the released metabolites are re-utilised, and some peptides
(especially from extracellular spaces) are metabolised by the host’s phagocytes and
kidney epithelium, but the overall picture is not completely understood and may result in
loss of peptides in urine (Marshall, 1995) as part of catabolic processes. Damaged cells
may either repair themselves or die, and are replaced by new ones.
1.2.1.5. Oxidative stress

Pneumonia is associated with oxidative stress due to increased production of
reactive oxygen species (ROS) by bacteria, and by host immune cells as part of the
immune response (Rahman, 2000; Pullar, 199’9). The resulting products, such as
chlorinated fatty acids, modified proteins, as well as some released enzymes and
metabolites, can produce changes and damage in adjacent and distant organs and tissues
(Dorman, 2005; Fliss 1988). Increased oxidant production leads to the depletion of many
enzymatic and non-enzymatic antioxidants in pneumonia patients (Cemek, 2006). For
instance, allantoin may be found in increased concentrations due to oxidation of uric acid
(Becker, 1993).
1.2.1.6. Metabolic changes due to cytokine action

During pneumonia with Gram-positive bacteria, the proinflammatory cytokines
interleukin 1f (IL-1pB), IL-6, and tumor necrosis factor (TNF) are found in the serum of
patients and mice, as well as locally in the broncho-alveolar lavage (BAL) and lung
(Puren, 1995; Bergeron, 1998). Other cytokines produced during inflammation can be
found in lung and BAL, and do not influence the host organism systemically (Gallard,
1994). During bacteremia, and especially sepsis, more cytokines are released into the

blood and cause dramatic changes in homeostasis and metabolism (Dinarello, 2001;
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Puren, 1995). Changes in homeostasis include greater symptoms of toxicity, edema,
disseminated blood clotting and multiple organ failure (Puren, 1995, Li, 1995). Some of
the metabolic consequences of systemic cytokine increases have been described, while
metabolic changes at lower levels of cytokines, characteristic for mild and moderate
pneumonia, remain to be described.

TNF causes initial hyperglycemia and late hypoglycaemia due to acute,
significantly increased glucose production by the liver and a less significant but more
sustained peripherai glucose uptake, especially by peripheral macrophages (Lang, 1992).
The increase in systemic glucose production is due to elevated catecholamines, which
also decrease tissue sensitivity to insulin. Low doses of IL-1B cause little to no change in
blood glucose concentration; while high levels of IL-1p lead to transient hyper- and
hypoglycaemia (Kelley, 2000). IL-1B causes significant hyperinsulinemia, blocked by
somatostatin (Lang, 1995). The influence of IL-6 on glucose metabolism is not
completely understood; this cytokine increases secretion of growth hormone and
adrenocorticotropin, which_can potentially change metabolism of glucose, amino acids,
and fatty acids (Lyson, 1991).
1.2.1.7. Changes in osmolality of biefluids and osmolytes

Changes in osmolality of biofluids and tissues during pneumonia are rarely
significant to be treated separately, but can potenfially alter metabolite distribution
(Hatson, 2002). Decreased concentrations of phosphates and sodium in blood are
sometimes observed during Legionella pneumonia, but not S. pneumoniae ‘or S. aureus
pneumonias. Some studies show that some pneumonia patients develop a syndrome of

inappropriate antidiuretic hormone secretion (SIADH) with hyponatremia, resulting in
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decreased osmolality in plasma and increased osmolality in urine, and with normal renal
and adrenal function (Marshal, 1995). Host tissues compensate changes in osmolality of
biofluids by uptake or excretion of blood osmolytes.
1.2.1.8. Bacteremia

During pneumonia, bacteremia usually develops due to invasion of bacteria into
bloodstream after damage and death of pneumocytes and endotheliocytes. Additionally,
pneumococci can enter the bloodstream through lymphatic nodes near lung roots or
through the nasopharyngeal epithelium into the blood in pneumococcal carriers before
development of pneumonia (LeMessurier, 2006). Large doses of invading pneumococci
during severe pneumonia, or absence of a spleen, increase the probability of sepsis
(DeVelasko, 1995). Pneumococcal pneumolysin facilitates the spread of bacteria into the
blood and other host tissues by disrupting epithelial and enddthelial layers directly with
the help of activated complement (Rubins, 1993). S. aureus can enter the blood during
pneumonia or from other organs before entering the lung tissue, resulting in different
kinetics of the clinical and radiological findings. The ability of S. aureus to invade the
bloodstream and other host organs and tissues depends on many virulence factors, and its
mechanism is not completely known (Krut, 2003) In other words, bacteremia has
prognostic (Mandell, 2000) rather than diagnostic value. Some aspects of bacterial
kinetics and timing of bacteremia in the context of disease as well as their metabolic
consequences remains to be discovered.
1.2.2. Local changes in lung during pneumonia

Changes in concentrations of metabolites during pneumonia can also be the result

of'local changes in the lung (Figure 1.1).
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1.2.2.1. Virulence factors of S. pneumoniae
S. pneumoniae directly damages the host cells by releasing the toxin pneumolysin
and secreting hydrogen peroxide (Braun, 2002). Pneumolysin is a proteinaceous toxin
that enters cells membranes, oligomerizes, and forms pores in the cell membrane (Rubins,
1994). These pores are 30 nm in diameter and are permeable to water, potassium, sodium,
and calcium ions, as well as organic molecules with a size equal or less than maltose.
This increase in permeability can potentially change the concentrations of metabolites in
cells and biofluids. Hydrogen peroxide causes apoptosis of neuronal cells, although it
“does not cause epithelial or endothelial cell death (Pericone, 2003; Braun, 2002; Rubins,
1992). Both pneumolysin and hydrogen peroxide cause an influx of calcium into host
cells, which then can lead to increased mitochondrial permeability transition, increased
intramitochondrial pH, release of mitochondrial apoptosis-inducing factqr (AJF) and
finally apoptosis (Tilley 2005; Braun, 2007). Pneumolysin activates phospholipase A of
the host cell membrane (Rubins, 1994), which increases membrane permeability directly
and indirectly due to detergent properties of released free fatty acids and
lysophosphatides (Figure 1.2). Pneumolysin and hydrogen peroxide inhibit synthesis of
phosphocholine by host cells as an additional mechanism of apoptosis (Zweigner, 2004).
Activation of the complement by pneumolysin causes additional cell damage if the toxin

is oligomerized in the cell membrane (Mitchel, 2000).
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Figure 1.1. Local changes in metabolites in the lung during pneumonia

This figure shows that bacteria may consume some metabolites and produce
others, depending on the metabolic pathways utilized by bacteria. Upon destruction by
immune factors, bacteria release further metabolites. Bacterial virulence factors damage
host cells and extracellular matrix which results in release of metabolites. The subsequent
inflammatory response and its associated release of cytokines, ROS, and proteases
changes homeostasis of cells directly, and damages host cells which leads to release of
additional metabolites.
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Figure 1.2. §. pneumoniae-induced apoptosis. Pneumolysin, hydrogen peroxide, and
inflammatory responses in the host induce apoptosis of host cells. Modified from Braun,
2002.
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1.2.2.2. Virulence factors of S. aureus

S. aureus produces several toxins which includes 4 types of cytotoxins: a-, -, y-,
and &-toxin with a-toxin being the most widely expressed among pathogenic strains, and
causing the largest necrotic changes when injected into rabbit tissues and lethal for mice
(Clancy, 1989). The group of y-toxins include Panton-Valentine leukocidin (PVL), which
attacks and destroys monocytes and neutrophils (Alouf, 2006). PVL-positive strains of S.
aureus cause necrotising diseases of the skin and lung, resulting in necrotising pneumonia
(Labandeira-Rey, 2007; Etienne, 2005). This leukocidin has less defined mechanisms of
action and cell damage than a-toxin and usually affects macrophages and neutrophils
(Alouf; 2006). The most widely expressed a-toxin creates a channel in the cell membrane
with an internal diameter of 20 nm, the channel is freely permeable for sodium and
potassium 1ons, which leads to cell damage and death (Prevost, 2001). There are some
discrepancies in the literature about the precise type of cell death due to this hemolysin. S.
aureus o-toxin causes activation of caspase 8, releases mitochondrial protein cytochrome
¢, and causes early cleavage of DNA into fragments, which are typical to apoptosis
(Bantel, 2001). However, later in the course of apoptosis, ATP becomes depleted,
membrane permeability increases, and cells die due to secondary necrosis (Essman, 2003;
Haslinger-Loffler, 2006). In other words, the most important host cell-damaging factor of
S. pneumoniae is pneumolysin; while for S. aureus it is a-toxin (Alouf, 2006). Both
proteins are membrane- and mitochondria-damaging pore-forming toxins and causes
osmotic perturbations (Ratner, 2006), but their influence on host cell and mitochondria

metabolism has not been thoroughly studied.
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1.2.2.3. Damage of extracellular matrix

Both S. pneumoniae and S. aureus spread in tissue by producing the enzyme
hyaluronidase, which digests hyaluronic acid in extracellular spaces. S. pneumoniae
spreads by secreting the fibrinolytic enzyme streptokinase, while S. aureus clots fibrin
around itself (and becomes less susceptible to phagocytes) with coagulase (Brock, 1984).
Secreted bacterial lytic enzymes digest complex macromolecules to metabolites outside
of bacterial éells, releasing proteins, peptides, lipids, and carbohydrates on the surface of
host cells, fibrinogen in the alveolar exudates, hyaluronic acid in the interstitial spaces,
and glycocalyx, mucin, and DNA fibres on the surface of bronchi (Blazevich, 1975;
Berger, 1938). The level of cell damage and death due to these enzymes is difficult to
measure, but is generally considered to be less significant than death due to bacterial
toxins (Rubins, 1992). Hyaluronidases and proteases digest cell parts and release sialic
acids, peptides, probably hydrocarbons and amino acids; however, pathways of these
processes and their relative intensity have not been fully elucidated (Deresiewicz, 1998;
Mergner, 1990).

The glycocalyx of cells, proteins in mucin, and proteoglycans in extracellular
spaces of interstitium contain large amounts of the carbohydrates glucose, galactose,
iduronate, mannose, fucose, N-acetyl-D-glucosamine, and may be damaged by bacterial
enzymes and by host immune cells. Proteins inside apoptotic and autophagic cells, and

proteins released during necrosis are catabolised to amino acids and peptides, with the
peptides being either metabolised by phagocytes and kidney epithelium or filtered into

urine with largely unknown details and proportions (Marshal, 1995).
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1.2.2.4. Local release and action of cytokines

Gram-positive bacteria (S. pneumoniae and S. aureus) contain peptidoglycan and
lipoteichoic acid which are highly immunogenic (Fischer, 2000; Severin, 2000).
Additional immunogenic factors are pneumolysin and o-toxin (Ezepchuk, 1996;
Rietschel, 2000). Cell wall components causes local increases in IL-6, IL-8, IL-1, TNF,
macrophage inhibitory proteins (MIPs), nitric oxide (NO), and prostaglandin E, (PGEy)
(Tuomanen, 2000). TNF is crucial for host response, but at high doses it causes apoptosis
of cells (Kerr, 2002). Deficient complement activation by cell wall components of both
bacteria and pneumolysin leads to depletion of complement and damage of endothelial
cells with increased permeability (Tuomanen, 2000; Hostetter, 2000).
1.2.2.5. ROS and proteases

Activated leucocytes produce ROS accompanied by local decreases in glucose
and release of numerous proteases from their granules (Kettle, 1997), Defence factors of
neutrophils and macrophages cause different tissue damage (Thukkani, 2005).
Superoxide, hydrogen peroxide and hypochlorous acid differentially cause death of
phagocytosed bacteria with potential release of bacterial metabolites (Rosen, 2002;
Hampton, 1998). ROS also denature enzymes and subsequently cause sublethal damage
and cell death due to necrosis or apoptosis depending on tissue type, and concentrations
of ROS and antioxidants (Englert, 2002; Jenner, 2002; Pullar, 1999; Hampton, 1998;
Vaux, 1996). Mouse pneumonia model studies suggest that cell and tissue damage during
the immune response, which happens preferentially at 24-48 h post-infection, is more
significant than damage and death due to bacterial virulence factors at earlier periods of

inflammation (Bergeron, 1998).
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1.2.2.6. Cell damage and death

Apoptosis is a type of programmed cell death, which serves in survival and
homeostasis of an organism (Michaelson, 1991). Morphologically, it is accompanied by
nuclear chromatin condensation, karyopyknosis, shrinkage of cells, cleavage of cell
proteins and DNA by caspases, well-preserved membrane integrity, phagocytosis of
entire cells by macfophages Without release of macromolecules into biofluids, and an
absence of subsequent inflammation (Kerr, 1991). Apoptosis is generally considered not
to be harmful for host (Haslett, 1999), but massive apoptosis of cells can promote
subsequent apoptosis of other cells in the lung (Rydell-T6érménen, 2006, Wang, 2006).
Massive apoptosis of cells in the lung during lobar pneumococcal pneumonia is believed
to be the main reason for increased permeability of the lung epithelium and subsequent
significant edema. Apoptosis is suspected to be very important in the pathogenesis of
complications due to pneumonia, such as acute lung injury and acute respiratory distress
syndrome. Metabolically, apoptosis induced by TNF and interferon-y (IFN-y) is
characterized by preserved or increased levels of ATP in cells and decreased lactate
production (Lutz, 2005). Some cell lines exhibit a transient increase in fructose-1,6-
phosphate and glyceraldehyde 3-phosphate (Woods, 1998). Apoptosis is often associated
with increased intracellular concentrations of lipids, phosphocholine, and
phosphoethanolamine (Viola, 2000).

Necrosis is characterised by cell membrane damage, release of intracellular
compounds, and subsequent inflammation (Michaelson, 1991). Metabolically, necrosis is
often associated with decreased ATP concentrations and no changes in choline

concentration (Valonen, 2004, Lutz; 2005).
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Autophagic cell death is characterised by sequestration of part of the cytoplasm,
organelles, and ingested bacteria into double membrane vesicles, formation of
autolysosomes, and digestion of enclosed parts of the cell (Deretic, 2006; Amano, 2006).
Some authors divide cell death with active processes of autophagy into two groups: type
I and type III programmed cell death (PCD). Type 11 PCD is morphologically similar to
aboptosis and contains a number of lysosomes in the cytoplasm. Type III PCD is
characterised by early loss of membrane integrity and morphologically similar to
necrosis. Metabolically, autophagy has not been fully characterised, but increased
processes of protein catabolism and release of amino acids together with observations
that autophagy 1s active during starvation can suggest increased release of small
molecular weight components.

In other words, during inflammation in the lungs, host cells undergo damage from
bacterial virulence factors, ROS, proteases from immune cells, and local changes in
homeostasis as well as other factors (Berger, 1938; Blazevich, 1975). These sublethal
changes can ultimately lead to cell death due to apoptosis or necrosis (Behnia, 2006;
Chen, 1994) with the release of intracellular metabolites and enzymes. Changes in
metabolite concentrations may be superseded by systemic changes due to hypoxia,
decreased pH, or decreased food uptake.
1.2.2.7. Time course of local changes during pneumonia

The discussion in this section is based on mouse pneumonia model studies of

Mohler, 2003; Dallaire, 2001; Gingles, 2001
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Normal lungs

At the onset of infection, inhaled bacteria in drops of nasopharyngeal secretion
may be destroyed by surfactant, secreted phospholipases, antibacterial peptides,
surfactant protein A and D (SpA and SpD), lysozyme, activated complement, alveolar
macrophages, and type II pneumocytes, among others (LeVine, 2000). Activated
complement and phagocytosis by macrophages usually grant protection from specific
bacteria, especially if the host has previously encountered the pathogen and has specific
antibodies (Pennington, 1994). The antibodies may be absent, not present in sufficient
quantities, or neutralised by specific bacterial proteases, therefore increasing the
probability of pneumonia. Occurring at this moment, a small release of substances from
dead bacteria such as endotoxins, metabolites, bacterial enzymes, and nasopharyngeal
secretions are phagocytosed by alveolar macrophages. Alveolar macrophéges may
phagocytose and clear inhaled foreign particles and bacteria in the alveoli, usually
without extracellular secretion of ROS, proteolytic enzymes, and subsequent lung
damage.
Initiation of inflammation

Surviving bacteria adhere to specific targets in the lung (such as receptors on cell
surfaces) and start multiplying, spreading to tissues, interstitial spaces, and potentially
blood. If teft unchecked, bacteria multiply in the alveoli, invade cells, spread to other

alveoli through pores of Kohn, spread to the interstitial tissue and to the blood, and cause
tissue damage with bacterial toxins and secreted enzymes, leading to activation of the
immune system. Different bacteria employ slightly different profiles of bacterial

virulence factors, which lead to different intensities of pathologic processes in the lung
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and potentially different metabolic consequences at this stage of inflammation. At early
stages of infection, S. pneumoniae uses its polysaccharide capsule (with relatively low
immunogenity and antiphagocytic function), the factor H-binding component, and
pneumococcal surface protein S (PspA) to reduce cytokine production and recognition of
bacteria by complement and macrophages. At these stages S. pneumoniae multiplies
significantly in the alveoli without large inflammation. At later stages, a fraction of the
pneumococcal population undergo lysis by immune factors, with release of highly
immunogenic cytoplasmic toxin, pneumolysin, cell wall components (peptidoglycan and
lipoteichoic acid) to deplete complement, induce host cell damage, reduce phagocytosis,
increase spread, and thus promote bacterial survival (Tuomanen, 2000; De Velasko,
1995). S. aureus does not have capsule and cell wall components that are highly
immunogenic, which together with numerous secreted toxins and enzymes causes
increased immune response from the very beginning of infection (Dinges, 2000). Some
bacteria cause localised inflammation (which can lead to focal necrosis and abscesses in
the lung), while the others tend to cause more significant edema and more rapidly spread
to the blood and lung interstitium. In other words, at early stages of pneumonia, alveoli -
undergo damage by apoptosis or necrosis of type I and II pneumocytes, endotheliocytes,
exudation of plasma into the lung airspaces, and release of intracellular metabolites and
enzymes. The specifics of these processes and their relative intensity and timing depend
on the bacterial factors of pathogenicity and the local immune response.
Prolongation of inflammation

If the bacterial inoculum fails to be destroyed, then bacterial products, cell

damage, and cytokines from infected alveoli further stimulate the immune response
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(Chong, 1987). Specifically, monocytes and macrophages migrate to the lung from the
blood, become activated, phagocytose bacteria, and produce a plethora of ROS and
proteases (Chapman, 2002). The extent and pathways of microbial digestion and resultant
products have not been fully elucidated, but probably include digestion of proteins to
peptides through cellular machinery common to antigen-presenting cells. If bacteria
levels are still high, immune reactions involve migration of neutrophils to the lung and
activation to continue bacterial killing (Dallaire, 2001). Neutrophil activation involves
release of many types of ROS (such as superoxide ion and hydroxyl radicals, hydrogen
peroxide, hypochlorous and hypobromous acids), proteases (lysozyme, acid hydrolases),
and other factors (lactoferrin, arginase). The chemical reactivity and the efficiency in
killing bacteria of these antimicrobial factors cause significant collateral damage to the
host tissue. Failure to maintain a strong neutrophil-driven immune response in the mouse
pneumonia model leads to sepsis and host death (Wang, 2001). Excessive exudation of
serum into alveoli and activation of neutrophils can lead to a severe complication of
pneumonia: acute respiratory distress syndrome.

