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ABSTRACT 

Trace amines (TA), typified by p-tyramine (TYR) and 2-phenylethylamine (2-PE), function by 

activating trace amine-associated receptor 1 (TAAR1), a G protein-coupled receptor.  TAAR1 is 

intracellularly localized and plays important physiological functions. Thus, it is important to know 

the mechanisms by which TA cellular levels can be controlled. TA can readily diffuse across 

synthetic lipid bilayers and Organic Cation Transporter 2 (OCT2; Slc22A2) was shown to transport 

TYR in synaptosomes. Whether a similar transporter regulates diet-derived TYR uptake across 

intestinal epithelial cells is unknown. In this study, I selected the Caco-2 human intestinal cell line 

to characterize TA transport properties across a Caco-2 monolayer. On studying TYR and 2-PE 

transport pattern, their transport across the apical membrane was shown to be mediated by a 

facilitated diffusion transporter which for TYR was decynium-22 (P = 0.0092) and pentamidine 

sensitive (P = 0.001), but not atropine (ATR) sensitive, suggesting it is OCT2. Conversely, across 

the basolateral membrane, Na+-dependent (P = 0.0174) and ATR sensitive (P = 0.020) active TYR 

transport was observed (P < 0.0001), with a trend (P = 0.0714) towards active 2-PE transport also 

observed. Kinetic parameters for the TYR active transporter were Kt = 33.1 nM and Vmax = 43.0 

nM/second. Protein purification by coupling TYR to a N-hydroxysuccinimide activated column 

led to isolation of 124 common TYR and ATR binding proteins from Caco-2 cells, although none 

of them were Na+-dependent transporters. Finally, TYR transport was modelled by developing ordinary 

differential equations in MATLAB using kinetic parameters of known TYR transport processes and 

compared to experimental data. Known TYR kinetics did not recapitulate experimental observations, 

suggesting the presence of additional transporters. Further simulations indicated that asymmetry in apical 

OCT2 transport (Kt_OCT2_apicaltocell = 110.4 nM, Kt_OCT2_celltoapical = 1227.9 nM), and an additional non-OCT2, 

symmetric, basolateral facilitated diffusion transporter (Vmax = 6.0 nM/s, Kt = 628.3 nM) were required to 

recapitulate experimental parameters. In conclusion, OCT2 transports TYR across the apical Caco-2 
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membrane, while as yet unidentified Na+-dependent active transporter and symmetric facilitated diffusion 

transporter are responsible for TYR transport across Caco-2 basolateral membranes.  
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LAY SUMMARY  

Trace amines (TA) such as, p-tyramine (TYR) and 2-phenylethylamine (2-PE) are naturally 

occurring compounds that get their name due to their ‘trace’ concentrations. They are present in 

commonly consumed foods along with being produced by intestinal microbes. TA function by 

activating a protein known as trace amine-associated receptor 1 (TAAR1) which has been 

implicated in a variety of physiological functions and disease conditions. Since TAAR 1 is located 

inside cells, I was interested in determining how TA are transported into cells to provide access to 

TAAR1. TA can both diffuse through the cell membrane and can also be moved by transporter 

proteins. Of note, there is a transporter called Organic Cation Transporter 2 (OCT2) which 

transports TYR in nerve cells. In this thesis, I aimed to find if OCT2 also causes diet-derived TYR 

transport into intestinal epithelial cells using the Caco-2 human intestinal cell line which mimics 

the cells of the intestine. I have found distinct TYR transport processes for passage from inside the 

intestines (luminal) compared to passage from the blood (basolateral). Across the luminal 

membrane, I confirmed TYR transport to be taking place via OCT2, but across the basolateral 

membrane TYR was actively accumulated in cells, with the energy for this coming from a sodium 

gradient. Attempts to isolate and identify this protein were not successful. Finally, I used computer 

modelling techniques to examine whether there were any additional TYR transport processes 

occurring. The known TYR transport characteristics did not allow modelling of experimental observation 

suggesting the presence of additional TYR transporters. Further analysis identified the needed 

characteristics of this additional transporter. These transporters may serve as important therapeutic targets 

to modulate TA function and also increase our understanding of host-diet-microbe relationships in health 

and disease. 
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1 INTRODUCTION 

1.1 An overview on trace amines 

Trace amines (TA) are a family of endogenous compounds that are responsible for regulating 

a myriad of physiological functions (Borowsky et al., 2001; Bunzow et al., 2001; Revel et al., 

2011; Berry et al., 2017; Christian and Berry, 2018; Gainetdinov et al., 2018; Rutigliano et al., 

2018; Nair et al., 2022). The name TA was deduced due to their relatively low concentration in 

mammalian tissues in comparison to the more abundant monoamine neurotransmitters dopamine, 

serotonin, epinephrine and norepinephrine to which TA are structurally and metabolically related 

(Berry, 2004; Farooqui and Farooqui, 2016; Gainetdinov et al., 2018). At 1-10 ng/g tissue, which 

is equivalent to a 10-100 nM endogenous concentration (Berry, 2004), TA represent less than 1% 

of the total biogenic amines which are synthesized in various cell types within the body (Berry, 

2004; Gainetdinov et al., 2018). Classical examples of TA include m-, o- and p-tyramine (m-, o- 

and TYR), 2-phenylethylamine (2-PE), tryptamine (TRP), m- and p-octopamine (m- and OA), and 

synephrine (SYN) (Figure 1.1). Other more recently described TA include isoamylamine (IAA), 

trimethylamine (TMA), and 3-iodothyronamine (3-IT) (Figure 1.1).  
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Figure 1.1: Structures of representative examples of endogenous TA. The figure was 

generated in ChemDraw 22.0.0. 
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The TA systems serve different functions in invertebrates and vertebrates. The invertebrate 

TA system primarily serves the role of monoaminergic neurotransmitters, involved in regulating a 

variety of behavioural and physiological processes (Downer et al., 1993; Roeder, 2005; Anton et 

al., 2007; Farooqui, 2007; Kononenko et al., 2009; Homberg et al., 2013). The vertebrate TA 

system, however, functions through unique G protein-coupled trace amine-associated receptors 

(TAARs), which regulate pre-existing signals in neuronal (Borowsky et al., 2001; Bunzow et al., 

2001; Revel et al., 2011; Berry et al., 2017; Christian and Berry, 2018; Gainetdinov et al., 2018; 

Rutigliano et al., 2018; Alnefeesi et al., 2021; Nair et al., 2022), metabolic (Raab et al., 2016; 

Berry et al., 2017; Christian and Berry, 2018; Gainetdinov et al., 2018; Rutigliano et al., 2018; 

Batista-Lima et al., 2019; Cripps et al., 2020)), and immune  (Babusyte et al., 2013; Harmeier et 

al., 2015; Jacobs et al., 2016; Berry et al., 2017; Santoru et al., 2017; Christian and Berry, 2018; 

Gainetdinov et al., 2018; Rutigliano et al., 2018) systems. Other TA such as certain O-methyl 

derivatives of monoamines including 3-methoxytyramine, metanephrine, and normetanephrine, 

and N-methyl metabolites of TA, such as N-methyltyramine, N-methylphenylethylamine and N,N-

dimethyltryptamine, have also been shown to be TAAR ligands (Lindemann et al., 2005). In 

addition to these compounds, polyamines, such as cadaverine, putrescine, spermidine, spermine 

and agmatine can also act as TAAR ligands (Li et al., 2015). Further, the role of TAARs as a novel 

class of receptors for olfaction in pheromone and kairomone detection (Brahmachary and Dutta, 

1979; Nishimura et al., 1989; Liberles, 2014) has also gained attention in vertebrate species. My 

thesis focusses on non-olfactory TA functions, and these are described in more detail below. 
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1.2 Vertebrate TA systems 

TA are produced within the body by aromatic L-amino acid decarboxylase (AADC; EC 

4.1.1.28) via decarboxylation of precursor amino acids (Boulton and Wu, 1972, 1973; Saavedra, 

1974; Snodgrass and Iversen, 1974; Silkaitis and Mosnaim, 1976; Dyck et al., 1983). TA are also 

found in common dietary items  (Coutts et al., 1986; Finberg and Gillman, 2011; An et al., 2015; 

Biji et al., 2016; Martin and Vij, 2016; Nalazek-Rudnicka and Wasik, 2017; Ohta et al., 2017; Liu 

et al., 2018; Park et al., 2019; Zhang et al., 2019; Chen et al., 2022). In addition, TA are synthesized 

by the intestinal microflora  (Marcobal et al., 2006; Irsfeld et al., 2013; Williams et al., 2014; Zhu 

et al., 2014; Yang et al., 2015; Barbieri et al., 2019; Pretorius and Smith, 2020).   

 

1.2.1 AADC-mediated synthesis of TA 

The major pathway of TA synthesis in vertebrates is from the decarboxylation of amino acids 

by the enzyme AADC (Boulton and Wu, 1972, 1973; Snodgrass and Iversen, 1974; Silkaitis and 

Mosnaim, 1976; Dyck et al., 1983). AADC has been shown to exhibit broad substrate selectivity. 

Initially, L-5-hydroxytryptophan and L-DOPA were reported to be preferred substrates for AADC 

(Lovenberg et al., 1962; Christenson et al., 1970; Saavedra and Axelrod, 1973), producing 

serotonin and dopamine, respectively. L-phenylalanine can be converted to L-tyrosine by the action 

of phenylalanine hydroxylase (PAH) or tyrosine hydroxylase (TH). The decarboxylation of L-

tyrosine results in the formation of TYR, decarboxylation of L-phenylalanine leads to the 

formation of 2-PE, and TRP is formed from the decarboxylation of L-tryptophan (Figure 1.2) 

(Boulton and Wu, 1972, 1973; Snodgrass and Iversen, 1974; Silkaitis and Mosnaim, 1976; Dyck 

et al., 1983). The AADC gene consists of fifteen exons located on human chromosome 7p12.1-

12.3 (Sumi‐Ichinose et al., 1995), with alternative splicing variants reported (Duan et al., 2004; 
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Bly, 2005; Lindemann et al., 2008; Xie et al., 2008). AADC is present in neuronal and glial cells 

(Li et al., 1992; Juorio et al., 1993; Xie et al., 2008), blood vessels (Li et al., 2014), intestine 

(Lauweryns and Van Ranst, 1988; Vieira‐Coelho and Soares‐da‐Silva, 1993), kidney (Christenson 

et al., 1970; Aperia et al., 1990; Hayashi et al., 1990; Lancaster and Sourkes, 2011), liver 

(Bouchard and Roberge, 1979; Ando-Yamamoto et al., 1987; Dominici et al., 1987), lungs 

(Lauweryns and Van Ranst, 1988; Linnoila et al., 1993), pancreas (Lindstrom and Sehlin, 1983; 

Furuzawa et al., 1994; Rorsman et al., 1995) and stomach (Lichtenberger et al., 1982), which are 

therefore possible sites of TA synthesis. In addition, reports of the presence of AADC but not TH 

or tryptophan hydroxylase in mammalian D-neurons suggests that these enzymes may form a 

dedicated neuronal TA system (Jaeger et al., 1983, 1984; Fetissov et al., 2009; Kitahama et al., 

2009). These locations of AADC largely mirror the known location of TA and TAARs (Regard et 

al., 2007; Ito et al., 2009; Revel et al., 2013; Gainetdinov et al., 2018) hence, it is likely that 

localized formation occurs in such regions. Further, as can be seen from Figure 1.2, OA and SYN 

can be formed from TYR by the action of dopamine -hydroxylase (DH; EC 1.14.17.1) and 

phenylethanolamine-N-methyl transferase (PNMT; EC 2.1.128) (Boulton and Wu, 1972, 1973). 

The action of PMNT and indolethylamine N-methyltransferase (INMT; EC 2.1.1.49) results in the 

N-methylation of TA which gives rise to the production of additional TAAR ligands, N-

methylphenylethylamine, N-methyltyramine, and N-methyltryptamine (Saavedra and Axelrod, 

1972; Lindemann et al., 2005; Zucchi et al., 2006) (Figure 1.2). The enzyme catechol-O-methyl 

transferase (COMT; EC 2.1.1.6) converts dopamine to 3-methoxytyramine, which is also a TAAR 

ligand (Bunzow et al., 2001; Sotnikova et al., 2010). 
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Figure 1.2: Metabolic pathways of TA. Pathways showing synthesis, degradation, and 

interconversion of TA. Traditional TA are denoted in red. Figure was generated in ChemDraw 

22.0.0. 
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1.2.2 TA from the diet 

Common dietary items have long been reported to contain abundant levels of TA such as 

TYR, 2-PE and TRP (Coutts et al., 1986). Reported sources of TA include aged cheeses, fermented 

food products such as meat, red wine, soy products, and chocolate (Coutts et al., 1986). Seafood 

sources that include molluscs, crustaceans and fish, have been shown to be a rich source of various 

TA, such as 2-PE, OA, TRP and TYR (An et al., 2015; Biji et al., 2016; Chen et al., 2022). Various 

herbal extracts used as medicine in different cultures such as, Ginkgo biloba (Könczöl et al., 2016), 

Chinese herbal medicines (Zhang et al., 2016) and Indian herbal brews (Leonti and Casu, 2014) 

have also been reported to contain TA.  

Adverse reactions to TA rich food such as cheese, wine and seafood have been reported 

(Finberg and Gillman, 2011b; Biji et al., 2016). For example, a condition known as the ‘cheese 

effect’ has been reported with increased TYR accumulation seen in patients prescribed monoamine 

oxidase (MAO; EC 1.4.3.4) inhibitors (Sabelli and Mosnaim, 1974; Sabelli et al., 1996) following 

ingestion of high TYR containing foods, which results in increased blood norepinephrine levels 

and leads to hypertensive crisis, migraine and death (Price and Smith, 1971; Stratton et al., 1991; 

Anderson et al., 1993; Shalaby, 1996; Finberg and Gillman, 2011).  

 

1.2.3 Microbiota-derived TA 

It has been well-established that there is a clear association between diet, gastrointestinal 

microbiota, and health (Dinan and Cryan, 2015; Honda and Littman, 2016; Thaiss et al., 2016; 

Alexander et al., 2017; Brunkwall and Orho-Melander, 2017; Fung et al., 2017; Luo et al., 2017; 

Roy and Trinchieri, 2017). TA have been reported to be produced by the intestinal microbiota due 

to the presence of decarboxylase enzymes that include L-amino acids in their substrate profile. 
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Among them, Enterococcus faecium produces 2-PE and TYR from L-phenylalanine and L-

tyrosine, respectively (Marcobal et al., 2006; Bugda Gwilt et al., 2020). Further, Enterococcus 

faecalis (Connil et al., 2002), Lactobacillus brevis (Lucas et al., 2003), Carnobacterium divergens 

(Coton et al., 2004), and Lactococcus lactis (Fernández et al., 2004) have been reported to contain 

selective tyrosine decarboxylase enzymes. L-phenylalanine decarboxylation has also been reported 

in Lactobacillus brevis (Bover-Cid et al., 2001; Gardini et al., 2001; Moreno-Arribas and Lonvaud-

Funel, 2001). In addition, Clostridium sporogenes and Ruminococcus gnavus produce TA via the 

decarboxylase enzymes CLOSO_02083 and RUMGNA_01526 (Williams et al., 2014). 

Interestingly, microbiota dysbiosis linked with increased levels of 2-PE have been reported in 

patients with Crohn’s disease (Jacobs et al., 2016; Santoru et al., 2017) and elevated TYR levels 

have been reported in ulcerative colitis through metabolomics studies (Santoru et al., 2017). 

Additionally, variable TRP levels associated with differential gut virome presence has been linked 

to depression (Duan et al., 2022). Outside of the gastrointestinal environment, in the genitourinary 

system, TA such as TYR, putrescine and cadaverine are produced by the vaginal microbiota that 

include Dialister, Prevotella, Parvimonas, Megasphaera, Peptostreptococcus, and Veillonella sp. 

(Nelson et al., 2015). Overall, the production of TA by the microbiota provides a possible 

mechanism through which constitutive microbiota is linked to host health. 

 

1.2.4 Degradation of TA  

The enzyme MAO is involved in the metabolism of TA much like the metabolism of classical 

monoamine neurotransmitters. TYR is metabolized by MAO type A and B (Philips and Boulton, 

1979; Durden and Philips, 1980), while 2-PE is a selective MAO type B substrate (Yang and Neff, 

1973). MAO can convert TYR to p-hydroxyphenylacetic acid, 2-PE to phenylacetic acid, OA to 
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p-hydroxymandelic acid, and TRP to indoleacetic acid (Grimsby et al., 1997) (Figure 1.2). The 

enzymes INMT and PNMT convert TRP and TYR or 2-PE to their N-methyl derivatives 

(Lindemann et al., 2005), such as N-methylphenylethylamine (from 2-PE), N-methyltyramine 

(from TYR) and synephrine (from OA) (Figure 1.2). The N-methyl derivatives can also act on one 

or more TAARs in a species-specific manner (Simmler et al., 2016). There have also been reports 

of metabolism of TA via cytochrome P450 isozymes (Yu et al., 2003; Niwa et al., 2011) and 

semicarbazide-sensitive amine oxidase (E.C. 1.4.3.21) (Elliott et al., 1989). Finally, 2-PE can be 

acted upon by DH to generate phenylethanolamine, which has been reported to be a weak agonist 

of TAAR1 (Wainscott et al., 2007), and TYR can also be acted upon by DH to produce OA 

(Saavedra and Axelrod, 1973; Danielson et al., 1977). 

 

1.2.5 Effects of TA 

The effects of TA have not always been clearly linked to TAAR, with some reported effects 

pre-dating the discovery of TAAR in 2001 (Borowsky et al., 2001; Bunzow et al., 2001).  In this 

section, the reported effects of TA that are either TAAR-independent or of unknown molecular 

basis are described. 

