CARDIFF

UNIVERSITY

PRIFYSGOL

(AERDY

Acute arterial hypoxaemia and its impact on drug
pharmacokinetics in humans;

clinical and in-vitro investigation.



Acute arterial hypoxaemia and its impact on drug
pharmacokinetics in humans;

clinical and in-vitro investigation.

A thesis submitted in accordance with the conditions
governing candidates for the degree

of

Philosophiae Doctor in Cardiff University

by

Dalal Alablani

August 2023

Cardiff School of Pharmacy and Pharmaceutical Sciences
Cardiff University



Abstract

Arterial hypoxaemia ultimately leads to the formation of systemic and localised free radicals,
activating pathways of oxidative-inflammatory-nitrosative stress. The physiological
adjustments, encompassing redox and haemodynamic responses, have the potential to
influence the pharmacokinetics (PK) and pharmacodynamics (PD) of both acutely and
chronically administered medications. Sildenafil, a drug that acts through phosphodiesterase-5
inhibition and is clinically used for pulmonary hypertension, also serves as a short-term
treatment to prevent or mitigate altitude-induced pulmonary vasoconstriction, a key factor in
the development of high-altitude pulmonary oedema (HAPE). This thesis aims to simulate the
PK/PD outcomes of sildenafil under acute hypoxaemia and identify the underlying mechanistic
pathway that drives PK/PD alterations under hypoxia.

The PK/PD profile of a single oral 100 mg sildenafil oral tablet was simulated using R V.3.6.3
with the IQRtools package. A Monte Carlo method was employed, involving 1000 subjects,
with a one-compartment first-order elimination and absorption model. The HepaRG cell line
served as an in-vitro model to predict the intrinsic clearance (Clint) of sildenafil under hypoxia
(1% O3). This was accomplished by evaluating CYP3A4 and CYP2C9 turnover activities and

investigating the associated mechanistic pathway.

Hypoxia resulted in a significant decrease in the turnover activity of both CYP3A4 and
CYP2C9, leading to a 29% reduction in Clix: compared to the normoxic control. Monte Carlo
simulations revealed that acute hypoxia increased the maximum concentration (Cmax), half-
life (t1/2), area under the curve (AUC o-»), as well as AUC above the inhibitory concentration
50% (ICso). Hypoxia stimulated stressors such as cytokine and superoxide production, had
exerting a negative regulatory effect on CYP3A4/2C9. The preservation of CYP3A4/2C9
activity under hypoxia was achieved by employing reactive oxygen species (ROS) scavengers
like Tiron. Furthermore, hypoxia may regulate CYP3A4/2C9 through the modulation of the
pregnane x receptor (PXR). The MAPK/ERK signalling pathway appears to be the target

pathway for this regulation.

In conclusion, hypoxia has the capacity to alter the PK/PD profile of drugs, warranting dosage
regimen adjustments, particularly for drugs with narrow therapeutic indices. Further
mechanistic studies focusing on the PXR pathway are necessary to fully comprehend the

mechanisms underlying hypoxia-induced alterations.
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Chapter 1: Introduction



Chapter 1

1.1 Arterial hypoxaemia

Avrterial hypoxaemia is the state of low oxygen concentration in arterial blood. The oxygen
level in the blood is proportional to the partial pressure of oxygen (PO2). Although the PO> of
arterial blood (PaO>) falls slowly with age, the lower limit of normal for an adult is usually
accepted to be a PaO; of 60 mmHg (8.0 kPa). Normal PaO: in young, healthy people is about
95 mmHg; Figure 1.1 shows the partial pressures of gases in the blood. Arterial hypoxaemia
will lead to tissue hypoxia (otherwise known as anoxic hypoxia) due to insufficient oxygen
delivery to body tissues (Collins and Shehabi, 2012). Tissues of the body depend on arterial
oxygen for survival, growth, and function, with oxygen critical for oxidative phosphorylation
which produces the fundamental energy substrate adenosine triphosphate (ATP) (Chance and
Williams, 1956). There are two primary conditions of hypoxia associated with human
exposure: normobaric hypoxia at normal barometric pressure equivalent to that at sea level —
(sea level pressure 760 mmHg); hypobaric hypoxia, which is hypoxia occurring at low
pressure- < 760 mmHg, such as at high altitude.
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Figure 1.1 Normal partial pressure of the gases in the blood. Blood in the systemic veins, which is delivered
to the lungs by pulmonary arteries, usually has a partial pressure of oxygen (PO;) of 40 mmHg and a partial
pressure of carbon dioxide (PCO,) of 46 mmHg. After gas exchange in the alveoli of the lungs, blood in the
pulmonary veins and systemic arteries has a PO of about 100 mmHg. Adapted from (Stanfield, 2017).
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Hypobaric hypoxia is classified into acute hypoxia, chronic hypoxia, or chronic intermittent
hypoxia (Richalet and Jimenez, 2015). In the context of high altitude, arterial hypoxaemia
occurs in highlander populations that reside above 2,500 m and in lowlanders who migrate to
high-altitude for occupational or recreational purposes (Ledn-Velarde et al., 2005). At sea
level, arterial hypoxaemia occurs in patients suffering from pulmonary/cardiovascular medical
conditions such as congestive heart failure and chronic obstructive pulmonary disease (Sarkar,
Niranjan and Banyal, 2017). Itis also actively elicited in the experimental setting in normobaric
hypoxia low oxygen chambers (Fall et al., 2018).

1.2 Pathophysiology of hypoxaemia

Excluding anaemias, there are several causes of hypoxaemia under normobaric conditions
associated with cardiovascular and pulmonary systems. These include:

. Ventilation /perfusion (V/Q) mismatch

. Right-to-left shunt

. Diffusion impairment

. Hypoventilation
Additionally, hypoxaemia can occur under both normobaric and hypobaric conditions due to

a low fraction of inspired oxygen (FiOy).

1.2.1 Ventilation /perfusion (V/Q) mismatch

Ventilation /perfusion (V/Q) mismatch is the most commonly known cause of hypoxaemia
which occurs when there is an imbalance between the amount of air reaching the alveoli
(ventilation e.g., L/min) and the amount of blood reaching the alveoli (perfusion e.g., L/min)
(Belda, Soro and Ferrando, 2013). This ratio of V/Q in a normal healthy human lung is ca. 0.8,

i.e., a slightly lower ventilation flow compared to perfusion.

Asthma, COPD, bronchiectasis, cystic fibrosis, interstitial lung diseases, and pulmonary
hypertension are common causes of hypoxaemia due to VV/Q mismatch which can be associated
with either pulmonary shunt mismatch or deadspace mismatch, or a combination of both,

depending on the severity and specific pathophysiology of the condition (Sarkar, Niranjan and
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Banyal, 2017). Other factors such as diffusion impairment, respiratory muscle fatigue, and

right-to-left shunts can also contribute to hypoxaemia in these conditions.

There are two types of V/Q mismatch: Pulmonary-shunt mismatch and Deadspace

mismatch (Figure 1.2).

Pulmonary shunt mismatch - A low V/Q ratio (e.g., < 0.8) develops when ventilation is
diminished in proportion to perfusion. It causes hypoxaemia through reduced alveolar oxygen

levels (PAO-) and subsequently leads to reduced arterial oxygen levels (PaO2). During chronic

hypoxaemia, an important compensatory mechanism occurs to maintain the balance between
ventilation and perfusion known as hypoxic pulmonary vasoconstriction (HPV). The human
body will try to restrict perfusion in areas of the lungs with insufficient ventilation.
Subsequently, the blood is diverted to the well-ventilated lung regions (West and Dollery,
1963; Orchard, De Leon and Sykes, 1983). However, chronic HPV causes vascular structural
remodelling and subsequent development of sustained pulmonary hypertension (Leach and
Treacher, 1995). The hypoxia mediates vasoconstriction by inhibiting the pulmonary artery
voltage-gated K* channels leading to intracellular K* accumulation and cell depolarisation
(Ward and Aaronson, 1999). This triggers the opening of the voltage-gated L-Type Ca?*
channels leading to Ca* influx and subsequently vasoconstriction (Ward and Aaronson, 1999;
Aaronson et al., 2006).
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Figure 1.2-Types of ventilation /perfusions (V/Q) mismatch. Fig 1.2A In shunt, the alveoli are perfused but
not ventilated while in physiologic dead space. Fig 1.2B, alveoli are ventilated but not perfused, which can be
reversed as lung perfusion changes. Designed by D. Alablani — BioRender.

Deadspace mismatch - High V/Q ratio (e.g.,> 0.8) develops when ventilation is in excess
relative to perfusion, for example, in pulmonary embolism, which results in localised decreases
in perfusion with the consequent rise in V/Q ratio. This is associated with dead space-like
effects - the air in the affected area of the lung is not contributing to gas exchange and is
essentially wasted - since the removal of CO; is reduced due to decreased perfusion (Petersson
and Glenny, 2014). Although the impact of a deadspace mismatch on blood oxygenation is
minimal, it can cause hypoxaemia if the compensatory rise in total ventilation -which the
amount of air that is inhaled and exhaled in the lung in a given amount of time to remove excess
COo- is absent. For example, in this deadspace effect, the blood is diverted from the low-
perfusion areas of the lung, which can lead to the development of low V/Q in other regions of
the lung. This will result in hypoxaemia unless a compensatory rise in total ventilation occurs
(Sarkar, Niranjan and Banyal, 2017). The compensatory elevation of ventilation normalises the
V/Q ratio for the low V/Q areas.
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1.2.2 Right-to-left shunt

Right-to-left shunt is an extreme degree of VV/Q mismatch where there is no ventilation (V/Q
ratio approaches 0). A right-to-left shunt occurs as a result of various pulmonary diseases
such as pneumonia, pulmonary oedema, acute respiratory distress syndrome, alveolar collapse,
and pulmonary arteriovenous malformations (Sarkar, Niranjan and Banyal, 2017). The shunt
passes the blood from the right to left side of the heart without undertaking productive gas
exchange. In healthy individuals, a small effectively deoxygenated blood return to the left-side
of the heart constitutively takes place (2-3% of cardiac output) through the bronchial veins
draining into oxygenated pulmonary vein (Figure 1. 3).

1.2.3 Diffusion impairment

An impairment in the ability of the lung to transport oxygen into and out of the blood is a
phenomenon at the alveolar-capillary membrane level. Two critical factors affect gas diffusion
through this membrane. Specifically, the pressure gradient between the venous blood and
alveolar gas and a thickening of the membrane. The thickening of the alveolocapillary
membrane and diffusion impairment occurs with various pulmonary diseases such as
pulmonary fibrosis, asbestosis, pneumoconiosis, diffuse lung lymph granulomatosis, and other
conditions of the alveolar-capillary barrier. The degree of hypoxaemia in these disorders will

be exacerbated by exercise (Belda, Soro and Ferrando, 2013) (Figure 1. 3).

1.2.4 Hypoventilation

Hypoventilation occurs due to dysfunction of the respiratory control at various levels such as
the respiratory centre in the brainstem, in the spinal cord, in nerves supplying the respiratory
muscles, at the neuromuscular junction and where respiratory muscles and the chest wall
bellows are impacted. Hypoventilation does not produce significant hypoxaemia in the healthy
lung, but in the presence of lung disease the resulting hypoxaemia can be severe (Sarkar,
Niranjan and Banyal, 2017) (Figure 1.3).
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1.2.5 Low Fraction of inspired oxygen (FiO>)

Low inspired oxygen levels in the surrounding environment may cause arterial hypoxaemia. A
low fraction of inspired oxygen (FiO2) is commonly observed in individuals ascending to high
altitudes (above 2500 m), where the atmospheric oxygen levels are reduced. Additionally,
situations such as smoke inhalation or being in proximity to fires, where combustion depletes
the oxygen from the surrounding air, can also result in a decreased FiO. at sea level (Belda,
Soro and Ferrando, 2013) (Figure 1.3).
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Figure 1.3 Various mechanisms in hypoxaemia and associated medical conditions. Designed by D.Alablani
- BioRender.

1.3 Measures of oxygenation

Within the field of physiology and clinical practice, a wide range of physiological and clinical
measures have been established to evaluate tissue oxygen levels and determine whether they
are potentially inadequate to meet the metabolic demands of the tissues. These measures serve
as valuable indicators in assessing the sufficiency of oxygen supply for proper tissue function

and homeostasis.
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1.3.1 Arterial oxygen saturation (SpOz and SaOy)

Sa0; serves as a direct assessment of the proportion of oxygen-saturated haemoglobin
(oxyhaemoglobin) in arterial blood, which can be determined through either an arterial blood
gas test or pulse oximetry. On the other hand, SpO: provides a non-invasive measurement of
the percentage of oxyhaemoglobin in the capillary bed using co-oximetry with a pulse
oximeter. A resting SaO: level below or equal to 95%, or a desaturation of 5% or more during
exercise, is regarded as indicative of an abnormal oxygen saturation (O’Driscoll et al., 2017).

1.3.2 Arterial oxygen tension (PaO3)

Oxygen undergoes diffusion from the alveolus into the pulmonary capillary and subsequently
dissolves in the plasma. The amount of oxygen that dissolves into the plasma is determined by
the arterial oxygen tension (PaO2). PaO: is measured using an arterial blood gas test, and a
value below 80 mmHg is regarded as abnormal (Theodore, 2020). This threshold assists in
identifying deviations from the expected level of arterial oxygen tension and provides insights

into an individual's respiratory function and gas exchange efficiency.

1.3.3 Alveolar to arterial (A-a) oxygen gradient

The A-a oxygen gradient represents the difference between the oxygen amount in the alveoli,
known as the alveolar oxygen tension (PAQO.), and the dissolved oxygen in the plasma. Its
purpose is to aid in determining the underlying cause of hypoxemia. By measuring the A-a
gradient, clinicians can narrow down whether the hypoxaemia is originating from
extrapulmonary or intrapulmonary factors. An A-a gradient value exceeding 15 mmHg is
considered abnormal. Elevated A-a gradient values typically indicate conditions such as
ventilation-perfusion (V/Q) mismatch, right-to-left shunt, or impaired diffusion. Conversely,
normal A-a gradient values falling within the range of 5 to 15 mmHg may suggest
hypoventilation or low inspired oxygen as the primary contributors to the hypoxaemia
(Theodore, 2020; Hantzidiamantis and Amaro, 2022).

1.3.4 PaO2/FiO> ratio

The PaO./FiO; ratio is a widely utilised measure of oxygenation, particularly in ventilated
patients. It serves as a useful indicator of the severity of acute respiratory distress syndrome
(ARDS). In normal circumstances, the PaO2/FiO; ratio ranges from 300 to 500 mmHg.

However, values below 300 mmHg suggest impaired gas exchange, signifying abnormal
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oxygenation. Furthermore, a PaO/FiO: ratio below 200 mmHg indicates severe hypoxaemia,
often observed in conditions such as severe pneumonia (Theodore, 2020).

1.3.5 Arterial to alveolar (a-A) oxygen ratio

The a-A oxygen ratio, calculated by dividing the PaO by the PAO (PaO2/PAOQ: ratio), serves
as an important measure in assessing oxygenation status. The lower accepted limit of normal
for this ratio ranges between 0.77 and 0.82 (Gilbert and Keighley, 1974).

1.3.6 Oxygenation index (Ol)

The oxygenation index (Ol) is a widely utilised parameter in neonates with persistent
pulmonary hypertension of the newborn to assess the degree of hypoxaemia and guide
treatment decisions. It plays a crucial role in determining the timing of interventions, such as
the administration of inhaled nitric oxide, a vasodilator known for its ability to improve
oxygenation. Effective management of hypoxaemia using inhaled nitric oxide has
demonstrated positive outcomes, including reduced reliance on extracorporeal membrane
oxygenation (ECMO) and a lower risk of chronic lung disease in newborns with persistent
pulmonary hypertension (Trachsel et al., 2005; Nelin and Potenziano, 2019). In healthy
individuals, the normal Ol value is typically less than 5. However, an Ol value exceeding 25

indicates severe hypoxaemic respiratory failure (Theodore, 2020).

1.4 High altitude arterial hypoxaemia: complications and

management

Acrterial hypoxaemia occurring at high altitudes can lead to various medical illnesses. Acute
mountain sickness (AMS) is a condition typically associated with acute exposure to altitude
(defined as >2500 m) and is characterised by a range of non-specific symptoms (Brugniaux et
al., 2007). The Lake Louise AMS scoring system is used to diagnose and evaluate the severity
of the symptoms associated with AMS. It comprises five indicators: headache, gastrointestinal
upset, fatigue/weakness, dizziness/light-headedness and sleep disturbance. For each symptom,
a score of 0 to 3 is assigned. In an individual acutely exposed to high altitude with a collective
score on this system of > 3, (which must include the headache component) a diagnosis of AMS
is made (Roach et al., 2018). AMS resolves upon descent to sea level or with high altitude

acclimatisation. However, AMS can progress to more severe conditions such as high-altitude



Chapter 1

pulmonary oedema (HAPE) and high-altitude cerebral oedema (HACE). HAPE is
characterised by non-productive cough, dyspnoea and reduced exercise performance
(Paralikar, 2012). HACE is marked by disturbances of consciousness that may develop into
varying degrees of psychiatric change, confusion, ataxia of gait and ultimately to deep coma
(Roach, Wagner and Hackett, 2016). A variety of drugs are used to manage AMS, such as
acetazolamide, a carbonic anhydrase inhibitor considered the gold standard, and which is also
used for prevention of HACE. Glucocorticoids such as dexamethasone are one of the first line
treatments for HAPE and are used as an alternative to acetazolamide in AMS (Donegani et al.,
2016). Further, calcium-channel blockers like nifedipine and phosphodiesterase-5 (PDE-5)
inhibitors such as sildenafil and tadalafil have been shown to decrease arterial hypoxaemia,
pulmonary hypertension, the alveolar-arterial gradient and improve physical performance at
high altitude (Bartsch et al., 1991; Richalet et al., 2005).

1.5 Hypoxia and physiological change that may be relevant to

altered drug pharmacokinetics

The primary goal of the current project was to explore drug pharmacokinetics (PK) under
hypoxia. Pharmacokinetic processes can be defined as: absorption with relevant PK
parameters being absorption half-life and first-order absorption rate constant: t1/2 aps, Kabs,
respectively and the extent of bioavailability (F); disposition: which includes the distribution
and elimination of a drug and with relevant parameters being V4 — volume of distribution, Fu
— fraction unbound in plasma, Fuy — fraction unbound in blood, CL — total body clearance, CL,
— total body clearance of unbound drug, CLr — renal clearance, elimination half-life and first-
order elimination rate constant t1/2, K, respectively. Parameters such as area under the curve
plasma drug concentration-time profile (AUC), maximal or peak concentration (Cmax) and time
to peak concentration (Tmax) and mean residence time of the drug (MRT) describe the exposure
of the body to the administered drug reflect how much of the drug gains access to the systemic
circulation (F*Dose), the drugs CL and the relative rate constants of absorption and

elimination.

In Section 1.5.1 the effect of hypoxia on relevant organs/tissues is briefly reviewed and how
the physiological changes under hypoxia impacted the PK and PD of drug. Section 1.5.2 review

the effect of hypobaric hypoxaemia on the PK of several drugs in healthy humans.
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1.5.1 Hypoxia and physiological systems

1.5.1.1 Gastrointestinal system

The impact of hypoxia upon gastrointestinal physiology relevant to drug pharmacokinetics

remains unclear.

A study has investigated the effect of chronic hypobaric low oxygen levels (altitude of 5000
m) on food digestion and gastrointestinal absorption and was unable to establish any correlation
between hypobaric hypoxia and malabsorption of carbohydrate, protein and fat (Kayser, 1992)
; similar results were seen for a study performed at lower altitude (3100 m to 4846 m; 11 days
exposure) (Chesner, Small and Dykes, 1987). In contrast, Boyer and Blume report 48.5%
decrease in fat absorption and 24.3% decrease in xylose secretion (used as a diagnostic agent
to observe malabsorption) associated with severe hypoxaemia at higher elevation (6300 m)
(Boyer and Blume, 1984).

Gastrointestinal complaints are frequently reported at high altitudes and have traditionally been
attributed to delayed gastric emptying. Gastric mucosal blood flow measured by automated air
gastric tonometry has been shown to decrease at high altitudes (Martin et al., 2007), whereas,
in contrast, studies using Doppler ultrasonography have reported increased mesenteric and
hepatic venous blood flow subsequent to hypoxic vasodilatation (Kalson et al., 2010). The
subtle effects of a hypobaric hypoxic environment upon local capillary pressures and epithelial-
luminal biochemistry including membrane carriers, metabolism and local intestinal secretions

that influence pH remain unknown but could be highly relevant for oral drug absorption.

1.5.1.2 Respiratory and cardiovascular systems

The pulmonary system is susceptible to acute and chronic changes in oxygen levels. The
ventilation rate increases after acute exposure to hypoxia, while both ventilation rate and
pulmonary volume - amount of air that can be held in the lungs at various stages of the breathing
cycle are elevated following more chronic exposure to low oxygen levels (Monge and Leon-
Velarde, 1991; Arancibia et al., 2003). Increases in ventilation rate lead to a decrease of the
partial pressure of carbon dioxide (PCO2) and a reduction of CO- in the circulation known as
hypocapnia. The net result of hypocapnia is an elevation of blood pH, i.e., alkalosis. During

the first few days of acute hypoxia exposure, bicarbonate levels in the blood decrease due to
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increased excretion via the kidney to compensate for alkalosis. Associated with this is a
reduction in plasma volume (detailed in section 1.5.1.4) (Figure 1.4).

1 Diffusing capacity

Peripheral N Hypoxic ventilatory TAlveolar O,
Hypoxia chemoreceptors response (HVR)
(carotid body)

10, delivery

{Alveolar CO,
hypocapnia and alkalosis

J

Inhibition of the Kidney compensates for the
alkalosis by excreting the excess
bicarbonate and conserving
hydrogen ions

central respiratory
centers

Figure 1.4 Respiratory acclimatisation to hypoxia. Improved tissue oxygenation occurs through increased
pulmonary ventilation and diffusion capacity. Adapted from (Goldfarb-Rumyantzev and Alper, 2014).

However, the effect of these changes on drug pharmacokinetics is unknown and may depend
on the specific drug characteristics, e.g., extent of the drugs volume of distribution (V4), how
is ionic character affected by pH changes, indeed how changed pH affects many aspects of the
drug’s plasma and/or tissue binding, its engagement with enzymes and carriers, and its passive

permeation across membranes and barriers.

Exposure to acute hypobaric hypoxia in human volunteers is reported to increase cardiac output
by approximately 22% and heart rate by 18% (Klausen, 1965; Naeije, 2010) (Figure 1.5).
However, the response of the cardiovascular system to hypoxia is temporary, the cardiac output
returning to baseline levels (ca. 4.7 L/min) after a few days of acclimatisation (Klausen, 1965;
Vogel and Harris, 1967). Changes in cardiac output may affect drug absorption and disposition
due to the alteration of organ perfusion (Hui et al., 2016), particularly, this may occur for the

elimination of high extraction ratio drugs.

11
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Figure 1.5 Cardiovascular adaptation to hypoxia. Adapted from (Goldfarb-Rumyantzev and Alper, 2014).

1.5.1.3 Haematological system

Hypoxia induces haematocrit (Hct) elevation through increased erythropoiesis and increased
water loss from hyperventilation and the hypoxia-diuretic response (Mairbaurl, 1994; Jacobs
et al., 2012). Erythropoietin (EPT) released from the kidney as a response to the low oxygen
level stimulates erythropoiesis (Figure 1.6). However, it takes about 2 to 3 days for new red
blood cells to increase haematocrit. An increase in water vapour loss during hyperventilation
may also result in a reduction of plasma water increasing Hct. The diuretic response can
increase Hct within hours of hypoxia exposure (Hui et al., 2016); a report found an increase of
approximately 9% of Hct after acute exposure (16 h) to a high altitude of 3800 m (Li et al.,
2009). The increase of erythrocyte mass under hypoxia and altered plasma water volume could
influence a drug’s pharmacokinetic through erythrocyte/plasma water redistribution, altered

plasma water/interstitial water volumes, changed glomerular filtration.

12
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Figure 1.6 Haematological response to hypoxia. Adapted from (Goldfarb-Rumyantzev and Alper, 2014).

1.5.1.4 Renal system

The effect of acute hypoxia on renal plasma flow, renal tubular secretion and reabsorption,
glomerular filtration rate (GFR) and urine output still remains debatable and highly dependent
on exposure time, as reported in a literature review of 2014 (Goldfarb-Rumyantzev and Alper,
2014). Some studies in humans suggest hypoxia (inhaled 10 -14% O, 2 h exposure) produces
only small non-significant changes in renal plasma flow and GFR (Berger et al., 1949; Olsen
et al., 1992). In a longer hypoxia exposure time (4330 m, 24 h), a decrease by 17% in renal
blood flow was reported (Steele et al., 2020). In contrast, significant decreases in renal plasma
flow and GFR have been demonstrated in chronic hypobaric hypoxia (Singh et al., 2003;
Pichler et al., 2008). One of these studies reported a decrease in effective renal plasma flow of
38% upon chronic change from sea level to 5800 m, which had a causal association with
increased Hct and blood viscosity (Singh et al., 2003). Furthermore, hypoxia has been reported
to act directly on the kidney, increasing local production of endothelin (Modesti et al., 2006)
and adrenomedullin (Haditsch et al., 2007) which can suppress circulating antidiuretic
hormone (ADH) and renin and aldosterone and potentially lead to a 1-3 L per day loss in body
water (Jain et al., 1980).

Respiratory alkalosis secondary to hypoxic tachypnoea promotes increased natriuresis, water
diuresis, HCO3™ excretion and an overall fluid loss from the plasma water and hence plasma
volume. This 'hypoxic diuretic response’ is characterised by elevations in the renal excretion of

sodium and water, in response to reduction in inspired oxygen (Jain et al., 1980; Ge et al.,
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2006) (Figure 1.7). Clearly changes in, for example, renal plasma flow, GFR and urinary pH
can affect the renal clearance (CLr) of drugs and depending upon the importance of this route
of elimination in a drug’s overall clearance then this could affect substantially drug exposure

levels.
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Figure 1.7 Mechanism of hypoxic diuretic response leading to decreased plasma volume. Adapted from
(Goldfarb-Rumyantzev and Alper, 2014).

1.5.1.5 Cerebrovascular system

Exposure to hypoxia, be it normobaric or hypobaric in nature, causes an immediate rise in
cerebrovascular blood flow (CVBF)- within the first 12 h of hypoxia- via cerebral vasodilation
which normalises CVBF to pre-hypoxic values ca. 43 mL/100 g/min within three to five days
of acclimatisation, even under continuous exposure to low levels of oxygen (Severinghaus et
al., 1966; Ainslie et al., 2014).