Histological features of inflammation in the lung include exudation of serum into
lung interstitium and alveoli (edema), damage and changes to alveolar architecture,
increased permeability in lung vessels, increased sputum production, and decreased

‘respiratory function. On the cellular level, types I and II alveolocytes die due to
neutrophil-derived inflammatory factors and shed from basement membrane, alveolar

walls become disrupted, and interstitial cells and endotheliocytes undergo cell death.
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Resolution phase

During reparation, cell debris from necrotic and apoptotic cells, neutrophils,
exudated erythrocytes, and fibrin are cleared by macrophages without activation or a pro-
inflammatory response. Severe inflammation in the lung can lead to secondary necrosis
of a fraction of neutrophils and subsequent lung damage (Rydell-Térménen, 2006). Type
IT pneumocytes multiply, partially differentiate to type I pneumocytes, and repair
damaged alveoli without local fibrosis. Alveolar structure and functions are restored and
systemic changes of the inflammation vanish. Biochemical processes are shifted towards
anabolic processes of synthesis of macromolecules from metabolites, as a part of cell
proliferation. Clinically, the host restores its healthy characteristics: activity, mobility,
food uptake, and so on.
1.2.3. Metabolism of S. preumoniae and S. aureus

S. pneumoniae and S. aureus are pathogenic microorganisms, which are adapted
to live in the host organism and therefore receive nutrients from the host. For many
species of bacteria, or even strains of the same species, it can be evolutionarily
advantageous to simplify their own metabolism and obtain more metabolites from the
host (Somerville, 2003). Additionally, many pathogenic bacteria have a complex life
cycle which includes spreading and living in metabolically different environments, such
as mucus droplets, mucous membranes, alveoli, interstitial spaces, blood, and
intracellular spaces. Some studies have shown that the bacterial growth phase, metabolic
pathways, and factors of pathogenicity depend on the growth environment (LeMessurier,
2006; Rice, 2005; Miller, 1973). Therefore, the known in vitro metabolic requirements of

pathogenic bacteria potentially may be different from metabolites that are consumed in
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Figure 1.3. Glycolysis and the TCA cycle. (A) Glycolysis is a source of energy, pyruvate,

and reduced nicotinamide adenine dinucleotide. (B) The TCA cycle, also known as the
Krebs cycle, is a source of energy pyruvate, reduced nicotinamide adenine dinucleotide
phosphate, and intermediates of amino acid synthesis. Modified from Todar, 2006.
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vivo (Becker, 2005; Smith, 2007, White, 2007). Generally, while some bacterial species
possess the complete tricarboxylic acid (TCA) ‘cycle (Figure 1.3) and can produce most
of their essential amino acids from TCA cycle intermediates (for instance, S. aureus);
others have lost part of the cycle and depend on the host to obtain amino acids or amino
acid predecessors (for example, H. influenza);, while a third group of bacteria have no
TCA cycle and consume amino acids or their intermediates from the host (for instance,
S. pneumoniae). Additionally, many lactic acid bacteria can use citrate as energy source
(Drider, 2004), but evolutionary-related pneumococci were not reported to have this
ability.

1.2.3.1. Energy metabolism

S. pneumoniae employ glycolysis with the production of lactate as a primary
source of energy. Pyruvate oxidase of S. pneumoniae produces the by-product hydrogen
peroxide, which is one of the virulence factors of pneumococci that damage host cells and
other bacteria (Pericone, 2000).

In anaerobic conditions, both S. preumoniae and S. aureus consume glucose,
catabolise it to pyruvate, which is reduced to.lactate (S. pneumoniae) that is secreted, or
decarboxylated to acetate with production of adenosine triphosphate (ATP) (especially
S. aureus) and acetate is secreted into the medium. If the glucose level in the environment
becomes low and oxygen concentration is high, S. aureus consumes acetate and
catabolises it in the TCA cycle (Somerville, 2003) to carbon dioxide and water (Figure
1.4). This switch in energy metabolism is often accompanied by a switch from

exponential to post-exponential phases.
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Figure 1.4. (A) (continued) preferentially active in post-exponential phase; black arrows
show hypothetical reactions. Modified from Somerville, 2003.

(B) Uptake and secretion of metabolites by S. pneumoniae. The glycolytic pathway
shows catabolism of glucose (and other carbohydrates) into pyruvate and lactate. Amino
acids and oligopeptides are absorbed or synthesised following consumption of glutamine.
Oxalate, formate, nitrate, metal-ions, and hydrogen ions are cations contributing to the
pneumococcal electrolyte balance. FoFj-ATPase serves as a hydrogen ion pump rather
than for oxidative phosphorylation. Question marks indicate lack of data. Modified from
Hoskins, 2001.
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1.2.3.2. Metabolism of amino acids

Genomic analysis of S. preumoniae serotype 6 has shown that essential amino
acids required for its growth are aspartate (as well as its derivatives lysine, methionine,
threonine, and isoleucine) and glutamate (as well as arginine); glycine, histidine, and
leucine (Hoskins, 2001). On the other hand, valine was also shown to be required for
growth (Sicard, 1964), which may be due to differences between strains. Apparently,
glutamine is an important source of nitrogen for the synthesis of amino acids, purines and
pyrimidines (Kloosterman, 2006; Hoskins, 2001).

Amino acids essential for S. aureus include: arginine, cystine, phenylalanine,
proline and valine (Miller, 1973) with glucose as a main source of energy and carbon.
Many strains also require glycine and leucine to be present in the environment (Lincoln,
1995). Instead of glucose, glutamic acid may be used as a source of energy, carbon, and
nitrogen, and can decrease the need for exogenous proline and valine (Miller, 1973).
Many strains of S. aureus have additional requirements of histidine, isoleucine, lysine,
methionine, tryptophan and tyrosine, probably due to the loss of the bacterium’s abilities
to synthesise these amino acids (Lincoln, 1995).

S. aureus actively absorbs proline, glycine, and betaine from the medium as well
as synthesizes these metabolites and mannitol to protect itself from osmotic stress
(Graham, 1992; Edwards, 1981).
1.2.3.3. Biologically active compounds

S. pneumoniae has the genes for biosynthesis of pyridoxal, but lacks abilities to

produce biotin, choline, and pantothenate (Hoskins, 2001). Choline, a very important
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nutritional metabolite, is present in pneumococci in relatively high concentrations unlike
S. aureus (Garcia, 2000).

S. aureus requires nicotinic acid, pantothehate, thiamine, and biotin for its growth
(Miller, 1973). It can consume choline and catabolise it to betaine at high osmolality in
the medium in case of low betaine concentration (Gréham, 1992).

1.2.34. Interconnections between metabolism and virulence factors of

S. pneumoniaé and S. aureus

Similarities in bacterial metabolism and expression of virulence factors likely
derive from evolutionarily established phases of bacterial-host interaction.
For instance, colonisation of the host’s body by bacteria require proper adherence to host
tissue, the ability to live in a relatively poor nutritional environment, an ability to avoid a
specific immune response (secreted immunoglobulin A and antimicrobial peptides), and
an ability to suppress the growth of other bacteria. Infection of the lung alveoli, blood,
interstitial tissue, and adjacent organs, requires different profiles of adhesins, invasins,
and virulence factors that alow counteracting macrophage- and neutrophil-driven immune
responses. Depletion of local nutrients, high local concentrations of bacteria, or death of
part of bacterial population are accompanied by release of cytotoxic and immunogenic
virulence factors (as described above) which help to damage adjacent cells, to protect
bacteria, and to facilitate the spread of bacteria. Host cell damage and death result in
release of nutrients and facilitate further bacterial growth. Some host metabolites, such as
lactate, modulate virulence of bacteria (Smith, 2007)

Pyruvate oxidase (SpxB) of S. pneumoniae produce H,O, and it is regulated

differently in vivo and in vitro, for instance, it is down-regulated when pneumococci enter
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the blood (Belanger, 2004; LeMessurier, 2006). Many other factors of pathogenicity of
S. pneumoniae including pneumolysin are regulated differently depending on the gfowth
phase and environment (Bae, 2006; Rice, 2005). Pneumolysin is a cytoplasmic toxin that
is released after death of the bacteria (Tweten, 2001). Mechanisms of influences of
nutrients on bacterial factors of pathogenicity have not been described. 6-
Phosphogluconate dehydrogenase also serves for adhesion of pneumococci to lung
epithelium (Daniely, 2006).

In S. aureus, a-toxin and many other secreted virulence factors are produced in
post-exponential growth phase (Ziebandt, 2004; Dunkan, 1972), which is thought to kill
host cells and thus release intracellular metabolites after depletion of extracellular
nutrients. These secreted cytolysins and proteases are produced under positive control of
accessory gene regulator (agr), staphylocdccal accessory regulator and negative control of
the alternative sigma factor B; precise roles of all these compounds have not been
described (Alouf, 2006). Production of some staphylococcal virulence factors, such as 8-
toxin, and growth yield directly depend on bacterial TCA cycle (Vuong, 2005;
Somerville, 2003; Somerville, 2002). Overall, many aspects of significance of host
metabolism for bacterial pathogenesis are unknown. |
1.3. Experimental models of bacterial-cell interaction and the study of bacterial
factors of pathogenicity |

Studies of interactions between bacteria and cultured cells and the role of
particular factors of pathogenicity include measurements of bacterial adhesion,
internalisation, and replication of internalised bacteria inside host cells; study of the

survival of bacteria inside host cells despite the processes of autophagy; study of the
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stimulation of cytokine production and cytotoxicity; and study of bacterial factors of
pathogenicity and preferential cell death pathways (necrosis, apoptosis, or autophagy).
Different bacteria and even different strains of the same bacteria use different profiles of
pathogenicity to promote their survival in the host (DeAzavero, 1988).

Adhesion of bacteria to host cellsvis an important first step for colonisation and
infection (Daniely, 2006). Non-adherent bacteria on the mucosa are washed away with
mucus and have decreased or abolished pathogenicity in vivo (An, 2000). Changes in host
cells metabolism due to adhesion of §. aureus and S. pneumoniae have not been
described; however, absence of bacterial type III secretion system in their genomes
suggests insignificant alterations in cell homeostasis during adhesion (Henderson, 1999,
Braun, 2002). Binding to Toll-like receptors stimulate apoptosis, which is compensated
by concomitant activation of nuclear factor kB (NF- kB) (Wajant, 2005).

The mvasiveness of bacteria has been shown to increase bacterial pathogenicify
and facilitate spread by transcytosis, and may be studied by counting invading
intracellular bacteria. It is also important to study internalisation of bacteria—an active
process of hijacking the intracellular cytoskeleton or a passive process of receptor cross-
linking by bacteria and internalisation (Henderson, 1999). Intracellular bacteria avoid
autophagy (Schmid, 2006) by escaping autophagosomes and either actively multiply and
kill host cells (Dinges, 2000; Bayles, 1998) or establish intracellular persistence with

episodes of cell-killing and tissue damage. Cytokines are released by cells upon contact

with bacteria, bacterial cell wall components, and bacterial toxins and by-products; they
coordinate the immune response (Fournier, 2005). Cytotoxicity of bacteria and bacterial

toxins are very important aspects of bacteria-cell interactions and often correlate with
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pathogenicity of bacteria in vivo. Bacterial toxins can induce cell death (Bantel, 2001) in
the form of necrosis (by damaging cellular structures or disrupting cellular metabolism)
or by apoptosis (by stimulating specific pathways of programmed cell death) (Chen,
1994).
1.4. Experimental mouse pneumonia model

Mouse models of pneumonia have been used to determine the pathogenesis of
different stages of pneumonia, to study the immune response during pneumonia, to reveal
the importance of different factors of bacterial pathogenicity, and to measure the
efficiency of antibiotics in treatment. Different mouse strains are specifically susceptible
to pneumococcal pneumonia. (Gingles, 2001) We have chosen C57Bl/6 for their
moderate susceptibility and increased survival times over other mouse strains. Infection
of mice may be done by intratracheal injection, bronchoscope-assisted intratracheal
instillation, or intranasal inoculation of virulent bacteria (Su, 2004). After infection, the
mouse health status may be evaluated in terms of gravity of the disease by direct
observation, cell counts in bronchoalveolar lavage fluid, and histology of the lung
(Preston, 2004) (Figures 1.5, 1.6). cher methods include herpatology (white blood cell
count and leukocytic formula), measurement of mean survival time, lung weight changes,
myeloperoxidase concentration in blood and lung, and increase in lung vessel
permeability. Studies of virulence factor-deficient mutants and the relative contribution of
each factor have revealed potential therapeutic targets. Drug efficacy and monitoring of
drug concentrations in different tissues are important tests to be made before new drugs

can be used for clinical treatment.
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Figure 1.5. Bacterial counts in bronchoalveolar lavage fluid (open circles) and lung tissue
(filled squares) after intratracheal instillation of 2 x 10° cfu S. pneumoniae in: a) BALB/c
and b) C57Bl/6 mice at different time points. Modified from Preston, 2004.
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Modified from Preston, 2004.
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1.5. Metabolomics as a part of system biology

A growing interest in creating a holistic picture of processes within biological
systems in health and disease has generated a need for a systems biology approach. (Kell,
2004). Current high-yield and high-throughput technical and data processing methods
allow the study of activation of genes (transcriptomics), and synthesis or degradation of
proteins (proteomics) during disease (Rochfort, 2005).

Metabolic changes are augmented compared with the dynamics of genes and
proteins, and are easier to detect (Reo, 2002). This happens because changes in gene
actiyity results in the transcription of a few a molecules of mRNA, which is increased by
synthesis of many molecules of enzymes, and then is further amplified by the production
or degradation of large quantities of metabolites (Reo., 2002). Experiments in genomics,
transcriptomics, and proteomics are more laborious, time consuming and expensive than
in metabolomics (Rochfort, 2005). Unlike genomics, current metabolomics methods
cannot detect all metabolites due to variety of chemical properties and technical
limitations (Watson, 2006). A useful metabolomic technique is nuclear magnetic
resonance (NMR)-based metabolomics which offers high-resolution between different
metabolites, relatively high sensitivity, ease of sample preparation, and the possibility of
analyzing spectra on multiple occasions.

NMR-based metabolomics uses magnetic resonance measurements of atomic
nuclei (usually hydrogen) with acquisition of spectra of samples. Subsequent analysis of
NMR spectra includes identification simultaneously with measurement of concentrations
of metabolites. Measurement of many metabolites in samples provides us with the

opportunity to identify patterns of metabolic markers in a particular disease.
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Metabolomics derives from measurements of individual compounds and describes
patterns of metabolites (Kussmann, 2006). The metabolic profile of each sample is
subjected to statistical, clustering analyses, and data mining methods to find patterns of
changes that are specific to different diseases. Statistical methods and data mining
attempt to find correlations between changes in metabolites (Camacho, 2005). These
findings are used for thegeneration of hypotheses, which are tested by classical methods.
The principal components analysis (PCA) is one of the methods of pattern recognition
that calculates two or three principle components (PC) from the array of concentrations.
PCs are a measure of variance of the metabolites with corresponding weighting
coefficients. Each PC is unrelated to other PCs and presents differing variance. The first
three PCs contains the largest amount of information about the corresponding array of
data. Plotting PCs on a 3-dimensional map allows visualisation of the metabolic profile of
samples. This helps to transform the array of concentrations (or processed spectra) into
their location on the map (Nicholson, 1999; Pears, 2007).

There are approximately 9,000 known metabolites in biofluids of human
described by different complementary techniques; many more are yet to be discovered
(Wishart, 2006). Most metabolites, measured by NMR metabolomics, belong to a few
groups of metabolic pathways, such as energy metabolism (Figure 1.3), tricarboxylic
(TCA) cycle, amino acid metabolism (Figure 1.7), metabolism of nucleotides and
osmolytes, and derivatives of food and gut microflora (Wishart, 2006). Many metabolites
of the same biochemical pathway change synchronously during different physiological
and pathological conditions (Lee, 2006). Some metabolites derive from several pathways,

and the relative significance of their origin is not completely known, particularly in
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different diseases. For instance, many infectious diseases and starvation lead to release of
amino acids from muscles, with some common (Figure 1.8) and specific aspects
(Wannemacher, 1977).

