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Abstract

The rat is one of the most commonly used animals in pre-clinical studies, however, there is a
lack of knowledge on the potential sex differences in rat gastrointestinal (Gl) tract physiology.
Consequently, key sex differences towards the translation into humans in the drug
development process may be obscured. This research project aimed to uncover potential sex
differences in male and female rats by the characterisation of Gl tract physiology. The
evaluation of luminal fluids (pH, buffer capacity, osmolality and surface tension) and the
membrane efflux transporter P-glycoprotein (P-gp) were conducted in two species of rats,
namely the Wistar rat and the Sprague Dawley (SD) rat. P-gp expression was also
characterised in male and female human intestinal tissue to assess its correlation against rats.
No distinct sex differences were observed in the characterisation of luminal fluids in Wistar
and SD rats. With respect to P-gp, however, male Wistar rats expressed a statistically higher
(p < 0.05) level in the jejunum and ileum when compared to female Wistar rats. The
involvement of food and the factor of time were also evaluated in subsequent investigations.
In the fed-state, P-gp expression decreased in the male small intestinal segments of Wistar
rats. In females, however, the reverse was observed where P-gp expression significantly
increased when compared to the fasted-state which returned back to control levels after 4
hours. No sex differences in intestinal P-gp expression were found in the SD rat model. Ex
vivo studies using ganciclovir (a P-gp substrate) showed significant sex-dependent effects on
intestinal permeation albeit specific to only Wistar rats. In addition, unlike SD rats, the
intestinal expression of P-gp in Wistar rats highly correlated to that in humans. Jejunal and
ileal P-gp expression in human male subjects were statistically higher (p < 0.05) than human
female subjects which was similarly identified in Wistar rats. This project is the first to report
a distinct sex difference in P-gp expression in Wistar rats and humans. As such, the
appropriate animal model should be considered during pre-clinical drug development,
especially for the oral administration of P-gp substrates. This research project also highlights
that the rat is not just a rat; distinct strain differences should be considered and specifically

chosen for the optimisation of pre-clinical studies, and ease of translation into human subjects.



Impact Statement

In the pharmaceutical industry, rats are one of the most common animal models used in pre-
clinical studies. Such animal models are used to elucidate drug performance and guide the
translation of a drug in humans in early stage clinical trials. However, unlike in human
clinical trials where the effect of drugs are assessed in both sexes, pre-clinical studies often
impose a male-bias in its research. The findings in this project has demonstrated that the gap
in our knowledge on sex differences may obscure key findings in early drug development,
intended to guide and minimise potentially major side effects in both male and female
subjects. The current study firstly identified a significant sex difference (p < 0.05) in
duodenal buffer capacity and in the expression of the intestinal efflux membrane transporter
P-glycoprotein (P-gp) in Wistar rats. With a focus on P-gp, subsequent studies revealed that
both food consumption and the factor of time directly altered P-gp expression. As such, a sex
difference in the intestinal permeation of the P-gp substrates ranitidine and ganciclovir were
found via an Ussing chamber study. This study further explored P-gp expression in male and
female Sprague Dawley (SD) rats which is another commonly used rat strain. Interestingly,
the Wistar and SD rat are often interchangeable used in pre-clinical drug development.
However, no significant sex differences were found in P-gp expression in the SD rat,
although a higher stomach fluid value was found in male rats when compared to females.
Moreover, this report is the first to identify a significant differential expression of P-gp in the
male and female human small intestine (p < 0.05) which highly correlated to that of the
Wistar rat. This thesis highlights i) a distinct sex difference in rat gastrointestinal (GlI)
properties and ii) the most commonly used rat strains are innately different in Gl
characteristics and advises that the Wistar rat is the superior rat model for the translation of P-
gp drug substrates into humans. In summary, this work outlines that the rat displays a sex and
strain difference in GI physiology. As such, the data herein should be taken into consideration
for an optimised pre-clinical study design in both industry and academic research. This work
further aims to encourage researchers to pursue investigations into sex differences and to
contribute towards narrowing the knowledge gap between animal pre-clinical trials and first-

in-humans.
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HTA Hydroxytyrosol acetate
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CHAPTER 1:

Introduction



1.1 Overview

With the understanding of how different the sexes are in innate physiology (Freire et al.,
2011), it is well recognized that men and women behave differently in clinical medicine
treatment (Lind et al., 2017). For example, women have been found to be 1.5-1.7 times more
likely to develop a drug side effect when compared with their male counterparts (Rademaker,
2001). Moreover, according to a five-year review study from 1997 to 2001, the U.S. General
Accounting Office (GAO) reported that eight out of the ten drugs withdrawn from the market
were due to greater risks of adverse effects in women (GAO, 2001). The main reason for the
observed sex difference in drug performance was believed to be the sex difference in
physiology features, such as metabolism (phase | and 1) enzymes, transporter proteins,
cardiac output as well as renal clearance rate, which contributed to differential drug
pharmacokinetics between men and women (Soldin, 2009). As such, pharmaceutical research
is required to retract from a ‘one size fits all’ approach and instead, evaluate the impact of
sex-related drug effects via better understanding of the physiological differences between the

sexes in the drug development.

However, to this day, early phase drug development traditionally fails to evaluate the
differences between the sexes (Downing et al., 2014). Pre-clinical research has demonstrated
a tendency to focus on males in both cell and animal studies, which may be obscuring key sex
differences. In turn, this leads to a lack of evidence-based information for females in
healthcare (Nature, 2010; Clayton et al., 2014). To reduce the male orientated bias in research,
in December 2013, the European Commission demanded applicants of the research program,
Horizons 2020, to include sex analyses in their projects (European Commission, 2016).
Furthermore, the US National Institute of Health (NIH) requires applicants to incorporate a

sex-balanced group of participants in the pre-clinical research (Downing et al., 2014; Clayton
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et al., 2014). However, despite these multiple calls to action, no resounding guideline or
standardisation practice have been proposed to consider the variations between male and
female animals (Clayton et al., 2014). To date, publications often continue to neglect the need
for sex-based evaluation in pre-clinical studies (Mogil et al., 2005; Beery et al., 2011). In
order to advance pharmaceutical research, it is crucial to establish a better understanding of

the innate differences between the sexes during the early drug development phase.

Laboratory animals are routinely used during pre-clinical research to act as intermediary
models for the evaluation of potential compounds and to better guide drug development for
human medication. The majority of oral medicines are tested pre-clinically on rats due to
their inexpensiveness, ease of handling and, more importantly, due to their similarities to the
human gastrointestinal (GI) tract (Hatton et al.,, 2015). Therefore, determining the
physiological differences between male and female rats is of utmost importance. However,
the information about their GI physiology, especially between the sexes, is not completely
understood. In addition, the knowledge regarding the effect of external factors such as food
consumption and circadian rhythm on GI physiology between sexes is also missing. Because
drug bioavailability is impacted by a certain number of physicochemical factors such as Gl
fluid pH, buffer capacity, surface tension, osmolality, and P-glycoprotein (P-gp), a biological
membrane efflux transporter expressed throughout the Gl tract (Horter et al., 2001), the lack
of knowledge on GI physiology between the sexes may have great consequences for oral drug

delivery.

Given the above consideration, better understanding of the sex differences in GI tract of
laboratory rats will benefit the drug design and formulation strategy during the early drug

development and provide fundamental knowledge in sex differences research and
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furthermore contribute the personalized medicine development.

1.2 Sex differences in clinical medicine treatment

1.2.1 Sex differences in drug performance

Even though it has been well-understood on a biological level that every cell contains sex-
specific deoxyribonucleic acid (DNA) and contribute to our organ operation, metabolism
works, consumption activity as well as cognitive function, the data generated from male
subjects has been considered one-size-fits-all in biomedical research. In the 1970s, one of the
world’s longest running studies of age, Baltimore Longitudinal Study of Aging (BLAS),
investigated more than 1000 men but zero women, even though women account for a large
proportion of the elderly population (National Institute on Aging, 2019). Until 1993, the U.S
Food and Drug Administration (FDA) issued the guideline “Guideline for the study and
evaluation of gender differences in the clinical evaluation of drugs”, which firstly introduced
sex as a subgroup population and required that both sexes need to be represented in all phases
of clinical trials to avoid sex differences in drug efficacy and side effect (Liu et al., 2016).
Later on, in 2001, the Institute of Medicine published “Exploring the Biological
Contributions to Human Health: Does Sex Matter?” and concluded that sex (being male or
female) should be recognized as an important variable in research and increased knowledge
in this area should be cultivated (Wizemann et al., 2001). Since then, the growth of sex-based
biological knowledge has become a branch of science and led to the term-differentiation
between the “sex” and “gender” (Pinn, 2003). “Sex” refers to the biological origin of male
and female based on chromosomal differences, which determines the physiological processes
and organs of the body beyond reproductive ability. “Gender” describes the self-

representation, social, and cultural views of sex.
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Nowadays, it is widely recognised that sex plays an important role in drug performance and
result in a different clinical treatment between males and females. One example is
cardiovascular drug (CVD) treatment (Rathore et al., 2002; Tamargo et al., 2017). A post hoc
subgroup analysis including 6800 patients demonstrated that digoxin therapy was related to
an increased risk of death among women and the absolute difference of digoxin related death
was 5.8 between male and female patients. The potential reason was due to the lower volume
distribution and clearance rate in female patients, which resulted in a higher serum digoxin
concentration (Tamargo et al., 2017). Moreover, it has been reported that aspirin treatment
lowered the risk of stroke but not of myocardial infarction (MI) or cardiovascular death in
female subjects whereas aspirin reduced the risk of MI but not the risk of stroke in male
subjects. In addition, it has been reported that women are less likely to adhere to statin
treatment compared to their counterparts which is partially due to the higher risk of statin
intolerance among women (Goldstein et al., 2016). Similar to statins, angiotensin-converting-
enzyme inhibitors (ACEIs) have been found to display a higher risk of adverse effects in
female subjects compared to that of in male subjects (Hudson et al., 2007), such as torsades
de pointes (2-2.3-fold), skin diseases (up to 2-fold) and cough (2-fold). Apart from CVD, the
sex difference in medicine performance can also be found in anti-cancer drugs (Nicolas et al.,
2009; Anderson, 2008). Female patents with imatinib-resistant gastrointestinal stromal tumor
(GIST) can suffer more adverse reactions from the sunitinib treatment compared to male
subjects. In addition, sorafenib treatment for liver cancer achieved better complete remission
among female patients but induced more side effects in the clinical practice as well. Imatinib,
used for multiple cancers like chronic myelogenous leukemia (CML), was better tolerated
and more effective in men than in women. Another study conducted by Seaber demonstrated
that female patients experienced a higher bioavailability of zolmitriptan after 5mg or above

oral administration than that of in male patients (Seaber et al., 1997). With the progress of the
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sex-based research, an increasing number of sex differences had been observed in the clinical

treatment and Table 1.1 is a summary of the sex difference observations.
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Table 1.1 Summary of sex differences in clinical medicine treatment

Drugs

Results

References

Cardiovascular drugs

Digoxin

Aspirin

Statins

ACEls

Anticancer drugs
Imatinib
Sunitinib

Sorafenib

The rate of death increased 4.2% from placebo to digoxin treatment in females whereas
decreased 1.6% in males

Aspirin treatment lowered the risk of stroke but not of myocardial infarction (MI) in
females whereas reduced the risk of Ml but not the risk of stroke in males

Greater risk of adverse reactions, lower tolerance and adherence in females

Higher risk torsades de pointes, 2—-2.3-fold, skin diseases, up to 2-fold, and cough, 2-

fold, among female patients

Better tolerated and more effective in males than in females
Induce more side effects in female patients

Achieved complete remission among female patients but accompanied with the higher

rate of side effects

Rathore et al., 2002

Tamargo et al., 2017

Goldstein et al., 2016

Hudson et al., 2007

Nicolas et al., 2009
Anderson, 2008

Li et al., 2015



Antiretroviral drugs

Zidovudine

Didanosine

nRTI-containing regimens

Others

Zolmitriptan

Cephradine

Naratriptan

olanzapine

clozapine

Incidence of adverse effects higher among female patients

Nearly 3-fold increase in the risk of an adverse event in females

83% cases of lactic acidosis and 85% of the 20 fatal cases happened to female patients

A significant higher bioavailability in female subjects with 5mg or above administration

Slower rate of absorption and lower bioavailability in the female

Oral bioavailability being greater in women results in peak concentration is higher in

women than men

Significantly higher plasma levels in female

significantly higher plasma levels in female
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Squires et al., 2000

Moore et al., 1996

Brinkman et al., 1999

Seaber et al., 1997

Aichhorn et al., 2007

Lutz et al., 2010

Johnson et al., 1997

Choi et al., 2007



1.2.2 Sex differences in Physiology

Clinical treatment for patients depends on the interaction between the administrated medicine
and individual’s physiological features. The reason for the observed sex differences in drug
performance therefore is mainly due to the physiological differences between males and
females, which results in differences in drug absorption, distribution, metabolism, and

elimination (ADME), as shown in Figure 1.1.

For example, it was reported that the activity of gastric alcohol dehydrogenase was lower in
women compared to men, which resulted in the increased bioavailability of ethanol after oral
administration in women (Fletcher et al., 1994). In addition, as the different gastric emptying
time between men and women under fed state, a shorter absorption time for an enteric coated
aspirin was observed in women (Mojaverian et al., 1988). Apart from absorption, one
cytochrome P450 (CYPs) catalyst of oxidative metabolism in human liver, CYP3A4, has
been reported that displayed a higher expression of both protein and mRNA level in women
compared to men (Wolbold et al., 2003; Diczfalusy et al., 2008). It provides potential
explanation to the fact that cyclosporine (Kahan et al., 1986) and nifedipine (Krecic-Shepard
et al., 2000) displayed a higher clearance rate in women. Moreover, because of the higher
enzyme activity of CYP1A2, CYP2E1 and CYP2D6 in men’s liver, the clearance rate of
these enzyme substrates, including caffeine, olanzapine, clozapine, chlorzoxazone,
propranolol as well as metoprolol are higher in men (Cesena et al., 2007; Franconi et al.,
2007); as a result women are more likely to suffer side effects of these drugs when taking the
same dosage. Futhermore, the higher renal blood flow and glomerular filtration rate (GFR) in
men also attributes to quicker clearance of drug that are actively eliminated via the kidney
like methotrexate and gabapentin compared to that of in women (Soldin et al., 2009;

Anderson, 2008).
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Figure 1.1 Sex differences in physiological features which influence drug absorption,

distribution, metabolism and elimination (Soldin et al., 2009; Soldin et al., 2011)

1.3 Pre-clinical drug development and sex difference research

1.3.1 Drug development process and pre-clinical studies

Drug development is a time-consuming and costly process involving multiple steps as shown
in Figure 1.2. It has been estimated that the average time for a novel compound to reach the
market is normally 12 years with the cost exceeding US $1 billion (Ng, 2015). Among the
multiple steps, the pre-clinical stage is of vital importance as it’s the final process before new
compounds move into clinical trials and into human. Based on both in vitro and in vivo pre-
clinical experiments using laboratory animals, researchers can understand the
pharmacokinetics, pharmacodynamics, and toxicology properties of the compound.
Pharmacodynamics normally provides the information about the dose causing toxicity and

the dose eliciting a therapeutic effect, which establishing the therapeutic index of a compound.
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Figure 1.2 The process of a new drug development from basic research to final approval,
adapted from Honek, 2017.

Researchers are able to evaluate how potent and efficacious the drug is with the consideration
of its desired pharmacological effect including safety and adverse reactions. For
pharmacokinetics study, it describes the change of plasma concentration of the compound
with time as a result of ADME, which is critical for establishing dose range and
administration schedule in the subsequent phases of the clinical trial (Faqi, 2013). The safety
issue regarding a new compound will be assessed by the preclinical toxicology study. The
study is conducted to determine a suitable and safe starting dose for the human testing and

identify the potential biomarkers for adverse reactions monitoring in further steps.

With the above evidence for the compound’s biological effect, researchers will know its

dosing and toxicity levels which are important to determine whether it is justified and
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reasonably safe to proceed with clinical studies (FDA, 2017). All pre-clinical studies are
required to comply with the guidelines dictated by Good Laboratory Practice to ensure
reliable results and the generated data will be checked by authorities such as the FDA as well
(FDA, 2017). Therefore, pre-clinical studies are vital to protect the human subjects in the
clinical trials and can be translated into applicability in the further clinical trials, which can
facilitate the clinical study completion and contribute to the final authorities approving of the

new drug candidate.

1.3.2 The presence of ‘sex’ in animal pre-clinical research

When Erasistratus (304-258 BC) first performed experiments on living animals, the story of
laboratory non-human creatures was started (Cohen and Loew, 1984). In pre-clinical research,
the commonly used species include small rodents (rat, mouse, guinea pig and rabbit) and
larger mammals (dog, monkey, pig and non-human primate) (Hatton et al., 2015). To this day,
laboratory animal ranging from zebrafish to non-human primates plays a vital and
indispensable role in the development of human medical science with more than 100 million
of laboratory animals used in experiments annually (Meigs et al., 2018). The number for UK
in 2011 was over three million which mainly included mice (71%), fish (15%), rats (7%) and

birds (4%) (Home office, 2012).

Today, because of sex-related research and regulatory requirements in drug clinical studies,
the knowledge of the role of sex in medicine clinical treatment has been well-accumulated
and the awareness of the importance of sex differences in clinical treatment has been built-up
among researchers. However, in the pre-clinical study, there has not been a corresponding
revolution and a significant sex bias exists in the animal experiments as researchers continue

to neglect sex-based considerations and analyses in preclinical studies (Beery et al., 2011).
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According to Figure 1.3, the number of both sexes-included articles in human study rapidly
increased after 1989 and consisted of over 60% among the study, whereas male-based articles
dominated the articles in the animal study (Beery et al., 2011). Moreover, a survey of
approximately 2000 animal studies conducted by Irving and Annaliese found that male bias
was pronounced in pharmacology (5 males to 1 female) and physiology (3.7 males to 1
female) study (Zucker et al, 2010). More recently, a systematic assessment of leading
cardiovascular journals from 2006 to 2016 revealed that sex bias was increasingly prevalent
in pre-clinical cardiovascular research (Ramirez et al., 2017). Full articles with the original in
vivo data from laboratory animals in cardiovascular-related research have been investigated.
Among these 3396 articles, 20% studies did not specify the sex of the animals they used. In
the rest studies with reported animal sex, 71.6% articles were exclusively used male subjects
while 12.9% studies used female and 15.5% studies used both sexes. Moreover, the
percentage of male-only studies increased from approximately 55% in 2006 to 60% in 2016.
Another recent study reported the sex-bias in pre-clinical research on age-related hearing loss
(Villavisanis et al., 2018). In the study, 231 relevant articles from 2006 to 2015 were
investigated and only two thirds of articles stated the sex of animal. The sex of animal
reported in the papers 67% were males and 33% were females, and only 15% of investigated

articles discussed sex-based results.
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Figure 1.3 The change of sex involvement in animal and human literatures over years,
adapted from Beery et al., 2011. (A) Combined data from two journals publishing primarily
non-human animal research: JPET and J Physiol. Human studies were excluded from

consideration for this graph. (B) Combined data from two clinical journals: JCEM and J Clin

Invest.

Considering the extensive use of laboratory animals and the importance of pre-clinical studies,

34



the over-reliance on male animals will lead to a serious lack of female information in pre-
clinical database. As a result, the obscured sex-related issues such as over-effect, less-effect
or other unexpected effects may affect the results of the clinical trials and even worse, cause
health impairment on the participants. What makes it even worse, women were reported to
experience higher rates of adverse drug reactions than men do in clinical practice (Franconi et
al., 2007). Therefore, it is important to involve both sexes in pre-clinical research and it has
been demonstrated that the participation of female animals can be effective in bridging the
gap between animal and human work. One example was multiple sclerosis (MS). The sex
difference in MS, which women are more susceptible to MS but less rate of severe forms than
men, was elaborated by the MS rodent model with both sexes. According to Voskuhl et al and
Wisdom et al studies, both reproductive and nonreproductive factors were responsible for the
sex differences and the successful oestrogen therapy on the rodent model resulted in the use
of an oestrogenic ligand as a candidate neuro protective agent for MS (Moskuhl et al., 2001;
Wisdom et al., 2013). In addition, the better understanding of the animal sex-related
physiological features may contribute to the treatment of neurological disease. It was
demonstrated that mice with XY chromosomes in the central nervous system showed greater
neurodegeneration compared to those with XX chromosomes, which linked the inherited
effects to imprinting of genes on sex and non-sex chromosomes (autosomes) and resulted in a
new research direction for the sex-skewed neurological conditions, including Parkinson’s
disease, schizophrenia and stroke (Du et al., 2014). In light of the significance of sex
involvement in animal research, multiple calls to action have been made in recent years
including the European Commission Horizons 2020 and the US NIH (Downing et al., 2014;

Clayton et al., 2014; European Commission, 2016).
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1.4 Sex differences in the gastrointestinal tract system

As a nutrition absorptive system, the gastrointestinal tract is comprised of the stomach and
intestines. The stomach is a digestive organ which can secrete digestive enzymes and gastric
acids. For the intestine, it can be further divided into small intestine (including duodenum,
jejunum, and ileum) and large intestine. The small intestine is the main absorption site for the
intake substances such as food and drug, whereas the large intestine mainly contributes to
water re-absorption and excretion of waste materials. Figure 1.4 was the schematic for the
gastrointestinal tract of rodent versus human. Because of such important absorption function,
small intestine shared 70%~80% of total gut length in both human and rodent (Hatton et al.,
2015). In addition, stomach pH value is normally lower than intestine due to its initial
digestion and sterilization in both human and rodents (Evans et al., 1988; Afonso-Pereira et
al., 2018; Christfort et al., 2018). It was reported in human that the range of stomach pH was
0.4~4 while the intestine pH was start at around 5 in duodenum and gradually increased to
approximately 7.5 in ileum and then kept in the range of 6.4~7 in colon (Evans et al., 1988).
Moreover, due to the different function, the mucus layers are also varied from stomach to
intestine (Johansson et al., 2013). For both stomach and large intestine, which absorption is
not the main function, there are two mucus layers, outer unattached layer and inner attached
layer. In terms of small intestine, due to absorption activity, the mucus layer is single

unattached layer which can benefit the absorption process.

Given the complexity and importance of GI system, the sex variations on the system such as

luminal environment as well as membrane transporters are needed to be considered in oral

drug development.
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Figure 1.4 Schematic for the gastrointestinal tract of rodent versus human and the proportion of the total gastrointestinal length represented by

the stomach, small intestine, cecum, and colon, adapted from Hatton et al., 2015
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1.4.1 Luminal environment

After oral administration, the drug substance comes into contact with the luminal
environment and is absorbed into the blood circulation via the following processes:
disintegration, dissolution, diffusion and membrane permeation (Schanker, 1971). The sex-
related variation on physicochemical properties of the luminal environment, therefore, is a
necessary consideration in clinical studies. A study involving 113 women and 252 men
demonstrated that women under fasted state displayed a higher gastric pH (2.79 = 0.18)
compared to their counterparts (2.16 + 0.09) and the reason was partially due to the fact that
the basal acid output in men was almost twice as high in men than in women, 4.0 £ 0.2 and
2.1 £ 0.2 mmol/h respectively (Feldman and Barnett, 1991). In terms of small intestine pH,
no sex variation was found in the duodenum and jejunum according to the human studies
with a small amount of experiment subjects (Lindahl et al., 1997; Perez et al., 2006).
However, the basal secretion of mucosal bicarbonate in duodenum was significantly higher in
women than in men, 189.5 + 23.5 vs. 120.7 + 16.2 mol/cm h, respectively (Tuo et al., 2008).
In addition, a sex-related differences in faecal pH was reported in the study with 26 subjects,
15 men and 11 women. In the study, under a controlled diet, there was a significant sex
difference where women faecal pH was 7.18 £+ 0.08 and men faecal pH was 6.51 + 0.07
(Stephen et al., 1986). Apart from the luminal pH, the fluids volume in the gut is another
critical concern. A study conducted by Gotch et al measured the fluid volume of stomach,
small intestine and proximal colon from post-mortem subjects (8 males and 5 females). It was
found that male subjects possessed more volume of fluids in stomach and small intestine than
female subjects after the body mass normalization (Gotch et al., 1957). More recently. a
similar conclusion was also drawn from the Bouras et al study, which demonstrated that post-
prandial gastric volumes were much higher in men than women (Bouras et al., 2002). The

luminal content can directly contact and interact with drug substance and therefore affect the
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absorption process as well. Hence, there were several investigations on the composition of
luminal content between sexes. One study evaluated the osmolality and ionic strength of the
luminal fluids and found that both stomach and jejunum showed no sex difference (Lindahl et
al., 1997). One well-documented sex difference was luminal bile acids according to the
previous studies. It has been demonstrated that the ratio of primary to secondary bile acids in
the gallbladder was lower in young adult women than in men and the composition of the bile
changed during the menstrual cycle and pregnancy (Fisher et al., 1973; McMichael et al.,
1980). For the other sex-related investigations, faecal materials have been the commonly used
subject of sex-related studies because of its quantifiable and easy-to-access properties. One
observed sex difference was the gut microbiota. Women appeared to have significantly higher
levels of faecal bifidobacterial than men whereas the faecal concentration of Bacteroides
prevotella was significantly higher in males than in female subjects (Whelan et al., 2009;
Mueller et al., 2006). Considering the complexity and difficult-operation of human studies,
especially for the characterization of distal small intestine and proximal colon, the
corresponding experiment in pre-clinical studies, as aforementioned, might help
understanding the potential sex differences in luminal environment and bridging the pre-

clinical and clinical data in oral drug development.

However, there was less known about the sex-related luminal psychology among the pre-
clinical animals. Due to its inexpensiveness, ease of handling and 90% similarity to human
being at genetic level, rats have been widely used in pre-clinical studies for more than 200
years (Shanks et al., 2009). More interestingly, a recent study reported that the ranitidine
bioavailability displayed a sex-related change in rats under PEG 400 co-administration,
which had been observed in human studies previously (Afonso-Pereira et al., 2016). In

addition, it has been demonstrated that certain drugs including ivermectin, Rho 123 and
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verapamil experienced sex-related intestinal permeation in rats (Mariana et al., 2011; Oltra-

Noguera et al., 2015).

As contrasted to the extensive application and observed sex-related drug behaviour, the
literature source of rat’s sex-related luminal physiology was limited. One latest study
published in 2017 from our group characterized the luminal environment between sexes
(Afonso-Pereira et al., 2018). It was reported that female rats under fed state displayed a
lower stomach pH than male rats. Moreover, the buffer capacity of luminal fluid in caecum
and colon was higher in female rats, while male rats exhibited higher osmolality in duodenum,
ileum and colon. Another newly released study investigated the gastric mucus thickness and
accumulation rate among fasting rats. It was demonstrated that the blood flow in the gastric
corpus mucosa was approximately twice as high in male rats compared to females and the
permeability of the gastric mucosa performed a higher level in females than in males after
taurocholate experiment (Shore et al., 2017). Table 1.2 summarised the current knowledge of

sex differences in luminal environment in both human and rats.
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Table 1.2 The summary of sex differences in luminal environment properties in human and
rat.

Human Rat

pH Fasting [I: Fed (1% Wistar rat
M 2.16 £ 0.09 M 4.6
F279+0.18 F 3.6

Fluid volume Post-mortem (ml/kg) [):
M23x15 Fl14+14
Fed (ml) &I
M744+£20 F675+14

lonic strength Fasting [I:
M 0.100+ 0.027
F 0.101 + 0.023

Duodenum

Mucosal bicarbonate secretion Unknown [©I:
(mol/cm h) M 120.7 + 16.2
F 189.5+ 235

Jejunum
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Osmolality (mOsm/kg) Fasting [I:
M 270+ 11

F271+19.1

Caecum

Colon

Fluid volume (ml/kg) Post-mortem [2I:
M13zx21
F14+£13

Bacteroides prevotella Fed [I;
M>F (P=0.036)

- M means data male subjects and F stands for female subjects

- [1] Feldman and Barnett (1991); [2] Gotch et al. (1957); [3] Bouras et al. (2002); [4] Lindhal et al. (1997);
[5] Perez et al. (2006); [6] Tuo et al. (2008); [7] Stephen et al. (1986); [8] Whelan et al. (2009); [9] Mueller
et al. (2006); [10] Afonso-Pereira et al. (2018); [11] Shore et al. (2017).
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1.4.2 Membrane transporters

Drug intestinal permeation is the last but the vital step in drug absorption process. After
disintegration and dissolution, the drug substance finally reaches and crosses the Gl mucosal
membrane to get into the circulation. As shown in Figure 1.5, the permeation process
involves many membrane transporters located either on the apical side of the membrane or
the basal side of the membrane. Based on the function, these transporters can be classified
into two groups: uptake transporters and efflux transporters. The uptake transporters
including OATP, PEPT1, PEPT2, OCT1, ENT1, ENT2, ASBT, function as absorption
assistance transferring the drug substance from luminal side to the blood side and helping
absorption. On the contrary, efflux transporters (P-gp, MRPs and BCRP) perform as
protective epithelium guard pumping any potential toxic or allogeneic substance out of
intestinal cells and limiting the absorption (Estudante et al., 2013). Different transporters
target certain range of substances known as their substrates. For example, OATP uptakes the
chemicals contained steroidal or peptide structural backbones and/or are anionic, OCT prefers
the hydrophilic organic cation with relatively low molecular weight, such as cimetidine and
ranitidine, peptide bonds and free terminal carboxyl groups are normally the substrates of
PEPTs (Estudante et al., 2013; Klaassen et al., 2010). In terms of efflux transporters, P-gp, as
the first identified and well-documented transporter, can efflux an extensively wide range of
substrates outside of enterocytes and has been regard as the major efflux pump conferring
multidrug resistance in human tissues. FDA highlighted its importance by suggesting the P-
gp assessment on the potential drug candidate on both pre-clinical and clinical levels (FDA,
2017). As a result, the sex variation on these membrane transporters, in particular P-gp, need

to be considered during the drug development.
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Figure 1.5 Membrane transporters which can modulate the absorption of drug substances.

A study conducted by Mouly et al in 2003 investigated the P-gp expression level in
duodenum, jejunum and ileum part of intestine tissues obtained from four people and
revealed that there was an increasing trend of P-gp expression from proximal intestine to
distal intestine but no mention about sex difference (Mouly et al., 2003). The reason for the
missing discussion about sex difference may because the numbers of people in this study was
too small to analyse the sex factor. Later on, by re-analysing the data from Schuetz et al work
(Schuetz, et al., 1995), Potter et al mentioned in their work that P-gp quantified in 25 people
intestine samples showed higher value in males group compared to that of females group.
This work proved that there is a sex difference in intestinal P-gp but it was unclear about the
specific part of intestine because there was no mention about the intestine samples type. And
then, in a short time, two studies were published and claimed that there was no sex difference
in P-gp intestinal expression. In one study, Paine and her team investigated the P-gp
expression in proximal intestine (duodenum) between men and women from ninety-three
intestine biopsy samples including forty-five from females. The results revealed that there

was no significantly sex difference as the mean relative P-gp expression was 0.66 in male
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subjects and 0.73 in female samples (Paine et al., 2005). Another study explored the P-gp
expression in stomach, jejunum and ileum intestine (Canaparo et al., 2007). The tissue
samples of stomach were obtained from three men and two women with an average age at 73,
jejunum samples were from five men and two women with age of 64 and for ileum samples,
there were six men and two women donors with an average age of 69. In all three parts of
intestine, there was no sex difference in P-gp expression. However, the samples involved in
this study were too small to obtain a convincing answer about the sex difference in intestinal
P-gp. In a nutshell, although Paine’s work confirmed that there was no sex difference in
proximal intestine, there was still demand for a reliable investigation on P-gp expression
along the intestinal tract between men and women. A summary of the sex difference studies

in P-gp intestinal expression was listed in Table 1.3.