 

1.2.5.1 TA in the brain 

TYR is one of the well-studied members of the vertebrate TA family. In addition to the para 

form (TYR), meta and ortho forms of tyramine are also present but have rarely been studied and 

are present in lower quantities than the para-form (Boulton, 1976; Davis, 1989). TYR and 2-PE 

have been shown to exhibit indirect sympathomimetic, amphetamine-like effects (Fuxe et al., 

1967; Borison et al., 1975; Raiteri et al., 1977; Parker and Cubeddu, 1988; Janssen et al., 1999; 
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Baker et al., 2011). Further indirect sympathomimetic effect includes displacement of classical 

monoamine neurotransmitters (Jones and Boulton, 1980; Jones, 1983) from their presynaptic 

stores have been reported with the administration of TYR, although this has only been shown to 

occur when TYR levels reach at least 100-fold higher than their physiological concentrations 

(Dourish, 1982; Stoff et al., 1984; Berry, 2004). OA has also been suggested to exhibit indirect 

sympathomimetic responses, in the same manner as TYR and 2-PE (Raiteri et al., 1977; Parker 

and Cubeddu, 1988), as demonstrated by an increase in dopamine and dihydroxyphenylacetic acid 

efflux following OA administration in striatal slices (Parker and Cubeddu, 1988). 

Effects that are independent of indirect sympathomimetic effects include enhancement of 

neuronal dopamine and noradrenaline activity which have been reported with the administration 

of TYR and 2-PE(Jones and Boulton, 1980; Paterson, 1988, 1993; Paterson and Boulton, 1988). 

The effect of TRP on regulating electrophysiological responses has also been demonstrated with 

TRP reducing excitatory responses in cortical neurons, followed by a long-lasting decrease in basal 

firing (Jones, 1982). Further, dopamine-mediated effects on membrane fluidity are potentiated by 

the administration of 2-PE (Harris et al., 1988). 2-PE can also induce a downregulation in D1R 

(dopamine D1 receptor) and 1- and 2-adrenergic receptors (Paetsch and Greenshaw, 1993; 

Paetsch et al., 1993). The polyamine agmatine has been shown to bind to NMDA receptors (Yang 

and Reis, 1999) and serotonin 5-HT2 receptors (Taksande et al., 2009). All these reports provide 

an understanding of the role of vertebrate TA in modulating neurotransmission which are 

independent of indirect sympathomimetic responses.  

Other TA such as, IAA, TMA, 3-IT have also been reported to play important physiological 

roles. IAA is present in male mouse urine with links to its possible function as a pheromone that 
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may induce puberty in female mice (Nishimura et al., 1989). Similarly, TMA has been proposed 

to be a male pheromone in mice (Li et al., 2013). 

 

1.2.5.2 TA in the periphery 

Interestingly, TA effects have also been documented in tissues associated with the GI tract 

and nutrient metabolism. TYR, 2-PE, TRP, IAA and the polyamine can all stimulate secretion of 

gastrin from the G cells of the stomach in rats (Dial et al., 1991). In addition, IAA can inhibit the 

amplitude of gastrointestinal contractions in a tetrodotoxin-sensitive manner (Sánchez et al., 

2017), suggesting a neuron-mediated function. TYR can also regulate the integrity of the intestinal 

epithelial layer with increased expression of tight junction protein (11arly11ing and ZO-1), along 

with reported inflammatory properties (Pretorius and Smith, 2022, 2023). Additionally, TYR at 

high doses has been reported to exhibit dose-dependent antilipolytic effects (Carpéné et al., 2018), 

including stimulating uptake of glucose into human adipocytes (Carpéné et al., 2022). 

Furthermore, OA and SYN have been reported to reduce adipogenic marker proteins in mouse 

preadipocyte cells while also reducing total cholesterol levels and bodyweight in mice fed high fat 

diet (Lee et al., 2022), suggestive of a role of these TA in counteracting obesity. In this context, 

OA has also been reported as a potential marker in non-alcoholic fatty liver disease (Brial et al., 

2019). When it comes to 3IT, its administration has been shown to increase lipolysis (Mariotti et 

al., 2014). In addition, an important role of 3IT in thermoregulation has been demonstrated where 

it can induce hypothermia (Scanlan et al., 2004; Doyle et al., 2007; Braulke et al., 2008). 

Moving to cardiovascular effects, it has been shown that when TYR is consumed in high 

amounts, it can exert cardiovascular effects (Berry, 2004; Varounis et al., 2017; Burns and Kidron, 

2022). One of the major issues of concern is the hypertensive crisis that is caused upon ingestion 
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of very high amounts of TYR, otherwise known as ‘the cheese effect’ (as explained previously in 

section 1.2.2) in patients taking monoamine oxidase inhibitors, which is due to the previously 

described indirect sympathomimetic effects (Price and Smith, 1971; Stratton et al., 1991; Anderson 

et al., 1993; Shalaby, 1996). Such hypertensive crisis can lead to end-organ damage such as 

intracranial bleeds, retinal haemorrhages, pulmonary edema, or renal failure (Varounis et al., 

2017). Additionally, increased levels of TRP, 2-PE and TYR have been found in patients with 

MAO-A/B deficiency disorders, with these patients having increased cardiovascular disorders 

(Lenders et al., 1996). Increased amounts of TYR in blood also exerts a vasopressor response, 

where it is taken by up the norepinephrine reuptake transporter and eventually releasing high 

quantities of norepinephrine into circulation, by displacing norepinephrine from its pre-synaptic 

storage vesicle  (Broadley, 2010; Trupin, 2017; Burns and Kidron, 2022). In this respect, 2-PE has 

also been shown to increase aortic blood pressure (Liang and Sprecher, 1979). In addition, TYR, 

2-PE, OA and synephrine have been shown to exhibit direct actions on 1-adrenoreceptors (Brown 

et al., 1988; Hibino et al., 2009; Varma et al., 2011; Koh et al., 2019) and weak 1-adrenoreceptor 

agonist effects in cardiac tissues (Jordan et al., 2011; Kleinau et al., 2011).  

 In terms of the immune system, early studies have reported effects of TYR on leukocyte 

and erythrocyte chemotaxis and aggregation (Wolf, 1921, 1923). Further, activated platelets have 

been shown to release TYR and 2-PE (D’Andrea et al., 2003), where the TA have been suggested 

to exhibit chemotactic responses of leukocytes (Christian and Berry, 2018). N-methyl metabolites 

of TA such as, N,N-dimethyltryptamine has been reported to inhibit the production of pro-

inflammatory cytokines (IL-1, IL-6, TNF) while increasing the secretion of anti-inflammatory 

cytokine (Szabo et al., 2014; Szabo, 2015). Very recently, anti-inflammatory properties of TRP 

were also reported in mouse macrophages (Agista et al., 2022). In addition, polyamines such as, 
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cadaverine, putrescine, spermidine, spermine and agmatine (Figure 1.1) have long been known to 

influence cell proliferation and growth and cellular stress responses (Miller-Fleming et al., 2015; 

Pegg, 2016). 

1.2.6 TA-linked disorders 

As seen from the earlier sections, TA effects within the body are widespread and they have 

been implicated in different disorders which will be explained in the following sections.  

1.2.6.1 Central nervous system disorders 

Increased levels of 2-PE have been reported in urine samples from schizophrenia patients 

(Janssen et al., 1999) and patients showing mania symptoms (Karoum et al., 1982; Davis, 1989; 

Sabelli and Javaid, 1995). Links to 2-PE and the pathogenesis of drug abuse/dependence disorder 

are also supported by the report of 2-PE involvement in brain reward and reinforcement pathways 

(Greenshaw, 1984; Shannon and Thompson, 1984). In addition, in patients suffering from 

depression (Wolf and Mosnaim, 1983) or attention deficit hyperactivity disorder (Baker et al., 

1991), decreased urinary levels of 2-PE have been reported, whereas high urinary levels of 2-PE 

were reported in patients with stress (Paulos and Tessel, 1982; Snoddy et al., 1985; Grimsby et al., 

1997). Furthermore, TYR has also been suggested to play a role in pediatric-onset multiple 

sclerosis (Solmaz et al., 2022). Other TA such as, N,N-dimethyltryptamine has been reported to 

exhibit hallucinogenic properties (Carbonaro and Gatch, 2016). Dysregulation of the polyamine 

agmatine, has been implicated in affective disorder such as, depressive disorder, cognitive 

disorders such as, Alzheimer’s dementia, substance/drug abuse, addiction and metabolic disorders 

as well (Piletz et al., 2013).  
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1.2.6.2 Disorders in the periphery 

TA have also been linked to immune-related disorders, where elevated TYR levels have been 

reported in fecal samples from patients suffering from ulcerative colitis (Nagao-Kitamoto et al., 

2016; Santoru et al., 2017) and celiac disease (Di Cagno et al., 2011; De Angelis et al., 2016). This 

observation is in line with earlier studies reporting a change in L-tyrosine metabolism in 

inflammatory bowel disorder pathophysiology (Burczynski et al., 2006; Jansson et al., 2009). 

Elevated levels of 2-PE were reported in fecal samples from Crohn’s disease patients (Jacobs et 

al., 2016; Santoru et al., 2017) and have been correlated to disease progression and symptoms. In 

addition, elevated 2-PE levels due to phenylalanine hydroxylase (EC 1.14.16.1) deficiency 

(Reynolds and Gray, 1978) has been reported in patients with phenylketonuria. Finally, TYR has 

been reported as a marker for Sjogren syndrome (Han et al., 2022) , and has been suggested to be 

involved in psoriasis (Ramessur et al., 2022). Several recent studies have further highlighted the 

important roles of agmatine in the treatment of atherosclerosis and fatty liver disease (Wiśniewska 

et al., 2021), and also in the diagnosis of prostate cancer (Coradduzza et al., 2022). 

All in all, the role of TA in the body is physiologically widespread, where TA exhibit 

important psychiatric, metabolic and immune-related functions and point to the importance of 

controlling TA levels within different cells and tissues throughout the body.  

 

1.3 Vertebrate TA receptors – TAARs 

TAARs are a family of G protein-coupled receptors (GPCR) which are rhodopsin-like, type 

A receptors and found only in vertebrates (Borowsky et al., 2001; Bunzow et al., 2001; Gloriam 

et al., 2005; Lindemann et al., 2005). The first evolutionary evidence of the emergence of TAAR-

like protein appears to be in lamprey (Gloriam et al., 2005; Hashiguchi and Nishida, 2007; Libants 
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et al., 2009; Eyun et al., 2016), with a conserved TAAR signature motif emerging after the 

divergence of jawed vertebrates from jawless fish (Hashiguchi and Nishida, 2007; Eyun et al., 

2016). Different studies have reported species-specific evolution in these genes resulting in large 

variations in the total number of functional TAARs present between species, along with the 

emergence of various species-specific isoforms (Lindemann et al., 2005; Vallender et al., 2010; 

Eyun et al., 2016). The highest number of TAARs observed so far is in the zebrafish with a total 

of 112 functional genes  (Hashiguchi and Nishida, 2007; Hashiguchi et al., 2008; Hussain et al., 

2009; Tessarolo et al., 2014; Gao et al., 2017). The bottlenose dolphin, however, is the only known 

vertebrate to not contain any functional TAAR genes, with all three genes pseudogenized (Eyun 

et al., 2016). All TAARs, except TAAR1, appear to be expressed in the olfactory epithelium 

(Liberles and Buck, 2006; Hashiguchi and Nishida, 2007; Gliem et al., 2009; Horowitz et al., 2014; 

Syed et al., 2015).I evolution and profiling of the TAAR genes strongly suggest dependence on 

changes in habitation and adaptation (Berry et al., 2017). 

Among mammals, TAARs segregate to nine sub-families (TAAR1-9) (Eyun et al., 2016) 

with TAAR1-4 directed towards recognition of primary amines and evolving under negative 

selection pressures (Ferrero et al., 2012), while TAAR5-9 are tuned towards tertiary amines and/or 

diamines as determined through phylogenetic analysis and TAAR functional assays, which appear 

to have evolved under positive selection pressures (Eyun et al., 2016). Humans have six functional 

members of the TAAR family, TAAR1, 2, 5, 6, 8 and 9, and three pseudogenes TAAR3, 4 and 7, 

with all genes located on chromosome 6q23.2 (Borowsky et al., 2001; Bunzow et al., 2001). Each 

TAAR gene consists of a single exon, except TAAR2 which contains two exons (Lindemann et 

al., 2005). The expression levels of TAARs are very low, making their further characterization 

difficult with a well-validated anti-human antibody only available for TAAR1 (Raab et al., 2015), 
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which has made TAAR1 a less challenging isoform to study when compared to the other human 

TAARs. All human TAARs located in the olfactory epithelium couple to the Golf cascade to 

stimulate cAMP (cyclic AMP) production (Liberles and Buck, 2006). Known endogenous ligands 

for human TAAR are shown in Table 1.1. 

 

Table 1.1: Functional human TAARs (hTAARs) and their endogenous TA substrates.  

Functional hTAARs Endogenous TA agonists 

TAAR1 TYRa, 2-PEa, TRPa, OAb, 3MTc 

TAAR2 Unknown 

TAAR5 TMAc, dimethylethylamineb, 3ITd 

TAAR6 Diamine binding pockete 

TAAR8 Cadaverinef, diamine binding pockete 

TAAR9 Unknown  

a: Liberles and Buck (20 06) ; b: Wallrabenstein et al., 2 013 ; c: Li et al., 2 015 ; d: Dinet, 

Mulhaus, Wienchol et al., 2 015 ; e: Li et al., 2 015 ; f: Kovacs et al., 2019 

1.3.1 TAAR subfamilies  

TAAR1 is by far the best characterized and most studied among the TAARs. TAAR1 is well 

conserved among mammals, avians and amphibians (Hussain et al., 2009) with 97% homology 

between humans and cynomolgus monkeys, and 77% between rats and mice (Gainetdinov et al., 

2018). Unlike most GPCRs, TAAR1 has an intracellular localization in all cell types studied 

(Lindemann et al., 2005; Barak et al., 2008; Raab et al., 2015; Pei et al., 2016; Pitts et al., 2019; 

Barnes et al., 2021), which is further explained in Section 1.3.2.1. The cellular distribution of 

TAAR1 generally mirrors the previously described locations of AADC (Regard et al., 2007; Ito et 
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al., 2009; Revel et al., 2013; Gainetdinov et al., 2018) and is described fully in subsequent sections 

(Sections 1.3.2.3 and 1.3.2.4). Agonists for TAAR1 include TYR and 2-PE, (Liberles and Buck, 

2006; Simmler et al., 2016; Bonner et al., 2019) (Table 1.1), which are the best characterized so 

far. TAAR1 has been reported to play important roles in regulating monoaminergic 

neurotransmission in the brain (Lindemann et al., 2008; Xie et al., 2008; Revel et al., 2011, 2013), 

controlling nutrient-induced hormone secretion in the periphery (Adriaenssens et al., 2015; Raab 

et al., 2015) and in regulating various immune functions (D’Andrea et al., 2003; Nelson et al., 

2007; Wasik et al., 2012; Babusyte et al., 2013; Barnes et al., 2021, 2022).  

In addition to being present in the olfactory epithelium (Liberles and Buck, 2006), TAAR2 

presence in limbic brain areas in mice where it regulates dopaminergic activity and adult 

neurogenesis has been recently reported (Efimova et al., 2022). In the immune system, TAAR2 

shows a similar expression pattern as TAAR1, being present in B lymphocytes, monocytes, NK 

cells and T lymphocytes in humans and mice (Nelson et al., 2007; Babusyte et al., 2013). Further, 

TAAR2 can heterodimerize with TAAR1 (Babusyte et al., 2013), which plays a role in the 

chemotactic response to 2-PE (not a TAAR2 ligand), suggesting the need for a functional 

interaction between TAAR1 and 2. This chemotactic response has also been shown to be 

dependent on Gi signalling (Malki et al., 2015). The expression of TAAR2 has also been reported 

in the mucosal cells of the duodenum in mice (Ito et al., 2009), and in the heart (Chiellini et al., 

2007) and the testes in rats (Chiellini et al., 2012). Even though ligands for TAAR2 have not been 

identified (Table 1.1), primary amines have been suggested to activate TAAR2 (Ferrero et al., 

2012).  

TAAR3 is a pseudogene in humans (Lindemann and Hoener, 2005), however it plays a role 

as a functional receptor in the olfactory system in other species studied such as mice (Nishimura 
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et al., 1989) and sac winged bats (Santos et al., 2016). IAA has been reported to be an endogenous 

agonist of mouse TAAR3 (Liberles and Buck, 2006; Liberles, 2015), and proposed to act as a 

mouse pheromone (Nishimura et al., 1989). In addition, TAAR3 has also been reported to be 

expressed in kidney (Ruiz-Hernández et al., 2020) and pancreatic  cells (Cripps et al., 2020) in 

rats. 

TAAR4 is also a pseudogene in humans (Lindemann and Hoener, 2005) but is functional in 

other mammalian species such as mice and rats (Fehler et al., 2010; Dewan et al., 2013). TAAR4 

has an overlapping pharmacological profile with that of TAAR1 (Liberles and Buck, 2006; Dewan 

et al., 2013). Additionally, 2-PE activation of TAAR4 in the olfactory epithelium induces innate 

avoidance behaviour in mice and may be involved in predator detection and avoidance (Dewan et 

al., 2013).  

TAAR5 has been shown to be present in various regions of the mouse brain (Dinter et al., 

2015; Kalinina et al., 2021; Efimova et al., 2022), including the purkinje cells of the cerebellum 

and medial vestibular nucleus, where it has been shown to regulate sensorimotor activities 

(Kalinina et al., 2021). The involvement of TAAR5 in regulating dopaminergic activity and adult 

neurogenesis, much like TAAR2 in mice, has also been reported in the limbic areas of the brain 

(Efimova et al., 2022). Outside the brain, low level expression has been reported in leukocyte 

populations in mice (Babusyte et al., 2013). In addition, TAAR5 expression has been reported in 

the spinal cord (Gozal et al., 2014) and the testes (Chiellini et al., 2012) in rats. There has been 

another report of a possible link of altered TAAR5 expression to the development of diabetic 

necropathy in male Wistar rats (Ruiz-Hernández et al., 2020). TAAR5 has been shown to couple 

to Gs (Wallrabenstein et al., 2013), Gq/11 (Dinter et al., 2015) and G12/13 dependent MAP kinase 

(Dinter et al., 2015) pathways. TAAR5 has long been known to be tuned towards tertiary amines 



19 

 

(Ferrero et al., 2012), the best characterized of which is TMA, which has been shown in multiple 

species including humans (Liberles and Buck, 2006; Wallrabenstein et al., 2013; Zhang et al., 

2013). Dimethylamine has also been reported to act as a partial agonist of TAAR5 (Wallrabenstein 

et al., 2013) (Table 1.1).  