Osmolytes are metabolites that help to maintain osmolar pressure inside cells.
Known metabolites with osmolytic function are some methylamines, such as carnitine,
betaine (N,N,N-trimethylglycine), trimethylamine-N-oxide (TMAO) and the amino acid
derivative taurine (Peluso, 2000; Cuisinier, 2002). Other methylamines such as creatine
and creatinine do not have osmolytic function according to present knowledge. Changes
in the osmolality of bioﬂuicis lead to a redistribution of the osmolytes between tissues and
biofluids (Peluso, 2000). Additional factors, that influence the levels of osmolytes in
biofluids are food intake (since many of them are food-derived products), endogenous
synthesis in liver and kidney (small amounts), and catabolism for synthesis of other
metabolites or methyl donors (Craig, 2004; Figure 1.9). Trimethylamine can derive from
seafood, from food-derived carnitine, betaine, and TMAO (Zhang, 1999); as well as from
asymmetric dimethylarginine (Tsikas, 2007). Glycolate is present in plant food
(Frederick, 1973; Kisaki, 1969; Tolbert, 1969; Tolbert, 1968) and is synthesized in
peroxisomes during peroxidation (Zhen, 2007). Formate is present in plant food
(Grodzinski, 1979), synthesized by gut microflora (Dumas, 2006; Macfarlane, 2003;
Sawers, 2003) and by host cells during peroxisomal oxidation of branched-chain fatty
acids (Mannaerts, 2000).

Phenylacetyglycine is described as a putative marker of phospholipidosis; its urine
levels have been shown to decrease during the response of the mammalian host to

bacterial colonisation in the gut (Nicholls, 2003).
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Gut microorganisms produce, among others, acetate, formate, benzoate, and some
vitamins, which are absorbed by host and enter sytemic circulation (Egert, 2006;
Nicholson, 2004). Hypothetically, acetate can be used by host through conjugation with
CoA and subsequent utilization into intermediate and energy metabolism (Nicholson,
2005). Hippurate is not produced directly by bacteria, but 1s produced in liver during
conjugation of benzoate with glycine (Nicholson, 2005; Schachter, 1954), and a
significant part of benzoate derives from metabolism of gut microflora (Schwab, 2001;
Geng, 1999).

Creatine is synthesized in the liver from arginine and glycine and transported
into the skeletal and smooth muscle cells (Wyss, 2000) (Figure 1.10). Muscles
contain 98% of total creatine in the body, where this metabolite (albng with creatine
kinase) serves as an energy shuttle. The concentrations of creatine and creatine
kinase in skeletal muscles are five times larger than in smooth muscle and cardiac
cells; this reflects differences in the physiology of contraction of muscles
(Rodgerson, 1991). Each day, approximately 1.5%.0f total creatine in humans is
degraded into creatinine. Elevated level of creatinine is observed during diseases of
skeletal muscles and their damage; reduced levels of creatinine are found during
wasting of muscles (Hartmann, 2002; Decombaz, 1979). Serum creatinine
concentration may be elevated due to decreased blood flow in kidney (during
hypotension and shock, for example) (Hartmann, 2002).

1.6. Central hypothesis and objectives
Based on the knowledge in the literature regarding the mechanisms of

S. pneumoniae and S. aureus infection in pneumonia, we know that each species of
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bacterium causing infection in humans has a different impact on host responses. The host
response to bacterial infection involves the release of a wide range of molecules,
including acute phase proteins, immune factors, and small molecule metabolites.
Combined with this, each species of bacterium generates its own unique profile of
metabolites. The use of NMR to analyze these metabolites provides us with a powerful
tool to generate metabolic profiles in controlled animal and cell culture studies.
Therefore, I hypothesize that a unique pattern of processes occurring in response to
bacterial infection can produce a specific metabolic pattern in the host. It follows that we
will be able to detect these unique profiles of metabolites in bronchoalveolar lavage,
blood, and urine samples by nuclear magnetic resonance analysis coupled with targeted
profiling of metabolites. Using a mouse model of pneumonia, I propose to examine these
specific tissue compartments to reveal a unique profile of metabolites. Understanding the
metabolomics of bacterial infection in lung epithelial cells will also suggest mechanisms

of metabolic patterns at the cellular level.
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Chapter 2

Cell Culture Model of Bacterial-

Cell Interaction
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2.1. Introduction

Infection of lung alveoli by pathogenic bacteria leads to numerous changes in
homeostasis and metabolism of lung tissue, cell damage and death as a result of
numerous pathological processes in the lung: release of bacterial virulence factors, local
immune reactions, and systemic responses. Local and systemic changes in metabolism
during pneumonia can potentially overlap, diminish, or augment each other. Different
alveoli are at slightly different stages and intensities of the pathologic processes of
pneumonia at each period of time (Corrin, 2006). Therefore, precise correlations between
stages of disease and metabolic fluctuations or between changes in cell homeostasis and
changes in released metabolites are difficult to describe using in vivo models. An in vitro
study of alveolar cell-bacteria interaction and subsequent cell damage and death will
describe metabolic profiles at different stages of bacteria-cell interaction without
systemic and immune reactions and correlate with known metabolic profiles of apoptosis
and necrosis of cell lines induced by chemicals and cytokines. This research can also be
useful for prospective studies of metabolic alterations by specific bacterial virulence
factors which could correlate known modes of action of toxins (for example, damage of
eukaryotic membranes, mitochondria, lysosomes) and release of cellular metabolites or
alterations of metabolic pathways. This study can stimulate ongoing research of the
influence of cytokines and other factors of acute phase response on metabolism of
different host cell types. Ultimately, prospective in vivo studies of metabolic alterations
by bacterial toxins, enzymes, metabolites, and host cytokines can strengthen application

of metabolic profiles as the diagnostic and monitoring markers for use in clinic.
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Studies of cell-bactenal interactions during inflammation include the usage of
primary cell lines or derivative secondary cell lines originating from the organ or tissue of
interest. These studies aim to mimic processes in the lung during pneumonia using
different cell types, often with human bronchial type II pneumocyte-derived A549 cells,
which are a type of lung epithelial cell (Daniely, 2006). Type 1I pneumocytes are located
on the luminal surface of alveoli and make up 50% of the total number of lung epithelial
cells (17% of the total number of cells in alveoli), and 10% of the total volume of alveoli
(Baum, 1998). Ambng their numerous functions in the lung, type II pneumocytes produce
surfactant, move fluid from the luminal side of alveoli to the interstitium by pumping
sodium ions, repair injury of epithelial tissue by proliferation and transformation into type
I cells, and participate in inflammation (Oei, 2004; Baum, 1998). They also recognize
Gram-positive and Gram-negative bacteria through Toll-like receptors (TLRs) and
secrete specific cytokines. Specifically, type Il pneumocytes produce interferon-y and
TNF in the lung and secrete nitric oxide and antioxidants, including extracellular
superoxide dismutase (Baum, 1998). During pneumonia, type II alveolar epithelial cells
become damaged and are often destroyed at the culmination of disease; they are repaired
by hyperplasia and elevated surfactant secretion in recovery stages (Bergeron, 1998).
AS549 cell lines have preserved the ability to secrete the main component of the surfactant
lecithin (ATCC, 2007), to express TLR-2 and TLR-4 (Armstrong, 2004), and to secrete
I1L-8 in response to lipopolysaccharide or lipoteichoic acid from bacteria.

We used the A549 cell line to model metabolic changes during lung cell infection
with S. pneumoniae and S. aureus. Our experiments aimed to mimic the nidus of

infection in the lung during pneumonia with different concentrations of bacteria in the
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center and on the edge of the nidus, with a corresponding degree of cell damage. Low
initial concentrations of bacteria are expected to cause sublethal damage of the majority
of cells, accompanied by slight changes in homeostasis and metabolism, while a high
concentration of pathogens is expected to result in cell death with profound changes in
metabolism. Metabolic profiles of infected cells were assessed by NMR analysis of
cellular supernatants. Increased concentrations of bacterial-derived metabolites (lactate,
acetate and possibly formate, products of deamination of amino acids) are expected to
correlate with increasing doses of bacteria and bacterial multiplication. Depletion of
glucose, amino acids (lysine, methionine, threonine, isoleucine, arginine, valine, and
potentially other amino acids), and some biologically active compounds (biotin, choline,
and pantothenate) are expected to correlate with bacterial multiplication, as well as with
host cell survival and preservation of metabolic functions of lung cells (Becker, 2005;
Somerville, 2003; Hoskins, 2001). Changes in other amino acids and TCA cycle
intermediates in the lung during bacterial infections have not been described yet.
Morphological changes in cells were determined by bright field visual microscopy of
cells, stained by Giemsa stain (Kerr, 1991; Atkinson, 1998). Mitochondrial membrane
potential and membrane-phospholipid asymmetry loss were also assessed (LaCasse,
2005). The viability of the cells and the permeability of the cell membrane were
measured using Trypan blue. Bacterial dynamics at the beginning and the end of

experiments were determined by bacterial count.
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10%f A549 cells were incubated with increasing doses of S. pneumoniae or S. aureus: 10',

10%, 10%, 10%, 10° cfu. The same doses of bacteria were incubated with media only.

10° of A549 cells in medium without bacteria and medium alone served as negative

controls (cell and media changes during incubation not caused by infection). All

experiments were performed in triplicate.

i

supernatant

l

l

host cells

l

|

bacteria

!

NMR

analysis

Figure 2.1. Design of experiments of bacteria-cell interactions.
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Bacterial multiplication and dynamics were determined by bacterial count at the
beginning and end of experiments.
2.2. Materials and methods
2.2.1. Cell media

The mitochondrial potential of A549 cells was determined by staining with
MitoTracker Red from the Vibrant Apoptosis kit #11 (Invitrogen, Carlsbad, California,
USA). Phosphatidylserine externalization on apoptotic cells was measured by staining
with Alexa Fluor® 488 annexin V, from Vibrant Apoptosis kit #11 (Invitrogen, Carlsbad,
California, USA). Dulbecco’s Modified Eagle’s Medium (DMEM), 100x (200 mM) L-
glutamine, 100x non-essential amino acids (NEAA), 10x Hanks’ balanced salt solution
(HBSS), 10 % fetal bovine serum (FBS), 0.25% Trypsin solution in 0.02%
ethylenediaminetetraacetate (EDTA), and Giemsa stain were purchased from Invitrogen
(Carlsbad, California, USA). Tissue culture 6-well plates and 30 mm cell culture plates
were purchased from Coming Inc. (Coming, N Y, USA). Slides, coverslips, and Diff-
Quick stain were purchased from Fisher Scientific (Mississauga, ON, Canada).
2.2.2. Cell line

The human bronchial epithelial cell line A549 was a gift from Dr. Florentina Duta
(Pulmonary Research Group, University of Alberta). The cells were cultured on 6-well
plates in complete DMEM growth medium, supplemented with NEAA, 2 mM L-
glutamine, and 10% FBS at physiological conditions (37°C, 5% CO; and humidified
atmosphere). After two doublings of cell numbers at 85% confluence of A549 cells
(corresponding to 10° cells), the medium was removed and replaced with two ml serum-

free DMEM (with L-glutamine and NEA A), followed by two washes with HBSS and two
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washes with serum-free DMEM. Plates with cells and media only were pre-incubated for
2 h at physiological conditions (37°C, 5% CO, and humidified atmosphere) and infected
with corresponding bacteria. Cells for staining experiments were cultured on sterile
coverslips on the bottom of 30 mm cell culture plates as was done for the 6-well plates.
To determine cell viability, plates with cells were centrifuged at 300 g for 10 min to
pellet detached cells. Supernatant was removed with a vacuum suction system until
200 pL/well was left. A volume of 200 pL of 0.1% solution of Trypan blue stain was
added to each well. Plates were shaken by hand to ensure equal distribution of stain and
placed on ice for 5 min. Cells were observed at high-field resolution (63X objective) and
cells on 5 fields were counted. The viability of cells was expressed as the percentage of
live cells (transparent cells, which exclude stain) out of total cell numbers (Table 2.’1).
2.2.3. Bacteria. Todd-Hewitt broth (THB), 5 % sheep blood agar plates (BAP), and
strains of S. pneumoniae and S. aureus were gifts from Dr. Gregory Tyrrell and Sandy
Shokoples of the Northern Alberta Provinciai Laboratory. Work with bacteria was done
according to biohazard safety regulations at the University of Alberta. Using a
conventional invasion assay, S. pneumoniae (strain 04SR2228) was selected by Sandy
Shokoples as the most invasive strain among the collection of clinical isolétes available,
and was typed as serotype.14. The strain of S. aureus used in this study was the clinical
isolate, methicillin-resistant, Panton—Valentin‘e leukocidin (PVL) positive and a-toxin
positive (as suggested by B-haemolysis of erythrocytes of BAP). Strains of bacteria were
stored frozen at — 80 °C (to decrease changes of phenotype after multiple passages in

different experiments and decreased probability of mutations).
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Treatment 0cfu 10 107 10° 10* 10°

cfu cfu cfu cfu cfu
Cell 96% 88 % 72 % 66 % 54 % 42%
viability, '
average

Table 2.1. Viability of A549 cells after 24 h post infection with S. preumoniae as

determined by Trypan blue exclusion assay (r = 2).
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When needed, bacterial strain aliquots were thawed, grown on BAP with 2 passages, and
cultured in THB for 6 h until the middle log phase of exponential growth, as measured by
turbidity of the suspension of not more than 0.5 on the McFarland scale (to decrease
probability of confluence-caused death of bacteria {Brock, 1984}). THB was used for
culturing S. aureus and serum-free DMEM for washing bacteria and cell infection, which
did not cause bacterial death (as assessed by colony count). For culturing S. pneumoniae,
THB was diluted With DMEM (1:2 v/v) to adjust the osmolality of the growth media to
normal value and to preserve pneumococci from osmotic stress and death (results not
shown). Bacteria were washed three times by centrifugation of suspension, discarding
supernatant with bacterial toxins, enzymes and metabolites and resuspension of bacterial
pellet with serum-free DMEM pre-warmed to 37° C. Bacterial doses for cell infection
were 10', 102, 10%, 10%, 10° cfu per 100 puL of serum-free DMEM with error of 10% as
assessed by colonies count of 10% cfu/100 pL on BAP. Suspensions of S. pneumoniae or
S. aureus at required concentrations were prepared using the turbidimetric method
(Watson, 1969): transmittance of the bacterial suspension, measured by a Beckman DU-
640 spectrophotometer (Beckman Coulter, Inc., USA), was compared to standard curves
of transmittance versus concentrations of bacterial suspensions; serial dilutions were
made until the required concentrations were achieved. Precautions were taken in
preparing similar bacterial doses in different experiments, and were determined to differ
one from another by less than 10% using the following approaches:

e The wavelength of transmitted light at 686 nm was selected experimentally as

giving the most reproducible measurements for these bacteria.
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e The cuvette for the spectrophotometer was rinsed with bacterial suspension
before measurements, and increased concentrations of bacterial suspensions

were used until the required concentration was obtained.

e Very diluted or concentrated suspensions were avoided (outside of the range
5% 10"=5 x 10® cfu/ml).

e Dose-response curves of transmittance for different bacterial concentrations
were generated and robustness of this method was confirmed by colony
count.

2.2.4. Infection experiments
Plates with A549 cells in 2 ml of serum-free DMEM alone were infected with
corresponding doses of bacteria in 100pL of serum-free DMEM or the same media
-without bacteria. After infection, plates with A549 cells and media were incubated at
physiologic conditions (37°C, 5% CO, and humidified atmosphere). After 24 h
supernatant samples were harvested, processed (according to a developed protocol), and
stored frozen until further NMR metabolomics analysis.

2.2.5. NMR analysis

Supernatants of infected cells were processed according to a developed protocol,
followed by acquisition of NMR spectra and analysis of known metabolites.
2.2.5.1. Filters. Nanosep Omega 3 kDa molecular weight cut-off filters (Pall Life
Sciences, USA) were washed with double distilled water seven times according to a
developed protocol. This was a critical step which removed contaminating glycerol that
was added to all filtration membranes as a preservative. Glycerol generated significant

interference in NMR spectra. After each wash, filters were disassembled and surfaces
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were rinsed with water, after which filters were reassembled, 300 pL of water was
pipetted inside, and filters were centrifuged at 13,000 g for 10 min. Filters were used
immediately after washing while they were still moist to avoid membrane drying or
damage.