In pre-clinical study, rats are commonly used as intestinal animal model for the drug
permeation study and exhibited a high correlation (R?=0.7) with human in drug intestinal
permeation as shown in Figure 1.6. In the study, the permeabilities of 17 drugs were

evaluated in both rat and human jejunum (Cao et al., 2006).
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Figure 1.6 The intestinal permeability of 17 drugs in rat and human jejunum, adapted from
Cao et al., 2006.

There are several studies reported that P-gp substrate performed sex difference in rat
intestinal permeation. A recent study conducted by Mariana et al demonstrated that the
accumulation rate of ivermectin, a P-gp substrate, in everted guts sacs (jejunum) was
4.16+0.31 nmol/min/g in female rats and 2.88+0.21 nmol/min/g in male rats (Mariana et al.,
2011). However, similar to the luminal environment research, the study concerning the sex
difference in P-gp expression is missing. There was only one published work investigated the
sex difference in P-gp which was conducted by MacLean et al in 2008 (MacLean et al., 2008).
In the study, it was demonstrated that there was a similar increasing trend on P-gp expression

to that of humans but no sex-related variation along the intestinal tract.
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Table 1.3 The summary of sex difference in P-gp expression in both human and rat studies

Species  Tissues Sex differences in P-glycoprotein expression References

Human | Duodenum, jejunum, ileum P-gp expression increased from proximal to distal regions, no sex Mouly et al., 2003
from 4 individuals difference claimed in the research

Human | Stomach,  jejunum, ileum P-gp expression were similar in stomach, jejunum and ileum tissues Canaparo et al., 2007
tissues from 20 individuals and there was no sex difference in P-gp expression among these

tissues

Human | Tissues from 25 patient’s P-gp expression level in control female group lower than controlled Kenneth et al., 1997
intestinal biopsy male group. Potter et al., 2004

Human | Duodenal biopsy tissues from There was no sex difference in P-gp expression in proximal Paine et al., 2005
45 females and 46 males intestinal tissues between males and females

Human | Gastric, duodenal, colonic and MDR1 mRNA was checked and results showed an increasing trend Thorn et al., 2005
rectal  tissues from 27 from stomach and duodenum to colon. No claim the sex difference
individuals  including 15 in terms of MDR1 mRNA expression
females

Rat | Duodenum, jejunum, ileum, In male rats, P-gp expression increased from duodenum to colon MacLean et al., 2008

colon tissues (n=5)

tissues. There was no sex difference in P-pg expression along

intestinal track.
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1.5 Rationale for this study

Variabilities in drug performance between the sexes have been reported and well-considered
in human clinical studies. Despite this, potential sex differences are traditionally under-
evaluated in the complete pharmaceutical research and pipeline. Sex differences in human
intestinal physiology such as the expression of protein membrane transporters are still limited
with large gaps of knowledge unknown. Pre-clinical research has also demonstrated a
tendency to focus on healthy male rats during early drug development studies which may
consequently conceal profound sex differences in drug effects. As the most commonly used
animal model in pre-clinical research, further knowledge and understanding in the rat
physiology is paramount to translate pre-clinical data to clinical research. As such, the aim of
this research project was to investigate potential sex differences in the Gl of both rats and

humans.

As the luminal fluid is the main place for drug disintegration, dissolution and diffusion in the
Gl, the physicochemical properties of luminal fluids consequently play an important role in
oral drug absorption (Schanker, 1971). In addition, as highlighted by FDA, the expression of
intestinal P-gp can modulate the permeation of the drug in the intestine. Therefore, any
variation in the expression of P-gp expression can elicit differences in oral bioavailability
(FDA, 2017). As such, the exploration of sex differences firstly began with the
characterisation of the physicochemical properties of luminal liquids including surface
tension, pH, osmolality, buffer capacity and the expression of the intestinal membrane

transporter, P-gp.

50



The current thesis can be summarised into the following parts:

Chapter 2 — Characterisation of luminal fluids along the GI tract including surface
tension, pH, osmolality and buffer capacity, and relative quantification of intestinal P-

gp expression in male and female Wistar rat under the fasted state.

Chapter 3 (Phase I) — Development of an LC-MS/MS method aimed to quantify

absolute intestinal expression levels of P-gp in male and female Wistar rats to assess

the influence of sex and food consumption.

Chapter 3 (Phase I1) — Assessment of the effect of time on intestinal P-gp expression

in male and female Wistar rats in the fasted and fed state.

Chapter 4 — Characterisation of Gl physiology including luminal fluid properties and

P-gp expression with respect to potential sex differences in the Sprague Dawley rat.

Chapter 5 — Quantification of P-gp expression in male and female human small

intestinal tissues and the comparison of P-gp expression between human and rats.
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CHAPTER 2:

Sex differences in the rat
gastrointestinal tract



2.1 Introduction

2.1.1 Pre-clinical study in oral drug development

Elucidating the underlying mechanism of the gastrointestinal (GI) absorption process after
oral administration is essential for the assessment of safety, pharmacokinetics and
pharmacodynamics of the potential drug candidate. The complexities of human GI
physiology, however, make it difficult to simulate GI absorption activity. In addition, in vitro
studies remain largely inadequate before human clinical trials. Alternatively, pre-clinical
studies can provide an effective way to evaluate the potential compounds through in vitro-in
vivo correlations. Animal pre-clinical studies have been widely applied in the oral drug
development arena which includes the assessment of certain GI physiological features
influencing drug absorption, toxicological assessment of xenobiotic and vaccines, and more
importantly, the dose estimation when extrapolating animal data to humans (Hatton et al.,

2015).

Various animal species including rodents, guinea pigs, rabbits, dogs, monkeys and pigs are
now commonly used during pre-clinical studies. The matters of cost and the correlation
between animal and human tissue with respect to parameters such as intestinal absorption
have resulted to the varying frequency of use among different species (Figure 2.1) (Kararli,
1995). The majority of oral drug pre-clinical studies are tested on rodents due to their
inexpensiveness, ease of use and the ability to identify compounds with promising or toxic

biopharmaceutical properties (Hatton et al., 2015; lannaccone and Jacob, 2009).
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Figure 2.1 Number of publications in thousands (line plots, bottom) and percentage
distribution (area plot, top) indexed in PubMed since 1965 employing use of various animal
species in research, adapted from Hatton et al., 2015.

2.1.1.1 Rat

The rat was the mammalian species specifically domesticated for use in the laboratory and
has been utilised for more than 200 years in the medical sciences (Shanks et al., 2009). All
the laboratory rats currently used globally are originally bred from the wild brown rat known
as Rattus norvegicus. In 1906, a colony of Rattus norvegicus with an albino mutation was
established at the Wistar Institute in the United States of America. The species was
specifically intended for medical research and coined as the Wistar rat. Based on Wistar
albino rats, there are currently 117 albino strains of laboratory rats which have been widely
used in pre-clinical development as a multipurpose model to assess safety, efficacy, ageing,

nutrition, diet-induced obesity, oncology and surgical models (Oltra-Noguera et al., 2015).
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With the rat being extensively used in oral drug pre-clinical studies, a sex difference
phenomenon regarding the absorption of orally administered drugs in the Gl tract has been
observed in rats (Table 2.1). A study investigated the pharmacokinetics and
pharmacodynamics of azosemide in rats and demonstrated that the 8-h urinary excretion of
potassium was 0.395 mmol/g in males but 0.766 mmol/g in females after the oral
administration of 10ml/kg azosemide (Lee et al., 1999). Moreover, a similar sex difference
was observed on the absorption of schizandrin; female rats were reported to have an
approximately 20-times higher area under the curve (AUC) (0-tn) following 10 mg/kg
schizandrin oral administration compared with their male counterparts (67.8 = 23.0 vs. 3.0 +
1.3 mg/L.min) (Xu et al., 2008). In addition, there was a higher success rate following the
oral administration of 10 micromol/kg/day oleoyl-oestrone in males in terms of inducing fat
loss compared to females after 10 days (Grasa et al., 2001). Furthermore, a differential
response was observed in the oral administration of 5 mg/kg hydroxytyrosol acetate (HTA) in
males and females; plasma concentration increased by 1.6-fold in males albeit only a 0.9-fold
increase was exhibited in females (Dominguez-Perles et al., 2017). Interestingly, a recent
study reported a similar sex difference phenomenon of one drug bioavailability in both
humans and rats. According to the study by Ashiru et al., PEG 400 can significantly (p < 0.05)
increase the oral bioavailability of ranitidine in men but not in women (Ashiru et al., 2008).
In response to this, a study conducted by Afonso-Pereira et al. further demonstrated that
following the co-administration of PEG 400 and ranitidine, rats exhibited the same sex-
specific phenomena (Afonso-Pereira et al., 2016). Furthermore, another investigation
reported a sex-related difference in the Gl absorption of ranitidine and ampicillin potentially

due to the innate differences in GI physiology between the sexes (Mai et al., 2017).
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Table 2.1 The identified sex difference in drug performance after oral administration in rats.

Drugs Sex differences behaviour References
Verapamil 100 uM verapamil in situ loop perfusion exhibited higher Oltra-Noguera et al.,
permeability in female rats 2015
Azosemide With 10 mg/kg oral administration of azosemide, the 8-h Leeetal., 1999

Dietary ethanol

Oleoyl-

oestrone

Schizandrin

Ivermectin

Ranitidine

Ampicillin

Hydroxytyrosol
acetate (HTA)

urinary excretion of potassium and 8-h kaluretic efficiency was

significantly decreased in male rats compared to female.

Female rats performed a better capacity to convert ethanol-
derived carbons to lipid and store in adipose tissue than male

rats

10 micromol/kg/day oleoyl-oestrone administrations produced

more significant slimming effect in male rat.

Intragastric (i.g) administration of 10 mg/kg in female enjoyed
roughly 20 times of AUC (0-t,) of that in male

Higher ivermectin systemic availability was observed in female

rats

PEG 400 significantly

ampicillin and ranitidine in male rats, but not in female ones

increased the bioavailability of

Higher orally dose in male resulted in 1.6-fold higher plasma

levels but 0.9-fold in female rats
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2.1.2 Influence of Gl tract on drug oral absorption

Following oral administration, compounds will enter the Gl tract and go through the
absorption process including dosage form disintegration, dissolution, diffusion and
permeation. The absorption process is important as it determines the actual concentration of
the active pharmaceutical ingredients taken from the Gl tract into systemic circulation which
is known as bioavailability. Therefore, variation in the GI tract in terms of physiology and

function can result in differing drug Gl absorption and consequently bioavailability.

2.1.2.1 Gl luminal fluids

The luminal fluids contained in the GI tract is often the starting point to initiate the absorption
processes of drug substances. Firstly, the solid-state dosage form is needed to dissolve in the
Gl fluids. The unionised dissolved drug molecule can then permeate through the intestinal
membrane and be absorbed into circulatory system. The physicochemical properties of the Gl
fluids, therefore, play an important role in drug luminal dissolution. For example, due to the
different pH environments in the stomach and intestine, enteric-coated drug formulations can
avoid drug dissolution in the stomach but can begin to disintegrate in the intestinal lumen
which can lead to an improved therapeutic effect. According to Fadda et al., the saturation
solubility (mg/mL) of mesalamine was subject to change in the fluid of different segments
along the GI tract; mesalamine solubility was reported to be 1.97 + 0.25 in jejunum, 3.26 *
0.08 inileum, 6.24 £ 1.13 in ascending colon and 7.95 + 0.21 in transverse/descending colon.
This also highly correlated to the pH value (standardised coefficient p = 0.219, p < 0.05) and
buffer capacity (p = 0.849, p < 0.0001) of the GI fluids in intestinal segments (Fadda et al.,
2010). Interestingly, a similar result was reported in a rat study; the solubility of mesalamine
achieved a high correlation with the luminal pH and buffer capacity of R? 0.59 and 0.69

respectively (Merchant et al., 2015). Another study involving 24 model drugs demonstrated
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that lecithin and bile acids contained in the intestinal fluids are also key factors for the drug

intestinal solubility (Soderlind et al., 2010).

2.1.2.2 Intestinal membrane transporters

There are many types of membrane proteins located in intestine which served as uptake or bi-
directional transporters as aforementioned in Chapter 1.4.2. The importance of these
membrane transporters as one of the determinants of oral drug pharmacokinetics has become
increasingly studied (Giacomini et al., 2010). Among these transporters, P-glycoprotein (P-gp)
has been regarded as the one of most important transporters and needs to be comprehensively
investigated during drug development (Sharom et al., 2011; Zakeri-Milani et al., 2014; Mai et

al., 2018; Murakami and Takano, 2008; FDA, 2017).

P-gp is a cross-membrane protein and functions as a primary active transporter that move
substrates across the cell membrane (Figure 2.2). As a transmembrane protein, the structural
topology of P-gp consists of two distinct regions with each region containing six putative
transmembrane domains (TMD) and one nucleotide binding domain (NBD). The function of
P-gp is achieved by the combination of ATP and hydrolysis (Zinzi et al., 2014; Johnstone et

al., 2000; Linton, 2007).
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Figure 2.2 Structure and molecular mechanism of P-glycoprotein in intestinal membrane.

P-gp belongs to the ATP-binding cassette (ABC) superfamily. In humans, P-gp is encoded by
the multi-drug resistance gene 1 (MDR1), whereas for rodents, multi-drug resistance gene 1la
and 1b (mdrla/lb) are responsible for the expression of P-gp (Klaassen et al., 2010). It has
been identified that P-gp is ubiquitously expressed in several, albeit specific, normal body

tissues including the intestinal tract, liver, kidneys and the blood brain barrier.
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In the intestine, the major function of P-gp is to limit the absorption of xenobiotics and
increase the elimination of these substances from the intracellular to extracellular
environment (Fortuna et al., 2011). In this way, P-gp is also capable of limiting various drug
compounds from intestinal absorption and oral bioavailability. Research conducted by Kim et
al. found that the oral bioavailability of three poorly absorbed drugs, indinavir, nelfinavir and
saquinavir, increased two to five-times in knockout mdrla (-/-) mice when compared with
wild-type mice (Kim et al., 1998). Another study showed that a 72% absolute bioavailability
of tacrolimus was achieved in mdrla (-/-) mice following oral administration, whereas only a
22% absolute bioavailable was reported in normal mice (Chiou et al., 2000). According to the
biopharmaceutical drug disposition classification system (BDDCS) system, the intestinal
absorption of drugs in Class Il, Il and IV can be affected by P-gp. This is especially
significant for Class Il and IV drugs of which P-gp plays the dominant role in their net
absorption (Wu and Benet, 2005). Table 2.2 shows a list of drugs which had been identified

as P-gp substrates.
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Table 2.2 Summary of identified therapeutic drugs which are substrates of P-glycoprotein.

Substrates Measured in vitro values / in vivo effects In In
vitro™  vivol@
Digoxin Caco-2 cell experiment: Papp (A-B) — 1.1 and Papp (B- \ v
A) -85
Clinical study: increase of plasma levels with P-gp
inhibitor, quinidine
Acebutolol Caco-2 cell experiment: Papp (A-B) — 1.1 and Papp (B- \
A)-4.1
Paclitaxel Caco-2 cell experiment: Papp (A-B) — 0.8 and Papp (B- \ \
A) -84
Clinical study: increase of apparent bioavailability
with P-gp inhibitor, valspodar (PSC-833)
Docetaxel Clinical study: increase of bioavailability with P-gp \
inhibitor, cyclosporin A
Etoposide Caco-2 cell experiment: Papp (A-B) — 0.7 and Papp (B- \
A)- 4.1
Labetalol Caco-2 cell experiment: Papp (A-B) — 0.8 and Papp (B- \
A) -9.6
Talinolol Clinical study: lower AUC with P-gp inducer, B \
rifampin
Caco-2 cell: R value (Papp B-A/ Papp A-B) decreased
from 9.6 to 1.41 with the addition of verapamil, a P-gp
inhibitor (0.5 mM)
Cyclosporin A | Clinical study: lower plasma levels with P-gp inducer, \ \

St John’s wort
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Table 2.2 Continued

Substrates Measured in vitro values / in vivo effects In In

vitro  vivol@

Methotrexate | Clinical study: increase of AUC and lower clearance \
with addition of P-gp inhibitor,
omeprazole/pantoprazole

Indinavir Caco-2 cell experiment: Papp (A-B) — 2.4 and Papp \ \
(B-A) —22.8
Clinical study: lower plasma levels with addition of

P-gp inducer, St John’s wort

Rhodamine Caco-2 cell: R-value (Papp B-A/Papp A-B) ¥ Bl
decreased by 88%, 82%, 70% and 82% with the
addition of P-gp inhibitors PSC833, cyclosporin A,

123

verapamil, quinine, respectively

Rats in vivo: Pre-treatment with cysclosporin A

increases the Cmax of Rhodamine 123 by 64.7%

Domperidone | Caco-2 cell experiment: Pap (A-B) — 5.7 and Papp \

(B-A) - 16.1

Loperamide Caco-2 cell experiment: Papp (A-B) — 5.8 and Papp V \
(B-A) - 7.6

Clinical study: CNS adverse effects when co-

administration with P-gp inhibitor, quinidine.

[1] Lin et al., 2011; [2] Marchetti et al., 2007; [3] Fortuna et al., 2011; [4] Van et al., 2000; [5] Dorababu et
al., 2009
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Currently, the most commonly used method for P-gp quantification is Western-blotting
technique. In 1979, Harry Towbin and his colleagues from the Friedrich Miescher Institute in
Switzerland developed a new method for the separation and detection of proteins, now known
as the Western blot technique (Towbin et al., 1979). To this day, Western blot analyses have
been widely used as a protein and RNA analytical technique in all biological-related
disciplines. The Western blot experiment consists of two steps; separation and detection. In
protein separation, the target protein is firstly separated from the matrix by gel
electrophoresis. The denatured protein mixture is then loaded into agarose gel for
electrophoresis which are separated based on molecular weight. For example, P-gp is a 170
kDa transmembrane glycoprotein and can be separated from other small proteins such as
beta-actin, a 42 kDa protein (Linardi and Natalini, 2006). After separation, the target protein
is then detected through antibody binding shown in Figure 2.3. The target protein is initially
bound to a primary antibody which is the specific antibody to the target protein — for example,
the mouse monoclonal anti-P-gp is specific to bind with P-gp. The secondary antibody with
an enzyme-conjugated tail will then combine with the primary antibody. Finally, the enzyme-
conjugated tail can generate a signal resulting to the target protein being detected and
quantified.

Detection in Western Blots

Detection Signal
(colorimetric ar chemiluminescent)

Enzyme Substrate

Membrane Containing Transferred Protein
Figure 2.3 The principle of protein detection in Western-blotting technique
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2.1.3 Current knowledge of sex differences in rat Gl physiology

In light of the observations of sex difference in GI drug absorption as well as the potential
implications from differences in physiology, the comprehensive understanding of rat Gl
physiological features, therefore, is essential to elucidate to avoid the observed sex difference
in pre-clinical rat studies. However, with the prevalence of male-bias experiments, little
known on the potential sex differences in rat GI physiology. A study conducted in 2008
investigated the intestinal P-gp in male and female rats which reported no sex differences in
rat P-gp expression along the GI tract (Merchant et al., 2008). However, according the
previous studies aforementioned, verapamil, ivermectin, ampicillin and ranitidine are all P-gp
substrates and display a distinct sex difference in intestinal absorption. The lack of
knowledge and the contradiction between the previous studies, therefore, result in the need

for a comprehensive understanding of the sex difference in rat Gl physiological features.

2.2 Aims

e Characterise the physicochemical properties of luminal liquids including pH,

osmolality, surface tension and buffer capacity in both male and female Wistar rats

e Determine the relative expression of P-gp along the intestinal tract in both male and

female Wistar rats via Western-blotting experiment

e Quantify the messenger ribonucleic acid (mMRNA) coding for the intestinal P-gp,

mrbla and mrblb, along the intestinal tract in both male and female Wistar rats via

real time Reverse-Transcription Polymerase Chain Reaction (PCR) experiment
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2.3 Materials

HPLC-grade water, methanol, peroxide-free tetrahydrofuran and trifluoroacetic acid were
purchased from Fisher Scientific (Loughborough, UK) for luminal fluid characterization.
NaOH and HCI (0.1 M standards) were used for buffer capacity determinations and were
procured from Sigma Aldrich (Dorset, UK). NUPAGE LDS Sample Buffer, Tris Buffered
Saline, 10 X Solution, NUPAGE MOPS SDS Running Buffer (20X), NUPAGE Transfer
Buffer (20X) and SuperSignal West Pico Chemiluminescent Substrate were purchased from
Thermo Scientific (Paisley, UK). Tween 20, Bovine Serum Albumin and Monoclonal Anti-f3-
Actin were obtained from Sigma Aldrich (Dorset, UK). TBE Running Buffer (5X) and 10X
TBE Electrophoresis Buffer were bought from Thermo Scientific (Paisley, UK). All other

chemicals and kits are noted individually in the following methods.

2.4 Methods

2.4.1 Experimental animals

Male and female Wistar rats (8 weeks old), purchased from Harlan UK Ltd (Oxfordshire,
UK). Male and female Wistar rats weighed approximately 250g and 200g, respectively. All
these rats were housed at room temperature (25°C) and in a light-dark cycle of 12h. All
housed rats were provided with food (EURodent Diet 22%) and water ad libitum and allowed
to acclimatise for at least 7 days prior to experiment. All procedures were approved by the
Home Office (PPL No0.70/6421) and were conducted in accordance with the Animals

(Scientific Procedures) Act 1986, UK.

2.4.2 Characterization of luminal fluids in the GI tract

All characterizations were performed on supernatant obtained from the gastrointestinal fluids
from the laboratory animals. 6 male and 6 female rats were fasted overnight and then

sacrificed by CO» asphyxiation in the following morning at around 8:30 am. The pH of
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gastrointestinal tract was then measured in situ using a pH meter (H199161) equipped with an
FC202 electrode designed for measurements in viscous and semi-solid materials (Hannah
Instruments, Bedfordshire, UK). The pH of the GI tract section was determined by
introducing the pH probe into the opening created by sectioning parts of the GI tract. For
each Gl segment two in situ measurements were taken, one at the proximal opening (A) and

the second at the distal one (B).

After that, the whole GI tract was promptly extracted and divided into stomach, duodenum,
jejunum, ileum, caecum and colon. The gastrointestinal sections were emptied into 1.5 mL
Eppendorf tubes and centrifuged (Centrifuge 5415D, Eppendorf AG, Hamburg, Germany) at
13000 rpm for 20 minutes. The supernatant obtained was kept at -80°C until analysed as

follows:

» Osmolality was measured with a Digital Micro-Osmometer (Type 5R), Hermann
Roebling MESSTECHNIK, Berlin, Germany.

» Surface tension was measured using a Delta 8 Tensiometer (Kibron Inc) controlled by
Delta-8 manager software (version 3.8). The measurement was performed using a
DynePlates (96-well plate designed for tensiometer), with 50 pL of sample in each well.

» Buffer capacity was measured at pH changes of 0.5 and 1.0 units by adding aliquots (10
pL) of 0.1 M HCI (for intestinal fluids) or 0.1 M NaOH (for gastric fluids) to a 300 pL
supernatant pooled sample from Gl fluid to achieve the desired pH change. Buffer

capacity was then calculated using following equation 1:

B (mmol/L/ApH) = (M_ax V_a)/ApH x 1000/V_b

Where f is the buffer capacity M_a is the molarity of the acid, V_a is the volume of

acid in mL, V_b is the volume of buffer in mL, ApH is the change in pH unit.
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Due to the small amount of fluids available from some of the intestinal segments, some tests
were run in pooled samples, in which fluids from the same segment of different animals were

mixed to increase the available volume to perform the tests.

2.4.3 Tissue preparation

6 male and 6 female rats were subject to an overnight fasting of 12 h prior to the experiment.
On the day of experiment at approximately 8:30 am, rats were sacrificed by a CO2 euthanasia
chamber. The whole intestinal tract was then rapidly removed and kept in an ice-bath filled
with Krebs-Bicarbonate Ringer’s solution (KBR) at pH 7.4. 1 litre of KBR solution was
prepared freshly before the experiment at room temperature (Table 2.3). The intestine was
then cut into four segments; the duodenum (1 cm from the ligament of Treitz); jejunum (10
cm from the ligament of Treitz); ileum (1 cm from the cecum) and colon. Tissue pieces from
the mid part of the duodenum, the proximal part of the jejunum, the distal to mid part of
ileum and the descending colon were separated. 1 cm of tissue was used for the P-gp
quantification and 2 cm for mRNA determination. The separated tissue was then opened
along the mesenteric border and the mucosal layer was obtained by gently squeezing the
serosal-side of tissue with a cover slip on ice-cold glass plate. The prepared tissue with the

mucosal layer was then freshly used for the following studies.

Table 2.3 Preparation of Krebs-Bicarbonate Ringer’s solution, pH 7.4

Components mM Concentration (g/l) Components mM Concentration (g/l)

D-glucose 10 1.8 NaHCOs3 25 2.1
MgCl» 1.2 0.114 KH2PO4 0.4 0.054
CaCl 1.2 0.133 K2HPO4 2.4 0.418
NaCl 115 6.7
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2.4.4 Western-blotting experiment

2.4.4.1 Total protein extraction

The prepared tissue from section 2.4.3 was placed into a glass vial containing 3 ml of freshly
prepared lysis buffer (50 mM Tris, 250 mM NaCl, 5 mM EDTA, 1 mM NasVOs, 1 mM
PMSF, 1% Nonidet P40 and a protease inhibitor cocktail) and homogenised for 20 s at 10,000
rpm with a T18 digital ULTRA-TURRAX® (IKA). The homogenised tissue solution was
then incubated in a 4°C fridge for 2 h for protein extraction. Two hours later, the solution was
transferred to a 1.5 ml Eppendorf tube and centrifuged with 10,000 rpm at 4°C for 10 min.
The supernatant was transferred to micro-tubes and stored at —20°C until used for analysis
(stable for 6 months).

2.4.4.2 Total protein quantification

The total extracted protein was quantified according to the instruction adapted from the
Pierce BCA Protein Assay Kit (ThermoFisher, UK). Firstly, a calibration curve was
determined by the dilution of one albumin standard (BSA) ampule with lysis buffer. 8
standards were prepared with a working range of 20 — 2000 ug/ml conducted in triplicate as
followed from the Pierce BCA Protein Assay Kit (ThermoFisher, UK). The following was

used to determine the volume of working reagent (WR) required:

Equation 2 (# standards+# unknowns) x (# replicated) x

(volume of WR per sample) = total volume of WR required

The WR was prepared by mixing 50 parts of BCA Reagent A with 1 part BCA Reagent B

following the instructions from the Pierce BCA Protein Assay Kit (ThermoFisher, UK).

2.4.4.3 P-gp quantification via Western-blotting

25 ng protein sample calculated from the total protein concentration from 2.4.4.2 was
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suspended in NUPAGE® LDS Sample Buffer (Invitrogen, Carlsbad, CA) and kept in a 70°C
incubator for 10 min to induce denaturation. The denatured protein sample was then loaded
on a NUPAGETM NovexTM 4 — 12% Bis-Tris gel (Invitrogen). 5 ul Sharp Pre-Stained
protein standard (Invitrogen) was also loaded as molecular weight marker. Gel
electrophoresis was then applied according to the instructions from the manufacturer. The
separated protein samples in the gel were then transferred to a nitrocellulose membrane with
an XCell SureLock™ Mini-Cell Electrophoresis System (Invitrogen). Membranes were
blocked with 3% bovine serum albumin (BSA) in tris-buffered saline with tween (TBS-T)
and incubated for 1 h at room temperature (25°C). For the detection of P-gp and reference
protein (B-actin) blots were incubated for 1 h at room temperature with the respective primary
antibodies, diluted in a 3% bovine serum albumin (BSA) in TBS-T: mouse monoclonal anti-
P-gp (C-219 3:200; Enzo Life Science, Exeter, UK) and anti-p-actin mouse monoclonal
antibody (1:2000; Sigma-Aldrich, Poole, UK). The detection of bound antibodies was
completed with affinity-purified rabbit anti-mouse immunoglobulin G (IgG) coupled to
peroxidase (secondary antibody; Sigma) and diluted to 1:5000 in 3% BSA in TBS-T. After 1
h incubation with the secondary antibody conjugated with horseradish peroxidase, P-gp and
B-actin protein bands were visualised by a chem-iluminescence detection method with
Pierce™ ECL Western Blotting Substrate (ThermoFisher). The blots were then photographed
with a ChemiDoc XRS camera (Bio-Rad). The relative expression of P-gp was calculated

using the Image Lab™ software linked to the camera (Bio-Rad).

2.4.5 Reverse-Transcription Polymerase Chain Reaction experiment

2.4.5.1 mRNA extraction and evaluation

The prepared tissues from section 2.4.3 were kept in an RNAlater buffer (Thermo Scientific).
The total mMRNA from the tissues were then extracted following the instruction from Pure

Link RNA Mini Kit and On-column PureLink® DNase Treatment protocol. The extracted
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MRNA samples were stored in a —80°C freezer until analysis. The frozen mRNA samples
were firstly thawed on ice and 2 ul mRNA solution was then transferred to a NanoDrop
2000c Spectrophotometer (Therma Scientific) for the evaluation of the purification and
quantification of the extracted mRNA prior to experiment.

2.4.5.2 mRNA quantification via real time PCR

A Two-step real time PCR was applied for mRNA quantification and the sequences of
designed primer were listed in Table 2.4. The first step was the preparation of cDNA. 1 ug of
extracted mRNA from each sample was reverse transcribed to cDNA by following the
instruction from iScriptTM cDNA Sythesis Kit (Bio-Rad). The second step was Real Time-
gPCR (RT-gPCR). A 7500 Real Time PCR System (Thermofisher) was applied and the
method was adapted from the user guide of SYBR® Green PCR Master Mix and SYBR®
Green RT-PCR Reagents Kit. The experiment was conducted in a microAmp optical 96-well
reaction plate with each well containing a 50 pl reaction system. This included a 1 ng
transcribed cDNA, 25 ul SYBR Mix solution, 5 ul forward primer, 5 pl reverse primer and 10
ul RNAse-free water. The sequences of the primers were shown in Table 1. The relative
quantification of mRNA, mdrla, mdrlb and B-actin (internal standard) was carried out with
the programme as follows; The amplification program consisted of one pre-incubation cycle
at 95°C with a 12 min hold, followed by 40 amplification cycles with denaturation at 95°C
with a 15 s hold, an annealing temperature of 60°C with a 10 s hold and an extension at 60°C
and a 1 min hold. Amplification was followed by a melting curve analysis. This ran for one
cycle with denaturation at 95°C with a 15 s hold, annealing at 60°C with a 1 min hold and
melting at 95°C with a 30 s hold. A negative control was included for each analysed sample
by adding deionised water instead of primers. The control group which contained deionised
water instead of cDNA was also included in each run. The relative expression of mdrla and

mdrlb mRNA in different samples were obtained by designing the programme on 7500 Real.