TAAR6 is highly expressed in the dendrites and perinuclear components of olfactory 

neurons and in the glomeruli of the olfactory bulbs (Liberles and Buck, 2006; Fleischer et al., 

2007; Johnson et al., 2012; Yoon et al., 2015). Recent transcriptomic data meta-analysis has 

confirmed low levels of expression of TAAR6 in prefrontal cortex and nucleus accumbens in 

human and mouse (Vaganova et al., 2022), expression patterns that coincide with the brain areas 

involved in the pathogenesis of schizophrenia and bipolar affective disorders (Vaganova et al., 

2022). Tumour-specific expression of TAAR6 in melanoma samples has been reported (Vaganova 

et al., 2022), suggesting a possible role for TAAR6 in melanoma pathogenesis. Localization in 

human kidney (Borowsky et al., 2001) and leukocytes (D’Andrea et al., 2003; Babusyte et al., 

2013), and rat spinal cord (Gozal et al., 2014) have also been reported. Signal transduction 

cascades with respect to TAAR6 have not yet been identified. As is the case for TAAR2, there 

have been no reports of any ligands for TAAR6 even though it has been suggested to be tuned 

towards tertiary amines (Ferrero et al., 2012; Guo et al., 2022) and also contain a putative diamine 

binding site (Li et al., 2015). 

Similar to TAAR3 and 4, TAAR7 is a pseudogene in humans (Lindemann et al., 2005). 

TAAR7 is the main locus for variation in TAAR gene subtypes between different mammalian 

species, due to species-specific expansions (Borowsky et al., 2001; Lindemann and Hoener, 2005; 

Lindemann et al., 2005; Eyun et al., 2016). Physiological effects of TAAR7 have not yet been 

reported.  
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Expression of TAAR8 has been reported in human astrocytes (D’Andrea et al., 2012), 

amygdala, kidney (Borowsky et al., 2001) and leukocytes (D’Andrea et al., 2003). The possible 

involvement of TAAR8 in ameliorating the aggressiveness of breast cancer, through the action of 

cadaverine (as a putative endogenous ligand), by reversal of endothelial-to-mesenchymal 

transition and reduction of mitochondrial oxidation has also been reported (Kovács et al., 2019). 

TAAR8 couples to the Gi cascade (Mühlhaus et al., 2014) and like TAAR6, contains a diamine 

binding domain as was studied through structural modelling and sequence alignment studies (Li 

et al., 2015).  

TAAR9 has been suggested to play a role in regulating cholesterol levels, with a significant 

decrease in total cholesterol and low-density lipoprotein levels reported in TAAR9-KO (knock-

out) rats (Murtazina et al., 2021). Additionally, TAAR9 along with TAAR8, was shown to be 

involved in the reversal of endothelial-to-mesenchymal transition of breast cancer cell lines and 

reduction of mitochondrial oxidation, (Kovács et al., 2019) thus potentially being a target to 

decrease the aggressiveness of breast cancer. TAAR9 has also been reported to be present in human 

leukocytes (D’Andrea et al., 2003; Babusyte et al., 2013). A role in diabetic nephropathy was 

suggested, where altered TAAR9 expression was observed in rat kidneys, along with TAAR3 and 

5 expression (Ruiz-Hernández et al., 2020). Further, expression in mouse gastrointestinal tract (Ito 

et al., 2009), the spleen (Regard et al., 2008), skeletal muscle and pituitary gland (Vanti et al., 

2003)  have also been reported. There is currently no information on the TAAR9 signaling cascade. 
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1.3.2 TAAR1 - the best characterized member of the TAAR family 

Studies have reported the widespread localization of TAAR1 and its implications in a variety of 

physiological functions. This section will discuss in detail its localization, signalling and effects 

across different cells and tissues. 

 

 1.3.2.1 Subcellular localization of TAAR1 

Even though TAAR1 belongs to the GPCR family, it has been shown to have an intracellular 

subcellular localization (Bunzow et al, 2001; Lindemann and Hoener, 2005; Miller et al., 2005; 

Revel et al., 2013; Raab et al., 2015; Pei et al., 2016) (Figure 1.3). This has been suggested to be 

due to the absence of N-terminal glycosylation sites (Barak et al., 2008). TAAR1 intracellular 

localization was shown to be in intracellular puncta (Miller et al., 2005 and 2011), endoplasmic 

reticulum and golgi apparatus (Barak et al., 2008; Raab et al., 2016), secretory vesicles (Barak et 

al., 2008), and the nucleus (Pitts et al., 2019; Barnes et al., 2021). Rare plasma membrane 

expression of TAAR1 has also been reported (Borowsky et al., 2001; Miller et al., 2005; Xie et 

al., 2007; Underhill et al., 2021). TAAR1 heterodimerizes with D2-like dopamine receptors, in 

particular the D2R-long isoform, which promotes TAAR1 appearance at the plasma membrane 

(Espinoza et al., 2011; Harmeier et al., 2015). In MCF-7, MDA-MB-468 and SKBR3 breast cancer 

cell lines, TAAR1 protein expression was reported to be nuclear (Pitts et al., 2019), although this 

was not the case in other breast cancer cell lines such as, T47D, MDA-MB-231 and BT-474, 

suggesting no association of subcellular localization with breast cancer subtype. Similar nuclear 

localization of TAAR1 has also been shown in human macrophages (Barnes et al., 2021) which 

was dependent on the activation state of the macrophages. The variable subcellular localization of 

TAAR1 in different activation states is suggestive of variable TAAR1 function. Given a primarily 
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intracellular localization, it is important to study how TAAR1 ligands are transported across the 

plasma membrane into cells to allow binding to TAAR1 and this is a central component for this 

thesis work.  

 

Figure 1.3: Subcellular localization of TAAR1. TAAR1 has been reported to have an 

intracellular localization. Localization in the endoplasmic reticulum, golgi apparatus, vesicular 

membrane, nucleus, with rare plasma membrane expression (upon heterodimerization with D2R 

receptor) have been reported. The figure was generated in BioRender. 

 

 

1.3.2.2 TAAR1 signalling cascades 

TAAR1, a Gs-coupled receptor, functions via stimulation of adenylyl cyclase with 

subsequent stimulation of cAMP production  (Borowsky et al., 2001; Bunzow et al., 2001; 

Lindemann and Hoener, 2005; Reese et al., 2007; Wainscott et al., 2007; Barak et al., 2008; Hu et 

al., 2009; Espinoza et al., 2011; Revel et al., 2011; Liu et al., 2014). Consistent with this, 
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demonstrations of TAAR1-dependent phosphorylation of protein kinase A (EC 2.7.11.11) and C 

(EC 2.7.11.13) have been reported in HEK-293 cells, rhesus monkey B cells and lymphocytes 

(Panas et al., 2012), with downstream activation of transcription factors, cAMP response element 

binding protein (CREB) and nuclear factor of activated T cells (Panas et al., 2012). Furthermore, 

TAAR1 downstream activation targets have been identified in pancreatic -cells, which include 

exchange protein activated by cAMP, inositol triphosphate receptor, calcium/calmodulin-

dependent protein kinase II (EC 2.7.11.17) and CREB (Michael et al., 2019). In addition, TAAR 

1 induces an activation of G protein-coupled inwardly rectifying potassium (GirK) channels 

(Bradaia et al., 2009; Revel et al., 2011), resulting in inhibition of neuron firing frequency. 

TAAR1 can also heterodimerize with D2R, and this heterodimerization appears to promote 

-arrestin signalling through TAAR1 but promotes Gi signalling through D2R (Espinoza et al., 

2011; Harmeier et al., 2015). When TAAR1 heterodimerizes with D2R, an increase in TAAR1 

interactions with -arrestin 2 is seen, followed by a reduction in activation of GSK 

3 signalling (Harmeier et al., 2015). This may be particularly relevant to the development of 

psychotherapeutics, since -arrestin-mediated GSK 3 and AKT signalling have been linked to 

psychiatric disorders such as schizophrenia, bipolar disorder, and depression (Beaulieu et al., 

2009).  

 

1.3.2.3 Central expression and function  

TAAR1 has a heterogenous expression in the brain primarily associated with the brain nuclei 

and projection areas of the dopaminergic, serotonergic and glutamatergic systems (Borowsky et 

al., 2001; Lindemann et al., 2008). Expression in the amygdala, basal ganglia, frontal cortex, 

limbic areas, substantia nigra, and ventral tegmental area have been confirmed (Borowsky et al., 
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2001; Lindemann et al., 2008). Further expression in the spinal cord (Borowsky et al., 2001; 

Lindemann et al., 2008; Gozal et al., 2014)  and astrocytes (Cisneros and Ghorpade, 2014) have 

also been shown. In dopaminergic cells, TAAR1 activation can downregulate dopaminergic 

neurotransmission (Lindemann et al., 2008), consistent with increased dopaminergic transmission 

when TAAR1 is knocked-out (Lindemann et al., 2008). Further, 2-PE (Xie and Miller, 2008) 

modulates dopamine transporter function via both TAAR1 and D2 autoreceptors. In addition, 

TAAR1 agonists inhibit the dopamine-dependent hyperactivity seen in dopamine transporter-KO 

mice (Revel et al., 2011, 2013). At both pre- (Bradaia et al., 2009) and post-synaptic D2R 

(Espinoza et al., 2015), TAAR1-mediated effects can be observed, most likely due to TAAR1 and 

D2R heterodimerizing (Espinoza et al., 2011).  

With respect to serotonin function, 2-PE can modulate serotonin transporter function via 

TAAR1 and 5-HT1A/5-HT1B autoreceptors (Xie et al., 2008). A synthetic TAAR1 agonist, 

RO5166017, has been reported to inhibit the firing rate of dorsal raphe nuclei serotonergic neurons 

(Revel et al., 2011). Furthermore, in a transgenic TAAR1 over-expressing mouse line, an increased 

serotonin level in prefrontal cortex was found with increased firing rates of dorsal raphe nuclei 

serotonergic neurons (Revel et al., 2013).  

TAAR1 regulation of glutamatergic transmission has been observed with improvement in 

prefrontal cortical hypoglutamatergic activity seen in pharmacological magnetic resonance 

imaging studies after the administration of TAAR1 agonists (Revel et al., 2013). In line with this, 

a role of TAAR1 in preventing hypoglutamatergic states has been further confirmed in the striatum 

of TAAR1-KO mice (Sukhanov et al., 2016). Through another study it was observed that 

activation of TAAR1 in human astrocytes by methamphetamine, results in decreased in glutamate 

clearance because of downregulation of excitatory amino acid transporter 2 (Cisneros and 
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Ghorpade, 2014). Additionally, upregulation of TAAR1 leads to reduced excitatory amino acid 

transporter 2 expression and consequently reduced glutamate clearance in astrocytes (Ding et al., 

2017).   

In terms of the behavioural effects of TAAR1, agonists provide potential 

pharmacotherapeutic benefits against a myriad of psychiatric disorders. With respect to 

schizophrenia, TAAR1 has the unique ability to normalize both dopamine hyper-reactivity and 

hypoglutamatergic states in mice (Revel et al., 2011). TAAR1 agonists, including a mixed 5-

HT1A/TAAR1 (ulotaront) agonist from Sunovion Pharmaceutical Inc, have shown beneficial 

effects in several pre-clinical animal models of schizophrenia, including prepulse inhibition of 

startle and PCP-induced hyperactivity (Nazimek J et al., 2017). TAAR1 agonists also improve the 

accuracy of object retrieval in Cynomolgus monkeys, which is suggestive of the improvement in 

cognitive abilities via TAAR1 (Revel et al., 2013). Clinical trials have confirmed these potential 

beneficial effects with ulotaront (SEP-363856) (Dedic et al., 2019; Koblan et al., 2020; Begni et 

al., 2021; Correll et al., 2021) and ralmitaront (NCT03669640, 2018; NCT04512066, 2020), two 

TAAR1 synthetic agonists that are currently under phase III (Koblan et al., 2020; Correll et al., 

2021) and II (NCT03669640, 2018; NCT04512066, 2020) clinical trials in patients with 

schizophrenia, respectively.  

Beneficial effects of TAAR1 agonists have also been seen in various animal models of 

depression. A dose-dependent reduction in the time of immobility in the forced swim test, with the 

administration of TAAR1 partial agonists was observed (Revel et al., 2013). Further, a differential 

reinforcement of low response rate test in cynomolgus monkeys showed that TAAR1 agonists 

increased the number of reinforcers obtained (Revel et al., 2013), which is consistent with 
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responses seen to known antidepressants like MAO inhibitors, serotonin reuptake inhibitors and 

tricyclic antidepressants (McGuire and Seiden, 1980; O’Donnell and Seiden, 1983). 

The effect of TAAR1 in regulating sleep has also been demonstrated. TAAR1 partial 

agonists can cause an increase in wakefulness and reduced latency to sleep in rats and mice (Revel 

et al., 2013; Schwartz et al., 2016; Black et al., 2017). Furthermore, over expression of TAAR1 

levels has been shown to cause increase in wakefulness, and TAAR1 agonism resulted in reduction 

in both non-rapid eye movement and rapid eye movement sleep (Schwartz et al., 2016; Hopkins 

et al., 2021). In another study, TAAR1 agonism was shown to reduce cataplexy in mouse 

narcolepsy models (Black et al., 2017), and this result further supports TAAR1 effects in 

maintaining sleep architecture.  

TAAR1 has also been shown to have anti-craving and anti-dependence effects in various 

animal models of addiction (Gainetdinov et al., 2018). When it comes to cocaine-mediated effects, 

reduction in drug-taking behaviours and hyperactivity (Revel et al., 2011, 2013), retention in 

reward memory (Liu et al., 2016), self-administration (Pei et al., 2015) and sensitization (Thorn et 

al., 2014), and withdrawal-induced drug seeking (Pei et al., 2014) behaviours have been observed 

with TAAR1 agonists. Similarly, TAAR1 agonists decrease nicotine-induced hyperactivity (Liu 

et al., 2018; Sukhanov et al., 2018), sensitization, self-administration and demand (Liu et al., 

2018), while knocking out TAAR1 enhances nicotine-seeking behaviours (Liu et al., 2018). 

Furthermore, chronic nicotine administration selectively decreases TAAR1 expression in the 

nucleus accumbens (Liu et al., 2018). Additionally, TAAR1 synthetic agonist RO5256390 showed 

prevention of binge-eating of highly palatable foods in rodents (Ferragud et al., 2016). 

TAAR1 is also expressed in areas that are involved in regulation of feeding behaviour, such 

as the cortex, hypothalamus and limbic systems, and TAAR1 agonists decrease food intake in diet-
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induced obese mice (Raab et al., 2015), with improvements seen in weight loss and insulin 

sensitivity (Raab et al., 2015). In line with this, TAAR1 agonists have been shown to prevent 

olanzapine treatment-associated weight gain (Revel et al., 2013).  

Finally, TAAR1 mRNA was also shown to be decreased in monocytes from multiple 

sclerosis patient samples, while increased TAAR1 expression in macrophage/microglia was 

observed in the area surrounding lesions in multiple sclerosis, suggesting a link between TAAR1 

and neuroinflammation (Barnes et al., 2021). 

 

1.3.2.4 Peripheral expression and function  

In the gastrointestinal system TAAR1 appears to be involved in regulating hormone 

secretion in response to nutrient intake. Expression in stomach D cells (Regard et al., 2007; 

Chiellini et al., 2012; Revel et al., 2013; Adriaenssens et al., 2015; Raab et al., 2015), pancreatic 

-cells (Regard et al., 2 007; Revel et al., 2013; Raab et al., 2015), and neuroendocrine intestinal 

enterochromaffin cells (Kidd et al., 2008; Ito et al., 2009; Revel et al., 2013; Raab et al., 2015) 

have been reported. TAAR1 coexpression was further reported with glucagon-like peptide 1 (GLP-

1) and peptide YY (PYY) in human duodenal sections (Raab et al., 2015).  

TAAR1 has been reported to be present in pancreatic  cells where studies with TAAR1 

agonists have shown increases in glucose-stimulated insulin secretion (Raab et al., 2015; Michael 

et al., 2019; Cripps et al., 2020). Decreased insulin secretion was observed with glucolipotoxic 

downregulation of TAAR1, which was shown not to be due to loss of  cells, further strengthening 

potential links of TAAR1 and type 2 diabetes pathophysiology (Cripps et al., 2020). In addition, 

single nucleotide polymorphisms of TAAR1 have been reported in patients with disturbed insulin 

secretion (Mühlhaus et al., 2014). As previously described, TAAR1 agonists can also induce 
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significant loss of body weight in diet-induced obese mice (Raab et al., 2015), which appeared to 

have both central and peripheral components with both a delay in gastric emptying and also 

decreased food intake (Raab et al., 2015). In addition, TAAR1 has been shown to increase 

somatostatin release from stomach D-cells (Adriaenssens et al., 2015) and plasma levels of GLP-

1, PYY (Raab et al., 2015) which suggests that TAAR1 regulates nutrient-induced hormone 

secretion. TAAR1 has also been suggested to elicit gastric contractile behaviour (Batista-Lima et 

al., 2019).  