Cell supernatants were collected, centrifuged free of detached cells (at 300 g for 6
min at 4°C) and bacteria (at 13,000 g for 10 min at 4°C), and stored at -80°C before the
analysis. One day before analysis, samples were quickly thawed and filtered throﬁgh pre-
washed Omega Nanosep 3000 Da cut-off filters. Samples were stored in ice during
processing to decrease metabolite degradation.
2.2.5.2. NMR experiments. A volume of 585 pL of each sample together with 65 pL of
internal standard (Chenomx, Edmonton, Canada) was pH adjusted to 6.8 and samples
were analyzed with a 600 MHz NMR spectrometer by Dr. Carolyn Slupsky, Shana
Regush, Kathryn Rankin and Hao Fu at the Magnetic Resonance Diagnostic Centre,
University of Alberta. Targeted profiling was carried out using the Chenomx NMR Suite
version 4.6 software by Dr. Slupsky or Mr. Fu to simultaneously determine the identities
and concentrations of specific metabolites. Metabolites with very low concentrations, or
very complex spectra, which overlapped significantly with other metabolites or noise,
were ignored during analysis to decrease the probability of false-positive results.
2.2.5.3. Data analysis. Concentrations of metabolites were processed to find mean and
standard-error of the mean, and values were plotted with GraphPad Prism v 4.0.
Metabolites were grouped according to the most significant known or hypothetical

physiological function and biochemical pathways. Some metabolites may be synthesized
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by overlapping pathways. Statistical difference between uninfected and infected samples
(where applicable) was determined by two-way ANOVA using GraphPad Prism v 4.0.
2.2.6. Microscopic observation of cell morphology

Cell cultures of A549 cells in complete DMEM growth media were grown on
coverslips, which were cut to fit inside 30 mm Petri dishes. Cell monolayers were
prepared and treated as described above. Slides were stained with Giemsa stain or Diff-
Quick stain, mounted on slides with mount media and analyzed at high magnification
(63X objective) of bright-field microscopy. For Diff-Quick stain coverslips were stained
with methanol fixative, buffered eosin and phosphate-buffered azure B for 30 s, 30 s, and
45 s respectively, washed, air-dried and mounted. For Giemsa stain, cells were fixed with
methanol : PBS solution (1:1 v/v) and with absolute methanol for 5 min, stained with
undiluted Giemsa stain for 5 min with agitation, washed with water, followed by
centrifugation at 300 g at 4°C for 7 min after addition of each solution.
2.2.7. Fluorescence microscopy

Cells for fluorescent microscopy were processed with Apoptosis Assay Kit #11
according to the manufacturer’s recommendations with modifications. Cells in 6-well
plates were grown to confluence, infected, centrifuged to pellet detached cells, and
éupematant was removed as described above. Cells were detached with EDTA Trypsin
solution, washed twice with HBSS (with 100 pL of FBS at first to facilitate pelleting of
cells), and stained according to the manufacturer’s recommendations. Necrotic cell
samples were prepared by incubating A549 cells with 2 mM H,0O; for 4 h at 37 °C.
Stai’ning of samples of 10° cells involved a 30 min incubation at 37 °C with 0.1 pM

working solution of MitoTracker Red dye and 15 min incubation at room temperature
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with 5 pL of Alexa Fluor® 488 annexin V, followed by washing with PBS. Samples
were placed on ice, mounted on slides and analyzed immediately by fluorescent
microscopy. Additionally, the appearance of cells was monitored by picture acquisition to
describe changes over time.
2.2.8. Bacterial count

At 24 h post infection, bacterial concentrations in supernatant, were determined by
serial dilutions and plating on blood agar plates (BAP) in séparate experiments. A volume
of 100 pL of each sample was serially diluted with PBS with osmolality adjusted by
addition of 5% (v/v) 10 x HBSS in proportions 1:100, 1:10,000, 1:100,000 and
1:1,000,000. Each dilution was plated in duplicate on BAP, incubated for 24-36 h at
physiological conditions (37°C, 5 % CO, and humidified atmosphere), and colonies of
bacteria were counted.
2.3. Results
2.3.1. Metabolomics of lung cells, infected with S. pneumoniae
2.3.1.1 Concentrations of TCA cycle intermediates

Upon infection of A549 cells with increasing doses of S. pneumoniae, we found

that TCA cycle intermediates 2-oxoglutarate and fumarate were elevated at low
concentrations of bacteria, but then decreased upon increasing bacterial concentrations
(Figure 2.2). In contrast, succinate increased with elevated bacterial doses. Citrate levels
in cellular supernatants were not changed significantly.
2.3.1.2. Concentrations of amino acids

Supernatants from A.549 cells infected with S. preumoniae showed increased levels

of the amino acids alanine and glutamate at high doses of bacteria (Figure 2.3 A).
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Glutamine, lysine, and methionine showed progressive decreases with increasing
numbers of bacteria (Figure 2.3 B).Concentrations of asparagine and glycine, as well as
the amino acid derivatives 2-oxoisocaproate and 3-methyl-2-oxovalerate, showed similar
decreases with increasing dose of pneumococci (results not shown). Other amino acids
analysed 1n this study (arginine, aspartate, histidine, isoleucine, leucine, phenylalanine,
proline, serine, tryptophan, tyrosine, valine, and threonine) showed no change (Figure
2.3C).
2.3.1.3. Energy metabolism

Higher concentrations of bacteria were associated with increased consumption of
glucose and pyruvate (Figure 2.4). In correlation with this, we found elevated
concentrations of lactate in response to increasing concentrations of bacteria. Lactate is
the end-product of glycolysis of both host cells and S. pneumoniae.
2.3.1.4. Bacterial-derived metabolites

As expected, higher concentrations of bacteria were associated with increased
concentrations of acetate and formate, as well as with increased levels of isovalerate and
unknown metabolite (Figure 2.5). These rﬁetabolites likely derive from bacteria, as

supernatants of uninfected A549 cells had negligible levels of these metabolites.
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Figure 2.2 Concentrations of TCA cycle intermediates in the supematants of infected
with different doses of S. pneumoniae 24 h post-infection. * p < 0.05; *** p <0.001
compared with non-infected cells (n = 3).
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Figure 2.5. Bacterial-derived metabolites in the supernatant of A549 cells, infected with
different doses of S. pneumoniae 24 h post-infection. (A) Acetate and formate. (B)
Isovalerate and an unknown metabolite. * p < 0.05; ** p < 0.01; *** p <0.001 compared
with non-infected cells (n = 3).
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2.3.1.5. Other metabolites (nicotinamide, niacinamide, and pantothenate)

The nicotinamide concentration was negligible in samples of uninfected cells, but
increased upon infection with bacteria (Figure 2.6). Niacinamide concentration decreased
simultaneously with infection. Surprisingly, pantothenate (a required metabolite for S.
pneumoniae, Chapter 1) concentrations were almost unchanged after infection.

2.3.2. Changes in cell viability during infection

2.3.2.1. Changes in mitochondrial potential and evaluation of preferential cell death
Analysis of the mitochondrial potential revealed a gradual decrease in potential from
normal level in control uninfected cells to very low levels in cells incubated with 10° cfu
of S. pneumoniae and absent in control necrotic cells (Figure 2.7). Externalization of
phosphatidylserine of cell membranes of infected A549 (as compared uninfected cells)
suggests apoptosis of A549 cells.

2.3.2.2. Microscopic observation of A549 cells

Microscopic observation revealed typical apoptotic changes in morphology of the
increasing fraction of cells with increasing bacterial concentrations. These morphologic
changes were characteristic for apoptosis: karyopyknosis (decreased diameter of nuclei
and appearance of more condensed dark granules of nuclei due to margination of
chromatin at first with hyperchromatic appearance of whole apoptotic nuclei later),
decreased cell size and volume of cytoplasm, deformation of shape of nuclei and cells
depending on stage of apoptosis (Figure 2.8).

2.3.3. Dynamics of S. pneumoniae
2.3.3.1. Bacterial count
The bacterial concentration in the media increased many fold over 24 h (from ~ 8 x

10° to 1.6 x 10% cfu respectively) (Table 2.2).
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Following 24 h of co-culture with A549, bacterial concentrations in media
increased between 1,600-fold (with 10° cfu initial concentration) to 120,000-fold (with
10% cfu initial concentration). Thus, bacterial growth over the 24 h period of culture was
optimal at a starting concentration of 10? cfu and was lowest at 10° cfu. This may suggest
that at 10° cfu/well bacteria have multiplied and entered a stationary phase or possibly
died at some time point after infection. Preliminary data suggested that 1-10 % of bacteria
in the wells with 10° ‘cfu were dead after 24 h post-infection (results not shown).This
estimation was done by counting bacteria using a hemocytometer (which approximately
estimates both dead and live bacteria together) and subsequent subtraction of number of
live bacteria (from colony count, Table 2.2). This method is subject to error due to the
presence of cell debris with size of bacteria, and other methods (for instance, flow
cytometry with differential staining [Diaper, 1992]) may be used for more accurate count

of dead and live bacteria.

Bacterial counts in DMEM without A549 cells showed no changes in bacterial
concentrations after 24 h of incubation. In other words, S. pneumoniae remained viable,
but did not multiply. This suggests that bacterial growth is dependent on the presence of

host cells.
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Figure 2.7. Effect of bacterial infection by S. preumoniae on mitochondrial potential and
cell viability. (A) Uninfected A549 cells, stained with MitoTracker Red. (B) A549 cells,
infected with 10° cfu/ well S. pneumoniae serotype 14 for 24 h, stained with MitoTracker
Red. (C) A549 cells with induced necrosis, stained with MitoTracker Red.(D) Uninfected
A549 cells, stained with Alexa Fluor ® 488 annexin V. (E) A549 cells, infected with 10°
cfu/ well S. pneumoniae serotype 14, stained with Alexa Fluor ® 488 annexin V. (F)
AS549 cells with induced necrosis, stained with Alexa Fluor ® 488 annexin V.
Magnification, 40X.
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Figure 2.8. Morphology of A549 cells, infected with different doses of S. pneumoniae 24
h post-infection. Giemsa stain. (A) Control uninfected A549 cells. A549 cells were
infected with (B) 10" cfu, (C) 10* cfu, (D) 10 cfu, (E) 10* cfu, or (F) 10° cfu of

S. pneumoniae serotype 14. Magnification, 40X.
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Initial 0 10’ 107 10° 10° 10°
concentration,

cfu/well

Concentration 0 8 1.2x 9x 1x 1.6x
after 24 h, x10° 10’ 10’ 108 108
cfu/well (average)

Table 2.2. Bacterial multiplication of S. preumoniae during co-culture with A549 cells

after 24 h of incubation (n = 2).
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2.4. Metabolites in supernatants of A549 cell line infected with S. aureus

Pilot experiments with S. aureus (Panton-Valentine leukocidin-positive methicillin-
resistant, clinical isolate) were conducted with A549 cells. NMR analyses of supernatants
were similar to those done with S. preumoniae serotype 14, excebt that serum-free media
DMEM with L-glutamine did not contain NEAA. We collected supernatants and
analyzed metabolite concentrations as described above. Likely as a result of less
nutritionally rich media after 24 h incubation, S. aureus did not multiply as significantly
as S. pneumoniae; as well, the number of dead cells was visibly reduced (results not
shown).

The observed damage and death of cells in experiments with S. aureus at each
concentration were proportionally smaller than for the S. preumoniae experiments. For
instance, cell death after infection with 10° cfu of S. aureus was similar to that after
infection with 10* cfu of S. pneumoniae. S. aureus multiplied better in the presence of
A549 than in DMEM alone (observation under an inverted microscope).

2.4.1. TCA cycle intermediates

The concentrations of TCA cycle intermediates increased dose-dependently with
bacteria, which corresponded with visually observed progressive cell damage (Figure
2.9). Citrate and 2-oxoglutarate showed increased levels in S. aureus experiments. This
finding correlated with reduced cell death at high doses of S. aureus compared to that
seen at high doses of S. pneumoniae. Succinate and fumarate levels showed similar trends
to those found with S. preumoniae.

Concentrations of succinate increased at higher doses of bacteria. Fumarate
showed a biphasic curve with an increase at low doses and decrease at high doses of

bacteria.
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2.4.2. Metabolism of amino acids

Concentrations of the amino acids isoleucine and threonine decreased, while the
levels of tartrate increased in a dose-dependent manner in the supernatants of A549 cells
infected with S. aureus (Figure 2.10 A). Concentrations of isoleucine and threonine in
DMEM alone with S. aureus did not vary significantly (Figure 2.10 B). Tartrate
concentrations were undetectable in DMEM alone with all concentrations of S. aureus
(results not shown).
2.4.3. Energy metabolism

Higher concentrations of S. aureus were associated with lower concentrations of
glucose and higher concentrations of lactate and pyruvate when incubated with A549
cells. S. auresus on its own had no effect on glucose and lactate levels (Figure 2.11).
2.4.4. Bacterial-derived metabolites

Increased concentrations of all bacteria were associated with gradual increases in
acetate and formate, 2-hydroxyvalerate isovalerate, and propionate (Figure 2.12 (A)), as
well as 3-phenyllactate, 4-hydrquphenyllactate, isobutyrate, and 2-hydroxyisovalerate
(results not shown).
2.5. Conclusions

Infection of A549 cells with S. pneumoniae and S. aureus was associated with a
characteristic pattern of changes in TCA cycle metabolites, amino acids, intermediates of

energy production, bacterial-derived metabolites, death of a large fraction of cells,

decreased mitochondrial potential, and changes in cell morphology.
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Figure 2.9. TCA cycle intermediates in the supernatants of A549 cells infected with
increasing doses of S. aureus (A) Concentrations of citrate and fumarate. (B)
Concentrations of 2-oxoglutarate. (C) Concentrations of succinate (n = 1).
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Figure 2.10. Metabolism of amino acids isoleucine, threonine, and amino acids’

Concentration, yM

Concentration, yM

800

600

400

200

800

600-

400+

200

Amino Acids in Co-Culture
of A549 and S. aureus

1

T T L
10? 102 103 104 105 106
S. aureus, cfulwell

Amino Acids in S. aureus Alone

o
—i

* * * * * 1
10 102 10® 10* 105 108

S. aureus, cfulwell

-

Isoleucine

-&~ Threonine
- Tartrate

-8~ |soleucine
-#~ Threonine
-+ Tartrate

derivative tartrate in supernatant of A549 cells infected with different doses of S. aureus.
Consumption of isoleucine, threonine, and production of tartrate in DMEM by S. aureus.
(A) Metabolism of amino acids isoleucine, threonine, and derivative tartrate in

supernatants of A549 cells infected with different doses of S. aureus (n = 1). (B)

Consumption of isoleucine, threonine, and production of tartrate in DMEM by S. aureus

(n=1).

77



A Glycolysis Intermediates
in Co-Cultures of A549 and S. aureus

20000-
-o~ Glucose

% 15000 -2 Lactate
g’ -+~ Pyruvate
= 10000+
=

o

3 5000

c

o
© 0

10! 102 103 104 10° 106
S. aureus, cfu/well
B Glycolysis Intermediates
in S. aureus Alone
-~ Glucose

< 2000-

s B

-

]

£ 1000-

c

[}

(8]

c

0

O

c ¥ ¥ L 1] ] 1
10" 102 103 104 10% 106

S. aureus, cfulwell

Figure 2.11. Glycolysis intermediate concentrations in supernatants of S. aureus —
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The TCA cycle intermediate fumarate showed a biphasic curve of increase and
subsequent decrease with increasing bacterial concentrations, while succinate steadily
increased synchronously with an increased degree of cell damage and presence of dead
cells. This association was observed in both S. preumoniae and S. aureus experiments,
taking into account that S. aureus experiments were done in the absence of added NEAA,
which slowed the growth of bacteria and damage of cells.This resulted in 10° cfu of

S. aureus causing the same level of cell death as 10°-10% cfu of S. pneumoniae. Decreased
concentrations of the ranges of amino acids and increasing levels of bacterial-derived
metabolites correlated with dose of bacteria, both imitially and after 24 h of incubation
(which in turn depends on the presence or absence of NEAA).

We expect that future studies will show an association between damage of
mitochondria, increased membrane permeability by bacterial virulence factors, and
changes in levels of TCA intermediates. We expect that initial cytotoxic influences cause
the release of the intermediates and increased concentrations, while subsequent damage
of mitqchondria and cell death leads to decreased TCA cycle intermediates. We also
expect that studies of bacterial metabolism will quantitatively describe consumption and
release of metabolites by bacteria at different phases of growth during different stages of

bacterial-cell interaction.
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Chapter 3

Mouse pneumonia model
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3.1. Introduction

The metabolic response of an organism to bacterial infection is a poorly understood
area of research. While normal metabolic profiles of urine and serum have been
determined using NMR in earlier studies (Zuppi, 1997; Parfentjev, 1936), no studies have
indicated changes in mouse metabolites during lung infection.

We hypothesized that definitive metabolic changes can be detected by NMR analysis
of samples of biofluids (urine, serum, and bronchoalveolar lavage) of mice infected with
pathogenic bacteria. We further propose that these changes can be differentiated from
sham-treated animals. To test this hypothesis, the metabolomics of pneumonia in a mouse
model of infection with two Gram-positive bacteria, S. pneumoniae and S. aureus, were
studied (Figures 3.1 and 3.2). Each experiment also included sham-treated mice which
were handled in the same manner as infected mice, except they were injected with the
same volume of bacterial growth medium (Todd-Hewitt broth). These studies provided
definitive evidence that a specific, highly differentiated metabolic response to infection
occurs in mice, and that this response can be detected by analysis of multiplg: urinary
metabolites.

Metabolomics of the mouse pneumonia model includes a cross-sectional study of
metabolites in biological fluids of S. pneumoniae- and S. aureus-infected mice and a
longitudinal study of the metabolites found in the urine of mice infected with S.
pneumoniae. Each study included sham-treated mice, which were handled exactly as
infected mice except that they injected with the same volume of bacteria growth media.
Dr. Lacy designed the cross-sectional study; Dr. Slupsky designed the longitudinal study

in mouse pneumonia model experiments.
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Mice were treated with:

1. Sham (Todd-Hewitt broth, pH 7.8), 40 pl, intratracheal injection

2. S. pneumoniae, (serotype 14, clinical isolate), 30 x 10° cfu per
mouse (or S. aureus, 9 X 10° cfu per mouse), in THB, intratracheal

injection

!

Mice were observed every few hours for signs and severity of
pneumonia. Samples were harvested at 24 hr, and processed according
to protocol

! ! } !

urine blood BAL lung
___l%" y y
NMR bacteria cell histology
count
analysis count

Figure 3.1. Design of cross-sectional study of mouse pneumonia model
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Mice were treated exactly the same as in cross-sectional study:
1. Sham (Todd-Hewitt broth, pH 7.8)

2. S. pneumoniae, 30 x 10° cfu per mouse (serotype 14, clinical isolate)

v

Urine was
collected 12 hr before infection, immediately before infection, then 6, 12, 18,
24, 36, 48, 60, 72, 84, 96, 108, 120, 144, 168, and 172 hr post-infection,

Samples were processed according to the protocol and submitted for NMR
analysis

Mice were observed every 6 h and their health status was recorded.