For example, several studies have reported 40 to 70% increases in CVBF upon ascent to > 5000
m (Jensen et al., 1990; Lucas et al., 2011; Subudhi et al., 2014; Willie et al., 2014). Further,
CVBF has been reported to increase by ca. 24% within the first 6-12 h (Severinghaus et al.,
1963), or 1 to 2 h (Jansen, Krins and Basnyat, 1999) of ascent from sea level to >3400 m. The

onset of ventilatory acclimatisation coincides with the fall in CVBF, resulting in increases in

14



Chapter 1

PaO> and reductions in PaCO> (Dempsey and Forster, 1982). Under higher, more normal, PaO>
levels, vasodilation is attenuated, which reduces CVBF back toward normal. In addition to
these factors, elevations in haematocrit over approximately two weeks act to decrease the initial
rise in CVBF (Ainslie and Subudhi, 2014).

The magnitude of the change in CVBF resulting from hypoxia is dependent on four reflex
mechanisms: i) hypoxic ventilatory response and hence the degree of respiratory alkalosis; ii)
hypercapnic ventilatory response; iii) hypoxic cerebral vasodilatation, and iv) hypocapnic
cerebral vasoconstriction (Severinghaus, 2001).

Alterations in drug distribution to the brain may occur as a consequence of changes in brain
blood flow (Hui et al., 2016). Furthermore, hypoxia-induced inflammatory reactions can
increase the paracellular permeability and alter tight junction protein expression and/or
localisation of tight junction of the blood-brain barrier (BBB) (Zhang et al., 2000). A study
conducted on rats exposed to acute hypoxia (6% O for 30-60 min) showed an increase in
vascular permeability of dextrans (4 and 10 kDa)— a tracer used to assess the BBB permeability
and distribution - into the hippocampus and an enhancement in protein kinase C (PKC) activity
(Willis, Meske and Davis, 2010). Therefore, hypoxia may enhance the distribution of low

molecular central nervous system drugs to the brain.

1.5.1.6 Cytochrome P450

Cytochrome P450 (CYP450) represents a superfamily of enzymes that consists of two main
protein elements, a haem protein (CYP450) and flavoprotein (NADPH-CYP450) reductase
containing both flavin mononucleotide (FMN) and flavin dinucleotide (FDN) (Dubey and
Shaik, 2019). CYP450 enzymes are involved in what is known as phase | metabolism reactions,
where functional group modifications are made to substrates to increase a substrate’s polarity
or access to phase Il conjugation reactions; reactions which themselves add bulk and polarity
to a molecule to further limit widespread tissue distribution and promote the efficiency of

excretion.

CYP450 is located in many tissues throughout the body, however, it is in the liver where
CYP450 enzymes are seen to display both the greatest diversity and in the highest
concentrations. Within cells, CYP450 enzymes are located in the membranes of the
endoplasmic reticulum (ER) and are involved in the metabolism of endogenous and exogenous
molecules (Omura, 1999). The CYP1, CYP2, and CYP3 families account for 70% of the total

hepatic P450 content and are responsible to a significant extent for the metabolism of
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pharmaceutical actives (Weide and Steijns, 1999). The CYP3A4 member is the most abundant
enzyme in the liver and is involved in the transformation of ca. 50% drugs that undergo
metabolic conversion (Sevrioukova and Poulosa, 2013) (Figure 1.8). Extrahepatic CYP450
has been identified in a wide range of tissues, including the small intestine, pancreas, brain,
lung, adrenal gland, kidney, bone marrow, mast cells, skin, ovary and testis (Krishna and Klotz,
1994; Chang and Kam, 1999). In the intestinal enterocyte for example CYP34A plays arole in

reducing the extent of bioavailability of orally administered drugs.
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Figure 1.8 Abundances of cytochrome P450 enzymes in the liver and small intestine. The pie charts indicate
% hepatic and small intestine CYP isoform in human. The value in blue boxes corresponds to the % of clinically
used drugs metabolised by each CYP. The data were adapted from (Yan and Caldwell, 2001; Donato and Castell,
2003; Paine et al., 2006).

With parameters the organ clearance of drugs depends upon organ blood or plasma flow, the
fraction of drug free in the blood or plasma and the intrinsic clearance of the drug associated
with its ability for example to access across the cell membrane to the site of CYP450 enzymes
in the endoplasmic reticulum and engage with the enzymes in reactions we commonly define
by Michalis-Menten kinetics characterised Vmax/Km constants and the context of the drug
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concentrations at the enzyme site. Drugs can be categorised as high extraction ratio (ER) -ER>
0.7-, low ER- ER< 0.3- or intermediate ER- ER 0.3 to 0.7 - based on their pharmacokinetic
properties, according to the Wilkinson and Shand model. High extraction ratio drugs, such as
morphine, lidocaine and propranolol, are rapidly metabolised by the liver and have a low
bioavailability. Low ER drugs, on the other hand, are metabolised more slowly by the liver and
have a greater bioavailability. Warfarin, phenytoin and diazepam are some examples. The
Wilkinson and Shand model also predict that the CL of high ER drugs is dependent on blood
flow through the liver, whereas low ER drugs CL is dependent on enzyme activity (Wilkinson
and Shand, 1975). Hypoxia may affect organ clearance at each of the above levels (Hui et al.,
2016).

In terms of CYP450 activities (Table 1.1), the effect of hypoxia on CYP450 is reported as time
dependent (Proulx and Du Souich, 1995). These authors reporting in an animal study (rabbit)
that exposure to low partial pressure of oxygen (12%) for 8 h decreased the concentration of
CYP450, but only more prolonged exposures (up to 24 h of exposure) resulted in changes in
functional substrate turnover. A number of animal studies have reported downregulation of
CYP450 mRNA expression, enzyme activity and protein levels for a range of family members:
CYP1A1 (Fradette et al., 2002; Li, Wang, Li, Yuan, et al., 2014; Wang et al., 2017), CYP1A2
(Fradette et al., 2002), CYP2B6 and CYP2C19 (Fradette and Souich, 2004), CYP2E1 (Li,
Wang, Li, Zhu, et al., 2014a) and CYP3A1(Wang et al., 2017). Other reports have shown that
exposure to acute moderate hypoxia (exposure at 8 to 10% of O for 24-48 h) upregulates the
expression of CYP3AG6 (Kurdi et al., 1999; Fradette et al., 2002, 2007a), CYP2D6 (Li, Wang,
Li, Zhu, et al., 2014a), CYP3A2 (Hori, Shimizu and Aiba, 2018) and CYP3A11 (Fradette et
al., 2007a). The expression of CYP2C9, when challenged by hypoxia, has been reported to be
unchanged (Li, Wang, Li, Zhu, et al., 2014a) or to decrease (Gola et al., 2016) in rat, or to be
upregulated in human endothelial cells (Michaelis et al., 2005). Very pertinent to the current
study is the downregulation of CYP3A4 expression reported in human liver cells in-vitro
(HepaRG cells) (van Wenum et al., 2018) and human fetal liver cells (Suzuki et al., 2012)

cultured under hypoxic conditions 3% O (vs normoxia 21% O;) for 24-72 h.

Studies on human volunteers and patients are limited. Healthy humans living at sea level and
subject to acute high-altitude exposure (4559 m) appear to experience only small decreases in
CYP450 activity (i.e., as determined for substrates of CYP2D6, CYP3A4, CYP1A2 and
CYP2C19) with little to no clinical significance (Jurgens et al., 2002). Similarly, Streit et al.

showed acute hypoxia at altitude (4500 m) does not impair the metabolism mediated by
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CYP1A2 or CYP3A4 (Streit et al., 2005) It is established, though, that hepatic blood flow
significantly increases after exposure to hypoxia (Ramsoe et al., 1970). This increase may
compensate the reduction of CYP450 isoenzymes activity particularly if the drug has

characteristics of a moderate to high hepatic extraction ratio drug.
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Table 1.1 The changes of CYP450 isoforms expression under acute hypoxia (exposed to < 21% of O: for periods of < 1 week).

CYP450 isoforms

Model 1A1 1A2 2B6 2C9 2C19 2D6 2E1 3A1 3A2 3A4 3A6 3A11
P! R TR TR TR R R AR
studies (Fradette et (Fradette et (Fradette = (Gola et (Fradette | (Li, (Li, (Wang | (Hori, (Kurdi et (Fradette et
al., 2002; al., 2002) and al., 2016)  and Wang, Wang, | etal, Shimizu al., 1999; al., 2007)
Li, Wang, Souich, ~ Souich, Li, Li, Zhu, | 2017) | and Aiba, Fradette et
Li, Yuan, et 2004) (Li, 2004) Yuan, et | etal., 2018) al., 2002,
al., 2014; Wang, Li, al., 2014) 2007)
Wang et Yuan, et 2014)
al., 2017) al., 2014)
Human T T l l
studies (Jurgens et (Jurgens  (Jiirgens (Jurgens et
al., 2002) etal., etal., al., 2002)
~ 2002) 2002) =~
(Streit et (Streit et
al., 2005) al., 2005)
Model 1Al 1A2 2B6 2C9 2C19 2D6 2E1 3Al 3A2 3A4 3A6 3Al11
In-vitro T l
studies
(Michaelis (van
etal., Wenum et
2005) al., 2018),
(Suzuki et
al., 2012)

T Upregulated ;ldownregulated; ~ unchanged.
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1.5.2 Human studies exploring the impact of hypobaric hypoxia upon drug

pharmacokinetics.

The extent that drug pharmacokinetics and pharmacodynamics change at high altitude (>2500
m) remains unclear. It is complicated by a limited number of underpowered studies with
participants exposed to different drugs, altitudes and exposure times. These studies have drawn
different conclusions. There is a need for a series of well-controlled clinical research

investigations.

In 2018, a Systematic Review and Meta-Analysis of the published literature on the impact of
hypobaric hypoxia upon drug pharmacokinetics was published (Bailey, Stacey and Gumbleton,
2018). The analysis was restricted to human single-dose studies involving healthy males (21 +
3 years; mean + S.D.) of Chilean or Chinese descent moving from low-altitude (< 600 m) to
terrestrial (not simulated) high-altitude (> 2,500 m) in an acute manner (< 24 h). Acute
exposure avoided the complications of erythrocytosis that becomes evident during longer-term
exposure at high-altitude. The analysis ultimately selected just six articles which met the
inclusion criteria. However, reflective of the state of knowledge, the studies included were
nevertheless generally underpowered and characterised by a high degree of intra-/inter-study
variability. The limited selection of compounds exhibited diverse clearance pathways. The
drugs involved in the analysis were: sulfamethoxazole (1200 mg PO, n = 20) (Li et al., 2009),
acetazolamide (250 mg PO, n = 12) (Ritschel et al., 1998), lithium (300 mg PO, n = 7)
(Arancibia et al., 2003), furosemide (40 mg PO, n=12) (Arancibiaet al., 2004), prednisolone
(80 mg PO, n =12) (Arancibia et al., 2005) and meperidine (0.75 mg/kg IM, n = 12) (Ritschel
et al., 1996).

There was a consistent trend toward more prolonged oral absorption (i.e. longer absorption
half-life) under acute high altitude exposure. Acute mountain sickness is often associated with
gastrointestinal complaints, and there is some evidence that acute high-altitude exposure
increases pre-prandial, with no effect on post-prandial, mesenteric and hepatic portal vein
blood flows (Kalson et al., 2010). Hypobaric-hypoxia may also impact upon gastric transit,
local capillary pressures and epithelial-biochemistry, e.g., membrane carriers, metabolism, and
local intestinal secretions, all of which could be highly relevant for the oral absorption of some
drugs.

The meta-analysis reported a consistent trend for the ratio of the drug clearance/drug

bioavailability (CL/F) parameter to be reduced under acute high-altitude conditions but for the
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ratio of drug volume of distribution / drug bioavailability (V«/F) parameter to remain essentially
unchanged. From this, the authors concluded that acute high-altitude was likely to have
diminished CL, consistent with a trend for a longer elimination half-life (t1/2) under high-

altitude conditions.

The six drugs in the analysis represented a diverse set of physicochemical and pharmacokinetic
properties. The authors commented that a common mechanism underpinning high-altitude -
induced changes in drug handling is not readily apparent. Decreases in drug CL through high-
altitude exposure are often interpreted or assumed to involve diminished CYP450 activity.

While the drugs in the meta-analysis were predominantly highly protein-bound drugs, the
impact of this upon pharmacokinetic parameters under challenge by hypoxia is a highly drug-
individualised property. Changes in serum protein levels at high-altitude have been reported
(Surks, 1966; Imoberdorf et al., 2001; Li et al., 2009), but the relevance in the acute setting is
unclear. The plasma concentrations of total alboumin and protein are reported to increase in
people exposed to hypoxia, including that caused by high altitude, potentially leading to altered
protein binding of the drug (Surks, 1966; Li et al., 2009). Sulfamethoxazole is a drug highly
bound to albumin (approximately Fu 0.3). The protein binding of sulfamethoxazole is reported
to be significantly higher in subjects exposed to acute (Fu 0.2) high-altitude compared to that
at sea-level (Fu 0.34) (Li et al., 2009). Similarly, a pharmacokinetic study of prednisolone
suggested an increase of protein binding after acute hypoxia (Fu 0.06) compared with under
normal oxygen conditions at sea level (Fu 0.43) (Arancibia et al., 2005). Other studies have
seen a decrease in the protein binding of meperidine and furosemide with increased Fu after
acute exposure to hypoxia despite an increase of albumin levels (Ritschel et al., 1996;
Arancibia et al., 2004). The furosemide study showed an increase of bilirubin concentration by
17.7% after acute exposure to hypoxia (Arancibia et al., 2004). Bilirubin can compete with
drug binding sites on albumin (Kazuo et al., 1984; Hui et al., 2016). Not unrelated, acute high-
altitude exposure is associated with fluid extravasation, which may alter a drug's volume of
distribution depending on if free drug concentrations or total drug concentrations are measured.
However, a reduction in plasma volume under hypoxia exposure (acute exposure to a high
altitude of 4360 m) has been reported to be associated with a small decrease in acetazolamide

volume of distribution from a mean of 0.39 to 0.32 L-kg ™.
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The drugs studied above, and indeed in other investigations, show a wide range of disposition
characteristics, i.e. extensive vs limited metabolism, and with metabolism involving both
CYP450 dependent and independent mechanisms, and where elimination depended upon a
high or low extent of unchanged renal excretion. In terms of drug clearance (CL), the CL/F of
lithium carbonate (Arancibia et al., 2003) (no evidence of metabolism), lidocaine (Zhang et
al., 2016) (highly metabolised by CYP450) and prednisolone (Arancibia et al., 2005)
(metabolised and parent drug also renally excreted) have been shown to decline in subjects
transiting to high altitude with acute reductions of inspired oxygen. Similarly, the CL/F of oral
sulfamethoxazole (highly metabolised but not CYP450) was lower after exposure to 3800 m
compared with subjects at an altitude of 400 m (Li et al., 2009). Both increases in CL
(acetazolamide - Ritschel et al., 1998) and decreases in CL (meperidine - Ritschel et al., 1996)
have been reported as a consequence of acute high-altitude hypoxia (ca 4360 m). In the case of
meperidine, at least part of the decrease in CL is attributed to reduced urinary pH occurring
with an acute change from low to high altitude conditions and an associated reduced fraction
of meperidine eliminated unchanged in the urine (Ritschel et al., 1966; Gledhill, Beirne and
Dempsey, 1975). Acetazolamide is a weak acid drug with a pKa of 7.2 excreted to a very large
extent unchanged in the urine, with the expectation of a lower excretion associated with
reduced urinary pH. Decreases in CL are not only observed in acute hypoxia, but also with
chronic exposure to reduced oxygen. For example, 30-60% reductions of theophylline CL have
been observed in patients suffering from chronic hypoxia-related diseases such as obstructive

pulmonary disease, pulmonary oedema and pulmonary cardiopathy (Powell et al., 1978).

Changes in drug pharmacokinetics arising from hypobaric hypoxia, and indeed normobaric
hypoxia could predispose to incidental toxicity, especially for those drugs with a narrow
therapeutic index. The clinical implications could be extensive, given prescribed prophylaxis
against high-altitude illness as well as issues of ongoing chronic medication. Given that studies
to date have been generally underpowered combined with small effect sizes characterised by a
high degree of variability, a larger scale trial is needed to better define safer and more effective
pharmacological effects under hypoxic conditions. Given the diverse nature of the drugs so far
studied, a broader impact of the high-altitude environment upon the body's handling of

pharmaceuticals is likely.

22



Chapter 1

1.6 Hypoxia and inflammatory mediators

Hypoxia can elicit cellular and whole-body responses leading to changes in a wide variety of
cytokines and other pro/anti-inflammatory mediators. However, the impact of such changes
upon drug pharmacokinetics is not fully understood. Hypoxia is known to activate pro-and anti-
inflammatory mediators. A study by Hartmann et al. showed in healthy volunteers who had
climbed from low to high altitude (>3400 m) an increase in the serum levels of some of the
cytokines associated with the acute phase response, i.e. interleukin-6 (IL-6), the soluble
interleukin-6 receptor (sIL-6R) and C-reactive protein (Hartmann et al., 2000). High-altitude
cerebral oedema has been reported to be associated with increased blood-brain barrier (BBB)
permeability due to hypoxia-stimulated release of inflammatory mediators (Zhou et al., 2011).
The authors reported an increase in serum TNF-a with exposure to hypoxia (5000 m) which
triggered macrophage activation and a systemic inflammatory response, and activation of a
cytokine cascade involving other secondary factors such as IL-1, IL-6 and IL-8. They
concluded that TNF-a potentially alters the structure and function of the brain microvascular
endothelial cells and causes dilatation of vascular smooth muscle leading to increased
permeability of the BBB.

Hypoxia is recognised to modulate (both increase and decrease) the expression of several
CYP450 isoforms (Du Souich and Fradette, 2011) via triggering the release of cytokines
(IFNy, IL-1p and IL-2) responsible for the initiation of numerous signalling cascades, and
production of reactive oxygen species (ROS) with downstream effects on activation of
transcription factors including HIF-1, NF-kB, AP-1. In-vitro studies involving the incubation
(24 h) of rabbit hepatocytes with serum subjected to hypoxaemia (PaO2 34 mmHg) resulted in
decreases in CYP-1Al, -1A2, -2B4, -2C5 and -2C16 while increases were seen for CYP3A6
(Fradette et al., 2007a).

1.7 Hypoxia and Reactive Oxygen Species (ROS)

Reactive oxygen species (ROS) represent a group of oxygen-derived species with one or more
unpaired electrons in their outer orbital layer. ROS are formed in biological systems as by-
products of the reduction of molecular oxygen. They are highly reactive and are able to bind to

biological elements, including lipids, proteins and cell membranes, to bring about cell toxicity.
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There are three broad classes of ROS: hydroxyl radicals (HO), superoxides (O), and

hydroperoxides (ROOH). ROS may also include several nitrogen-containing compounds or
reactive nitrogen species (RNS), such as nitric oxide (NO), nitroxyl anion (NO-), and
peroxynitrite (ONOO~-) (Tafani et al., 2016). ROS have a role in various cellular functions
ranging from signal transduction pathways, defence against invading microorganisms and gene
expression promoting cell growth or cell death (Lee, Giordano and Zhang, 2012). ROS are also
recognised as secondary molecular messengers generated in response to growth factors,
hormones, cytokines and extracellular ATP (Jefferson et al., 2004).

ROS are produced by various enzyme systems. Two endogenous sources of ROS are the
CYP450 microsomal electron transport system and the mitochondrial electron transport
chain. Both use oxidases such as NADPH oxidase, and xanthine oxidase. In addition, ROS are
produced by other mechanisms, including nitric oxide synthase and the lipoxygenase and
cyclooxygenase systems (Cho, Seo and Kim, 2011; Hrycay and Bandiera, 2015). Given the
high levels of CYP450 in the liver, it is clear this organ may be more exposed to higher levels
of ROS. In normal cells, intracellular levels of ROS are maintained in-balance by antioxidants;
oxidative stress occurs when this critical balance is disrupted. The endogenous antioxidant
protective agents include several enzymes (e.g., superoxide dismutase, catalase and glutathione
peroxidase) (Cichoz-lach and Michalak, 2014) (Figure 1.9). Hypoxic conditions favour the
increase of ROS and can impair the antioxidant mechanisms, e.g., impairment of glutathione
synthesis or superoxide dismutase, resulting in oxidative stress (Jefferson et al., 2004; Tormos,
Nebreda and Sastre, 2013; Cichoz-lach and Michalak, 2014). In cell signalling, ROS can act
as a second messenger activating various signalling pathways such as protein kinase C (PKC),
mitogen-activated protein kinase 1/2 (MEK1/2) and (ERK1/2) (Lee, Giordano and Zhang,
2012).
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Figure 1.9 ROS formation pathway and its physiological balance. Peroxynitrite (ONOO-), nitric oxide (NO'),
superoxide dismutase (SOD), hydrogen peroxide (H20;), hydroxyl radical (OH’), superoxide radical (O2-—),
peroxyl radicals (ROO-). Designed by D.Alablani — BioRender

1.8 Hypoxia and Hypoxia-inducible factors (HIFs)

Hypoxia-inducible factors (HIFs) are oxygen-sensitive transcription factors that impact both
oxygen delivery and the adaptation to oxygen deprivation. This is achieved by HIF regulating
more than a hundred genes that are variously involved in a wide range of cellular functions,
including, for example, the uptake and metabolism of glucose, angiogenesis, erythropoiesis,
pH regulation and cell proliferation and apoptosis (Semenza, 2001; Rankin and Giaccia, 2008;
Engelhardt, Patkar and Ogunshola, 2014).

HIF units are composed of HIF-1p, also named as aryl-hydrocarbon receptor nuclear
translocator (ARNT), that forms heterodimeric structures with one of three different oxygen-
dependent inducible a-subunits HIF-1a, HIF-2a, HIF-3a. The HIF-1a is widely expressed in
human tissues and subject to degradation under normoxia by the ubiquitin-proteasome
pathway. HIF-2a has a more restricted expression to specific tissues and cell types, including
kidneys, small intestine, endothelium, lungs and heart (Gordan et al., 2007; Engelhardt, Patkar

and Ogunshola, 2014). The function of the HIF-3a subunit in hypoxia regulation is not fully
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understood, but its splice variant is known to inhibit the transcriptional activity of HIF-1a

(Ravenna, Salvatori and Russo, 2015).

Under normoxic conditions, oxygen regulates the HIF-1a subunit by hydroxylation of the
prolyl-hydroxylase enzyme domain (PHDZ2) in the HIF-1a subunit. This hydroxylation then
promotes the binding of the HIF-1a subunit to Von Hippel-Lindau protein (VHL) which
promotes the ubiquitination of the oxygen-dependent domain in HIF-1a, which tags it for
proteasomal degradation. However, under hypoxic conditions, the PHD2 enzyme domain is
inhibited, preventing degradation and leading to stabilisation of the HIF-1a subunit and the
translocation of HIF-1a from the cytoplasm into the nucleus. In the nucleus, the HIF-1a subunit
dimerises with HIF-1p subunit and co-activators such as p300/CBP, forming a functional HIF1
transcription factor. This HIF1 transcription factor binds to hypoxia-responsive elements
(HREs) in promoter regions resulting in altered transcription, including, for example, the
overproduction of factors involved in angiogenesis, erythropoiesis, proliferation and cellular
metabolism aimed at reducing oxygen consumption and increasing oxygen delivery to tissues
(Figure 1.10).
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Figure 1.10 The oxygen-dependent regulation of the transcription factor HIF-1a¢. Under normal oxygen
level, HIF-1« is hydroxylated by the PHD proteins in the presence of O,. VHL recognises and ubiquitinates the
hydroxylated HIF-1a and subsequent degradation by the proteasome. Under low levels of oxygen, PHD activity
is inhibited, leading to stabilisation of HIF-1a, translocation into the nucleus and dimerise with HIF-1f. This
dimerised protein binds to the hypoxia response element (HRE) and activates its target genes. Designed by D.
Alablani — BioRender.
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In addition to hypoxia, several other factors may contribute to HIF-1a stabilisation and nuclear
translocation, including cytokine overproduction (IL-15, TNF-a), growth factors (EGF, TGF-
al and HGF) and ROS intermediates (Wenger, 2002). Furthermore, hypoxia increases the
activity of serine-threonine kinases, for instance, the MAPK pathway (Seta and Millhorn, 2004)
followed by nuclear translocation of NF-kB and binding to the proximal promoter of the HIF-

la gene, triggering the transcriptional up-regulation of HIF-1a (Gorlach and Bonello, 2008).

Of note, a quite complex relationship can exist between oxygen levels, HIF status and CYP450
regulation. For instance, hypoxia can downregulate CYPA1/A2 by reducing the availability of
aryl hydrocarbon receptors (Ahr). Hypoxia stabilises HIF-1a, which is then dimerised with
HIF-1PB or Arnt. Since Arnt is also a heterodimerise partner of Ahr, the decrease of Arnt
availability under hypoxia leads to a reduction of transactivation of CYPAL1/A2 (Chan et al.,
1999) (Figure 1.11).
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Figure 1.11 signal transduction pathways activated by hypoxia result in upregulation of the genes
responsible for cells survival and down-regulation of CYP1Al /1A2 due to the reduction of aryl-
hydrocarbon receptor nuclear translocator (ARNT) availability. AhR is the aryl hydrocarbon receptor, EPO
is erythropoietin, HIF-1p is the hypoxia-inducible factor beta, HIF-1a is the hypoxia-inducible factor-1 alpha,
NFI is the nuclear factor 1, and VGEF is the vascular endothelial growth factor. Adapted from (Fradette and
Souich, 2004) and by designed by D. Alablani — BioRender.
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1.9 Sildenafil

Sildenafil, classified as a phosphodiesterase-5 (PDE-5) inhibitor, is a medication primarily
prescribed for the treatment of erectile dysfunction and pulmonary arterial hypertension, as
indicated by its approved uses. However, sildenafil has also been employed off-label for short-
term treatment of conditions such as high-altitude pulmonary oedema and Raynaud
phenomenon. Its off-label use has gained popularity among mountaineers, as sildenafil not only
helps prevent high-altitude pulmonary oedema but also enhances exercise capacity and
performance makes it an attractive option for athletes and individuals engaged in high-intensity
activities (Ghofrani et al., 2004).

In the planned MRHA-regulated clinical trial in volunteers developed to address under well
controlled conditions the impact of hypoxia (experimentally - normobaric hypoxia) upon drug
pharmacokinetics, sildenafil is the selected model agent.

1.9.1 Pharmacology of sildenafil

PDES5 is a cGMP-selective enzyme present in high concentrations in the lungs but also exists
in other tissues. PDES5 degrades cyclic guanosine monophosphate (cGMP), which is a regulator
of several cellular functions, the most relevant in this current work being vascular smooth
muscle relaxation. Sildenafil, as an inhibitor of PDES5, therefore potentiates cGMP and hence
potentiates vascular smooth muscle relaxation and vasodilation. In the lungs, dilatation of the
blood vessels decreases pulmonary blood pressure and improves cardiac function (Ram et al.,
2018).

cGMP is produced from GTP by the action of the enzyme guanylate cyclase (GC). Both
membrane-bound GC and soluble intracellular GC (sGC) exist, the latter typically activated by
nitric oxide (NO).