71



Time PCR System based on the principal of previous studies ( Merchant et al., 2014). The

relative expression of P-gp mRNA, mdrla and mdrlb were calculated using a 7500 software

(version 2.0.6, Thermofisher).

Table 2.4 Sequences of designed primers used in the real-time qPCR experiment

Primers Sense and Antisense PCR product  Reference
(ba)
mdrla Forward 5°-CACCATCCAGAACGCAGACT -3’ 159 This paper
Reverse 5’-ACATCTCGCATGGTCACAGTT-3’
mdrlb Forward 5’-AACGCAGACTTGATCGTGGT-3’ 144 This paper
Reverse 5’-AGCACCTCAAATACTCCCAGC-3’
B-actin Forward 5’-GCAGGAGTACGATGAGTCCG-3’ 74 This paper

Reverse 5’-ACGCAGCTCAGTAACAGTCC-3”

2.4.6 Statistics analysis

All results are expressed as mean+SD (n=6) and were analysed by one-way ANOVA,

followed by post-hoc Tukey analysis with a 95 % confidence interval using IBM SPSS

Statistics 16 (SPSS Inc., Illinois, USA).
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2.5 Results and discussion

2.5.1 Sex differences in luminal liquid physicochemical properties

2.5.1.1 pH

Figure 2.4 represents how the pH measured in situ changes along the Gl tract in both male
and female Wistar rats. For both sexes, the Gl fluid pH profile followed a similar trend. In
both males and females, pH was lowest in the stomach, with the antrum having a lower pH
value than the fundus. This result was expected due to the active secretion of hydrochloric
acid, with the pH increasing in the small intestine due to the presence of bicarbonate ions,

bile and other species that neutralise the stomach acid.
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Figure 2.4 pH of the luminal environment of sections of the Gl tract of male and female
Wistar rats. A — Denotes proximal portion of the segment; B — denotes distal portion of the

segment. The results are measured in situ, n=6.

Overall, there was no sex difference in pH along the Gl tract (p>0.05). In both sexes, a sharp
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rise in pH was observed from the antrum to the duodenum, which remained stable until the
distal ileum where a small pH increase was observed. The pH then reduced slightly in the
caecum and the colon, which was expected as it is a common site for fermentation and acid
species production (Barnes, 1962). A similar pH profile trend was also found in human
(Evans et al., 1988). The standard deviation was highest in the stomach (both fundus and
antrum), whilst remaining quite low throughout the rest of Gl tract. This suggests that inter-
individual variability was higher in stomach, which may be due to the animals coprophagy
(Barnes et al., 1957). Moreover, following rodent sacrifice, it was observed the rats had
different volumes of gastric contents, and thus, may have contributed to the variability

observed.

With the highest variation, stomach pH values still displayed a slight difference between male
and female rats, female exhibited a relative lower pH in fundus and antrum compared to male.
There are conflicting literature views on this subject however; previous research has shown
that oestrogens are inhibitors of the gastric acid secretion whilst testosterone is an inducer
(Amure et al., 1970; Maitrya et al., 1979). Hence, it is commonly thought that a higher pH
would be exhibited in females due to lower acid secretions. However, in a recent study, it was
found that males have a higher gastric blood flow than their female counterparts (Shore et al.,
2017). Oestrogen administration was able to reduce the mean blood flow in the gastric
mucosa by 31% in males, however, remained largely unchanged in females. The thickening
of the mucus layer was also demonstrated at a faster rate in females than males. This suggests
that females may be more “resistant” to feminine hormones and may be more effective in
repairing damage to the gastric wall. If the mucus-producing rate of females is higher, it may
suggest an evolutionary biological adaptation to higher stomach acidity. Gl fluid pH is widely

known to affect drug ionisation by influencing drug solubility, stability, absorption and,
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ultimately, bioavailability. As such, the observed differences in Gl fluid pH between male and
female rats may have implications for the in vivo testing of oral dosage forms. For example,
the differences in pH between the sexes could affect the behaviour of pH responsive
formulations, potentially leading to incorrect pharmacokinetic extrapolation in humans

(McConnell et al., 2008; Merchant et al., 2014).

2.5.1.2 Buffer capacity

The overall trend of buffer capacity was found to be relatively different between male and

female Wistar rats (Figure 2.5).
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Figure 2.5 Buffer capacity (ApH=1.0) of pooled fluids of sections of the GI tract of male and
female Wistar rats, n=6. The values are the mean of several pooled fluids measurements.

*denotes a statistical significance (p<0.05) between males and females.
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In female rats, the buffer capacity was found to increase from stomach to small intestine.
After reaching the highest point in jejunum, the buffer capacity displayed a continued
downward trend and reached the lowest point in colon. On the contrary, male rats displayed a
fluctuating buffer capacity along the Gl tract. It displayed higher values in stomach and
jejunum but lower values in duodenum, ileum and caecum. Similar to that of in female,
buffer capacity met the lowest value in colon. Females were found to have a higher buffer
capacity than males in the duodenum, where 14 + 3 mmol. L™*. ApH? in male and 22 + 1
mmol. L. ApH? in female. This could be partially due to the bile salts. It has been known
that rats do not possess gall bladder in the enterohepatic circulation and therefore are
physiologically compensated by the enlargement of the duct system (Oldham-Ott et al., 1997).
Without the collection process, the produced bile acids continually excrete into duodenum via
duodenal papilla. A study collected the bile from 6 male and 6 female rats and observed a sex
difference in the bile acids (Yousef et al., 1972). Specifically, even though the total bile acid
outputs were similar in rats of both sexes, significant sex differences were found in the
amounts of individual bile acids secreted. The female rat secretes considerably more cholic
and lithocholic acids, and considerably less B-muricholic, deoxycholic, and hyodeoxycholic
acids. The female rat also secretes less glycine-conjugated bile acids and in contrast to the
male the bulk of this is glycocholic acid. The bile acids with the sex-related difference in
composition consist of the luminal liquid in duodenum which can directly affect the buffer

capacity.

The buffer capacity of the Gl luminal fluids plays a major role in the dissolution of ionisable
drugs. In particular, buffer capacity determines the microclimate pH in the diffusion boundary
layer adjacent to the dissolving surface (Horter et al., 2001). As such, the differences between

male and female rats buffer capacity may again pose implications for the in vivo testing of
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oral dosage forms.

2.5.1.3 Osmolality

The osmolality of Gl fluids in male and female rats showed similar profiles across the whole
Gl tract (Figure 2.6). In both cases, osmolality was found to increase from stomach to

proximal small intestine and reduced distally. A distinct variation can be observed in

duodenum segment in both male and female rat.
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Figure 2.6 Osmolality of the Gl fluids in male and female Wistar rats, n=6.

The highest value and obvious variation of osmolality in duodenum may due to bile salts
secretion. The osmolality of luminal liquids mainly affected by the food consumption because
the chyme that floods into the intestine from the stomach typically contains macromolecular

components which will be digested and therefore increase the osmolality dramatically such as
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starch. In current study, however, after overnight fasting, the main components contained in
luminal fluids will be own organ secretions such as bile salts. As rodents do not have gall
baller, duodenum is the place initially collect the secretions and achieve the high
concentration (Oldham-Ott et al., 1997). In addition, it was reported that the variation of bile
secretion pattern existed in both fasting and fed rats, while the only the general level of bile
flow decreased in fasting state (Vonk et al., 1978). Such phenomenon was also reported in
other mammals. It was demonstrated that the bile salt independent flow was extremely
variable during fasting but was increased and stabilized by feeding in primates (Strasberg et
al.,, 1974). A study collecting human duodenal fluids found that the phospholipids
concentration displayed a higher variation in fasted human subjects when compared to human

subjects under fed state (Riethorst et al., 2016).

Gl fluid osmolality may contribute to oral drug absorption by affecting drug solubility; it has
been reported that the “salting-out” and “salting-in” effect can change solubility (Pegram et
al., 2008). Osmolality and fluid volume have been investigated in relation to buffer capacity
and pH, given that the alteration of salt concentration and ingested fluids can affect both
parameters through stimulating the secretion of gastric acid, bile and pancreatic juices (Horter
et al., 2001; Fordtran et al., 1966). The continuous digestion and absorption of osmotically-
active species may contribute to a distal reduction of the osmolality of the luminal
environment. This finding is important due to the alteration of ionic content may further

influence drug ionisation, and hence, limit drug absorption.
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2.5.1.4 Surface tension

As shown in Figure 2.7, the surface tension values of Gl fluids were similar amongst male
and female rats. In both cases, the highest surface tension was recorded in stomach and then
experienced a dramatic decrease in duodenum and then maintained at the low level in the rest
of the Gl tract. The surface tension of gastric acid in humans was previously reported to lie in
the range of 35-45mNm™ (Finholt and Solvang 1968), which is also reflected in the results

here. No significant sex differences were observed along the intestinal lumen (p>0.05).
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Figure 2.7 Surface tension of the fluids along the Gl tract in male and female Wistar rats,

n=6.

It can be noticed that the surface tension of the Gl fluids determined here was significantly
lower than that of water which is approximately 72mN.m* (Vargaftik et al., 1983). This can

be easily understood by the presence of a myriad of compounds that act as surfactants in the
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Gl tract, of which bile salts are the most widely known (Dressman et al., 1998). Because the
bile salts are released in the upper duodenum, the surface tension of the chyme is reduced. As
discussed above, due to the lack of gall bladder rat bile is not concentrated and stored but
released continuously in the small intestine. As a result, the presence of bile salts along the
intestine lumen reduces the surface tension luminal liquids. In stomach, however, the mainly
components of the fluids were water and hydrochloric acid in the fasting rat, which contribute

to the higher surface tension compared to the rest of Gl tract (McConnell et al., 2008).

The standard deviation of these mean surface tension values was relative low in the
duodenum and jejunum, suggesting that the luminal environments in the upper GI tract were
homogeneous with little inter-subject variability. However, in the ileum and caecum, the
standard deviation was high, suggesting that the mechanism behind the distal increase of the
surface tension is more variable. One possible mechanism is the variation on the retrieving
bile salts. After releasing into duodenum, the bile salts were diluted and retrieved along the

intestine and more factors involved in the distal segments.

For oral drug delivery, surface tension of Gl fluids may impact drug absorption. Surface
tension has been found to contribute to the degree of solvation of drug particles and
respective wettability (Overhoff et al., 2008), as well as being inversely related to the

dissolution rate of some active substances (Finholt et al., 1968).

2.5.2 Sex differences in P-gp protein expression along the Gl tract
2.5.2.1 Calibration curve for total protein quantification
A calibration curve was used for the determination of the concentration of an unknown

solution from a generated regression equation from standard known compounds. Figure 2.8
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shows that net absorbance at 562 nm is linearly proportional to the known concentration of
the standard albumin protein in lysis buffer using a plate reader. The coefficient of
determination was 0.99 which indicated that the calibration curve was accurate by virtue of
the 8 data points. In addition, no systemic error was observed due to the linear curve and an
intercept identified at 0. The regression equation (Equation 3) can be rearranged to determine
unknown protein concentrations of a solution for total protein quantification (Equation 4);

Table 2.5 listed the protein concentrations determined in the samples for the Western-blotting

experiment.
Equation 3 y =0.0012x + 0.1455
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Figure 2.8 Calibration graph determined for the calculation of unknown protein concentration.
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Table 2.5 The protein concentrations in the samples extracted from different segments of Gl

tract in male and female rats.

Protein concentration (ng/ml)

Sex Animal Intestinal segment
Duodenum Jejunum lleum Colon
1 1240 1140 1016 1611
2 1385 1097 1102 1681
3 1278 1444 1277 1419
Male
4 1460 1106 1082 1649
5 1045 1139 1083 1533
6 2016 976 1095 1249
1 1029 1073 1278 1540
2 1085 1086 1213 2110
3 1356 1144 1229 1932
Female
4 1384 896 1050 1640
5 1031 815 1183 1486
6 962 1108 933 1386

2.5.2.2 P-glycoprotein expression

Figure 2.9 and Figure 2.10 shows that there was a significant sex difference (p<0.05) in the
P-gp expression of rats under the fasted state conditions. It is shown that the P-gp along the
male rat’s GI tract gradually increased from duodenum to colon, while maintained at a low

expression level along the Gl tract in female rats.
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Figure 2.9 P-gp relative expression along the intestine tract of male and female rats in fasted

state, n=6. *denotes a statistically significant (p < 0.05) between males and females.
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Figure 2.10 Western-blotting results of intestinal P-gp expression in fasted male and female

rats.

As shown in Table 2.6, the relative expression of P-gp increased from the proximal to distal
intestine in male rats were 0.66 £ 0.14 in the duodenum, 0.93 = 0.33 in the jejunum, 1.24 +
0.18 in the ileum and 1.73 = 0.36 in the colon. Contrastingly, female rats displayed a

relatively lower P-gp expression level and exhibited a significant (p < 0.05) sex difference,
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especially in jejunum, ileum and colon (0.34 + 0.13, 0.32 £ 0.14 and 0.63 + 0.23 respectively).

Table 2.6 The relative expression of P-gp along the intestinal tract in male and female rats (n

= 6, mean = SD).

Duodenum Jejunum lleum Colon
Female rats

0.39+0.18 0.34+0.13 0.32+0.14 0.63+£0.23
Male rats

0.66 +0.14 0.93+0.33 1.24+0.18 1.73 +0.36

Interestingly, our results reported here contrast to the work of previous studies that have
evaluated P-gp expression in rats. A study conducted by MacLean et al. (McConnell et al.,
2008) demonstrated that there were no sex differences in P-gp expression along the intestine.
In their study, the relative expression of P-gp in both male and female rats increased up to 5-
fold from the proximal to distal intestine. The rat strains may contribute to this difference. In
the current study, Wistar rats were bought from Harlan UK Itd. while rats used in Maclean et
al study were Han-Wistar bought from Charles River. In a study, Sprague Dawley (SD) rat,
another commonly used strain of rat, from Charles River laboratories (CRL) and Harlan
Laboratories (HAR) were investigated and found that CRL rats showed higher body fat mass
(49.6%), higher gross liver weights (22.2%), lower testicular weights (30.8%) and lower
cholesterol levels (25.4%) than HAR rats (Brower et al., 2015). Moreover, the limitation of
Western-blotting technique may be another reason. The relative expression of P-gp was
determined using internal standard, housekeeping protein. In the current study, beta-actin was
used as the internal standard, whereas villin protein was used to normalise the P-gp
expression in the previous study. Apart from the study conducted by MacLean et al., the

current work is different from another recent published work from our group. In the study, a
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marked sex differences were also observed but in an opposite direction (Afonso-Pereira et al.,
2018). From the duodenum to the ileum segments, female rats expressed a significantly
higher P-gp level when compared with their male counterparts (p<0.05). In the colon,
however, no significant differences in P-gp expression were observed, with both male and
female rats exhibiting low levels. With the same strain of rats and same techniques, the
difference between these two studies may due to the state of rats, fasted-state rats were used
in current work whereas the fed-state rats were used in previous study. The published
literature has provided extensive data supporting the food effect on P-gp regulation such as
fruit juices, spices, herbs, cruciferous vegetables and so on (Zhang et al., 2009). However, the
sex-related food effect on intestinal P-gp is lacking. Table 2.7 compared the current study
with the previous studies. More work is required to understand the difference between the

current studies and previous studies.

Table 2.7 Comparison of intestinal P-gp expression in rats from the different studies.

Rat strain Technique Rat states Results
MaclLean et al., Han-Wistar Western-blotting Fed state No sex difference
2008 from CRL with villin
Afonso-Pereira  Wistar from Western-blotting Fed state Female expressed
Fetal., 2017 HAR with beta-actin higher P-gp than
male
Current study Wistar from Western-blotting  Fasted state Male expressed
HAR with beta-actin higher P-gp than
female
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A similar condition existed in humans, previous studies regarding the sex differences in
intestinal P-gp function have been inconsistent. A study conducted by Mouly et al. (Mouly et
al., 2003) investigated the P-gp expression level in the duodenum, the jejunum and the ileum
obtained from four humans but did not mention sex differences as a variable. Potter. et al.
reported that P-gp expression was higher in males when compared with females (Potter et al.,
2004). Consequently, two studies were later published and claimed that there was no sex
difference exhibited in P-gp intestinal expression. In one study, Paine. et al. investigated the
P-gp expression in the proximal intestine (duodenum) in men and women (Paine et al., 2005).
Results revealed that there were no significant sex differences, (mean P-gp expression was
0.66 vs. 0.73 in males and females, respectively). Another study explored the P-gp expression
in the stomach, the jejunum and the ileum regions of the intestine (Canaparo et al., 2007). In

all three portions, sex differences in P-gp expression were not observed.

Even through, more work is required to understand the inconsistent results among these
studies, the work reported here provides an insight on the significant differences between the
sexes and could provide an explanation for the previously reported sex difference in drug gut
absorption. In Mai et al study, ampicillin and ranitidine, two P-gp substrates, were evaluated
in fasted-state Wistar rats between sexes (Mai et al., 2017). For ampicillin, after oral
administration, the AUCo4g0 Was 528452 pg-min/mL in male and 64043 pg-min/mL in
female, while was 350+33 pg-min/mL in male and 421+49 pg-min/mL in female for
ranitidine. Furthermore, an ex vivo permeation study was conducted later by Mai et al to
evaluate P-gp effect on the intestinal permeation of ranitidine (Mai et al., 2018). It was
reported that a significant (p<0.05) higher permeation was noticed in female rats along
jejunum, ileum and colon, which was highly correlated to the P-gp expression results in

current study. In addition, the observed sex difference in P-gp expression in rats may also

86



partially explained the previously reported sex difference in verapamil and ivermectin
gastrointestinal disposition (Lifschitz et al., 2006). Consequently, the data presented here
shows that by failing to evaluate drugs in both male and female rat models, there may be an
increased risk of inaccurately extrapolating pharmacokinetic data into humans. As P-gp is a
biological membrane efflux transporter, which is capable of modulating the transmembrane
activities of drugs in different organs (Morris et al., 2003), this could be particularly

consequential if evaluating a novel drug that is a P-gp substrate.

2.5.3 Sex differences in P-gp mRNA expression along the Gl tract

The expression of P-gp coding mRNA, mdrla and mdrlb, along the GI tract in male and
female Wistar rats were shown in Figure 2.11. In male rats, the expression of mdrla gene
experienced a high correlation to the P-gp expression along the intestine while mdrlb
maintained a low expression. In terms of female rats, the relative expression of both mdrla
and mdrlb were similar and kept in a consistent low level along the Gl tract. As mdrla and
mdrlb highly involved in the formation of intestinal P-gp, the relatively higher expression of
mdrla and mdrlb in male rats compared to their counterparts supported the sex difference in

intestinal P-gp expression determined by Western-blotting experiment.

It can be noticed that the mdrla gene expression was higher than the mdrlb gene expression
in both male and female rats along the gut. And also, the expression of mdrla gene reflected
more closely the change of P-gp protein expression along the intestine. The reason was due to
the fact that mdrla is the major coding gene for intestinal P-gp protein in rodents, which
exhibited a higher expression compared to the mdrlb gene (Brady et al., 2002; MacLean et

al., 2008).

87



10

mmdrla

mmdrlb

Relative expression
wu

Duodenum Jejunum lleum Colon

B)

& r B mdrla

7 m mdrlb

Relative expression
(%3]

Duodenum lejunum lleum Colon

Figure 2.11 Relative expression of intestinal P-gp MRNA mdrla and mdrlb gene in the fasted

state of A) male and B) female rats (n = 6).
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2.6 Conclusion

Gl fluid pH, buffer capacity, surface tension and osmolality were found to be similar in the
sexes. Only one significant difference was observed in duodenal buffer capacity. In terms of
P-gp expression, marked sex differences were observed along the intestinal tract. Apart from
duodenum, male rats exhibited a significant higher expression (p<0.05) of P-gp when
compared with their female counterparts in jejunum, ileum and colon. In the duodenum,
however, no significant differences in P-gp expression were observed, with both male and
female rats exhibiting low levels. P-gp mRNA expression correlated to the P-gp protein
expression, especially the mdrla gene, along the intestinal tract. The presented study firstly
reported the sex difference in gut physiology of rat, which contribute towards an increased
understanding of how the GI environment and oral drug absorption is innately affected by sex.
However, due to the conflict results with previous studies, more work is still needed for
elucidating the participation of food as well as strain factors in the sex-related P-gp

expression in rat.
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CHAPTER 3:

Food, time and sex influence on rat's
intestinal P-glycoprotein



3.1 Introduction

3.1.1 The effect of food and time on intestinal P-glycoprotein

3.1.1.1 External influence: Food consumption

It is widely known that food-drug interactions play a crucial role on drug performance. As such,
the FDA introduced a guidance entitled “Food-Effect Bioavailability and Fed Bioequivalence
Studies” for industries to understand the influence of food intake on candidate drug products
(Harris et al., 2003; FDA guideline, 2002). In the intestine, food and its subsequent digestion
affect drug absorption via two possible pathways; i) chemically interacting with the drug
substance and/or; ii) changing the absorption environment itself (for example altering the
physiological features of intestinal luminal) (Custodio et al., 2008). As an essential protective
component in the intestinal luminal environment, P-gp heavily participates in the regulation of
intestinal drug absorption. A number of studies have since been dedicated towards the

understanding of food effects on P-gp activity.

An example of this is the investigation of fatty acids on the function of intestinal P-gp in rats.
In a study by Vine et al., two rat group were fed with a standard diet and a diet with the addition
of 18.4% (w/w) lipid respectively (Vine et al., 2002). Following a 30-day dietary period, jejunal
segments were excised and mounted on Ussing chambers to evaluate the permeation of several
drugs including mannitol, diazepam, glucose and digoxin. The study reported that in lipid-fed
rats, the efflux transport of digoxin, a P-gp substrate, decreased by 20% when compared with
standard-fed rats. Moreover, a study including ten volunteers reported the influence of
chargrilled meat on intestinal (duodenum) P-gp expression in both protein and mRNA level
(Fontana et al., 1999). Although it was claimed that there was no change on the expression of
P-gp after twelve-day consumption of chargrilled meat, a larger variability in P-gp expression

among the twelve individuals could be observed (Figure 3.1).
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Figure 3.1 The effect of a chargrilled meat diet on enterocyte (duodenum) P-gp expression
among 12 volunteers. The intestinal biopsy specimens were collected at the first, fourth and

last day of the experiments, adapted from Fontana et al., 1999.

Apart from general food, the effect of certain food components have also been demonstrated
to effect the expression of intestinal P-gp. In a study conducted by Okura et al., several dietary
ingredients including piperine, capsaicin, daidzein, genistein, sesamin, curcumin and taurine
were investigated for their modulatory effect on P-gp function via an in vitro LS-180 cell line
(Okura et al., 2010). The accumulation of rhodamine 123, a P-gp substrate, in a LS-180 cell
line significantly increased in the presence of capsaicin, piperine and sesamin but decreased
with daidzein and genistein. These results suggest that capsaicin, piperine and sesamin may
inhibit P-gp efflux activity whereas daidzein and genistein stimulated P-gp function to increase
its efflux effect. In addition, it was reported that certain natural compounds extracted from

fruits displayed a modulatory effect on the transport of P-gp substrates (Deferme et al., 2002).
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In the aforementioned study, 68 standardised fruit extracts were screened based on the
secretory transportation effect of cyclosporine A in a Caco-2 cell line; strawberry, mint, orange
and apricot extracts showed a significant up-regulation on cyclosporine A efflux transport,
although no modulatory effects were observed in the presence of grapefruit extract in the efflux
of cyclosporine A across the Caco-2 monolayer. Table 3.1 highlights examples of certain food

compounds or fruit extracts capable of modulating P-gp function.

93



Table 3.1 The examples of food effect on P-gp function, adapted from Deferme et al, 2003

Product

Effect on P-gp

Study model

References

Green tea

Rosemary extract

St John’s wort

Grapefruit juice

Grapefruit extract (standardized)
Seville orange juice

Orange juice

Orange extract (standardized)
Garlic extract (aqueous)
Chargrilled meat

Strawberry extract (standardized)
Dietary fatty acids

Milk

Anastasia green (sweet pepper)
Piperine (black pepper)

Peppermint oil

Mint extract (standardized)
Apricot extract (standardized)

Inhibition
Inhibition
Induction

No effect

Stimulation

Inhibition

No effect
No effect
Inhibition

Inhibition
No effect
Inhibition
No effect
No induction
Inhibition
Inhibition
No effect
Inhibition
Inhibition
Inhibition?

Inhibition
Inhibition

In-vitro (rhodamine-123, vinblastine)
In-vitro (doxorubicin, vinblastine)
In-vitro (rhodamine-123)

In-vivo (digoxin)

In-vivo (digoxin)

In-vitro (saquinavir)

In-vitro (vinblastine, digoxin,
ciclosporin A)

In-vivo (ciclosporin A, talinolol,
dextromethorphan)

In-vitro (vinblastine, rhodamine-123,
saquinavir)

In-vitro (ciclosporin A)

In-vivo (ciclosporin A)

In-vitro (vincristine, vinblastine)
In-vivo (dextromethorphan)

In-vitro (rhodamine-123, saquinavir)
In-vivo (ciclosporin A)

In-vitro (ciclosporin A)

In-vitro (P-gp ATP-ase activity)
In-vivo (mRNA levels in intestine)
In-vitro (ciclosporin A)

In-vitro (digoxin)

In-vivo (ciclosporin A)

In-vitro

In-vitro (digoxin, ciclosporin A)
In-vivo (increased absorption of
ciclosporin A, not due to metabolism
inhibition)

In-vitro (ciclosporin A)

In-vitro, ex vivo, in situ (talinolol)

Jodoin etal 2002

Plouzek etal 1999

Perloft etal 2001

Johne etal 1999; Durr etal 2000
Becquemont etal 2001

Eagling etal 1999

Soldner etal 1999

Edwards etal 1999; Spahn-Langguth &
Langguth, 2001; Di Marco etal 2002
Ohnishi etal 2000; Takanaga etal 1998;
Tian etal 2002

Deferme etal 2002a

Malhotra etal 2001; Edwards etal 1999
Ikegawa etal 2000; Takanaga et al 2000
Di Marco etal 2002

Tian etal 2002

Johnston etal 1986

Deferme etal 2002a

Foster etal 2001

Fontana etal 1999

Detferme etal 2002a; Van Gelder etal 2002
Vine etal 2002

Johnston etal 1986

Motohashi etal 2001

Bhardwaj etal 2002

Wacher etal 2001

Deferme etal 2002a
Deferme etal 2002b

94



3.1.1.2 Internal influence: The factor of time

The circadian timing system (CTS) is considered to be an innate ‘body clock’ displayed by all
living organisms upon which a number of essential physiological processes and cellular
functions follow. In May 2016, with the support of National Institutes of Health R13, the first
symposium on “Circadian Rhythms in GI Health and Disease” was successfully held in
Chicago. Following the symposium, a resounding consensus was achieved in which the
individual’s biological clock plays a crucial role in maintaining GI metabolic homeostasis
(Bishehsari et al., 2016). As such, the factor of time may be a contributing parameter to

influence intestinal P-gp variation in animals and humans (Okyar et al., 2012).

A study by Kervezee et al. demonstrated that the concentration of quinidine (a P-gp substrate)
in the brain highly correlated to the time of day in male rats (Kervezee et al., 2014). Moreover,
in an in situ perfusion study by Okyar et al., the intestinal permeability of talinolol and losartan
(both P-gp substrates) were higher in the daytime than that of the night (Okyar et al., 2012).
The permeability of talinolol in the ileum was significantly (p < 0.05) lower in the night time
compared to that of in the day (14.2 + 2.36 x 10 and 20.8 + 1.64 x 10~ cm/s respectively).
Jejunal perfusions performed in the night also displayed significantly lower permeability
values (p < 0.05) of 14.6 + .79 x 107> cm/s versus 19.9 + .93 x 107° in the day respectively.
The intestinal permeability of losartan was also found to be time-dependent. In experiments
conducted in the day, permeability values were 10.7 + .50 x 10 ° and 13 + 1.04 x 10™° cm/s in
ileum and jejunum. These values, however, reduced to 8.18 +.75 x 10° and 3.60 + 1.35 x 10™°
cm/s during night time perfusions. Time-related changes of the pharmacokinetics of P-gp
substrates may due to the time-related expression of P-gp. It was also demonstrated that the
intestinal expression of the mdrla gene in mice was influenced by the innate circadian

organisation of the molecular clockwork (Murakami et al., 2008). In their study, the
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concentration of mdrla gene began to increase from 6:00 am and peaked in its expression at
approximately 10:00 am. A decreasing trend was found in mdrla expression towards the night
time. In addition to the rat, monkey models also display P-gp variation dependent on the CTS.
Iwasaki et al. demonstrated that the Abcbl gene, the main coding gene for P-gp in the monkey,
exhibited the highest expression level at 9:00 am when compared with the rest of the day
(lwasaki et al., 2015). In humans, a recent study reported that half of the mammalian protein-

coding genome was influenced by the circadian clock albeit tissue-specific (Ruben et al., 2018).

Following the recent knowledge that 1) intestinal physiology is different between the two sexes
and 2) external and internal influences such as foodstuff and the circadian rhythm can modulate
P-gp expression in Chapter 2, it is therefore important to raise the research question on whether
food and time can effect intestinal P-gp expression differently in males and females. Among
the aforementioned studies, however, the investigation of food and time as experimental factors
were mostly based on in vitro cell line model and/or male-bias in vivo experiments. The
information provided was therefore insufficient to link the observed results to sex differences.
As such, there is a lack of understanding on the influence of food and the innate circadian
rhythm on the intestinal expression of P-gp in male and female rats, which is the essential
information for drug pre-clinical study as well as linking the pre-clinical and clinical processes

during the drug development.

3.1.2 P-gp quantification techniques

3.1.2.1 Limitations of Western-blotting

In biological-related research, the Western blotting technique is an analytical method
ubiquitously used for the quantification of protein and RNA. However, certain limitations arise

in the application of Western blotting. Firstly, the protein quantification obtained is only
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relative to the reference protein. During the protein detection process, both the target protein
and reference protein is detected. As such, the targeted protein can only be calculated by
comparing its single value to the reference protein signal which is set as 1. The reference
protein, also known as the housekeeping protein, is considered to be ubiquitously and
constitutively expressed in every tissue, being essential for the maintenance of normal cellular
function (Zhang and Li, 2004). Commonly used reference proteins include glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), beta-actin and villin (Ferguson et al., 2005). For example,
villin was used as the reference protein for the determination of intestinal P-gp in studies
conducted by MacLean et al. and Vaessen et al. (Vaessen et al., 2017; MacLean et al., 2008),
whilst beta-actin was employed in the study by Johnson et al. (Johnson et al., 2006). However,
a study used villin as a reference protein to assess P-gp expression in 14 human intestinal tissues
despite the expression of villin mMRNA being significantly low in the colon when compared to
that in the small intestine (p < 0.05) (Englund et al., 2006). Kovalenko et al. confirmed the
validity of the aforementioned study and further investigated villin protein expression in a rat
model. Villin was consistently expressed along the intestine except colon where it was
significantly lower than small intestinal segments (p < 0.05) (Kovalenko et al., 2013). The
expression of beta-actin mMRNA, however, is increased in some pathological conditions such as
the presence of tumours in the kidneys, spinal injury and alcoholic hepatitis but decreases with
age (Li and Shen, 2013). In addition, the complex procedure of Western blot analysis can
introduce variability in the acquired results; following a Western blot experiment to quantify
OATPs in HEK293 cells, Oswald et al. demonstrated a large variation in OATP relative
expression within a day of conducting the experiment with coefficient of variations ranging
from 9.6% to 94.6% (Oswald et al., 2013). One possible reason is the uncertain specificity of
antibody binding process such as the cross-reactivity of primary antibody with other proteins

or potentially a lack of protein functionality (Alegria-Schaffer et al., 2009; MacPhee, 2010).
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Consequently, due to the various reference proteins available and multi-step analyses for the
Western blot technique, relative quantification results are not precise. As such, intestinal
protein expression levels obtained from different conditions such as the fasted or and fed-state,

as well as potential effect of time, cannot be comparable.