Three animals exhibiting significant morbidity were treated with ampicillin
dissolved in drinking water at approximately 0.4 mg/day per mice with a course
of 2-5 days post-infection

Figure 3.2. Design of longitudinal study
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3.2. Materials and methods

Materials. All general chemicals used were obtained from Sigma-Aldrich and
Invitrogen (Carlsbad, California).

Bacteria. Todd-Hewitt broth (THB), 5 % sheep blood agar plates (BAP), and strains
of S. pneumoniae and S. aureus were gifts from Dr. Gregory Tyrrell and Ms. Sandy
Shokoples of the Northern Alberta Provincial Laboratory. For experiments with
S. aureus-infected mice (and for sham-treated mice in the same experiments) THB was
used, which caused a marginal degree of peribronchial infiltration in two bronchi of sham
mouse, probably due to proteins in the broth (results are not shown). For experiments
with S. pneumoniae (and for sham-treated mice in the same experiments) THB was
diluted with 30 % DMEM to adjust the osmolality of the growth media to a normal range
0f 260-270 mOsm and subsequently to decrease the observed death of pneumococci due
to osmotic stress and decrease the antigenic load of proteins in sham mice. Work with
bacteria was done according to biohazard safety regulations at the University of Alberta.
Using a conventional invasion assay, S. pneumoniae (strain 04SR2228) was selected by
Sandy Shokopies as the most invasive strain among the collection of clinical isolates
available, and was typed as serotype 14. The strain S. aureus used in this study was a
clinical isolate, methicillin-resistant, Panton-Valentine leukocidin (PVL) positive and -
toxin positive (as suggested by B-haemolysis of erythrocytes of BAP). Bacterial
suspensions for mouse infection were prepared as described in Chapter 2. The bacterial
doses for infection per mouse (that induced disease without causing severe morbidity or a
moribund state in the animal) were 30 x 10® cfu S. pneumoniae in 40 pl of THB, and

9 x 10° cfu S. aureus in 40 ul of THB. Bacterial inocula for S. pneumoniae were prepared
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using Beckman DU-640 spectrophotometer. S. aureus suspensions were prepared with a
Vitek colorimeter (bioMérieux Inc., USA). Precautions were taken in preparing similar
bacterial doses as described in Chapter 2.

Concentrations of bacteria were checked by colony count after plating inocula on
BAP before and after mouse infection to check the dose of bacteria per mouse in 40 pl of
broth. During infection experiments, the doses of viable S. pneumoniae in inoculum in
cross-sectional and longitudinal studies decreased by 50 — 70 % from 30 x 10° cfu per
mouse (probably due to confluence-dependent bacteria death because of activation of
autolysin of cell wall (Brock, 1984) at high densities of S. pneumoniae, for instance, 7.50
x 10® cfu/ml in these experiments. S. aureus in the inoculum multiplied by 50% during
infection experiments.

Prior to the described experiments, bacteria were passaged through the mice (data not
shown) by inoculating into mouse lungs and recovering bacteria from the blood 24 h later
(once for S. pneumoniae and three times for S. aureus). The strain of S. pneumoniae we
used was sensitive to ampicillin, and this was determined prior to infection experiments
by the disk diffusion technique (Jorgensen, 1994), with more than 25 mm growth
inhibition zone around paper disk Whatman # 1 (Fisher Scientific, USA) and with a
potency 100 pg of ampicillin.

Mice. C57Bl/6 male mice (8-10 weeks old) were obtained from Charles River
Laboratory, Canada or NCI Frederick Laboratory (USA), for S. pneumoniae and
S. aureus infection experiments. They were housed and handled according to approved

protocols of the University of Alberta Health Sciences Animal Policy and Welfare
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Committee (vHSAPWC), kept under artificial light on 12:12-h light/dark cycle, and had
access to water and food ad libitum.

Filters. Nanosep Omega 3’kDa molecular weight cut-off filters (Pall Life Sciences,
USA) were prepared according to the protocol in Chapter 2.

Mouse infection. Mice were subjected to inhalational narcosis with 4 % isoflurane
and 96 % oxygen with a flow rate 0.5 L/min. Mice developed deep anaesthesia and were
infected with bacterial inoculum by intratracheal injection. Trachea was accessed by |
cutting skin on the middle line of the neck, moving salivary glands to the sides from ;
middle line and cutting fascia and muscles on the middle line. Injection of bacterial
inoculum in THB for infected mice or THB alone for control mice was done with a 50 ul
syringe (Hamilton, USA) and 26 G needle, inserted between 2nd and 3rd tracheal
cartilages and directed toward the bifurcation of trachea.‘ Care was taken to direct
bacterial inoculum to the alveoli. Mice entered a surgical plane of narcosis determined by
loss of pinch, comeal and other reflexes. Injection was done during a time period of 2
seconds before and until the end of inspiration. Miqe were held at 45° during injection
and 10 min after to facilitate movement of inoculum toward the lungs. In a separate
experiment, injection of dye into trachea showed that more than 90 % of Evan’s blue dye
was distributed into the lung alveoli (results are not shown) as described in literature (Su,
2004).

After injection, the skin was sealed with 3-4 surgical sutures. Care was taken to
decrease trauma, bleeding and inflammation during surgery by using small cuts, carefully
handling soft tissues with forceps, and careful application of sutures. After mice were

resuscitated from narcosis, they were placed into pre-labeled cages and monitored every
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6 h; their health status and signs of disease were evaluated according to extended HSLAS
criteria (from O to 3). Changes in activity ranged from 0 in the case of a mouse spending
| most of its time outside of the nest, being alert, and investigating the cage or fighting with
neighbours, to 3 in the case of the mammal spending all its time in its nest with a
hunched back. Regular grooming led to shiny and smooth hair coat (signed 0), absence of
grooming - to severe piloerection (3). A decrease in mobility ranged from 0 level when
the mouse rose in the cage and investigated when human appeared, to 3 in the case of -
sitting with hunched back and being reluctant to move even if prodded gently. Healthy
mice usually had normal food and water intake (marked as 0), while ill ones showed
decreased food and water intake. Mice with severe pneumonia partially closed their eyes
most of the time, even if taken out of the cage (evaluated as 3), while healthy ones spent
most of the time with eyes wide open (evaluated as 0). Healthy mice had normal rapid
and shallow breathing (marked as 0) while infected had slow and laboured breathing (3).

Blood. For the cross-sectional study, mice were sacrificed at 24 h and blood samples
were collected. Mice were euthanized with an overdose of ketamin/rompun 3:1 v/v
mixture and by cardiac puncture with exsanguination. Blood was collected in Eppendorf
tubes and serum was prepared by allowing clot formation and subsequent centrifugation.
A few drops of blood were collected separately and 10 pl of blood were spread on BAP
to determine bacteremia. Serum samples were stored at -80° C, quickly thawed, and
filtered through pre-washed Nanosep filters.

Urine. Urine was collected from euthanized animals in the cross-sectional study by
opening the abdominal cavity and puncturing the base of the bladder with a 26 G needle

and suctioning urine with a syringe. In the longitudinal study, urine samples were
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collected by holding mice above a weighing boat. The samples were stored at -80° C,
prepared, and analysed by NMR analysis as described above.

Bronchoalveolar lavage. After urine collection, mice were either subjected to
bronchoalveolar lavage (BAL), or lungs were excised for either histology or
homogenised for bacterial counts. BAL samples were centrifuged, pellets were
characterised by cell count, and supernatants were analyzed by NMR. For lavage, the
trachea was accessed as described before: the trachea was cut halfway through and a
plastic tube was inserted toward the bifurcation; 1 ml of ice-cold HBSS was injected into
the trachea by syringe. BAL was cbllected into new syringe while the chest was
massaged. Care was taken to avoid excessive pulling on the syringe to prevent damage to
the lung tissue resulting in the appearance of bronchial epithelial cells in the BAL. BAL
samples were centrifuged at 300 g at 4° C for 10 min to pellet cells and at 14,000 g at 4°C
to pellet bacteria. Supernatants were frozen and stored at -80° C for NMR analysis.
Samples of cell pellets were resuspended, the total number of cells was counted by
hemocytometer, and the ratio of live to dead cells was calculated with Trypan blue
exclusion assay. Results were normalized to the volume of each cell pellet sample.
Differential cell counts were done on Diff-Quick stained slides prepared on a Shandon
Cytospin 4 (Fisher Scientific, USA). After a total cell count in the cell pellet, a volume
containing 10,000 cells was calculated for each sample and the total volume was adjusted
to 100 pl. Samples were loaded into cytofunnels (Thermo Scientific, USA) with pre-
labeled slides and filter cards (Thermo Scientific, USA). Cytofunnels were centrifuged at
400 g for 15 min to allow binding of cells to the slides and absorption of liquid. Slides

were air-dried for 12-18 h in the dark and stained in Diff-Quick stain as described in
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Chapter 2. Stained slides were air-dried for a few hours and all cells were counted
(neutrophils, macrophages, eosinophils, basophils, lymphocytes) until the total cell
number reached 200. Supernatant samples of BAL were filtered through Nanosep filters
and analysed by NMR.

Histology. Lungs for histology were fixed with formalin, embedded, sliced, stained
with hematoxylin eosin stain (H/E), evaluated for the presence and severity of
inflammation, and photographed. For collection, a plastic tube was inserted into the
trachea, after which fixative (10% v/v formalin) was injected. The syringe and extra

.tubing was kept 25 cm above the lung for 5 min to ensure equal and careful fixation.
Lungs were excised and placed into tubes with formalin. Lung samples were then
transported to Dr. Lakshmi Puttagunta, Department of Laboratory Medicine and
Pathology, who embedded the lungs in paraffin wax, sectioned and stained tissues with
H/E. Sections were observed by microscopy to estimate the severity of pneumonia by an
Olympus CX31 (Olympus, Japan) microscope. The severity of pneumonia was scored on
a scale of zero (no lesion) to four (severe inflammation) according to the following
criteria: exudate, presence of macrophages and PMN, pneumocyte shedding, and
perivascular edema. Areas with different degrees of inflammation were approximated.
Slides were photographed with a Nikon E600 microscope and a Nikon DXN 1200 digital
camera controlled by Nikon Act-1 software. Mr. Tom Turner (Department of Laboratory

Medicine and Pathology) processed images using Adobe Photoshop 9.
Bacterial counts. Lungs for bacterial counts were collected by excision of chest
cavity, diaphragm, and neck as described above. Lungs were washed in 5 ml of HBSS to

remove excess blood, weighed, and immediately homogenized in 1 ml of THB to
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maintain bacterial viability with a manual glass homogeniser. Serial dilutions with a 1:10
ratio were prepared, 100 pl of each were plated in duplicates on BAP and colonies were
calculated, normalised to the dilution ratio, and reported as the number of bacteria per mg
of lung weight.

NMR experiments. The volume of each sample was adjusted to 585 pL with
distilled water and 65 pL of internal standard (Chenomx, Edmonton, Canada), and the pH
was adjusted to 6.8; samples were acquired with a 600 MHz NMR spectrometer by Shana
Regush, Kathryn Rankin and analyzed by Hao Fu at the Magnetic Resonance Diagnostic
Centre, University of Alberta. Targeted profiling was carried out using the Chenomx
- NMR Suite version 4.6 software by Hao Fu and myself to simultaneously determine the
identities and concentrations of specific metabolites. Metabolites with very low
.concentrations, or very complex spectra, which overlapped significantly with other
metabolites or noise, were ignored during analysis to decrease the probability of false-
positive results.

Data analysis. Concentrations of metabolites were exported and metabolite patterns
were analysed and visualised by principal component analysis (PCA) with SIMCA-P
software (version 11, Umetrics, Umed, Sweden). Quantities of metabolites were plotted
as mean, standard error of mean, and statistical significance using two-tailed Mann-
Whitney non-parametric test by GraphPad Prism v 5.0 (demo-version, GraphPad
Software, San Diego, USA) and Microsoft Excel 2007 (Redmond, USA). Metabolites of

vastly different concentration were scaled down by an order for plotting purposes.

Metabolites were grouped according to the most significant known physiological
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function, biochemical pathway, localization in cells or organs, according to the known or
hypothetical role and origin.

In some cases, a lower than detectable concentration of some metabolites in some
biofluids led to additional complications in comparative analysis. On the graphs below,
undetectable metabolites were shown on plots to allow visual comparison with other
biofluids, where metabolites were detectable.

3.3. Results

3.3.1. Severity of pneumonia of infected mice

3.3.1.1. Cross-sectional study with S. jmeumoniaé-infection. A group of 28 male
CS57Bl/6 mice aged 8-10 weeks were used in the study: 13 mice were sham-treated and 15
mice were infected with 3.0 x 107 cfu of S. pneumoniae. Infected mice developed mild-
severe or severe pneumonia 24 h after infection; disease progression was assessed with
changes in their appearance and behaviour. Infected mice were less motile, with half-
closed eyes and reduced motility. They also spent less time eating, drinking, and cleaning
their fur. Their fur was dull and stood out, indicating increased morbidity. Larger,
stronger mice with a tendency to fight before infection were observed to fight less post
infection; these mice were apparently less ill than smaller and more peaceful animals
post-infection.

There was a 5-10-fold increase in macrophage and neutrophil counts in BAL, as well
as bacteremia in 20 % of infected mice (Figures 3.3, 3.4). Additionally, the BAL of

infected mice contained substantial cell debris, bacteria, and fibrin-like particles.
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Figure 3.3. Total cell counts (macrophages and neutrophils) in BAL 24 h post-infection
with S. pneumoniae. Mice were injected with 40 pl THB (sham) or 3 x 10’ cfu/mouse S.

pneumoniae (serotype 14). Values represent mean and error bars indicate standard error
of the mean. Sham, n =5, S. pneumoniae, n = 8.
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Figure 3.4. Bacterial counts in lung tissue and blood 24 h post-infection with

S. pneumoniae. (A) Bacterial counts in excised lungs 24 h post-infection with

S. pneumoniae. Mice were injected with 40 yl THB (Sham) or 3 x 107 cfu/mouse S.
pneumoniae (serotype 14). Values represent mean and error bars indicate standard error
of the mean. Sham, n =5, S. preumoniae, n = 4. (B) Number of S. pneumoniae per 1 ml
of blood 24 h post-infection. Mice were injected with 40 pl THB (Sham) or 3 x 107
cfu/mouse S. pneumoniae (serotype 14). Values represent mean and error bars indicate
standard error of the mean. Sham, n = 13, S. preumoniae, n = 15.
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Figure 3.5. Lungs of sham and S. preumoniae-infected mice. (A) Sham, H/E, 20X
magnification. Normal architecture of the lung: alveoli have normal size, erythrocytes
and white blood cells of blood are present only in blood vessels, while the lumenal side of
bronchi have small amounts of mucus. (B) Sham, H/E, 40X magnification. Normal
architecture of the lung: alveoli have preserved numbers and structure of type I and type
I1 pneumocytes with few alveolar macrophages, and the basal lamina is filled with cells.
(C) S. pneumoniae infection, H/E, 40X magnification: peribronchiolar, bronchial, and
perivascular infiltrates, edema, hemorrhage, and damage of alveolar architecture. (D)

S. pneumoniae infection, H/E, 20X magnification: consolidation, massive infiltration of
alveoli with neutrophils and macrophages, hemorrhage, alveolar edema with
proteinaceous fibrin and sloughed epithelial cells. Sham, n = 3, S. prneumoniae, n = 3.
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As well, histological observations showed a severe inflammation in 25-30% of a
lung lobe or 15-20% of two lobes (Figure 3.5).
3.3.1.2. Longitudinal study of S. pneumoniae-infection. A group of 13 male C57Bl/6
mice aged 10 weeks were used in this study: 3 mice were sham-treated and 10 mice were
infected with 3.0 x 107 cfu of S. pneumoniae using the same protocol as used for the
cross-sectional study. Infected mice developed mild-severe or severe pneumonia with a
peak at 24-36 h for most mice and 36-42 h for 3 of the most éeverely ill mice (as assessed
with changes in mouse behaviour). These severely ill mice were treated with ampicillin
(0.4 mg/mouse/day at 2-5 days post-infection).
3.3.2. Metabolomics of blood, urine and BAL of S. pneumoniae-infected mice
Metabolomic analysis of samples of mouse biofluids revealed changes in a range of
metabolites from many biochemical pathways with the most profound changes in
intermediates of tricarboxylic acid cycle (TCA cycle), amino acids and their metabolism,
as well as metabolites from the glycolysis pathway, exogenous (food-derived)
, metabolites, by-products of bacterial metabolism, and metabolites with unknown
physiological functions.
Precise measurements of daily urine production and their influences on the
concentrations of metabolites were problematic. However, the amount of urine from
control mice was statistically not different from the amount of urine of infected mice

(Figure 3.6 A). The method and data shown in Figure 3.6 A are not precise; however,

they give an overall idea about the dynamics of urine production. Figure 3.6 B shows the
number of urine samples used for analysis. During the longitudinal study, mice urinated

actively at the beginning (after infection), and less as they became accustomed to
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Figure 3.6. Production of urine by S. pneumoniae-infected and sham mice in the
longitudinal study. (A) Average volumes of collected mouse urine. (B) Number of
analysed urine samples from mice used in longitudinal study. Total sham, n = 3;

S. pneumoniae, n = 9.
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handling. The last collection of urine was done with a syringe on euthanized animals
using the same protocol as the cross-sectional study.