In the immune system, TAAR1 expression has been shown in human leukocytes (D’Andrea 

et al., 2003), including peripheral mononuclear cells (Nelson et al., 2007), B lymphocytes (Wasik 

et al., 2012; Babusyte et al., 2013), monocytes (Babusyte et al., 2013; Barnes et al., 2021), 

macrophages (Barnes et al., 2022), polymorphonuclear leukocytes (Babusyte et al., 2013), NK 

(natural killer) cells (Babusyte et al., 2013) and T lymphocytes (Babusyte et al., 2013; Sriram et 

al., 2016). TAAR1 leukocyte expression is increased upon activation (Nelson et al., 2007; Wasik 

et al., 2012) and endogenous ligands for TAAR1 are both positive chemotactic signals for 

leukocytes (Babusyte et al., 2013)  and can be released from activated platelets  (D’Andrea et al., 

2003). Activation of TAAR1 appears to regulate T helper (Th) cell differentiation, particularly 

directing it away from Th1 (pro-inflammatory) and toward Th2 (anti-inflammatory) phenotypes 

(Babusyte et al., 2013). TAAR1 agonists also increase interleukin (IL)-4 and decreases IL-2 

secretion in leukocytes (Babusyte et al., 2013). The differentiation of Th cell to the Th2 phenotype 

may cause increased activation of B lymphocytes (Babusyte et al., 2013; Christian and Berry, 

2018). Further, an increase in B cell secretion of immunoglobulin E has also been reported in 

response to TAAR1 agonists (Babusyte et al., 2013). Very recently, TAAR1-mediated regulation 

of purinergic signalling was also reported in mouse bone marrow-derived macrophages (Barnes et 
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al., 2022). As such, TAAR1 may be a target for pharmacotherapy in situations of inappropriate 

immune system activation.  Interestingly, TAAR1 has been linked to several immune-related 

disorders (Vattai et al., 2017; Christian and Berry, 2018; Barnes et al., 2021, 2022; Vaganova et 

al., 2022). TAAR1 ligands have been directly linked to the pathology of inflammatory bowel 

disease (Jacobs et al., 2016; Santoru et al., 2017), Crohn’s Disease (Jacobs et al., 2016; Santoru et 

al., 2017), ulcerative colitis (Santoru et al., 2017) and celiac disease (Di Cagno et al., 2011; De 

Angelis et al., 2016).  

High expression of TAAR1 in placental synctiotrophoblasts, cytotrophoblast, decidua and 

glands has been reported in patients suffering from recurrent miscarriages (Stavrou et al., 2018). 

Furthermore, the placenta and umbilical cord contain semicarbazide sensitive amine-oxidase/ 

vascular adhesion protein-1, which is an enzyme that includes endogenous TAAR1 agonists in its 

substrate profile (Sikkema et al., 2002). Together these studies are suggestive of TAAR1-directed 

ligands being a novel treatment strategy for miscarriages.  

The expression of TAAR1 in breast cancer cell lines has been demonstrated (Pitts et al., 

2019). Also, a positive correlation of TAAR1 expression and human epidermal growth factor 

receptor 2 positivity (Vattai et al., 2017) has been reported, however, initial reports of the linkage 

were not able to be verified (Pitts et al., 2019). Further, a drastic decrease in the expression of 

TAAR1 was reported in melanoma samples (Vaganova et al., 2022).  

Even though there have been reports of TAAR1 being expressed in thyroid gland epithelial 

cells (Szumska et al., 2015), adipose tissue, blood vessels, heart, kidney, liver, lung and testes 

(Borowsky et al., 2001; Chiellini et al., 2007, 2012; Regard et al., 2008; Fehler et al., 2010), further 

validation studies are lacking. Due to the links between TAAR1 and various aspects of the 

periphery, this further calls attention to a putative role in pharmacotherapy. How its agonists have 
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access to TAAR1 given its subcellular localization is intracellular remains an unknown question. 

In the following sections known transport properties of TA across cell membranes will be 

described. 

 1.4   Transport properties of vertebrate TA 

It has previously been shown that TA can more readily diffuse across synthetic lipid bilayers 

than the classical monoamine neurotransmitters because TA are less polar, with their diffusion 

half-lives being fifteen seconds or less (Berry et al., 2013). In line with this, TYR was seen to be 

transported across rabbit erythrocytes by non-saturable simple diffusion (Blakeley and Nicol, 

1978) and transport across rat intestinal sacs and rat intestinal segments was also suggested to 

occur by simple diffusion (Tchercansky et al., 1994). Further, following in vivo bolus 

administration of 2-PE, transport across the blood-brain barrier was observed to take place by 

simple diffusion by studying the brain-uptake index (Mosnaim et al., 2013). 

A number of studies have examined the characteristics of TA release from neurons. Studies 

have shown a lack of depolarization induced release of TA (Durden and Philips, 1980; Henry et 

al., 1988; Juorio et al., 1988; Dyck, 1989; Berry et al., 2013). This observation is, however, not 

consistent with simple diffusion across membranes, as from Nernstian kinetics it is expected that 

as the membrane potential becomes less negative, there should be a decrease in the 

intracellular:extracellular concentration ratio (Berry et al., 2016). The fact that this is not seen with 

2-PE, TRP or TYR, suggests that transporters may be involved in membrane passage. In this 

regard, 2-PE (1.1 M) passage across Caco-2 monolayer was seen to occur by H+-dependent 

transporter systems (Fischer et al., 2010). Further, TYR clearance (2 M) across blood-

cerebrospinal fluid barriers has also been reported to involve a H+-dependent transport system 

(Akanuma et al., 2018).  Na+-dependent membrane passage of 2-PE (10 nM) in rabbit erythrocytes 
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(Mason et al., 1983), and at concentrations up to 200 M in isolated rat lung (Ben-Harari and 

Bakhle, 1980) has been shown.  In addition, TYR transport (100 nM) across native neuronal 

membrane preparations has subsequently been reported to involve a transporter with the 

pharmacological characteristics of Organic Cation Transporter 2 (OCT2; Slc22A2; see Section 

1.4.2.1; Berry et al., 2016). In summary, although TA can readily diffuse across cell membranes, 

in at least some preparations they appear to be transported by one or more transporters.  

 

1.4.1   Uptake 1 transporters 

Uptake 1 transporters are high-selectivity, low-capacity, Na+-dependent (Iversen, 1973; 

Bönisch et al., 1985; Eisenhofer, 2001), secondary active transporters, where the transport of their 

substrates is mediated by co-transport of Na+ ions down their electrochemical gradient from the 

extracellular to intracellular medium (Cheng and Bahar, 2019). Representative examples of uptake 

1 transporters include dopamine transporter (DAT, Slc6A3), norepinephrine transporter (NET, 

Slc6A3) and serotonin transporter (SERT, Slc6A4). These transporters are localized in the 

corresponding monoaminergic neurons with projections to the neocortex, basal ganglia and limbic 

forebrain areas (Lin et al., 2011), localizations that correspond with the reported functions of 

monoamine transporters in regulating mood, learning, cognition, sleep-wake cycle and appetite 

(Aggarwal and Mortensen, 2017). These transporters are considered as the primary transport 

mechanism for clearance of released neurotransmitters from the synapse (Duan and Wang, 2010).  

Outside the central nervous system, SERT have been reported to be present in the lung  

(Paczkowski et al., 1996), intestine (Gordon and Barnes, 2003), blood platelets (Gordon and 

Barnes, 2003), lymphocytes (Faraj et al., 1994; Gordon and Barnes, 2003), and adrenal chromaffin 

cells (Schroeter et al., 1997).  NET is also expressed outside the central nervous system in locations 
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such as the adrenal glands, vas deferens and placenta (Schroeter et al., 2000; Jayanthi et al., 2002; 

Sung et al., 2003). All uptake 1 transporters contain 12 alpha-helical transmembrane domains with 

intracellular and extracellular loops and an S1 binding site. The S1 binding site binds the substrate 

with one or two Na+ ions, and comprises of a hydrophobic region to bind to the aromatic groups 

of the substrates and a hydrophilic region to interact with the amino groups of the substrates for 

uptake 1 transporters. TA have long been reported to be substrates for uptake 1 transporters  

(Raiteri et al., 1977; Danek Burgess and Justice, 1999; Liang et al., 2009; Berry et al., 2016).  

 

1.4.2  Uptake 2 transporters 

Uptake 2 transporters are classified as polyspecific, low-affinity, high-capacity, Na+- and Cl-

-independent transporters (Iversen, 1973; Bönisch et al., 1985; Eisenhofer, 2001) that consist of 

the Slc family of transporters which further consists of 65 distinct families of facilitated diffusion 

or secondary active transporters (Yee and Giacomini, 2021). Their capacity of uptake is much 

greater than uptake 1 transporters (Iversen, 1971). They were initially characterized as transporters 

for synaptic clearance of neurotransmitters when uptake 1 transporters become saturated 

(Couroussé and Gautron, 2015). There have been further reports however, reporting the active 

involvement of uptake 2 transporters in the monoaminergic system (Duan and Wang, 2010). 

Uptake 2 transporters are also present in the periphery, with the first demonstration in the heart 

(Iversen, 1965). Other areas, such as the liver and intestines, (Boenisch, 1980; Gebauer et al., 2021) 

have been reported to express uptake 2 transporters. Out of the 65 families, the Slc22 family, which 

is also known as the organic ion transporter family, is the largest containing 28 members that 

transport organic anions and cations (Yee and Giacomini, 2021). The OCT family belongs to the 

Slc22 group of transporters. TA have been shown to be substrates for a number of Slc transporters 
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in particular the OCT sub-family and Plasma Membrane Monoamine Transporter (PMAT; 

Slc29A4) (Breidert et al., 1998; Gründemann et al., 1998; Engel and Wang, 2005; Schömig et al., 

2006; Nies et al., 2011; Berry et al., 2016; Gebauer et al., 2021).  

 

1.4.2.1 OCT Transporters 

The OCT sub-family constitutes OCT1 (encoded by the Slc22A1 gene), OCT2 (encoded by 

Slc22A2 gene), OCT3 (encoded by Slc22A3 gene), organic cation/carnitine transporter 1 (encoded 

by Slc22A4 gene) and 2 (encoded by Slc22A5 gene), and OCT6 (encoded by Slc22A16 gene) 

(Koepsell, 2013), which are all facilitated diffusion transporters. Slc22A15 is an additional member 

that clusters with other OCT members, but no substrate has yet been identified for Slc22A15 (Eraly 

and Nigam, 2002; Drake et al., 2014; Okada et al., 2019; Zhu et al., 2019). The inclusion of TA, 

notably TYR and 2-PE, as substrates for OCTs 1-3 has been reported  (Gozal et al., 2014; Berry 

et al., 2016; Gebauer et al., 2021), with at least OCTs 1 and 2 shown to have nanomolar affinity 

for TYR (Iseki et al., 1993; Breidert et al., 1998; Berry et al., 2016), suggesting they may play a 

role in endogenous TA membrane passage. Interestingly, TAAR1 and OCT transporters have also 

been implicated in similar disorders as will be discussed in the later part of this section. 

The genes encoding OCTs in the human genome are located on chromosome 6 (Koehler et 

al., 1997; Song et al., 2019). In terms of amino acid identity, OCTs 1-3 contain between 543-557 

amino acids (Giacomini et al., 2010), with OCT1 and OCT2 having 70% identity with each other 

(Sala-Rabanal et al., 2013; Maier et al., 2021) and around 50% identity with OCT3 (Gorboulev et 

al., 1997; Zhang et al., 1997; Gründemann et al., 1998). N-glycosylation sites are present on the 

first extracellular loop, and a large intracellular loop is also present between transmembrane 

domains six and seven which contains phosphorylation sites for PKA, PKC, protein kinase G (EC 
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2.7.11.12) and tyrosine kinases (Koepsell, 2020b). The current understanding of the mechanisms 

of transport by OCTs 1-3 is largely based on computational homology modelling and 

characterization of structure-function relationships through uptake measurements, as no crystal 

structures have been resolved. The binding pocket within the outward-open binding cleft contains 

binding sites (Schmitt et al., 2009) and following binding to the substrate, conformational changes 

are seen, through which the substrate is released into the cytosol. After release, the transporter, 

either in the empty state or containing a substrate bound to the inward conformation, again switches 

back to the outward-open conformation. Evidence through tracer flux measurements of varying 

substrates have shown that OCTs 1 and 2 transport cations in both directions across the plasma 

membrane (Nagel et al., 1997; Busch et al., 1998; Budiman et al., 2000). 

All OCTs are expressed in the kidney (Karbach et al., 2000; Wu et al., 2000a), brain 

(Gorboulev et al., 1997; Busch et al., 1998; Gründemann et al., 1998; Wu et al., 1998, 2000a; 

Vialou et al., 2004; Gasser et al., 2017), placenta (Gorboulev et al., 1997; Kekuda et al., 1998; 

Bottalico et al., 2004; Sata et al., 2005), basolateral membrane of trophoblasts (Sata et al., 2005), 

intestinal enterocytes (Gorboulev et al., 1997; Karbach et al., 2000; Slitt et al., 2002; Müller et al., 

2005; Koepsell et al., 2007; Han et al., 2013), and in the luminal membrane of lung epithelial cells 

(Lips et al., 2005). For OCT2, expression has also been reported in the pancreas (Schorn et al., 

2021). Strong expression of OCT3 has been reported in the liver (Nies et al., 2009), skeletal 

muscle, and heart (Wu et al., 2000). This distribution is not dissimilar to that reported for TAAR1 

(see Sections 1.3.2.3 and 1.3.2.4), which suggests a similar expression profile between TAAR1 

and the OCT transporters. In this context, it is also interesting to note that there is an overlap in 

the list of substrates for OCTs 1-3 and TAAR1, including TA such as TYR, 2-PE, OA, TRP, 

synephrine, N-methylphenylethylamine, and N-methyltryptamine (Breidert et al., 1998; Schömig 
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et al., 2006; Gozal et al., 2014; Berry et al., 2016; Gebauer et al., 2021), as well as the classical 

monoamines such as dopamine, serotonin and norepinephrine (Breidert et al., 1998a; Busch et al., 

1998; Gründemann et al., 1998; Wu et al., 2000).  

OCT1 has been implicated in various aspects of fat utilization and storage (Liang et al., 

2018), including reduced-function polymorphisms of OCT1 associated with high plasma total 

cholesterol and LDL levels (Liang et al., 2018). Further, increased expression of OCT1 has been 

reported in adipocytes of morbidly obese individuals (Moreno-Navarrete et al., 2011; Suhre et al., 

2011; Kim et al., 2017; Liang et al., 2018). Together, these observations may suggest a role for an 

OCT1 substrate in fat metabolism.   

The role of OCT2 in mediating serotonin and norepinephrine clearance was reported when 

there was reduction observed in the levels of these monoamines in several brain regions of OCT2-

KO mice (Jonker et al., 2003). OCT2-KO mice also showed a depression-like phenotype (Bacq et 

al., 2012), suggesting a role of OCT2 in psychiatric disorders including depression, anxiety and 

stress-related behaviours (Bacq et al., 2012). An association has been recently reported in the 

differential expression of OCT2 and overall survival in patients with renal cell carcinoma 

(Whisenant and Nigam, 2022), and in oxaliplatin sensitivity in pancreatic ductal adenocarcinoma 

(Chiu et al., 2022).   

Reduction in OCT3 functional alleles have been shown to be associated with increased basal 

metabolic rate in white adipocytes (Song et al., 2019), suggesting a role of OCT3 in metabolic 

disorders. OCT3 has also been implicated in type 2 diabetes (Mahrooz et al., 2017). Additionally, 

absence of OCT3 has been reported to lead to liver fibrosis (Vollmar et al., 2019) and 

hepatocarcinogenesis progression (Vollmar et al., 2017). Further, OCT3 is overexpressed in 

colorectal cancer cells (Yokoo et al., 2008) and is implicated in prostate cancer (Chen et al., 2013).  
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The similarities in expression, substrate profile of TAAR1 and OCTs 1-3 and in their 

implications in similar diseases provide an important perspective of the role of the OCTs in the 

regulation of the ligands of TAAR1 in such conditions. This is suggestive of OCTs1-3 to be 

important targets in controlling the TA system that could be implicated in a variety of psychiatric, 

metabolic and immune-related diseases as explained previously, and as such the link between these 

systems should be studied closely. 