3.1.2.2 Novel LC-MS/MS technique for P-gp absolute quantification

Mass spectrometry (MS) is a widely used technique in the field of life sciences. MS is an
analytical tool that measures the mass-to-charge ratio of ions and a mass spectrum is a plot of
the ion signal as a function of the mass-to-charge ratio. The spectra then can be used to
determine the elemental or isotopic signature of a sample, the masses of particles and
molecules, or to elucidate the chemical identity or structure of molecules and other chemical
compounds. MS based protein research, however, has grown tremendously over the past 15
years and strongly advanced the development of biochemistry and cell biology studies
(Gstaiger and Aebersold, 2009). Among these developments include the liquid
chromatography-tandem MS based targeted protein quantification technique (LC-MS/MS)
which is now a fundamental tool for the determination of absolute protein expression (Liebler
and Zimmerman, 2013). Albeit a long and complicated experimental procedure in comparison
to traditional immunochemical methods, LC-MS/MS provides sensitive and precise results

(Figure 3.2).
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Figure 3.2 The principle of LC-MS/MS based protein quantification technique

The LC-MS/MS experiment consists of five procedures including; protein digestion, peptide
separation, peptide monitoring and protein quantification. The protein matrix, which includes
the target protein, is firstly digested to form a peptide matrix. One peptide with a specific amino
acid sequence among all the generated peptides is selected as the target peptide based on its
exclusivity. This means that only targeted protein is generated following the protein digestion
procedure. For example, the peptide with the sequence AGAVAEEVLAAIR was applied in
the study for human intestinal P-gp quantification (Groer et al., 2013). Liquid chromatography
(LC) is then applied for the basic separation of the peptides matrix. The eluted target-peptide
is then detected with tandem MS. The sensitive and precise data acquisition is mainly
guaranteed by the MS detection principle shown in Figure 3.3 (Uchida et al., 2013); the eluted
peptides is ionised under a very high-energy ion source. The target peptide and other proteins
with similar mass will obtain a certain mass-to-charge ratio (m/z). As such, a filter to screen
other ionised particles can be applied. The ionised target peptide and similar proteins can then

be disrupted into multiple ionised sequences in the collision chamber. Sequences with a certain
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m/z ratio generated from the ionised target peptide will be filtered out for detection through the
third m/z ratio filter. By measuring the targeted peptide from the samples, the targeted protein
then can be quantified correspondingly. In LC-MS/MS, an isotope-labelled target peptide is
used as the internal standard to minimise procedure variability. For example, in the study by
Groer et al., the internal standard used was AGAVAEEVLAAIR* where Arg (R) was labelled

with C-13 and N-15 (Groer et al., 2013).
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Figure 3.3 Principle of peptide selection by LC-MS/MS, adapted from Uchida et al., 2013.

MS-based targeted protein assays provide a number of compelling advantages over the Western
blotting technique for the quantification of intestinal P-gp. The first advantage is being able to
determine the absolute expression of any protein. Due to the specificity of mass spectrometry,
the calibration curve of a target protein can be established based on its concentration alone and
thus, without the need of a reference protein. This can consequently avoid any variation in

protein acquisition. In addition, without the involvement of antibody, LC-MS/MS is highly
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sensitive and has the ability to configure a specific assay for any protein. Moreover, it allows

large-scale quantitative proteomic analysis projects based on its detection mechanism which

make it more efficient than Western blotting.

Table 3.2 Comparison of Western blotting and LC-MS/MS for protein quantification

Principle
Sample
preparation
Separation

Detection

Quantification

Variability
Sensitivity

Efficiency

Western blotting
Ligand-binding

Protein denaturation

Gel electrophoresis
Antibody binding
Relative quantification using
reference protein
High
Low

Low
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LC-MS/MS

Mass spectrometry

Protein denaturation and digestion

HPLC
Mass spectrometry
Absolute quantification using
calibration curve
Low
High

High



3.2 Aims

Phase [

e To develop and validate a LC-MS/MS method for the absolute quantification of

intestinal P-gp in rats

e To investigate the food and sex effect on intestinal P-gp expression by quantifying the
absolute expression of P-gp in male and female rats under the fasted or fed-state via the

validated LC-MS/MS method

Phase 11

e To understand the food and sex effect on intestinal permeation of P-gp substrates by
evaluating the ex vivo permeability of ranitidine, ganciclovir and metformin in rats via

the Ussing chamber method

e To explore the influence of time by investigating intestinal P-gp expression at different

time points in both male and female rats via using the validated LC-MS/MS method
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3.3 Material

Ranitidine (a P-gp and organic cation transporter (OCT) substrate) and ganciclovir (a P-gp
substrate) were purchased from Sigma Aldrich (Dorset, UK). Metformin hydrochloride (an
OCT protein substrate) was obtained from USV Ltd. (Mumbai, India). The standard peptide
for P-gp quantification and its stable isotope-labelled internal standard were of analytical grade
(purity > 95%) were synthesised and quantified via the amino acid analysis by Sigma AQUA
peptides service (Poole, Dorset, UK). lodoacetamide (CAS: 144-48-9), dithiothreitol (CAS:
3483-12-3), MS-Grade trypsin (CAS: 9002-07-7) and formic acid (CAS: 64-18-6) were bought
from Thermo Fisher (UK). Ammonium bicarbonate BioUltra, chloroform, as well as the LC-

MS grade acetonitrile and water were obtained from Sigma (Dorset, UK).
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Phase |

3.4 Method

3.4.1 Experimental animal

12 male and 12 female Wistar rats (10 weeks old weighing approximately 250 g and 200 g
respectively) were purchased from Harlan UK Ltd. (Oxfordshire, UK) and housed at room
temperature of 25°C in a light-dark cycle for 12 h. Fed state rats (6 male and 6 female) were
provided with free access to food (EURodent Diet 22%) and water. Fasted state rats (6 male

and 6 female) were subject to an overnight fasting of 12 h prior to the experiment.

3.4.2 Intestinal tissue preparation

On the day of experiment, the rats were sacrificed by a CO: euthanasia chamber at
approximately 8:30 am. The whole GI tract from duodenum to colon were then rapidly
removed and kept in an ice-bath filled with Krebs-Bicarbonate Ringer’s solution (KBR) at pH
7.4. Then the GI tract was cut into different segments: duodenum (1 cm from the ligament of
Treitz); jejunum (10 cm from the ligament of Treitz); ileum (1 cm from the cecum); and
descending colon. 1 cm tissue segments from the mid-part of the duodenum, the proximal part
of the jejunum, the distal to mid-part of ileum and the descending colon were separated. The
separated tissues were then opened along the mesenteric border and the mucosal layer was
obtained by gently squeezing the serosal-side of tissue with a cover slip on ice-cold glass plate.

The prepared tissue with the mucosal layer was then freshly used for the following studies.

3.4.3 LC-MS/MS study

3.4.3.1 Total protein extraction and quantification

The prepared tissue from Section 3.3.2 was placed into a glass vial containing 3 ml of freshly
prepared lysis buffer (50 mM Tris, 250 mM NaCl, 5 mM EDTA, 1 mM NazVOs, 1 mM PMSF,
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1% Nonidet P40 and a protease inhibitor cocktail), and homogenised for 20 s at 10,000 rpm
with a T18 digital ULTRA-TURRAX® (IKA). The homogenised tissue solution was then
incubated in a 4°C fridge for 2 h for protein extraction. Two hours later, the solution was
transferred to a 1.5 ml Eppendorf tube and centrifuged with 10,000 rpm at 4°C for 10 min. The
supernatant was transferred to micro-tubes and stored at —20°C which is stable up to 6 months.
As described in Chapter 2 method, the total protein was determined following the instruction

adapted from the Pierce BCA Protein Assay Kit (ThermoFisher, UK).

3.4.3.2 Protein sample digestion

50 ng total protein from the extraction sample was adjusted to 200 pl protein solution with the
50 mM ammonium bicarbonate buffer and then mixed with 4 pl dithiothreitol (20 mM). The
mixed solution was then incubated for 20 min at 56°C for the protein denaturation. After a
cooling down period, alkylation was carried by adding 8 ul iodoacetamide (375 mM) and
incubated for 20 min at 37 °C in the dark. The precipitation procedure was then conducted. 600
ul cold methanol and 150 pl cold chloroform was added to the sample solution. After several
tube inversions, 450 ul cold water was added followed by immediately centrifuging the sample
at 15,000 rpm for 5 min at 4 °C. After centrifugation, the upper layer (the floating protein pellet)
was removed. An additional 450 pl cold methanol was added and prior to tube inversion to
wash the protein pellet. The sample was then centrifuge again at 15,000 rpm for 5 min at 4°C.
Immediately after centrifugation, the supernatant was removed and then centrifuge the sample
at 15,000 rpm for 1 min at 4°C. The supernatant was then removed completely. 47 pl
ammonium bicarbonate buffer (50 mM) was added to the precipitated protein pellet and
resuspended by applying intermittent sonication. 5 pl trypsin solution (0.5 pg/ul) was added to
the resuspend protein solution and incubated for 4 hours at 37°C. The digestion process was

halted by adding 3 pl 50% formic acid in water and 5 pl stable isotope-labelled internal standard
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(200 fmol/ul) was added. The final processed sample solution (60 pl) was then centrifuged at
15,000 rpm for 5 min at 4°C and 30 pl supernatant was then directly injected on LC-MS/MS.
All sample digestion procedure steps were processed using Protein Lobind tubes (Eppendorf,

Hamburg, Germany).

3.4.3.3 LC-MS/MS analysis

The P-gp proteotypic peptide and its three multiple reaction monitoring (MRM) transitions
have been selected based on a published study shown in Table 3.3 (Groer et al., 2013).
Calibration curves were established for all three transitions and the P-gp absolute quantification
obtained from the mean values of the three calibration curves data. An Agilent 6460 triple
quadrupole LC and mass spectrometer system coupled with Agilent Jet Stream technology was
applied for the analysis (Agilent Technologies, Santa Clara, CA, USA). A gradient elution was
applied on a Kinetex C18 column (100 X 3.0 mm, 2.6 um, Phenomenex, Torrance, CA). The
mobile phases were 0.1% formic acid in water (solvent A) and 0.1% formic acid in acetonitrile
(solvent B) with a flow rate of 0.5 ml/min. The gradient elution procedure started with 98%
solvent A for 5 min and a linear gradient of 98% solvent A to 75% solvent A over 10 min, held
at 75% solvent A for 1 min and then changed to 55% solvent A for extra 2 min. 98% of solvent
A was then left running for 7 min until the end of analysation. The mass spectrometer was
equipped with the electrospray ionisation and operated in the positive ion mode to monitor the
three m/z transitions with 300°C source temperature, nebuliser 45 psi, 11 L/min sheath gas
flow, 500 V nozzle voltage, 20 collision energy as well as 7 cell accelerator voltage. All the
chromatograms were assessed with the MassHunter Workstation software (Qualitative

Analysis version B.06.00) and all samples were analysed in duplicate.
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Table 3.3 Tryptic proteospecific peptide and its respective ions and mass transitions used for the P-gp absolute quantification (*isotope-labelled

amino acid; the labelling of Arg (R) was done by introducing C-13 and N-15)

Molecule Peptide sequence Mass St/IS Transition Qlm/z Q3 m/z Dwell time Collison
name number (msec) Energy
AGAVAEEVLAAIR | 1268.7 Standard 1 635.3 771.3 20 20
2 635.3 900.5 20 20
ABCB1 3 635.3 971.6 20 20
(P-gp) AGAVAEEVLAAIR* | 1278.6 Internal 1 640.3 781.4 20 20
Standard 2 640.3 910.5 20 20
3 640.3 981.5 20 20
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3.4.3.4 LC-MS/MS method validation

The developed LC-MS/MS method for intestinal P-gp absolute quantification in the current

study was validated in the following; Specificity and linearity were checked via calibration

curves. The calibration curves were established by spiking the blank human serum albumin

(HAS) with the standard synthetised peptide and its isotope-labelled internal standard. Initially,

1 mg/ml blank human serum albumin (HAS) was prepared and then processed for protein

digestion following the description in Section 3.4.3.2. Standard peptide solutions (STDs) and

internal standard peptide solution (IS) was prepared as shown in Table 3.4. The stock solution

of both standard peptide and internal standard peptide was 5000 fmol/ul providing from Sigma

AQUA peptides service. Different from the 3.4.3.2, 42 ul ammonium bicarbonate buffer (50

mM) was added to re-suspend the protein. 5 pl IS and STDs were added in the final analysis

solution to achieve the injected amounts on column.

Table 3.4 Preparation of STDs and IS for calibration curve establishment

STD1

STD2

STD3

STD4

STDS

STD6

IS

0.1 % formic
acid water
120 pl
60 pl
60 pl
60 pl
60 pl
60 pl

120 pl

Stock/STDs

5 ul standard stock

60 pl STD1
60 pl STD2
60 pl STD3
60 pl STD4

60 pl STD5

5 ul internal stock

Solution

concentration

200 fmol/ pl
100 fmol/ pl
50 fmol/ pl
25 fmol/ ul
12.5 fmol/ pl
6.25 fmol/ pl

200 fmol/ pl

Volume added
to HSA solution

5ul

Injected
amounts
500 fmol
250 fmol
125 fmol
62.5 fmol
31.25 fmol
15.625 fmol

500 fmol

Intra-day and inter-day variation were assessed with the quality control samples (QCs). Low

QC, medium QC and high QC were prepared by spiking the HAS with the standard peptide at
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31.25, 125 and 250 fmol as injected amounts respectively. 500 fmol internal standard was also
added in all QC samples. The intra-day variation was then assessed by analysing the QCs in
the morning and afternoon on the same day, while the intra-day variation was evaluated by

measuring the QC samples in three consecutive days.

Short-term stability was assessed by analysing the QC samples after 2 hours preparation at
room temperature. The post-preparative stability was investigated with the samples 24 hours
store at 4°C after preparation. The process stability during the incubation was also evaluated

by measuring the QC samples after 4 hours incubation at 37°C.

Digestion efficiency was evaluated with two jejunum samples, one from male rat and one from
female rat. The sample contained 100 pg protein was processed following the description in
Section 3.4.3.2. In the incubation procedure, different duration times including 4, 8, 16 and 24
hours were investigated to assess if P-gp concentration differed in terms of digestion efficiency

between the different incubation times.

3.4.4 Statistical analysis
The results generated from LC-MS/MS method were expressed as mean £ SD (n = 6) and
analysed by one-way ANOVA and followed by a Tukey post-hoc analysis with a 95%

confidence interval using IBM SPSS Statistics 16 (SPSS Inc., lllinois, USA).
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3.5 Results and discussion

3.5.1 LC-MS/MS validation

3.5.1.1 Specificity and linearity

As shown in Figure 3.4, Figure 3.5 and Figure 3.6, the current method demonstrated a good
specificity for determining both standard peptide and internal peptide in HSA matrix. In all
three monitoring transitions, the peptide peaks were well separated, with no interference peaks

detected in the vicinity of the retention times.
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Figure 3.4 MRM chromatograms for the developed LC-MS/MS method applied to measure the first transition of proteotypic peptides (top) and

their stable isotope labelled internal standard peptides (bottom) from the spiked HSA matrix.
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Figure 3.5 MRM chromatograms for the developed LC-MS/MS method applied to measure the second transition of proteotypic peptides (top) and

their stable isotope labelled internal standard peptides (bottom) from the spiked HSA matrix.
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Figure 3.6 MRM chromatograms for the developed LC-MS/MS method applied to measure the third transition of proteotypic peptides (top) and

their stable isotope labelled internal standard peptides (bottom) from the spiked HSA matrix.
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The linearity within the range listed in Table 3.4 was investigated and shown in Figure 3.7,
Figure 3.8 and Figure 3.9. For all three transitions, the regression value (R2) of calibration
curves were above 0.995 and were 0.9996, 0.9966 and 0.998 for transitions number 1 to 3
respectively. Therefore, the current method demonstrated a good linearity for the P-gp specific

peptide quantification within the range from 15.625 to 500 fmol.

Standard Internal Slope Intercept Regression
transition transition
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Figure 3.7 Calibration curve for monitoring the first transition
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Figure 3.8 Calibration curve for monitoring the second transition
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Figure 3.9 Calibration curve monitoring the third transition
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3.5.1.2 Variation

The developed method displayed an acceptable variation value for both intra-day and inter-day
analysation as the relative standard deviation (RSD) was not over 15% (Table 3.5). The inter-
day variation ranged from 11.3% to 14.6%, which was slightly higher than intra-day variation
from 6.1% to 11.1%. The greater difference in inter-day experiment was also reported in the
previous study as the intra-day data displayed an RSD from 1.1% to 8.1% but the between-day

exhibited an RSD from 3.7% to 13.3% (Groer et al., 2013).

Table 3.5 The intra-day and inter-day variation of QC samples with the current method,

calculated as the relative standard deviation (RSD).

Variation QC low QC medium QC high
Intra-day 11.1% 6.1% 9.8%
Inter-day 11.3% 14.6% 13.8%

3.5.1.3 Stability

The selected peptide for P-gp quantification exhibited acceptable stability (+ 15% of the initial
concentrations at low, medium and high QC samples) during storage for 2 h at i) room
temperature, ii) 24 h in the cooled autosampler rack and iii) 4 h at 37°C incubation which

mimicked the digestion procedure in the current developed method. (Table 3.6)

Table 3.6 The stability of QC samples in the different conditions.

Stability QC low QC medium QC high
2 hours at RT 96.1% 93.4% 99.6%
24 hours at 4°C 91.1% 92.8% 98.7%
4 hours at 37°C 94.1% 91.2% 100.9%
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3.5.1.4 Digestion efficiency

As shown in Figure 3.10, the digestion process displayed no significant effect between the
different incubation times from 4 hours to 24 hours (p > 0.05). In addition, the protein digestion
efficiency in the current method exhibited same effect in male and female rats. Considering the
reduced variation in the intra-day experiment from Section 3.5.1.2, 4 hours incubation of time

was finally selected for the sample analysation.

O4h

1.4
P> 0.05 [ 8h
1.2 + N 16h
1+ + T T — W 24h

0.8 SR
04 | [0
0.2 F :::::::::

Digestion efficienct (ratio to male 16h data)

T

Male Female
Figure 3.10 Digestion efficiency of intestinal P-gp in jejunum of male and female rat after
tryptic digestion at 37°C at 4, 8, 16 and 24 h. All experiments were performed in triplicate

(mean £ SD are given).

3.5.2 Sex and food effect on P-gp absolute expression

It can be observed in Figure 3.11 that the absolute expression pattern of intestinal P-gp
demonstrated a stark difference between male and female in fasted-state rats. Along the
intestinal tract, there was no sex difference in both duodenum and colon, while a significant
sex difference (p < 0.05) was noticed in small intestine. Specifically, the P-gp level of jejunum

segment was 2.45 £ 0.70 fmol/ug in male rats, much higher than that of in female rats (1.69 £
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0.38 fmol/ug). Similarly, ileum P-gp expression in male rats was approximately 30% higher
than that of in their counterparts which was 2.75 £ 0.98 and 1.84 + 0.24 respectively. On the
contrary, as shown in Figure 3.12, a significant sex difference (p < 0.05) in P-gp expression
was observed in rats following food intake but in an opposite direction. In both jejunum and
ileum, female rats expressed much higher P-gp level than male rats, which was 3.77 = 0.86 vs.

1.94 + 0.22 fmol/pg and 2.54 £+ 0.57 vs. 1.87 + 0.39 fmol/ug respectively.

118



45
P <0.05

35 | m Male

m Female

Absolute expression (fmol/pg)

05 r

Duodenum Jejunum lleum Colon

Figure 3.11 Absolute intestinal P-gp expression in male and female rats under fasted-state (n =

6). *represents a significant difference (p < 0.0.5) in P-gp expression between sexes.
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Figure 3.12 Absolute intestinal P-gp expression in male and female rats under fed-state (n =

6). *represents a significant difference (p < 0.0.5) in P-gp expression between sexes.
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The P-gp expression pattern observed in Figure 3.11 correlated to the results in Chapter 2,
except in the colonic segment. According to both Chapter 2 and the previously reported
Western blot results, male rats demonstrated a significantly (p < 0.05) higher P-gp expression
in the colon when compared to females (MacLean et al., 2008). The possible reason for the
discrepancy may lie in the principles of these two techniques; As aforementioned in Table 3.2,
the Western blot method can only garner relative target protein expression with respect to the
reference protein. It has been demonstrated that the reference protein, villin, is expressed at a
lower level in colon than in the small intestine among male rats (Kovalenko and Basson, 2013).
Therefore, the lower expression of the reference protein such as villin and beta-actin in colon
may lead to a higher calculation for relative P-gp expression following Western blot analyses.
Following the validated LC-MS/MS method, however, the expression of P-gp generated is the
absolute protein expression of the intestinal tissue without any interference from method
limitations. In addition, the functional differences along the intestinal tract reported from
previous study can support the observed data from LC-MS/MS experiments. A technique
named rat precision-cut intestinal slices (PCIS) was developed in Groothuis’ group and applied
to investigate the intestinal P-gp activity. In their study, the intestinal permeation of P-gp
substrate Rhodamine 123 (R123) was investigated along the intestinal tract. A R123
accumulation level of above 100 pmol/mg protein was observed in both duodenum and colon
segments, while jejunum and ileum showed lower accumulation levels although the lowest
accumulation of R123 was observed in the ileum (Li et al., 2015). A similar phenomenon was
also demonstrated on human intestine. A study using Western blot demonstrated that human
intestinal P-gp expression gradually increased from 0.24 in duodenum to 2.13 in colon (Bruyere
et al., 2010). On the contrary, a study conducted by Drozdzik et al. in 2014 reported that the
absolute expression of human intestinal P-gp increased from duodenum to ileum but dropped

in the colonic segments to similar levels in the duodenum (Drozdzik et al., 2014). This study

120



was supported by an ex vivo permeation investigation that higher permeation of P-gp substrate,

R123, was observed in both duodenum and colon of human tissue (Li et al., 2017).

In addition to fasted-state rats, an interesting phenomenon was observed in fed-state rats. Figure
3.13 described the change of P-gp expression from fasted-state rats to fed state rats. In male
rats, the absolute expression level of P-gp dramatically decreased along the whole intestinal
tract in male rats following food intake. The largest reduction in P-gp intestinal expression
occurred in the ileum where levels decreased by approximately 32% from 2.75 + 0.98 fmol/ug
in fasted-state to 1.87 + 0.39 fmol/ug in fed-state. Interestingly, in female rats, a contrasting
result was observed in jejunum and ileum segments. P-gp expression increased by

approximately 120% and 40% after food intake in the jejunum and ileum.
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Figure 3.13 The percentage change of intestinal P-gp absolute expression level along the

intestinal tract following the food consumption in rats.
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Attempts have previously been made using Western blot analysis to investigate the distribution
of P-gp in the rat intestinal tract. However, the conflicts and differences between the studies as
summarised in Table 2.6 made it difficult to understand the sex and food effect on rat intestinal
P-gp. Considering the fact that no definitive study that investigates the effect of food on P-gp
expression between the sexes exists, this is the first study to understand that general food
consumption itself can affect intestinal P-gp expression to different extents in males and

females.

The potential reasons for the sex-dependent food effects are multifactorial. Firstly, food
ingredients themselves may contribute to this observed phenomenon as aforementioned in
3.1.3. According to the manufacturer’s document, the food supplied for the rats in the current
study (EURodent Diet 22%) contained 32 different ingredients (LabDiet, US). Secondly,
physiological changes in the intestinal luminal environment during food consumption may
further contribute to the sex difference. Luminal fluid composition is normally altered from
food consumption by the modification in production of bile salts, cholecystokinin (CCK) and
glucagon-like peptide-1 (GLP-1). In addition, food-stimulated sex hormones may also
influence the sex-dependent food effect on intestinal P-gp expression. A study proved that a
diet containing menhaden oil n-3 PUFA increased serum oestradiol concentration levels from
90 pg/ml to approximately 130 pg/ml in pregnant rats (Davis et al., 2013). With the distribution
of receptors in rodent intestine, sex hormones have been demonstrated to regulate P-gp
expression; testosterone, the primary sex hormone in males, has been shown to induce an
inhibitory effect on P-gp (Wessler et al., 2013). Conversely, another study reported that P-gp
expression significantly increased after the incubation with progesterone and p-estradiol at the

concentration of or greater than 10 nM and 100 nM respectively (Coles et al., 2009).
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The most interesting phenomenon identified in the current study was the notable increase of P-
gp in the small intestine of female rats in the fed state. It can be suggested that this may occur
due to the innate protection required for successful reproduction. In the fasted-state, female rats
exhibited low levels of P-gp expression. In the fed-state, however, as food contains multiple
components of which some may be harmful, the body can protect itself by increasing the
expression of the efflux transporter as a barrier function to hinder the absorption of potentially
toxic food compounds. This mechanism could be a complex interplay of the modulation of P-
gp expression, enzyme reaction and the defence ability of epithelial cells which may be further
influenced by sex hormones. It was reported that oestrone and oestradiol both increase
intestinal enzyme activity in female rats. By administrating b.i.d. 1 mg/kg oestrone and
oestradiol for two days in female rats, the intestinal CYP-450 enzyme concentration increased
from 0.03 + 0.01 nmol/mg in the control group to 0.16 + 0.01 and 0.09 + 0.01 nmol/mg in the
oestrone and oestradiol treated groups respectively (Brady et al., 2002). In addition, a study
investigated ileum tissues obtained from both male and female rats that were exposed to harsh
conditions (such hypoxia for 40 min and acidosis at pH 6.8) and normal conditions (normoxia
at a normal pH of pH 7.3) via an Ussing chamber experiment (Homma et al., 2005). Cytokine
and nitric oxide concentration levels in the Ussing chamber were subsequently measured to
evaluate the immune-inflammatory response. Fluorescein Isothiocyanate-dextran (FITC-
dextran, molecular weight of 4,300 Da) was checked to assess the barrier function of the
intestinal lumen. As a result, the female intestinal tissue showed a higher anti-inflammatory
response and an enhanced intestinal barrier function when compared with males. More
interestingly, the addition of oestradiol in male rats relieved the intestinal injury and enhanced

their anti-inflammatory ability.
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Current results firstly elucidated that food and sex displayed a joint influence on intestinal P-
gp expression in rats. Following a better understanding of the differences in intestinal
physiology in the sexes, further considerations were applied. For example, the project aimed
to identify the extent of the differences in P-gp expression on potential alterations on P-gp
function, such as effects on intestinal permeation of drug. In addition, the expression pattern of
P-gp in male and female rats from the fasted-state to fed-state should also be elucidated and
whether this change is a quick food-stress response or a gradual change over time under
different conditions. Therefore, Phase Il studies were carried out in the following section, in

order to better understand the food and sex effect on P-gp.
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Phase 11

3.6 Method

3.6.1 Experimental animal

12 fasted-state rats and 12 fed-state rats as described in Section 3.4.1 were used for the Ussing
chamber experiment. In addition, for the time-related P-gp change experiment, five different
groups of rats (A, B, C, D, E) were established by fasting the rats for different times as shown
in Figure 3.. In each group, there were 6 male and 6 female rats. 12 fed-state rats (6 male and

6 female) described in 3.4.1 were also involved as control group.

8:00 20:00 00:00 +1 04:00 +1 08:00 +1 12:00 +1
O® | 0| 0| 0 |
( : il )l ) I |
Group A Group B Group C Group D Group E
Fed-state rats 4 hours 8 hours 12 hours 16 hours
fasting rats fasting rats fasting rats fasting rats

Figure 3.14 Establishment of five rat groups for time-related P-gp change experiment

3.6.2 Ex-vivo permeation study

3.6.2.1 Evaluation of drug permeation via Ussing chamber

Drug solutions (3 mM ranitidine, 3 mM metformin and 1.96 mM ganciclovir) were freshly
prepared in a KBR solution and stored in a 37°C incubator for the experiment. Intestinal tissues
from the jejunum and ileum were obtained following Section 3.4.2. The well-prepared mucosal
tissues were then mounted in the vertical Ussing Chamber (Harvard Apparatus Inc., Holliston,

MA, U.S.A) as flat sheets on a 0.28 cm? segment holder with needles for stability purposes.
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The chambers were tightly screwed with high spring-tension retaining rings and the entire
assembly was maintained at 37°C with a circulating water bath for a 30 min equilibrium period.
Tissue integrity was evaluated every 30 min during the experiment by measuring tissue
transepithelial electrical resistance (TEER) with an EVOMX meter (World Precision
Instruments Inc., WPI, Hertfordshire, United Kingdom). The jejunal and ileal segments that
presented a value of TEER lower than 40 Qecm? and 50 Qscm? respectively at the beginning
of experiment was regarded as poorly viable and excluded immediately. The tissue was not
considered viable whenever TEER values decreased more than 15% from the value measured

at the end of equilibration period.

The study began with a 20 — 30 min equilibrium period. 5 mL KBR solution was added to both
the apical (mucosal surface) and basolateral (endothelial surface) chambers, gassed with an
02/CO2 (95%/5%) gas mixture. Following the emptying of the chamber, 5 ml of fresh KBR
solution was added in the basolateral chamber whilst 5 ml of the drug solution was added in
the apical chamber. During the experiment, 100 uL solution from basolateral chamber was
withdrawn every 30 min. The experiment lasted for 2 h and the intestinal permeation was
evaluated by analysing the drug amount in the withdrawn samples (mucosa to serosa, M — S).

An equal volume of fresh KBR solution was replaced immediately.

3.6.2.2 Chromatographic analysis

Chromatographic analysis was performed with a high-performance liquid chromatography
(HPLC) system (Agilent Technologies, 1260 Infinity) equipped with a pump (model G1311C),
an auto-sampler (model G1329B) and a diode array UV detector (model G1314B). The
methods were summarised in Table 3.7. In particular, the evaluation of ranitidine was achieved

by using a 5 um Luna SCX (Phenomenex, UK) column and a mobile phase mixture of 20:80
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(acetonitrile):(0.1 M sodium acetate pH = 5.0) with a flow rate of 2 mL/min. In the case of
metformin, a Luna C18 (250 mm % 4.6 mm [.D./5 ym) column (Phenomenex, UK) was applied
with a flow rate of 1 mL/min. The ganciclovir samples were quantified by HPLC using a Luna
C18 (250 mm % 4.6 mm 1.D./5 um) column (Phenomenex, UK) with a flow rate of 1 mL/min.
The mobile phase consisted of 0.5% formic acid water and acetonitrile (95:5, v/v). The UV

detector was set at 275 nm.