3.3.2.1. Concentrations of TCA cycle intermediates in blood, urine and BAL of S.
pneumoniae-infected mice

The levels of most TCA cycle intermediates decreased significantly in the biofluids
of infected mice. More specifically, at 24 h post-infection the Krebs cycle intermediates
decreased approximately by 50 % in serum (Figure 3.7 B), and by 50-97 % in urine
(Figure 3.7 C). All metabolites showed progressively increasing concentrations of
metabolites from BAL through serum to urine, which was most concentrated. Figures
3.8-3.10 show concentrations of the metabolites during the longitudinal study.
Metabolites gradually decreased their concentrations during first 24-30 h after infection,
and returned to normal values in the next 100 h with an increase in subsequent hours in
some cases (see results of longitudinal study in Figures 3.8-3.10 respectively). These
changes were synchronous with the development of pneumonia (according to the other
methods in cross-sectional study) and peaks of changes were close to the climax of
disease (according to observations of mouse health status in the longitudinal study).
3.3.2.2. Metabolism of amino acids. S. pneumoniae-infected mice had lower
concentrations of many amino acids and their derivatives in biofluids. Most of the
measured amino acids in serum decreased during infection (from a few to 50 %), except

for arginine, asparagine, glutamine, serine, and tyrosine, which showed no change
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Figure 3.7. Concentrations of TCA cycle intermediates in biofluids of mice from cross-
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Figure 3.7 (continued). (A) BAL samples, sham, n =4, S. pneumoniae, n = 7. (B) Serum
samples, sham, n = 8, S. pneumoniae, n = 8. (C) Urine samples, sham, n =12,

S. pneumoniae, n = 13. Aconitates refers to both cis- and trans-aconitate * p < 0.05;
** p <0.01; *** p <0.001.

100



Concentration, pM

Concentration, pM

B
14000 -

12000 -

10000

8000 -

6000 -

2000 -

L P

Citrate in urine
=§=Sam =44~ S pneumoniae

1
;
5“
H
i
168 172
Sum of Aconitates in urine
—g=—Sham =i S pneumoniae
3
L

H

K&

5

Voo

4
12 0 6 12 18 24 36

Time, h

60 72 84 9%

Figure 3.8. Concentrations of TCA cycle intermediates in S. pneumoniae-infected mouse
urine in the longitudinal study. (A) Citrate. (B) Cis- and trans-aconitates in urine samples.
See the numbers of sham and infected samples at different time points in Figure 3.6 (B).

101



2-Oxogdlutarate in urine

= Sham e § pneumoniae

40000 -,

35000 -

25000 t

20000 -

Concentration, yM

15000 ’L
: . ,f]’

5000 -
Time, h
Succinate in urine
B8 = Sham i~ S pneumoniae
6000
5000 -

Concentration, pM

2000

Figure 3.9. Concentrations of TCA cycle intermediates S. pnreumoniae-infected mouse
urine in the longitudinal study. (A) 2-Oxoglutarate. (B) Succinate in urine. See the
number of sham and infected samples at different time points in Figure 3.6 (B).

102



Concentration, pM

Concentration, pM

Figure 3.10. Concentrations of TCA cycle intermediates in S. pneumoniae-infected

1000 -

800

700 -

600

Fumarate in urine
codpee Sham 3~ S pneumoniae

Malate in urine
—g=-Sham -~ S pneumoniae

”pnv &L’ /]‘%ﬂ'f
p
. NS
N e v g
-12 0 6 12 18 24 36 48 60 72 84 96 108 144 168 172

mouse urine in the longitudinal study. (A) Fumarate. (B) Malate in urine samples. See the
number of sham and infected samples at different time points in Figure 3.6 (B).
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(Figure 3.11-3.12). Similarly, amino acids decreased in urine and BAL with the
exception of increased lysine in BAL. Concentrations of branched chain amino acids
(BCAASs) leucine, isoleucine, valine decreased by 45-65% in the serum of infected mice.
Levels of the leucine derivative 2-oxoisocaproate in urine and the urea cycle intermediate
ornithine in the serum of infected mice decreased by 30-40%. Levels of alanine in serum
decreased in a similar manner to BCAAs or slightly less (Figure 3.12). Infection of mice
did not change the concentration of the leucine derivative N-isovalerylglycine in urine.
The concentration of tryptophan was decreased by approximately 50-60% in urine
samples, while the concentration of its derivative 3-indoxylsulfate decreased by 60-70%.

Urea decreased by approximately 20% serum and BAL of infected mice. Figure 3.11
shows the concentrations of essential amino acids and derivatives of amino acid
metabolism in the cross-sectional study. Figure 3.12 shows concentrations of nonessential
amino acids. Figure 3.13 shows glycine and tryptophan dynamics in the longitudinal
study that represents changes in other amino acids in urine during pneumonia.
3.3.2.3. Energy metabolism

Concentrations of lactate increased in BAL and decreased in serum and, particularly,
urine. Levels of ketone bodies in serum were altered in both directions. Figure 3.14
shows concentrations of these metabolites in the cross-sectional study; Figure 3.15 shows
dynamics of glucose and lactate in the longitudinal study. We observed a transient

increase in lactate in urine at 6 h and of glucose at 6 and 36 h in infected animals.
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Figure 3.11. Concentrations of essential amino acids in biofluids of mice from cross-
sectional study 24 h post-infection with S. preumoniae or sham-treatment. (A) BAL
samples, sham n = 4, S. pneumoniae n = 7. (B) Serum samples, sham n = 8§,

S. pneumoniae, n = 8. (C). Urine samples sham n = 12, (S. pneumoniae) n = 13.
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Figure 3.11 (continued). * p < 0.05; ** p <0.01; *** p <0.001. Concentrations of urea
were scaled down by 100 (A) and (B), and 10,000-fold (C) to fit the scale on this graph.
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Figure 3.12. Concentrations of nonessential amino acids in biofluids of mice from cross-
sectional study 24 h post-infection with S. pneumoniae or sham-treatment. (A).BAL
samples, sham n = 4, S. pneumonia n ="7. (B) Serum samples, sham n = 8,

S. pneumoniae, n = 8. (C) Urine samples, sham »n = 12, S. pneumoniae n = 13.

* p<0.05; ** p <0.01; *** p <0.001. The concentration of taurine was scaled down by
100-fold to fit the scale on graph (C).
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Figure 3.14 Concentrations of energy metabolism intermediates in biofluids of mice from
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*** p <0.001. The concentration of lactate was scaled down by 10-fold to fit the scale on
graph (B).
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different time points in Figure 3.6 (B).
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3.3.2.4. Osmolytes, membrane constituents, nucleotides, and derivatives
Concentrations of osmolytes with metabolic functions, such as camitine, decreased
while its derivative, O-acetylcamitine, increased in urine (Figures 3.14-3.15). Choline (as
-well as compounds of its catabolism N, N-dimethylglycine, O-phosphocholine and
betaine) decreased in biofluids where measurable (except for choline’s concentration in
~urine which did not change). Additionally, choline and betaine primarily derive from
food, but they are also synthesised by liver and kidney and constitute phospholipids of
cell membranes (Chapter 1). Ethanolamine (another constituent of phospholipids) and
phenylacetyglycine (a putative marker of phospholipidosis) in urine increased (Figure
3.16 C). Fucose levels increased two-fold while xylose did not change in the urine of
infected mice (Figure 3.16 C).
Levels of the pyrimidine uracil increased; while its derivative N-carbamoyl-f3-
alanine decreased in the urine of infected mice (Figure 3.16).
3.3.2.5. Metabolism of creatine
Average creatine levels in urine of infected mice ingreased two-fold 24 h after
infection. Creatine concentrations in BAL of infected mice appear to be slightly increased
(statistically not significant). Levels of creatine in blood of infected mice were not
“changed. In the urine of infected mice 24 h post-infection, levels of the creatine
precursor, guanidoacetic acid, and its derivative creatinine appear to be slightly increased
(not significant) (Figure 3.20). Elevation of creatine in urine of infected mice reflects

progression of pneumonia and ceases after 36 h post infection, while creatinine and

guanidoacetate were not changed significantly (Figures 3.21 and 3.22).
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Figure 3.16. Concentrations of osmolytes, constituents of host cell membranes, and their

derivatives in biofluids of mice 24 h post-infection with S. preumoniae. (A) BAL
samples, sham n = 4, S. pneumoniae, n = 7. (B) Serum samples, sham, n = 8,

S. pneumoniae, n = 8. (C) Urine samples sham n = 12, S. pneumoniae, n = 13. * p <0.05;

** p <0.01; *** p <0.001.
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Figure 3.17. Concentrations of carnitine (A) and O-acetylcamitine (B) in mouse urine in

the longitudinal study in S. pneumoniae-infected mice. See the number of sham and

infected samples at different time points in Figure 3.6.
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Figure 3.18. Concentrations of osmolytes, membrane constituents, nucleotides, and
derivatives in biofluids of mice from cross-sectional study 24 h post-infection with

S. pneumoniae or sham-treatment. (A) BAL samples, sham n = 4, S. pneumoniae , n =17.
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Figure 3.20. Concentrations of creatine and derivatives in biofluids of mice from the
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cross-sectional study 24 h post-infection with S. pneumoniae. (A) BAL samples, sham,
n =4, S. pneumoniae, n = 7. (B) Serum samples, sham, n = 8§, S. pneumoniae, n = 8. (C).
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4% p <0.001.

117



Creatine

et Sham i § prcumoniae

25000 -

Concentration, pM

20000
15000 -

10000 |

_Quanidoacetate

2500

o,
o,
et
e

2000

P,
“t,
ﬁMV
Mm«“
ww"‘“M

1500 -

Concentration, pM

e

1000 -

-12 0 6 12 18 24 36 48 60 72 84 96 108 144 168 172

Time, h

Figure 3.21. Concentrations of creatine (A) and guanidoacetate (B) in urine samples from
S. pneumoniae-infected mice in the longitudinal study. See number of sham and infected
samples at different time points in Figure 3.6 (B).
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3.3.2.6. Bacteria- and food-derived compounds

Concentrations of bacterial-derived metabolites (predominantly gut microflora),
acetate, formate, and hippurate, decreased in urine and in serum by 30-50% of their
respective concentrations in sham mice 24 h post infection (Figures 3.23 and 3.24 A).
Concentrations of acetate in BAL increased, but decreased in serum.

The concentrations of mainly food-derived components trigonelline and glycolate, as
well as of mainly food- and bacteria-derived trimethylamine decreased to 50-60% of
concentration in urine of infected mice 24 h pést infection (Egert, 2006) (Figure 3.23);
the decrease in concentration reflected the stage of pneumonia (Figure 3.24).
3.3.2.7. Conclusion. Metabolomics data of biofluids of the mouse pneumonia model
caused by S. pneumoniae (cross-sectional and longitudinal studies). We observed
local and systemic decreases in concentrations of TCA cycle intermediates in biofluids of
infected mice, with dynamics similar to progression of disease. Increased energy
production is exemplified by intensified glycolysis (decreased glucose in urine and
increased lactate and pyruvate in BAL), by apparently higher turnover of nicotinamide
(increased excretion of 1-methylnicotinamide, not shown) and increased excretion of
creatine. Decreased food intake is accompanied by decreased levels of most of amino -
acids, and amino acid derivatives, and decreased synthesis of gut bacterial-derived

metabolites. Amino acid metabolism was shifted towards its catabolism.
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Figure 3.23. Concentrations of bacteria- and food-derived metabolites in biofluids of
mice from cross-sectional study 24 h post-infection with S. pneumoniae. (A) BAL
samples, sham n = 4, S. pneumoniae, n = 7. (B) Serum samples, sham, n = 8§,

S. pneumoniae, n = §. (C). Urine samples sham, n = 12, S. pneumoniae, n = 13.

* p < 0.05; ** p < 0.01; *** p <0.001.
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3.3.2.8. PCA analysis of urine of S. pneumonia-infected mice

The pattern of the metabolites in £he urine samples in cross-sectional study with
S. pneumoniae-infected mice was analysed with the multivariate analysis tool, PCA. The
plot shows a clear separation between sham and S. pneumoniae-infected mice (Figure
3.25). This confirms that metabolic patterns of sham and S. pneumoniae-infected mice are
different. The patterns of the metabolites in the urine samples in longitudinal study with
S. pneumoniae-infected mice have shown dynamics of this separation (Figure 3.26).
Separation between these groups appears early at 6 h post-infection, reached the
maximum at 36 h post-infection for most of the mice and disappeared later in next days
post-infection (Figure 3.26). The dynamics of changes reflected the severity of disease, as
assessed by observation of health status of mice. Treatment of a group of infected mice
with ampicillin (» = 3) did not result in separation between these two groups of infected
mice.
3.3.3. Cross-sectional study with S. aureus infection. A group of 25 male C57BI/6 mice
9-10 weeks old were used in this study: 13 mice were infected with 9 x 10° cfu of
S. aureus and 12 sham mice were injected with THB. Mice were sacrificed at 24 h post-

infection as done in the cross-sectional study with S. preumoniae infection.
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Figure 3.25. PCA plot of urine metabolites of sham and S. pneumoniae-infected mice in

sectional study. Red dots indicate S. pneumoniae-infected mice, black squares —

the cross-
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Figure 3.26. PCA plot of urine metabolites of sham and S. preumoniae-infected mice
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in the longitudinal study. Red dots indicate S. pneumoniae-infected mice, blue diamonds
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Infected mice developed mild pneumonia (as described by changes in mouse behaviour,
assigned by one in each category, 2-3 fold increase in macrophages and neutrophils count
in BAL, bacteremia in most of the infected mice, and mild local inflammation according
to histology), (Figure 3.27).

Infected mice cleared part of their inoculum at 24 h (Figure 3.28) and most of
them developed bacteremia (bacterial count in blood was assayed by plating blood clots
due to an insufficient amount of heparin per tube).

Macroscopic and microscopic investigation of BAL of S. aureus-infected mice
showed a higher content of neutrophils and macrophages in BAL than sham-treated
animals, as well as more cell debris, bacteria, and fibrin (Figure 3.29).

In general, these findings showed that MRS A-infected mice developed much
less severe pneumonia than S. pneumoniae-infected mice, likely due to a smaller dose of
inoculum.

3.3.4. Metabolomics of urine S. aureus—infected mice

In our experiments with S. aureus-induced pneumonia, the mice developed mild
pneumonia. Thus, metabolic changes appeared to be small (they did not increase above
background in many cases). Analysis suggests some similarities and differences when
compared with S. pneumoniae-infected mice. Similarities included a decrease at the level
of amino acids and amino acid derivatives. For TCA cycle intermediates, citrate, malate,
2-oxoglutarate, and succinate in the urine of infected mice were decreased by 25-30 % at

24 h post-infection (results not shown).
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Figure 3.27. Cell counts in BAL 24 h post-infection with S. aureus. Sham, n = 4;

S. aureus, n = 3. Mice were injected with 40 ul THB (sham) or 9 x 10° cfu/mouse

S. aureus (methicillin-resistant PVL-positive S. aureus). Values represent mean and error
bars indicate standard error of the mean. (A) Total cell counts. (B) Macrophage counts.
(C) Neutrophil counts. * p<0.05, ** p < (.01
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Figure 3.29. Histology of mouse lungs 24 h post-infection with S. aureus. Mice were
injected with (A) 40 pl THB (sham) or (B) 9 x 10® cfu/mouse S. aureus. In the lungs of
the sham-treated mouse, there was normal architecture of the lung: alveoli have preserved
relative numbers and the structure of type I and type II pneumocytes is intact with few
alveolar macrophages, while the basal lamina is covered with cells. Infected lungs show a
modest increase in infiltration by leukocytes. Sham, n = 1; S. aureus, n = 2. H/E, 40X
magnification.
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Figure 3.30. Concentrations of TCA cycle intermediates (A) and intermediates of energy

metabolism (B) in urine of mice from cross-sectional study 24 h post-infection with
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Figure 3.31. Concentrations of osmolytes, membrane constituents, and nucleotides (A)
and amino acids and derivatives (B) in urine of mice from cross-sectional study 24 h
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Figure 3.32. Concentrations of bacteria- and food-derived metabolites in urine of mice
from cross-sectional study 24 h post-infection with S. aureus. Concentrations of
hippurate and trimethylamine were scaled down by 10-fold to fit the scale on this graph.
Sham, n = 3, S. aureus, n = 6. *: p <0.05.
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Fumarate, cis- aconitate and trans-aconitate were not significantly changed (Figure 3.30
(A). These changes were accompanied by the development of mild pneumonia-like
disease according to the other methods in cross-sectibnal study.

We observed decreased concentrations of allantoin, choline, and uracil (Figures 3.31-
3.32). These changes may reflect mild staphylococcal pneumonia in our experiments;
however, the changes have to be interpreted carefully, as these are preliminary data. For
instance, a lower level of allantoin during staphylococcal pneumonia may be the result of
lower concentrations of ROS in the lung, since S. aureus produces catalase that decreases
ROS levels in lungs, while S. pneumonia produces H,O; contributing to oxidative stress
in the lungs.

3.4. Conclusion

We observed different urinary metabolite patterns in samples of S. pneumoniae- and
S. aureus-infected fnice (the latter are preliminary data). The study described a pattern of
metabolic changes during pneumococcal pneumonia in different biofluids. Similar to
other metabolomic findings, the .metabolic pattern may be used for diagnostics and may
help in generating hypotheses regarding the roles and mechanisms of specific metabolites
during infection.