 

1.5 Rationale 

Since TAAR1 is intracellular, the process by which its agonists are transported across 

cellular membranes is an important question. In addition, TA are found in commonly consumed 

food items and produced by the intestinal microbiota (see Section 1.2.2.2). Additionally, there 

have been several associations of TA systems with intestinal disorders such as Crohn’s disease, 

ulcerative colitis, irritable bowel disease, and celiac disease (Section 1.2.2.2). Although transport 

of TA across the intestinal cell layer has been studied at supraphysiological levels (Tchercansky 

et al., 1994; Fischer et al., 2010), the transport properties of nanomolar (physiological) levels of 

TA across the intestinal cell layer have not. Further, with the aforementioned similarities in the 

expression, substrate profile and disease incidence observed between the TA system and OCT 

transporters, I aimed to determine whether similar transport processes such as, OCT2, regulate 

physiological TA concentration passage across intestinal epithelial cells as those previously 

observed with nanomolar levels of TYR transport in neurons (Berry et al., 2016). For this, I 

selected the Caco-2 human intestinal epithelial cell line, as a suitable model. 
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1.5.1 Caco-2 human intestinal epithelial cell line  

Caco-2 cells (human colorectal adenocarcinoma epithelial adherent cell line) are widely used 

for permeability studies of different compounds and are an accepted in vitro model system for drug 

transport studies due to their ability to mimic the physiological situation (Hidalgo et al., 1989; 

Hilgers et al., 1990; Wilson et al., 1990; Artursson and Karlsson, 1991). The Caco-2 cell line was 

developed by Jorgen Gogh in 1977 at Sloan-Kettering Institute for Cancer Research (Fogh et al., 

1977). Even though the cells originate from a colon adenocarcinoma, after confluency, they 

differentiate to resemble polarized foetal ileal epithelial cells (Lea, 2015). This colonic to small 

intestine differentiation in culture has been further confirmed through proteome analysis (Stierum 

et al., 2003). These cells show a cylindrical morphology and form polarized monolayers on 

culturing with distinct apical and basolateral membranes (Lea, 2015), exhibiting features such as, 

microvilli, brush border membrane-associated hydrolyzing enzymes (such as dipeptidyl 

dipeptidase, alkaline phosphatase, sucrase isomaltase, and lactase), and a wide variety of 

transporter systems (Christensen, 1990; Hilgers et al., 1990; Sood et al., 1992; Mahraoui et al., 

1994b, 1994a; Ferrer-Martinez et al., 1995; Glahn et al., 1996; Hosoya et al., 1996; Gunshin et al., 

1997; Yee, 1997; Mailleau et al., 1998; Perdikis et al., 1998; Bleasby et al., 2000; Costa et al., 

2000; Martel et al., 2001; Thwaites et al., 2002; Goto et al., 2003; Kipp et al., 2003; Maulén et al., 

2003; Sambuy et al., 2005; Maubon et al., 2007; Horie et al., 2011; Tai et al., 2013; Gerasimenko 

et al., 2016; Jochems et al., 2018; Koepsell, 2020a). Full morphological differentiation is 

associated with the presence of polarized nuclei and cell height similar to that of normal human 

intestinal epithelium cells (Sambuy et al., 2005). To obtain these physiological conditions, Caco-

2 cells are grown on permeable filter supports to allow for passage of nutrients and ions on both 

sides of a cell monolayer. Here, the apical membrane represents the luminal side of the epithelial 

cell, whereas the basolateral side represents the side of the cell in closest contact with the blood 
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vessels. To confirm the tightness of the monolayers for drug permeation/transport studies, trans 

epithelial electrical resistance (TEER) measurements and/or proliferation rate can be monitored 

(Srinivasan et al., 2015). Several studies have reported high correlation between Caco-2 

permeability coefficients and in vivo absorption  (Artursson and Karlsson, 1991; Glahn et al., 1996; 

Cheng et al., 2008; Sun et al., 2008).The Caco-2 system has been used to screen the transport of a 

wide variety of molecular and ionic species including cadmium (Gerasimenko et al., 2016), 

caffeine and glycine (Yee, 1997), urea, glucose and testosterone (Hilgers et al., 1990), and 

synthetic drugs such as azithromycin and diazepam (Yee, 1997), among others.  

 

1.5.1.1 Transporter protein profile in Caco-2 cells 

Caco-2 cells express a variety of transporter proteins from different families that are known 

to be important in intestinal transport in vivo. Specific intestinal transporters for sugars, amino 

acids, peptides, vitamins, bile acids and micronutrients have all been reported in Caco-2 cells 

(Jochems et al., 2018). The Na+/glucose co-transporters SGLT1 (Slc5A1) (Mahraoui et al., 1994; 

Kipp et al., 2003; Koepsell, 2020a), glucose facilitated transporters GLUT1-3 (Slc2A1-3) 

(Mahraoui et al., 1994a; Koepsell, 2020a), and the fructose transporter GLUT5 (Slc2A5) 

(Mahraoui et al., 1994a, 1994; Gouyon et al., 2003; Koepsell, 2020a) are all expressed in Caco-2 

cells. Further, the presence of Na+/H+ antiporter NHE 3 has also been confirmed (Thwaites et al., 

2002). A number of ATP-binding cassette (ABC) transporters, including cystic fibrosis 

transmembrane conductance regulator, a Cl- channel, (Sood et al., 1992; Mailleau et al., 1998) and 

the P-glycoprotein multidrug resistance efflux pump are also expressed (Hosoya et al., 1996; Goto 

et al., 2003). Furthermore, amino acid transporter systems supporting the uptake of essential amino 

acids (Jochems et al., 2018) as well as L-glutami–e-B0 transporter (Christensen, 1990; Costa et al., 
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2000) and L-glutama–e - X-
AG transporter; (Ferrer-Martinez et al., 1995) have been reported. 

Likewise, peptide transporters such as PepT1 (Slc15A1), PHT2 (Slc15A3) and PHT1 (Slc15A4) 

have been confirmed in Caco-2 cells (Tai et al., 2013; Jochems et al., 2018), along with transporters 

for various micronutrients such as the vitamin transporter SVCT1- (Slc23A1) (Maulén et al., 2003), 

and the Fe2+, Zn2+, Mn2+ divalent metal ion transporter Slc11A2 (Gunshin et al., 1997). Among the 

uptake 1 transporters, SERT (Vieira-Coelho et al., 1998; Martel et al., 2003) and NET (Zhang et 

al., 2020) are present in Caco-2 cells. Finally, of most potential relevance to TA, the expression of 

all three OCTs have also been shown (Bleasby et al., 2000; Martel et al., 2001; Maubon et al., 

2007; Horie et al., 2011). Together, these observations make the Caco-2 cell line a relevant, 

suitable physiological model for studying TA transport properties in the gastrointestinal tract.  

 

1.6 Study hypothesis 

I hypothesize that OCT2 is responsible for transporting endogenous levels of TYR and 2-PE (best-

characterized TAAR1 endogenous agonists) across Caco-2 cells, as was seen with native neuronal 

preparations. In addition to OCT2-mediated transport across Caco-2 cells, I also hypothesize that 

there are additional TYR and 2-PE transporters in the Caco-2 cell. 

1.7 Study objective 

The overall objective of this study is to characterize the transport of endogenous levels of 

TA across intestinal epithelial cells (Figure 1.4). Specifically, this study will address the following 

objectives: 

i) Characterize TYR and 2-PE transport at endogenous levels across the Caco-2 intestinal 

epithelial cell layer and determine if OCT2 is responsible for such transport. 

ii) Identify and characterize any additional TYR transport processes present. 
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Figure 1.4: Characterization of TA transport property across Caco-2 intestinal epithelial 

cells. The objective for the current study is to investigate if TYR and 2-PE transport across human 

intestinal Caco-2 cells takes place via OCT2, a facilitated diffusion transporter, as found in rat 

brain synaptosomes. The figure was generated in MS PowerPoint. 
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2 MATERIALS AND METHODS 

2.1 Caco-2 cell culture  

The Biosafety ethics clearance reference number for all the processes undertaken was BC-

003. The Caco-2 human intestinal epithelial cell line (American Type Culture Collection, 

Manassas, VA; passage numbers 18-49) was maintained in Corning® 75cm² U-Shaped canted 

neck cell culture flasks with vent cap (Corning Life Sciences, Tewksbury, MA) at 37°C under 5% 

CO2. The cells were grown in 15 mL of complete Dulbecco’s Modified Eagle’s Medium (Sigma 

Aldrich, Oakville, ON) supplemented with 10% fetal bovine serum (ThermoFisher Scientific, 

Ottawa, ON), 1% non-essential amino acids (ThermoFisher Scientific, Ottawa, ON), 44.04 mM 

NaHCO3 (ACP Chemicals Inc, Montreal, QC) and 50 U/mL penicillin + streptomycin (Sigma 

Aldrich, Oakville, ON), pH 7.4.  

 

2.1.1 Caco-2 subculture  

Once the cells were 70-80% confluent, they were subcultured. The cells were washed with 

4 mL of phosphate buffered saline (PBS; Sigma Aldrich, Oakville, ON) solution containing 0.01 

M phosphate buffer, 0.0027 M potassium chloride and 0.137 M sodium chloride, pH 7.4, at 25 ºC. 

The cells were then treated with 2 mL of 0.25 % sterile-filtered trypsin-EDTA solution (Sigma 

Aldrich, Oakville, ON) for 5 minutes at 37°C under 5% CO2. After this trypsinization, cells were 

collected in a 15 mL centrifuge tube (Fisher Scientific, Ottawa, ON) and the action of trypsin was 

stopped with 9 mL of Caco-2 growth medium. The cell suspension was centrifuged at 150 X g for 

5 minutes at room temperature, the supernatant discarded, and the pellet was resuspended in 1 mL 

of growth medium. Equal aliquots of the suspension were added to Corning® 75cm² U-Shaped 
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Canted Neck Cell Culture Flasks with Vent Cap containing 14.5 mL of Caco-2 growth medium 

for further subculturing (Corning Life Sciences, Tewksbury, MA). 

 

2.1.2 Caco-2 subculture to 24 well Transwell® plate inserts 

At 70-80% confluency cells were harvested as described in Section 2.1.1. Following 

resuspension in 1 mL of Caco-2 growth medium, Trypan Blue exclusion was performed using 90 

L of cell suspension and 10 L of Gibco™ 0.4% Trypan Blue solution (ThermoFisher Scientific, 

Ottawa, ON) to determine the total number of viable cells using a haemocytometer. For counting, 

four quadrants were counted and the average was determined. To determine the number of cells 

per ml, the dilution factor (x 10) and the hemocytometer factor (x 10,000) was multiplied with the 

average cell count.  The cells were seeded at 1 x 105 cells per polycarbonate Transwell® insert (6.5 

mm diameter, 0.4 µm pore size, 0.33 cm2 membrane area), supported in Corning® 24 well 

Transwell® multi-well plates. This allows a three-compartment system (apical, cellular and 

basolateral; Figure 2.1) mimicking the physiological situation of intestinal epithelial cells (Altay 

et al., 2019) to be established. Here, the apical compartment represents the luminal space and the 

basolateral compartment represents the blood.  
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Figure 2.1: Schematic representation of the Caco-2 cell monolayer culture system. The 

Transwell® inserts allowed the physiological environment of the intestinal epithelial cells to be 

recreated in a culture system, with the apical compartment representing the luminal side of the 

intestinal epithelial cells and the basolateral compartment representing the blood side. Figure was 

generated in BioRender. 

 

Caco-2 growth medium was added as a 100 μL volume to the apical compartment and 600 

μL volume to the basolateral compartment. Transwell® cultures were incubated at 37°C under 5% 

CO2 and the media from both compartments changed every second day until a uniform cell 

monolayer was formed. 

  



44 

 

2.2 Assessment of Caco-2 monolayer integrity 

2.2.1 Lucifer yellow rejection assay 

The growth medium in the apical compartment was replaced with 100 μL of 0.1 mg/mL of 

lucifer yellow (LY; Sigma Aldrich, Oakville, ON), dissolved in assay buffer, consisting of Hank’s 

Balanced Salt Solution (HBSS) containing 136.89 mM NaCl, 5.30 mM KCl, 0.44 mM KH2PO4, 

5.55 mM glucose, 0.34 mM Na2HPO4.7H2O, 4.17 mM NaHCO3, and 10 mM 4-(2-hydroxyethyl)-

1-piperazineethanesulfonic acid (HEPES), pH 7.4 at room temperature, and the basolateral 

compartment was replaced with 600 μL of assay buffer. Culture plates were covered with 

aluminium foil and incubated for 1 hour at 37°C under 5% CO2. After incubation, 90 μL of each 

basolateral compartment solution was transferred to individual wells of a Nunc™ F96 

Microwell™ black polystyrene plate (ThermoFisher Scientific, Ottawa, ON). Fluorescence was 

measured in each well at an excitation wavelength = 485 nm and emission wavelength = 535 nm 

using a Synergy Mx Fluorescent Plate Reader (Biotek, Winooski, VT) and the percent LY 

permeability determined using Equation 1. 

%𝐿𝑌 𝑝𝑒𝑟𝑚𝑒𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =  [(𝐹𝑐𝑒𝑙𝑙_𝑚𝑜𝑛𝑜𝑙𝑎𝑦𝑒𝑟 − 𝐹𝑏𝑙𝑎𝑛𝑘)/(𝐹𝐿𝑌 −  𝐹𝑏𝑙𝑎𝑛𝑘)] ∗ 100 (Equation 1) 

 

Where Fcell_monolayer is the fluorescence of basolateral compartment solutions derived from 

chambers containing Caco-2 cells, FLY is the fluorescence of the LY solution, and Fblank is the 

fluorescence of the assay buffer. A functional Caco-2 monolayer was defined as a percent LY 

permeability less than 3% (Debebe et al., 2012; Rastogi et al., 2013). Culturing for 23 days was 

found to consistently provide a LY permeability <3% (Figure 2.2). 
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Figure 2.2: Caco-2 monolayer development as a function of lucifer yellow exclusion. Lucifer 

yellow at 0.1 mg/mL, dissolved in assay buffer, was added to the apical compartment of cultured 

Caco-2 cells and incubated for 1 hour at 37°C under 5% CO2. After incubation, fluorescence of 

the basolateral compartment solution was measured at excitation wavelength = 485 nm and 

emission wavelength = 535 nm. %LY permeability was determined from Equation 1. Data 

represents mean  SEM, n = 3 cultures from 3 independent experiments, except day 23 for which 

there were n = 7 cultures from 7 independent experiments (for further confirmation, 4 additional 

experiments were performed). Figure was generated in GraphPad Prism v6.0. 

 

2.2.2 Trans epithelial electrical resistance measurement 

At various days following plating, the medium was removed from both compartments which 

were then washed three times with assay buffer (see Section 2.2.1). Cells were then incubated in 

assay buffer for 30 minutes at 37°C under 5% CO2 and a Millicell ERS-2 epithelial volt-ohm meter 

(Millipore Sigma, Burlington, MA) used to measure the electrical resistance across the Transwell® 

inserts containing Caco-2 cells (Rinsert), along with a blank Transwell® insert containing no cells 

(Rblank). The resistance of the cell monolayer was then determined using Equation 2.  
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𝑅𝑐𝑒𝑙𝑙_𝑚𝑜𝑛𝑜𝑙𝑎𝑦𝑒𝑟 =  𝑅𝑖𝑛𝑠𝑒𝑟𝑡 − 𝑅𝑏𝑙𝑎𝑛𝑘      (Equation 2) 

 

The unit area resistance for each monolayer was then calculated using Equation 3.  

 

𝑈𝑛𝑖𝑡 𝑎𝑟𝑒𝑎 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 =  𝑅𝑐𝑒𝑙𝑙_𝑚𝑜𝑛𝑜𝑙𝑎𝑦𝑒𝑟 × 𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 𝑎𝑟𝑒𝑎 (Equation 3) 

 

Where the effective membrane area was taken as the area of the Transwell® insert membrane 

(0.33 cm2).  

Optimization studies revealed that 23 days in culture corresponded to a TEER measurement 

of  >45 Ωcm2 (Figure 2.3). For all subsequent experiments only 23-day old cultures showing TEER 

>45 Ωcm2 were used. 

  



47 

 

0 5 10 15 20 25 30
0

10

20

30

40

50

60

70

80

90

Days in culture

U
n

it
 a

re
a
 r

es
is

ta
n

ce
 (

in


cm
2
)

 

Figure 2.3: Development of a functional Caco-2 monolayer as a function of trans epithelial 

electrical resistance measurement. Cultured Caco-2 cells on Transwell® inserts were incubated 

in assay buffer for 30 minutes at 37°C under 5% CO2. After incubation, the electrical resistance 

across the Transwell® inserts was measured using a Millicell ERS-2 epithelial volt-ohm meter. 

The resistance of the Caco-2 cell monolayer was then determined using Equation 2. Data 

represents mean  SEM, n = 3 cultures from 3 independent experiments, except day 23 for which 

there were n = 7 cultures from 7 independent experiments (for further confirmation, 4 additional 

experiments were performed). Figure was generated in GraphPad Prism v6.0. 

 

2.3 Trace amine transport across Caco-2 monolayers 

2.3.1 Subcellular fractionation 

Since it has been suggested that TYR can non-specifically interact with the plasma 

membrane (Tejwani and Anderson, 2008) the amount of TYR in different subcellular 

compartments was determined.  The medium from Caco-2 cells grown to 70-80% confluency in 

T75 flasks was removed, 15 mL of assay buffer (Section 2.2.1) with TA degrading enzyme 

inhibitors to prevent metabolism (10 μM pargyline [MAO-A and -B], 2.5 μM OR-486 [catechol-
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O-methyl transferase], 100 μM sodium diethyldithiocarbamate trihydrate (DTC [dopamine-β-

hydroxylase]) was added, and the cells were incubated for 30 minutes at 37°C under 5% CO2. 

Then, 100 nM (corresponding to 1500 pmol) of [3H]TYR (American Radiolabelled Chemicals 

Inc., St. Louis, MO) was added to the cells and incubated for 30 minutes at 37°C under 5% CO2. 

After incubation, the assay buffer was removed, and cells were washed with 10 mL of PBS (pH 

7.4). Following the wash, the cells were harvested as previously described in Section 2.1.1. The 

resultant suspension was then transferred to a 15 mL centrifuge tube and was centrifuged at 150 X 

g for 5 minutes at room temperature. The supernatant was removed, and the cell pellet resuspended 

in 15 mL of ice-cold hypotonic buffer, pH 7.5, consisting of 10 mM NaCl, 1.5 mM MgCl2, and 10 

mM Tris-HCl. Cells were disrupted with a Wheaton® Dounce Tissue Grinder (DWK Life 

Sciences, Millville, NJ, USA) using 15 up-and-down strokes with a loose-fitting pestle and 25 up-

and-down strokes with a tight-fitting pestle. The suspension was then transferred to an 

ultracentrifuge tube and centrifuged at 17,000 X g for 15 minutes at 4°C using a L60K 

ultracentrifuge (Beckman Coulter, Brea, California, United States). The supernatant (S1) was 

recovered and kept aside for further use. ScintiVerse™ BD cocktail (Thermo Fisher Scientific, 

Ottawa, ON) was added to pellet (P1) corresponding to the crude mitochondrial fraction (Rangel 

et al., 2013) for liquid scintillation counting using a Tri-Carb 2810TR liquid scintillation analyzer 

(PerkinElmer, Waltham, MA). The S1 supernatant was centrifuged at 80,000 X g for 1 hour at 

4°C. The resulting supernatant constitutes the ribosome and cytosol fraction (Rangel et al., 2013), 

while the pellet represents the plasma membrane fraction (Rangel et al., 2013). Both were collected 

and transferred to individual scintillation vials containing scintillation fluid for liquid scintillation 

counting. The counts per minute values obtained were converted to picomoles of TYR by 

comparison to a standard curve constructed for each independent experiment (Figure 2.4). 
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Figure 2.4: Sample radioisotope assay standard curve to determine picomoles of TYR in 

subcellular compartments. The unknown picomole amounts of TYR were determined by 

interpolation of the CPM values of TYR from the linear regression curve determined by GraphPad 

Prism v6.0. 