3.6.2.3 Data analysis
The apparent permeability coefficient (Papp) was calculated for the evaluation of ranitidine,

ganciclovir and metformin permeation study by using the following equation:

_Q
C+A-t

Papp(cm/s) =
where Q (umol) is the total amount of drug that permeated to the basolateral chamber
throughout the incubation time, C (umol/mL) is the initial drug concentration in the apical

chamber, A (cm?) is the diffusion area of the Ussing Chamber and t (s) is the time of

experiment.

3.6.3 LC-MS/MS study
Rat in each group was sacrificed by a CO; euthanasia chamber at the end of time point
immediately. After that, the procedures for tissue preparation, protein extraction, protein

digestion as well as analysation were following the description in Section 3.4.

3.6.4 Statistical analysis
All results are expressed as mean + SD (n = 6) and were analysed by one-way ANOVA and
followed by a Tukey post-hoc analysis with a 95% confidence interval using IBM SPSS

Statistics 16 (SPSS Inc., Illinois, USA).
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Table 3.7 Summary of the HPLC methods for ranitidine, ganciclovir and metformin quantification

0.1 M Sodium
o SCX (250 mm x Acetate Buffer (pH Ashiru et
Ranitidine 50 2 320 40
4.6 mm 1.D./5 pm) 5.0, 80%); al., 2007

Acetonitrile (20%)

0.5% Formic acid

o C18 (250 mm x 4.6 Dou et al,
Ganciclovir 40 water (95%); 1 275 20
mm 1.D./5 um) o 2018
Acetonitrile (5%)
10 mM Sodium
Dihydrogen
Phosphate Buffer )
) C18 (250 mm x 4.6 ) ) Mai et al.,
Metformin 25 with 10 mM Sodium 1 234 50
mm 1.D./5 um) 2017

Dodecyl Sulfonate
(pH 7.0, 60%);
Acetonitrile (40%)
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3.7 Results and discussion

3.7.1 Intestinal permeation of ranitidine, metformin and ganciclovir

According to Table 3.8 and Figure 3.15, the permeability of ranitidine and ganciclovir
exhibited a sex difference in the fasted state of the rat intestine. In both the jejunum and ileum
regions, ranitidine Papp in female rats was higher than that of male rats which were 8.24 +
1.29*10° cm/s compared with 6.78 + 1.24*10° cm/s in the jejunum respectively, and 9.97 +
0.52*10° cm/s versus 6.67 + 0.10*10° cm/s in ileum. With regards to ganciclovir, the
permeability in the jejunum and ileum were 7.64 + 1.48*10% cm/s and 5.17 + 0.63*10°° cm/s
respectively, which were lower than that of female rats (10.11 + 1.51*10° cm/s and 7.87 +
0.53*10°° cm/s). However, no significant sex difference was identified when evaluating the

intestinal permeability of metformin as it is not a P-gp substrate.

Interestingly, from the fasted-state to fed-state, the permeability of ranitidine in males achieved
a 22.7% and a 27.3% increase in the jejunum and ileum respectively, whilst that of females
achieved a 25.8% and a 41.3% decrease. Similarly, ganciclovir exhibited a decrease in the
female rat jejunum (36.2%) and ileum (37.8%) from the fasted-state to fed-state. In male rats,
however, 83.6% and 97.3% increases were observed in the jejunum and ileum respectively.
The permeability of metformin remained consistent in the different sexes in both fasted or fed
states. Consequently, the permeability of both ranitidine and ganciclovir exhibited an
increasing trend in males but decreased along the intestine in female rats after food intake. No

sex differences or food effects were observed on metformin small intestine permeability.
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Figure 3.15 Permeation of A) ranitidine, B) ganciclovir and C) metformin in the jejunal and

ileal regions of fasted vs. fed state male and female rats (mean + SD, n = 6).
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Table 3.8 Apparent drug permeability coefficients (cm/s x107) in the fed and fasted state of male and female rats (mean + SD, n = 6)

Fasted-state

Ranitidine*
Fed-state
Fasted-state
Ganciclovir*
Fed-state
Fasted-state
Metformin

Fed-state

6.78 £1.24

8.32+£0.89

7.64 £1.48

14.02 + 0.67

12.22 £ 0.26

13.28 £ 0.82

8.24 +£1.29

6.12 £ 0.95

10.11 +£1.51

6.47 + 0.87

18.16 + 1.74

17.18 £ 0.86

6.67 £ 0.10

849+15

5.17 £ 0.63

10.22 +£1.81

11.72 £1.69

13.25+1.89

*represents a significant difference (p < 0.0.5) in the permeability coefficients between the fasted and fed state rats

9.97 £0.52

5.84 +1.32

7.87 £0.53

4.89 +£1.35

13.74 £ 0.55

11.63+1.64



With the Ussing chamber experiment, it has been demonstrated that the observed P-gp
expression change with the sex and food factors can be represented in the P-gp substrates
intestinal absorption. Ranitidine and metformin share the same OCT protein absorption
mechanism; however, ranitidine is also a P-gp substrate (Konig et al., 2013; Leibach and
Ganapathy, 1996; Muller et al., 2005; Bourdet and Thakker, 2006; Collett et al., 1999; Liang
et al., 1995). As a result, the change of permeability of ranitidine highly correlated with the
change of intestinal P-gp protein expression level factoring in food and sex whilst metformin
remained constant in all conditions. In addition, ganciclovir, another P-gp substrate,
experienced a greater modification in intestinal permeability following food intake compared
to ranitidine. The reason might due to the fact that ganciclovir is non-substrate of any uptake
transporters while ranitidine is also an OCT protein substrate, which may partially offset the
P-gp influence and contribute towards the lower permeation ( Muller et al., 2005; Bourdet and
Thakker, 2006; Collett et al., 1999; Li et al., 2011; Shah et al., 2007). As a result, the influence
of sex and food on P-gp expression reported in Phase | can heavily affect the intestinal
absorption of oral-administrated drugs which are P-gp substrates. In pre-clinical study, sex and
food need to be well considered when designing experiments for evaluating P-gp effect on

potential drug candidates.

3.7.2 Time-related change of intestinal P-gp expression

Along the whole intestinal tract, no difference was observed between the control group and
group A for both male and female rats (Figure 3.). No significant change (p > 0.05) between
8:00 am (control group) and 8:00 pm (group A) demonstrated that P-gp maintained the same
expression level under fed-state condition in rats for both sexes. From group A onwards,
however, P-gp expression started to change over time differently between sexes when only

water was accessible. In both duodenum and colon parts, a slight increase trend was observed
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in both male and female rats from group A to group E without sex difference. On the contrary,
small intestinal P-gp expression displayed reversal pattern between male and female from
group A to group E. In group A, fed-state female rats exhibited a significant higher (p<0.05)
P-gp expression compared to their male subjects in both jejunum and ileum. As the fasting
progress, the P-gp in female rats gradually decreased while that of in male rats achieved
consistent increase. After 8 hours fasting (Group C), P-gp expressed in jejunum and ileum in
male rats exceeded their counterparts. The difference was expanded in the rest of groups and a
significant higher P-gp expression was noticed in male rats after 12 and 16 hours fasting (Group

D and E).
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Figure 3.16 Time-related P-gp expression along the intestinal tract (A: duodenum, B: jejunum,
C: ileum, D: colon) in both male and female rats (mean + SD, n = 6). * represents a significant

difference (p < 0.0.5) in P-gp expression between sexes.
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As aforementioned in Section 3.5.2, both the food-intestine interaction and the change of
intestine lumen environment during food consumption may contribute to the food induced P-
gp expression change. In one previous study, it was demonstrated that the average time for both
stomach and small intestine emptying solid meal in male rats was 6.41 hours (Quini et al.,
2012). Moreover, another study conducted by Tuleu et al. proved that the emptying time for
three types of pellet ranged from 4.72 to 6.82 hours in female rats (Tuleu et al., 1999). The time
for intestine emptying food was highly correlated to the time when P-gp expression reversely
changed between sexes in Figure 3., which happened between 4 hours fasting (Group B) and 8
hours fasting (Group C). Furthermore, a study conducted by Ando et al. investigated the change
of P-gp mRNA, mdrla, over 24 hours in male mice, which can partially support the current
results. It was known that mdrla is the main coding gene for intestinal P-gp in rodent (Brady
etal., 2002). The study reported that the expression of mdrla performed a considerable increase
during the 4h to 8h of zeitgeber time (Ando et al., 2005), as zeitgeber time 0 defined as the
starting point when rodent start its rest state and stop eating food (Refinetti, 2004). Apart from
the correlation with food consumption activity, the P-gp change observed in the current study
might also related to the circadian rhythm effect. A 24 hours circadian rhythm effect on
intestinal P-gp gene expression, mdrla, was observed in mice (Murakami et al., 2008). It was
demonstrated that the mdrla gene exhibited low expression level during 2:00 to 6:00 and 20:00
to 22:00 but achieved a sharp increase from 8:00 to 14:00, which is similar to the P-gp
expression reported herein, low expression level at 8:00 and 20:00 but peaked at 12:00 in the
following day. Moreover, a study conducted by Savolainen and her colleagues reported that
the activity of P-gp in blood-brain barrier of male rats was reduced from 15:00 to 21:00 but

highly active at 3:00 and 9:00 time points (Savolainen et al., 2016).
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In a nutshell, P-gp expression in duodenum and colon maintained the similar level between
sexes in both fasted-state and fed-state. Small intestinal P-gp from fed-to-fasted state achieved
a large increase in male but decrease in female and the changing point was between 4 hours
and 8 hours fasting, which was closely related to the food emptying time. Therefore, the results
also supported the previous discussion that food substance and its induced environment change

contribute to the observed P-gp expression difference in male and female rats
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3.8 Conclusion

In this chapter, a novel protein analysation method, LC-MS/MS, was developed. Following
validation, this method was utilised to be the first to quantify and report that the absolute
intestinal P-gp expression is drastically affected by food, and to different extents in male and
female rats. In fasted-state rats, males exhibited a statistically significant higher P-gp
expression in jejunum and ileum compared to their female counterparts (p < 0.05). With food
intake, however, the absolute expression of intestinal P-gp decreased in male rats but increased
in female rats. As a result, P-gp expression level in female was much higher than male in fed-
state rats. Subsequently, the observed sex and food effect on P-gp expression was represented
on the P-gp functional activity. The intestinal permeability of P-gp substrates, ranitidine and
ganciclovir, was affected by the sex and food which displayed a significant sex difference in
both fasted and fed rats (p < 0.05). Conversely, no sex difference was noticed in the intestinal
permeability of metformin which is a non-P-gp substrate. Furthermore, the conversion of P-gp
expression pattern from fed-sate to fasted-state was investigated via five different time points.
It has been noticed that small intestinal P-gp from fed-to-fasted state achieved a large increase
in male but decrease in female and the changing point was between 4 hours and 8 hours fasting,
which was closely related to the food emptying time. Given the results obtained in this chapter,
the influence of food and sex should be acknowledged and implemented when using animal
models for the early stage development of oral pharmaceutical products that are known or

identified to be P-gp substrates.
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CHAPTER 4:

The sex-related Gl physiological
difference in Sprague Dawley rat
and human



4.1 Introduction

4.1.1 History of laboratory rats

Rats have been used in the medical sciences for over 200 years and have been extensively
applied in laboratory work all over the world (Shanks et al., 2009). A single type of wild brown
rat was accidentally introduced as stowaways in England from northern Europe in the 18"
century. The rapid increased in rodent population resulted to a variety of social and health
issues from the lack of sanitation at the time. Due to the public’s resentment with the German
royal house that ruled Hanover, Great Britain and Ireland from the 17 to 20" century, the
English population collectively associated their social problems and the increase in rodent
populations with the monarchy. As such, this particular strain of rat was coined as the Hanover
rat (Baker et al., 1979). The binomial nomenclature of the wild brown rat, Rattus norvegicus,
was devised by the English naturalist, John Berkenhout, who was responsible in popularising
the binomial system (Berkenhout, 1772). Berkenhout believed that rats migrated to England
from Norwegian ships in 1728 and wrote his assumption in Outlines of the Natural History of
Great Britain which was published in 1796. Through the rampant increase of the wild brown
rat, the rat-catching and rat-baiting industry quickly surged in the late 18" and early 19™
century; rat-catchers previously trapped and bred rats to enter into rat-baiting contests which
was a popular sport where a pit was filled with rats and timed for how long it took for a terrier
to kill them all. Over time, breeding the rats for these contests may have produced variations,

one of which included the albino mutant Rattus norvegicus.

In 1906, the Wistar Institute developed a strain of the outbred albino mutant Rattus norvegicus
and coined it as the Wistar rat, aimed to be specifically used for biological and medical
research. It was notably the first rat offered to serve as a model organism for research at that
time as majority of laboratories were using common house rodents. Nowadays, more than a

hundred strains of rats have been developed with more than half of them originating from the
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Wistar rat (Clause, 1998). For example, the Long—Evans rat is an outbred rat developed by Drs.
Long and Evans in 1915 by crossing several Wistar females with a wild grey male rat. In
addition, the Sprague Dawley (SD) rat is an outbred multi-purpose breed of albino rat used
extensively in medical and nutritional research due to its docile nature and ease of handling.
The SD rat was firstly produced from Wistar females and a hybrid male with unknown origins
from the Sprague-Dawley farms, later known as the Sprague-Dawley Animal Company, in
Madison, Wisconsin, in 1925. The history of the laboratory rat has been illustrated in Figure
4.1.

141



Wistar rat, oubred strain Sprague-Dawley rat, outbred strain

. A colony of albino rats established Wistar females and a "hybrid" male
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Figure 4.1 The history of laboratory rat.
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4.1.2 Commercial strains of rat

Among all the strains of laboratory rats, the Wistar and SD rats are the most common rodent
strains used in pre-clinical studies in the pharmaceutical arena. A literature review including
over 1000 studies from 1969 to 2012 reported that the most frequent strains employed for oral
bioavailability studies in rat were SD and Wistar, accounting for 49% and 35% respectively
(Musther et al., 2014). As shown in Table 4.1, all four strains of rat have multi-functional
applications in research including general studies, ageing research, toxicology, oncology, diet-
induced obesity, surgical models, nutrition, safety and efficacy testing. However, even with the
same wide range of application and outbred properties, the main difference between these two
strains falls on their price. According to the quoted price from Envigo Ltd., an established
animal procurement company, the Long-Evans adult rat and Wistar Unilever rat are more
expensive than the Wistar Han rats and SD strain. In addition, it has been reported that
spontaneous tumours may develop from 24 months of age in Wistar Unilever rats. As a result,
due to its affordable price and multi-function use, Wistar rats and SD rats have been commonly

used in both academic and medical research.

However, the potential effect of rat strain has often been overlooked in research with the Wistar
and SD rat being used interchangeable in pre-clinical studies. A literature review published in
2015 compared the gastrointestinal physiology between human and pre-clinical animals and
linked the similarity of gastrointestinal physiology with the similarity of drug intestinal
performance between human and animals (Hatton et al., 2015). In the study, a database of
different rat strains was generated, however, the gastrointestinal physiology properties of the
rats reported were mainly derived from information on the Wistar rat whereas data on drug

performance originated from the SD rat.
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Table 4.1 Comparison of commercial strains of rat served in biomedical research, adapted from Envigo.com, 2019.

Breed outbred
Application General studies,
behavioural

research, diet-
induced obesity

Adult body weight F:220-260g

(10 — 12 weeks) M: 330-380¢g
Price per animal F: £75

M: £54
Life span

F - female rat; M - male rat.

outbred outbred
General studies, General studies, safety and
toxicology, safety and efficacy testing, ageing,
efficacy testing, aging oncology, surgical model
F:190-240¢ F:190-210g
M:290-370¢g M: 260 — 3309
£47 F: £18

M: £25

few spontaneous tumours
through 24 months of age
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outbred

General studies, safety and
efficacy testing, ageing,
nutrition, diet-induced obesity,
oncology, surgical model

F: 180 - 250 g

M: 280 — 380 g

F: £21
M: £26



4.1.3 Correlation of rats and humans on drug performance

Despite being the most commonly used strains and interchangeably implemented in pre-clinical
studies, data interpretations of Wistar and SD rats may obscure potential strain difference in
drug performance. A statistical study investigated the correlation of oral drug bioavailability
between humans and pre-clinical animals (Musther et al., 2014). Following the analysis of 184
compounds, Musther et al. demonstrated a low correlation between humans and mice, rats or
dogs with respect to oral drug performance whereby R? was 0.253, 0.287 and 0.374
respectively (Figure 4.2). Among the aforementioned animals, non-human primates exhibited
the highest correlation at 0.694. However, upon analysis, the rat database generated in the study
pooled all pre-clinical results from different rat strains which consisted of 49% SD rat, 35%
Wistar rat and 16% other strains rat including CD, Albino, Long-Evans, Fisher 344, Lewis and
unknowns. As such, the correlation of oral drug performance in the SD and Wistar rat with
humans may therefore be different to that seen in the unknown rat species, for example.
Consequently, a re-analysation of the pooled results reported in the study is required for an

accurate report of the oral drug bioavailability correlation between humans and rats.
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Figure 4.2 Plots for the linear regression analysis by separated by species (in percentages) with
the coefficient of determination (R?) for the linear regression shown in each plot. (a) Mouse F
vs. human F; (b) Rat F vs. human F; (c) Dog F vs. human F and (d) Non-human primates (NHP)

F vs. human F, adapted from Musther et al., 2014.

The sex-related strain differences in drug intestinal permeation has been observed in recent
studies. A study reported the intestinal permeation of metoprolol and verapamil in four strains
of rats and in both genders using a in situ closed loop perfusion model (Oltra-Noguera et al.,
2015). The study reported a significant sex difference (p < 0.05) on the intestinal permeation
of verapamil in Wistar, Long-Evans and CD/IGS rat bar SD rat. In addition, the mean
permeability value (Papp) Of verapamil in SD rat was the highest compared to that in other
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strains. As verapamil is a P-gp substrate, its intestinal permeation can therefore be affected by
intestinal P-gp activity. The sex difference in the intestinal perfusion of verapamil in Wistar
rats highly correlated to the sex difference in intestinal P-gp expression reported in the studies
in Chapters 2 and 3. As such, the variation on Gl physiology of the rat strains may contribute

to differences in oral drug performance.

Given the reported strain difference, a concern arises from the results of a well-cited research
article. In the study conducted by Cao et al., 48 drugs were selected for oral bioavailability and
14 drugs were assessed the correlation determination of intestinal permeability between
humans and rats (Cao et al., 2006). The report claimed that between humans and rats, no
correlation could be drawn from oral drug bioavailability (R? = 0.29), although a high
correlation of R? = 0.8 was seen in drug intestinal permeability. However, a high correlation
between drug intestinal permeability was reported in humans although this was only limited to
SD rats; the correlation between other strains, most importantly with the Wistar rat, however,
remain unknown. A summary of strain difference in drug performance has been listed in Table

4.2.
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Table 4.2 The summary of strain difference in drug performance from previous studies.

Metoprolol intestinal
permeability ™

(Papp = SD (cm/s))
Verapamil intestinal
permeability ™

(Papp £ SD (cm/s))
Ganciclovir intestinal
permeability 2!

(Papp = SD (cm/s))
Ranitidine intestinal
permeability 2!

(Papp £ SD (cm/s))

The correlation of drug
intestinal permeation
between human and rat
(R2) [3]

The correlation of drug oral
bioavailability between

human and rat (R2) ¥

UN: unavailable data

[1] Oltra-Noguera et al. (2015); [2] Dou et al. (2018); [3] Cao et al. (2006); [4] Musther et al.

(2014)

SD rat
Male Female
4.43*10°+ 3.82*10° +
3.78*10° 2.97*10°®
7.81*10°+ 7.55*10° +
2.89*10° 8.71*106
UN UN
UN UN
0.8
0.2927
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Wistar rat
Male Female
7.13*10° + 6.28*10° +
5.92*10® 7.19*10°®
6.07*10° + 6.85*10° +
5.85*10° 5.44*1076
(7.64 £1.48) (10.11+1.51)
*10-6 *10-6
(6.78 £1.24) (8.24+1.29)
*10-6 *10-6
UN
0.4103



4.1.4 Current knowledge of strain variation in GI physiology

In order to understand the potential effect of strain differences in oral drug pre-clinical studies,
it is firstly important to elucidate any strain variations in GI physiology. A minor pH difference
along the GI tract was reported in SD and Wistar rats (Table 4.3). A study conducted by
Christfort et al. demonstrated that pH was the lowest in stomach and maintained a high level
along intestinal segments of Gl tract in male SD rats (Christfort et al., 2019). A similar trend
was reported in a study discussed in Chapter 1 although the stomach pH in the male Wistar rat

was higher than that of the male SD rat.

Table 4.3 The pH along the GI tract in male SD and Wistar rats.

pHinSDrat™™ 20+05 29+0.7 75+03 78+03 76+02 7.6+0.2
pH in Wistar 5. 0.2 6.7+£01 73+x01 68+01 6.7+0.1
rat 2

[1] Christfort et al. (2019); [2] Data from Chapter Two

In addition, strain differences in intestinal enzyme activity have been reported. UDP-
glucuronosyltransferases (UGTS) are one of the intestinal enzymes that are responsible for the
glucuronidation of a wide range of structurally diverse endogenous and exogenous substances
(Tukey and Strassburg, 2000; Mackenzie et al., 2005). By conjugating glucuronic acid to
substrates, UGTs can increase the water solubility of the toxic substrates and enhance their
excretion through bile and urine (Dutton, 1980). According to Takaya et al., the mRNA of

UGTs isoforms (Ugtlal, Ugtla6, Ugtla7, Ugtla3) exhibited a higher expression level in small
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intestine of Wistar rats than in SD rats (Kutsukake et al., 2019). A sex-related strain difference
was further reported in the study as well. As shown in Figure 4.3, female rats displayed a
significantly higher (p < 0.001) expression level for both Ugtla7 and Ugtla6 when compared
with their counterparts in SD rats. Conversely, significant sex differences (p < 0.001) were also
identified in the expression of Ugtla and Ugtla7 in Wistar rats but with a higher expression in

male (Kutsukake et al., 2019).
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Figure 4.3 Absolute quantification of Ugt mRNAs in the liver and small intestine from male
and female SD, F344, and Wistar rats. *P, 0.05; **P, 0.01; ***P, 0.001 (compared with males);
P, 0.05; 1P, 0.01; TF1P, 0.001 (compared with SD rats); #P , 0.05; ##P , 0.01; ###P , 0.001
(compared with liver), adapted from Kutsukake et al., 2019.

Another study investigated the difference in enzyme activity between Wistar and SD rat strains.
The study demonstrated that the activity of alkaline phosphatase and maltase in duodenum
segment of Wistar rats were approximately twice as high when compared with SD rats where

no strain differences were observed for trehalase and ATPase activities (Hietanen et al., 1972).
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Despite a number of high impact discoveries as aforementioned, there is still a lack of a
comprehensive understanding between the differences of strain on Gl physiology. The luminal
environment and fluids have been well characterised in Wistar rats as disclosed in Chapter 2.
As such, the luminal property with the consideration of sex and potential food effect is worth
exploring in the Sprague Dawley rat model. In addition, the identified sex-related strain
differences on the intestinal permeability of P-gp substrate, verapamil (Table 4.2) is a
promising starting point for the exploration of sex-dependent strain differences in P-gp
expression. More importantly, considering the correlation differences between humans and
different rat strains (Section 4.1.3), the comprehensive understanding of human gastrointestinal
physiology at a fundamental level is needed for the comparison with different rat strains. As
such, this information can contribute to the better selection of rat strains for pre-clinical studies.
Herein, therefore, the potential sex effect on Gl physiology including luminal fluids properties
and intestinal P-gp expression was investigated in SD rats. Moreover, human intestinal P-gp
expression was also measured for the advancement of human-rat correlation to development

better animal model selection in pre-clinical studies.

4.2 Aims

e To investigate potential sex differences in luminal fluids by characterising pH, surface

tension, osmolality and buffer capacity in male and female SD rats

e To evaluate the intestinal permeability of ganciclovir (P-gp substrate) and quantify the
absolute intestinal P-gp expression in male and female SD rats via Ussing chamber

permeability studies and LC-MS/MS respectively
e To quantify the absolute human male and female intestinal P-gp expression via the

validated LC-MS/MS method to identify the correlation of GI properties between

humans and rats
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4.3 Materials

Ganciclovir (P-gp substrate) was purchased from Sigma Aldrich (Dorset, UK). The standard
peptide for P-gp quantification and its stable isotope-labelled internal standard were of
analytical grade (purity > 95%) were synthesised and quantified via the amino acid analysis by
Sigma AQUA peptides service (Poole, Dorset, UK). lodoacetamide (CAS: 144-48-9),
dithiothreitol (CAS: 3483-12-3), MS-Grade trypsin (CAS: 9002-07-7) and formic acid (CAS:
64-18-6) were bought from Thermo Fisher (UK). Ammonium bicarbonate BioUltra,
chloroform, as well as the LC-MS grade acetonitrile and water were obtained from Sigma
(Dorset, UK). HPLC-grade water, methanol, peroxide-free tetrahydrofuran and trifluoroacetic
acid were purchased from Fisher Scientific (Loughborough, UK) for luminal fluids
characterization. NaOH and HCI (0.1 M standards) were used for buffer capacity
determinations and were procured from Sigma Aldrich (Dorset, UK). Krebs-Bicarbonate
Ringer’s solution (KBR), pH 7.4, composed of 10mM D-glucose, 1.2mM CaCl2, 1.2mM
MgCI2, 115mM NaCl, 25mM NaHCO3, 0.4Mm KH2PO4 and 2.4mM K2HPO4 (Clarke,
2009). Lysis buffer was freshly prepared with 50mM Tris, 250mM NaCl, 5mM EDTA, 1mM
Na3Vv04, 1ImM PMSF, 1% Nonidet P40 and protease inhibitor cocktail in phosphate-buffered

saline (PBS). All other chemicals and kits are noted individually in the following methods.

4.4 Methods

4.4.1 Human subjects

A total of 30 patients (17 males and 12 females) were enrolled in the study. Human samples
were collected from the patients who underwent pancreatic cancer (for jejunum and ileum
collection) and colon cancer surgery (for colon collection) at the Third Affiliated Hospital of
Sun Yat-sen University (Guangzhou, China) between May 2016 and January 2019. The age of
the patients ranged from 30 to 79 years old with the mean value of 46.6. The weight of patients

ranged from 49 kg to 86 kg. All patients have signed an informed consent. The clinical
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characteristics of each patient, including age, sex, preoperative tumour size, tumour number
and the familial history of cancer, were recorded. The details of the patient information can be

found in Table 4.4.

Table 4.4 Patient information in this study.

1 M 60 55 pancreatic cancer middle to distal jejunum
2 M 56 86 pancreatic cancer distal jejunum

3 M 44 77 pancreatic cancer middle to distal jejunum
4 M 48 66 pancreatic cancer middle to distal jejunum
5 M 32 75 pancreatic cancer distal jejunum

6 M 39 65 pancreatic cancer middle to distal jejunum
7 M 36 79 pancreatic cancer distal jejunum

8 M 33 62 pancreatic cancer ileum

9 M 42 60 colon cancer ileum

10 M 30 76 pancreatic cancer ileum

11 M 50 81 pancreatic cancer ileum

12 M 78 75 colon cancer ileum

13 M 62 71 pancreatic cancer ileum

14 M 66 67 pancreatic cancer ileum

15 M 79 76 colon cancer ileum

16 M 32 61 pancreatic cancer ileum

17 M 32 68 colon cancer ileum

18 F 34 60 pancreatic cancer proximal jejunum
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19 F 43 55 pancreatic cancer middle to distal jejunum

20 F 56 55 pancreatic cancer distal jejunum

21 F 30 50 pancreatic cancer middle to distal jejunum
22 F 55 61 pancreatic cancer distal jejunum

23 F 61 65 pancreatic cancer distal jejunum

24 F 52 57 pancreatic cancer proximal jejunum

25 F 51 66 pancreatic cancer middle to distal jejunum
26 F 39 55 pancreatic cancer ileum

27 F 33 49 pancreatic cancer ileum

28 F 52 65 colon cancer ileum

29 F 37 57 colon cancer ileum

30 F 42 52 colon cancer ileum

M - male; F - female.

4.4.2 Experimental animal

Male and female Sprague Dawley® outbred rats (10 weeks old weighing approximately 250 g
and 200 g respectively) were purchased from Harlan UK Ltd. (Oxfordshire, UK) and housed
at room temperature of 25°C in a light-dark cycle for 12 h. Rats were provided with free access
to food (EURodent Diet 22%) and water and were subject to an overnight fasting of 12 h prior

to the experiment.

4.4.3 Luminal fluids characterization
6 male and 6 female SD rats were sacrificed by CO> asphyxiation in the morning at around
8:30 am. Then, as described in Chapter 2.4.2, the pH of gastrointestinal tract was measured in

situ using a pH meter (H199161) equipped with an FC202 electrode (Hannah Instruments,
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Bedfordshire, UK). For each GI segment two in situ measurements were taken, one at the
proximal opening (A) and the second at the distal one (B). After that, the whole Gl tract was
promptly extracted and divided into stomach, duodenum, jejunum, ileum, caecum and colon.
The gastrointestinal sections were emptied into 1.5 mL Eppendorf tubes and centrifuged
(Centrifuge 5415D, Eppendorf AG, Hamburg, Germany) at 13000 rpm for 20 minutes. The
supernatant obtained was kept at -80°C until analysed. The evaluation of the osmolality, surface
tension as well as buffer capacity of the luminal fluids were processed following the procedure

described in Chapter 2.4.2.

Due to the small amount of fluids available from some of the intestinal segments, some tests
were run in pooled samples, in which fluids from the same segment of different animals were

mixed to increase the available volume to perform the tests.

4.4.4 Ex vivo permeation study

Drug solutions (1.96 mM ganciclovir) were freshly prepared in a KBR solution and stored in a
37°C incubator for the experiment. The intestinal tissues of jejunum and ileum were prepared
from male and female rats following the procedure elucidated in Chapter 3.4.2. Then, the well-
prepared mucosal tissues were mounted in the vertical Ussing Chamber (Harvard Apparatus
Inc., Holliston, MA, U.S.A) as flat sheets on a 0.28 cm? segment holder with needles for
stability purposes. The chambers were tightly screwed with high spring-tension retaining rings
and the entire assembly was maintained at 37°C with a circulating water bath for a 30 min
equilibrium period. Tissue integrity was evaluated every 30 min during the experiment by
measuring tissue transepithelial electrical resistance (TEER) with an EVOMX meter (World
Precision Instruments Inc., WPI, Hertfordshire, United Kingdom). Any duodenal, jejunal, ileal

and colonic segments that presented a value of TEER lower than 20 Qecm?, 40 Qecm?, 50

155



Q-cm? and 70 Qecm? respectively at the beginning of experiment was regarded as poorly viable
and excluded immediately. The tissue was not considered viable whenever TEER values

decreased more than 15% from the value measured at the end of equilibration period.