1.9.2 Structure and physiochemical properties of sildenafil

The chemical name of sildenafil is (IUPAC name - 5-[2-ethoxy-5-(4-methylpiperazin-1-yl)
sulfonylphenyl]-1-methyl-3-propyl-6H-pyrazolo[4,3-d] pyrimidin-7-one) and its empirical
chemical formula is C22H30N6O4S (Figure 1.12). The molecular weight of sildenafil is 474.58
(g/mol) with melting point of 186 to 190°C. Its solubility is 3.5 to 4.5 mg/mL in water.
Sildenafil citrate is twice as soluble in methanol than in water. Its solubility decreases with pH

up to 9 when it starts to increase again.
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Figure 1.12 Chemical structure of Sildenafil.

Sildenafil has a basic functional group with a pKa 8.7 (NH-piperazine). A weak acidic moiety
is, however, also present on the parent compound with pKa estimated 5.99 (HN-amide).

1.9.3 Metabolism of sildenafil

Sildenafil is eliminated predominantly by metabolism mediated by CYP450. The main
enzymes responsible for metabolism are CYP3A4 (major route 79%) and CYP2C9 (minor
route 20%). The major circulating metabolite is N-desmethyl sildenafil (UK-103,320), which
has been shown to possess 50% of parent drug potency in the inhibition of PDE5, and is itself
further metabolised (Goldenberg, 1998; Cheitlin et al., 1999) (Figure 1.13). Plasma
concentrations of N-desmethyl sildenafil are approximately 40% that of sildenafil, so the
metabolite accounts for about 20% of the pharmacological effects of sildenafil (Cheitlin et al.,
1999). Three sildenafil metabolism pathways have been identified in man, which are piperazine
N- demethylation, N.N’-deethylation and aliphatic hydroxylation. The piperazine N-desmethyl
pathway gives rise to the major and active metabolite N-desmethyl sildenafil (Walker et al.,
1999).
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Figure 1.13 Metabolic pathways and metabolites of sildenafil.

1.9.4 Pharmacokinetics of sildenafil

Sildenafil pharmacokinetics are characterised by the following:

Absorption:

Peak concentrations of Sildenafil (Cmax) in healthy volunteers are reported to be 560 ng/mL
with a single dose of 100 mg sildenafil oral capsule. Sildenafil is rapidly absorbed after oral
administration reaching peak plasma concentrations within 1 h after dosing in the fasted stated
and with an oral bioavailability of 40%. Food has been shown to delay absorption, probably as
aresult of delayed gastric emptying, but with the extent of bioavailability not affected (Nichols,
Muirhead and Harness, 2002). The 40% extent of oral bioavailability reflects both gut wall and
hepatic first-pass metabolism. The first-order absorption rate constant was estimated as 2.60 h™
1 (Milligan, Marshall and Karlsson, 2002). Sildenafil has been shown to display dose-
proportional pharmacokinetics following oral administration (Boolell et al., 1996; Muirhead et
al., 1996).

Disposition:

Sildenafil's estimated apparent volume of distribution after intravenous administration is 105
L. While (Vss/F) after oral administration is about 3.56 L/kg -310 L in an 87 kg person -
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(Milligan, Marshall and Karlsson, 2002); taking these two independent measures would
suggest a sildenafil Foral in the (Milligan, Marshall and Karlsson, 2002) work of 34%.

The protein binding for sildenafil is 96%, i.e. a Fu of 0.04 (Nichols, Muirhead and Harness,
2002) and is independent of total drug concentrations.

The total body clearance (CL) for sildenafil is 41 L/h after intravenous administration in
healthy subjects (Nichols, Muirhead and Harness, 2002). The population estimate for oral
clearance (CL/F) in patients with erectile dysfunction was 58.5 L/h (Milligan, Marshall and
Karlsson, 2002) with an elimination half-life (t1/2) reported to average 4 h (Nichols, Muirhead
and Harness, 2002).

After either oral or intravenous administration, sildenafil is excreted as metabolites
predominantly in the faeces (approximately 80% of the administered oral dose) and to a lesser
extent in the urine (about 13% of the administered oral dose) (Muirhead et al., 2002).
According to an excretion study using [*C] labelled sildenafil in men following oral doses, it
has been revealed that 79% of the radioactivity was excreted in the faeces while 12% was
excreted in urine over 5 days (Walker et al., 1999). This data was supported by another study
conducted on post-mortem specimens; They found that the sildenafil and its metabolite
concentrations were higher in bile than the kidney, liver, heart, and muscle specimens of two

victims (Lewis, Johnson and Blank, 2000).

1.10 Project aim, hypothesis, and experimental objectives

This thesis originally aimed to investigate the impact of acute hypoxaemia on drug
pharmacokinetics through a well-controlled clinical trial involving healthy participants. The
drug of interest for study was sildenafil. The primary hypothesis underlying the research was
that acute arterial hypoxaemia could exert substantial effects on the pharmacokinetic profile of

drugs.

The clinical trial was designed involving the pharmacokinetics (PK) and pharmacodynamics
(PD) of a single oral dose of sildenafil in healthy participants under acute normobaric hypoxia
conditions (12% O5). The necessary tasks to develop the trial were undertaken during the initial
stages of this PhD (See Chapter 7 and Appendix 1).
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As a result of COVID, the trial was suspended and the thesis thereafter had to take a change in
direction, but one nevertheless retaining the focus on the original hypothesis but where more
attention was given to underlying mechanisms through which hypoxia influences drug

pharmacokinetics and simulated outcomes.

The understanding of how hypoxaemia affects drug pharmacokinetics and pharmacodynamics

is currently limited to anecdotal human reports and non-clinical animal studies.

The hypothesis proposes that acute arterial hypoxaemia can lead to clinically significant
changes in drug pharmacokinetics, affecting both oral absorption and drug disposition. These
changes may necessitate dosage adjustments to maintain efficacy or prevent toxicity,
particularly for drugs with a narrow therapeutic index. The clinical implications extend to
individuals exposed to hypobaric hypoxaemia, such as lowlanders traveling to high-altitude
regions for occupational, recreational, or religious purposes, as well as those experiencing

normobaric hypoxaemia due to chronic pulmonary or cardiovascular diseases.

Modified Experimental Objectives:

Objective 1: Conduct a rapid systematic review and meta-analysis to investigate the effect

of hypoxemia on drug pharmacokinetics in adults.

Chapter 3 applied strict inclusion criteria to ensure the inclusion of subjects diagnosed
with hypoxaemia. A total of 10 studies were selected, comprising 6 studies conducted
on patients with pulmonary diseases and four studies involving healthy individuals

residing or ascending to high-altitude environments above 2500 m.

Objective 2: Undertake mechanistic in-vitro studies to explore the effects of hypoxia on
drug metabolism with in particular a focus on oxidative-nitrosative-inflammatory stress

mediators.

Chapter 4 aims to characterise a hepatocyte model in order to study the impact of acute
hypoxia on drug metabolism. The knowledge gained from this characterisation will be
utilised in subsequent mechanistic studies and to inform the PK/PD Monte Carlo
computational simulation. Different cell lines, such as HepG2 and HepaRG, along with
various models including 2-dimensional and 3-dimensional models, were employed.
Subsequently, the hepatocyte model was subjected to hypoxia, and the transcription,

translation, and functional activity of CYP3A4 and CYP2C9 were examined. The
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functional activity and transcription of ABC transporters under hypoxia were studied

using Caco2 and HepG2 cell lines.

Chapter 5 of this thesis aims to identify the mechanisms responsible for the
downregulation of CYP3A4 and CYP2C9 under hypoxia, with a specific focus on pro
inflammatory cytokines and reactive oxygen species. The exposure of HepaRG cell
lines to hypoxia facilitated the identification of inflammatory and pro-inflammatory
mediators, as well as the generation of reactive oxygen species. The impact of these
mediators on the transcription, translation, and functional activity of CYP3A4 and
CYP2C9 was investigated. Furthermore, in this chapter, the MAPK/ERK signaling
pathway and its downstream regulation of the nuclear receptor PXR were explored as
potential mechanisms underlying the suppression of CYP3A4 and CYP2C9 under

hypoxic condition.

Objective 3: Simulate the PK/PD outcomes of sildenafil under acute hypoxia based on the

existing literature and using in-vitro functional activity analysis of CYP3A4/2C9.

In Chapter 6, the PK/PD profile of a 100 mg single oral dose of sildenafil was
successfully simulated using PK parameters obtained from the literature. The effects of
hypoxia on PK were modelled by incorporating in-vitro data on changes in hepatic cell
metabolism/CL intrinsic involving CYP3A4 (responsible for 80% of sildenafil
metabolism) and CYP2C9 (contributing to 20% of sildenafil metabolism), as well as

changes in hepatic blood flows sourced from the literature.
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This chapter will look at the general material and methods used throughout the thesis. Later
chapters will refer to these methods as appropriate. Specific materials and methods that are
more specialised or limited to a single chapter will be described in detail in the respective
chapter(s).

2.1 Cell culture

2.1.1 HepG2 cells (Hepatocyte model)

Human hepatocellular carcinoma cells (HepG2) were purchased from the European Collection
of Authenticated Cell Cultures (ECACC 85011430). Cell lines were grown in Modified Eagle
Medium (MEM) (Gibco; 11095080) supplemented with 10% fetal bovine serum (FBS) (Gibco;
10500064) and 1% penicillin-streptomycin (Gibco; 15140122) and were maintained in a
humidified 37°C incubator with 5% CO.. Passage numbers between P5 to P8 were used in all

experiments.

2.1.2 HepaRG cells (Hepatocyte model)

Undifferentiated human bipotent progenitor cells (HepaRG) were purchased from Biopredic
International (Rennes, France) and seeded in monolayer in 25 cm? flasks at a density of 0.02 x
10%/cm? to reach a confluency of 70-80% — this typically required 14 days of culture. The
HepaRG cells were grown in a growth medium composed of: Williams' medium E (Gibco;
A1217601) supplemented with GlutaMAX-I (Gibco; 35050038), 10% fetal bovine serum
(Gibco 10500064), 1% (v/v) penicillin-streptomycin (Gibco; 15140122), 5 pg/mL insulin
(Sigma-Aldrich; 10516) and 5 x10° M (i.e. 50 mM) hydrocortisone hemisuccinate (Sigma-
Aldrich; H2270) and were incubated at 37°C in a humidified atmosphere of 5% CO,. After two
weeks, the culture medium was altered with supplementation with 2% v/v  DMSO
(differentiation medium) (Sigma-Aldrich; D2650). The medium was renewed every 2 to 3

days. Passage numbers between P5 to P19 were used in all experiments.
2.1.3 Caco? cells

Human colonic carcinoma Caco2 epithelial cells were cultured in Dulbecco's modified Eagle's
medium (DMEM) (Gibco 42430025) supplemented with 20% v/v fetal bovine serum (Gibco;
10500064), 1% (v/v) penicillin/streptomycin antibiotics (Gibco; 15140122) and 1% v/v MEM

non-essential amino acids (Gibco; 1140035). Cells were incubated in a 37°C incubator with
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5% CO> for 7-10 days until confluency. Passage numbers between P4 to P10 were used in all

experiments.

2.1.4 3-Dimensional (3D) HepaRG cultures

After expansion and differentiation in 2D monolayers, HepaRG cells were detached using
Accumax (Gibco 00466656), cells were counted and seeded at 0.001 x 108 cells/cm? (96 well
round bottom ultra-low attachment — ULA — plates; Costar; 7007). At day 31 (as shown in
Figure 2.1) the differentiation media (Williams' medium E supplemented with GlutaMAX-I,
10% fetal bovine serum, 1% (v/v) penicillin-streptomycin, 5 ug/mL insulin, 5 x10° M (i.e. 50
mM) hydrocortisone hemisuccinate and 2% DMSQ) was switched to the same media but free
from DMSO — named as growth media — and cells were allowed to grow as spherical cell
aggregates for 10 days. On day 41 (Figure 2.1), the spheroids generated were treated for 72 h
with a CYP3A4/2C9 enzyme inducer (25 puM rifampicin; Sigma Aldrich; R3501). On day 43,
a competitive CYP3A4 enzyme inhibitor (1 uM ketoconazole; Sigma Aldrich PHR1385) was
added to the appropriate treatment arms for 24 h before conducting the experiment on day 44
(Figure 2.1). These CYPP450 modulating treatments- rifampicin and ketoconazole- were
dissolved in DMSO to prepare a stock solution, and then the required treatment concentrations
were prepared by diluting the stock solution into a growth media. The final concentration of
DMSO added to the 3D culture media was 0.02%.

; CYP 3A4/2C9 -
Proliferation Differentiation = ,3fD sphe'rOId induction or F450 Glo 000
Wal formation inhibiti assay s
7 > iipis ole inhibition . o 3
o ____, — —_— ’%ﬁ > 188988883838
Day 0-14 Day 15-30 Day 31-40 Day 41-44
seeding density 0.02X10° Seeding 1000 25 uM Rifampicin
cells/cm? in T25 flask cells/well in 96 1 uM ketoconazole
ULA plate
2% DMSO

Figure 2.1 Schematic protocol for HepaRG differentiation and spheroid formation. HepaRG was seeded at
a density of 0.02 X 108 cells/cm? as a 2D monolayer and grown for two weeks. At day 15 the growth media was
supplemented with 2% DMSO to differentiate the cells into hepatocyte and biliary cells. On day 31, the
differentiated cells are detached and seeded at a density of 1000 cells/well in ultra-low attachment (ULA) plates
to form spheroids. Following this on day 41 the spheroids were treated with rifampicin to induce the expression
of CYP3A4 and CYP2C9 for three days. On day 43 ketoconazole was added to the respective treatment arms.

The P450 GLO™ assay was conducted on day 44. The figure was created by D. Alablani -BioRender.
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2.2 Cell staining and immunofluorescence

2.2.1 Live/ dead staining

After spheroids formation, (see Figure 2.1, day 38) spheroid were stained with a mixture of
two dyes: 1 M calcein-AM (Invitrogen; C3099) and 1 mg/mL propidium iodide (PI) (Sigma
Aldrich P4864). 2X concentration dye solutions were prepared in a culture medium
immediately before use to working concentrations of 2 uM calcein-AM and 8 ug/mL PI. 40 ul
added directly to each well (each containing 1 spheroid) after aspirating 60 ul of the media
from a total of 100 ul. Spheroids were incubated with dye for 1 h at 37 °C and 5% CO> before
imaging using an EVOS™ M7000 microscope (ThermoFisher Scientific). The dye solution
was not washed out, and care was taken during pipetting to avoid spheroid loss, disintegration,

or displacement.

2.2.2 Immunofluorescent staining and microscopy

Cells were cultured at a density of 0.2 x108 cells/well on 35 mm glass bottom microwell dishes
combined with coverslips (P35G-1.5-14-C, Mat Tek). The coverslips were coated with
collagen to improve cell attachment. After cell differentiation, the media aspirated from the
wells and the cells were gently washed with PBS (Gibco; 10010023) at room temperature.
Afterwards, cells were fixed in 4% (w/v) paraformaldehyde in PBS for 10 min, washed in PBS
for 2 min, permeabilised by 0.5% (v/v) Triton -100 in PBS (PBST) at room temperature for 5
min and blocked with 5% BSA in PBST. Subsequently, they were incubated overnight at 4°C
with primary antibodies, washed out, and incubated for 1 h with secondary antibodies at room
temperature. The cell nuclei were stained using Hoechst (1pug/mL) dye (Thermo Sci; 62249)
and mounted in Antifade Mounting Medium (Vector ZB0420). The negative controls were
incubated with secondary antibodies without the primary antibodies. Primary antibodies: rabbit
anti-albumin (NBP1-32458, Novus biological), mouse anti-cytokeratin19 (Thermofisher;
MAJ5-12613), rabbit anti-CYP2C9 (ab150364, Abcam), rabbit anti-CYP3A4 (Merck Life
Science UK Limited; AB1254). Anti-mouse AlexaFluor 488 (Invitrogen; A-21200), anti-rabbit
AlexaFluor 546 (Invitrogen; A11010), anti-rabbit AlexaFluor 488 (Invitrogen; A11034) were
used as secondary antibodies. Cells were visualised by confocal microscopy using a Leica
DMIi8 inverted microscope equipped with: an HC PL APO lambda blue 63x1.40 oil-immersion
objective — to visualise 2D monolayer; and with an HC PL APO CS 20x70 DRY UV objective

36



Chapter2

— to visualised 3D spheroids. The samples were illuminated with a 405 nm laser line for the
excitation of the DAPI signal and with a white light laser tuned at 488 nm, and 543 nm for the
excitation of AlexaFluor 488 and AlexaFluor 546, respectively. ImageJ was used to create the

figures and analyse immunofluorescent intensity.

2.3 General assays

2.3.1 CYP450 enzymes activity measurement using P450-Glo™ assay

The CYP450 activity of the hepatocyte cell models was assessed using the P450-Glo™ assay
(Promega, UK). Two luminogenic substrates were utilised: Luciferin-IPA (V9001; Promega)
to quantify CYP3A4 enzyme activity, and Luciferin-H (V8791; Promega) to measure CYP2C9
enzyme activity. The non-lytic P450-Glo™ Assay was conducted following the manufacturer's
protocol (Promega). HepaRG cells cultured in 2D monolayers were subjected to two rounds of
washing with PBS, followed by incubation with 50 ul of cell culture medium containing either
3 uM Luciferin-IPA (for CYP3A4) or 100 uM Luciferin-H (for CYP2C9). Incubation was
carried out at 37°C for 1 h or 4 h, respectively. Subsequently, 25 uL of the media supernatant
was collected and transferred to opaque-white 96-well plates (Costar 3912). An additional 25
uL of the Luciferin detection reagent was added, and the samples were further incubated at
room temperature for 20 min. Luminescence signals were then recorded using a plate reader
(Infinite200 PRO; Tecan). To determine background luminescence, empty wells were prepared
without cells, and Luciferin IPA or Luciferin H was incubated for 1 h or 4 h, respectively.
Following this, 25 uL of the media was transferred to a white 96-well plate, and the Luciferin
detection reagent was added. The background signal was subtracted from the sample

measurements.

The number of viable cells remaining in the original 96-well plates was determined by the
CellTiter-Glo luminescent cell viability assay (Promega G7570) — detailed in section 2.3.2.
The luminescence measurements obtained using P450-Glo assays were normalised to the

viable cell number to represent enzymatic activities.

For the assay conducted on 3D Spheroid HepaRG model, a modified protocol adapted from
(Shin et al., 2018) was applied. Spheroids were washed twice with phosphate-buffered saline
(PBS) and incubated with 30 pL of cell culture medium containing the CYP3A4 or CYP2C9

substrate luciferin-IPA and Luciferin H, respectively. After a 1h incubation at 37°C, the
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spheroids and its incubated substrate solution were transferred to a white opaque 96-well
luminometer plate (Costar 3912), and 25 pL of Luciferin detection reagent was added. The
reaction mixture was triturated with a pipette to ensure cell lysis. After a 20 min incubation at

room temperature, luminescence was measured using a plate reader (Infinite 200 PRO; Tecan).

N 0
N @:NH/N OH
HO/C[S >_<S )\ 7 S S

Luciferin-IPA Luciferin-H

Figure 2.2 Chemical structures of substrate used in P450-Glo™ assay. Luciferin-IPA was used as substrate
to measure CYP3A4 activity. Luciferin-H was used as substrate to measure CYP2C9 activity.

2.3.2 CellTiter-Glo luminescent cell viability assay

Cell viability of HepaRG was assessed by determining the adenosine triphosphate content of
viable cells with the CellTiter-Glo Luminescent Cell Viability Assay (G7570, Promega,
Southampton, UK). For the assay of 2D monolayer-cultured HepaRG, 100 pl of CellTiter-Glo
reagent was added to each well containing 100 pl of cell culture medium. The contents were
mixed for 2 min at room temperature on an orbital shaker to induce cell lysis and then incubated
at room temperature for 10 min. Lysed solutions (100 pl) were transferred into clear 96-well

plates. Luminescence was measured using a plate reader (Infinite 200 PRO; Tecan).

2.3.3 Rhodamine 6G and Hoechst 33342 accumulation assay in HEPG2 and

Caco?2 cells

Caco2 cells were seeded at a density of 3 x10%/cm? in 12-well plates and grown for 21 days to
achieve a differentiated state. HepG2 cells were seeded at a density of 5x10° cells/mL. At the
appropriate time, each well containing cells as above received either Rhodamine 6G (Sigma
252433) or Hoechst 33342 dyes at a final concentration of 5 uM in DMEM media (free from
phenol red and FBS). The plates were then incubated for another 60 min. After that, the uptake
of dye was terminated by rinsing the plate three times with ice-cold PBS. In order to release
the intracellular fluorescent Rhodamine 6G or Hoechst, cells were lysed with 20 mM Tris-

HCL, pH 7.7, containing 0.2% sodium dodecyl sulphate (SDS). Cellular debris was removed
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by centrifugation at high speed for 5 min. Aliquots (100 ul) of the supernatant were used for
determining the cellular fluorescent intensity of Rhodamine 6G or Hoechst 33342 by a
fluorescent plate reader (Infinite 200 PRO; Tecan).

The excitation/emission wavelength filter was 544/590 nm (for Rhodamine 6G) and 361/497
(for Hoechst 33342). The concentration of Rhodamine 6G or Hoechst 33342 in each sample
was determined from the fluorescence measurements by the construction of a standard curve.
The amount of Rhodamine 6G and Hoechst 33342 in the cell samples were normalised with
the amount of protein in each sample (using 10 pl aliquots of the supernatant) as determined
by the Pierce BCA method.

2.4 Molecular assessment for genes of interest

2.4.1 RNA extraction

RNeasy Mini kit (QIAGEN 74104 ) was used to isolate the total RNA from the HepaRG,
HepG2 and Caco2 cells. Cells were detached from 25 cm? flasks after the confluency and
diffrentiation, transferred into Eppendorf tubes, spun (5 min at 110 x g) into a pellet. The
supernatant was removed, and cell pellets were then lysed in the Eppendorf tube with lysis
solution (350 ul of RLT buffer). Then, 350 pl of 70% ethanol was added to the lysed cells
and mixed well by pipet. The lysates were then transferred into collection tubes provided within
the kit and which comprised silica filter cartridges. Lysates were centrifuged at 10000 x g for
15 sec. Wash solution 1 was added (700 pl of RW1 buffer - contain guanidine salt and ethanol),
and collection tubes were again centrifuged at 10000 x g for 15 sec. A further two wash steps
were undertaken using 500 ul of RPE buffer washes before eluting RNA. The elution step
comprised the filter cartridge transfer into a new collection tube for the elution step. RNA-free
water (30 pl) was added to each filter cartridge, and centerfuged at 10000 x g for 2 min. The
extracted RNA were stored at -20°C until reverse transcription was performed. RNA quality
was assessed using NanoDrop One Spectrophotometer (Thermo Scientific), which measures
absorbance at 260 nm and 280 nm. A ratio of 2 is considered to be uncontaminated with
genomic DNA and of good quality/purity. Total RNA samples showed high quality on
Nanodrop technology with 260/280 ratios: 1.8-2.0.
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2.4.2 Reverse transcription (cDNA synthesis)

Reverse transcription was carried out using a high-capacity cDNA reverse transcription kit
(Applied Biosystems; 4368814). The following reagents were added to a 0.2 mL DNAse and
RNAse free PCR tube; 1 pg total RNA, 10X RT buffer (2 pl), random hexamer primer (2 pl),
dNTP mix (0.8 pl), reverse transcriptase (1 pl), RNase inhibitor (1 pl) and RNAase-free water
(as needed to make a final volume of 20 pl). The following programme of the thermal cycler
(PTC-100 programmable thermal control, MJ research BioRad) was used; 25°C for 10 min,
37°C for 120 min, 85°C for 5 min, then cooled at 4°C for 10 min. Samples were stored at -
20°C.

2.4.3 Primer design

Gene accession data for the mMRNA of the desired genes were identified using nucleotide search
function of National Centre for Biotechnology Information (NCBI). Primers for PCR were
designed using BLAST and targeting across exon-exon boundaries. Melting temperatures
ranged between 59 to 61°C, the GC content between 44-55% and the primer length between
18-24 bp with a product size of 100 to 200 bp. The primers were obtained from (Thermo Fisher
Scientific). Hypoxanthine Phosphoribosyltransferase 1 (HPRT1) was used as an internal

control. The primers used are listed in Table 2.1.

Table 2.1 Primer used for the analysis of gene expression by RT-PCR

Gene Forward Reverse Size
(bp)
Pro-inflammatory
CTCAATATTAGAGTCTCAAC | GAAGGCGCTTGTGGAGAAG
IL-6 146
CCCCA G
CTCTTCGAGGCACAAGGCA | ATTTCACTGGCGAGCTCAGG
IL-1p CA T 112
TNF-a ACAAGGTCCTCTTCAAGGGCC GGGGCTCTTGATGGCAGAGA | 120
IL-12 XAAGACCTCAGCCACGGTC GCACAGATGCCCATTCGCTC | 101
Nuclear receptor
PXR GACATGTGAAGGATGCAAG | CTCTCCAGGCACTTGCGCA 147
G
Efflux transporters
BCRP GACTTATGTTCCACGGGCCT | GGCTCTATGATCTCTGTGGC 175
TTTA
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MRP2 GGGATGAAAGGTCATCCTTT | TCCAGGAATGAGGAATTCCA 190

ACG AAAAG
MDR CAGATAAAAGAGAGGTGCA | CTGTGGCAAAGAGAGCGAAG 191
ACGG
Housekeeping gene (HKG)
HPRT1 | AGCCCTGGCGTCGTGATTAG $CGAGCAAGACGTTCAGTCC 141

2.4.4 TagMan gene expression assay

Doublex TagMan gene expression assay was used to test the gene expression of CYP3A4 and
CYP2C9. Table 2.2 lists the three gene expression assay Kits used, their product identifications,
specific transcripts amplified and their specific dye.

Table 2.2 TagMan gene expression assay used

Gene Assay ID Dye

CYP3A4 | Hs00604506_m1 FAM-MGB

CYP2C9 | Hs04260376_m1 VIC - MGB

HPRT1 | Hs02800695_m1 VIC-MGB

Each kit contained gene-specific primers and fluorogenic probes that were pre-optimised by
the manufacturer to yield 100% * 10% amplification efficiency using human tissue RNA pools.
The assay Kits share the following general features: (a) forward and reverse primers are
contained in different exons when multiple exons encode the transcript; (b) the reporter probe
spans the exon-exon junction of the targeted transcript to prevent amplification of genomic
DNA.

2.4.5 Quantitative Polymerase Chain Reaction (QRT-PCR)

gRT-PCR was performed using a PowerUp™ SYBR™ Green Master Mix (Applied
Biosystems; A25741). During PCR amplification, SYBR® Green employs a non-specific
fluorescent dye that intercalates into double-stranded DNA. The amount of SYBR® Green

bound to the DNA rises as the amount of amplified product increases, resulting in an increase
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in fluorescence observed by qRT-PCR. The SYBR® Green approach is simple and inexpensive,
but it may provide non-specific signals if other amplified products or impurities are present in
the reaction. SYBR® Green's nonspecific binding makes them unsuitable for multiplex PCR.
Each PCR tube contained 30 ng of cDNA, SYBR® Green Master mix (6 ul), forward and
reverse primers (0.18 pl each) (Table 2.1) and RNA free water (as needed to make a final
volume of 12 pl). The gRT—PCR conditions were as follows: denaturation at 95°C for 15 sec,
annealing at 60°C for 15 sec, and extension at 72°C for 1 min for up to 40 cycles. The
amplification was conducted using a QuantStudio™ 5 Real-time PCR System (Applied
Biosystems).