We observed changes in TCA cycle as an early attribute of bacterial pneumonia.
Disease, decreased food intake and catabolism of amino acids were accompanied by
increases in creatine, creatinine, and guanidoacetate. Specific changes in metabolism of
glucose, lactate, osmolytes, and carbohydrates also contributed to the establishment of the

metabolic pattern.
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It is tempting to conclude that some of these changes are characteristic for
inflammation in the lung, while the others are caused by specific bacterial influence
(toxins and other factors of virulence; absorption of host metabolites by bacteria;
activation of the immune system induced by bacterial factors of pathogenicity, and
others). Therefore, we may speculate that this pattern may inform us more about the
particular type of pneumonia and specific diagnostic pattern of metabolites during the
course of disease (diagnostic marker) and help to evaluate the gravity of disease

(prognostic marker).
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Chapter 4

Summary of Data and Discussion
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4.1. Infection of lung cells

The infection of lung cells in culture by either S. pneumoniae or S. aureus was
accompanied by changes in cell homeostasis (decreased mitochondrial potential), cell
death, and bacterial multiplication. Measurements taken during lung cell infection élso
showed changes in concentrations of TCA cycle intermediates, amino acids, bacterial-
derived products, and metabolites of energy production. A decreased concentration of
glucose and increased concentrations of lactate suggested increased glycolysis. Low
doses of bacteria (10" -10% cfu per well) caused increased concentrations of TCA cycle
intermediates compared to uninfected cells and relatively insignificant cell death. Low
doses of bacteria also caused small changes in mitochondrial potential and high doses of
bacteria (10" -10° cfu per well) caused significant decrease of mitochondrial potential
according to fluorescent microscopy.
4.1.1. Microbiological processes in cell cultures

These results suggested increased permeability of cell and mitochondrial
membranes at low doses of bacteria and low cell death and decreased function of
mitochondria at high doses of bacteria. Pneumolysin, a primary membrane toxin, has
been found to directly bind and damage mitochondria (Rubins, 1993; Braun, 2002). The
relative distribution between cellular and mitochondrial membranes of these toxins, and
the relative contribution of such a distribution to death of cells in vitro and in vivo are
currently unknown. The higher cytotoxicity and ’virulence of more invasive strains of
S. aureus and S. pneumoniae (Krut, 2003) and the increased cell death during
internalisation of S. pneumoniae and S. aureus may be attributable partially to the

appearance of toxin inside the cells and to a higher degree of mitochondrial damage
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(Dockrell, 2001; Menzies, 1998). Pneumolysin from S. pneumoniae creates water
permeable channels in cell membranes allowing free movement of metabolites smaller
than maltose, as well as potassium, sodium, and calcium ions (Tilley, 2005); while a-
toxin from S. aureus creates channels for sodium and potassium ions in cell membranes
(Alouf, 2006). These (as well as other yet unknown) mechanisms cause sublethal damage
at low doses and cell death at high doses. Theses effects are due to apoptosis in the case
of pneumolysin and necrosis, in case of a-toxin (Tweten, 1991; Alouf, 2006).

An increase in the permeability of cell and mitochondrial membraﬁes can lead to
numerous changes in homeostasis and metabolism, both known and hypothetical. After
treatment with pneumolysin, pores in membranes with an internal diameter 30 nm allow
passage of metabolites smaller than maltose (Tilley, 2005). Afier application of a-toxin,
which induces pores with an internal diameter of 20 nm, cells undergo necrosis and
subsequent increase of cell membrane permeability. Increased permeability of cell and
mitochondrial membranes lead to changes in cell compartmentalization, osmolality,
concentrations of ions, and intracellular pH.Other effects include: activation of
phospholipase A, (Rubbins, 1994), opening of mitochondrial permeability transition
pores, calcium influx, increase in mitochondrial pH, and decoupling of oxidative
respiration (Papa, 1999; Mergner, 1990). These processes can lead to facilitated diffusion
of metabolites from the affected cells, changes in activity of cytoplasmic and
mitochondrial enzymes, and thus changes in production and consumption of metabolites.
Damage to mitochondria can cause cell death and subsequent metabolic changes such as

low Krebs cycle intermediates at high doses of bacteria.
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The role of pneumolysin and other factors of pathogenicity of S. pneumoniae
(hydrogen peroxide, secreted bacterial proteases, components of the cell wall, capsule,
neuraminidase, glucosidase, and adherence receptors) on metabolic changes are
unknown. Since pneumolysin causes the most significant changes in homeostasis and cell
death, it is likely to be the cause of the most significant changes in metabolism. Since
pneumolysin is released from dead pneumococci, it wéuld be important to measure
bacterial death. Preliminary data of counts of dead pneumococci (Chapter 2) suggest
increased death of pneumococci at high doses, which may be partially due to the
observed build-up of lactate. More precise methods, such as differential staining of live
and dead bacteria, or direct measurement of pneumolysin, may be useful for determining
bacterial death (Roth, 1997). The effects of pneumolysin are usually studied by culturing
eukaryotic cells with pneumolysin and with a pneumolysin-negative mutant. The role of
hydrogen peroxide may also be studied by the addition of catalase to a mixture of
pneumococci and cells, and by use of an SpxB mutant. A549 cell cultures can synthesize
the cytokines TNF, IL-18, and IL-6 in response to components of the bacterial cell wall -
and pneumolysin, and can further promote apoptosis of host cells (Chapter 1). A
preliminary study of culturing of A549 cells with sterile-filtered supernatants of bacterial
culture and of sterile-filtered supernatants of A549 cells infected with 10° cfu S.
pneumoniae revealed changes in cell viability and morphology similar to that observed in
the same cells infected with 10 cfu of S. preumoniae, described above (results not
shown).

It may be important to consider the influence of pH on changes in production of

metabolites as bacterial infection is accompanied by an observed lowering of pH in a
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dose-dependent manner. A preliminary study with infection of HepG-2 cell line showed
changes in cell viability and morphology similar to A549 cells (results not shown).
4.1.2. TCA cycle intermediates

Changes in the concentrations of TCA cycle intermediates may have resulted in
efforts within the cell to replenish these to normal levels. This can involve shifts into
alternate biochemical pathways. Replenishing of TCA cycle intermediates is done mainly
by carboxylation of pyruvate to dxaloacetate by mitochondrial pyruvate carboxylase, and
to a certain extent by deamination of glutamate to q-ketoglutarate and aspartate to
fumarate (Coffee, 1998). We observed decreased levels of pyruvate in media of infected
cells, which may be related to an increase in oxaloacetate. However, it could have been
the result of conversion of pyruvate by other metabolic pathways or consumption by
bacteria. Decreased pyruvate carboxylation due to inhibition of pyruvate carboxylase by
citrate 1s unlikely, since the observed citrate concentrations were low.

A decrease in TCA cycie intermediates may also be the result of facilitated
synthesis of amino acids and lipids. For example, 2-oxoglutarate is a precursor for
glutamate, oxaloacetate is a precursor for aspartate and glucose (gluconeogenesis),
succinyl-CoA is a precursor for the heme group of hemoglobin, and citrate is a precursor
for fatty acids (and, indirectly, for many nonessential amino acids [McMurray, 1983]).
We observed increased aspartate and glutamate in the media, which may have been
derived from these, as well as many other processes. One may argue that increased
glutamate concentration results from increased activity of mitochondrial glutaminase;
since a decrease in concentrations of glutamine corresponded to increases in glutamate

(Lowenstein, 1969). However, glutamine degrades spontaneously to pyruvate under the
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conditions of our experiments, and it is also used by cells in cell culture as an energy
source (Freshney, 2000), and consumed by S. pneumoniae (Chapter 1).

Conversion of oxaloacetate to aspartate could account for the observed decrease in
the concentrations of Krebs cycle intermediates and increases in aspartate concentrations.
Alternatively, a rise in aspartate concentration may be due to released intracellular
aspartate. We could not measure concentrations of oxaloacetate (since it decomposes
quickly to pyruvate), but increases or decreases in one metabolite of the mitochondrial
TCA cycle usually causes similar changes in all of them (McMurray, 1983). Therefore,
the concentration of oxaloacet;ate probably decreases in line with the concentrations of
other TCA cycle intermediates.

Consumption of TCA intermediates by S. pneumoniae and by S. aureus is
possible and needs to be investigated, but this may not be the only reason for such
dramatic noncompensated decreases of citric acid cycle intermediates (Chapter 1).

S. pneumoniae does not have a TCA cycle, and instead produces energy by glycolysis.
S. pneumoniae and S aureus may absorb aspartate and other amino acids instead of
having to produce them from citric acid cycle intermediates to facilitate bacterial growth
(Chapter 1). S. pneumoniae and S. aureus do not have enzymes capable of catabolising
citrate. For example, Rhizobium species consume TCA cycle intermediates rather than
glucose if both are present in the media and consume glucose in the absence of TCA

cycle intermediates (White, 2007).

Similar changes in levels of TCA cycle intermediates were observed in S.
prneumoniae serotype 3 (data not shown) and S. aureus infections in our preliminary data;

this suggest a common basis of bacterial infection changes in host cell metabolism and
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potential markers of cell damage and death. Changes in TCA cycle intermediates and cell
death in S. pneurﬁoniae serotype 3 and S. aureus infections are reminiscent of changes in
S. pneumoniae serotype 14 infections if the final concentrations of bacteria are compared.
The absence of nonessential amino acids is speculated to have decreased the speed of
growth of S. aureus and slowed cell death.

In all experiments, changes in TCA intermediates corresponded to cell death and
to final rather than initial doses of bacteria (determined by colony count); this suggests a
commonality for bacterial infection-induced changes in host cell metabolism and
potential markers of cell damage and death.
4.1.4. Amino acids

Bacterial infections were accompanied by a decrease in amino acids in the media.
S. pneumoniae serotype 14 infection caused a decrease of most amino acids and their
derivatives. However, increased concentrations of aspartate, glutamate, and alanine were
observed. These changes may be the result of concomitant release of intracellular amino
acids due to cell damage, altered production and consumption of amino acids and by
A549 cells, and consumption of amino acids by bacteria. S. aureus infection resulted in
decreased concentrations of arginine, isoleucine, leucine, valine, glutamate, and
‘threonine, and increased concentrations of lysine and taurine. Such decreases probably
reflect consumption of amino acids by bacteria. Consumption of amino acids during in

vitro experiments may not completely reflect processes in vivo (Chapter 1). Additionally,

the metabolic profile of a particular bacterial species is complicated by presence of
mutants with slightly different metabolic requirements (Chapter 1). Classical studies of

. bacterial metabolism used artificial media with chemical compositions different from
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those of animal fluids and tissues (Blazevic, 1975). Todd-Hewitt broth, used in our
experiments, has a complex chemical composition since it contains extracts of yeast and
beef meat, pepsin digest of casein, glucose, and sodium carbonate (Atlas, 2006). Precise
chemical composition of thjs media was not studied in our experiments. It is very
unlikely that metabolites from the media appear in measurable quantities in the samples
of A549 cells since bacteria were washed three times with DMEM before adding to A549
cultures (Chapter 2).
4.1.5. Bacterial-derived metabolites

Some metabolites are likely bacterial-derived and have been described as gut
microflora derivatives in metabolic studies of animals (Egert, 2006); examples are
acetate, formate, and isovalerate in infections of S. pneumoniae and S. aureus, the
unknown metabolite in S. pneumoniae infections, and propionate in S. aureus infections.
However, these metabolites are not easily detected in animal biofluids because their
concentrations are low and they are mixed with metabolites derived from gut microflora.
4.1.6. Other metabolites

These results suggest that S. pneumoniae serotype 14 and S. aureus infections are
accompanied by some common metabolomic changes: increased and decreased levels of
TCA intermediates at low and high degrees of cell damage respectively; changes in
concentrations of amino acids and ketone bodies were more specific. More studies with
similar experimental conditions need to be conducted to describe metabolic profiles of

bacteria and lung cells infection and mechanisms of metabolic alterations.
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4.2. Mouse pneumonia model

Mouse pneumonia model experiments show different (as visualized by PCA plot)
patterns of metabolites in the urine of S. pneumoniae-infected mice and sham mice; the
dynamics of S. pneumoniae-infected mice reflected differences of health status.
Differences were insignificant at the time of infection; they progressed up to 24-36 h and
disappeared after recovery. Some metabolites derive from different sources (for example,
from food or synthesized endogenously), can be synthesized by different pathways
(pathways crossing), and have many functions in homeostasis.

The distribution of metabolites in different biofluids and tissues suggest potential
sources due to increased production, consumption, or excretion. However, such analyses
are complicated by several processes, such as different dynamics of metabolites in normal
or disease states, or changes in biofluids leading to, for example, potential changes in
urine production. Table 4.2 summarizes metabolic changes, observed in biofluids of S.
prneumoniae-infected mice in cross-sectional study and grouped according to known or
hypothetical biochemical pathways.

4.2.1. TCA cycle intermediates

A decrease in TCA cycle intermediates may be a result of mitochondrial damage
due to bacterial factors of pathogenicity, ﬁoéi defence factors (ROS and proteases), and
cell death due to a local increase of cytokines. We observed decreased concentrations of
TCA cycle intermediates, most amino acids and their derivatives, food-derived and
bacterial-derived products, and other metabolites. These changes were accompanied by

‘the development of pneumonia-like disease (assessed by other methods) and returned to

normal or higher values when signs of disease disappeared (in the longitudinal study with
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S. pneumoniae infection). We hypothesize that the observed changes resulted from
several conditions: sublethal damage to cells by bacterial toxins, cell death due to
apoptosis or necrosis, consumption of metabolites by bacteria, changes in metabolism and
cell death due to inflammation (respiratory burst, edema, local and systemic hypoxia),
systemic changes (Chapter 1). Complement activation due to pneumolysin release from S.
pneumoniae and subsequent cell damage can contribute to these changes. The pattern of
decreased levels of TCA intermediates alone (without consideration of other metabolites
and without PCA) is a potential marker of bacterial pneumonia and may be used to
monitor the progress of disease.

Concentrations of succinate at 6 h post-infection were relatively high and
decreased between 6 and 36 h post-infection. The decrease in mouse BAL, blood, and
urine may reflect impaired function or damage to the mitochondria due to infection; for
example, by bacterial toxins (pneumolysin and a-toxin) which are membrane- and
mitochondria-damaging toxins. The timing of such changes (when bacteria multiply and
start to damage lung cells) reflects the start of infection (Chapter 1). The release and role
of pneumolysin at early stages of S. preumoniae pneumonia are important factors for
development of the disease (Rubins, 1995). If certain types of cell damage and death are
associated with a decrease in TCA cycle intermediates, then death of host cells due to
immune defence factors (ROS and proteases produced by neutrophils and macrophages)
24-36 h post-infection (Chapter 1) may be another reason for the decrease in TCA
intermediates.

Other factors that can contribute to changes in TCA cycle intermediates include:

inhibition of replenishment because of decreased synthesis from pyruvate and aspartate as
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a consequence of infection, hypoxia (with activated glycolysis as main source of energy).
systemic acidosis, increased body temperature (and change in enzyme kinetics), and

decreased food uptake.
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Metabolites BAL (%), Serum (%), Urine (%),
(statistical (statistical (statistical
significance) | significance) significance)

TCA cycle intermediates

citrate n/a 54 (***) 27 (¥**)

malate n/a 46 (***) 3 (***)

fumarate n/a 47 (*%) 1 (**%)
2-oxoglutarate n/a n/a 9 (***)
succinate 84 43 (**%*) 44 (*¥*¥*)
total aconitates n/a n/a 27 (**)

Amino acid metabolism

leucine 66 56 (¥*¥) 53 (*%)

2-oxoisocaproate n/a n/a 61

isoleucine 50 68 (***) 53

phenylalanine n/a 80 n/a

tyrosine n/a 77 n/a

phenylalanine : tyrosine ratio 0.97 (sham),

1.18
(S. pneumoniae)

threonine n/a 65 (**) n/a

tryptophan n/a n/a 53 (%)

3-indoxylsulfate n/a n/a 32 (¥**)
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Metabolites BAL (%), Serum (%), Urine (%),
(statistical (statistical (sfatistical
significance) significance) significance)

alanine 61 63 (*) 83

lysine 155 70 (**) 103

glycine 40 (**) 63 (¥**) 88 (**)

proline n/a 59 (**) n/a

methionine n/a 62 (*¥*%) n/a

urea 50 (%) 50 (¥**) 68

Energy metabolism

lactate 262 (*) 76 (*) 5 (***)

1,3-dihydroxyacetone n/a 217 (%) n/a

3-hydroxybutyrate 105 68 (***) n/a

Osmolytes and membrane constituents

carnitine n/a n/a 63

O-acetylcarnitine n/a n/a 131

choline 85 51 (*%) 9§

betaine 96 65 (*) 46 (**)

ethanolamine n/a 104 219 (***)

fucose n/a n/a 266 (***)

xylose n/a n/a 97

taurine 103 70 (*) 164 (*)
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Metabolites BAL (%), Serum (%), Urine (%),
(statistical (statistical (statistical
significance) significance) significance)

Metabolism of nucleotides

uracil n/a n/a 145 (*)

N-carbamoyl-p-alanine n/a n/a 49 (**)

Creatine metabolism

creatine 186 111 228 (**)

creatinine n/a n/ a 131

guanidoacetate n/a n/é 155

Metabolites, potentially derived from metabolism of bacteria and from food

acetate 142 39 (**) 82
formate n/a 116 36 (**)
hippurate n/a n/a 53 (%)
trimethylamine 61 46 (**) 36 (**¥)
trigonelline n/a n/a 43 (**%)
glycolate n/a n/a 46 (¥**)

Table 4.1. Concentrations of metabolites in the biofluids of mice, infected with

S. pneumoniae, normalised to respective concentrations in the respective biofluids of
sham. Data are the percentage (average concentration of each metabolite in each biofluid
of control mice is assumed to be equal 100% and the average concentration of the
metabolite in infected mice as percentage of value of sham mice is listed for each
metabolite). Statistical significance, calculated using the non-parametric Mann-Whitney
test, *** p<0.001, ** p<0.01, * p<0.05, no indication of significance: not significant).
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Metabolites