 

2.3.2 Trace amine transcellular transport assay 

Tight Caco-2 monolayers were defined based on TEER measurements. From the tight, 

functional Caco-2 monolayers, medium was removed from both compartments which were then 

washed three times with assay buffer containing TA degrading enzyme inhibitors (see Section 

2.2.2) to prevent metabolism. After washing, either 90 (trace amine treated) or 100 μL of assay 

buffer (blank controls) was added to the apical compartment, and either 590 or 600 μL of assay 

buffer added to the basolateral compartment, and cells incubated for 30 minutes at 37°C under 5% 

CO2. After incubation a 10 μL aliquot of either [3H]TYR (American Radiolabeled Chemicals Inc., 



50 

 

St. Louis, MO) or [14C]2-PE (Perkin Elmer, Waltham, MA) containing TA degrading enzyme 

inhibitors was added to either the apical or the basolateral compartment to give a final 

concentration of 100 nM, and cells incubated for varying time points (0, 5, 10, 15, 20, 25, 30 

minutes). At the given time points, the apical and basolateral compartments were collected and 

transferred to individual scintillation vials containing ScintiVerse™ BD cocktail for liquid 

scintillation counting using a Tri-Carb 2810TR liquid scintillation analyzer. The cell fractions were 

lysed in 100 μL of NP-40 lysis buffer (20 mM Tris-HCl, 137 mM NaCl, 10% [v/v] glycerol, 1% 

[v/v] NP-40, 2 mM EDTA; pH 8.0) by incubating for 20 minutes at 37°C under 5% CO2 before 

transferring the lysate to scintillation vials containing ScintiVerse™ BD cocktail. Picomoles of 

TA were determined by comparison to standard curves performed with every experiment and 

converted to molar concentrations using the known volumes of the apical (100 μL) and basolateral 

(600 μL) compartments. The volume for the Caco-2 cell monolayer was calculated based on 

literature information that the volume of a Caco-2 cell monolayer is 11.56 L for 24 mm insert 

membranes with a growth area of 4.67 cm2 (Sun and Pang, 2008). From this information, the height 

of the Caco-2 cell monolayer was calculated to be 0.0025 cm with the assumption of the cell 

monolayer being a cylinder (volume of a cylinder = πr2h) since the monolayer is columnar. Using 

this the volume of Caco-2 cell monolayer for this study was calculated to be 0.817 μL. 

 

2.3.3 Statistical analyses 

All results are represented as mean ± standard error of the mean (SEM). Distribution of TYR 

between the subcellular compartments was compared by one-way ANOVA with Tukey’s multiple 

comparison post-hoc analysis. Time-dependent accumulation of TYR and 2-PE in different 
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compartments was compared by two-way ANOVA with Sidak’s multiple comparison post-hoc 

analysis. All analyses and graphing were performed using GraphPad Prism v6.0. 

 

2.4 Characterizing TYR transporters 

2.4.1 Determination of the role of OCT2 in TYR transport 

Since well-validated OCT2 specific inhibitors have not been reported, a pharmacological 

subtractive approach was taken to determine the role of OCT2 in TYR transport as described 

previously (Berry et al., 2016), where the effect of inhibitors of varying selectivity towards the 

OCT family on TYR transport were tested. Experiments were conducted as described in Section 

2.3.2. with assay buffer also including one of 1 µM decynium-22 (pan-OCT inhibitor), 200 µM 

pentamidine (OCT1 and OCT2 inhibitor), or 10 μM atropine (ATR; OCT1 inhibitor).  

 

2.4.2 Statistical analyses 

All results are represented as mean ± SEM. Statistical analysis was performed using two-

way ANOVA with Sidak’s post-hoc analysis to compare the time-dependent accumulated 

concentrations of TYR in different compartments, in the presence or absence of inhibitors with 

varying selectivity towards the OCT-family. All analyses were performed using GraphPad Prism 

v6.0.  
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2.5 Investigation of the presence of OCT2 in Caco-2 cells 

2.5.1 Preparation of Caco-2 cell lysate 

Confluent Caco-2 cells were harvested as described in Section 2.1.1. The supernatant was 

discarded and the cell pellet was resuspended in 100 μL of NP-40 lysis buffer and incubated for 

20 minutes at 37°C under 5% CO2. The lysate was then stored on ice until further use. 

 

2.5.2 Preparation of animal tissue homogenates 

All procedures were performed in accordance with Canadian Council on Animal Care 

guidelines and were approved by Memorial University Animal Care Committee. The animals used 

for this study were 8 weeks old, male, Sprague Dawley rats, housed on a 12-hour light-dark cycle, 

and fed a standard chow diet. For tissue collection, the rats were euthanized using CO2, followed 

by decapitation after which the brain, intestines and the kidneys were removed. From the brain, 

the frontal cortex and the striata were isolated. The frontal cortex was used for preparation of 

synaptosomes (see Section 2.5.3). The striata, intestines and the kidney were individually diced, 

homogenized in 10 volumes of NP-40 lysis buffer, and kept on ice until further use. 

 

2.5.3 Preparation of synaptosomes 

The frontal cortex was diced and then homogenized in 10 volumes of 0.32 M sucrose using 

a WheatonⓇ Dounce Tissue Grinder with 10 up-and-down strokes of a loose pestle. After 

homogenization, the suspension was centrifuged at 1,000 X g for 10 minutes at 4°C using a 

Thermo Sorvall™ ST 16R centrifuge (ThermoFisher Scientific, Ottawa, ON). Following 

centrifugation, the pellet was discarded, and the supernatant centrifuged at 10,000 X g for 20 
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minutes at 4°C. The supernatant was removed and the crude synaptosomal pellet was resuspended 

in 100 μL of NP-40 lysis buffer and incubated for 20 minutes at 37°C.  Lysed synaptosomes were 

kept on ice until further use.  

 

2.5.4 Bicinchoninic Acid (BCA) Protein Assay 

Total protein was determined in tissue preparations by the Pierce BCA Protein Assay Kit 

(ThermoFisher Scientific, Ottawa, ON). The protein samples and the standards were added to 

Corning™ clear polystyrene 96-well microplates at a volume of 10 L, in duplicate. To these, 200 

L of BCA working reagent was added and mixed using a Fisherbrand™ multi-platform shaker 

for 30 seconds followed by incubation for 30 minutes at 37ºC. After incubation, the absorbance 

for each well was measured at 562 nm using a Biotek Powerwave XS UV/Vis microplate 

spectrophotometer (Winooski, VT). Protein content was determined by comparison to a standard 

curve of bovine serum albumin (BSA) in the concentration range of 0-20 g/10 L (Figure 2.5) 

that was prepared for each experiment, using GraphPad Prism v6.0. 
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Figure 2.5: Sample BCA protein assay standard curve to determine amount of total protein. 

Baseline correction was performed using a blank. The unknown amount of total protein (g/10 

L) was determined by interpolation of the absorbance values measured at 562 nm from the linear 

regression curve determined by GraphPad Prism v6.0. 

 

2.5.5 Western Blot of OCT2 

Tissue samples containing 20 µg of protein were used to perform sodium dodecyl sulphate 

polyacrylamide gel electrophoresis (SDS PAGE) using a Mini gel tank (ThermoFisher Scientific, 

Ottawa, ON) with Bolt™ 4-12% bis-tris plus gels (ThermoFisher Scientific, Ottawa, ON) at 200 

V for 32 minutes. After SDS PAGE, the proteins were transferred onto a nitrocellulose membrane 

using iBlot®2 transfer stacks (ThermoFisher Scientific, Ottawa, ON) for an iBlot®2 gel transfer 

device (ThermoFisher Scientific, Ottawa, ON) set to 20-25 V for 7 minutes. Either the anti-

SLC22A2 polyclonal primary antibody (ElabscienceⓇ, Houston, Texas; catalogue number: E-AB-

62923) at 1:200 dilution in 1X iBind™ solution (ThermoFisher Scientific, Ottawa, ON), or anti-

SLC22A2 Picoband™ primary antibody (Boster Biological Technology, Pleasanton, CA; 



55 

 

catalogue number: PB9394) at 1:400 dilution in 1X iBind™ solution were used to identify OCT2 

using the Invitrogen™ iBind™ western device (ThermoFisher Scientific, Ottawa, ON) with an 

overnight incubation at 4 ºC. The membrane was then washed once with 1X iBind™ solution and 

incubated with goat anti-rabbit (H+L) horseradish peroxidase conjugated secondary antibody (Bio-

Rad, Mississauga, ON; catalogue number: 1706515) at 1:600 dilution in 1X iBind™ solution at 4 

ºC. Bands were visualized by chemiluminescence using Clarity™ Western ECL substrate (Bio-

Rad, Hercules, CA, USA) and molar masses estimated by comparison to a SeeBlue™ Plus2 pre-

stained protein standard (ThermoFisher Scientific, Ottawa, ON). Bands were imaged using an 

ImageQuant LAS 4000 gel documentation system (GE Healthcare, Chicago, IL). 

To confirm if the same proteins were identified with each of the primary antibodies, 

membranes were stripped and re-probed with the other primary antibody. Mild membrane 

stripping was performed by incubating membranes twice for 10 mins at 37°C, pH 2.2 with 0.2 M 

glycine, 3.46 mM SDS, 1% (v/v) Tween 20 (mild stripping buffer), with constant shaking on a 

Fisherbrand™ multi-platform shaker (ThermoFisher Scientific, Ottawa, ON). This was followed 

by two washes with PBS (pH 7.4) and two washes with tris buffered saline-Tween 20 (TBST; 

containing 137 mM NaCl, 2.7 mM KCl, 19 mM tris, 0.1% Tween 20). Harsh stripping was 

performed by incubating membranes in 2% (w/v) SDS; 0.0625 M tris HCl, pH 6.8; 0.8% (v/v) 2-

mercaptoethanol for 1 hour at 50°C with shaking on a Fisherbrand™ multi-platform shaker, 

followed by one wash each with water and TBST.  
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2.6 Characterization of TYR active transporter in Caco-2 basolateral membranes  

2.6.1 Determination of transporter energy source  

Experiments were conducted as described in Section 2.3.2, except that NaCl in the assay 

buffer was replaced on an equimolar basis by choline chloride to determine the sodium dependence 

of the basolateral active transporter. 

 

2.6.2 Determination of the kinetic parameters of the TYR active transporter in Caco-2 basolateral 

membranes  

[3H]TYR at varying concentrations (200, 100, 50, 10, 5 and 1 nM), in the presence of 

inhibitors of TA degrading enzymes (10 μM pargyline, 2.5 μM OR-486 and 100 μM DTC), was 

added to the basolateral compartment, and the cellular compartment was collected at various time 

points (0, 10, 20, 30, 45, 60, 180, 300 and 600 seconds) after addition, and radioactivity and TYR 

concentration determined as previously described (Section 2.3.2).  

For Michaelis-Menten analysis the initial velocity (V0) at each concentration was determined 

from the initial linear phase of the TYR concentration versus time plots. Total TYR transport was 

defined as that obtained in regular assay buffer, while non-specific (non-transporter-mediated) 

transport was defined as that present in assay buffer containing choline chloride instead of NaCl. 

Transporter-specific passage was then defined as the difference between the two and used to obtain 

the Kt and Vmax from plots of V0 versus substrate concentration using GraphPad Prism v6.0 as 

described previously (Berry et al., 2016). 
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2.7 Identification of the TYR active transporter in Caco-2 basolateral membrane 

2.7.1 Development of TYR affinity columns 

N-hydroxysuccinimide (NHS)-activated Sepharose 4 Fast Flow (GE Healthcare, Chicago, 

IL), an agarose matrix, was used to couple to TYR to prepare TYR affinity columns. TYR attaches 

to the column by displacing the NHS group. NHS-activated Sepharose 4 Fast Flow in 100% 

isopropanol (0.4 mL; 1 matrix volume) was centrifuged at 1,000 X g for 1 minute at 4°C using a 

Thermo Sorvall™ ST 16R centrifuge. The supernatant was removed, and the pellet was washed 

with 10 matrix volumes of cold 1 mM hydrochloric acid by centrifuging at 1,000 X g for 1 minute 

at 4° C using a Thermo Sorvall™ RC 6+ centrifuge (ThermoFisher Scientific, Ottawa, ON). The 

supernatant was discarded, and the pellet was further washed in 10 matrix volumes of coupling 

buffer (0.2 M NaHCO3, 0.5 M NaCl, pH 8.3) by centrifuging at 1000 X g for 1 minute at 4°C. The 

supernatant was discarded, and the matrix was resuspended in one half matrix volume of 0.023 M 

TYR (Alfa Aesar, Haverhill, MA) in coupling buffer and mixed by shaking. The tube was sealed 

with parafilm and incubated at 4°C with continuous shaking using a Fisherbrand™ multi-platform 

shaker for 16 hours. After incubation, the coupling efficiency to the column was determined. 

To determine the coupling efficiency, the coupled matrix was centrifuged at 1000 X g for 1 

minute at 4°C using a Thermo Sorvall™ RC 6+ centrifuge. The supernatant was recovered and the 

pellet was resuspended in 3X matrix volumes of coupling buffer, centrifuged at 1000 X g for 1 

minute at 4°C, and repeated a further two times. The original supernatant was equally divided 

between two tubes ‘a and b’. Equivalent blank tubes containing only coupling buffer were also 

prepared. Pure TYR shows two absorbance peaks at 235 nm and 275 nm (Figure 2.6) one of which 

coincides with the 235 nm absorbance peak of NHS (Figure 2.6) (Lucas et al., 2006; Klykov and 

Weller, 2015; Spasojevic et al., 2019).  To differentiate between the absorbance peak of the NHS 
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group and uncoupled TYR, NaOH was added to tube ‘b’ (flowthrough + NaOH; Figure 2.7) and 

incubated for 30 minutes at room temperature to provide a separation between NHS and TYR 

peaks. After incubation, the pH for the ‘b’ tubes were checked to ensure all the ‘b’ solutions had a 

basic pH of at least pH 11, and the absorption spectra determined using a NanoDrop™ 2000 

spectrophotometer (Figure 2.7). This allowed a complete separation of spectra due to auto-

oxidation of TYR at basic pH (Figure 2.7), and an absorbance was seen at 300 nm following NaOH 

treatment with TYR but not NHS solutions.  

 

Figure 2.6: Absorption spectra of TYR and NHS. A – Spectral absorbance of pure TYR; and B 

– spectral absorbance of pure NHS at pH 8.3. 
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Figure 2.7: Absorption spectra of TYR and NHS in the presence of NaOH. A – Spectral 

absorbance of pure TYR+NaOH; and B – spectral absorbance of pure NHS+NaOH at pH 11. 

 

A 40% reduction in absorbance of the flowthrough solution compared to the input solution 

was consistently seen (paired t-test, P <0.0001 Figure 2.8) indicating successful coupling of TYR 

to the NHS column. 
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Figure 2.8: Confirmation of TYR attachment to an NHS-column. Successful coupling was 

observed with TYR being retained by the NHS affinity column. Data represents mean  SEM, 

n=13. Analysis was made between different fractions using GraphPad Prism version 6 by paired 

t-test, P <0.0001. Bars represent the mean absorbance for the two groups, while the points 

represent each of the absorbance readings that were recorded for independent preparations. 

 

TYR-coupled matrices were resuspended in 2 matrix volumes of blocking buffer (0.1 M tris-

HCl, pH 8.5), sealed with parafilm and incubated at 4°C for 2 hours with continuous shaking using 

a Fisherbrand™ multi-platform shaker. After 2 hours, the matrix was centrifuged at 1000 X g for 

1 minute at 4°C using a Thermo Sorvall™ RC 6+ centrifuge, the supernatant was discarded, and 
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the pellet was washed alternately with ice cold 0.1 M tris buffer (pH 8.5) and acetate buffer (0.1 

M CH3COONa, 0.5 M NaCl; pH 4.5), for six times.  

2.7.2   Purification of TYR binding proteins from Caco-2 cells by affinity chromatography 

Caco-2 cells were grown to full confluency in three Corning® 75cm² U-Shaped canted neck 

cell culture flasks with vent cap. Once confluent, the medium was removed, and the cells washed 

with 4 mL of sterile PBS (pH 7.4) per flask.  Cells were harvested by trypsinization as described 

in Section 2.1.1, the supernatants discarded, and pellets pooled by resuspending in 0.8 mL of NP-

40 lysis buffer containing Halt™ Protease Inhibitor Cocktail (1X; ThermoFisher Scientific, 

Ottawa, ON) and 1 mM phenylmethanesulfonyl fluoride (Sigma Aldrich, Oakville, ON). The 

suspension was incubated for 20 minutes at 37°C and the resultant solution used for purification 

of TYR binding proteins by affinity chromatography. 

The Caco-2 lysate was loaded onto the blocked TYR-matrix in a microcentrifuge tube, sealed 

with parafilm, and incubated for 16 hours at 4°C with continuous shaking using a Fisherbrand™ 

multi-platform shaker. Following incubation, the matrix+lysate solution was centrifuged at 1000 

X g for 1 minute at 4°C. The pellet was resuspended in 1X matrix volume of assay buffer and 

centrifuged again at 1000 X g for 1 minute at 4°C, with the resuspension and centrifugation 

repeated a further four times. After the final wash, TYR binding proteins were eluted by 

resuspending the pellet in either 1.15 M TYR in assay buffer, or 100 μM ATR in assay buffer. 