On the other hand, TagMan is a unique approach that allows for multiplexing, which means
that many target sequences may be identified in a single reaction. TagMan employs a
complementary fluorescence probe to the target sequence. A fluorescent dye is located at the
5" end of the probe, and a quencher is located at the 3' end. Tag polymerase cleaves the probe
during PCR amplification, separating the dye from the quencher, resulting in a rise in
fluorescence that may be measured in gRT-PCR. The TagMan gene expression assay was
performed using TagMan Fast Advanced Master Mix (Applied Biosystems; 4444557) and 30
ng of cDNA. The manufacturer recommended amplification conditions were used: one cycle
at 50°C for 2 min, then 95°C for 20 sec, followed by 40 cycles at 95°C for 3 sec and 60°C for

30 sec.

Assays using ‘Singleplex’ (single target amplified in each PCR reaction) and ‘Duplex’ (both
CYP3A4 and CYP2C9 gene simplify simultaneously in a single PCR reaction) were validated
by calculating amplification efficiency values for serial dilutions of cDNA in the PCR
reactions. Furthermore, the expression of the target gene in Singleplex and Duplex PCR
reactions in a serial dilution of cDNA was compared to confirm there are no differences in

target gene expression between them.

For reliable normalisation of gRT-PCR experiments, one gene with steady expression in all
used cell lines (HPRT1) was chosen as the housekeeping gene (HKG). For analysis, the AACt
approach was utilised, which involves first calculating the ACt value by subtracting the cycle
threshold (Ct) values of the HKG gene from the Ct value of the target gene in each sample.
Then, the AACt value is calculated by subtracting the ACt value of the control sample from the

ACt value of the experimental sample.
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2.5 Western blot

2.5.1 Protein lysis and concentration determination

Cells were detached and collected in a 15 mL centrifuge tube. The lysis buffer master mix was
prepared by adding 10 pl of EDTA and 10 ul of Protease and Phosphatase Inhibitors (Thermo
Fisher; 1861281/1861274) to 980 pl of RIPA lysis buffer (Thermo Fisher; 89900). The cell
lysate was prepared by adding 250 ul of lysis buffer master mix to the cell pellet. The samples
were kept on ice for 30 min, vortexed every 5 min and then centrifuged at 14000 x g for 15
min to pellet the cell debris. Afterwards, the supernatant was collected in a new microcentrifuge
tube and stored at -20°C until required. The protein concentration of the lysate was determined
with Pierce BCA protein assay kit (Thermo scientific; 23227) following the manufacturer's
protocol. All samples were measured at 562 nm using an Infinite® 200 PRO Tecan plate reader.
Protein concentrations were calculated using diluted albumin standards (Thermo scientific;
23209).

2.5.2 Sample preparation and gel electrophoresis

The samples were prepared by adding the calculated amount of the 4X LDS sample buffer
containing beta-mercaptoethanol as a reducing agent, water and 15 to 50 pg of protein into
microcentrifuge tubes. Samples were centrifuged at 110 xg for 10 sec, followed by heating at
95°C for 5 min. The Gel electrophoresis was performed with 12% Mini-PROTEAN® TGX™
Precast Protein Gels (BIORAD; 4561045). The gel was placed in apparatus submerged in
running buffer (0.25 mM Tris-HCL PH 8.3, 1.7 mM SDS and 96 mM glycine), and the samples
were loaded in the gel well, as well as the marker. Electrophoresis was performed at 200 V for

40 min or until a good separation between bands was observed.

2.5.3 Transfer of protein from gel to membrane

The semidry transfer method was carried out using Bio-Rad Trans-Blot Turbo Transfer System
and Trans-Blot Turbo Transfer Pack Mini format 0.2 um Nitrocellulose (BIORAD; 1704158).
The transfer was performed following the manufacturer's protocol. Briefly, the membrane and
bottom stack were placed on the cassette base of Trans-Blot Turbo Transfer System, and the
gel was placed on top of the membrane; then, the second wetted transfer stack was placed on
top of the gel. The air bubbles were removed from the assembled sandwich with a blotting
roller. The cassette lid was closed, then locked and inserted into Trans-Blot Turbo Transfer

System. The system was programmed for transfer at 1.3 A constant, up to 25 V, for 7 min.
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2.5.4 Immunodetection

The membranes were blocked for non-specific interaction using 5 % milk diluted in washing
buffer for 1 h at room temperature on a rocking platform. The membrane was then washed 3
times for 5 min in a washing buffer and incubated with primary antibody overnight at 4°C
under a roller (Table 2.3). After that, the membranes were washed three times for 5 min each
with washing buffer before incubation with the respective HRP-conjugated secondary
antibodies for 60 min at room temperature (Table 2.3). The antibody-labelled proteins on the
membrane were detected using Super Signal West Dura Extend Duration Substrate
(Thermofisher; 34076). The membranes were scanned with ChemiDoc™ XRS+ System

(Biorad). The optical density of the bands was calculated with ImageJ.
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Table 2.3 Antibodies and their concentrations employed in Western blotting.

Antigen Conjugate Predicted | Dilution Antibodies and Source
Mwt
(kDa)
CYP 2C9 - 55 1:1000 Rabbit polyclonal to CYP2C9 (abacam; ab4236)
CYP 3A4 - 50 1:1000 Rabbit monoclonal to CYP3A4 (Cell Signaling; D9U6N)
PXR - 50 1:1000 Mouse polyclonal to PXR (abcam; ab118336)
Phospho P44/42 - 42, 44 1:1000 Rabbit (Cell Signaling; 91015S)
MAPK (ERK1/2)
(Thr202/Tyr204)
P44/42 MAPK - 42, 44 1:1000 Rabbit (Cell signaling; 9102S)
(ERK1/2)
GAPDH - 37 1:1000 GAPDH rabbit mAb detects endogenous levels of total
GAPDH protein (Cell Signaling; 2118)
B-Actin - 42 1:1000 | Anti-B-actin antibody, mouse monoclonal (Sigma; A1978)
Anti-rabbit 1gG Horseradish peroxidase (HRP) N/A* 1:10000 Anti-rabbit 1gG, HRP-linked antibody (Cell Signaling;
7074)
Anti-mouse 1gG Horseradish peroxidase (HRP) N/A 1:10000 Anti-mouse 1gG, HRP-linked antibody (Cell Signaling;
70769S)

*(N/A) Not available
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3.1 Introduction

Hypoxaemia is a state of decreased oxygen in arterial blood. This occurs in various acute and
chronic respiratory and cardiovascular diseases and in high-altitude environments. At high
altitudes, both atmospheric pressure and atmospheric partial pressure of oxygen are decreased,
resulting in a reduced oxygen level dispersal into the blood, and a loss of arterial partial

pressure and saturation of oxygen.

Altered drug disposition is well recognised in disease states affecting the organs we commonly
think of as the major routes of elimination, the kidney or liver (Curry and Whelpton, 2010).
However, little research has focused on the possible pharmacokinetic changes in humans that
may accompany hypoxaemia despite the frequent occurrence of gas exchange abnormalities
with chronic respiratory disease. Oxygen is essential for drug oxidation, for control of cellular
redox state and for the synthesis of high-energy bonds used in phase2 conjugations, it is
therefore not unreasonable to consider that clinically meaningful hypoxaemia may alter drug
disposition in patients with chronic respiratory diseases (du Souich and Erill, 1978; Jones,
1981; Taburet, Tollier and Richard, 1990).

High altitudes can induce physiological changes and result in a hypobaric hypoxia response in
several physiological systems, including the cardiovascular system, pulmonary system,
gastrointestinal system, drug metabolism enzyme system, and renal excretory system
(Brugniaux et al., 2007; Goldfarb-Rumyantzev and Alper, 2014; Hui et al., 2016).
Physiological alterations induced by high-altitude stressors may affect the absorption,
distribution, metabolism, and excretion (ADME) of drugs and alter drug pharmacokinetics to
the extent that may require modifications of dosage regimens to ensure drug efficacy and

safety.

3.1.1 Aim and objectives

This Chapter uses rapid systematic review methodology accompanied by a meta-analysis to
evaluate the evidence for the effects of both normobaric hypoxaemia in respiratory disease and
by using hypoxia chamber or hypobaric hypoxaemia at high altitude upon the pharmacokinetics
(PK) of drugs in adults.

46



Chapter 3

3.2 Methods

This review follows PRISMA reporting guidelines. The protocol was registered prospectively
on the PROSPERO database (CRD42020215474) on 2™ November 2020.

3.2.1 Database and search strategy

A search of electronic databases was conducted from inception to 10 May 2023 by one reviewer
(DJA). Four electronic databases were accessed: EMBASE (Ovid) (1947 to 2023 week 18),
MEDLINE (Ovid) (1946 to 10 May 2023), SCOPUS (1963 to present) and Web of Science.
The search strategy included the keywords and the subject heading for hypoxaemia,
pharmacokinetics, respiratory diseases, high altitude. The search strategies and keywords for
EMBASE, MEDLINE, Scopus and Web of Science are shown in Appendix 4.1. The search
was restricted to English language and were re-run immediately before analysis. Initial search
were conducted in Cochrane library to make sure there is no previous systematic review study

has been published.

3.2.2 Selection and quality assessment
Review Inclusion Criteria
Studies were deemed eligible for meta-analysis based on the following criteria:

(1) Study design: RCT’s and QUASI-experimental studies.
(2) Participants:

- Adults >18 years with hypoxaemia as defined as the partial pressure of arterial oxygen
(PaO2) < 80 mmHg or a PaO2/FiO2 ratio <300 mmHg or arterial oxygen saturation
(Sa02) <95 %.

- Hypoxaemia occurs in respiratory diseases such as (COPD, chronic or acute asthma,
pneumonia, pulmonary oedema, pulmonary embolism, pulmonary hypertension,
pulmonary fibrosis, granulomatous lung diseases) or as a result of ascending to high
altitude or exposure to a low level of oxygen using hypoxia chamber.

(3) Intervention: any pharmacological treatment which has a therapeutic effect taken by oral,

intramuscular or intravenous routes.
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(4) Comparator(s)/control:

- Adult >18 years with pulmonary disease and controlled hypoxaemia (PaO: is above 80
mmHg) due to oxygen therapy.
- Healthy volunteers who do not have pulmonary diseases and have normal PaO> values
(above 80 mmHg).
- Participants - healthy male or female lowlanders (living at sea-level).
(5) Outcome measures: Pharmacokinetic parameters including (F, Cmax, Tmax, Ka, tia, K, tir,
CL, V4, AUC o-t1ast, AUC 0-0), defined below in section 3.2.4.

Review exclusion criteria:
Studies were excluded that:

- Were performed on animals or in vitro.

- Were conducted on children (<18 years).

- Were on unrelated topics.

- Unpublished articles, dissertations, abstracts, and conference proceedings.

- Articles providing insufficient information relating to PK parameters.

- Studies that did not report the PaO., PaO2/FiO2, SaO: levels, or did not mention the
subjects are suffering from hypoxaemia.

- Studies published in languages other than English.

Quiality assessment

The quality of each study eligible was evaluated by one examiner (DJA). Cardiff University’s
‘Specialist Unit for Review Evidence (SURE)’ critical appraisal checklist were used to assess

RCTs and quasi-experimental studies. The URL link to the checklist is: SURE-CA-form-for-

RCTs-and-other-experimental-studies_2018.pdf. This tool comprises 14 questions that address

broad issues such as clearly defined research questions, methodology, and validity of results.

3.2.3 Data management

All the articles were imported into the Mendeley library. Duplicates were automatically
screened and excluded. The articles were first screened by their titles and abstracts according
to the eligibility criteria. The excluded studies were filed in a well-identified section — named

as “exclusion 17- of the Mendeley library. The full text of the remaining articles that met the
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inclusion criteria, or presented a doubt in terms of eligibility, were uploaded and attached to
the respective article citation in the Mendeley library. The full text papers were then read, and
the ultimate decision on whether or not to include the studies in our rapid review was made.
Excluded studies that did not meet our inclusion criteria are placed in a folder called "Exclusion
2" in Mendeley. The "Exclusion 2" folder was then subfolder into several files and titled
according on the reason for the study's exclusion from our rapid review, such as conducted on
children, PK outcomes are not reported, no normoxia control group etc. Using this approach,

a single article can be classified into different files in case of multiple exclusion criteria.

3.2.4 Data extraction

The following information was extracted from selected studies by using structured data
collection tables: author, publication year, experimental design, drug examined, dose, route of
administration, sample size, age, body weight, underlying respiratory conditions, and PaO>
level. Pharmacokinetic parameters including bioavailability (F), absorption rate constant (ka),
volume of distribution (Vg), absorption/elimination half-life (t1/2, / t1/2), clearance (CL),
elimination rate constant (K), time to peak plasma concentration (Tmax), area under the

concentration-time curve (AUC)).
Definitions of PK Parameters
Ka: rate of drug absorption from the site of administration into the systemic circulation

t1/2a: absorption half-life- the time is takes for half of the drug to be absorbed from the site of

administration into the systemic circulation.

F: fraction of the administered dose which reaches the systemic circulation unchanged.
Cmax: maximum measured plasma concentration over the time span specified.

Tmax: time to the maximum measured plasma concentration.

t12: elimination half-life - the time it takes for the plasma concentration or the amount of drug
in the body to be reduced by 50% .

AUC-¢: the area under the plasma concentration vs time curve, from time zero to “t”.
b

tiast — time corresponding to the last measured concentration Ciast .

49



Chapter 3

AUC-: the area under the plasma concentration vs time curve from time zero to infinity
calculated as AUCo-ast plus the extrapolated area from time tiast to infinity calculated using
Clast/K .

K: the fraction of drug eliminated per unit time.
CL: volume of plasma from which a drug is completely cleared per unit time.

Vq: also known as apparent volume of distribution- is the theoretical volume required to contain
the total amount of an administrated drug at the same concentration observed in blood plasma.

3.2.5 Statistical analysis

Statistical analyses were conducted using Review Manager (RevMan Version 5.3.5 for
Windows, Cochrane Collaboration, Oxford, UK) to pool data for each of the PK parameters
and associated variables. Continuous outcomes were presented as a standardised mean
difference (SMD) and 95% confidence intervals (CI). Heterogeneity was evaluated using the
chi-squared (Chi?), Higgins 12 and Tau? statistics which assess the appropriateness of pooling
individual study results. Random-effects models were applied if heterogeneity was evident
(Chi? P < 0.10/ 1> >50%); otherwise, fixed-effects models were used. Subgroup analyses were
used when either statistical or clinical heterogeneity was evident. The Z test was used to test
the statistic significant of overall effect size. Significance was established at P < 0.05, and data
were presented as mean £ SD unless otherwise stated. Publication bias was assessed visually

using a Funnel Plot.

3.3 Results

3.3.1 Study identification

Applying the search terms, a total of 1336 publications were retrieved through electronic
database searches. After duplicates were removed and studies excluded by titles and abstracts,
42 articles were retrieved for detailed assessment. Of these, 32 articles were excluded (ten
remained), because the studies were done on children, the primary outcomes (PK data) were
not reported, because they did not report the laboratory measurement that indicates the patients
under hypoxaemia such as PaO- or SaO> values or because there was no control group (Figure
3.1). Atotal of ten full-text articles were selected for meta-analysis (Cumming, 1976; Agnihotri
et al., 1978; Souich et al., 1983; Cusack et al., 1986; Du Souich et al., 1989; Rowett et al.,
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1996; Streit et al., 2005; Li et al., 2009; Zhang et al., 2016; Thomas et al., 2018), two were
from Canada, two from the United States, one from the UK, one from Australia, one from
Germany, two from China and one from India. The studies comprised of three cross-over

RCTs, six non-RCTs, and one before and after study without control.

—
g Total number of references identified = 1336
=
E‘E Embase (Ovid)= 402; Medline (Ovid)= 119; Web
§ of Science= 135; Scopus= 680
=
— h 4
el Records after duplicates removed and to screened
E by titles and abstracts , Records excluded
z (n=1110) (n=1068)
wn
| —
A4
) . .
. Full-text articles assessed for eligibility (n=42) Full-text articles excluded, (n=32)
:E‘ Reasons for exclusion:
%ﬂ . Studies conducted on children (n=4)
. PK outcomes not reported (n=6)
| —
. Both experimental and control group
are exposed to hypoxia (no normoxia
Studies included in a qualitative synthesis group to compare with) (n=1)
=10 .
é (@ ) . Not report hypoxemia, PaO2 or Sa02
= values (n=21)
5
y

[

Studies included in quantitative synthesis

(meta-analysis)
(n=10)

Figure 3.1 Flow chart of article searches and selection strategies.

3.3.2 Risk of bias

The SURE checklist was used because it offers an in-depth appraisal rather than relying on a
summary score, which may not provide an adequate assessment of limitations specific to the
individual study. All included studies were judged to be of moderate methodological quality
(Appendix 4.3).
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All studies were interpreted as having a clearly focused research question, an appropriate
description of the interventions, a well-described method of data collection, outcome
assessment and a consistent approach to reporting the conclusions (within the abstract and

discussion).

For each criterion, most studies were interpreted as good quality, with the exception of research
design (randomisation, intervention concealment and blinding). Most of the studies were
reported as “NO” or “Unclear” (except for two studies Rowett et al., 1996; Streit et al., 2005)
for the randomisation and the method of blinding being well described. This was expected as
only three cross-over RCT studies were included in this review. The justification of sample
size strategy were unclear in four of the studies (Cumming, 1976; Agnihotri et al., 1978; Du
Souich et al., 1989; Rowett et al., 1996). It was unclear if ethical approval was sought and
received in four studies (Cumming, 1976; Agnihotri et al., 1978; Souich et al., 1983; Du Souich
et al., 1989). Conflicts of interest and sponsorships were reported in two studies (Souich et al.,
1983; Zhang et al., 2016). In four studies, the authors did not identify any limitations
(Cumming, 1976; Souich et al., 1983; Cusack et al., 1986; Du Souich et al., 1989).

3.3.3 General characteristics of the included studies

This review includes ten studies published between 1976 and 2018 reporting PK data from
participants with hypoxaemia evidenced by a reported low PaO; level (< 80 mmHg). However,
the reasons for hypoxaemia varied. Six studies were related to patients with pulmonary
disorders, which was the primary cause of hypoxaemia, while in four of the studies,
hypoxaemia occurred due to ascending to high altitude areas. A total of 66 patients (58 males
and eight females) were diagnosed with chronic respiratory disease and were receiving
amongst the medications either antipyrine, sulfamethazine, theophylline or furosemide, which
were administrated orally or intravenously. The PK of a single dose of verapamil, theophylline,
sulfamethoxazole, lidocaine hydrochloride or alprazolam administrated either orally or
intravenously (and in one study intramuscularly) were studied in 84 healthy male volunteers
either living with (chronic) or acutely exposed (< 24 h) to a high-altitude environment. The

general properties of the drugs in these studies are shown in Table 3.1.
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Table 3.1 General drug properties.

Antipyrine

Sulfamethazine

Theophylline

Furosemide

Verapamil

Sulfamethoxazole

Lidocaine
hydrochloride

Alprazolam

Action Analgesic Anti-infective = phosphodiesterase Loop Antiarrhythmic = Antibacterial agent Analgesics and Antianxiety agent
and agent inhibitor diuretic anaesthetics

antipyretic
Molecular 188 278 180 330 455 253 234 309
mass
Protein 95-99 50-60 40, primarily to 91-99, 94 70 60-80 80
binding (%) albumin mainly to

serum
albumin

Absorption Rapidly Rapidly Rapidly absorbed 10-90 90 Rapidly absorbed 35 84-91
(%) absorbed absorbed
Vd (L/kg) 0.7 1.5-2 0.3-0.7 0.2 3.8 0.18 1.7 0.8-1.3
t1/2 (h) 2-3 12-24 8 0.5-2 3-7 10 1.5-2 11.2
Metabolism 90 Not available 90 10 80 80 90 90
(%)
CL (L/h/kg) 1.5 0.24-0.48 0.087 0.12 0.5-1 0.017 0.54 0.054
Renal 10 <10 10-15 PO 50 70 20 90 20
elimination 1V 80
(%
unchanged)
CYP-450 Substrate Non-substrate Substrate Non- Substrate Minor pathway Substrate Substrate
substrate CYP3A4/1A2 CYP1A2/3A4 substrate CYP3A4/3A5/ CYP2C9 CYP3A4/ CYP3A4/3A5/3A7

/2C9/2E1 1A2/2C9/2C8 1A2/2B6/2C9/2D6 /2C9
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P- Non substrate | Non substrate Non substrate Non Substrate Non substrate Non substrate Non-substrate
glycoprotein substrate

substrate

cLogP 1.18 0.43 -0.26 2.71 5.23 0.79 1.81 2.23
PSA (A°) 29 97 69 122 63.95 98 32.34 43.07

Sources: The Drug Bank Database; Medscape. t1/2, elimination half-life; cLogP (using ALOGPS), logarithm of compound’s partition coefficient; PSA (using CHEMAXON),

polars surface area; A°, angstrom.
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The pulmonary disease patients were 63 + 3 years old (mean £ SD) and were compared with
the same patients - each subject serves as their own control- after receiving oxygen therapy in
a cross-over manner, with other patients with similar physical status but with normal PaO., or
with healthy participants. In high altitude studies, the participants were about 22 years old and
healthy and were compared with healthy volunteers living at sea level altitude who has PaO>
values. Table 3.2 provides detailed information about the study characteristics.
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Table 3.2 Study characteristics.

Studies

Dose/Administration

(Cumming,
1976)

Antipyrine
(Agnihotri et b
al., 1978)

(Souich et al.,
1983)

(Cusack et
al., 1986)
Theophylline

(Du Souich et
al., 1989)

(Rowett et

al., 1996) Furosemide

Verapamil
(Streitet al.,

L) Theophylline

Sulfamethazine

600 or 1,200 mg/PO
1,000 mg/ IV

750 mg /PO

10 mg/kg /PO

Single dose isotope-enriched
theophylline (10 mg, m/z
183) /IV + maintenance
dose (m/z 180)/PO

4 mg/kg /IV

Day 2: 40 mg /PO +500 mg
paracetamol

Or

Day 3: 20 mg/ IV + 500 mg
paracetamol

5 mg/ IV bolus over 10 min

6 mg /kg / IV bolus over 20
min

Sample (n) /sex

17 males

8 / seven males and one
female

11 / eight males and
three females

10 males

10 /nine male and one
female

10 / seven males and
three females

10/ males

10/ males

56

Age (years)
Adults, the exact age is
not given

64 +7

65.8 +6.2

58 +3

64.6 £5.7

26 £ 4.

weight (kg)

Not given

60 =10

65 -82

63.3+3.3

66.0 + 3.2

73.4+14.6

73.5%8.7

Causes of hypoxaemia
Pulmonary disorders

Obstructive airways
disease and /or
progressive massive
fibrosis

Chronic obstructive
lung diseases

Chronic obstructive
pulmonary disease

Severe chronic
obstructive lung
disease

Chronic respiratory
failure

Hypoxia chamber (12%
oxygen). Equivalent to
an altitude of 4500 m
for 14 h.
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20/ Han Chinese males

. ) .
(low altitude) Low altitude group: 20.4 = 64.2 £5.9 (low

Ascending to an

. .
(Lietal., +11. altitude) altitude of 3780 m for
Sulfamethoxazole | 1500 mg/PO .
2009) 20/ Han Chinese males . . ) . 16 h or more than12
. . High altitude group: 21.2 | 62.4 £ 8.2 (high
were living at high . months.
. +13. altitude).
altitudes.
Low altitude
: +
Low altitude group: Low altitude group: 20.2 irzgp' 59.23 %
18/male. +0.94. o
. . . . . . Han high alti . .
(Zhang et al., Lidocaine 10 ma / intramuscular *Han high altitude Han high altitude group: I’ZTJ ‘|gs7a£;[:1tl_1|-de Resident at an altitude
2016) hydrochloride g group: 17/male. 21.0+0.97. g : 4p' S 0 2,200-4,500 m.
s Tosunrion
group: ' grotip: 2. 21 £ 1.39%. altitude group:
61.22 + 4.53.
(Thomas et L mg PO Hypoxia group: 9/ male. e
al., 2018) Alprazolam TR e 7 20-60 Not given altitude of 2500 m for

24 h.
male.
Age expressed as mean + SD or mean £SE or as range, weight expressed as mean + SD (or range); IV, intravenous; PO, oral route.
*Han people are the largest ethnic group in China which are mostly live in Han region where the elevation ranging from sea level to about 2000 m above sea level.

**Tibetan people are an ethnic group native to Tibet and surrounding areas, including parts of China, India, and Nepal are predominantly found in the Tibetan plateau, which
is the highest plateau in the world, with an average altitude of over 4,000 meters above sea level
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3.3.4 Systematic review

Ten studies were included in the Rapid Systematic Review. Table 3.3 summarises the
effect of hypoxaemia on pharmacokinetics.

3.3.4.1 Cmax, Tmax, Area Under the Curve

The parameters Cmax, Tmax and AUC were reported in nine studies. Of these only two
studies found significant alteration of Cmax and/or AUC. Thomas et al. found a
significant decrease of Cmax and AUC of oral alprazolam in a group of participants
ascending to an altitude of 2500 m where hypoxaemia was compared with other groups
ascending to the same altitude but who has a normal PaO, values (non-hypoxic)
(Thomas et al., 2018). In contrast, the AUC of oral sulfamethoxazole were increased
by 17.8% in healthy male subjects who had hypoxaemia after acute exposure to an
altitude of 3,780 m, and when compared to those residing at an altitude of 400 m (Li et
al., 2009).

3.3.4.2 Half-life (t1/2) and elimination rate constant (K)

In regard to the related elimination rate constant (K) (related to t1/2 by t1/2 =0.693/K)
only two studies reported K under hypoxaemia and both of them were under high-
altitude environments (Li et al., 2009; Thomas et al., 2018). The K of oral
sulfamethoxazole was 11.8% and 17.1% lower (viz. prolonged t1/2) in the acute and
chronic high altitude exposure groups (3780 m), compared with the low altitude group.
In contrast, Thomas et al., found an increase of K (viz. shorter t1/2) of oral alprazolam
in groups of subjects with hypoxaemia (PaO2 mean + SD 67.93+ 09.26) at an altitude
of 2500 m compared with other subjects at the same altitude but without hypoxaemia
(PaO- 87.57 £ 2.10) (Thomas et al., 2018).