Urine 6-48 h

post-infection

Urine 60-96 h

post-infection

Urine 144-172 h

post-infection

(%), (statistical | (%), (statistical | (%)'
significance) significance)
TCA cycle intermediates
citrate 21 (*¥*%) 70 46
malate 38 (**%) 56 35
fumarate 36 (***) 51 26
2-oxoglutarate 13 (¥*%*) 67 35
succinate 21(***) 76 63
total aconitates 38 (***) 109 68
Amino acid metabolism
2-oxoisocaproate 62 (**) 87 69
urea 75 (*) 102 74
Energy metabolism
lactate 60 84 19
Osmolytes and membrane constituents
carnitine 61 (*) 123 98
O-acetylcarnitine 116 240 (*) 243
choline 36 (*) 58 31
betaine 28 (*¥**) 69 39
185 (*) 116 142

phenylacetylglycine
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Metabolites Urine 6-48 h Urine 60-96 h Urine 144-172
post-infection | post-infection h post-
(%), (statistical | (%), (statistical | infection (%)
significance) significance)

fucose 130 (%) 185 130

Metabolism of nucleotides

N-carbamoyl-B-alanine 53 (¥*%) 85 56

Creatine metabolism

creatine 193 197 156

creatinine 97 135 104

guanidoacetate 91 132 90

Metabolites, potentially derived from metabolism of bacteria and from food

acetate 171 (*) 159 78
formate 37 (**) 169 190
hippurate 53 (*¥*%*) 94 68
trimethylamine 46 (***) 80 60
trimethylamine N-oxide 53 (¥**) 81 112
trigonelline 44 (***) 90 86

Table 4.2. Concentrations of metabolites in urine of mice infected with S. pneumoniae in
the longitudinal study (presented as relative percent of concentrations from sham-treated
mice). The average concentration of each metabolite in urine of control mice is assumed
to be equal to 100%, and average concentrations of metabolites in infected mice were
calculated as well as statistical significance, calculated using non-parametric Mann-
Whitney test, *** p<(0.001, ** p<0.01, * p<0.05, no indication of significance: not
significant). Urine 6-48 h, sham, n = 12, S.pneumoniae, n =28. Urine 60-96 h, sham,

n =3, S.pneumoniae, n = 14 Urine 144-172 h sham, n = 2, S.pneumoniae, n=9.
IStatistical significance was not calculated because of small number of samples.
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4.2.2. Energy metabolism

Decreased concentrations of glucose in the BAL and increased concentrations of
the products of glycolysis, pyruvate, and lactate in the BAL of infected animals may be
due to several conditions: local hypoxia due to edema, respiratory burst of neutrophils,
increased metabolic rate due to fever, and consumption of glucose by bacteria. Blood
glucose levels were close to normal in infected animals. Since glucose level in blood is
such an important factor in homeostasis it is unlikely to be changed during pneumonia.
An increased level of glucose in urine of infected mice 6 h after infection could be due to
a stress response and/or cytokine response (Chapter 1). Low levels of lactate and
pyruvate in mouse blood may be explained by increased gluconeogenesis in liver as a
result of decreased food uptake, which is stimulated by action of cytokines (Coffee,
1998). Increased pyruvate levels in mouse BAL indicate either inhibition of
mitochondrial pyruvate dehydrogenase or increased glycolysis with a relative
insufficiency of NADH (to reduce pyruvate to lactate) (Coffee, 1998). Increased levels of
1,3-dihydroxyacetone in mouse serum may also indicate increased glycolysis.
Concentrations of 1-methylnicotinamide in mouse urine increased insignificantly, which
could be explained by a faster turnover of mitochondrial NAD" and NADH or
cytoplasmic NADP" and NADPH (Coffee, 1998).
4.2.3. Metabolism of amino acids

Decreased concentrations of amino acids in the biofluids of S. preumoniae-

infected mice may be the result of catabolism of amino acids for gluconeogenesis (due to
decreased food intake and fever) and consumption of amino acids by pneumococci

(Chapter 1). Concentrations of glutamine (unlike most amino acids) in the serum of
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infected mice did not change, probably since its consumption by gluconeogenesis was
compensated by increased production by fasting muscles (Wannemacher, 1977).
Concentrations of alanine, branched chain amino acids leucine, 1soleucine, and valine in
serum of infected mice decreased by approximately 40-50%. Alanine (as well as
glutamine) is released by fasting skeletal muscles for gluconeogenesis in liver
(Wannemacher, 1977). Branched chain amino acids are important sources of amino
groups for production of alanine in muscles using branched chain amino acids
aminotransferase (Salway, 1994). Other products of the process, such as keto acids 2-
oxoisocaproate and 3-methyl-2-oxovalerate, are catabolised in the liver to acetyl-CoA
using mitochondrial branched chain amino acids dehydrogenase, which is inhibited by
low concentrations of TCA cycle intermediates and low ADP (Hinsbergh, 1979). Relative
decrease of these keto acids in serum samples appeared to be greater than the relative
decrease of corresponding amino acids. These differences may be due to observed
decrease in citrate concentrations in the biofluids of infected mice. On the other hand, the
distribution of some enzymes of intermediary metabolism in different organs and tissues
in the mouse is not completely understood, thus other mechanisms could be causing these
changes. Concentrations of the leucine derivative, N-isovalerylglycine, did not change in
urine, which may indicate differential activation of the catabolic pathways of leucine
during pneumonta or other unknown reasons. For example, an important step in the

formation of N-isovalerylglycine is conjugation of glycine and keto acid isovaleric acid

by liver mitochondrial glycine N-acylase (which resembles production of hippurate
[Schachter, 1954]). The concentration of tryptophan, and especially its derivative 3-

indoxylsulfate, was significantly decreased, unlike the reported increased tryptophan (as
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well as phenylalanine) in serum of people with infectious diseases (Wannemacher, 1977)

due to release from fasting muscles.

In humans, the urea concentration in biofluids largely depends on the amount of
consumed proteins and catabolism of amino acids, and is an important part of the
nitrogen balance, which is negative during progression of disease and positive in recovery
from disease (Hartmann, 2007; McMurray, 1983). Increased secretion of ammonia salts
in urine (due to increased catabolism of amino acids during disease), increased
angiotensin 1 production, and systemic acidosis (Chapter 1) and can contribute to a
negative nitrogen balance and decreased excretion of sodium in human and mouse
(McMurray, 1983; Knepper, 1989; Nagami, 1995, 2002). An increase in ammonium salts
in urine decreases the relative contribution of urea to removal of nitrogen from the
organism and can hypothetically explain a decreased concentration of the urea cycle
intermediate ornithine in the serum of infected mice. A slightly increased urea
concentration in the urine of S. pneumoniae-infected mice at the climax of disease (36 —
60 h, longitudinal study) may be due to intensification of amino acid catabolism by liver
or in kidney during inflammation (Chapter 1). However, this increase in mouse urea
concentration appeared to be a temporary restoration to a healthy level and may be used
as a part of principal component analysis rather than as a single marker. In general, the
decrease in concentrations of amino acid intermediates is less prominent than the
decrease of other food-derived compounds such as trigonelline, which can reflect a
slower, more complex and interconnected catabolism of amino acids (McMurray, 1983)

and the contribution of amino acids, released from extracellular matrix
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4.2.4. Osmolytes with metabolic function and their derivatives

The slightly decreased carnitine during the first 30 h post-infection may occur due
to several reasons, such as decreased consumption of food carnitine, increased absorption
by cells from biofluids (due to somotic shock, caused with pneumolysin or due to
possible salt retention [Chapter 1]). Increased concentrations of carnitine 36-60 h post-
infection may indicate its release from damaged lung cells (Chapter 1), increased
synthesis in kidney and liver (Peluso, 2000), or potential redistribution from tissues to
biofluids due to decreased serum osmolality after climax of the disease (Chapter 1).
Decreased concentrations of other osmolytes betaine and trimethylamine N-oxide may be
explained by similar reasoning: changes in osmolality during pneumonia may lead to
changes in osmolyte concentrations in tissues and ‘bioﬂuids (Chapter 1). We have to
account for the theory that mammalian carnitine is mostly derived from food and is only
partially synthesized in kidney and liver (Peluso, 2000). Increased production of O-
acetylcarnitine 36-60 h post-infection may indicate its release from damaged lung cells
(Chapter 1) or increased catabolism of fatty acids during starvation (McMurray, 1983).
4.2.5. Creatine metabolism

The concentration of creatine in serum of infected mice was increased, which
could occur during infection for several reasons. Damage to skeletal and smooth muscles
leads to release of creatine and creatinine into serum (Hartmann, 2002) (Chapter 1).
Increase of creatine and creatinine levels can happens due to damage of bronchial smooth
muscles or skeletal muscles due to inflammation in the lung. Such changes in tissues and
organs located distant from the alveoli may occur due to released bacterial toxins (frorh

infected alveoli and from bacteria in mouse blood), cytokine action, and released
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intracellular enzymes and metabolites (with subsequent generation of ROS, Chapter 1).
Increase of creatine in mouse BAL and serufn may suggest that the main source of
creatine is bronchial smooth muscles. On the other hand, higher concentration of creatine
in skeletal muscles and small mass of bronchial muscles increases probability that
skeletal muscles are a source for elevated creatine and creatinine (Chapter 1). Other
possible source of increased creatine and guanidoacetate is liver (Chapter 1). More
studies must be done to address these possibilities.

Elevated serum creatinine concentrations may be the result of damaged kidney
glomeruli, hypotension, and other diseases, and serum urea : creatinine ratio may be
important in distinguishing between these states (Hartmann, 2002). The chemical
structure of creatine resembles that of the methylamines with osmolytic function as well
as carnitine, betaine, and trimethylamine N-oxide (TMAO), however, no such function of
creatine has been described (Peluso, 2000).

4.2.6. Food-derived and bacterial-derived compounds

Decreased levels of food-derived compounds in urine, such as trimethylamine
(TMA), TMAQO, trigonelline, and glycolate may be expected following decreased food
uptake. Mice were fed Rodent Diet 5001 (Puﬁna Mills (PMI) Nutrition International
Company, USA), which contains “ground corn, dehulled soybean meal, dried beet pulp,
fish meal, ground oats, brewer’s dried yeast, cane molasses, dehydrated alfalfa meal,
dried whey, wheat germ, porcine animal fat preserved with BHA, porcine meat meal,
meat middlings,” vitamins, and microelements (LabDiet, 2007). Trigonelline (N-
methylnicotinic acid), present in plant food (Zwarta, 2003; Joshi, 1960), is an endogenous

derivative of nicotinic acid; its decrease in biofluids may be associated with decreased
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food uptake. Precursors of TMA—choline, carnitine, and TMNO—are present in fish and
in plant food. Bacterial microflora release TMA, TMNO, dimethylamine, and
methylamine (Tsikas, 2007; Dumas, 2006) from food; therefore, decreased
concentrations of these metabolites in biofluids of infected mice indicéte decreased food
uptake. We hypothesize that decreases in acetate, formate, and hippurate are similarly due
to decreased bacterial production of these substances as a result of decreased food uptake.
A decrease in the number of gut bacteria and death from pneumococcal virulence factors
due to swallowing a small part of the inoculum is unlikely. Only a small part of the
inoculum can enter the stomach (Chapter 3), and most of streptococci should be
destroyed by the acidic pH in the stomach and by bile in the gut. Released intracellular
compounds, capsule, and cell wall compounds are typical bacterial constituents and
cannot damage gut microflora. Pneumolysin attacks cholesterol-containing host cell
membranes only and cannot damage bacteria (Andrew, 2000). We also have to consider
decreased absorption of substances from the gut due to stress and centralization of blood
flow. However, the probability of such a process is low and no such significant changes
during pneumonia have been described.

Concentrations of acetate, formate, and hippurate in the urine of infected
antibiotic-treated mice from the longitudinal study tended to be slightly lower compared
to untreated mice (this may be either a result of treatment and changes in gut microflora
or a statistical error, or a reflection of the slightly higher severity of disease of treated
mice).

The increased concentration of acetate in BAL from infected mice is

hypothetically derived from the metabolism of streptococci. It is possible that increased
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acetate in BAL is derived from acetyl-CoA due to damage of mitochondria with impaired
entrance of acetyl-CoA into mitochondria, and citrate cleavage in cytoplasm with release
of acetyl-CoA. The increased lysine in mouse BAL may be due to released from Gram-
positive bacterial cell walls (Boyd, 1988) or from endogenous metabolism of amino acids
(Coffee, 1999).
4.2.7. Carbohydrates

Increased concentrations of fucose at 12—36 h post-infection cannot be explained
based on previously known information. It is tempting to speculate that sources of fucose
are glycosylated proteins of cell membranes, mucins, and glycolipids of eukaryotes (Ma,
2006; Chan, 1979). This sugar may be released from the proteins due to action of
pneumococcal neuraminidase during the first few days of infection. The increase of
fucose later may derive from apoptotic and phagocytosed host cells or from the bacterial
capsule. Rats and apparently mice absorb fucose from food and utilise it for
glycosylation; while humans utilise food-derived fucose partially for gluconeogenesis
(Shull, 1960; Chan, 1979). It is unlikely that fucose has derived from pneumococcal
polysaccharide capsule, since pneumococci contain N-acetyl-a-L-fucosamine and other
sugars, rather than fucose itself (Kamerling, 2000). Increased fucose intake from food
during pneumonia is unlikely, since food consumption was apparently decreased as
assessed by observations and decreased concentrations of food-derived metabolites. On
the other hand, an increase of fucose in mouse urine could be due to decreased
reabsorption in kidney. Additionally, the normal levels of xylose in urine of infected mice
and difficulties in measuring other sugars and acetyl sugars of the glycocalyx make this

unlikely. In general, staphylococci do not contain neuraminidase, and staphylococcal
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pneumonia was not accompanied by an increase in fucose concentration. Further research
is needed to elucidate the mechanism of the increase of fucose in urine.
4.2.8. Components of the cell membrane and nucleotides

Choline and betaine are mostly derived from food, but are also synthesized in
li\/er and kidney (Zwarta, 2003; Joshi, 1960). The 50% decrease in the level of choline in
serum of infected animals resembles the significant decrease in food-derived metabolites
trigonelline, trimethylamine, etc. However, betaine concentrations decreased more slowly
which can indicate either slower catabolism or increased compensatory endogenous
synthesis. In vitro studies of apoptosis revealed no changes in choline concentration in
cells during apoptosis, a decrease during necrosis, and an increase in phosphocholine
early in apoptosis (Valonen, 2004); however, in vivo studies of the mouse pneumonia
model are complicated by decreased food-intake. Ethanolamine is synthesized from
serine and may be a precursor of choline (Arthur, 1991). Its serum and urine
concentrations were increased at the peak of inflammation, which can be explained by
phospholipid damage and catabolism or de novo synthesis for membrane reparation. A
decreased ratio of choline-containing versus ethanolamine-containing phospholipids is
associated with an increased resistance to apoptosis; an increased ethanolamine level is
found in some tumors (Lutz, 2005).

Slightly increased concentrations of allantoin 24-36 h post-infection may be a

result of its increased production from uric acid due to ROS release or intensified

metabolism of purines (Chapter 1).
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4.2.9. Distribution of metabolites in biofluids

The concentrations of most measured metabolites changed approximatelly equally
and synchronously in all biofluids of infected mice. Concentrations of each compound in
urine, serum, and BAL differed by several orders of magnitude, but the relative changes
of the same compound as a percent of normal values tended to be similar in all biofluids.
The exceptions to this common rule were more significantly decreased concentrations of
citrate (and other TCA cycle intermediates), glucose, lactate, and glycine in urine than in
serum (Chapter 3), possibly because of increased reabsorption in kidney. For example,
increased reabsorption of citrate in the kidney was reported in response to low pH in
kidney (Brennan 1988); low pH is observed during pneumonia (Chapter 1).

Decreased glucose concentrations in mouse urine may be explained by increased
reabsorption in the kidney by SGLT1-3 transporters (Frayn, 2003) due to increased
sodium reabsorption. Sodium reabsorption increases with increased ammonia production
and secretion (McMurray, 1983), increased angiotensin II production (Henger, 2000;
Geibel, 1990), and acidosis which is characteristic of pneumonia (Chapter 1). Further
experiments may substantiate this view since reabsorption and secretion of many
metabolites may be different in health and disease (Weinstein, 2003).

Many of amino acids in mouse urine could not be measured since they were
present at concentrations below detection limits, and the spectra of some amino acids (for

example, arginine, lysine, proline, and others) overlapped considerably with spectra of

other compounds present in the mice urine samples.
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4.3. Summary

In this thesis, a pattern of metabolites different from control mice was discovered
in the biofluids of mice with pneumonia caused by S. pneumoniae. This pattern may be
useful for diagnostic purposes. The dynamics of compound concentrations in mouse urine
during the course of moderate and severe pneumonia strengthen the possibility that
metabolomics may be applied to diagnosis of S. pneumoniae. Thess dynamics could
potentially be used for monitoring and prognostic purposes. Since metabolomic methods
generate large amount of data and generate hypotheses, we hypothesized about some of
the potential mechanisms of metabolic changes. Similar metabolites can originate from
distinct biochemical pathways; thus, the precise mechanism of metabolic changes are
hypothetical at our current understanding of metabolomics in pneumonia.

New research on metabolic trajectories with different doses of pneumococci,
leading to different outcomes, would strengthen the application of metabolic profiling for
prognostic purposes. This thesis has also demonstrated a pattern of metabolites in
staphylococcal mild pneumonia. This pattern may be useful for future studies of
metabolic profiling as a diagnostic, monitoring, and prognostic method in mild cases of
pneumonia (Chapter 1). Metabolic profiling of infected lung cells also showed metabolic
changes at different stages of host cell death. We observed synchronous changes in
mitochondrial potential and hypothesize causative relationships between mitochondrial

(and cell) damage and changes in the Krebs cycle. These results may assist in

determining some of the mechanisms leading to metabolic changes in the lung during
pneumonia. Further studies on the influence of bacterial factors of pathogenicity on host

cell and bacterial metabolism will strengthen metabolic profiling.
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