Tubes were sealed with parafilm and incubated for 1 hour at room temperature with constant 

shaking using a Fisherbrand™ multi-platform shaker. After incubation, the tube was centrifuged 

at 1000 X g for 1 minute at 4°C and the supernatant collected, as the first TYR-binding protein 

fraction. The pellet was resuspended in one half matrix volume of either TYR or ATR elution 

solution, incubated for 1 hour at room temperature with constant shaking using a Fisherbrand™ 
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multi-platform shaker, and centrifuged again at 1000 X g for 1 minute at 4°C. This was repeated 

one more time and during each step, the supernatants were collected giving the second and third 

TYR-binding protein fractions.  

Proteins in fractions isolated from affinity columns were separated by SDS-PAGE as 

previously described in Section 2.5.5. Proteins were visualized by incubating the gel in staining 

solution containing 0.25% (w/v) Coomassie Brilliant Blue R-250 (BioRad, Hercules, CA), 50% 

(v/v) 95% ethanol and 10% (v/v) glacial acetic acid, for 40 minutes at room temperature with 

constant shaking, followed by destaining (0.8 L deionised water, 0.1 L 95% ethanol, and 0.1 L 

glacial acetic acid) for 2 hours at room temperature to remove non-selective dye accumulation. 

Protein bands were then digitally recorded using a Biorad Chemidoc system (Hercules, CA).  

 

2.7.3.  Identification of TYR binding proteins isolated from Caco-2 cells 

Protein bands that were common between different samples were excised from gels with a 

scalpel. After cutting the gel bands, they were transferred to microcentrifuge tubes with a hole 

placed in the caps. Tubes were incubated in a desiccator overnight to dry the excised gel. Dried, 

excised bands were shipped to the Biological Mass Spectrometry Core Facility at Dalhousie 

University for protein digestion, followed by liquid chromatography with tandem mass 

spectrometry analysis of the protein digests. From these digests, peptide hits were identified using 

the Proteome Discoverer Software, and protein identification and grouping based on the presence 

of common peptide fingerprints among the protein digests. The inclusion criteria for putative TYR 

transporters were i) membrane proteins, ii) transporter proteins, iii) active transporters, iv) Na+-

dependent active transporters, and v) TYR being a known substrate. 
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2.8 Modelling of TYR transcellular transport across intestinal epithelial cells  

2.8.1 Development of mathematical models for known TYR transport processes 

Known TYR transport processes were modelled using previously described transporter 

modelling techniques (Friedman, 2008). Equations 4 and 5 represent generalized equations for 

facilitated diffusion and active transport, respectively, assuming Michaelis-Menten kinetics for all 

transporter mediated membrane passage. In this instance X1 represents the concentration of TYR 

in the donor compartment and X2 the concentration in the receiver compartment. 

𝑑𝑋1

𝑑𝑡
= −

𝑉𝑚𝑎𝑥𝑋1

𝐾𝑡+𝑋1
+

𝑉𝑚𝑎𝑥𝑋2

𝐾𝑡+𝑋2
       (Equation 4) 

𝑑𝑋1

𝑑𝑡
= −

𝑉𝑚𝑎𝑥𝑋1

𝐾𝑡+𝑋1
        (Equation 5) 

For non-transporter mediated processes (simple diffusion), a one-phase exponential decay 

function was used (Equation 6), where 𝑝 is the TYR permeability coefficient of 22.6 ± 4.3 Å/s 

(Berry et al., 2013) and A represents the surface area of the membrane. 

𝑑𝑋1

𝑑𝑡
= −𝑝 ×  𝐴 (𝑋1 − 𝑋2)       (Equation 6) 

Equations 4-6 were used in the development of additional equations as explained in the next 

section. 

2.8.2 Development of ordinary differential equations for each compartment 

Using the above equations, a set of ordinary differential equations (ODEs) for the known 

TYR transport processes across each membrane were developed for the apical (Equation 7), 

cellular (Equation 8) and basolateral (Equation 9) compartments (Figure 2.9) to model the rate of 

change of TYR concentration within each compartment for both luminal-to-blood and blood-to-
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luminal transcellular passage. In all equations, text in blue corresponds to simple diffusion terms, 

text in green corresponds to OCT2 mediated facilitated diffusion transport, and purple text to a 

basolateral membrane Na+-dependent active transporter. The α term represents a constant which 

is the product of 𝑝 and A. The volumes of the apical, cellular, and basolateral compartments are 

represented as Volapical, Volcell, Volbaso. 

𝑑𝑋𝑎𝑝𝑖𝑐𝑎𝑙

𝑑𝑡
= [− (

𝛼

𝑉𝑜𝑙𝑎𝑝𝑖𝑐𝑎𝑙
) × (𝑋𝑎𝑝𝑖𝑐𝑎𝑙 − 𝑋𝑐𝑒𝑙𝑙)] + [− (

𝑉𝑜𝑙𝑐𝑒𝑙𝑙

𝑉𝑜𝑙𝑎𝑝𝑖𝑐𝑎𝑙
) × (

𝑉𝑚𝑎𝑥_𝑂𝐶𝑇2𝑋𝑎𝑝𝑖𝑐𝑎𝑙

𝐾𝑡_𝑂𝐶𝑇2+𝑋𝑎𝑝𝑖𝑐𝑎𝑙
−

𝑉𝑚𝑎𝑥_𝑂𝐶𝑇2𝑋𝑐𝑒𝑙𝑙

𝐾𝑡_𝑂𝐶𝑇2+𝑋𝑐𝑒𝑙𝑙
)]                   (Equation 7) 

𝑑𝑋𝑐𝑒𝑙𝑙

𝑑𝑡
= [− (

𝛼

𝑉𝑜𝑙𝑐𝑒𝑙𝑙
) × (𝑋𝑐𝑒𝑙𝑙 − 𝑋𝑎𝑝𝑖𝑐𝑎𝑙)] + [− (

𝛼

𝑉𝑜𝑙𝑐𝑒𝑙𝑙
) × (𝑋𝑐𝑒𝑙𝑙 − 𝑋𝑏𝑎𝑠𝑜)] +  

(
𝑉𝑚𝑎𝑥_𝑂𝐶𝑇2𝑋𝑎𝑝𝑖𝑐𝑎𝑙

𝐾𝑡_𝑂𝐶𝑇2+𝑋𝑎𝑝𝑖𝑐𝑎𝑙
−

𝑉𝑚𝑎𝑥 _𝑂𝐶𝑇2𝑋𝑐𝑒𝑙𝑙

𝐾𝑡_𝑂𝐶𝑇2+𝑋𝑐𝑒𝑙𝑙
) + (

𝑉𝑚𝑎𝑥_𝑏𝑎𝑠𝑜_𝑎𝑐𝑡𝑖𝑣𝑒  𝑋𝑏𝑎𝑠𝑜

𝐾𝑡_𝑏𝑎𝑠𝑜_𝑎𝑐𝑡𝑖𝑣𝑒+𝑋𝑏𝑎𝑠𝑜
)   (Equation 8) 

𝑑𝑋𝑏𝑎𝑠𝑜

𝑑𝑡
= [− (

𝛼

𝑉𝑜𝑙𝑏𝑎𝑠𝑜 
) × (𝑋𝑏𝑎𝑠𝑜 − 𝑋𝑐𝑒𝑙𝑙)] +  

[− (
𝑉𝑜𝑙𝑐𝑒𝑙𝑙

𝑉𝑜𝑙𝑏𝑎𝑠𝑜
) × (

𝑉max _𝑏𝑎𝑠𝑜_𝑎𝑐𝑡𝑖𝑣𝑒𝑋𝑏𝑎𝑠𝑜

𝐾𝑡__𝑏𝑎𝑠𝑜_𝑎𝑐𝑡𝑖𝑣𝑒+𝑋𝑏𝑎𝑠𝑜
)]                (Equation 9)  
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Figure 2.9: Known TYR transport processes across Caco-2 cells representing the baseline 

simulation model. This figure represents the baseline model of known TYR transport processes 

in the Caco-2 intestinal cell line, where TYR can cross Caco-2 plasma membranes by simple 

diffusion, be transported across the apical membrane by the bi-directional facilitated diffusion 

transporter OCT2, or actively accumulated within the cell from the basolateral compartment by an 

unidentified Na+-dependent active transporter. This image was generated in BioRender and 

adapted from Sarkar et al., 2022. 

 

The value for the OCT2 Vmax from previous synaptosome studies (30.2 fmol/mg protein/s; 

(Berry et al., 2016) was converted to nM/s (0.11 nM/s) using the known protein content of 

individual synaptosomal preparations in those studies (Berry et al., 2016). Compartment 

concentrations for apical and basolateral additions were those experimentally determined in 

Section 2.3.2. The start point at the donor compartment was set to the average concentration 
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obtained at 10 seconds after compartment loading. Predicted concentration-time relationships in 

each compartment were compared to that experimental data using MATLAB (vR2021a). 

 

2.8.3 Addition of further transporter processes to the Caco-2 membranes 

In an attempt to better recapitulate experimental data, a facilitated diffusion transporter with 

the kinetic characteristics of OCT2 was added to the basolateral membrane (Figure 2.10) and is 

represented by the red text in Equations 10 and 11 for cellular and basolateral compartments 

respectively. 

𝑑𝑋𝑐𝑒𝑙𝑙

𝑑𝑡
= [− (

𝛼

𝑉𝑜𝑙𝑐𝑒𝑙𝑙
) × (𝑋𝑐𝑒𝑙𝑙 − 𝑋𝑎𝑝𝑖𝑐𝑎𝑙)] + [− (

𝛼

𝑉𝑜𝑙𝑐𝑒𝑙𝑙
) × (𝑋𝑐𝑒𝑙𝑙 − 𝑋𝑏𝑎𝑠𝑜)] +  

(
𝑉𝑚𝑎𝑥 _𝑂𝐶𝑇2𝑋𝑎𝑝𝑖𝑐𝑎𝑙

𝐾𝑡_𝑂𝐶𝑇2+𝑋𝑎𝑝𝑖𝑐𝑎𝑙
−

𝑉𝑚𝑎𝑥 _𝑂𝐶𝑇2𝑋𝑐𝑒𝑙𝑙

𝐾𝑡_𝑂𝐶𝑇2+𝑋𝑐𝑒𝑙𝑙
) + (

𝑉𝑚𝑎𝑥_𝑏𝑎𝑠𝑜_𝑎𝑐𝑡𝑖𝑣𝑒𝑋𝑏𝑎𝑠𝑜

𝐾𝑡_𝑏𝑎𝑠𝑜_𝑎𝑐𝑡𝑖𝑣𝑒+𝑋𝑏𝑎𝑠𝑜
)  

+ (
𝑉𝑚𝑎𝑥_𝑏𝑎𝑠𝑜_𝑛𝑒𝑤_𝐹𝐷𝑋𝑏𝑎𝑠𝑜

𝐾𝑡_𝑏𝑎𝑠𝑜_𝑛𝑒𝑤_𝐹𝐷+𝑋𝑏𝑎𝑠𝑜
−

𝑉𝑚𝑎𝑥_𝑏𝑎𝑠𝑜_𝑛𝑒𝑤_𝐹𝐷𝑋𝑐𝑒𝑙𝑙

𝐾𝑡_𝑏𝑎𝑠𝑜_𝑛𝑒𝑤_𝐹𝐷+𝑋𝑐𝑒𝑙𝑙
)            (Equation 10) 

𝑑𝑋𝑏𝑎𝑠𝑜

𝑑𝑡
= [− (

𝛼

𝑉𝑜𝑙𝑏𝑎𝑠𝑜 
) × (𝑋𝑏𝑎𝑠𝑜 − 𝑋𝑐𝑒𝑙𝑙)] + [− (

𝑉𝑜𝑙𝑐𝑒𝑙𝑙

𝑉𝑜𝑙𝑏𝑎𝑠𝑜
) × (

𝑉𝑚𝑎𝑥_𝑏𝑎𝑠𝑜_𝑎𝑐𝑡𝑖𝑣𝑒𝑋𝑏𝑎𝑠𝑜

𝐾𝑡_𝑏𝑎𝑠𝑜_𝑎𝑐𝑡𝑖𝑣𝑒+𝑋𝑏𝑎𝑠𝑜
)] +  

[− (
𝑉𝑜𝑙𝑐𝑒𝑙𝑙

𝑉𝑜𝑙𝑏𝑎𝑠𝑜
) × (

𝑉𝑚𝑎𝑥_𝑏𝑎𝑠𝑜_𝑛𝑒𝑤_𝐹𝐷𝑋𝑏𝑎𝑠𝑜

𝐾𝑡_𝑏𝑎𝑠𝑜_𝑛𝑒𝑤_𝐹𝐷+𝑋𝑏𝑎𝑠𝑜
−

𝑉𝑚𝑎𝑥__𝑏𝑎𝑠𝑜_𝑛𝑒𝑤_𝐹𝐷𝑋𝑐𝑒𝑙𝑙

𝐾𝑡_𝑏𝑎𝑠𝑜_𝑛𝑒𝑤_𝐹𝐷+𝑋𝑐𝑒𝑙𝑙
)]         (Equation 11) 
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Figure 2.10: Known and predicted TYR transporters used for modelling transcellular 

passage in Caco-2 cells. This figure represents the model where an additional facilitated diffusion 

transporter in the basolateral membrane has been added and optimal kinetic parameters that 

maximized consistency with experimental concentration-time relationships determined. This 

image was generated in BioRender and adapted from Sarkar et al., 2022. 

 

To allow for possible density differences of OCT2 in the Caco-2 basolateral membrane as 

compared to the apical compartment, when solving Equations 10 and 11 the Vmax_baso_new_FD was 

allowed to vary from 0.1-20 X the experimental Vmax of OCT2.  In addition, the role of a non-

OCT2, facilitated diffusion transporter in the Caco-2 basolateral membrane was investigated by 

allowing both the Kt_baso_new_FD and Vmax_baso_new_FD terms to vary from the values utilized for 

OCT2.  
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Results from these models suggested that one or more of the facilitated diffusion transporters 

may be unequally bi-directional. To model this asymmetry equations were modified to allow 

different Kt values for each direction of transport for the facilitated diffusion transporters in both 

the apical and the basolateral Caco-2 membranes (Equations 12-14). Here, Kt_OCT2_apicaltocell 

represents the Kt of OCT2 in the apical to cellular direction (Equations 12  and 13); Kt_OCT2_celltoapical 

the Kt of OCT2 in the cellular to apical direction (Equations 12 and 13); Kt_baso_new_FD_basotocell the 

Kt of the unknown basolateral membrane facilitated diffusion transporter in the basolateral to 

cellular direction (Equations 13 and 14); and Kt_baso_new_FD_celltobaso for the same transporter in the 

cellular to basolateral direction (Equations 13 and 14).  

𝑑𝑋𝑎𝑝𝑖𝑐𝑎𝑙

𝑑𝑡
=  (

𝛼

𝑉𝑜𝑙𝑎𝑝𝑖𝑐𝑎𝑙
) × (𝑋𝑐𝑒𝑙𝑙 − 𝑋𝑎𝑝𝑖𝑐𝑎𝑙) + (

𝑉𝑜𝑙𝑐𝑒𝑙𝑙

𝑉𝑜𝑙𝑎𝑝𝑖𝑐𝑎𝑙
) × (

𝑉𝑚𝑎𝑥_𝑂𝐶𝑇2𝑋𝑐𝑒𝑙𝑙

𝐾𝑡_𝑂𝐶𝑇2_𝑐𝑒𝑙𝑙𝑡𝑜𝑎𝑝𝑖𝑐𝑎𝑙+𝑋𝑐𝑒𝑙𝑙
−

𝑉𝑚𝑎𝑥 _𝑂𝐶𝑇2𝑋𝑎𝑝𝑖𝑐𝑎𝑙

𝐾𝑡_𝑂𝐶𝑇2_𝑎𝑝𝑖𝑐𝑎𝑙𝑡𝑜𝑐𝑒𝑙𝑙+𝑋𝑎𝑝𝑖𝑐𝑎𝑙
)       (Equation 12) 

𝑑𝑋𝑐𝑒𝑙𝑙

𝑑𝑡
= [(

𝛼

𝑉𝑜𝑙𝑐𝑒𝑙𝑙
) × (𝑋𝑎𝑝𝑖𝑐𝑎𝑙 − 𝑋𝑐𝑒𝑙𝑙) + (

𝛼

𝑉𝑜𝑙𝑐𝑒𝑙𝑙
) × (𝑋𝑏𝑎𝑠𝑜 − 𝑋𝑐𝑒𝑙𝑙)] + [(

𝑉𝑚𝑎𝑥_𝑏𝑎𝑠𝑜_𝑎𝑐𝑡𝑖𝑣𝑒𝑋𝑏𝑎𝑠𝑜

𝐾𝑡_𝑏𝑎𝑠𝑜_𝑎𝑐𝑡𝑖𝑣𝑒+𝑋𝑏𝑎𝑠𝑜
)] 

(
𝑉𝑚𝑎𝑥 _𝑂𝐶𝑇2𝑋𝑎𝑝𝑖𝑐𝑎𝑙

𝐾𝑡_𝑂𝐶𝑇2_𝑎𝑝𝑖𝑐𝑎𝑙𝑡𝑜𝑐𝑒𝑙𝑙+𝑋𝑎𝑝𝑖𝑐𝑎𝑙
−

𝑉𝑚𝑎𝑥 _𝑂𝐶𝑇2𝑋𝑐𝑒𝑙𝑙

𝐾𝑡_𝑂𝐶𝑇2_𝑐𝑒𝑙𝑙𝑡𝑜𝑎𝑝𝑖𝑐𝑎𝑙+𝑋𝑐𝑒𝑙𝑙
) + (

𝑉𝑚𝑎𝑥_𝑏𝑎𝑠𝑜_𝑛𝑒𝑤_𝐹𝐷𝑋𝑏𝑎𝑠𝑜

𝐾𝑡_𝑏𝑎𝑠𝑜_𝑛𝑒𝑤_𝐹𝐷_𝑏𝑎𝑠𝑜𝑡𝑜𝑐𝑒𝑙𝑙+𝑋𝑏𝑎𝑠𝑜
−

𝑉𝑚𝑎𝑥_𝑏𝑎𝑠𝑜_𝑛𝑒𝑤_𝐹𝐷𝑋𝑐𝑒𝑙𝑙

𝐾𝑡_𝑏𝑎𝑠𝑜_𝑛𝑒𝑤_𝐹𝐷_𝑐𝑒𝑙𝑙𝑡𝑜𝑏𝑎𝑠𝑜+𝑋𝑐𝑒𝑙𝑙
)       (Equation 13) 