3.3.4.3 Mean residence time (MRT)

The MRT was reported in three studies, all undertaken in high altitude environments
(Lietal., 2009; Zhang et al., 2016; Thomas et al., 2018). In healthy male subjects who
presented hypoxaemia with exposure to high altitude of 3,780 m, the MRT of oral
sulfamethoxazole was 9.0% higher after acute exposure and 7.8% higher after chronic
exposure compared to those residing at an altitude of 400 m (Li et al., 2009). Similarly,

an increase in lidocaine hydrochloride MRT following intramuscular administration
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has been observed in healthy native Han volunteers who lived at high altitudes (2,200—
4,500 m) compared with Han volunteers at low altitudes (400 m) (Zhang et al., 2016).
In contrast, Thomas et al. observed a significant decrease of oral alprazolam MRT in a
group of subjects with hypoxaemia (mean £ SD 67.93 + 09.26) at an altitude of 2500
m compared with other subjects at the same altitude.

3.3.4.4 Plasma Clearance (CL)

The clearance of the drugs was reported in eight studies (Agnihotri et al., 1978; Cusack
et al., 1986; Du Souich et al., 1989; Rowett et al., 1996; Streit et al., 2005; Li et al.,
2009; Zhang et al., 2016; Thomas et al., 2018). Four of these studies (Agnihotri et al.,
1978; Cusack et al., 1986; Du Souich et al., 1989; Rowett et al., 1996) involved patients
with hypoxaemia and chronic pulmonary disease and found no significant alteration on
the systemic clearance of antipyrine, theophylline and furosemide under hypoxaemia.
Four studies (Streit et al., 2005; Li et al., 2009; Zhang et al., 2016; Thomas et al., 2018)
involved healthy hypoxic subjects at high altitude environments or exposed to hypoxia
using hypoxia chamber. Of these, only one study found a significant alteration of CL.
The CL of oral sulfamethoxazole decreased by 17.8% in subjects acutely exposed to an
altitude of 3780 m (for 16 h) compared to those in the baseline condition (at altitude of
400 m). However, the CL in subjects chronically exposed to high altitude (>1 year)
were not altered (Li et al., 2009).

3.3.4.5 Volume of Distribution (Vq)

The Vg4 under hypoxaemia was in nine studies (Agnihotri et al., 1978; Souich et al.,
1983; Cusack et al., 1986; Du Souich et al., 1989; Rowett et al., 1996; Streit et al.,
2005; Li et al., 2009; Zhang et al., 2016; Thomas et al., 2018). Five of these studies
(Agnihotri et al., 1978; Souich et al., 1983; Cusack et al., 1986; Du Souich et al., 1989;
Rowett et al., 1996) involved patients with hypoxaemic pulmonary disease. Of the nine
only one study reveals an alteration of V4 under hypoxaemia. Souich and his colleagues
found an increase in oral Sulfamethazine Vg4 by more than 50% in patients with
hypoxaemia compared to healthy volunteers. The authors commented the increase of
Vg occurs secondary to an increase in sulfamethazine unbound fraction (Souich et al.,
1983). In this study the oral bioavailability were estimated by measuring unchanged

drug recovered from the urine by dividing the molar sum of sulfamethazine and its main
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metabolite N-acetylsulfamethazine recovered in the urine by the molar dose of
administrated sulfamethazine then the Vg was estimated from V¢=F* dose/AUC*k.

3.3.4.6 Bioavailability (F)

Three studies reported the oral bioavailability in patients with chronic respiratory
diseases and hypoxaemia (Souich et al., 1983; Cusack et al., 1986; Rowett et al., 1996).
Souich et al found a significant decrease of oral sulfamethazine bioavailability by 12%
in patients with hypoxaemia compared with healthy control subjects. In this study the
bioavailability was estimated by measuring unchanged drug recovered from the urine.
Rowett et al reported non-significant 10 % decrease in furosemide oral bioavailability
in chronic respiratory failure patient breathed room air compared with chronic
respiratory failure patient received oxygen therapy. Nevertheless, Cusack et al found
non-significant 7% increase in theophylline bioavailability in patients with chronic
obstructive lung disease breathed room air compared with the same patients when

switched to oxygen therapy.
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Table 3.3 Changes in pharmacokinetics of different drugs under hypoxaemia.

Experimental group

PaO. (mmHg)

Control group PaO2(mmHg)  Effect of hypoxaemia on PK

(Cumming, 1976)

Antipyrine

(Agnihotri et al.,
1978)

(Souich et al.,
1983)

Sulfamethazine

Patients with pulmonary s
disorders

Six patients with

obstructive airways

disease and two patients | 51 + 10
with progressive

massive fibrosis

Patient with Severe
Chronic obstruction lung | 56 +3

diseases

Patients with a similar
physical status of the
experimental group but

with normal PaOs,.

Healthy adults.

The same patients in

the experimental group

) 17
received oxygen
therapy.
8 healthy male
58 +7

volunteers

Antipyrine t 1/2 increased
by 120% in a group of
patients predominantly with
chronic hypoxaemia (PaO-
of 55 mmHg and below)
compared with other
subjects without severe
hypoxia (PaO, above 55
mmHg).

No evidence of impaired
antipyrine metabolism in
spite of hypoxia.

Slight non-significant
increase of CL in patients
with hypoxaemia compared
to control.

30% decrease in apparent
Va.

No differences were
observed in the rate of

sulfamethazine absorption.
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(Cusack et al.,
1986)

Theophylline

Patients with chronic
obstructive lung disease
on day 2 of room air

breathing

43+3

62

Same patients on day 2
of supplemental
oxygen 2 to 3 L /min

69+4

Bioavailability was
decreased.

Vg4 was more than 50%
greater in the group of
patients than in the control
group secondary to an
increase in sulfamethazine
unbound fraction.

No differences were
observed in sulfamethazine
elimination.

Hypoxaemia do not alter
theophylline clearance
(0.048 + 0.005 vs 0.050 +
0.004 L/h/kg).
Non-significant changed in
bioavailability of
theophylline (0.81 + 0.04 vs
0.87 £ 0.07).

Unchanged in Vyat steady
state (0.450 + 0.021 vs
0.429 + 0.024 L/kg).
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(Du Souich et al.,
1989)

(Rowett et al.,
1996)

Furosemide

Hypoxic patients with
chronic obstructive lung

disease

Chronic respiratory
failure patient

breathed room air

549+13

63

The same patients on
experimental groupon = 73.6 +1.9

oxygen therapy

Chronic respiratory
failure patient received | =60
oxygen therapy

Vi inversely related to
arterial pH during oxygen
therapy (pH range, 7.32 to
7.44) and during room air
breathing (pH range, 7.33
to 7.47).

Theophylline systemic
clearance increased after
oxygen therapy in only four
of the ten patients which
resulted in only a slight
non-significant increase in
the average value.
Theophylline t 1, was not
affected by oxygen therapy.
oxygen therapy did not
affect the pattern of urinary
excretion of theophylline or
its metabolites (3-MX, 1,3-
DMU and I-MU).

No significant different of
furosemide total plasma
clearance during
hypoxaemia 76.9 vs 62.4
mL - min.
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(Streit et al., 2005)

(Li et al., 2009)

Verapamil

Theophylline

Sulfamethoxazole

Healthy participants
exposed to hypoxic
chamber (breath 12%
oxygen for 14 h).

Healthy Chinese male
volunteers exposed to
altitude of 3780 m either
for 16 h (acute) or for

41.2 +4.47

43.2+3.85

Acute exposure:

55.9 £5.11

64

87.9+6.61
Healthy participants
breathe a normal level
of oxygen (21% O,). 88.9 + 5.32

Healthy Chinese male
volunteers living at low = 97.7 £5.77
altitude area (400 m).

Vd was not affected by
hypoxaemia (121 mL - kgt
without and 109 mL-kg*
with oxygen; P > 0.05).

Renal and non-renal CL
were similar during
hypoxaemia (31 and 38
mL- min' respectively)
compared to respective
values during supplemental
oxygen delivery (29 and 32
mL-min?).

The absolute bioavailability
during hypoxaemia (0.62)
was not different to that
obtained during normoxia
(0.56).
Acute hypoxia did not
alter the pharmacokinetics
of verapamil.

Acute hypoxia did not
alter the pharmacokinetics
of theophylline.

The t 1/2 was 11.5% and
19.9% higher in the
acute- and chronic-

exposure groups,
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(Zhang et al.,
2016)

Lidocaine

hydrochloride

more than12 months

(chronic).

- Healthy male native
Han volunteers lived at
high altitude (2,200-
4,500 m).

- Healthy male native

Tibetan volunteers lived

Chronic

exposure: 55.7 =

5.89
- Han HA: 59.8
+2.15
*  Healthy Han male
volunteers living at low = 97-4 +1.32
- Tibetan HA: altitude (400 m).
58.4+4.21

65

respectively, compared
with the low-altitude
group.

MRT was 9.0% and 7.8%
higher in the acute- (P <
0.05) and chronic-
exposure (P < 0.001)
groups, respectively, than
in the low-altitude group.

AUC was 17.8% higher
and CL was 17.8% lower
in the acute-exposure
group compared with the
low- altitude group (both,
P <0.05)

Kwere 11.8% and 17.1%
lower in the acute- and
chronic high altitude
exposure groups versus
low altitude groups.

In native Han group who

live chronically in high
altitude, the t1/2 was 29.8
% higher, than in the low
altitude group.

Increase of MRT native

Han group who live
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at high altitude (2,200- chronically in high
4,500 m). altitude.

e In native Tibetan group
who live chronically in
high altitude, the t 1, was
29.8% higher than the
low altitude group.

e The Cnaxand AUC values
were significantly reduced

in hypoxia group than non-

hypoxia group (21.26
Healthy male volunteers - ey e e . +1.40, p<0.05).
(Thomas et al., volunteers ascending to
ascending to altitude of altitude of 2500 m and e The elimination rate
2018) A|pl’aZO|am 67.93+ 09.26 have normal Paoz 87.57 £2.10

2500 m and have low constant and clearance were

value (hormoxia).

PaO; value (hypoxia). significantly increased in

Study duration: 24 h. ¢ el e 2 hypoxia group (p<0.05).

e The Vg4 was not affected.

e MRT and t1/2 was reduced
in hypoxia group.

PaOg; partial pressure of arterial oxygen which expressed as mean £ SD (or value); PK, pharmacokinetics; t1/2, elimination half-life; V4, volume of distribution;
CL, clearance; (1,3-DMU)1,3-dimethyluric acid, (3-MX) 3-methylxantine; (I-MU), I-methyluric acid.
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3.3.5 Meta-analysis

Chi? and Higgins 12 reveal significant heterogeneity (Chi? P < 0.10/ 1> >50%) in all of
F, AUC, K, t1/2, and MRT as shown in forest blot (Figure 3.4, 3.7, 3.8, 3.9 and 3.12)
respectively. The subgroup approach and random effect model were used to minimise
heterogeneity between the studies included. Due to the clinical heterogeneity, e.g.
characteristics of the study population between the studies, they were divided into two
subgroups, the first group included studies done on patients with chronic respiratory
diseases and the second subgroup included studies done on a healthy participant where
hypoxaemia arose by exposure to either high altitude or via exposure to low oxygen in
a hypoxia chamber which in contrast to high altitude is a normobaric hypoxia

environment.

Figure 3.2 presents a summary of the observed changes in each of the pharmacokinetic
parameters occurring as a result of respiratory disease hypoxaemia. No statistical

difference was observed in the pooled meta-analysis for Vg, CL, t1/2, F, Cmax and Tmax.
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Parameter N/n Total Total Cl P-value
SMD
Vg 5/91 0.18 (-0.24, 0.60) 0.40 Total Standardized Mean Difference (95% Cl)
CL 4176 010  (-0.35,0.55) 0.67
~ -
tue 6/119 0.18  (-0.23,0.59) 0.40 Vq
F 3/57 058 (-1.56,041) 0.5 CL+ -
Crmax 2/39 013  (-0.51,0.77)  0.69 ty,- — -
T max 2/39 -0.09  (-0.72,0.54) 0.77 F : = :
C max”] : = |
Tmax_ : - :
IIIIIIlIlllIlIlIlIlllIIIIIIIIIIIHHIII IIIIIIIIIIIIIIIIIIII

-2.0 -1.5 1.0 -0.5 0.0 0.5 1.0

Figure 3.2 A pooled meta-analysis of drug pharmacokinetics in patients with respiratory diseases and hypoxaemia. N/n, number of studies/participants; SMD,
standardised mean difference; CL, confidence interval; Vg4, volume of distribution; CL, clearance; ti2, elimination half-life; F, systemic bioavailability.
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Figure 3.3 shows the pooled forest plot of PK parameters for healthy volunteers’
subgroup exposed to hypoxia by ascending to high-altitude or using hypoxia chamber
at sea level. The CL showed statistical significance with a decrease in participants with
hypoxaemia at high altitude areas (SMD: -0.37, P=0.05). In contrast, no changes (P >
0.05) were observed in the remaining parameters, notably Cmax, Tmax, AUC, K, t1/2, V4,
and MRT. Figure 3.5 to Figure 3.12 illustrate the forest plots for each of the

pharmacokinetic parameters based on plasma analysis.
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Parameter N/n Total  Total CI P-value
SMD Total Standardized Mean Difference (95% Cl)
© o= 4/119 -0.35 (-0.72, 0.02) 0.06
K - } ’
T mex 4/119 0.06 (-0.31, 0.43) 0.75
AUC ., 4/139 -0.13 (-0.93, 0.68) 0.76
V, 4139 016  (-0.18,050)  0.36
cL 41119 037 (-0.74,-0.00)  0.05
MRT 3/99 043  (-1.12,1.99)  0.58
tin 4139 007 (098 112)  0.90
K 2/64 015  (-2.00,1.70)  0.88

3 -2 1 0 1 2 3
DECREASE

Figure 3.3 Pooled meta-analysis of drug pharmacokinetics in healthy volunteers with hypoxaemia. Values represented as sum or mean = SD; N/n, number of
studies/participants; SMD, standardised mean difference; Cl, confidence interval; Cmax maximum plasma drug concentration; Tmax, time to peak plasma concentration; AUC,.
1, area under the concentration-time curve; Vg, the volume of distribution; CL, clearance; MRT, mean residence time; t1, elimination half-life; K, elimination rate constant.

70



Chapter 3

Hypoxia Normoxia Std. Mean Difference §td. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% C1  Year IV, Random, 95% Cl
2.1.1 Respiratory diseases
{Souich et al., 1983) 0.78 0.11 11 0.89 0.04 B 32.4% -1 A6 217, -0.16] 1983 —a—
{Cusacketal, 1986 0.81 0.04 8 0.87 0.07 8 326% -1.00 F2.00,-0.01] 1986 —
(Roweett et al, 19596 nez2 02 10 0&86 01 10 35.0% 036 [-0.52,1.25] 1996 —Ti—
Subtotal (95% Cl) 30 27 100.0% 0.58 [-1.56, 0.41] -*-
Heterogeneity: Tau=0.52; Chi*= (.32, df= 2 (P =004} F= 3%
Testfor overall effect: Z=1159(F=025)
Total {95% CI) 30 27 100.0% -0.58 [-1.56, 0.41] -ﬂ-
Heterogeneity: Tau®= 0.52; Chi®= 6.32, df= 2 (P = 0.04); IF= 68% 54 52 ! é jt
Testfor overall effect: Z=118(F=024) Decease Increase

Testfor subgroup differences: Mot applicable

Figure 3.4 Forest plot of bioavailability (F). Green squares represent the standardised mean difference of each study, horizontal lines represent 95% confidence intervals (CI)
and the black diamond represents the summary of standardised mean difference.
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Hypoxia Normoxia Std. Mean Difference §td. Mean Difference
Study or Subgroup Mean S0 Total Mean S0 Total Weight IV, Fixed, 95% Cl Year IV, Fixed, 95% CI
7.1.1 High altitude
(Streit etal., 2008) 18.2 416 10 207  A.EG 10 127% -0.48[1.37, 0.41] 20048 =
iLietal, 2009) 91.7 1483 20 9442 1426 20 261% -017 [F0.80, 0.45] 2009 L E—
iZhang etal., 2016) 274 0AT 17 283 0.4 18 229% -018[0.84, 0.45] 2016 - &
iThomas etal, 2018y 2004 127 9 21.26 1.4 18 13.4% -0.87 [-1.74,-0.00] 2018 =
Subtotal (95% CI) i) 63 T75.0% 0,35 [-0.72, 0.02] .

Heterogeneity: Chif= 202, df=3 (P =0.457), F=0%
Test for overall effect: £=1.88 (P = 0.08)

7.1.2 Respiratory diseases

(Souich et al., 1983) 2667 12.M 11 2831 1057 g 121% -0.13[1.04, 0.78] 14983 =
(Rowett et al., 1996) 2.1 0.6 10 14 0.4 10 12.8% 0.38 [F0.51,1.26] 14996 =
Subtotal (95% CI) 21 18 25.0% 0.13 [-0.51, 0.77] —t

Heterogeneity: Chif= 061, df=1 (P = 0.44); F=0%
Test for overall effect: £=0.40 (P = 0.659)

Total (95% Cl) T7 81 100.0% -0.23 [-0.55, 0.09] e i
Heterogeneity: Chi*= 4.28, df= 5 (P =051 F= 0% 51 -EII 5} I:IIE 15
Test for overall effect £=1.43(F=0.14) DECREASE IHCR.E.%SE
Test for subaroup differences: Chi*= 165, df=1 (P=0.20, F=395%

Figure 3.5 Forest plot of maximum concentration (Cmax). Green squares represent the standardised mean difference of each study, horizontal lines represent 95% confidence
intervals (CI) and the black diamond represents the summary of standardised mean difference.
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Hypoxia Normoxia $td. Mean Difference $td. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% Cl Year IV, Fixed, 95% CI
6.1.1 High altitude
(Streit et al,, 200a) n1as 0.4 10 034 0.08 1M 12.3% -0.62 [-1.52,0.29] 2004 —
(Lietal, 200&) 1.7 1.1 20 14 03 20 25.6% 0.36 [-0.26, 0.99] 20049 T
(Fhang etal, 2016) 0453 012 17 na 011 18 22.6% 025 041,092 2016 T
(Thomas et al, 2018 1.84 017 9 1487 012 18 14.6% -0.21 [-1.04, 0.62] 2018 e
Subtotal (95% CI) 56 63 T5.0% 0.06 [-0.31, 0.43] <9
Heterogeneity: Chif=3.80, df=3 (P =023 F=21%
Test for overall effect: Z=0.32 (P=0.78)
6.1.2 Respiratory diseases
(Souich etal, 1883} 1.86 0.9 11 202 0482 g 12.0% -017 [-1.08,0.748] 14983 — T
(Rowett et al, 18956) 96 44 10 97 38 M0 13.0% -0.02 [-0.80, 0.85] 19496 I
Subtotal (95% CI) 21 18 25.0% -0.08 [-0.72, 0.54] -
Heterogeneity: Chif=0.058, df=1 (P =082, F=0%
Test for overall effect: =029 (P =077}
Total (95% CI) Tr 81 100.0% 0.02 [-0.29, 0.34] ?
Heterogeneity: Chif= 4.01, df= 8 (P = 0.55); F= 0% 12 =‘I 5 1= é

Test for overall effect: Z=0.14 (P =0.88)
Test for subogroup differences: Chif= 017, df=1 {F= 068, F= 0%

DECREASE INCREASE

Figure 3.6 Forest plot of time to maximum concentration (Tmax). Green squares represent the standardised mean difference of each study, horizontal lines represent 95%
confidence intervals (CI) and the black diamond represents the summary of standardised mean difference.

73



Chapter 3

Hypoxia Normoxia Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% Cl Year IV, Random, 95% CI
(Streit et al., 2005) 559 115 10 58.7 105 10 19.3% -0.24 [-11.12,0.64] 2005 a
(Streit et al., 2005) 119 179 10 121 7.78 10 19.4% -0.14 [-1.02,0.74) 2005 —_—
(Lietal, 2009) 1.416.3 2026 20 1,2025 2383 20 21.5% 0.95[0.29,1.60] 2009 —_—
(Zhang et al., 2016) 7.08 1.32 17 6.75 1.23 18 21.5% 0.25[-0.41,0.92] 20186 I e
(Thomas et al., 2018) 14391 17.34 9 1864 2719 15 18.3% -1.70[-2.68,-0.72] 2018 —_—
Total (95% Cl) 66 73 100.0% -0.13 [-0.93, 0.68] -*-
Heterogeneity: Tau®= 0.67; Chi*= 20.42, df= 4 (P = 0.0004); F= 80% {2 %1 5 15 5
Test for overall effect: Z=0.31 (P =0.76) DECREASE INCREASE

Figure 3.7 Forest plot of area under the curve (AUC) at high-altitude. Green squares represent the standardised mean difference of each study, horizontal lines represent
95% confidence intervals (Cl) and the black diamond represents the summary of standardised mean difference. (Streit et al ,2005) study include two therapeutical interventions
verapamil and theophylline.
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Std. Mean Difference

Hypoxia Normoxia Std. Mean Difference
Study or Subgroup Mean 5D Total Mean SD Total Weight IV, Random, 95% Cl Year IV, Random, 95% CI
(Lietal, 200&) 0.067 0.006 20 0076 0. 20 a11% -1.07 [-1.74,-0.400 2009 ——
(Thomas et al, 2018  0.06977 0.02 9 0.0878 0.01 18 48.9% 0.82[-0.0%5 1.68] 2018
Total (95% CI) 29 35 100.0% 015 [-2.00, 1.70]
Heterogeneity: Tau®=1.63; Chi®*=11.490, df=1 (F=0.0007); F=91% 14 12 ] é i

Test for overall effect: =015 (P =0.8&)

DECREASE IMCREASE

Figure 3.8 Forest plot of elimination constant (K) at high-altitude. Green squares represent the standardised mean difference of each study, horizontal lines represent 95%
confidence intervals (CI) and the black diamond represents the summary of standardised mean difference.
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Hypoxia Normoxia Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% Cl Year IV, Random, 95% CI
4.2.1 Respiratory diseases
(Cumming et al., 1976) 184 1434 17 838 395 17 101% 0.93[0.22,1.64] 1976 —_—
(Agnihotriet al., 1978) 8 1.7 8 81 19 8 B8.6% -0.05[-1.03,093] 1978 .
{(Souich etal., 1983) 23 0886 6 2.35 1.06 3 B.6% -0.05[-1.43,1.34] 1983 N
(Cusacketal., 1986) 68 1.89 10 76 252 10 9.2% -0.34 [-1.23,0.54] 1986 1
{du Souich et al., 1989) 59 1886 10 581 237 10 9.2% 0.04 [-0.84,0.92] 1989 B
{Rowett et al., 1996) a0 35 10 87 36 10 9.2% 0.08 [-0.80,0.96) 1996 B
Subtotal (95% ClI) 61 58 52.9% 0.18 [-0.23, 0.59] »
Heterogeneity: Tau®*= 0.05; Chi*=6.07, df=5 (P =0.30); F=18%
Test for overall effect: Z=0.85 (P = 0.40)
4.2.2 High altitude
(Streit et al., 2005) 9.39 1.4 10 9.29 1.77 10 9.2% 0.06 [-0.82,0.94]) 2005 S
(Streit et al., 2005) 1.79 058 10 2 098 10 9.2% -0.25[-1.13,0.63] 2005 T
{Lietal., 2008) 10,37 088 20 93 1.1 20 10.4% 1.05[0.38,1.71] 2009 I
{(Zhang etal,, 2016) 244 052 17 1.88 032 18 10.0% 1.28[0.54, 2.01] 2016 e
(Thomas etal., 2018) 999 1862 9 13.08 1.41 15  8.3% -2.01 [-3.04,-0.97] 2018
Subtotal (95% ClI) 66 73 471% 0.07 [-0.98, 1.12] -
Heterogeneity: Tau®*= 1.24, Chi*= 32.51, df= 4 (P < 0.00001); F= 88%
Test for overall effect: Z=0.13 (P = 0.90)
Total (95% CI) 127 131 100.0% 0.12 [-0.40, 0.63] ?
Heterogeneity: Tau?= 0.56; Chi*= 38.87, df= 10 (P < 0.0001); F= 74% 44 =2 3 % j‘

Test for overall effect: Z= 0.44 (P = 0.66)
Test for subaroup differences: Chi*= 0.04, df=1 (P=0.85). F= 0%

Decrease Increase

Figure 3.9 Forest plot of elimination half-life (t 1/2). Green squares represent the standardised mean difference of each study, horizontal lines represent 95% confidence
intervals (ClI) and the black diamond represents the summary of standardised mean difference. (Streit et al ,2005) study include two therapeutical interventions verapamil and

theophylline.
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Hypoxia Normoxia Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean S0 Total Weight IV, Fixed, 95% Cl Year IV, Fixed, 95% CI
3.3.1 Respiratory diseases
tagnihotri et al., 1978) 2.86 0.8 a 2492 0.6 a a.5% 0.05[-0.93, 1.03] 1878
(Cusacketal, 1986) 005 0012 10 0048 0.015 10 10.6% 014 [0.74,1.02] 15886 —
(du Souich et al., 19849) 1.03 034 10 1.14 0453 10 10.6% -0.24 112, 0.64] 19349 L
(Rowett et al, 18956) TES 388 10 624 HMB M0 10.4% 0.44 [0.45,1.33] 1886 "
Subtotal (95% CI) 38 Jg  401% 0.10 [-0.35, 0.55] -

Heterogeneity: Chif=1.148, df =3 (P =077, F=0%
Test for overall effect: =043 (P =0.67)

3.3.2 High altitude

(Streit et al., 2005) 332 T.A3 10 327 462 10 10.7% 0.05 [-0.80, 0.95] 2005 I
(Lietal, 2009) 083 013 20 1.01 022 20 189% -0.98 [1.64,-0.32] 2009 -

(Zhang etal, 2016) 1.3 0.27 17 1.4 029 18 18.4% -0.35[1.02,0.32] 2016 - 1
(Thomas et al, 2018) 0.00563  0.01 9 0.00405 001 15 12.0% 015 [-0.68 098] 2018 -
Subtotal (95% CI) 56 63 59.9% -0.37 [-0.74, -0.00] -

Heterogeneity: Chif=578, dfi=3(F =012 F= 48%
Test for overall effect: £=1.96 (P = 0.08)

Total {95% Cl) 94 101 100.0% 0.18 [-0.47,0.10] -q'
Heterogeneity, Chi*=9.41, df=7 (P =0.22; F= 26% l2 11 3 1! é
Testfor overall effect £=1.24 (F=0.21) DECREASE INCREASE

Test for subogroup differences: Chif= 249, dfi=1{FP=0.11), F=59.8%

Figure 3.10 Forest plot of clearance (Cl). Green squares represent the standardised mean difference of each study, horizontal lines represent 95% confidence intervals (ClI)
and the black diamond represents the summary of standardised mean difference.
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Hypoxia Normoxia Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean S0 Total Mean S0 Total Weight IV, Fixed, 95% Cl Year IV, Fixed, 95% ClI
5.4.1 Respiratory diseases
Aanihotri etal, 1978) 054 008 a nas 008 a 7.3% -012[-1.10,0.86] 1978
(Souichetal, 1883 0.33 013 11 0.2 004 a G.9% 119018, 2.19] 1933
(Cusacketal., 1936) 0429 0072 ] 045 0.063 ] a8.1% -0.30[-1.23,063] 1986
fdu Souich et al., 1989 048 0.094 10 048 0.094 10 9.1% 0.00[-0.88,0.88] 19849 EE E—
(Rowett et al., 1996) 121 44 ] 109 40 ] a8.1% 027 [-0.66,1.20] 1996
Subtotal {95% Cl) A7 44 39.5% 0.18 [-0.24, 0.60] -

Heterogeneity: Chi*=45.41, df=4 (P=0.29); F= 26%
Test for averall effect £=0.85 (P =0.40%

5.4.2 High altitude

(Streit et al., 2004) 207 12 10 1482 G4 10 91% 014074, 1.02] 2005 ]

(Streit et al., 2004) 438 46.3 10 428 173 10 9.0% 027 FOB1,1.16] 2004 N
(Lietal, 2009 1235 1.82 20 1327 173 20 17 6% -0.81 114, 012] 20049 — 7

Zhang etal, 2016) 4.49 n.ga 17 382 1. 18 14.9% 068 [0.00,1.37] 2016 |
(Thomas etal, 2018) noszov 0.0z 9 007239 002 14 9.9% 047 FO37,1.31] 208 T
Subtotal (95% Cl) il T3 60.5% 0.16 [-0.18, 0.50] B

Heterageneity: Chi*=7.13, df =4 (P=013); F= 44%

Test for averall effect: £ =092 (P = 0.36)

Total (95% CI) 113 117 100.0% 0.17 [-0.10, 0.43] P

Heterogeneity: Chi®=12.55, df=9{F=0.18); F= 28% 12 =1 g 1= é

Testfor overall effect: £=1.25{F=0.21)
Test for subgroup differences: Chit=0.01, df=1 {P=0.94), F=0%

Decrease Increase

Figure 3.11 Forest plot of volume of distribution (V). Green squares represent the standardised mean difference of each study, horizontal lines represent 95% confidence
interval (Cl) and the black diamond represents the summary of standardised mean difference. (Streit et al ,2005) study include two therapeutical interventions verapamil and
theophylline.
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Hypoxia Normoxia Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% Cl Year IV, Random, 95% CI
(Lietal, 200&) 1315 0.67 20 1206 054 20 34.0% 1.31 [0.62, 2.000 2009 —&—
(Fhang etal, 2016) 25 025 17 221 0.2 18 33.7% 1.26[0.82, 1.85) 2016 —a—
(Thomas etal, 2018 1414 1.494 9 178 2484 18 32.3% -1.34 [[2.27,-0.42] 2018 —a—
Total (95% CI) 46 53 100.0% 0.43 [-1.12,1.99]
Heterogeneity: Tau®=1.72; Chi®= 23.96, df= 2 (F = 0.00001}); F=92% i i f j i
Test for overall effect: Z=0.55 (P = 0.58) -4 = . . 4
DECREASE INCREASE

Figure 3.12 Forest plot of mean residence time (MRT) at high-altitude. Green squares represent the standardised mean difference of each study, horizontal lines represent
95% confidence intervals (CI) and the black diamond represents the summary of standardised mean difference.
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3.3.6 Analysis of publication bias

Figure 3.13 show the funnel plot for the assessment of publication bias. Publication
bias was analysed for the meta-analysis of only for a single PK parameter, CL, as it was
the parameter that included the highest number of studies n=8. No obvious publication

bias was observed for the eight studies.
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Figure 3.13 Begg’s funnel plot for the assessment of publication bias. SMD, standardised mean
difference; SE, standard error.
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3.4 Discussion and conclusions

In this chapter, a rapid systematic review and meta-analysis was conducted to answer
the question of whether hypoxaemia has an impact on the PK of drugs in human adults,
where hypoxaemia arises in patients with pulmonary disease or in healthy subjects with
hypoxaemia conditions i.e., ascending to high altitude environments or in a very select
manner in healthy volunteers experiencing a hypoxia chamber i.e., normobaric

conditions.