The study began with a 20 — 30 min equilibrium period. 5 mL KBR solution was added to both
the apical (mucosal surface) and basolateral (endothelial surface) chambers, gassed with an
0,/CO2 (95%/5%) gas mixture. Following the emptying of the chamber, 5 ml of fresh KBR
solution was added in the basolateral chamber whilst 5 ml of the drug solution was added in
the apical chamber. During the experiment, 100 puL solution from basolateral chamber was
withdrawn every 30 min. The experiment lasted for 2 h and the intestinal permeation was
evaluated by analysing the drug amount in the withdrawn samples (mucosa to serosa, M — S).

An equal volume of fresh KBR solution was replaced immediately.

4.4.5 Absolute quantification of intestinal P-gp

The total protein solution from human subjects and rats were prepared followed the description
in Chapter 3.4.3. As shown in Table 4.5, human (Homo sapeins) and rats (Rrattus norvegicus)
shared the same specific peptide from the tryptic P-gp protein. Therefore, the same P-gp
proteotypic peptide and its selected three multiple reaction monitoring (MRM) transitions were

applied in the study for human and rat intestinal P-gp determination, shown in Table 4.5.
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Table 4.5 Protein specificity of tryptic peptides used for protein quantification in human,

mouse, rat, dog and horse, adapted from Groer et al., 2013.

ABCB1 AGAVAEEVLAAIR v ' ' Vv v
ABCC2 LTHPQDPILFSGSLR v X Vv Vv X
ABCC3 IDGLNVADIGLHDLR v X X Vv v
ABCG?2 SSLLDVLAAR v Vv ' Vv v
OATP1A2 EGLETNADIIK v X X X X
OATP2B1 SSPAVEQQLLVSGPGK v X X X X
OCT1 ENTIYLK v X X X X
OCT3 GIALPETVDDVEK v X X v v

v represents the cross-species specificity; X represents no cross-species specificity
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Initially, 50 pg total protein fluid from the collected samples of human or rat was processed
following the steps elucidated in Chapter 3.4.3.2 for the denaturation, alkylation and digestion.
All the procedures were carried out using Protein Lobind tubes (Eppendorf, Hamburg,
Germany). After that, 30 ul tryptic protein sample containing the specific peptide was then
injected onto LC-MS/MS. An Agilent 6460 triple quadrupole LC and mass spectrometer
system coupled with Agilent Jet Stream technology was applied for the analysis (Agilent
Technologies, Santa Clara, CA, USA). A gradient elution was applied on a Kinetex C18
column (100 X 3.0 mm, 2.6 um, Phenomenex, Torrance, CA). The mobile phases were 0.1%
Formic acid in water (solvent A) and 0.1% formic acid in acetonitrile (solvent B) with a flow
rate of 0.5 ml/min. The gradient elution procedure started with 98% solvent A for five minutes
and then a linear gradient of 98% solvent A to 75% solvent A over 10 min, held at 75% solvent
A for 1 min and then changed to 55% solvent A for extra 2 min. Then solvent A changed back
to the original statue (98%) and held for 7 min until the end of analyzation. The mass
spectrometer was equipped with the electrospray ionization and operated in the positive ion
mode to monitor the three m/z transitions with 3000C source temperature, nebulizer 45 psi, 11
L/min sheath gas flow, 500 V nozzle voltage, 20 collision energy as well as 7 cell accelerator
voltage. All the chromatograms were assessed with the MassHunter Workstation software

(Qualitative Analysis version B.06.00) and all samples were analysed in duplicate.

4.4.6 Statistical Analysis

The experiments were performed at least six times and data were expressed as mean + standard
deviation (S.D.). Significant differences among groups were analysed by one-way ANOVA
followed by a Tukey post-hoc analysis with a 95% confidence interval using IBM SPSS

Statistics 16 (SPSS Inc., Illinois, USA).
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4.5 Results and discussion

4.5.1 Sex difference in luminal fluids in SD rats

45.1.1 pH

As shown in Figure 4.4, the gastrointestinal fluid pH in SD rats was lowest in stomach section
with pH of around 3.8. Sharp rise in pH was observed from fundus to proximal duodenum
(duodenum A) then remained relatively stable along the rest of the gastrointestinal tract. There

was no significant sex difference (p< 0.05) in fluids pH along the entire GI tract.

2 —0— male —@—female

Figure 4.4 pH (meanz standard deviation (SD)) of luminal environment of the gastrointestinal
tract section in male and female SD rats under fasted state (n=6). A- denotes proximal portion

of segment; B- denotes distal portion of segment.
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The overall trend of the pH along the Gl tract was similar between the male and female SD rats
and corresponding to the trend in published literature (Christfort et al., 2019; Afonso-Pereira
et al., 2018; Merchant et al., 2015). In rats, fundus (forestomach) is a holding chamber for food
and does not have glands, hence the pH is higher in fundus compared to antrum (Uehara et al.,
2018). Antrum contains G cells (gastrin-secreting enteroendocrine cell) that secrete the
hormone gastrin. Gastrin stimulates the secretion of gastric acid by the parietal cells present in
gastric glands and causes highest acidity in stomach. As secretin is produced in duodenum, it
inhibits gastric acid secretion from stomach and stimulates pancreas to release bicarbonate
which increases the pH of chyme and causes a huge rise in pH in the duodenum (Utiger, 2017).
Fermentation, a process where digested food from small intestines is broken down by bacteria
anaerobically occurs mainly in proximal colon which explains for the drop of pH in caecum
and colon. This also reflects the ability of rats as herbivores to break down cellulose (Nakatsuji

et al., 2018; Farmer et al., 2014).

In addition, comparing the Figure 2.4 and Figure 4.5, it can be noticed that there was no sex
difference in pH along the gut for both SD and Wistar rats. More interestingly, it demonstrated
that the pH pattern along the Gl tract in SD rats was identical to that of in Wistar rats except
the antrum part of stomach. In stomach, SD rats displayed a lower pH value and larger variation
compared to Wistar rats. The potential reason for the lower pH value in SD stomach might due
to the higher secretion of gastric acid. Another possible reason is the limitation in the
experiment. The flowability of the stomach fluids in the fasted-state rat may result in the
variation of pH measurement, e.g. the pH probe might be in contact with the mucous layer
lining the surface of gastrointestinal tract and causes fluctuation in reading. In human, the pH
trend was similar to both SD and Wistar rat except stomach where human displayed a lower

pH (1.6-2.7) (Kalantzi et al., 2006).
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4.5.1.2 Buffer capacity

As shown in Figure 4.5, the highest buffer capacity was observed in stomach for male with the
value of around 20. The buffer capacity decreased until jejunum segment and stabilised before
a drastic decline was observed at colon segment. Female rats were spotted to have highest
buffer capacity in jejunum segment with the value of around 18 and then declined gradually
until colon segment. There was no significant difference (p< 0.05) between male and female

rats under fasted state except in stomach segment.

45
P<0.05
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stomach duodenum jejunum ileum caecum colon

Figure 4.5 Buffer capacity (meant standard deviation (SD)) of gastrointestinal fluid of the
gastrointestinal tract sections in male and female SD rats (n=6). * denotes statistically

significant difference (p< 0.05) between the two groups compared in each graph above.

Overall, the trend for buffer capacity of luminal fluid along the GI tract was similar in both

male and female rats, gradually decreased from proximal intestine to distal intestine. The
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observed sex difference in stomach buffer capacity may due to the coprophagy. Several studies
have demonstrated that the adult male laboratory rats consumed their maternal faeces
(Novakova and Babicky, 1989). In addition, the observed variation of buffer capacity in both
male and female rats represented the individual variability as the samples were pooled in two

groups of three animals respectively to obtain an average from six reading.

Compared to the buffer capacity obtained in Wistar rats (Figure 2.5), the pattern of luminal
fluid buffer capacity along the intestine was similar between the two commonly used strains of
laboratory rats, which were both in the range from 10 to 25 mmol/L/ApH. In human, a similar
range of buffer capacity was reported, 6.9~27.6 mmol/L/ApH, according to the previous studies
(Kalantzi et al., 2006; Litou etal., 2016; Reppas et al., 2015; Diakidou et al., 2009). However,
instead of gradually decreasing from stomach to colon which happened in both Wistar and SD
rat, human buffer capacity achieved higher value in both stomach (18~27.6 mmol/L/ApH) and

in distal intestine (19.2~21.4 mmol/L/ApH).

It has been demonstrated that the buffer capacity of luminal fluids was heavily affect by the
ingested food (Afonso-Pereira et al., 2018). Highest buffer capacity in stomach of male rats
was associated with the large amount of chyme that is slowly released into the duodenum. As
the chyme is released to duodenum, the buffer capacity decreases by around 13mmol.L*ApH-
1. In addition, it was reported that the short-chain fatty acids (SCFASs) contributed to the overall
buffer capacity of gastrointestinal fluid (Liu et al., 2014). Therefore, with no ingested
substance under fasted-state rats, the buffer capacity along the Gl tract maintained a baseline
value and there was no sex and strain difference. The observed buffer capacity pattern of rat

gastrointestinal fluid with the consideration of sex and strain could potentially have an impact
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on both the solubility and permeability of drug since the pH of gastrointestinal fluid highly
dependent on the buffer capacity.

4.5.1.3 Osmolality

The osmolality of gastrointestinal fluid in both male and female SD rats showed a sharp
increase from stomach to duodenum, then declined distally (Figure 4.6). Female rats were
found to have a higher osmolality than male rats across the gastrointestinal tract except stomach
segment. Statistically significant differences (p<0.05) were found in three segments: stomach,

jejunum and colon.
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Figure 4.6 Osmolality (meanx standard deviation (SD)) of gastrointestinal fluid of the
gastrointestinal tract sections in male and female SD rats (n=6). * denotes statistically

significant difference (p< 0.05) between the two groups.

The osmolality of SD rat luminal fluids exhibited the similar pattern to that of in Wistar rat and

the potential reason might due to the generation mechanism of the luminal fluid. In current
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study, after overnight fasting, the main components contained in luminal fluids will be own
organ secretions such as bile salts. As rodents do not have gall baller, duodenum is the place
initially collect the secretions and therefore achieve a high concentration (Oldham-Ott et al.,
1997). With the spread of the secretion from the duodenum to distal intestine, the concentration
of the bile salts tends to decrease (Vonk et al., 1978). As a result, the osmolality peaked in
duodenum and gradually decreased along the GI tract. In stomach, the fluid of male rat
displayed a higher osmolality compared to their counterparts and the potential reason is may
be due to the coprophagy phenomenon reported in the previous study (Novakova and Babicky,
1989). In addition, the significant higher osmolality value observed in female jejunum and
colon may related to the higher gastrointestinal fluid volume in male (Freire et al., 2011).
Compared to the rat, human displayed a relatively lower osmolality along the GI tract, which
was 117~206 mOsm/kg in upper intestine and 60~144 in distal intestine (Litou et al., 2016;

Reppas et al., 2015; Diakidou et al., 2009).

It is important to note that the amount of water ingested by rats before sacrificed was not
possible to be controlled and this could affect the osmolality of gastrointestinal fluid.
Osmolality is the measurement of concentration of solute in the solvent, hence if more water
is ingested, the osmolality is reduced. As aforementioned in Chapter 2, the change in ionic
contents in gastrointestinal fluid may influence the solubility of ionisable drug and reduce
absorption of drug (Horter and Dressman, 2001). Therefore, this finding is important due to
the alteration of ionic content may further influence drug ionisation, and hence, limit drug
absorption. The higher GI osmolality in rodents than human need to be concerned during the

early drug development.
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4.5.1.4 Surface tension

The following figure represents how surface tension of gastrointestinal fluid changes across
the gastrointestinal tract of male and female SD rats. As shown in Figure 4.7, the surface
tensions of gastrointestinal fluid of male rat were significantly different (p< 0.05) from female
rat in stomach section of the gastrointestinal tract. The surface tension of male rat was highest
in stomach segment with value of around 65 mN/m and steeply fell in duodenum segment then
increased gradually until caecum before slight drop was observed. For female rats, the lowest
surface tension of around 48 mN/m was found in stomach section. The value then slightly rose

in jejunum and remained the same until colon section.
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Figure 4.7 Surface tension (meanz standard deviation (SD)) of gastrointestinal fluid of
gastrointestinal tract sections in male and female SD rats (n=6). * denotes statistically

significant difference (p< 0.05) between the two groups.
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Surface tension of gastrointestinal fluid has a crucial influence on the drug absorption by
affecting wetting behaviour and solvation of poorly soluble drug (Fuchs and Dressman, 2014).
Most of the time, surfactants are added in drug formulation to lower the surface tension to

increase drug particle solvation and wettability, which improve drug dissolution.

The overall trend of fluid surface tension value along the gut was similar between SD rats and
Wistar rats as shown in Figure 2.7 and Figure 4.8. In SD rats, a higher surface tension (p< 0.05)
in stomach of male rats compared to female rats was observed. To our knowledge, there is no
published literature comparing surface tension of male and female rats under fasted state. We
hypothesise that the result observed might be related to inherently larger pool of bile acid in
female rats compared to male rats which reduces the surface tension of gastrointestinal fluid
(Turley et al., 1998). In addition, the faeces consumption reported in adult male rat may also
contribute to the higher surface tension of stomach fluids observed in current study (Novakova
and Babicky, 1989). Compared to the rats, human luminal fluids possessed a slightly lower
surface tension which ranged from 32.7 to 43 mN/m but a similar profile along the GI tract

(Diakidou et al., 2009; Clarysse et al., 2009).

4.5.2 Sex difference in intestinal P-gp expression and activity of SD rats

4.5.2.1 Sex difference in intestinal P-gp expression

As shown in Figure 4.8 , P-gp expression is significantly increased from the proximal to distal
segments of the small intestine. Absolute P-gp levels significantly increased by 289% from the
duodenum (0.56 + 0.06 fmol/ug) to the ileum (2.18 + 1.02 fmol/pg) in males (p < 0.05). Small
intestinal P-gp expression in female Sprague Dawley rats resembled the same trend as males
where P-gp levels significantly increased by 181% from the duodenum to ileum (from 0.69 +
0.06 fmol/pg to 1.96 £ 0.84 fmol/ug respectively) (p < 0.05). P-gp expression in the colon,

however, significantly decreased from specific regions of the small intestine in both sexes.
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Colonic P-gp levels significantly decreased by approximately 41% and 65% from the jejunum
and ileum (1.16 + 0.18 fmol/ug and 2.18 + 1.015 fmol/pg to 0.69 + 0.14 fmol/pg) in males
respectively. In females, P-gp expression in the colon decreased by nearly 38% and 59% from
the jejunum and ileum respectively (1.30 £ .29 fmol/ug and 1.96 + 0.84 fmol/ug to 0.81 +0.16
fmol/ug) (p < 0.05). Colonic P-gp levels resembled similar levels to that expressed in the
duodenum. In addition, no significant differences were determined in the intestinal expression

of P-gp between males and females (p > 0.05).
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Figure 4.8 Absolute intestinal P-gp expression in fasted Sprague Dawley rats in males and

females. Data are presented as mean + SD (n = 5).

In this study, P-gp expression significantly increased from the proximal to distal regions of the
small intestine in both males and females prior to a significant reduction in protein levels in the

colon from the ileum. Previous work conducted by Brady et al. ( Brady et al., 2002) investigated
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the relative gene expression of P-gp (mdrla mRNA) in the complete intestine of male SD rats.
It was demonstrated that the tissue distribution of rat mdrla mRNA was found to significantly
increase from the proximal to distal segments of the small intestine although decreasing from

ileum to colon (Figure 4.9).
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Figure 4.9 Tissue distribution of rat mdrla mRNA in the male SD rat. Data are presented as
mean = SD (n = 5) (Brady et al., 2002).

As the strong positive correlation between mdrla expression and P-gp protein abundance with
high levels of P-gp expression associated with high levels of mdrla has been reported in a study
conducted by Mai et al. ( Mai et al., 2018), the work reported by Brady et al. therefore supports

the work outlined for male Sprague Dawley rats herein due to the positive correlation in mdrla
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expression and P-gp protein level attained via LC-MS/MS with the same trend observed in

females.

Moreover, the P-gp expression pattern observed in current study was represented in drug
intestinal permeability level from the previously published studies. Oltra-Noguera et al.
investigated the influence of strain and sex on the gastrointestinal absorption of a strong P-gp
drug substrate, verapamil (Oltra-Noguera et al., 2015); no differences were identified in the
intestinal absorption of verapamil between male and female SD rats which may be due to
similar expression levels from the duodenum to colonic regions of the intestine. In addition,
due to its poor bioavailability following oral administration, a promising anti-cancer agent,
SNX-2112, was assessed for its potential interactions with P-gp. Liu et al. showed that the
absorption of SNX-2112 was mediated by P-gp in the intestine in male SD rats (Figure 4.10) (

Liu et al., 2014).

Amount of absorbed
(nmol/30min/10 cm)

Duodenum Jejunum lleum Colon

Figure 4.10 P-gp-mediated efflux limited intestinal absorption of SNX-2112 in different
segments of male Sprague Dawley rat intestinal. Data are presented as mean + SD (n = 4). *

Denotes statistical significance (p < 0.05) (Liu etal., 2014)
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Figure 4.9 and Figure 4.10 further support the results of the study investigated herein as the
concentration of SNX-2112 (mmol/30 min/10 cm) absorbed was lowest in the ileum. As P-gp
is highly expressed in the ileum when compared with any other segmental region of the small
intestine, a higher concentration of P-gp substrate can be pumped out of the cell membrane to
decrease permeation. The highest amount of SNX-2112 was absorbed in the colon which is
subsequently where P-gp is least expressed. However, in contrast to Figure 4.10, there were no
significant differences in duodenal and colonic P-gp expression in male and female SD rats
(Figure 4.8) (p > 0.05). The study conducted by Liu et al. reported that exact reason as to why
absorption in the colon was less limited by P-gp mediated efflux is unknown ( Liu et al., 2014).
However, it can be suggested SNX-2112 is potentially mediated by other ABC efflux
membrane transporters in the colon such as multi-drug resistant protein 2 (MRP2) and MRP3
( Drozdzik et al., 2014). Although, SNX-2112 may also have a higher affinity for solute carrier
membrane transporters (otherwise known as uptake transporters) than P-gp which can mediate
its absorption from the lumen and into the cell membrane ( Drozdzik et al., 2014). This could
therefore be another reason as to why the absorption of SNX-2112 is significantly higher in the
colon than in the small intestine. The role of membrane transporters in the colon and its
influence on drug absorption is poorly understood, however, and should addressed in future

studies.

In contrast to the P-gp expression in SD rats, the P-gp expression pattern was different as
reported in Chapter 3 (Figure 3.13). P-gp expression increased from the proximal to distal
regions of the small intestine in male Wistar rats, however, in their female counterparts, P-gp
levels were significantly lower in the jejunum and ileum. Male SD intestinal P-gp expression
described herein compliment the absolute intestinal P-gp expression levels for male Wistar rats

whereby expression is increased from the proximal to distal regions of the small intestine.
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However, as no significant differences were observed (p > 0.05), SD rats do not exhibit sex
differences between males and females in intestinal P-gp expression as found in Wistar rat.
These stark differences in normal intestinal physiology highlight the need of assessing the
potential influence of strain and sex in the pre-clinical arena which may lead to differences in
drug pharmacokinetics or efficacy. As P-gp is a biological efflux membrane transporter capable
of modulating the transmembrane activity of many drug products in different organs, the
findings reported here could be particularly consequential if evaluating a novel drug is a P-gp
substrate. If the SD rat was used in the pre-clinical development of a new P-gp drug substrate,
an entirely different result may occur comparing the study using Wistar rat. It is therefore
important to consider the rat strain in order to optimise pharmaceutical research for the better

development of medicines for humans.

4.5.2.2 Sex difference in intestinal P-gp activity on ganciclovir permeation

As shown in Table 4.6 and Figure 4.11, the permeability of ganciclovir exhibited similar value
between male and female SD rat with no statistically significant (p>0.05). In male SD rats, the
Papp of ganciclovir was sex 10.98 + 3.47*10°° cm/s and 10.99 + 1.69*10° cm/s in jejunum and
ileum respectively. A similar value was observed in female rats as the Papp of ganciclovir was

9.8242.5%10° cm/s in jejunum and 8.64+2.61*10° cm/s in ileum.

Table 4.6 Apparent drug permeability coefficients (cm/s x10) in male and female SD rats

(mean + SD, n = 6).

Male SD rat Female SD rat
Jejunum 10.98+3.47 9.82+2.51
lleum 10.99+1.69 8.64+2.61
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Figure 4.11 Apparent permeability coefficients of ganciclovir in A) male and female SD rats
(n=6); B) male and female Wistar rats (n=6, data from Chapter 2). * denotes a statistical

significance (p<0.05) between males and females.

In Chapter three, it has been well discussed that ganciclovir is P-gp substrate and can be
modulated by intestinal P-gp expression. As shown in Figure 4.11, the higher value of Papp in
female Wistar rat than that of in male rat supported the P-gp expression results in Wistar rats.
Likewise, the no sex-related difference in ganciclovir SD rat permeation results highly
supported that there is no sex difference in intestinal P-gp expression in SD rat. The data
displayed here is an additionally evidence to prove that SD rat do not have sex difference in
the intestinal P-gp expression and do not show any sex-related difference in intestinal

permeation of P-gp substrates.
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4.5.3 Sex difference in human intestinal P-gp expression

According to Table 4.7 and Figure 4.12, the absolute level of P-gp protein was quantified in
human jejunum and ileum to identify P-gp expression profile along the intestinal tract. As seen
from Figure 4.12, in male subjects, there is a constant increase in P-gp content along the small
intestine from proximal to distal parts from 2.81 + 0.75 fmol/ug in jejunum to 4.56 + 0.88
fmol/ug in ileum. The findings herein were in good agreement with a study where the absolute
P-gp content from six organ donors were quantified using LC-MC/MS (Drozdzik et al., 2014).
Drozdzik et al. it demonstrated a 3-fold higher P-gp level in the distal ileum compared to the
duodenum or the proximal jejunum. In terms of female subjects, a lower expression level was
observed in both jejunum and ileum segments at 1.45 + 0.57 fmol/pg and 2.79 + 0.46 fmol/ug
respectively. The notable sex difference (p < 0.05) observed herein was consistent with the
previous published study which reported a higher enterocyte P-gp content in the male small

intestine when compared to females (Schuetz et al., 1995, Potter et al., 2004).
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Table 4.7 Absolute expression of intestinal P-gp for each patient (fmol/pg)

Patient No. Jejunum lleum Patient No. Jejunum lleum

1 1.09 - 18 0.59 -

2 3.32 - 19 1.85 -

3 241 - 20 1.94 -

4 2.89 = 21 1.14 -

5 3.05 - 22 1.95 -

6 2.22 - 23 1.86 -

7 2.97 - 24 0.68 -

8 - 6.43 25 1.60 -

9 - 4.40 26 - 2.71
10 - 3.92 27 - 3.53
11 - 3.87 28 - 2.88
12 - 4.28 29 - 2.31
13 - 5.01 30 - 2.52
14 - 3.50 - - -
15 - 4.99 - - -
16 - 4.11 - - -
17 - - - -

4.02
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Figure 4.12 Absolute expression of P-gp along the human small intestine, n = 30.
* denotes statistically significant difference (p < 0.05) between males and females.

As a well-abundant protein in human intestine, the mapping of P-gp expression along the
human intestine reported herein has highlighted that the lower P-gp level and related efflux in
the proximal (in contrast to the distal) small intestine may provide an explanation as to why the
proximal segment is the ideal absorption site for drugs that are P-gp substrates. It also
demonstrated how compounds which reduce the gastrointestinal motility, such as sodium acid
pyrophosphate, mannitol and sorbitol, can significantly increase the oral absorption of
concomitantly administered P-gp substrate drugs (Adkin et al., 1995a, Adkin et al., 1995b,
Chen et al., 2007). In addition, with the novel LC-MS/MS technique, this study was the first to
investigate P-gp expression in both men and women. The interesting observation regarding the
sex difference in intestinal P-gp abundance may therefore contribute to the understanding of

sex difference in clinical drug performance and therapeutic effect listed in Table 1.1.
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In addition, as shown in Figure 4.13, both men and male rats exhibited a similar P-gp
expression profile along the GI tract in which P-gp expression constantly increased from
proximal to distal parts (jejunum < ileum) of small intestine. However, an interesting difference
can be noticed with the consideration of sex among these subjects. P-gp expression increased
from the proximal to distal regions of the small intestine in Wistar male rat, however, in their
female counterparts, P-gp levels were significantly lower in the jejunum and ileum. These
results showed good correlation with absolute intestinal P-gp expression in human small
intestinal tissues as female P-gp expression was also lower (significantly so in the ileum) than
their male counterparts. However, as no significant differences were observed (p > 0.05), SD
rats do not exhibit sex differences between males and females in intestinal P-gp expression as
found in humans. As a result, the study herein has identified that the Wistar rat showed a better
correlation with humans in terms of P-gp expression in both sexes when compared with SD rat
and therefore, could be an appropriate model to predict the small intestinal sex differences in

drug absorption for P-gp substrates in humans.
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Figure 4.13 Comparison of absolute expression of intestinal P-gp in A) human, B) SD rats and C) Wistar rat (data from Chapter 3). * denotes

statistically significant difference (p < 0.05) between the male and female groups
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In addition, the in vivo correlation of oral drug bioavailability between human and rats further
supports that the Wistar rat may be a better pre-clinical model than SD rat. As aforementioned,
the study conducted by Helen et al investigated the oral bioavailability of 184 compounds and
demonstrated that the correlations of oral drug performance between human and rat low (R? =
0.287) (Figure 4.2). However, the result was obtained by pooling the data from studies using
different strains of rats. After re-analysation, a strain difference in the correlation of oral
bioavailability was observed in the 186 compounds studied. As shown in Figure 4.14, the
coefficient of determination between human and Wistar rats was the highest (0.4103) compared
to the other strains of rat, which was even higher than human and dog correlation (0.374). SD
rat achieved a similar R? value to the pooled rat data while the other strains of rat display a
relatively lower value, which was 0.2927 and 0.1582 respectively. Even though the factor of
sex was not considered, it can be claimed that the similarity of sex-related P-gp expression
along the gut between humans and the Wistar rat can contribute to the good correlation of oral

drug bioavailability.
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Figure 4.14 Re-analysation of Figure 4.2. (a) Sprague-Dawley rat F vs. human F (60 drugs)

; (b) Wistar rat F vs. human F (41 drugs) and (c) Other strains rat F vs. human F (23 drugs).

For the first time, these findings provided a comparable picture of P-gp expression along the

intestine of human and preclinical animal models, and demonstrated a good correlation in the

small intestine between human and Wistar rat in both sexes. These stark differences in normal

intestinal physiology highlight the need of assessing the potential influence of strain and sex in

the pre-clinical arena which may lead to differences in drug pharmacokinetics or efficacy. As

P-gp is a biological efflux membrane transporter capable of modulating the transmembrane

activity of many drug products in different organs, the findings reported here could be
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particularly consequential if evaluating a novel drug is a P-gp substrate. If the Sprague Dawley
rat was used in the pre-clinical development of a new P-gp drug substrate, an entirely different
result may occur during first in human clinical trials due to innate differences in human
intestinal physiology. It is therefore important to consider the rat strain in order to optimise

pharmaceutical research for the better development of medicines for humans.
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4.6 Conclusion

Although traditionally ignored, the selection of rat strain and sex are important factors to
consider during early stage drug development as data from different strains may not always be
comparable. The work herein is the first to characterise the luminal fluids as well as the absolute
P-gp expression along the Gl tract in male and female SD rats. It was found that the stomach
fluids of male SD rats exhibited a higher buffer capacity, osmolality and surface tension
compared to their counterparts. The possible reason may due to the reported coprophagy
phenomenon in adult male rats. There was no significant strain difference in the properties of
luminal fluid between SD rats and Wistar rats. However, a sex-related strain difference was
noticed in intestinal P-gp abundance. Unlike the Wistar rat having sex difference in small
intestinal P-gp expression, no significant sex difference observed in P-gp abundance along the
Gl tract in SD rat (P>0.05). In both male and female rats, P-gp levels increased from the
proximal to distal regions of the small intestine (duodenum < jejunum < ileum) but decreased

in the colon segment which was similar to the duodenum level.

More interesting, it was the first study to quantify the intestinal P-gp in men and women and
correlate the data with the data obtained from rats. In view of Figure 4.13, both Wistar rats and
human displayed a significant sex difference in absolute P-gp expression in small intestine,
while no significant difference was shown in the absolute P-gp protein abundance of SD rats.
Our finding firstly reported that there was a sex-related strain difference in gut physiological
properties between SD rat and Wistar rats, which Wistar rat exhibited a higher correlation with
human in terms of small intestinal P-gp abundance as well as oral drug bioavailability. It also
serves as a reminder that the factor of strain and sex need to be taken into consideration when

choosing the rat model for the pre-clinical study.
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CHAPTER a:

Conclusion and future work



5.1 Conclusion

It is well-known that there is sex difference in drug performance and male and female patients
tend to react differently to the same therapeutic regimen in the clinical practice. It has been
reported that women are 1.5 — 1.7 times more likely to develop a drug side-effect compared to
their counterparts and there are at least 40% pharmacokinetic differences identified between
men and women for 6% to 7% of new active pharmaceutical ingredients after a sex-based
analysis. With the awareness of the sex-specific differences in drug performance among
patients, extensive studies have been conducted to further elucidate the factor of sex in body
physiology and drug behaviour. In addition, both sexes are required to be represented in all
phases of clinical trials to avoid sex differences in drug efficacy and side effect according the
guideline released from FDA in 1993, “Guideline for the study and evaluation of gender

differences in the clinical evaluation of drugs”.

However, although the acknowledgement and involvement of sex as a variable in clinical trials
have since been applied, such standardisations have not been made in the pre-clinical arena.
Consequently, a significant sex bias currently exists in animal-based experiments as
researchers continue to neglect the factor of sex. As pre-clinical studies are vital for translation
into applicability in human clinical trials, the gap between pre-clinical and clinical study may
obscure key sex differences such as an enhanced, reduced or other unexpected effects in
specific sexes. Therefore, the current work aimed to fill the gap and investigate the potential

sex difference among the pre-clinical animals.

The rat, is the most commonly used animal in pre-clinical study albeit potential sex differences
in gut physiology is less known. In Chapter Two, the sex difference in gut luminal fluids and
membrane transporter (P-gp) was investigated in Wistar rat, which is a widely used rat strain

in early drug development. The characterisation of Gl fluids for pH, buffer capacity, surface
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tension as well as osmolality were found to be similar between the sexes. A significant sex
difference, however, was observed in duodenal buffer capacity, by which female Wistar rats
displayed a higher buffer capacity than males (p < 0.05). Apart from luminal fluids, an
unexpected resulted was identified in the expression of the membrane transporter, P-gp. P-gp
is the main efflux transporter expressed on the apical membrane of intestine and heavily affect
the P-gp substrate drug absorption. With similar abundance levels in duodenum, male Wistar
rats exhibited a significant higher expression of P-gp when compared with their female
counterparts in jejunum, ileum and colon (p < 0.05). The same sex phenomenon was also
observed in P-gp mRNA expression by which male mdrla gene displayed a higher expression
along the intestinal tract. However, following better initial understanding, more concerns were
raised to fully elucidate the Wistar rat. The stark sex difference in P-gp observed in Chapter
Two garnered conflicting results to previously published studies due to the inconsistency in
experimental methods. In the current study, rats were under the fasted-state although other
investigations explored P-gp relative expression in the fasted-state. In addition, other species
of rats, such as the SD rat, were also explored for P-gp expression. Moreover, the
inconsistencies of the reference protein used in Western-blotting experiments for P-gp

quantification may also contribute to the controversial results.