This rapid systematic review and meta-analysis revealed some significant changes in
PK parameters that define the absorption and disposition of the selection of medicinal
drugs (which was limited) displaying diverse physicochemical and PK properties that
may be indicative of a broader impact of the hypoxaemia upon the body’s handling of
pharmaceuticals. To the best of our knowledge, this is the first meta-analysis focusing
on the effect of chronic hypoxaemia with respiratory disease on the PK of drugs.
Importantly, the work’s inclusion/exclusion criteria meant only those studies that
evidenced hypoxaemia through the reporting of PaO: levels in the participants. This
work differs in term of inclusion / exclusion criteria from the one other similar
published meta-analysis (Bailey, Stacey and Gumbleton, 2018) which focused on
subjects exposed to high-altitude hypoxaemia. Within this current work the analysis
was also extended to include a subgroup of healthy participants who developed
hypoxaemia after ascending to high altitude. Due to the high variability between the
two sub-populations explored in this current work e.g., patients with pulmonary disease
and healthy people at high altitude, these two subpopulations were not combined in our

analysis, rather a meta-analysis was conducted for each group separately.

The analysis revealed a significant trend for the CL parameter to be reduced in healthy
subjects with hypoxaemia due to ascending to high altitude or exposure to low level of
oxygen by hypoxia chamber. This finding is supported by a recent systematic review
and meta-analysis, which found a significant decrease in CL/F in healthy males exposed
to low altitude followed by acute exposure to terrestrial high altitude (Bailey, Stacey
and Gumbleton, 2018). Sulfamethoxazole CL data has a higher contribution to overall
CL analyses. Sulfamethoxazole is well absorbed following oral administration, with
peak plasma concentrations occurring within 1 to 4 h. It has a high protein-binding

percentage (70-90%) and a considerable volume of distribution (about 13 L/kg).
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Sulfamethoxazole is largely metabolised in the liver to its active form, N4-
acetylsulfamethoxazole, via acetylation and glucuronidation pathways, with only a little
fraction metabolised by the CYP450 system, notably CYP2C9 and CYP2CS8.
Sulfamethoxazole and its metabolites are mostly eliminated in the urine unaltered by
glomerular filtration and tubular secretion. In healthy humans, the elimination half-life
is around 9-11 h (Kaplan et al., 1973).

At high altitudes, atmospheric pressure, and partial pressure of oxygen in the lung and
arterial blood decrease, resulting in a fall in blood oxygen saturation. A physiological
adaptation to compensate for the decrease in oxygen availability involves an increase
in erythropoietin production, which can then increase haematocrit levels. Since
sulfamethoxazole is predominantly eliminated by renal excretion, an increase in
haematocrit might result in an increase in blood viscosity, which can reduce renal blood
flow and the CL of sulfamethoxazole. This is because increased blood viscosity can
obstruct blood flow through the glomerular capillaries, which are responsible for
filtering medications from the blood into the urine. Research on healthy participants
exposed to a high altitude of 4330 m for 24 h found a 17% decrease in renal blood flow,
which was concurrent with an 11% decrease in renal oxygen delivery, an 11% decrease

in GFR, and an increase in haematocrit levels (Steele et al., 2020).

As reported in the sulfamethoxazole study, the increase in haematocrit during acute
high altitude hypoxaemia resulted in a 20% rise in plasma protein content in acute high
altitude vs, low altitude. Since the unbound drug is less accessible for renal excretion,
the unbound fraction of the drug decreases and sulfamethoxazole clearance decreases.
Increases in plasma total protein and albumin have also been observed in humans at
high altitudes, resulting in higher drug protein binding (Surks, 1966; Li et al., 2009).

Glucuronidase is a metabolic enzyme that is released by intestinal microflora as well as
other organs such as the liver, kidney, and lung that catalyses the hydrolysis of
glucuronic acid conjugates. Adak et al demonstrated that enzymes such as amylase,
protease, alkaline phosphatase, and -glucuronidase are elevated which produced during
microbial domestication at high altitudes, and that hypoxic environments at high
altitudes may alter the composition and activity of intestinal microbiota, leading to
gastrointestinal dysfunction (Adak et al., 2013). Under acute high-altitude exposure, an

increase in glucuronidase production from the intestinal microflora can result in
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increased hydrolysis of the glucuronide conjugates, causing an increase in parent
sulfamethoxazole to be released back into circulation a phenomenon known as

enterohepatic recirculation. This may result in a decline in the CL of sulfamethoxazole.

The overall outcomes of our analysis in the chronic pulmonary disease subgroup show
no significant change in any of the PK parameters included in the meta-analysis, which
are bioavailability, Cmax, Tmax, V4, CL and t 1/2. Chronic hypoxaemia patients may have
compensatory mechanisms that aid to sustain organ function despite a reduction in
oxygen supply. Chronic hypoxaemia, for example, can cause a rise in erythropoietin
production and the formation of polycythaemia (defined by a haemoglobin of 17 g/dL
in males and 15 g/dL in females), which can increase oxygen-carrying capacity and
improve oxygenation (Zhang et al., 2021). Chronic hypoxaemia has been linked to an
increase in blood flow to many organs. In contrast to acute hypoxaemia, which reduces
GFR and renal blood flow, the glomerular filtration rate appears to return to normal
after chronic exposure to high altitude. In one study, the renal blood flow and filtration
fraction were raised to maintain the glomerular filtration rate while renal plasma flow
was decreased (Thron et al., 1998). Acclimatization to chronic hypoxia may explain the

unchanging PK of medication in our meta-analysis.

Some potential limitations that should be considered when interpreting the findings of
this study are as follows: The majority of the participants in the Cumming, 1976;
Agnihotri et al., 1978 study were heavy smokers. Antipyrine is largely metabolised by
the cytochrome P450 enzyme CYP2EL, although it is also processed by CYP1A2,
CYP3A4, and other cytochrome P450 enzymes. Smoking may have an effect on the
CYP enzymes, which are responsible for antipyrine metabolism, by increasing CYP
activity and expression and shortening antipyrine t 1/2. A number of subjects in the
(Cumming, 1976) study were using one or more of the following medications:
aminophylline, diphenhydramine, diazepam, furosemide, allopurinol, acetaminophen,
hydrochlorothiazide, and aminophylline. All of aminophylline, allopurinol, furosemide,
and diazepam are CYP2E1 inhibitors and may inhibit antipyrine metabolism.
Aminophylline may also induce CYP1A2 activity, whereas diazepam and furosemide
induce CYP3A4 activity. Additionally, there may be a drug/drug interaction between
these medications, for example. Diphenhydramine and furosemide may interact with
diazepam and may enhance the sedative effect of diazepam. Furthermore, the number

of subjects included was low and thus, our results might reflect small study effects. Two
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studies (Li et al., 2009; Zhang et al., 2016) were carried out on Chinese male volunteers.
It is unknown if the same findings would be seen in female or non-Chinese participants
living at high elevations. Further clinical studies with larger sample sizes and different
ethnicity are necessary to verify the conclusions of this study and provide more detailed

recommendations.

Overall, under hypoxaemia, the analysis reveals impairment clearance within a limited
sample of drugs that exhibit diverse ADME/PK characteristics. If these findings were
to have more general applicability, then it could be envisaged that modifications in
dosage regimens may be required guided by hypoxaemia status - this would be
particularly true for drugs with a narrow therapeutic index.
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Chapter 4

4.1 Introduction

This chapter addresses the development of a hepatocyte model to be used in
experiments exploring the impact of hypoxia on CYP450 levels and activity. The
hepatocytes have relevance in terms of predicting intrinsic clearance (CLint) parameters
for the pharmacokinetic simulation of total body clearance (CL) and first-pass
metabolism (chapter 5) and for exploring mechanisms of hypoxia-induced changes in
CYP450 levels and activity.

4.1.1 General overview of the liver

Two important blood vessels enter the liver, the hepatic portal vein and the hepatic
artery. The hepatic portal vein carries nutrient rich blood from the small intestine while
the hepatic artery carries oxygenated blood to the liver (Figure 4.1 A). Hepatocytes are
the main parenchymal cells of the liver perfused with blood along the capillary spaces
in the liver termed sinusoids. The large inter-cellular spaces between the sinusoidal
(capillary) cells allow the hepatocytes to be in close contact with blood. The liver is
organised into functional units called liver lobules which are separated by a sheet of
connective tissue (Macsween et al., 2002). The basal faces of adjoining hepatocytes
possess inter-cellular junctional (tight junctional) complexes which surround channels
termed canaliculi, which are the openings from the hepatocytes into the biliary system.
Hepatocytes secrete metabolites, waste products, synthesised lipids and salts into the
canaliculi which are either destined for excretion or utilisation in various biological
processes. Bile is produced in the liver, secreted into the canaliculi for storage in the

Gall bladder to then be later released into the intestine to aid digestion (Figure 4.1 B).

The liver is covered by a connective tissue capsule that acts as a support scaffold which
branches and extends throughout the substance of the liver and covers the afferent blood
vessels, lymphatic vessels and bile ducts that pass through the liver. The directional
flow of mixed oxygenated and deoxygenated blood towards the central vein of the
hepatic lobule creates a physiological oxygen gradient from the periportal to the
perivenular areas of the parenchyma, with an oxygen pressure of 60-65 mmHg to 30-
35 mmHg, respectively. Accordingly, the intracellular PO; is about 15 mmHg lower,
i.e. 45— 50 mmHg in periportal cells and 15-20 mmHg in perivenous cells (Ungermann
and Kietzmann, 2000). The periportal zone is less affected by small changes in oxygen

levels during hypoxia since it has the maximum oxygen supply. In contrast the

86



Chapter 4

perivenous zone receiving a more reduced level of oxygenated blood is more vulnerable
to hypoxia-induced injury. This greater susceptibility in hypoxic conditions can impair
the metabolic activity of the perivenous zone resulting in reduced protein synthesis,
lipid metabolism, and bile production (Ungermann and Kietzmann, 2000; Cao et al.,
2014). Prolonged hypoxia in the perivenous or periportal zone can cause lipid
peroxidation and cell death in severe cases (De Groot et al., 1988; Anundi and De

Groot, 1989).
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Figure 4.1 Blood flow and structural organisation of the liver. Fig. 4.1A the hepatic artery supplies
the liver with about 25-30% of oxygenated blood while the hepatic vein transfers about 70-75% of blood
with nutrients from the gastrointestinal system. After passing through the liver, the unoxygenated blood
is conducted from the liver through the hepatic vein to the heart. Fig. 4.1B represents the structure of

the functional unit of the liver, i.e. the hepatic lobules.

There are abundant studies that have used isolated hepatocytes and other cell types to
study drug metabolism and CYP450 activity. This is reviewed in chapter 1 (section
1.5.1.6.). The evidence for how hypoxia impacts expression can sometimes be

contradictory. As some further examples only offer such contradictory evidence: Inan

experiment involving the in-vitro incubation of hepatocytes from healthy rabbits

exposed to the halogenated chemical phosgene (COCIz), which chemically mimics
hypoxia, or when exposed in-vitro for 24 h to serum from rabbits experiencing

hypoxemia (PaO2 34 + 1 mm Hg), increases in the expression of CYP3A6 and the
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hypoxia marker HIF-1o were observed (Fradette and Souich, 2004). In contrast, in
highly differentiated human hepatoma HepaRG cells cultured for 24 h under severe
hypoxic conditions (1% O.) the genes for CYP3A4, CYP1A2, CYP2E1 and CYP2C9,
have been reported to be down-regulated (Shin et al., 2018). It has been observed that
in this hepatocyte cell line the activation of HIF-1a occurs at oxygen concentrations
between 0% and 1% (Doege et al., 2005). Away from hepatocytes, in human
endothelial and smooth muscle vascular cells, hypoxia (1% O- for 24 h) induced the
up-regulation of CYP2C8 and CYP2C9 which in turn increased epoxyeicosatrienoic
acid (EET) synthesis, eliciting vasodilation (Michaelis et al., 2005). In bovine vascular
endothelial cells (predominantly in the heart) hypoxia down-regulated CYP2J2, and
decreased epoxidation of arachidonic acid to EET and as a consequence has a role in
hypoxia increasing the risk of coronary events (Yang et al., 2001).

4.1.2 In-vitro metabolism models

In addition to whole animal experimentation, in-vitro models for ADME investigations
are typically categorised into four main models: organ-/tissue-based; isolated cell-based
(primary cultures,cell lines and IPSC); subcellular fractions-based (e.g., S9, cytosol and
microsome); and isolated enzyme-based (purified and recombinant enzymes). Figure
4.2 shows the balance of complexity, ease of application, ethical challenge, and the
relative model comparability to the in vivo phenotypes (animals and human) for three

of these commonly used model categories.

Complexity

Easy applicable

Ethically acceptable

Resemblance of true in
vivo situation

Figure 4.2 Simple in vitro to more complex in- vivo models to study drug metabolism. Adapted from
(Brandon et al., 2003).
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4.1.2.1 Organ-/tissue-level models

The perfused organ can represent an in-vitro model close to the in vivo tissue. Within
limits of tissue viability outside the intact organism, an isolated organ retains the
complexity of tissue architecture although perfusion of the organ will inevitably be
different in terms of the flow and pressure of the circulating media, as well as the
autoregulation of vessel patency within the organ and the O transfer capacity of the
media used — noting some models have been perfused using whole blood. Organs
models have greatest value outside the in-vivo situation when used for generating
quantitative data on ADME. They can more directly relate to the in-vivo situation as
well as offering some advantage for mechanistic studies. However, ethical issues

appropriately relate to the use of animals as a source for organ/tissue models.

Tissue slices prepared from intact organs also retain much of the tissue architecture in
so far as most of the cellular interactions within the tissue itself but lacking blood cell
interactions. Perfusion is not present and the interstitial space will be compromised as
a result. Oxygen and solute delivery to the cells within the tissue will in the tissue slice
depend upon diffusional processes from the media into the tissue, parts of which will
be deep-lying and where there will exist significant oxygen gradients from superficial
to deeper parts of the section. Like the organ model, liver slices retain differentiated
phenotype of hepatocytes and are utilised in metabolism and toxicological studies. The
tissue slices retain both phase | and phase 11 enzymes and provide the potential for drugs

to undergo a range of possible metabolic reactions.

Additional drawbacks of organ or tissue-slice based models include the labour-
intensive nature of the preparation, a short viability period (for the organ — hours; for
the slices - days), and for the slices in particular the damage to the cells on the outer
edge of the slice is likely to result in inflammation and biotransformation impairment.
The liver slice is infrequently used in drug metabolism studies (Brandon et al., 2003;
Parmentier et al., 2007).

4.1.2.2 Primary cell cultures, cell lines and iPSCs

Primary cultured hepatocytes are a valuable model for xenobiotic metabolism studies
and are competent in expressing both phase | and phase Il metabolic enzymes. The
model and metabolic profile enables drug metabolism investigations at quantitative and

mechanistic levels that can be comparable to the in-vivo system (Ponsoda et al., 2001).
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However, the use of primary human cells in routine investigations is challenging due
to the scarcity of human liver material, the high batch-to-batch functional variability,
and potential phenotypic instability in-vitro even while it remains a primary culture
(Brandon et al., 2003).

An alternative cell-based model involves the use of hepatoma cell lines (derived from
hepatocellular carcinomas) and recombinant immortalised hepatocyte cell lines. Both
offer infinite cell replication with the possibility for phenotypic stability, although the
immortalisation process itself can compromise a range of cellular functions. In both
models, the interpretation of data is hindered by reduced (in some cases very minimal)
expression of major CYP450 enzymes (Donato et al., 2008).

Table 4.1 presents the mRNA expression of various hepatoma cells compared to
primary human hepatocytes. The cell lines in Table 4.1 were selected because they are
the most often utilised cell types in metabolic studies with also data on mMRNA
expression in comparison to primary hepatocytes published. The data comes from a
range of laboratories but with all investigations using the quantitative technique of
SYBER green with gRT-PCR. For summarising date in Table 4.1 where multiple
studies reported the expression of the same gene of interest, the average value of RNA
expression was determined and shown; this is especially seen for the HepG2 cell line

where more than a single reference was employed.

The HepG2 cell line shows a lack of functional expression in almost all relevant
CYP450 isoenzymes (Rodriguez-Antona et al., 2002; Wilkening, Stahl and Bader,
2003). The authors reporting also the protein content and activity of most CYP450
isoenzymes were undetectable, and only very sensitive techniques such as gRT-PCR
could detect and quantify the transcription levels of the respective genes (Rodriguez-
Antona et al.,, 2002). BC2 is a human hepatocarcinoma-derived cell line. In a
differentiated form, the cells express a number of relevant CYP450 isozymes at mMRNA
level (CYP1A2, 2A6, 2B6, 2C9, 2E1, and 3A4) (Donato et al., 2008). MZ-Hepl, is a
human hepatocellular carcinoma cell line, which like BC2 shows negligible levels of
drug-metabolising enzymes and does not represent a viable alternative to primary
hepatocytes (Rodriguez-Antona et al., 2002). The hepatoma cell line, HepaRG,
(Aninat et al., 2006) has been shown to have a higher degree of similarity with primary

hepatocytes in terms of morphology, genotypic profiles for metabolising enzymes
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(phase I and 1), and transporters, and also in nuclear receptors (AhR, PXR, CAR,
PPAR-a). HepaRG represents a reliable alternative to human hepatocytes for drug

metabolism and toxicity studies.

Table 4.1 Comparative expression of CYP450 isoenzymes in primary human hepatocytes and
hepatoma cell lines.

Hepatocyte models

CYP450 Primary HepG2 MZ-Hep-1
enzymes Hepatocyte
CYP1A1l 100 6.99 1.37 - 9.1
CYP1A2 100 0.03 0.03 0.01 -
CYP2A6 100 0.25 0.25 0.05 -
CYP2B6 100 0.50 0.09 0.16 34.6
CYP2C9 100 0.01 0.003 0.02 34.7
CYP2C19 100 0.05 0.05 0.07 -
CYP2D6 100 1.57 0.011 <0.01 0.8
CYP2E1l 100 0.04 0.006 0.07 35
CYP3A4 100 0.03 0.003 0.28 176
CYP3A5 100 1.16 0.03 2.49 -
Key reference - (Rodriguez- | (Rodriguez- | (Donato | (Aninat et
sources Antona et Antona et etal., al., 2006)
_ Stahl and
comparison Bader, 2003)

*Results are mean values of mRNA level expressed as a percentage (%) compared to primary

hepatocytes.

Of note is advance in cell culture over recent decades with many more studies now
using three-dimensional (3D) format. Much of the published information on the
hepatocyte cell culture experiments have been undertaken in 2D-culture. While the 2D
model provides some cell-cell contact it doesn't represent the extent of hepatocyte-
hepatocyte cell-cell interactions seen in the intact tissue. The culture of hepatocytes in
a 3D format may more closely resemble such interactions with likely impact upon gene
expression (Berthiaume et al., 1996). It is known that hepatocytes cultured in stirred
bioreactors as 3D cultures produce tissue-like structures and maintain their liver-

specific functions for a longer culture period and at a higher level than when cultured
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in a 2D format (Leite et al., 2011; Tostdes et al., 2012). The HepaRG cells as used in
this Chapter were grown as 3D hepatocyte spheres.

Stem cells, specifically patient-derived pluripotent stem cells (iPSCs) obtained from
various somatic cell types, have become a crucial resource for researchers exploring the
regulatory mechanisms involved in hepatic development, the foundations of congenital
diseases, and the intricacies of drug metabolism and toxicity. Hepatocytes derived from
IPSCs offer a stable and easily accessible cell source, replacing the need for human
primary hepatocytes or hepatoma cell lines in various applications. These applications
include the investigation of issues related to lipid metabolism, protein accumulation,
mitochondrial defects, and toxicity screening. It is important to note, however, that
current differentiation protocols have not yet achieved hepatocytes that functionally
match primary human liver cells, particularly concerning the expression of CYP450
enzymes crucial for drug metabolism. Nevertheless, newer differentiation methods,
such as 3D co-culture of iPSC hepatocytes with cells from different lineages (e.g.,
hepatic endoderm and endothelial cells), show promise in improving hepatocyte
metabolic function to more closely resemble the physiological characteristics of liver
hepatocytes (Corbett & Duncan, 2019).

Variations in drug metabolism and transportation have been identified among different
populations, indicating significant implications for inter-population differences in drug
pharmacokinetics. These distinctions can be simulated in engineered cellular systems
that incorporate cells derived from induced pluripotent stem cells (iPSCs), reflecting
the genetic makeup of specific populations. Apart from facilitating population-specific
investigations, iIPSC hepatocytes can also manifest disease-causing mutations or
conditions influencing hepatic drug clearance. Changes in metabolic induction may be
linked to genetic factors, exemplified by instances such as rifampicin induction when
P-glycoprotein is downregulated or CYP1AL inducibility affected by mutations in the
aromatic hydrocarbon receptor, a regulator of CYP enzymes alongside other
transcription factors. However, the activity induction of enzymes like CYP3A4,
CYP1A2, and CYP2C9 in iPSC hepatocytes is generally lower compared to primary
hepatocytes (Dame & Ribeiro, 2021).

92



Chapter 4

4.1.2.3 Subcellular fractions

Subcellular fractions are derived from centrifugation of tissue homogenates. Typically,
centrifugation at ca. 9000 xg results in a liver S9 fraction (containing both microsomal
and cytosolic fractions). The liver S9 fraction containing both microsomal and cytosolic
fractions allows for availability of both phase | and phase Il enzymes, including their
cofactors. Clearly the cell structure and plasma membrane barrier and associated
membrane transporters of the hepatocyte are lost. Ultracentrifugation at ca. 100,000 xg
delivers a liver microsomal preparation representing isolated vesicles of hepatocyte
endoplasmic reticulum (Parmentier et al., 2007). Microsomes contain both phase |
enzymes, such as CYP450s and certain phase Il enzymes i.e., UGT responsible for
glucuronidation which is also a microsomal located enzyme (Figure 4.3) (Brandon et
al., 2003).

Liver microsomes (membrane vesicles of the hepatocyte endoplasmic reticulum)
contain membrane phase | enzymes, namely CYP450s, flavine-containing
monooxygenases (FMO), esterases, amidases, and epoxide hydrolases, and phase 1l
enzymes such as UGTs (Figure 4.3) (Parmentier et al., 2007). The S9 fraction has
lower enzyme activities compared to microsomes (Brandon et al.,, 2003) but
nevertheless, both the liver S9 and microsome fractions have been heavily exploited in

drug metabolism and drug-drug interaction studies.
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Figure 4.3 Metabolic enzymes in subcellular S9 fraction. (FMO); Flavin Monooxygenases, (UGT);
Uridine Glucuronide Transferase, (SULT); Sulfotransferase, (GST); glutathione S-Transferases, (NAT);
N-Acetyltransferases.

93



Chapter 4

4.1.2.4 Isolated Enzymes

Microsomes containing specific individual human CYP450s and UGTs have long been
extremely important methodological options for in-vitro drug biotransformation studies
(Brandon et al., 2003; Venkatakrishnan et al., 2005; Knoche et al., 2022). With
recombinant DNA technology a variety of recombinant expression systems have been
developed, including insect, bacterial, yeast, and mammalian models, which have
allowed for both transient and stable expression of isolated and catalytically active
CYP450s (Friedberg et al., 1999; Hiratsuka, 2012; Shang et al., 2023). This provided
investigators with the ability to study a single specific human CYP450 or UGT
isoenzyme. While this presented a significant advantage in some aspects, particularly
qualitatively, e.g. identifying if a single enzyme has capacity to metabolise a given
molecule and in developing structure-activity relationships (SAR), an obvious
drawback is the single enzyme model’s functional predictability to the intact cell, let
alone organ-level model. For example, any quantitative measures derived from a single
enzyme will lack the context of how a drug would be handled faced with multiple
simultaneous metabolic pathways. There clearly is the potential for over- or even under-
estimation of the metabolic biotransformation (Brandon et al., 2003). An approach
where individual human CYP450s are reconstituted into a phenotypic ‘cocktail’ of
enzymes, even with transporters, e.g., P-gp, has developed over the last 10-20 years
(Darnaud et al., 2023) .

4.1.3 Aim and Objectives

Aim:

This chapter aims to characterise a hepatocyte cell model to study the effect of acute
hypoxia on drug metabolism with the information gained to be later utilised in further

mechanistic and quantitative studies in this thesis.

The work is focused on CYP3A4 and CYP2C9 isoforms as they are responsible for the
metabolism of sildenafil which is the model drug approved for this PhD’s work in the
original clinical trial planned and prepared for pre-COVID and which has subsequently
transformed here into work involving computational PK-PD simulations (Chapter 5).
The clinical trial, while not, a part of this substantive component of this thesis, is

nevertheless still to be undertaken, with the thesis work informing the design.
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Objectives:

1. Characterise an in-vitro human hepatocyte model that expresses functional
levels of CYP3A4 and CYP2C9 allowing for mechanistic investigations and
also for data generation for pharmacokinetic predictive simulations.

The cell model work to involve:

— Two-dimensional (2D) cell culture of HepG2 and HepaRG cells under
normoxic conditions (21% Oy)

— Three-dimensional (3D) cell culture of HepaRG under normoxic conditions
(21% O2) and confirmation of the differentiation of the HepaRG cells and their
structural arrangement in 3D culture as well as the resulting live-/dead-cell ratio

(reflecting a potential ‘necrotic core’).

2. Investigate the effect of hypoxia on the functional expression of CYP3A4 and
CYP2CO.

The cell model work to involve:

— 2D and 3D cell culture HepaRG under normoxic vs hypoxic conditions (1% O>).

— Quantification of CYP3A4/CYP2C9 expression (mRNA, protein) and
functional enzyme activity (substrate turnover).

In addition, as part of early studies not explicitly involving CYP450, the work explored

the impact of hypoxia on ABC efflux transporters. Here both HepG2 and Caco?2 cells

were cultured in 2D under normoxic (21% O) or hypoxic (1% O2) conditions. The

functional expression of ABC transporters (P-glycoprotein, BCRP and MDR-1) under

the above conditions were explored.

4.2 Material and Methods

4.2.1 Cell culture

4.2.1.1 Two-dimensional (2D) monolayer

Human hepatocellular carcinoma cells (HepG2) and undifferentiated HepaRG cells and
Caco2 cells were grown as described in Chapter 2, sections 2.1.1, 2.1.2 and 2.1.3,

respectively. Hypoxic conditions were achieved by incubating cells in a hypoxia
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chamber (Baker Ruskinn PhO2x box) with 5% CO. and 1% O balanced with N> at
37°C.

4.2.1.2 Three-dimensional (3D) cultures and cell treatments

After expansion and full differentiation in 2D monolayers, HepaRG cells were
trypsinised, counted, and seeded at 1000 cells per well onto 96-well round bottom ultra-
low attachment (ULA) plates (Corning) (Figure 4.4). Growth media (free from DMSO)
was then used, and the cells were allowed to aggregate and form a sphere for ten days.
On day ten (Day 40 in Figure 4.4) spheroids were treated for 72 h with either
CYP3A4/2C9 enzyme inducer 25 pM rifampicin or CYP3A4 enzyme inhibitor 1 pM
ketoconazole (all from Sigma Aldrich) (Figure 4.4). All treatments were dissolved in
DMSO to prepare a stock solution, and then the required treatment concentrations were

prepared by diluting the stock solution into a growth media.

CYP 3A4/2C9

. . . e 3D spheroid 2 : P450 Glo™
Prolif ¢
> ToNlersgidn D'ffefe“t'at'?:“ s formation ":::f;::g: X L, sy g80%e
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20 b 8 > e
Day 0-14 Day 15-30 Day 31-40 Day 41-44 Day 44
seeding density 0.02X10° Seeding 1000 25 uM Rifampicin
cells/cm? in T25 flask cells/well in 96 1 uM ketoconazole
ULA plate
2% DMSO

Figure 4.4 Schematic protocol for HepaRG differentiation and spheroid formation. HepaRG cells
were seeded at a density of 0.02 x 108 cells/cm? as a 2D monolayer and grown for two weeks. The
growth media was then supplemented with 2% DMSO for 15 days to differentiate the cells into
hepatocyte and biliary cells. On day 31, the differentiated cells were trypsinized and seeded at a density
of 1000 cells/well in ultra-low attachment (ULA) plates to form spheroids. Subsequently, the spheroids
were treated with rifampicin to induce the expression of CYP3A4 and CYP2C9, or with ketoconazole
as a competitive inhibitor of CYP3A4. The cell spheroids were subjected to the P450 GLO™ assay for
measuring functional CYP450 activity.

4.2.2 Live/dead staining and viability assay

After spheroid formation (see Figure 4.4. day 40), the spheroids were stained with a
mixture of two dyes: 1M calcein-AM (from InVitrogen) and 1 mg/mL propidium iodide
(P1) (from Sigma Aldrich) as per the protocol described in Chapter 2 section 2.2.1.

For differentiated HepaRG cells grown in 2D monolayer format, the effect of hypoxia,
rifampicin and ketoconazole treatment on cell viability were tested using CellTiter Glo

assay as per the protocol described in Chapter 2 section 2.3.2.
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4.2.3 CYP3A4 and CYP2C9 expression

For the functional expression of CYP450s a bioluminescent assay was undertaken. This
involved the seeding of a 2D monolayer of undifferentiated HepaRG cells in white-
walled collagen-coated culture plates with clear bottoms (BioCoat® 96-well plates,
Corning) at a density of 9000 cells/well. After two weeks the media was changed to
differentiation media and kept in the culture for another two weeks. In order to induce
the expression of CYP3A4 and CYP2C9 enzymes, the cells were treated with either 25
MM rifampicin for 72 h or just the vehicle (0.02% DMSO). In 3D model, HepaRG
spheroids was cultured and treated as stated in section 4.2.1.2. The CYP activity were
measured in HepaRG cultured in 2D monolayer or in 3D format using P450-Glo™
assays (Promega, UK). Two luminogenic substrates were used, Luciferin-IPA and
Luciferin-H to measure the CYP3A4 and CYP2C9 enzymes activity, respectively. The

detailed protocol was described in Chapter 2 section 2.3.1.

Expression levels as judged by immunofluorescence microscopy were undertaken in
the HepaRG cells cultured at a density of 0.2x10° cells/well on 35 mm glass bottom
microwell dishes combined with coverslips (P35G-1.5-14-C, Mat Tek). The
immunofluorescent microscopy was performed as described in Chapter 2, section
2.2.2. The coverslips were coated with collagen to improve cell attachment. After cells
differentiation, the media was aspirated from the wells and the cells were gently washed

with PBS at room temperature.

4.2.4 Isolation of RNA and quantitative real-time reverse
transcription PCR (QRT-PCR)

Total RNA from Caco2, HepG2 and HepaRG (either cultured as 2D monolayer or 3D
spheroid) was isolated using a RNeasy system (QIAGEN) and was determined by
measuring the absorbance of the RNA at 260 nm. All RNA samples had A260/A280
ratios higher than 1.8, indicating purity. The RNA was then reverse transcribed into
cDNA, as described in Chapter 2, section 2.4.2.

Doublex TagMan gene expression assay was used for HepaRG 3-D spheroids due to
the limited number of spheroids and extracted RNA. The gene expression assay Kits
used, and gRT-PCR methodology are described in detail in Chapter 2, section 2.4.4

and section 2.4.5.
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4.2.5 Protein extraction and Western blot

The HepG2 and HepaRG cells cultured as 2D monolayer were trypsinised and collected
in a 15 mL centrifuge tube. The lysis buffer master mix was prepared by added 10 pl
of EDTA and 10 pl of Protease and Phosphatase Inhibitors to 980 ul of lysis buffer
(RIPA, Thermo Fisher). Protein extraction, western blot, and related antibodies were
illustrated in Chapter 2 sections 2.5.

4.2.6 Rhodamine 6G and Hoechst 33342 accumulation assay

Two fluorescent dyes were used to evaluate the activity of the efflux transporters P-gp
and BCRP under hypoxia: Rhodamine 6G, a substrate for P-gp, and Hoechst, a substrate
for BCRP. Caco?2 cells were seeded at a density of 3 x104/cm? in 12-well plates and
grown for 21 days to achieve differentiation. HepG2 cells were seeded at a density of
5x10° cells/mL and grown for seven days. Cells were then incubated in a hypoxia
chamber (Baker Ruskinn PhO2x box) with 5% CO> and 1% O balanced with N at
37°C or kept in normoxia (21% 02,5 % CO; at 37 °C). The accumulation assay is
described in detail in Chapter 2, section 2.3.3.

4.2.7 Statistics

All data analyses were carried out using GraphPad Prism 5 (GraphPad Software, San
Diego, CA). All experiments were performed with three to 12 technical replicates from
a minimum of three independent biological experiments. Results were expressed as
mean = SEM. Comparisons between multiple groups were performed with one-way
ANOVA followed by a post hoc test. If the data were not normally distributed, Kruskal-
Wallis Test (nonparametric ANOVA) followed by Dunn's Multiple Comparisons Test
was used. Samples with two groups only were compared using unpaired t-test. If the
data were not normally distributed, Mann-Whitney U-test was used. P <0.05 was

considered significant.
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4.3 Results and Discussion

4.3.1 HepG2 cells as an in-vitro hepatocyte model: Studies under normoxia

The aim of this work was to characterise in the Cardiff laboratory a human in-vitro model to
explore the effects of hypoxia on xenobiotic metabolism via CYP3A4 and CYP2C9
isoenzymes; which respectively account for 30% and 13% of hepatic metabolism of clinically
used drugs (Zanger and Schwab, 2013). The characterised model to be later used in PK-PD
simulations (Chapter 5) and mechanistic studies on the effects of hypoxia (Chapter 6). These
particular CYP450 enzymes also metabolise sildenafil (a drug the PhD programme prior to
Covid had identified to include in a clinical trial of the effects of hypoxia on PK-PD) converting

it into the active metabolite N-desmethyl sildenafil.

HepG2 was the initial cell model explored. HepG2 is a human hepatoma cell line that has been
commonly used as an in-vitro model to study drug metabolism (Cui et al., 2016). Although
HepG2 cells have relatively low basal CYP450 expression levels, they do appear to provide
good inter-experimental consistency and avoid the disadvantages of primary human
hepatocytes, which show high inter-individual donor variation and a rapid decline of metabolic
enzyme expression with time in culture (Yokoyama et al., 2018). Using standard light

microscopy, the morphology of HepG2 cells illustrated in Figure 4.5.

(A) (B)

Figure 4.5 HepG2 cell morphology. The cells seeded at a density of 5 x 10* cells/cm?. HepG2 grow as adherent,
epithelial-like cell monolayers in small aggregates. Fig. 4.5A day 2 of culture cells initially attach in patches or
small aggregates. Fig. 4.5B by day 5 of culture growth is extended across the attachment area with occasionally
the cells forming multiple-layered aggregates. Images by phase contrast microscopy (x10 magnification). Scale
bar 200 pum.

The low CYP450s in HepG2 cells appears to be due to changes in transcriptional regulation,

potentially reversible by co-transfection of hepatic transcription factors or pre-treatment with
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chemical inducers (Rodriguez-Antona et al., 2002). It is recognised that CYP450 enzymes can
be induced in the HepG2 model by several drugs, for example, rifampicin (Maglich et al., 2003;
Chen et al., 2004). Rifampicin is an agent used in mycobacterial and gram+ve infections, and
which acts as an antibacterial via inhibition of DNA-dependent RNA polymerase. Its actions
as an inducer are via its activation of the Pregnane X receptor (PXR), a member of the orphan
nuclear receptor, which in turn mediates the induction of CYP3A4 and CYP2C9 (Maglich et
al., 2003; Chen et al., 2004), as well as glucuronosyltransferases and p-glycoprotein activities.
Confirming the effects of rifampicin in the HepG2 model ahead of further potential
experimentation with this cell line, we found the HepG2 cells to express CYP3A4 and CYP2C9
transcripts under basal conditions (Figure 4.6 C) and when the cells were exposed to increased
concentrations of rifampicin the expression of the CYP450 transcripts increases, with
rifampicin pre-treatment inducing the expression of CYP3A4 mRNA by up to 3.7-fold, and
CYP2C9 increased by up to 4.8-fold, when treated with 100 M rifampicin.

Cell lysates from HepG2 cells were also prepared for Western blot analyses. Under basal
expression conditions, HepG2 cells failed to display a signal for CYP34A (Figure 4.6 A) and
CYP2C9 (Figure 4.6 B). Even at the highest level of rifampicin pre-treatment (100 uM), only
a very faint signal was observed for CYP3A4 protein and an inconclusive signal for CYP2C9.
This lack of protein expressions compared to the findings with the transcripts could arise due
to post-transcriptional regulation, such as RNA splicing, RNA stability or transport, and
translation efficiencies directly from what are likely low transcript levels. As for the lack of an
obvious induction effect upon the CYP450 protein, this could be due to the time point at which
the protein expression was studied was not sufficient to detect the increase in protein levels,
for example CYP3A4 protein t1/2 is ca. three days on average. Here, at two days following
rifampicin exposure the inductive impact of rifampicin would still be less than 50% of the
ultimate increase if the sampling times were extended for 4-5 x t1/2. Protein synthesis and
degradation rates are dynamic processes, and it is possible that an increase in mRNA expression
is followed by a delay in protein synthesis. The same Western blot conditions used here were
also adopted for the HepaRG cell line where good signals were observed using similar protein

loading.

While the ‘low’ CYP450 expression may be viewed as predictable from literature (see Table
4.1), exploring the use of this cell line was appropriate simply because of the potential ease of

use it provides and the substantial literature available for comparison. However, even with
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rifampicin treatments the lack of any meaningful impact on protein expression (and hence
functional activity) limited the utility of HepG2 for future functional investigations.
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Figure 4.6 Induction of CYP3A4 and CYP2C9 in HepG2 cells after 48 h.treatment with CYP450 inducer
rifampicin (RIF) at 0 to 100 UM concentrations. Fig. 4.6A and Fig. 4.6B show Western blots for CYP3A4 and
CYP2C9, respectively with loading of 50 pg of extracted cell lysate protein separation by SDS-PAGE,
electrotransfer to nitrocellulose membrane, and immunoblot with anti-CYP3A4 (50 kDa) and anti-CYP2C9 (55
kDa) antibodies. GAPDH (37 kDa) was used as an internal control for protein loading. Fig. 4.6C shows mRNA
expression for CYP3A4 and CYP2C9 following RNA extraction, reverse transcription and 30ng loading of cDNA
for gPCR analysis. Gene expression was normalised to the house-keeper gene (HPRT1) and then to the control
(0.1 % DMSO)-treated cells. Bars represent mean £ SEM. N=3 independent experiments. One-way ANOVA with
Bonferroni test.

4.3.2 HepaRG cells as an in-vitro hepatocyte model: Studies under
normoxia
4.3.2.1 HepaRG cells cultured in 2D monolayer format

HepaRG cells are being increasingly adopted as an alternative to HepG2 cells and primary

human hepatocytes for preclinical hepatotoxicity and metabolic studies (Legendre et al., 2009;
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Andersson, 2017). The HepaRG human cell line was established from a tumour of a female
patient with hepatocarcinoma. The HepaRG cell model provides a more consistent gene
expression and to date is reported as phenotypically stable; it overcomes the donor variability
seen with the use of primary human hepatocytes. When passaged at low density, the cells are
reported to differentiate into both hepatocytes and biliary epithelial cells and are thus
considered to have a progenitor or mixed progenitor phenotype(s) (Gripon et al., 2002).

To show the differentiation of HepaRG cells into the two populations of hepatocyte cells and
cholangiocyte cells, this work followed the literature and used two markers, albumin and
cytokeratin 19 (CK19) for the respective cell types. These markers were selected as they have
been initially reported as specific markers for hepatocytes and biliary cells (Marion, Hantz and
Durantel, 2010; Gunness et al., 2013; Higuchi et al., 2016).

After four days of monolayer culture, HepaRG cells exhibited an epithelial morphology
(Figure 4.7 A). In this culture format the cells were in the proliferative phase for approximately
seven days after plating, reaching confluency by day 14 (Figure 4.7 B). At day 14, two
morphologically distinct cell populations emerged: cholangiocyte-like cells - large and flat
cells with a clear cytosol, a regular polygonal shape; and hepatocyte-like cells - smaller with a
granular and dark cytosol, prominent nuclei and visible nucleoli. From day 14 the cultures were
continued with media supplemented with 2% DMSO for a further two weeks — this
supplementation triggering further differentiation. The mechanism by which DMSO induces
the differentiation of tumour cells is poorly understood. DMSO stimulates albumin and o -
fetoprotein production in transformed hepatocytes and hepatocarcinoma cells (Higgins and
Borenfreund, 1980; Su and Waxman, 2004) and aids in the maintenance of differentiated adult
rat hepatocytes, as evidenced by the production of liver-specific plasma proteins, including
consistent production and secretion of albumin at high levels (Su and Waxman, 2004). Clusters
of hepatocyte-like cells appeared with the trend to organise into trabeculae-like (plate-like)
hepatocellular structures which also displayed regions of bile canaliculi-like structures
surrounded by some biliary-like cells (Figure 4.7 C and D). The presence of two
morphologically distinct populations at the end of the differentiation period supporting

evidence of the bidirectional differentiation process.
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Figure 4.7 Morphology of HepaRG cells. Cells were imaged by phase-contrast microscopy (x10 magnification)
at different stages of the culture: Fig. 4.7A proliferation phase (day 4); Fig. 4.7B confluence (day 14); and Fig.
4.7C and Fig.4.7D differentiated phase day 30. showing HepaRG cells differentiated to either hepatocyte like
cells (H) or biliary like cells (BC). Media was supplemented from day 15 with 2% DMSO to differentiate the
cells. Scale bar 200 um.

The profile of a hepatocyte marker, albumin, and biliary cell marker, CK19, was assessed by
immunofluorescent microscopy (Figure 4.8.). Cell-associated albumin was detected in all
phases of the culture, (Days 4 -30, from the early proliferative phase through to the full
differentiated stage) but the signal became stronger as the cells reached confluency on Day 14
(Figure 4.8C). By day 30 the clustering of hepatocyte-like cells was more evident and the
presence of albumin was highly restricted to the hepatocyte clusters and was only faintly
detected in biliary-like cells. It should be noted the albumin source in the media was bovine

and not a source cross-reacting with the anti-albumin antibody.

The marker CK19 was again detected in all phases of culture. On days 4 and 14 of culture
CK19 were detected (Figure 4.8 B; Figure 4.8 C) but by day 30 the CK19 expression was
more intense and became concentrated in a specific area, surrounding the hepatocyte colonies
(Figure 4.8 D) — this spatial separation is best seen with the merged images. This pattern is
consistent with the HepaRG differentiating into two distinct cell populations - hepatocytes and

biliary cells.
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Hoechst Albumin CK19 Merge
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Figure 4.8 Expression of hepatocyte and biliary cells specific marker on HepaRG cells. The detection of
hepatocyte (albumin +ve) and biliary cells (CK19 +ve) performed using immunofluorescent microscopy
Albumin and CK19 were detected in all phases of culture. Nuclei stained with Hoechst. Fig. 4.8A Negative
control sample stained with only secondary antibodies. Fig. 4.8B Day 4 proliferation phase of culture. Albumin
signal is already strong Fig. 4.8C Day 14 - cells approaching stationary phase of culture. Fig. 4.8D Day 30 the
full differentiation state after cells cultured in a growth media supplemented with 2% DMSO. Cell
rearrangement is evident occurs with signals for albumin and CK19 restricted in specific areas.
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To assess the CYP450 expression status of the 3A4 and 2C9 isoforms - important for this
current work - the RNA from HepaRG cultured cells in 2D monolayer (and for comparison
from the HepG2) cells was extracted, and 30 ng of cDNA used for gPCR.

Figures 4.9A and 4.9B show, respectively, that CYP3A4 and CYP2C9 mRNA expression
were considerably greater in HepaRG cells at basal conditions than in HepG2 cells. When
HepaRG cells were treated with 25 uM rifampicin, the expression of CYP3A4 and CYP2C9
increased ten-fold and five-fold, respectively, which contrasts with the lower responsiveness
of the HepG2 to the inducer. The greater degree of differentiation in the HepaRG cells explain
the higher (compared to HepG2) CYP450 expression levels.
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Figure 4.9 Comparison between HepG2 and HepaRG CYP3A4 and CYP2C9 mRNA and protein
expression. RNA was extracted from four experimental groups of HepG2 cells: 0.1% DMSO vehicle control 25,
50, and 100 uM rifampicin (RIF) treatment for 48 h. RNA was extracted from two experimental groups of
HepaRG cells: 0.1% DMSO vehicle control and 25 uM rifampicin treatment for 48 h. 30 ng of cDNA was used
in gPCR experimentation Fig.4.9A shows the expression of CYP3A4 mRNA in 0.1% DMSO vehicle control and
rifampicin treated groups. Eig. 4.9B shows the expression of CYP2C9 mRNA in 0.1% DMSO vehicle control and
rifampicin treated groups. The gene expression was normalised to the housekeeping gene (HPRTL1) and then to
the respective controls. Bars represent mean + SEM. N=3 independent experiments. Statistics undertaken by One-
way ANOVA followed by post-hoc Dunnett test. Fig. 4.9C and Fig. 4.9D represent Western blot analysis for
CYP3A4 (50 kDa) and CYP2C9 (55 kDa). B -actin (42 kDa) as internal control for protein loading. Western blot
images represent one of the three independent experiments with similar results.

Following HepaRG and HepG2 cell lysate preparation and loading of 50 pg total protein for
Western blot analyses (Figures 4.9C and Figure 4.9D). The HepaRG cells displayed relative
strong and consistent signals for the expression of both CYP3A4 and CYP2C9 seen as distinct
bands corresponding to their designated molecular weights, 50 kDa and 55 kDa, respectively.
In contrast, no visible band(s) was observed in the HepG2 cell line for either CYP3A4 or
CYP2C9; although a much weaker band at 40 and 45 kDa was seen for CYP3A4. On the basis
of CYP450 mRNA and protein expression data and responsiveness to rifampicin, the HepaRG
cell line appeared to represent a more appropriate model to employ for this project’s future
investigations. The current findings appear to be consistent with previous research, which
found that differentiated HepaRG cells express various cytochrome P450 enzymes (CYP450s)
(e.g., CYP1A2, CYP2B6, CYP2C9, CYP2EL, and CYP3A4) at a higher level and exhibit other
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metabolic functions (e.g. phase 1l enzymes and membrane transporters) normally found in the
liver, all of which have supported HepaRG cells as a relevant model for primary human
hepatocytes (Guillouzo et al., 2007; Kanebratt and Andersson, 2008; Turpeinen et al., 2009).

4.3.2.2 HepaRG cells cultured in 3D format as spheroids.

HepaRG cells can grow to and survive as spheroids in culture. This has been described using
various methods including hanging drops (Drewitz et al., 2011), bioreactors (Leite et al., 2012),
functional polymers (Higuchi et al., 2016) and ULA plates. In this current work the ULA plate
method was chosen on the basis of ease and reproducibility of results (Gunness et al., 2013).
Figure 4.10A shows a scheme for HepaRG cell growth and differentiation to form a spheroid.
Cells are initially grown as monolayers (with 2% DMSO differentiation between Day 15-30).
On day 30 of culture, the differentiated HepaRG cells are then seeded at 1000 cells/ well into
ULA plates with the progressive formation of a spheroid. Figure 4.10B shows images of
spheroid formation monitored over 10 days (days 31-40). From day 33 to 35 onward individual
cells appeared to aggregate into a compact spheroid structure which is very clearly formed by

day 40 in culture.

3D spheroid

Proliferation Differentiation Iu0) formation

> 4 L0
L G
Day 0-14 Day 15-30 Day 31-40
seeding density 0.02X10° Seeding 1000
cells/cm? in T25 flask cells/well in 96
ULA plate
2% DMSO
5
(B) Day 33 Day 3

e o S

Figure 4.10 Formation of 3D HepaRG spheroid. Fig. 4.10A scheme of HepaRG cell growth. After cell
differentiation at day 30 of culture the cells were trypsinised and seeded into ultra-low attachment (ULA) plates
at density of 1000 cells/well. Fig. 4.10B spheroid formation was monitored over 10 days after seeding by light
microscopy. By day 40 of ULA culture, a compact and spheroidal cell mass was observed. Scale bars represent
200 pm.
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In spheroid culture, after prior differentiation in the monolayer format, the HepaRG cells do
not proliferate and spheroid size is solely dependent upon the seeding density in the ULA plate
and the forces that serve to cause cell aggregation. To explore different ULA plate seeding
densities, HepaRG cells were plated at 1,000 to 50,000 cells / ULA well and allowed to
aggregate for 10 days. The objective was to identify an optimal cell density that maximises cell
number in a spheroid (e.g., for functional studies) without the spheroid displaying areas of
necrosis from poor oxygen diffusion, particularly to the inner core of the spheroid.

Calcein-AM is a cell-permeable dye that is converted to fluorescent (green) calcein by
intracellular esterase present within viable cells. Pl is a cell non-permeable dye that stains
DNA and which only enters cells when cell membrane integrity is disrupted, as in ‘dead’ cells.
The live/dead analysis of the HepaRG spheroids is represented in Fig. 4.11 and shows as cell
seeding density increases and the spheroids become larger and there is an increase in the
number of dead cells (red). This is seen most profoundly in the 50,000 cells seeding. Even at
a density of 4,000 cell/well a necrotic core becomes evident. Most of the cells remain viable

(green) in spheroids seeded at 1,000 and 2,000 cells/well.
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Figure 4.11 Representative images of a developing ‘necrotic core’ in HepaRG cells with increases in ULA
plate cell seeding densities. HepaRG cells were differentiated following the standard protocol. After cell
differentiation at day 30 of culture, the cells were trypsinised and seeded into ultra-low attachment (ULA) plates
to form spheroid at densities of 1000, 2000, 4000, 10000, 20000 and 50000 cells/ ULA well and kept to form
spheroids for 10 days. On day 11 spheroids were incubated with a mixture of Calcein-AM to measure the live
cells (green) and propidium iodide to measure dead cells and the generation of a necrotic core (red). Scale bar
275 um.