In Chapter Three, a novel LC-MS/MS technique was developed and validated to quantify
absolute expression of intestinal P-gp, thereby eradicating potential interferences in the use of
a reference protein. In addition, with the novel technique, the sex difference in P-gp expression
was evaluated in both fasted-state and fed-state Wistar rats. The developed method showed
good specificity and linearity (R? > 0.995) for the P-gp specific peptide quantification within
the range from 15.625 to 500 fmol. The method displayed acceptable variation as the relative
standard deviation (RSD) did not exceed 15%. Moreover, the inter-day variation for Wistar

rats ranged from 11.3 to 14.6 and intra-day variation ranged from 6.1 to 11.1. In terms of
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stability, the selected peptide for P-gp quantification exhibited acceptable stability (x 15% of
the initial concentrations at low, medium and high QC samples) during storage for i) 2 h at
room temperature, ii) 24 h in the cooled autosampler rack and iii) 4 h at 37°C incubation.
Finally, the digestion efficiency of the developed method was evaluated under different
incubation time, 4 hour, 8 hours, 16 hours and 24 hours. There was no significant (p > 0.05)
difference between the different incubation times in both male and female Wistar rat. Moving
forward, Chapter Three outlined that the absolute intestinal P-gp expression was drastically
affected by both the consumption of food and the factor of sex. In fasted-state rats, a sex
difference similar to Chapter Two was observed, except colon where there was no sex
difference. With the food intake, however, the absolute expression of intestinal P-gp decreased
in male rats but increased in female rats, especially in jejunum and ileum segments. As a result,
P-gp expression level in females was much higher than male in fed-state rats. Subsequently,
the observed sex and food effect on P-gp expression was represented on the P-gp functional
activity, the intestinal permeability of P-gp substrates, ranitidine and ganciclovir. With the
observation of food-related sex differences in Wistar rat P-gp abundance, a further study was
conducted in this Chapter to understand the transition of P-gp expression pattern from fed-sate
to fasted-state. It was identified that small intestinal P-gp from fed-to-fasted state achieved a
significant increase in males but decreased in females following 4 to 8 hours of fasting.
Interestingly, this closely relates to average food emptying time. Chapter Three deduces that
intestinal P-gp is a dynamic protein and is reactive to changes in luminal environment and

alters its function based on external conditions.

With the understanding of sex difference in Gl features of the Wistar rat, another strain, the SD
rat, was investigated in Chapter Four to understand the strain variation as Wistar and SD strains

are the most commonly used rats in pre-clinical study and are often used interchangeably. There
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were no significant strain differences (p > 0.05) in the overall trend of pH, buffer capacity,
surface tension and osmolality along the Gl tract between SD and Wistar rat. The significant
sex difference (p < 0.05) in SD rat was observed in stomach as all four parameters were higher
than female SD rat, which may relate to the consumption of faeces. When compared to humans,
both SD and Wistar rat exhibited a similar pH pattern along the intestine except stomach where
human displayed a lower pH (1.6 — 2.7). For buffer capacity, humans displayed a similar level
when compared with the two strains of rats but displayed a different profile along the gut. A
lower but similar profile of surface tension and osmolality were demonstrated between human
and SD as well as Wistar rats. Interestingly, a sex-related strain difference in intestinal P-gp
abundance was observed in the Chapter. Unlike Wistar rat having a sex difference in small
intestinal P-gp expression, no significant sex difference was observed in P-gp abundance along
the Gl tract in SD rat (p > 0.05). In both male and female rats, P-gp levels increased from the
proximal to distal regions of the small intestine (duodenum < jejunum < ileum) but decreased
in the colon segment which was similar to the duodenum level. In order to compare the
intestinal P-gp between human and the rats, the absolute P-gp expression in men and women
was firstly investigated in Chapter Four. It was demonstrated that the overall expression of
intestinal P-gp was higher in human intestinal tissue compared to both strains of rats. In
addition, both Wistar rats and human displayed a significant sex difference in absolute P-gp
expression in small intestine, whilst no significant difference was shown in the absolute P-gp
protein abundance of SD rats. Moreover, the higher correlation of oral drug bioavailability
between humans and Wistar rat (R? = 0.4103) further supported the fact that the Wistar rat is a

good representation of the human gut when compared with the SD rat.

The study conducted herein firstly demonstrated that there was a significant sex difference in
the GI physiology of Wistar rats, a commonly used animal in pre-clinical study. Secondly, the

state of the rat (fasted or following food intake) heavily affected not only the luminal fluids but
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also the expression of P-gp. Consequently, following the lack of sex-differences in Gl features
in the SD rat (p > 0.05) and the Wistar rat closely representing the human small intestine, the
results herein advise that the pharmaceutical industry should strongly consider the factor of rat

strain and sex as during pre-clinical studies.

5.2 Future work

The findings in this study highlight the need of a standardised pre-clinical animal model to
determine potential sex differences towards the better prediction of drug absorption in human
males and females during drug development. This work raises several other aspects that could
be investigated in the future and divided into two aspects: cross-sectional study and

longitudinal study.

Firstly, in terms of the cross-sectional study, other membrane transporters and other animal
species extensively used in pre-clinical study need to be investigated. Other efflux membrane
transporters that belong to the same ATP binding cassette (ABC) family as P-gp, including
breast cancer resistant protein (BCRP) and multidrug resistant-associated protein 2 (MRP2)
also contribute to the drug intestinal absorption. There is currently no data available in the
literature for their absolute expression in Wistar and SD rat for both sexes. It would therefore
be interesting to explore the expression of these efflux membrane transporters using LC-
MS/MS to understand the potential sex and strain difference. Future work need not be limited
to efflux membrane transporters alone but could further explore the potential influence of
uptake transporters including organic anion transporter proteins (OATP). In addition, mice are
another widely used animal during the early drug development apart from rat. As such, the
potential sex and strain difference is worth exploring in mice as well. Moreover, larger animals
such as the dog, monkey and pig are heavily involved in the last stages of pre-clinical studies.

Sex differences in these larger animal, especially on membrane function (transporter
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abundance and activity) are still unknown. With the novel protein quantification technique, it

is worth investigating the transporter expression in these animals as well.

In addition, following the interesting observations in the current work, a longitudinal study
should be invested into understanding the phenomena and mechanism behind sex differences.
There is no current explanation as to why P-gp expression varies in different strains of male
and female rats and more importantly, in humans. Although, a suggested mechanism could be
due to a complex interplay between the modulation of P-gp expression, enzyme reaction and
the defence ability of epithelial cells which may be further influenced by sex hormones.
Moreover, it has been demonstrated that the function of pregnane X receptor (PXR) highly
correlated to the modulation of P-gp function blood-brain barrier (BBB). Therefore, the
potential correlation between the intestinal PXR and P-gp regulation is interesting to
investigate. Understanding the mechanism could fundamentally optimise drug development

with respect to the doses required, tailored according to sex.

189



Publications

L. Dou, Mai, Y., C. M. Madla, M. Orlu and A. W. Basit (2018). "P-glycoprotein expression in
the gastrointestinal tract of male and female rats is influenced differently by food." Eur

J Pharm Sci 123: 569-575.

Afonso-Pereira, F., L. Dou, S. J. Trenfield, C. M. Madla, S. Murdan, J. Sousa, F. Veiga and A.
W. Basit (2018). "Sex differences in the gastrointestinal tract of rats and the

implications for oral drug delivery." Eur J Pharm Sci 115: 339-344.

Mai, Y., L. Dou, S. Murdan and A. W. Basit (2018). "An animal's sex influences the effects of
the excipient PEG 400 on the intestinal P-gp protein and mRNA levels, which has

implications for oral drug absorption." Eur J Pharm Sci 120: 53-60.

Mai, Y., L. Dou, C. M. Madla, S. Murdan and A. W. Basit (2019). "Sex-Dependence in the
Effect of Pharmaceutical Excipients: Polyoxyethylated Solubilising Excipients
Increase Oral Drug Bioavailability in Male but Not Female Rats." Pharmaceutics 11(5):

228.

190



References

Adkin, D. A., S. S. Davis, R. A. Sparrow, P. D. Huckle and 1. R. Wilding (1995). "The effect
of mannitol on the oral bioavailability of cimetidine." J Pharm Sci 84(12): 1405-1409.
Afonso-Pereira, F., L. Dou, S. J. Trenfield, C. M. Madla, S. Murdan, J. Sousa, F. Veiga and A.
W. Basit (2018). "Sex differences in the gastrointestinal tract of rats and the

implications for oral drug delivery." Eur J Pharm Sci 115: 339-344.

Afonso-Pereira, F., S. Murdan, J. Sousa, F. Veiga and A. W. Basit (2016). "Sex differences in
excipient effects: Enhancement in ranitidine bioavailability in the presence of
polyethylene glycol in male, but not female, rats." Int J Pharm 506(1-2): 237-241.

Aichhorn, W., A. B. Whitworth, E. M. Weiss, H. Hinterhuber and J. Marksteiner (2007).
"Differences between men and women in side effects of second-generation
antipsychotics." Nervenarzt 78(1): 45-52.

Alegria-Schaffer, A., A. Lodge and K. Vattem (2009). "Performing and optimizing Western

blots with an emphasis on chemiluminescent detection." Methods Enzymol 463: 573-

599.
Amure, B. O. and A. A. Omole (1970). "Sex hormones, and acid gastric secretion induced with
carbachol, histamine, and gastrin." Gut 11(8): 641-645.

Anderson, G. D. (2008). "Gender differences in pharmacological response." Int Rev Neurobiol

83: 1-10.
Ando, H., H. Yanagihara, K. Sugimoto, Y. Hayashi, S. Tsuruoka, T. Takamura, S. Kaneko and
A. Fujimura (2005). "Daily rhythms of P-glycoprotein expression in mice." Chronobiol

Int 22(4): 655-665.

191



Ashiru, D. A., R. Patel and A. W. Basit (2008). "Polyethylene glycol 400 enhances the
bioavailability of a BCS class III drug (ranitidine) in male subjects but not females."
Pharm Res 25(10): 2327-2333.

Baker, H., Lindsey, J. and Weisbroth, S. (1979). The Laboratory Rat: Biology and diseases
Volume 1. New York, NY: Acad. Press, pp.30-34.

Barnes, R. H. (1962). "Nutritional implications of coprophagy." Nutr Rev 20: 289-291.

Barnes, R. H., G. Fiala, G. B. Mc and A. Brown (1957). "Prevention of coprophagy in the rat."
J Nutr 63(4): 489-498.

Beery, A. K. and I. Zucker (2011). "Sex bias in neuroscience and biomedical research."

Neurosci Biobehav Rev 35(3): 565-572.

Berggren, S., C. Gall, N. Wollnitz, M. Ekelund, U. Karlbom, J. Hoogstraate, D. Schrenk and
H. Lennernas (2007). "Gene and protein expression of P-glycoprotein, MRP1, MRP2,
and CYP3A4 in the small and large human intestine." Mol Pharm 4(2): 252-257.

Berkenhout, J. (1772). Outlines of the natural history of Great Britain and Ireland containing a
systematic arrangement and concise description of all the animals, vegetables, and
fossils, which have been hitherto discovered in these kingdoms. London: P. Elmsley.

Bouras, E. P., S. Delgado-Aros, M. Camilleri, E. J. Castillo, D. D. Burton, G. M. Thomforde
and H. J. Chial (2002). "SPECT imaging of the stomach: comparison with barostat, and
effects of sex, age, body mass index, and fundoplication. Single photon emission
computed tomography." Gut 51(6): 781-786.

Bourdet, D. L. and D. R. Thakker (2006). "Saturable absorptive transport of the hydrophilic
organic cation ranitidine in Caco-2 cells: role of pH-dependent organic cation uptake

system and P-glycoprotein." Pharm Res 23(6): 1165-1177.

192



Brady, J. M., N. J. Cherrington, D. P. Hartley, S. C. Buist, N. Li and C. D. Klaassen (2002).
"Tissue distribution and chemical induction of multiple drug resistance genes in rats."

Drug Metab Dispos 30(7): 838-844.

Brinkman K, ter Hofstede HJ (1999). "Mitochondrial toxicity of nucleoside analogue reverse
transcriptase inhibitors: lactic acidosis, risk factors, and therapeutic options.” AIDS
Rev. 1:140-146.

Brower, M., M. Grace, C. M. Kotz and V. Koya (2015). "Comparative analysis of growth
characteristics of Sprague Dawley rats obtained from different sources." Lab Anim Res
31(4): 166-173.

Bruyere, A., X. Decleves, F. Bouzom, K. Ball, C. Marques, X. Treton, M. Pocard, P. Valleur,
Y. Bouhnik, Y. Panis, J. M. Scherrmann and S. Mouly (2010). "Effect of variations in
the amounts of P-glycoprotein (ABCB1), BCRP (ABCG2) and CYP3A4 along the
human small intestine on PBPK models for predicting intestinal first pass." Mol Pharm
7(5): 1596-1607.

Canaparo, R., N. Finnstrom, L. Serpe, A. Nordmark, E. Muntoni, M. Eandi, A. Rane and G. P.
Zara (2007). "Expression of CYP3A isoforms and P-glycoprotein in human stomach,

jejunum and ileum." Clin Exp Pharmacol Physiol 34(11): 1138-1144.

Cao, X., S. T. Gibbs, L. Fang, H. A. Miller, C. P. Landowski, H. C. Shin, H. Lennernas, Y.
Zhong, G. L. Amidon, L. X. Yu and D. Sun (2006). "Why is it challenging to predict
intestinal drug absorption and oral bioavailability in human using rat model." Pharm
Res 23(8): 1675-1686.

Cesena, T. I, T. X. Cui, G. Piwien-Pilipuk, J. Kaplani, A. A. Calinescu, J. S. Huo, J. A. Iniguez-
Lluhi, R. Kwok and J. Schwartz (2007). "Multiple mechanisms of growth hormone-

regulated gene transcription.” Mol Genet Metab 90(2): 126-133.

193



Chen, E. P., K. M. Mahar Doan, S. Portelli, R. Coatney, V. Vaden and W. Shi (2008). "Gastric
pH and gastric residence time in fasted and fed conscious cynomolgus monkeys using
the Bravo pH system." Pharm Res 25(1): 123-134.

Chen, M. L., A. B. Straughn, N. Sadrich, M. Meyer, P. J. Faustino, A. B. Ciavarella, B.
Meibohm, C. R. Yates and A. S. Hussain (2007). "A modern view of excipient effects
on bioequivalence: case study of sorbitol." Pharm Res 24(1): 73-80.

Chiou, W. L., S. M. Chung and T. C. Wu (2000). "Apparent lack of effect of P-glycoprotein
on the gastrointestinal absorption of a substrate, tacrolimus, in normal mice." Pharm
Res 17(2): 205-208.

Choi, S., B. DiSilvio, J. Unangst and J. D. Fernstrom (2007). "Effect of chronic infusion of
olanzapine and clozapine on food intake and body weight gain in male and female rats."
Life Sci 81(12): 1024-1030.

Christfort JF, Strindberg S, Plum J, et al (2019). "Developing a predictive in vitro dissolution

model based on gastrointestinal fluid characterization in rats. " Eur J Pharm Biopharm

142:307-314.

Clarysse, S., J. Tack, F. Lammert, G. Duchateau, C. Reppas and P. Augustijns (2009).
"Postprandial evolution in composition and characteristics of human duodenal fluids in
different nutritional states." J Pharm Sci 98(3): 1177-1192.

Clause, B. T. (1998). "The Wistar Institute Archives: rats (not mice) and history." Mendel
Newsl (7): 2-7.

Clayton, J. A. and F. S. Collins (2014). "Policy: NIH to balance sex in cell and animal studies."
Nature 509(7500): 282-283.

Cohen BJ and Loew FM (1984). "Laboratory Animal Medicine: Historical Perspectives in
Laboratory Animal Medicine " (eds J.G. Fox, B.J. Cohen and F.M. Loew) Academic

Press, Inc., Orlando, Florida.

194



Coles, L. D., I. J. Lee, P. J. Voulalas and N. D. Eddington (2009). "Estradiol and progesterone-
mediated regulation of P-gp in P-gp overexpressing cells (NCI-ADR-RES) and
placental cells (JAR)." Mol Pharm 6(6): 1816-1825.

Collett, A., N. B. Higgs, E. Sims, M. Rowland and G. Warhurst (1999). "Modulation of the
permeability of H2 receptor antagonists cimetidine and ranitidine by P-glycoprotein in

rat intestine and the human colonic cell line Caco-2." J Pharmacol Exp Ther 288(1):

171-178.
Cornier, M. A., M. R. Jackman and D. H. Bessesen (2000). "Disposition of dietary ethanol
carbons in rats: effects of gender and nutritional status." Metabolism 49(3): 379-385.
Custodio, J. M., C. Y. Wu and L. Z. Benet (2008). "Predicting drug disposition,
absorption/elimination/transporter interplay and the role of food on drug absorption."

Adv Drug Deliv Rev 60(6): 717-733.

Davis, J., G. Khan, M. B. Martin and L. Hilakivi-Clarke (2013). "Effects of maternal dietary
exposure to cadmium during pregnancy on mammary cancer risk among female
offspring." J Carcinog 12: 11.

Deferme, S., J. Van Gelder and P. Augustijns (2002). "Inhibitory effect of fruit extracts on P-

glycoprotein-related efflux carriers: an in-vitro screening." J Pharm Pharmacol 54(9):

1213-1219.

Deferme, S. and Augustijns, P. (2003). "The effect of food components on the absorption of P-

gp substrates: a review. " J Pharm Pharmacol 55(2): 153-162.
Diakidou, A., M. Vertzoni, K. Goumas, E. Soderlind, B. Abrahamsson, J. Dressman and C.
Reppas (2009). "Characterization of the contents of ascending colon to which drugs are

exposed after oral administration to healthy adults." Pharm Res 26(9): 2141-2151.

195



Diczfalusy, U., J. Miura, H. K. Roh, R. A. Mirghani, J. Sayi, H. Larsson, K. G. Bodin, A.
Allgvist, M. Jande, J. W. Kim, E. Aklillu, L. L. Gustafsson and L. Bertilsson (2008).
"4Beta-hydroxycholesterol is a new endogenous CYP3A marker: relationship to
CYP3A5 genotype, quinine 3-hydroxylation and sex in Koreans, Swedes and

Tanzanians.” Pharmacogenet Genomics 18(3): 201-208.

Dominguez-Perles, R., D. Aunon, F. Ferreres and A. Gil-Izquierdo (2017). "Gender differences
in plasma and urine metabolites from Sprague-Dawley rats after oral administration of
normal and high doses of hydroxytyrosol, hydroxytyrosol acetate, and DOPAC." Eur J
Nutr 56(1): 215-224.

Dorababu, M., A. Nishimura, T. Prabha, K. Naruhashi, N. Sugioka, K. Takada and N. Shibata
(2009). "Effect of cyclosporine on drug transport and pharmacokinetics of nifedipine."

Biomed Pharmacother 63(9): 697-702.

Dou, L., Y. Mai, C. M. Madla, M. Orlu and A. W. Basit (2018). "P-glycoprotein expression in
the gastrointestinal tract of male and female rats is influenced differently by food." Eur
J Pharm Sci 123: 569-575.

Downing, J. R., Allison, J. P. Honjo, T. (2014). "NIH to require both sexes in preclinical
studies." Cancer Discov 4(8): 860.

Dressman, J. B., G. L. Amidon, C. Reppas and V. P. Shah (1998). "Dissolution testing as a
prognostic tool for oral drug absorption: immediate release dosage forms." Pharm Res
15(1): 11-22.

Drozdzik, M., C. Groer, J. Penski, J. Lapczuk, M. Ostrowski, Y. Lai, B. Prasad, J. D. Unadkat,
W. Siegmund and S. Oswald (2014). "Protein abundance of clinically relevant
multidrug transporters along the entire length of the human intestine." Mol Pharm

11(10): 3547-3555.

196



Du, S., N. Itoh, S. Askarinam, H. Hill, A. P. Arnold and R. R. Voskuhl (2014). "XY sex
chromosome complement, compared with XX, in the CNS confers greater
neurodegeneration during experimental autoimmune encephalomyelitis." Proc Natl
Acad Sci U S A 111(7): 2806-2811.

Dutton GJ (1980) Acceptor substrates of UDP glucuronosyltransferase and their assay, in
Glucuronidation of Drugs and OtherCompounds (DuttonGJ ed) pp 69—78,CRC Press,
BocaRaton, FL.

Englund, G., F. Rorsman, A. Ronnblom, U. Karlbom, L. Lazorova, J. Grasjo, A. Kindmark and
P. Artursson (2006). "Regional levels of drug transporters along the human intestinal
tract: co-expression of ABC and SLC transporters and comparison with Caco-2 cells."

Eur J Pharm Sci 29(3-4): 269-277.

Estudante, M., J. G. Morais, G. Soveral and L. Z. Benet (2013). "Intestinal drug transporters:

an overview." Adv Drug Deliv Rev 65(10): 1340-1356.

European Commission (2016) Guidance on Gender Equality in Horizon 2020. [online]
Available at:  http://eige.europa.eu/sites/default/files/h2020-hi-guide-gender en.pdf
[Accessed 18 Mar. 2019]

Evans, D. F., G. Pye, R. Bramley, A. G. Clark, T. J. Dyson and J. D. Hardcastle (1988).
"Measurement of gastrointestinal pH profiles in normal ambulant human subjects." Gut
29(8): 1035-1041.

Fadda, H. M., T. Sousa, A. S. Carlsson, B. Abrahamsson, J. G. Williams, D. Kumar and A. W.
Basit (2010). "Drug solubility in luminal fluids from different regions of the small and
large intestine of humans." Mol Pharm 7(5): 1527-1532.

Faqi AS, ed (2013). "A comprehensive guide to toxicology in preclinical drug development."

Waltham, MA: Elsevier.

197


http://eige.europa.eu/sites/default/files/h2020-hi-guide-gender_en.pdf

Farmer, A. D., S. D. Mohammed, G. E. Dukes, S. M. Scott and A. R. Hobson (2014). "Caecal

pH is a biomarker of excessive colonic fermentation." World J Gastroenterol 20(17):

5000-5007.

FDA (2017). In Vitro Metabolism and Transporter Mediated Drug-Drug Interaction Studies:
Guidance for Industry. [online] Available at:
https://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/
Guidances/UCMS581965.pdf. [Accessed 18 Mar. 2019].

FDA (2017). The Drug Development Process — Step 2: Preclinical Research. [online] Available
at: https://www.fda.gov/forpatients/ approvals/drugs/ucm405658.htm. [Accessed 18
Mar. 2019]

FDA guideline (2002). Guidance for Industry: Food-effect bioavailability and fed
bioequivalence studies. Available at http://www.fda.gov/cder/guidance/index.htm

Feldman, M. and C. Barnett (1991). "Fasting gastric pH and its relationship to true
hypochlorhydria in humans." Dig Dis Sci 36(7): 866-869.

Ferguson, R. E., H. P. Carroll, A. Harris, E. R. Maher, P. J. Selby and R. E. Banks (2005).
"Housekeeping proteins: a preliminary study illustrating some limitations as useful
references in protein expression studies." Proteomics 5(2): 566-571.

Finholt, P. and S. Solvang (1968). "Dissolution kinetics of drugs in human gastric juice--the
role of surface tension." J Pharm Sci 57(8): 1322-1326.

Fisher, M. M. and I. M. Yousef (1973). "Sex differences in the bile acid composition of human
bile: studies in patients with and without gallstones." Can Med Assoc J 109(3): 190-
193.

Fletcher, C. V., E. P. Acosta and J. M. Strykowski (1994). "Gender differences in human

pharmacokinetics and pharmacodynamics.” J Adolesc Health 15(8): 619-629.

198


https://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/UCM581965.pdf
https://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/UCM581965.pdf
http://www.fda.gov/cder/guidance/index.htm

Fontana, R. J., K. S. Lown, M. F. Paine, L. Fortlage, R. M. Santella, J. S. Felton, M. G. Knize,
A. Greenberg and P. B. Watkins (1999). "Effects of a chargrilled meat diet on
expression of CYP3A, CYPI1A, and P-glycoprotein levels in healthy volunteers."

Gastroenterology 117(1): 89-98.

Fordtran, J. S. and T. W. Locklear (1966). "lonic constituents and osmolality of gastric and
small-intestinal fluids after eating." Am J Dig Dis 11(7): 503-521.

Fortuna A, Alves G, Falcao A (2011). "In vitro and In vivo Relevance of the P-glycoprotein
Probe Substrates in Drug Discovery and Development: Focus on Rhodamine 123,

Digoxin and Talinolol." Journal of Bioequivalence & Bioavailability. 1(02).

Fortuna, Ana, Gilberto Alves, and Amilcar Falcdo. “In Vitro and In Vivo Relevance of the P-
Glycoprotein Probe Substrates in Drug Discovery and Development: Focus on
Rhodamine 123, Digoxin and Talinolol.” Journal of Bioequivalence & Bioavailability
01.02 (2011): n. pag. Crossref. Web.

Franck Vigui¢ (1998). "ABCB1". Atlas of Genetics and Cytogenetics in Oncology and
Haematology. Retrieved 2016-03-02.

Franconi, F., S. Brunelleschi, L. Steardo and V. Cuomo (2007). "Gender differences in drug

responses.” Pharmacol Res 55(2): 81-95.

Freire, A. C., A. W. Basit, R. Choudhary, C. W. Piong and H. A. Merchant (2011). "Does sex
matter? The influence of gender on gastrointestinal physiology and drug delivery." Int
J Pharm 415(1-2): 15-28.

Fuchs, A. and J. B. Dressman (2014). "Composition and physicochemical properties of fasted-
state human duodenal and jejunal fluid: a critical evaluation of the available data."_J

Pharm Sci 103(11): 3398-3411.

199


http://atlasgeneticsoncology.org/Genes/PGY1ID105.html

GAO (2001) Drug safety: most drugs withdrawn in recent years had greater health risks for
women. [online] Available at: http://www.gao.gov/new.items/d01286r.pdf [ Accessed
18 Mar. 2019]

Giacomini, K. M., Huang, S. M., Tweedie, D. J., Benet, L. Z., Brouwer, K. L., Chu, X., ... &
Hoffmaster, K. A. (2010). " Membrane transporters in drug development." Nature

reviews Drug discovery 9(3): 215.

Goldstein, K. M., L. L. Zullig, L. A. Bastian and H. B. Bosworth (2016). "Statin Adherence:

Does Gender Matter?" Curr Atheroscler Rep 18(11): 63.

Gotch, F., J. Nadell and I. S. Edelman (1957). "Gastrointestinal water and electroyltes. IV. The
equilibration of deuterium oxide (D20) in gastrointestinal contents and the proportion
of total body water (T.B.W.) in the gastrointestinal tract." J Clin Invest 36(2): 289-296.
Grasa, M. M., M. Esteve, R. M. Masanes, P. Yubero, M. Blay, J. Lopez-Marti, C. Cabot, R.
Vila, J. A. Fernandez-Lopez, X. Remesar and M. Alemany (2001). "Oral gavage of
oleoyl-oestrone has a stronger effect on body weight in male Zucker obese rats than in

female." Diabetes Obes Metab 3(3): 203-208.

Groer, C., S. Bruck, Y. Lai, A. Paulick, A. Busemann, C. D. Heidecke, W. Siegmund and S.
Oswald (2013). "LC-MS/MS-based quantification of clinically relevant intestinal

uptake and efflux transporter proteins." J Pharm Biomed Anal 85: 253-261.

Gstaiger, M. and R. Aebersold (2009). "Applying mass spectrometry-based proteomics to
genetics, genomics and network biology." Nat Rev Genet 10(9): 617-627.
Harris, R. Z., G. R. Jang and S. Tsunoda (2003). "Dietary effects on drug metabolism and

transport." Clin Pharmacokinet 42(13): 1071-1088.

Hatton, G. B., V. Yadav, A. W. Basit and H. A. Merchant (2015). "Animal Farm:
Considerations in Animal Gastrointestinal Physiology and Relevance to Drug Delivery

in Humans." J Pharm Sci 104(9): 2747-2776.

200


http://www.gao.gov/new.items/d01286r.pdf

Hietanen, Eino, and Osmo Hénninen (1972). "Strain Differences of Intestinal Enzyme Levels

in Specific Pathogen-free Rats." Annales Zoologici Fennici 9, no. 1: 32-34.

Home office, Great Britain (2012) Statistics of scientific procedures on living animals. [online]
Available at:
https://www.gov.uk/government/uploads/system/uploads/attachment data/file/115853
/spanimals11.pdf . [Accessed 18 Mar. 2019].

Homma, H., E. Hoy, D. Z. Xu, Q. Lu, R. Feinman and E. A. Deitch (2005). "The female
intestine is more resistant than the male intestine to gut injury and inflammation when

subjected to conditions associated with shock states." Am J Physiol Gastrointest Liver

Physiol 288(3): G466-472.
Honek, J (2017). "Preclinical research in drug development.” Medical Writing 26:5-8.
Horter, D. and J. B. Dressman (2001). "Influence of physicochemical properties on dissolution

of drugs in the gastrointestinal tract." Adv Drug Deliv Rev 46(1-3): 75-87.

Hudson, M., E. Rahme, H. Behlouli, R. Sheppard and L. Pilote (2007). "Sex differences in the
effectiveness of angiotensin receptor blockers and angiotensin converting enzyme

inhibitors in patients with congestive heart failure--a population study." Eur J Heart Fail

9(6-7): 602-609.

lannaccone, P. M. and H. J. Jacob (2009). "Rats!" Dis Model Mech 2(5-6): 206-210.

Iwasaki, M., Koyanagi, S., Suzuki, N., Katamune, C., Matsunaga, N., Watanabe, N., ... &
Ohdo, S. (2015). "Circadian modulation in the intestinal absorption of P-glycoprotein

substrates in monkeys. " Molecular pharmacology 88(1): 29-37.

Johansson, M. E., H. Sjovall and G. C. Hansson (2013). "The gastrointestinal mucus system in

health and disease." Nat Rev Gastroenterol Hepatol 10(6): 352-361.

201


https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/115853/spanimals11.pdf
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/115853/spanimals11.pdf

Johnson, B. D., W. Zheng, K. S. Korach, T. Scheuer, W. A. Catterall and G. M. Rubanyi
(1997). "Increased expression of the cardiac L-type calcium channel in estrogen
receptor-deficient mice." J Gen Physiol 110(2): 135-140.

Johnson, B. M., P. Zhang, J. D. Schuetz and K. L. Brouwer (2006). "Characterization of
transport protein expression in multidrug resistance-associated protein (Mrp) 2-

deficient rats." Drug Metab Dispos 34(4): 556-562.

Johnstone, R. W., A. A. Ruefli and M. J. Smyth (2000). "Multiple physiological functions for

multidrug transporter P-glycoprotein?" Trends Biochem Sci 25(1): 1-6.