HepaRG spheroids grown to a diameter > 250 um have been reported to display an hypoxic
core (Ramaiahgari et al., 2017). As the necrotic core of the HepaRG spheroids started to appear
at a seeding density 4,000 cells/well, the focus was on the lower seeding densities and the size
of spheroids when seeding at 1000 and 2000 cells/ ULA well; Here the spheroid size was
measured at day 10 in ULA plates using ImageJ software. The mean diameter £ SD of spheroid
when seeding was at 1000 cells/well was 237 um + 22, while the mean diameter + SD of

spheroid seeding at 2000 cells/well was 309 um + 34.7 (Figure 4.12).
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Figure 4.12 Measurement of HepaRG 3D spheroid diameter after 10 days in ULA plate culture. HepaRG
cells were differentiated following the standard protocol. After cell differentiation at day 30 of culture, the cells
were trypsinised and seeded into ultra-low attachment (ULA) plates to form spheroid at densities of 1000, 2000
cells/ ULA well and kept to form spheroids for 10 days. At day 11 spheroids diameters were measured by imaje
j- Fig. 4.12A 1000 cells/well led to an average size of a spheroid of 237 pm. Fig. 4.12B 2000 cells/well led to
average size of a spheroid of 309 um.

The current work supports HepaRG cells cultured at 1000 cells/ ULA to form an organised
reproducible spherical structure presenting minimal risk for compromising Xxenobiotic

metabolism studies.

To determine the arrangement of the two cellular populations — hepatocyte and biliary cells -
within the 3D spheroid model, HepaRG spheroids were fixed with 4% paraformaldehyde and
stained with rabbit anti-aloumin antibody and mouse anti-CK19 antibody. Confocal
microscopy of the spheroids was performed using an inverted Leica TSC SP5 microscope
equipped with x20 and x70 objective lens (reaching a maximum depth of ca. 36um into the
spheroid ‘tissue’); confocal analysis was undertaken across 23 Z-stacks with a Z-step size of
1.98 um. Figure 4.13 shows the signal for the biliary cell marker, CK19, increasing in intensity
when moving through the depth of the spheroid (from 9.9 to 27.7 um in depth) closer toward
the spheroid interior, although this would still represent a comparative peripheral depth of field
compared to the full diameter of the spheroid (ca 300 um); the albumin signal remained of
similar intensity across the Z-stack. Again, what is apparent is the distinct distribution of cell
types within a given Z-stack (see merged channel), a feature retained in the 3D model as it was
in the 2D model. This finding is agrees with Leite et al, who showed a similar pattern of hepatic
and biliary cell arrangement in HepaRG spheroid model cultured using a spinner (Leite et al.,
2012).
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Figure 4.13 Cell arrangement within HepaRG 3D culture. 23 Z-stack images taken (step size 1.98 um)
Immunofluorescence signals show two types of cell patterns. HepaRG cells were differentiated following the
standard protocol. After cell differentiation at day 30 of culture, the cells were trypsinised and seeded into ultra-
low attachment (ULA) plates to form spheroid at densities of 2000 cells/ ULA well and kept to form spheroids
for 10 days. On day 11 spheroids were fixed with 4% paraformaldehyde and stained with hepatocyte marker
albumin (magenta) and with biliary cells marker CK 19 (green) antibodies. Fig. 4.11A images at a depth of 9.9
pm into spheroid showing strong albumin signal. Fig.4.11B images taken at a of 27.7 um depth and showing
increased CK19 signal. Albumin signal appearing to retain strength of signal as the imaging moved toward the
interior of spheroid. The negative control sample was stained with only secondary antibodies anti-mouse
AlexaFluor 488 and anti-rabbit AlexaFlour 546. The Insert show the precise Z-step used in the main Figure.
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4.3.2.3 HepaRG cells: CYP3A4 and CYP2C9 functional expression in 2D monolayer vs
3D spheroid model

Still under normoxia conditions, a direct comparison of CYP450 functional expression was
undertaken comparing the 2D monolayer format of differentiated HepaRG cells and the 3D
spheroid model of differentiated HepaRG cells. In these experiments rifampicin (25 uM for
72 h) was used as an enzyme inducer for both CYP3A4 and CYP2C9, and ketoconazole (1 uM
for 72 h) as a competitive inhibitor for CYP3A4 in particular. The viability of the HepaRG

cells (at least in 2D format) was not altered by exposure to these interventions (Figure 4.14).
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Figure 4.14 Viability assay of rifampicin and ketoconazole treatment in HepaRG monolayer. HepaRG cells
were differentiated following the standard protocol. After differentiation cells were treated with 25 uM of
rifampicin or 1 uM ketoconazole for 72 h and viability was determined by CellTiter Glo assay. Untreated cells
were used as control. Statistics by one way ANOVA.

RNA was isolated from HepaRG cells grown either as 2D monolayers or 3D spheroids, with
30 ng of cDNA (gPCR) used to evaluate CYP3A4 and CYP2C9 gene transcript expression.
Figure 4.15 shows the expression of CYP3A4 and CYP2C9 transcripts to be significantly
lower in the 3D spheroid model than in the 2D monolayer model. This dose reflects absolute
lower level recorded in the 3D spheroid format as the data is referenced (internally controlled
for) in both models against the house-keeping gene HPRT1. Therefore, explanations varying
extraction efficiencies between the models are unlikely to be the explanation. One possibility
is the absence of DMSO in the spheroid model at day 30 to 40. The DMSO if present during
this time has detrimental impact upon cell viability (Appendix 3.1, Supplementary figure 3.1.1)
and hence its absence from the protocols. However, it is also recognised to promote basal

expression of CYP450 as reported by the Kanebratt and Andersson study where the expression
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of several CYP450 enzymes including CYP3A4 considerably decreased within the first day
after removal of DMSO from the culture medium, although thereafter levels were stable but
remained low. reported for e.g.,, CYP1A, CYP2C, CYP2EL, and CYP3A4 (Kanebratt and

Andersson, 2008).
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Figure 4.15 CYP3A4 and CYP2C9 mRNA transcript gene expression in HepaRG cultured in 2D monolayer
and 3D spheroid formats. The gene expression was normalised to the house keeping gene (HPRT1) and then to
the cells cultured in a 2D monolayer model. Bars represent mean = SEM. N=3 independent experiments. T-test

was used for statistical analysis.

The P450-Glo™ substrate assay allows evaluation of the functional activities of CYP3A4 and
CYP2C9. The assay uses luminescence generated from CYP450 isoenzyme-specific Luciferin
derivatives as the luminogenic probes. Figure 4.16 shows data for this functional assay for
HepaRG cells when comparing the 2D and 3D format, and between the CYP3A4 and CYP2C9

isoforms.

In the HepaRG cells in 2D, as expected rifampicin significantly enhanced CYP3A4 functional
activity and ketoconazole significantly decreased CYP3A4 -mediated turnover of the substrate
(Figure 4.16A). The inductive effects of rifampicin on CYP2C9 were less clear, not achieving
statistical difference compared to control. Similarly, ketoconazole had no significant effect on
CYP2C9 in the 2D model, although a trend was present (Figure 4.16B). The above
observations for the impact of competition with ketoconazole is consistent with the wider
understanding with ketoconazole a well recognised competitive inhibitor for CYP3A4 which

is the enzyme responsible for the production of the major ketoconazole metabolite. There is no
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reported involvement of CYP2C9 in ketoconazole metabolism; this absence of an effect on
CYP2C9 providing some further confirmation of the specificity of the luminogenic probes.
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Figure 4.16 CYP3A4 and CYP2C9 activity in HepaRG cultured as monolayer (2D) and in spheroid formats
(3D). Data presented as relative luminescent unit (RLU). Activities measured using P450-Glo™ (Promega). Cells
treated with enzyme inducer rifampicin or enzyme inhibitor ketoconazole and compared to no-treatment control.
Fig. 4.16A and Fig. 4.16B shows CYP3A4 and CYP2C9 functional activity, respectively, in 2D monolayer
HepaRG model. Fig. 4.16C and Fig. 4.16D show CYP3A4 and CYP2C9 activity, respectively, in 3D spheroid
HepaRG model. All experiments were performed with three to ten technical replicates from three independent
experiments. Bars represent mean £ SEM. One way ANOVA and post-hoc Dunnett test used for statistical
analysis.

Similarly, in the 3D spheroid model, ketoconazole had no effect upon CYP2C9 functional
activity but significantly reduced the turnover of the CYP3A4 substrate. Rifampicin pre-
treatment here significantly increased both CYP3A4 and CYP2C9 functional activity by
approximately x2-fold, which for CYP3A4 is less than that seen for the 2D-model which saw
increases of approximately x4-fold (Figure 4.16C, Figure 4.16D). This data shows the
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applicability of the P450-Glo™ test and the appropriateness if necessary of 2D monolayer
model at least in terms of CYP450 function and modulation.

4.3.3 HepaRG cells as an in-vitro hepatocyte model: Studies under hypoxia

4.3.3.1 HepaRG cells: Effect of hypoxia (1 % O2) on CYP3A4 and CYP2C9 in 2D cell

monolayer format

One of the objectives of this thesis (Chapter 6) was to investigate the mechanisms through
which hypoxia alters CYP450 expression. Here, this section of work further supports the
evidence for the use of the HepaRG cell model in this later context. Specifically, in this section
the use of the HepaRG 2D monolayer format to study the effects of hypoxia (1% O) on
CYP3A4 and CYP2C9 activity.

HepaRG Cells in 2D monolayer format were subjected to hypoxia (1% O.) for 4, 6, and 24 h,
and cell viability assessed using a CellTiter-Glo luminescent assay. The viability of the

HepaRG cells (at least in 2D format) was not altered by exposure to hypoxia (Figure 4.17).
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Figure 4.17 Effect of hypoxia (1% O2) on HepaRG cell viability in 2D cell format. HepaRG cultured as 2D
monolayer. After differentiation on day 30 of culture cells exposed to hypoxia (1% O>) for 4, 6 and 24 h. Viability
was determined by CellTiter Glo assay. HepaRG cells cultured under normoxia were used as control. Statistics
by one way ANOVA.
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Figure 4.18 shows both protein (Western blot) and mRNA transcript levels (TagMan qRT-
PCR) for CYP3A4 and CYP2C9 in HepaRG monolayers exposed to 1% O for up to 24 h. By
24 h of hypoxia exposure significant decreases in both CYP3A4 and CYP2C9 transcript levels
were seen (Fig. 4.18C and 4.18D) approximately 70-80% and 60-70% decreases, respectively
compared to corresponding controls. The impact of hypoxia upon transcript levels was not
significantly evident with the shorter hypoxia exposure times. The reduced transcript levels by
24 h were also reflected in protein expression by Western blot (Fig. 4.18A and 4.18B) and by

immunofluorescence staining (Fig.4.19 and 4.20).
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Figure 4.18 Effect of hypoxia (1% O2) on CYP3A4 and CYP2C9 expression in HepaRG cells grown in 2D
monolayer format. Fig. 4.18A and Fig. 4.18B respectively represent the Western blot analysis of CYP3A4 (50
kDa) and CYP2C9 (55 kDa) after exposure of cells to 1% O for 24 h and the corresponding densitometry
normalised to B -actin (42 kDa). Western blot bars represent one of the three independent experiments with similar
results. Fig. 4.18C and Fig. 4.18D represent the qRT-PCR analysis of CYP3A4 and CYP2C9, respectively. Gene
expression normalised to housekeeping gene (HPRT1) and then to cells culture under normoxia (black bar). Bars
represent mean + SEM. N=3 independent experiments. One-way ANOVA and post-hoc Bonferroni test was used

for statistical analysis.
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Figure 4.19 Immunofluorescent microscopy of 2D monolayer HepaRG cells and the effect of hypoxia on
CYP3A4. HepaRG monolayer were differentiated following the standard protocol. After differentiation (day 30
of culture) cells were exposed to 1% O, for 24 h or kept in normoxia (21% O). The cells were fixed with 4%
paraformaldehyde and stained with anti- CYP3A4 antibody followed by AlexaFluor 488 secondary antibody.
Nuclei stained with Hoechst. Fig. 4.19A immunofluorescent microscopy images for CYP3A4 in HepaRG cells
under normoxia. Fig. 4.19B immunofluorescent microscopy images for CYP3A4 in HepaRG cells cultured under
hypoxia. Fig. 4.19C Fluorescence densitometry for CYP3A4 quantified by ImageJ.N=1.
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Figure 4.20 Immunofluorescent microscopy of 2D monolayer HepaRG cells and the effect of hypoxia on
CYP2C9. HepaRG monolayer were differentiated following the standard protocol. After differentiation (day 30
of culture) cells were exposed to 1% O, for 24 h or kept in normoxia (21% O). The cells were fixed with 4%
paraformaldehyde and stained with anti- CYP2C9 antibody followed by AlexaFluor 488 secondary antibody.
Nuclei stained with Hoechst. Fig. 4.20A immunofluorescent microscopy images for HepaRG cells under
normoxia stained with only secondary antibody AlexaFluor 488 as a negative control. 4.20B immunofluorescent
microscopy images for CYP2C9 in HepaRG cells cultured under normoxia. Fig. 4.20C immunofluorescent
microscopy images for CYP2C9 in HepaRG cells cultured under hypoxia. Fig. 4.20D Fluorescence densitometry
for CYP2C9 quantified by ImageJ.N=1.

Figure 4.19 shows the fluorescence intensity images (immunofluorescence staining) for
CYP3A4 in HepaRG cells under normoxia and also after 24 h of hypoxia. While not as
guantitative as the gRT-PCR data, or perhaps the Western blot, the immunofluorescence

staining is consistent in showing a reduced intensity with hypoxia. Figure 4.20 shows the

116



Chapter 4

corresponding fluorescence intensity images for CYP2C9 in HepaRG cells and similarly
showing a loss of immunofluorescence staining with hypoxia. Together these further show
hypoxia to impact the ultimate translation of the CYP450 enzymes. This is consistent with
Legendre et al., reporting hypoxia-induced (1% O- for 24 h) suppression (at protein and mRNA
level) of numerous phase | metabolic enzymes in HepaRG monolayer culture (Legendre et al.,
2009).
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Figure 4.21 Effect of hypoxia (1% O- for 4, 6 or 24 h) on CYP3A4 and CYP2C9 activity in HepaRG 2D
monolayer HepaRG cells were differentiated following the standard protocol. After differentiation cells were
exposed to hypoxia (H; grey bars) for 4, 6 or 24 h. HepaRG cultured under normoxia (N; black bar) were used as
a control. Fig. 4.20A and Fig. 4.20B functional activity of CYP3A4 and CYP2C9, respectively, as assessed by
the P450-Glo ™ assay. CYP activity is shown as a relative luminescent unit (RLU). Bars represent the mean +
SEM of three independent experiments each with at least six replicates. One-way ANOVA test and post-hoc
Bonferroni was used for analysis.

Importantly, Figure 4.21 A and Figure 4.21 B show, respectively, functional data for substrate
turnover (P450-Glo™ substrate assay) by CYP3A4 and CYP2C9 and the impact of hypoxia.
The P450-Glo™ substrates use in the assay are isoenzyme-specific/-selective derivates of d-
Luciferin which are converted by the respective CYP isoenzyme(s) into d-Luciferin for the
luminescent readout. Not all the derivates of the d-Luciferin derivatives show isoenzyme
specificity. However, for CYP3A4 the d-Luciferin substrate is Luc-IPA which shows a high
degree of selectivity with only a minimal reactivity with CYP3A5 and 3A7. For CYP2C9 the
d-Luciferin substrate is Luc-H which is specific and reacting only with CYP2C9 (Westerink
and Schoonen, 2007). Comparing in Figure 4.21 the CYP3A4 and CYP2C9 RLU shows the
latter to produce approximately x100-fold less luminescence (e.g., normoxia bars - CYP3A4
100,000 RLU vs CYP2C9 1,00 RFU). This should not be interpreted in an absolute sense as

the substrates will have different kinetics for catalysis (Km,Vmax) and the RLU are not calibrated
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and reported in respect to absolute enzyme levels. A further context may be from the raw data
corresponding qRT-PCR data (e.g. Fig. 4.18C and D - 24 h normoxia):- while not quantitative
in the absolute sense, the raw ‘cycle threshold’ (CT) values normalised the house keeping gene
(HPRT1, which can be expected to remain constant) show a ACT for CYP3A4 that is only ca
80% greater than the ACT for CYP2C9. Practically the P450-Glo™ substrate assay allows for
treatment comparisons (e.g., with or without inhibitor etc.) within a given isoenzyme and not

absolute comparisons across isoenzymes.

While the earlier qRT-PCR data (Fig 4.18C and Fig. 4.18D) showed a trend (not statistically
significant) for decreased transcript for both genes as early as 6 h into hypoxia exposure, Figure
4.21 shows statistically significant functional decreases in substrate turnover earlier than the
24 h hypoxia timepoint, i.e. ca. 30% fall as early as 6 h for CYP3A4 and ca. 70% fall at 6 h for
CYP2C9. Such functional decreases in catalysis under hypoxia at earlier times will more likely
reflect changes in the availability of oxygen and other co-factors in the catalysis reaction. At
earlier periods of hypoxia exposure the availability of reactants within the catalytic path that
will likely have more of an impact upon catalysis activity than transcriptional change in
CYP450 enzyme(s). For CYP450, the catalysis of substrate essentially involves a
stoichiometric reaction with an electron donor, typically using NADPH, other co-factors and
Oy itself. With longer periods of hypoxia the transcriptional and translational impacts upon
CYP450-mediated catalysis may become more evident. The reduction of functional activity
with hypoxia even by 6 h was greater for CYP2C9 compared with CYP3A4. This may be due
to the fact that CYP3A4 can utilise redox partners such as cytochrome b5 or cytochrome P450
reductase to support its activity (Voice et al., 1999; Yamazaki et al., 1997). These redox
partners can transfer electrons to or from the enzyme, helping to drive the catalytic cycle even

in the absence of oxygen (Guengerich, 2018).

Collectively, the above data shows that CYP3A4 and CYP2C9 functional gene expression was
significantly decreased by hypoxia (1% O.) and the appropriateness if necessary of 2D

monolayer model at least in terms of CYP450 function and modulation.

4.3.3.2 HepaRG cells: Effect of hypoxia (1% O) on CYP3A4 and CYP2C9 in 3D cell

spheroid format

Here HepaRG 3D spheroids were used to confirm the effect of hypoxia (1% O.) on CYP3A4

and CYP2C9 activity ahead of the potential use of this format model in later experiments.
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Calcein-AM Propidium iodide Merge

Figure 4.22 Representative images of HepaRG 3D spheroid viability at 1% Oz over a 72 h exposure period.
HepaRG spheroids were cultured under: Fig. 4.21A normoxia (21% O) serving as the control; Fig._4.21B 24 h
of hypoxia (1% of O,); Fig._4.21C 48 h of hypoxia (1% of O,); Fig._4.21 D 72 h of hypoxia (1% of O,). At the
end of the exposure periods spheroids were incubated with a mixture of calcein-AM to measure the live cells
(green) and propidium iodide (red) to measure the dead cells. Scale bar 275 um.
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HepaRG spheroids (1000 cells/well) were subjected for 24, 48, and 72 h exposure to (1% O>).
The spheroids were incubated with a combination of calcein-AM (green) to measure living
cells and propidium iodide (red) to detect dead cells and the development of cell necrosis was
monitored. Figure 4.22 shows the vast majority of the cells to remain viable across the full
hypoxia exposure period. At 72 h some evidence of weak PI staining was apparent particularly
in the spheroid core (Figure 4.22D — bottom row).
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Figure 4.23 Effect of hypoxia (1% O: for 24 h) on CYP3A4 and CYP2C9 activity and transcript expression
in HepaRG 3D spheroids. HepaRG spheroids were treated for 48 h with the enzyme inducer rifampicin after
which the spheroids were subjected to a further 24 h of rifampicin treatment either under normoxia or hypoxia.
Spheroids cultured under normoxia were used as a control. Fig. 4.23A and Fig. 4.23B functional activity of
CYP3A4 and CYP2C9, respectively, as assessed by the P450-Glo ™ assay. CYP activity is shown as a relative
luminescent unit (RLU). Fig. 4.23C and Fig. 4.23D gRT-PCR for CYP3A4 and CYP2C9, respectively. Gene
expression was normalised to house-keeping gene (HPTRL1) and then to normoxia control. Bars represent the
mean + SEM of three independent experiments. One way ANOVA test was used for analysis.

The effect of 1% O hypoxia on CYP3A4 and CYP2C9 functional activity and gene expression
was then studied. Although longer hypoxia exposure times, notably 48 h, showed the HepaRG

spheroids to retain viability, the current analysis was undertaken with hypoxia (1% O3)
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exposure for 24 h only. This reflecting the purpose of the work to explore the effects of acute
hypoxia exposure (at or less than 24 h).

In Figure 4.23 the study groups included rifampicin treatment involving pre-incubation with
rifampicin (48 h + 24 h) for an initial 48 hours under normoxia, followed by another 24 h
incubation under normoxia or hypoxia — this latter 24 h representing the additional hypoxia vs
normoxia comparisons. Figures 4.23C and 4.23D show the effects of hypoxia for 24 h upon
MRNA transcript levels (QRT-PCR) for CYP3A4 and CYP2C9, respectively. In both the
absence and presence of rifampicin hypoxia significantly reduced the respective transcript
levels compared to the corresponding normoxia (21% O2) control; the statistical significance
shown above the corresponding comparisons. For CYP3A4 and CYP2C9 the results were
similar: in the absence of rifampicin the hypoxia exposure for 24 h reduced the transcript levels
by ca. 35%, while following rifampicin pre-treatment, hypoxia exposure reduced transcript
level by ca 70%. Functional assessment is shown in Figures 4.23A and 4.23B and
demonstrates rifampicin under normoxia to enhance both CYP3A4 (ca. 400%) and CYP2C9
(ca. 40%) functional activity. The relatively low impact of rifampicin to induce CYP2C9 was
also seen in the HepaRG 2D format and reflecting the lower responsiveness of this gene to
rifampicin as well as the longer t1/2 reported at ca 100 h (Yang et al., 2008). Unlike studies
with HepaRG cells in the 2D format, the impact of hypoxia on function in the 3D format was
only evident (with statistical significance) following rifampicin pre-treatment. This likely due
hypoxia-mediate reductions more noticeable in cells where CYP3A4 and CYP2C9 activity is
initially higher. Here hypoxia (1% O> for 24 h) reduced function by ca. 60% for both CYP3A4
and CYP2C09.

Collectively the current work with HepaRG cells supports hypoxia decreasing the CYP3A4
and CYP2C9 transcriptional and translational expression while also decreasing functional
activity. Further that the HepaRG cells may serve as a model for future PK-PD simulation and
mechanistic studies in this thesis. In particular the 2D format while allowing greater ease of
culture may also allow studies to be conducted without the need for enzyme induction using
rifampicin. The observations made in this chapter are supported by several in-vitro and in-vivo
animal studies. For example, an in-vitro study with HepaRG cells hypoxia resulted in decreases
in the mRNA expression of CYP1A2, CYP2C9, CYP3A4, and CYP2E1 (Legendre et al.,
2009). In HepG2 cells exposed to acute hypoxia the expression of CYP1A2, CYP2C9,
CYP2EL, CYP3A4 were decreased via PXR and CAR regulatory pathways (Duan et al., 2020).

Gola et al showed that after 7 and 14 days of exposure of rats to a simulation altitude of 7,620
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m (hypoxia), CYP2C9 protein expression downregulated with reductions in ibuprofen
metabolism. These authors also observed increases in pro-inflammatory cytokines IL-1p, IL-
2, IFN-y, TNF-a associated with the reduced CYP2C9 expression (Gola et al., 2016). An
animal study at 4,300 m altitude found that acute hypoxia (24 h) decreased CYP3A4 protein
expression by 1.6-fold in rats. This decrease in CYP3A4 enzyme was associated with
alterations in sildenafil pharmacokinetics, including a decrease in CL by 69%, V4 by 46%, and
an increase in t1/2 by 44%, Cmax by 133%, and AUC by 213%. The reduction in CYP3A4
protein, according to the author, is the main cause of sildenafil PK change under acute hypoxia
(Zhang and Wang, 2022). The mechanism of reduction CYP3A4 and CYP2C9 under acute
hypoxia will be studied in Chapter 6.

4.3.4 Effect of acute hypoxia on ABC transporters

Initial, early pilot investigations for the study of hypoxia on drug absorption and disposition
(not explicitly involving CYP450) the work here explored the impact of hypoxia on ABC efflux
transporters involving P-glycoprotein (P-gp or MDR-1), multidrug-resistance-associated
protein2 (MRP2), and breast cancer resistance protein (BCRP). These ATP-binding cassette
(ABC) transporters, amongst other transporters, have a role in drug absorption and disposition
and may be subject to hypoxia-induced changes. For example, the co-ordinated regulation and
function of CYP3A4 and P-gp, and their related functional substrate overlap (Wacher, Wu and
Benet, 1995). The ABC transporters are located in key absorption-disposition barriers, for
example: on the apical surface of epithelial cells of the large and small intestine; apical
hepatocyte membrane facing the biliary canaliculi which eventually merge to form bile
ductiles; luminal membrane of renal proximal tubules; luminal capillary surface of brain
microvascular cells, as well as in other barriers such as in the lung (Chan, Lowes and Hirst,
2004; Gameiro et al., 2017; Li et al., 2019).
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Here both HepG2 and Caco2 (a human colon cancer line) were used in pilot experiments where
they were cultured in 2D format under normoxic (21% O3) or hypoxic (1% O2) conditions, and
with the functional expression of ABC transporters (P-glycoprotein, BCRP and MDR-1)
explored; these cells have been used previously to study ABC drug transporters (Gutmann et
al., 1999; Rigalli et al., 2012). Figure 4.24 shows the impact of hypoxia (1% for 24 h) upon
transcript expression (QRT-PCR) and function (dye cellular uptake and efflux) for the ABC

transporters in the Caco2 and HepG2 cells.
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Figure 4.24 Effect of hypoxia on ABC transporter expression and functional activity. Caco2 cells were
differentiate for 21 days and HepG2 were grown for 7 days and then were exposed to either normoxia (21% O>)
or hypoxia (1% O) for 24 h. Fig. 4.24A qRT-PCR for P-gp, BCRP and MRP-2 in Caco? cells; Fig. 4.24B qRT-
PCR for P-gp, BCRP and MRP2 in HepG2 cells N=3 experiment each with three replicates. One way ANOVA
used for analysis. Fig. 4.24C accumulation of the dye and P-gp substrate Rhodamine-6G (R-6G) in Caco2 cells
and Fig. 4.24D in HepG2 cells; Fig._4.24E accumulation of the dye and BCRP substrate Hoechst 33342 in HepG2
cells. Histogram bars represent the mean + SEM of three independent experiments. T-test were used for analysis.

Caco2 cells were cultured for 21 days to differentiate them into columnar polarized epithelial
cells similar to enterocytes of the small intestine. In all cases 24 h of hypoxia significantly
increased the gene expression of ABC transporters in the Caco2 cells (Figure 4.24A) of: P-gp
by ca. 2-fold; BCRP byl.7-fold; MRP-2 by 1.8-fold. Similarly, in HepG2 cells hypoxia

123



Chapter 4

significantly increased the gene expression (F