Kahan, B. D., W. G. Kramer, C. Wideman, S. M. Flechner, M. I. Lorber and C. T. Van Buren
(1986). "Demographic factors affecting the pharmacokinetics of cyclosporine estimated

by radioimmunoassay.” Transplantation 41(4): 459-464.

Kalantzi, L., K. Goumas, V. Kalioras, B. Abrahamsson, J. B. Dressman and C. Reppas (2006).
"Characterization of the human upper gastrointestinal contents under conditions
simulating bioavailability/bioequivalence studies." Pharm Res 23(1): 165-176.

Kararli, T. T. (1995). "Comparison of the gastrointestinal anatomy, physiology, and

biochemistry of humans and commonly used laboratory animals." Biopharm Drug

Dispos 16(5): 351-380.
Kervezee, L., Hartman, R., van den Berg, D. J., Shimizu, S., Emoto-Yamamoto, Y., Meijer, J.

H., & de Lange, E. C. (2014). "Diurnal variation in P-glycoprotein-mediated transport

and cerebrospinal fluid turnover in the brain. " The AAPS journal 16(5): 1029-1037.
Kim, R. B., M. F. Fromm, C. Wandel, B. Leake, A. J. Wood, D. M. Roden and G. R. Wilkinson
(1998). "The drug transporter P-glycoprotein limits oral absorption and brain entry of
HIV-1 protease inhibitors." J Clin Invest 101(2): 289-294.
Klaassen, C. D. and L. M. Aleksunes (2010). "Xenobiotic, bile acid, and cholesterol

transporters: function and regulation." Pharmacol Rev 62(1): 1-96.

202



Konig, J., F. Muller and M. F. Fromm (2013). "Transporters and drug-drug interactions:

important determinants of drug disposition and effects." Pharmacol Rev 65(3): 944-

966.

Kovalenko, P. L. and M. D. Basson (2013). "The correlation between the expression of
differentiation markers in rat small intestinal mucosa and the transcript levels of
schlafen 3." JAMA Surg 148(11): 1013-1019.

Krecic-Shepard, M. E., K. Park, C. Barnas, J. Slimko, D. R. Kerwin and J. B. Schwartz (2000).
"Race and sex influence clearance of nifedipine: results of a population study.” Clin

Pharmacol Ther 68(2): 130-142.

Kutsukake, T., Y. Furukawa, K. Ondo, S. Gotoh and T. Fukami (2019). "Quantitative Analysis
of UDP-Glucuronosyltransferase Ugtla and Ugt2b mRNA Expression in the Rat Liver
and Small Intestine: Sex and Strain Differences." 47(1): 38-44.

Lee, Y. S., K. S. Han and M. G. Lee (1999). "Gender differences in pharmacokinetics and

pharmacodynamics of azosemide in rats." Biopharm Drug Dispos 20(4): 225-229.

Leibach, F. H. and V. Ganapathy (1996). "Peptide transporters in the intestine and the kidney."

Annu Rev Nutr 16: 99-119.

Li, M., I. A. de Graaf, M. H. de Jager and G. M. Groothuis (2015). "Rat precision-cut intestinal

slices to study P-gp activity and the potency of its inhibitors ex vivo." Toxicol In Vitro

29(5): 1070-1078.
Li, M., I. A. de Graaf, M. H. de Jager and G. M. Groothuis (2017). "P-gp activity and inhibition

in the different regions of human intestine ex vivo." Biopharm Drug Dispos 38(2): 127-

138.
Li, M., L. Si, H. Pan, A. K. Rabba, F. Yan, J. Qiu and G. Li (2011). "Excipients enhance
intestinal absorption of ganciclovir by P-gp inhibition: assessed in vitro by everted gut

sac and in situ by improved intestinal perfusion." Int J Pharm 403(1-2): 37-45.

203



Li, R. and Y. Shen (2013). "An old method facing a new challenge: re-visiting housekeeping
proteins as internal reference control for neuroscience research." Life Sci 92(13): 747-
751.

Li, Y., Gao, Z. and Qu, X. (2015). "The Adverse Effects of Sorafenib in Patients with Advanced

Cancers." Basic Clin Pharmacol Toxicol 116: 216-221.

Liang, R., Y. J. Fei, P. D. Prasad, S. Ramamoorthy, H. Han, T. L. Yang-Feng, M. A. Hediger,
V. Ganapathy and F. H. Leibach (1995). "Human intestinal H+/peptide cotransporter.
Cloning, functional expression, and chromosomal localization." J Biol Chem 270(12):
6456-6463.

Liebler, D. C. and L. J. Zimmerman (2013). "Targeted quantitation of proteins by mass
spectrometry." Biochemistry 52(22): 3797-3806.

Lifschitz, A., M. Ballent, G. Virkel, J. Sallovitz and C. Lanusse (2006). "Sex-related
differences in the gastrointestinal disposition of ivermectin in the rat: P-glycoprotein

involvement and itraconazole modulation." J Pharm Pharmacol 58(8): 1055-1062.

Lin, X., S. Skolnik, X. Chen and J. Wang (2011). "Attenuation of intestinal absorption by major
efflux transporters: quantitative tools and strategies using a Caco-2 model." Drug Metab
Dispos 39(2): 265-274.

Linardi, R. L. and C. C. Natalini (2006). "Multi-drug resistance (MDR1) gene and P-

glycoprotein influence on pharmacokinetic and pharmacodymanic of therapeutic

drugs." Ciéncia Rural 36: 336-341.
Lind, L. K., M. von Euler, S. Korkmaz and K. S. Gustafsson (2017). "Sex differences in drugs:

the development of a comprehensive knowledge base to improve gender awareness

prescribing." Biol Sex Differ 8(1): 32.

204



Lindahl, A., A. L. Ungell, L. Knutson and H. Lennernas (1997). "Characterization of fluids
from the stomach and proximal jejunum in men and women." Pharm Res 14(4): 497-
502.

Linton, K. J. (2007). "Structure and function of ABC transporters." Physiology (Bethesda) 22:
122-130.

Litou, C., M. Vertzoni, C. Goumas, V. Vasdekis, W. Xu, F. Kesisoglou and C. Reppas (2016).
"Characteristics of the Human Upper Gastrointestinal Contents in the Fasted State
Under Hypo- and A-chlorhydric Gastric Conditions Under Conditions of Typical Drug
- Drug Interaction Studies." Pharm Res 33(6): 1399-1412.

Liu, H., H. Sun, Z. Wu, X. Zhang and B. Wu (2014). "P-glycoprotein (P-gp)-mediated efflux
limits intestinal absorption of the Hsp90 inhibitor SNX-2112 in rats." Xenobiotica
44(8): 763-768.

Liu, K. A. and N. A. Mager (2016). "Women's involvement in clinical trials: historical
perspective and future implications." Pharm Pract (Granada) 14(1): 708.

Liu, X., J. M. Blouin, A. Santacruz, A. Lan, M. Andriamihaja, S. Wilkanowicz, P. H. Benetti,
D. Tome, Y. Sanz, F. Blachier and A. M. Davila (2014). "High-protein diet modifies
colonic microbiota and luminal environment but not colonocyte metabolism in the rat

model: the increased luminal bulk connection." Am J Physiol Gastrointest Liver Physiol

307(4): G459-470.
Lutz, U., N. Bittner, M. Ufer and W. K. Lutz (2010). "Quantification of cortisol and 6 beta-
hydroxycortisol in human urine by LC-MS/MS, and gender-specific evaluation of the

metabolic ratio as biomarker of CYP3A activity." J Chromatogr B Analyt Technol

Biomed Life Sci 878(1): 97-101.

205



Mackenzie, P. I., K. W. Bock, B. Burchell, C. Guillemette, S. Ikushiro, T. Iyanagi, J. O. Miners,
I. S. Owens and D. W. Nebert (2005). "Nomenclature update for the mammalian UDP

glycosyltransferase (UGT) gene superfamily." Pharmacogenet Genomics 15(10): 677-

685.
MacLean, C., U. Moenning, A. Reichel and G. Fricker (2008). "Closing the gaps: a full scan
of the intestinal expression of p-glycoprotein, breast cancer resistance protein, and

multidrug resistance-associated protein 2 in male and female rats." Drug Metab Dispos

36(7): 1249-1254.
MacPhee, D. J. (2010). "Methodological considerations for improving Western blot analysis."

J Pharmacol Toxicol Methods 61(2): 171-177.

Mai, Y., F. Afonso-Pereira, S. Murdan and A. W. Basit (2017). "Excipient-mediated alteration

in drug bioavailability in the rat depends on the sex of the animal." Eur J Pharm Sci

107: 249-255.
Mai, Y., L. Dou, S. Murdan and A. W. Basit (2018). "An animal's sex influences the effects of

the excipient PEG 400 on the intestinal P-gp protein and mRNA levels, which has

implications for oral drug absorption." European Journal of Pharmaceutical Sciences
120: 53-60.

Mai, Y., S. Murdan, M. Awadi and A. W. Basit (2018). "Establishing an in vitro permeation
model to predict the in vivo sex-related influence of PEG 400 on oral drug absorption."
Int J Pharm 542(1-2): 280-287.

Maitrya, B. B., S. Gahlot and B. Maitrya (1979). "Effect of estrogen and testosterone on the

gastric secretion of rats and conscious rabbits." Indian J Physiol Pharmacol 23(2): 105-

109.

206



Marchetti, S., R. Mazzanti, J. H. Beijnen and J. H. Schellens (2007). "Concise review: Clinical
relevance of drug drug and herb drug interactions mediated by the ABC transporter
ABCBI1 (MDRI, P-glycoprotein)." Oncologist 12(8): 927-941.

Mariana, B., L. Adrian, V. Guillermo, S. Juan, M. Laura and L. Carlos (2011). "Gender-related
differences on P-glycoprotein-mediated drug intestinal transport in rats." J Pharm
Pharmacol 63(5): 619-626.

McConnell, E. L., A. W. Basit and S. Murdan (2008). "Measurements of rat and mouse
gastrointestinal pH, fluid and lymphoid tissue, and implications for in-vivo

experiments." J Pharm Pharmacol 60(1): 63-70.

McMichael, A. J. and J. D. Potter (1980). "Reproduction, endogenous and exogenous sex
hormones, and colon cancer: a review and hypothesis." J Natl Cancer Inst 65(6): 1201-
1207.

Meigs, L., L. Smirnova, C. Rovida, M. Leist and T. Hartung (2018). "Animal testing and its
alternatives - the most important omics is economics." Altex 35(3): 275-305.

Merchant, H. A., F. Afonso-Pereira, S. C. Rabbie, S. A. Youssef and A. W. Basit (2015).
"Gastrointestinal characterisation and drug solubility determination in animals." J

Pharm Pharmacol 67(5): 630-639.

Merchant, H. A., S. C. Rabbie, F. J. Varum, F. Afonso-Pereira and A. W. Basit (2014).

"Influence of ageing on the gastrointestinal environment of the rat and its implications

for drug delivery." Eur J Pharm Sci 62: 76-85.

Microbeonline.com. (2019). Western Blot Technique: Principle, Procedures and Uses -.
[online] Available at: https://microbeonline.com/western-blot-technique-principle-
procedures-advantages-and-disadvantages/ [Accessed 22 Jan. 2019].

Mogil, J. S. and M. L. Chanda (2005). "The case for the inclusion of female subjects in basic

science studies of pain." Pain 117(1-2): 1-5.

207



Mojaverian, P., P. H. Vlasses, P. E. Kellner and M. L. Rocci, Jr. (1988). "Effects of gender,
posture, and age on gastric residence time of an indigestible solid: pharmaceutical
considerations." Pharm Res 5(10): 639-644.

Mollazadeh, S., A. Sahebkar, F. Hadizadeh, J. Behravan and S. Arabzadeh (2018). "Structural

and functional aspects of P-glycoprotein and its inhibitors." Life Sci 214: 118-123.

Moore, R. D., I. Fortgang, J. Keruly and R. E. Chaisson (1996). "Adverse events from drug
therapy for human immunodeficiency virus disease." Am J Med 101(1): 34-40.
Morris, M. E., H. J. Lee and L. M. Predko (2003). "Gender differences in the membrane

transport of endogenous and exogenous compounds." Pharmacol Rev 55(2): 229-240.

Mouly, S. and M. F. Paine (2003). "P-glycoprotein increases from proximal to distal regions
of human small intestine." Pharm Res 20(10): 1595-1599.

Mueller, S., K. Saunier, C. Hanisch, E. Norin, L. Alm, T. Midtvedt, A. Cresci, S. Silvi, C.
Orpianesi, M. C. Verdenelli, T. Clavel, C. Koebnick, H. J. Zunft, J. Dore and M. Blaut
(2006). "Differences in fecal microbiota in different European study populations in
relation to age, gender, and country: a cross-sectional study." Appl Environ Microbiol
72(2): 1027-1033.

Muller, J., K. S. Lips, L. Metzner, R. H. Neubert, H. Koepsell and M. Brandsch (2005). "Drug
specificity and intestinal membrane localization of human organic cation transporters

(OCT)." Biochem Pharmacol 70(12): 1851-1860.

Murakami, T. and M. Takano (2008). "Intestinal efflux transporters and drug absorption."

Expert Opin Drug Metab Toxicol 4(7): 923-939.

Murakami, Y., Higashi, Y., Matsunaga, N., Koyanagi, S. and Ohdo, S. (2008). "Circadian
Clock-Controlled Intestinal Expression of the Multidrug-Resistance Gene mdrla in

Mice. " Gastroenterology 135(5): 1636-1644.

208



Musther, H., A. Olivares-Morales, O. J. Hatley, B. Liu and A. Rostami Hodjegan (2014).

"Animal versus human oral drug bioavailability: do they correlate?" Eur J Pharm Sci

57:280-291.

Nakatsuji, S., Szabo, K. A., & Elmore, S. A. (2018). Chapter 7 - Small and Large Intestine. In
A. W. Suttie (Ed.), Boorman's Pathology of the Rat (Second Edition) (pp. 51-69).
Boston: Academic Press.

National Institute on Aging. (2019). BLSA History. [online] Available at:
https://www.nia.nih.gov/research/labs/blsa/history [Accessed 18 Mar. 2019].

Nature (2010). "Putting gender on the agenda." Nature 465(7299): 665.

Ng, R. (2015). "Drugs: From discovery to approval. 3rd ed. " New Jersey: Wiley-Blackwell.

Nicolas, J. M., P. Espie and M. Molimard (2009). "Gender and interindividual variability in

pharmacokinetics." Drug Metab Rev 41(3): 408-421.

Novakova, V. and A. Babicky (1989). "Coprophagy in young laboratory rat." Physiol
Bohemoslov 38(1): 21-28.
O’Malley K, Crooks J, Duke E, Stevenson IH (1971). "Effect of Age and Sex on Human Drug

Metabolism." British Medical Journal. 3(5775):607-609.

Okura, T., M. Ibe, K. Umegaki, K. Shinozuka and S. Yamada (2010). "Effects of dietary
ingredients on function and expression of P-glycoprotein in human intestinal epithelial

cells." Biol Pharm Bull 33(2): 255-259.

Okyar, A., Dressler, C., Hanafy, A., Baktir, G., Lemmer, B., & Spahn-Langguth, H. (2012).
"Circadian variations in exsorptive transport: in situ intestinal perfusion data and in

vivo relevance. " Chronobiology international 29(4): 443-453.

Oldham-Ott, C. K. and J. Gilloteaux (1997). "Comparative morphology of the gallbladder and
biliary tract in vertebrates: variation in structure, homology in function and gallstones."

Microsc Res Tech 38(6): 571-597.

209



Oltra-Noguera, D., V. Mangas-Sanjuan, I. Gonzalez-Alvarez, S. Colon-Useche, M. Gonzalez-
Alvarez and M. Bermejo (2015). "Drug gastrointestinal absorption in rat: Strain and

gender differences." Eur J Pharm Sci 78: 198-203.

Oswald, S., C. Groer, M. Drozdzik and W. Siegmund (2013). "Mass spectrometry-based
targeted proteomics as a tool to elucidate the expression and function of intestinal drug
transporters." Aaps ] 15(4): 1128-1140.

Overhoft, K. A., J. T. McConville, W. Yang, K. P. Johnston, J. I. Peters and R. O. Williams,
3rd (2008). "Effect of stabilizer on the maximum degree and extent of supersaturation
and oral absorption of tacrolimus made by ultra-rapid freezing." Pharm Res 25(1): 167-
175.

Paine, M. F., S. S. Ludington, M. L. Chen, P. W. Stewart, S. M. Huang and P. B. Watkins
(2005). "Do men and women differ in proximal small intestinal CYP3A or P-

glycoprotein expression?" Drug Metab Dispos 33(3): 426-433.

Pegram, L. M. and M. T. Record, Jr. (2008). "Thermodynamic origin of hofmeister ion effects."

J Phys Chem B 112(31): 9428-9436.

Perez de la Cruz Moreno, M., M. Oth, S. Deferme, F. Lammert, J. Tack, J. Dressman and P.
Augustijns (2006). "Characterization of fasted-state human intestinal fluids collected
from duodenum and jejunum." J Pharm Pharmacol 58(8): 1079-1089.

Pinn, V. W. (2003). "Sex and gender factors in medical studies: implications for health and
clinical practice." Jama 289(4): 397-400.

Potter, J. M., B. C. McWhinney, L. Sampson and P. E. Hickman (2004). "Area-under-the-curve
monitoring of prednisolone for dose optimization in a stable renal transplant

population." Ther Drug Monit 26(4): 408-414.

210



Quini, C. C., M. F. Americo, L. A. Cora, M. F. Calabresi, M. Alvarez, R. B. Oliveira and J. R.
Miranda (2012). "Employment of a noninvasive magnetic method for evaluation of

gastrointestinal transit in rats." J Biol Eng 6(1): 6.

Rademaker, M. (2001). "Do women have more adverse drug reactions?" Am J Clin Dermatol
2(6): 349-351.

Ramirez, F. D., P. Motazedian, R. G. Jung, P. Di Santo, Z. MacDonald, T. Simard, A. A.
Clancy, J. J. Russo, V. Welch, G. A. Wells and B. Hibbert (2017). "Sex Bias Is
Increasingly Prevalent in Preclinical Cardiovascular Research: Implications for
Translational Medicine and Health Equity for Women: A Systematic Assessment of
Leading Cardiovascular Journals Over a 10-Year Period." Circulation 135(6): 625-626.

Rathore, S. S., Y. Wang and H. M. Krumholz (2002). "Sex-based differences in the effect of
digoxin for the treatment of heart failure.” N Engl J Med 347(18): 1403-1411.

Refinetti, R. (2004). "Daily activity patterns of a nocturnal and a diurnal rodent in a seminatural
environment." Physiol Behav 82(2-3): 285-294.

Reppas, C., E. Karatza, C. Goumas, C. Markopoulos and M. Vertzoni (2015). "Characterization
of Contents of Distal Ileum and Cecum to Which Drugs/Drug Products are Exposed
During Bioavailability/Bioequivalence Studies in Healthy Adults." Pharm Res 32(10):
3338-3349.

Riethorst, D., R. Mols, G. Duchateau, J. Tack, J. Brouwers and P. Augustijns (2016).
"Characterization of Human Duodenal Fluids in Fasted and Fed State Conditions." J
Pharm Sci 105(2): 673-681.

Ruben, M. D., Wu, G., Smith, D. F., Schmidt, R. E., Francey, L. J., Lee, Y. Y., ... & Hogenesch,
J. B. (2018). " A database of tissue-specific rhythmically expressed human genes has

potential applications in circadian medicine. " Science translational medicine 10(458):

eaat8806.

211



Savolainen, H., Meerlo, P., Elsinga, P., Windhorst, A., Dierckx, R., Colabufo, N., van Waarde,
A. and Luurtsema, G. (2016). "P-glycoprotein Function in the Rodent Brain Displays a

Daily Rhythm, a Quantitative In Vivo PET Study. " The AAPS Journal 18(6):1524-

1531.

Schanker L.S. (1971) Absorption of Drugs from the Gastrointestinal Tract. In: Brodie B.B.,
Gillette J.R., Ackerman H.S. (eds) Concepts in Biochemical Pharmacology. Handbuch
der experimentellen Pharmakologie/Handbook of Experimental Pharmacology, vol 28
/ 1. Springer, Berlin, Heidelberg

Schuetz, E. G., K. N. Furuya and J. D. Schuetz (1995). "Interindividual variation in expression
of P-glycoprotein in normal human liver and secondary hepatic neoplasms." J

Pharmacol Exp Ther 275(2): 1011-1018.

Seaber, E., N. On, R. M. Dixon, M. Gibbens, W. J. Leavens, J. Liptrot, G. Chittick, J. Posner,
P. E. Rolan and R. W. Pack (1997). "The absolute bioavailability and metabolic
disposition of the novel antimigraine compound zolmitriptan (311C90)." Br J Clin
Pharmacol 43(6): 579-587.

Shah, P., V. Jogani, P. Mishra, A. K. Mishra, T. Bagchi and A. Misra (2007). "Modulation of
ganciclovir intestinal absorption in presence of absorption enhancers." J Pharm Sci
96(10): 2710-2722.

Shanks, N., R. Greek and J. Greek (2009). "Are animal models predictive for humans?" Philos

FEthics Humanit Med 4: 2.

Sharom, F. J. (2011). "The P-glycoprotein multidrug transporter." Essays Biochem 50(1): 161-
178.

Shore, R., H. Bjorne, Y. Omoto, A. Siemiatkowska, J. A. Gustafsson, M. Lindblad and L. Holm
(2017). "Sex differences and effects of oestrogen in rat gastric mucosal defence." World

J Gastroenterol 23(3): 426-436.

212



Soderlind, E., E. Karlsson, A. Carlsson, R. Kong, A. Lenz, S. Lindborg and J. J. Sheng (2010).
"Simulating fasted human intestinal fluids: understanding the roles of lecithin and bile
acids." Mol Pharm 7(5): 1498-1507.

Soldin, O. P. and D. R. Mattison (2009). "Sex differences in pharmacokinetics and

pharmacodynamics.” Clin Pharmacokinet 48(3): 143-157.

Soldin, O. P., S. H. Chung and D. R. Mattison (2011). "Sex differences in drug disposition." J

Biomed Biotechnol 2011: 187103.

Squires K, Gulick R, Pavia A, et al. Sex differences in the selection of thymidine analog
regimen therapy trials (START I and START II). [Abstract 516.] 7th Conference on
Retroviruses and Opportunistic Infections. January 30-February 2, 2000; San
Francisco, Calif

Stephen, A. M., H. S. Wiggins, H. N. Englyst, T. J. Cole, B. J. Wayman and J. H. Cummings
(1986). "The effect of age, sex and level of intake of dietary fibre from wheat on large-
bowel function in thirty healthy subjects." Br J Nutr 56(2): 349-361.

Strasberg, S. M., K. A. Siminovitch and R. G. Ilson (1974). "Bile production in fasted and fed
primates." Ann Surg 180(3): 356-363.

Sun, J., Z. G. He, G. Cheng, S. J. Wang, X. H. Hao and M. J. Zou (2004). "Multidrug resistance
P-glycoprotein: crucial significance in drug disposition and interaction." Med Sci Monit

10(1): Ra5-14.

Tamargo, J., G. Rosano, T. Walther, J. Duarte, A. Niessner, J. C. Kaski, C. Ceconi, H. Drexel,
K. Kjeldsen, G. Savarese, C. Torp-Pedersen, D. Atar, B. S. Lewis and S. Agewall
(2017). "Gender differences in the effects of cardiovascular drugs." Eur Heart J

Cardiovasc Pharmacother 3(3): 163-182.

213



Towbin, H., T. Staehelin and J. Gordon (1979). "Electrophoretic transfer of proteins from
polyacrylamide gels to nitrocellulose sheets: procedure and some applications." Proc
Natl Acad Sci U S A 76(9): 4350-4354.

Tukey, R. H. and C. P. Strassburg (2000). "Human UDP-glucuronosyltransferases:

metabolism, expression, and disease." Annu Rev Pharmacol Toxicol 40: 581-616.

Tuleu, C., C. Andrieux, P. Boy and J. C. Chaumeil (1999). "Gastrointestinal transit of pellets
in rats: effect of size and density." Int J Pharm 180(1): 123-131.

Tuo, B.G., Wen, G.R., Wei, J.Q., Zhang, Y.L., Deng, H. (2008). "Gender differences in
duodenal bicarbonate secretion cause gender differences in human duodenal ulcer."
Gastroenterology 134:A137-A1137.

Turley, S. D., M. Schwarz, D. K. Spady and J. M. Dietschy (1998). "Gender-related differences
in bile acid and sterol metabolism in outbred CD-1 mice fed low- and high-cholesterol
diets." Hepatology 28(4): 1088-1094.

Uchida, Y., M. Tachikawa, W. Obuchi, Y. Hoshi, Y. Tomioka, S. Ohtsuki and T. Terasaki
(2013). "A study protocol for quantitative targeted absolute proteomics (QTAP) by LC-
MS/MS: application for inter-strain differences in protein expression levels of
transporters, receptors, claudin-5, and marker proteins at the blood-brain barrier in ddY,

FVB, and C57BL/6J mice." Fluids Barriers CNS 10(1): 21.

Uehara, T., Elmore, S. A., & Szabo, K. A. (2018). Chapter 6 - Esophagus and Stomach. In A.
W. Suttie (Ed.), Boorman's Pathology of the Rat (Second Edition) (pp. 35-50). Boston:
Academic Press.

Ungell, A. L., S. Nylander, S. Bergstrand, A. Sjoberg and H. Lennernas (1998). "Membrane
transport of drugs in different regions of the intestinal tract of the rat." J Pharm Sci

87(3): 360-366.

214



USDA, animal and plant inspection service (2011). Annual report animal usage by fiscal year.
[online] Available at:
http://speakingofresearch.files.wordpress.com/2008/03/2010 animals used in_ resear
ch.pdf. [Accessed 18 Mar. 2019].

Utiger, R. D. (2017). Secretin. In Encyclopaedia Britannica: Encyclopaedia Britannica, inc.

Vaessen, S. F., M. M. van Lipzig, R. H. Pieters, C. A. Krul, H. M. Wortelboer and E. van de
Steeg (2017). "Regional Expression Levels of Drug Transporters and Metabolizing
Enzymes along the Pig and Human Intestinal Tract and Comparison with Caco-2

Cells." Drug Metab Dispos 45(4): 353-360.

Van der Sandt, I. C., M. C. Blom-Roosemalen, A. G. de Boer and D. D. Breimer (2000).
"Specificity of doxorubicin versus rhodamine-123 in assessing P-glycoprotein
functionality in the LLC-PK1, LLC-PK1:MDR1 and Caco-2 cell lines." Eur J Pharm

Sci 11(3): 207-214.

Vargaftik NB, V.B.a.V.L (1983). "International Tables of the Surface Tension of Water."

Journal of Physical and Chemical Reference Data 12: 817-820.

Villavisanis, D. F., K. M. Schrode and A. M. Lauer (2018). "Sex bias in basic and preclinical
age-related hearing loss research." Biol Sex Differ 9(1): 23.
Vine, D. F., S. A. Charman, P. R. Gibson, A. J. Sinclair and C. J. Porter (2002). "Effect of

dietary fatty acids on the intestinal permeability of marker drug compounds in excised

rat jejunum." J Pharm Pharmacol 54(6): 809-819.
Vonk, R. J., A. B. van Doorn and J. H. Strubbe (1978). "Bile secretion and bile composition in
the freely moving, unanaesthetized rat with a permanent biliary drainage: influence of

food intake on bile flow." Clin Sci Mol Med 55(3): 253-259.

215


http://speakingofresearch.files.wordpress.com/2008/03/2010_animals_used_in_research.pdf
http://speakingofresearch.files.wordpress.com/2008/03/2010_animals_used_in_research.pdf

Voskuhl, R. R. and K. Palaszynski (2001). "Sex hormones in experimental autoimmune
encephalomyelitis: implications for multiple sclerosis." Neuroscientist 7(3): 258-270.
Walle, U. K. and T. Walle (1998). "Taxol transport by human intestinal epithelial Caco-2 cells."

Drug Metab Dispos 26(4): 343-346.

Wessler, J. D., L. T. Grip, J. Mendell and R. P. Giugliano (2013). "The P-glycoprotein transport

system and cardiovascular drugs." J Am Coll Cardiol 61(25): 2495-2502.

Whelan, K., Bartlett, A., Datta, A., Hedin, C.R.H., Kallis, S., Law, E. (2009). "Dietary and
non-dietary factors associated with the concentration of major gastrointestinal
microbiota in healthy subjects." Proc. Nutr. Soc. 68: E22.

Wisdom, A. J., Y. Cao, N. Itoh, R. D. Spence and R. R. Voskuhl (2013). "Estrogen receptor-
beta ligand treatment after disease onset is neuroprotective in the multiple sclerosis
model." J Neurosci Res 91(7): 901-908.

Wizemann T, Pardue M (2001). “Exploring the biological contributions to human health: does
sex matter?” Washington DC: National Academies Press.

Wolbold, R., K. Klein, O. Burk, A. K. Nussler, P. Neuhaus, M. Eichelbaum, M. Schwab and
U. M. Zanger (2003). "Sex is a major determinant of CYP3A4 expression in human
liver." Hepatology 38(4): 978-988.

Wu, C. Y. and L. Z. Benet (2005). "Predicting drug disposition via application of BCS:
transport/absorption/ elimination interplay and development of a biopharmaceutics
drug disposition classification system." Pharm Res 22(1): 11-23.

Xu, M. J, G. J. Wang, H. T. Xie, H. Li, Q. Huang, R. Wang, Y. W. Jia and T. Lv (2008).

"Gender difference regarding schizandrin pharmacokinetics in rats." Eur J Drug Metab

Pharmacokinet 33(2): 65-68.

Yousef, I. M., G. Kakis and M. M. Fisher (1972). "Bile acid metabolism in mammals. 3. Sex

difference in the bile acid composition of rat bile." Can J Biochem 50(4): 402-408.

216



Zakeri-Milani, P. and H. Valizadeh (2014). "Intestinal transporters: enhanced absorption

through P-glycoprotein-related drug interactions." Expert Opin Drug Metab Toxicol

10(6): 859-871.

Zhang, L. and W. H. Li (2004). "Mammalian housekeeping genes evolve more slowly than
tissue-specific genes." Mol Biol Evol 21(2): 236-239.

Zhang, W., Y. Han, S. L. Lim and L. Y. Lim (2009). "Dietary regulation of P-gp function and

expression." Expert Opin Drug Metab Toxicol 5(7): 789-801.

Zinzi L, Capparelli E, Cantore M, Contino M, Leopoldo M, Colabufo NA (2014). "Small and

Innovative Molecules as New Strategy to Revert MDR." Frontiers in Oncology. 4(2).

Zucker, 1. and A. K. Beery (2010). "Males still dominate animal studies." Nature 465(7299):

690.
Bishehsari F, Levi F, Turek FW, Keshavarzian A. (2016) "Circadian Rhythms in

Gastrointestinal Health and Diseases." Gastroenterology 151(3): el—eS5.

Envigo.com. (2019). ENVIGO + Helping customers secure the potential of life enhancing
research and products | Envigo. [online] Available at: https://www.envigo.com/

[Accessed 14 Jun. 2019].

217