𝑑𝑋𝑏𝑎𝑠𝑜

𝑑𝑡
= [− (

𝛼

𝑉𝑜𝑙𝑏𝑎𝑠𝑜 
) × (𝑋𝑏𝑎𝑠𝑜 − 𝑋𝑐𝑒𝑙𝑙)] + [− (

𝑉𝑜𝑙𝑐𝑒𝑙𝑙

𝑉𝑜𝑙𝑏𝑎𝑠𝑜
) × (

𝑉𝑚𝑎𝑥_𝑏𝑎𝑠𝑜_𝑎𝑐𝑡𝑖𝑣𝑒𝑋𝑏𝑎𝑠𝑜

𝐾𝑡_𝑏𝑎𝑠𝑜_𝑎𝑐𝑡𝑖𝑣𝑒+𝑋𝑏𝑎𝑠𝑜
)] +  

[− (
𝑉𝑜𝑙𝑐𝑒𝑙𝑙

𝑉𝑜𝑙𝑏𝑎𝑠𝑜
) × 

(
𝑉𝑚𝑎𝑥_𝑏𝑎𝑠𝑜_𝑛𝑒𝑤_𝐹𝐷𝑋𝑏𝑎𝑠𝑜

𝐾𝑡_𝑏𝑎𝑠𝑜_𝑛𝑒𝑤_𝐹𝐷_𝑏𝑎𝑠𝑜𝑡𝑜𝑐𝑒𝑙𝑙+𝑋𝑏𝑎𝑠𝑜
−

𝑉𝑚𝑎𝑥_𝑏𝑎𝑠𝑜_𝑛𝑒𝑤_𝐹𝐷𝑋𝑐𝑒𝑙𝑙

𝐾𝑡_𝑏𝑎𝑠𝑜_𝑛𝑒𝑤_𝐹𝐷_𝑐𝑒𝑙𝑙𝑡𝑜𝑏𝑎𝑠𝑜+𝑋𝑐𝑒𝑙𝑙
)]   (Equation 14) 

As an alternative to asymmetry of the facilitated diffusion transporters, potential intracellular 

compartmentalization of TYR was also modelled (Figure 2.11). Initially, a compartmentalization 



69 

 

factor ‘z’ was introduced to restrict the amount of intracellular TYR that was available for transport 

out of Caco-2 cells (Equations 15-17), where 0 ≤ z ≤ 1 (Equations 15-17). 

 

𝑑𝑋𝑎𝑝𝑖𝑐𝑎𝑙

𝑑𝑡
= [− (

𝛼

𝑉𝑜𝑙𝑎𝑝𝑖𝑐𝑎𝑙
) × (𝑋𝑎𝑝𝑖𝑐𝑎𝑙 − 𝑧 ∗ 𝑋𝑐𝑒𝑙𝑙)] +  [− (

𝑉𝑜𝑙𝑐𝑒𝑙𝑙

𝑉𝑜𝑙𝑎𝑝𝑖𝑐𝑎𝑙
) ×

𝑉𝑚𝑎𝑥_𝑂𝐶𝑇2 (
𝑋𝑎𝑝𝑖𝑐𝑎𝑙

𝐾𝑡_𝑂𝐶𝑇2_𝑎𝑝𝑖𝑐𝑎𝑙𝑡𝑜𝑐𝑒𝑙𝑙+𝑋𝑎𝑝𝑖𝑐𝑎𝑙
−

𝑧∗𝑋𝑐𝑒𝑙𝑙

𝐾𝑡_𝑂𝐶𝑇2_𝑐𝑒𝑙𝑙𝑡𝑜𝑎𝑝𝑖𝑐𝑎𝑙+𝑧∗𝑋𝑐𝑒𝑙𝑙
)]  (Equation 15) 

𝑑𝑋𝑐𝑒𝑙𝑙

𝑑𝑡
= [− (

𝛼

𝑉𝑜𝑙𝑐𝑒𝑙𝑙
) × (𝑧 ∗ 𝑋𝑐𝑒𝑙𝑙 − 𝑋𝑎𝑝𝑖𝑐𝑎𝑙)] + [− (

𝛼

𝑉𝑜𝑙𝑐𝑒𝑙𝑙
) × (𝑧 ∗ 𝑋𝑐𝑒𝑙𝑙 − 𝑋𝑏𝑎𝑠𝑜)] +  

𝑉𝑚𝑎𝑥 _𝑂𝐶𝑇2 (
𝑋𝑎𝑝𝑖𝑐𝑎𝑙

𝐾𝑡_𝑂𝐶𝑇2_𝑎𝑝𝑖𝑐𝑎𝑙𝑡𝑜𝑐𝑒𝑙𝑙+𝑋𝑎𝑝𝑖𝑐𝑎𝑙
−

𝑧∗𝑋𝑐𝑒𝑙𝑙

𝐾𝑡_𝑂𝐶𝑇2_𝑐𝑒𝑙𝑙𝑡𝑜𝑎𝑝𝑖𝑐𝑎𝑙+𝑧∗𝑋𝑐𝑒𝑙𝑙
)  

+ (
𝑉𝑚𝑎𝑥_𝑏𝑎𝑠𝑜_𝑎𝑐𝑡𝑖𝑣𝑒

𝐾𝑡_𝑏𝑎𝑠𝑜_𝑎𝑐𝑡𝑖𝑣𝑒+𝑋𝑏𝑎𝑠𝑜
) + 𝑉𝑚𝑎𝑥_𝑏𝑎𝑠𝑜_𝑛𝑒𝑤_𝐹𝐷 (

𝑋𝑏𝑎𝑠𝑜

𝐾𝑡_𝑏𝑎𝑠𝑜_𝑛𝑒𝑤_𝐹𝐷_𝑏𝑎𝑠𝑜𝑡𝑜𝑐𝑒𝑙𝑙+𝑋𝑏𝑎𝑠𝑜
−

𝑧∗𝑋𝑐𝑒𝑙𝑙

𝐾𝑡_𝑏𝑎𝑠𝑜_𝑛𝑒𝑤_𝐹𝐷_𝑐𝑒𝑙𝑙𝑡𝑜𝑏𝑎𝑠𝑜+𝑧∗𝑋𝑐𝑒𝑙𝑙
)       (Equation 16) 

𝑑𝑋𝑏𝑎𝑠𝑜

𝑑𝑡
= [− (

𝛼

𝑉𝑜𝑙𝑏𝑎𝑠𝑜 
) × (𝑋𝑏𝑎𝑠𝑜 − 𝑧 ∗ 𝑋𝑐𝑒𝑙𝑙)] + [− (

𝑉𝑜𝑙𝑐𝑒𝑙𝑙

𝑉𝑜𝑙𝑏𝑎𝑠𝑜
) ×

(
𝑉𝑚𝑎𝑥_𝑏𝑎𝑠𝑜_𝑎𝑐𝑡𝑖𝑣𝑒

𝐾𝑡_𝑏𝑎𝑠𝑜_𝑎𝑐𝑡𝑖𝑣𝑒+𝑋𝑏𝑎𝑠𝑜
)] +[− (

𝑉𝑜𝑙𝑐𝑒𝑙𝑙

𝑉𝑜𝑙𝑏𝑎𝑠𝑜
) × 𝑉𝑚𝑎𝑥_𝑏𝑎𝑠𝑜_𝑛𝑒𝑤_𝐹𝐷 (

𝑋𝑏𝑎𝑠𝑜

𝐾𝑡_𝑏𝑎𝑠𝑜_𝑛𝑒𝑤_𝐹𝐷_𝑏𝑎𝑠𝑜𝑡𝑜𝑐𝑒𝑙𝑙+𝑋𝑏𝑎𝑠𝑜
−

𝑧∗𝑋𝑐𝑒𝑙𝑙

𝐾𝑡_𝑏𝑎𝑠𝑜_𝑛𝑒𝑤_𝐹𝐷_𝑐𝑒𝑙𝑙𝑡𝑜𝑏𝑎𝑠𝑜+𝑧∗𝑋𝑐𝑒𝑙𝑙
)]      (Equation 17) 
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Figure 2.11: Schematic representation of the Caco-2 model including an intracellular 

compartment for TYR sequestration. To test if addition of a new compartment could remove 

the need for asymmetry of transporters, a compartment within the cell with separate kinetic 

properties was introduced. This image was generated in BioRender and adapted from Sarkar et al., 

2022. 

 

To further characterize the possibility of compartmentalization of TYR within the cells, 

Michaelis-Menten terms were introduced to define the kinetic parameters for the necessary 

transporter associated with compartmentalization (brown text, Equation 19), which by definition 

required the transport to be active (Equations 18-21). Equation 21 is represented in light brown to 

show the inner compartment component. The volume of the intracellular compartment (Volinner) 
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was set at 10% of the total volume of the cell, as an estimate of an average volume for an 

intracellular compartment.  

 

𝑑𝑋𝑎𝑝𝑖𝑐𝑎𝑙

𝑑𝑡
= − [(

𝛼

𝑉𝑜𝑙𝑎𝑝𝑖𝑐𝑎𝑙
) × (𝑋𝑎𝑝𝑖𝑐𝑎𝑙 − 𝑋𝑐𝑒𝑙𝑙) +  (

𝑉𝑜𝑙𝑐𝑒𝑙𝑙

𝑉𝑜𝑙𝑎𝑝𝑖𝑐𝑎𝑙
) ×

𝑉𝑚𝑎𝑥_𝑂𝐶𝑇2 (
𝑋𝑎𝑝𝑖𝑐𝑎𝑙

𝐾𝑡_𝑂𝐶𝑇2_𝑎𝑝𝑖𝑐𝑎𝑙𝑡𝑜𝑐𝑒𝑙𝑙+𝑋𝑎𝑝𝑖𝑐𝑎𝑙
−

𝑋𝑐𝑒𝑙𝑙

𝐾𝑡_𝑂𝐶𝑇2_𝑐𝑒𝑙𝑙𝑡𝑜𝑎𝑝𝑖𝑐𝑎𝑙+𝑋𝑐𝑒𝑙𝑙
)]  (Equation 18) 

𝑑𝑋𝑐𝑒𝑙𝑙

𝑑𝑡
= [− (

𝛼

𝑉𝑜𝑙𝑐𝑒𝑙𝑙
) × (𝑋𝑐𝑒𝑙𝑙 − 𝑋𝑎𝑝𝑖𝑐𝑎𝑙)] + [− (

𝛼

𝑉𝑜𝑙𝑐𝑒𝑙𝑙
) × (𝑋𝑐𝑒𝑙𝑙 − 𝑋𝑏𝑎𝑠𝑜)] +  

𝑉𝑚𝑎𝑥_𝑂𝐶𝑇2 (
𝑋𝑎𝑝𝑖𝑐𝑎𝑙

𝐾𝑡 _𝑂𝐶𝑇2_𝑎𝑝𝑖𝑐𝑎𝑙𝑡𝑜𝑐𝑒𝑙𝑙 +𝑋𝑎𝑝𝑖𝑐𝑎𝑙
−

𝑋_𝑐𝑒𝑙𝑙

𝐾𝑡 _𝑂𝐶𝑇2_𝑐𝑒𝑙𝑙𝑡𝑜𝑎𝑝𝑖𝑐𝑎𝑙 +𝑋𝑐𝑒𝑙𝑙
)  

+ (
𝑉𝑚𝑎𝑥_𝑏𝑎𝑠𝑜_𝑎𝑐𝑡𝑖𝑣𝑒_𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡𝑒𝑟 𝑋𝑏𝑎𝑠𝑜

𝐾𝑡_𝑏𝑎𝑠𝑜_𝑎𝑐𝑡𝑖𝑣𝑒_𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡𝑒𝑟 +𝑋𝑏𝑎𝑠𝑜
) +

𝑉𝑚𝑎𝑥_𝑏𝑎𝑠𝑜_𝑛𝑒𝑤_𝐹𝐷_𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡𝑒𝑟 (
𝑋𝑏𝑎𝑠𝑜

𝐾𝑡_𝑏𝑎𝑠𝑜_𝑛𝑒𝑤_𝐹𝐷_𝑏𝑎𝑠𝑜𝑡𝑜𝑐𝑒𝑙𝑙_𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡𝑒𝑟+𝑋𝑏𝑎𝑠𝑜
−

𝑋𝑐𝑒𝑙𝑙

𝐾𝑡_𝑏𝑎𝑠𝑜_𝑛𝑒𝑤_𝐹𝐷_𝑐𝑒𝑙𝑙𝑡𝑜𝑏𝑎𝑠𝑜_𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡𝑒𝑟 +𝑋_𝑐𝑒𝑙𝑙
) − (

𝑉𝑚𝑎𝑥_𝑖𝑋𝑐𝑒𝑙𝑙

𝐾𝑡_𝑖+𝑋𝑐𝑒𝑙𝑙
)               (Equation 19) 

𝑑𝑋𝑏𝑎𝑠𝑜

𝑑𝑡
= [− (

𝛼

𝑉𝑜𝑙𝑏𝑎𝑠𝑜 
) × (𝑋𝑏𝑎𝑠𝑜 − 𝑋_𝑐𝑒𝑙𝑙)] + [− (

𝑉𝑜𝑙𝑐𝑒𝑙𝑙

𝑉𝑜𝑙𝑏𝑎𝑠𝑜
) × (

𝑉𝑚𝑎𝑥_𝑏𝑎𝑠𝑜_𝐴𝑇𝑋𝑏𝑎𝑠𝑜

𝐾𝑏𝑎𝑠𝑜_𝐴𝑇+𝑋𝑏𝑎𝑠𝑜
)] +[− (

𝑉𝑜𝑙𝑐𝑒𝑙𝑙

𝑉𝑜𝑙𝑏𝑎𝑠𝑜
) ×

𝑉𝑚𝑎𝑥_𝑏𝑎𝑠𝑜_𝐹𝐷_𝑛𝑒𝑤 (
𝑋𝑏𝑎𝑠𝑜

𝐾𝑡_𝑏𝑎𝑠𝑜_𝐹𝐷_𝑛𝑒𝑤_𝑏𝑎𝑠𝑜+𝑋𝑏𝑎𝑠𝑜
−

𝑋𝑐𝑒𝑙𝑙

𝐾𝑡_𝑏𝑎𝑠𝑜_𝐹𝐷_𝑛𝑒𝑤_𝑐𝑒𝑙𝑙+𝑋_𝑐𝑒𝑙𝑙
)]    

          (Equation 20) 

𝒅𝑿𝒊

𝒅𝒕
= [(

𝑽𝒐𝒍𝒄𝒆𝒍𝒍

𝑽𝒐𝒍𝒊𝒏𝒏𝒆𝒓
) × (

𝑽𝒎𝒂𝒙_𝒊𝑿𝒄𝒆𝒍𝒍

𝑲𝒕_𝒊+𝑿𝒄𝒆𝒍𝒍
)]      (Equation 21) 
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2.8.4 Least squares determination of TYR transporter kinetics  

The kinetic terms for the unknown additional transporter described in the previous sections 

were determined by deriving objective functions and using a least squares minimization technique 

to minimize the squared difference between the experimentally obtained results and the needed 

kinetics of the unknown transporter(s) using Mathematica (v12.1.1). To estimate transporter 

parameters from experimental data, e.g., the various Vmax and Kt values on the right-hand side 

(RHS) of Equations 12, 13 and 14, two least-squares fitting procedures were utilized that are 

described in detail below.  

In the first instance the fitting procedure for determining model parameters considered the 

rate of change of the concentration.  As an illustrative example, consider fitting Vmax_OCT2 and 

Kt_OCT2 in the model comprising Equations 12, 13 and 14.  Note that compartmental volumes and 

α are known constants and are therefore not fit parameters. Linear regression analysis was 

performed on the experimental concentration-time relationships to determine the rate of change of 

TYR concentration in each of the apical, cellular, and basolateral compartments following both 

apical and basolateral compartment TYR loading. In all cases, the data were well described by 

constant rates of change (concentrations changing linearly in time).  Thus, all the experimental 

data could be described by six “slopes”. 

The second procedure involved solving the ODEs at each iteration of the fitting procedure 

and comparing model and experimental concentrations. As the fits of several parameters were non-

linear, choices for the initial values of the parameters used in the fitting procedures were 

determined by considering the constraints on parameter values implied by the model given the 

experimental data. This allowed reducing of the computational time and power needed for 

exhaustive searches over initial parameter values.   
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2.8.4.1 Development of objective functions 

Equations 12-14 were rearranged so that all experimentally known quantities including the 

determined rate, appear on the RHS and terms with parameters to be solved appear on LHS 

(Equations 22-24 respectively). 

 

− (
𝑉𝑜𝑙𝑐𝑒𝑙𝑙

𝑉𝑜𝑙𝑎𝑝𝑖𝑐𝑎𝑙
) × (

𝑉𝑚𝑎𝑥_𝑂𝐶𝑇2𝑋𝑎𝑝𝑖𝑐𝑎𝑙

𝐾𝑡_𝑂𝐶𝑇2+𝑋𝑎𝑝𝑖𝑐𝑎𝑙
−

𝑉𝑚𝑎𝑥 _𝑂𝐶𝑇2𝑋𝑐𝑒𝑙𝑙

𝐾𝑡_𝑂𝐶𝑇2+𝑋𝑐𝑒𝑙𝑙
) =

𝑑𝑋𝑎𝑝𝑖𝑐𝑎𝑙

𝑑𝑡
+ (

𝛼

𝑉𝑜𝑙𝑎𝑝𝑖𝑐𝑎𝑙
) × (𝑋𝑎𝑝𝑖𝑐𝑎𝑙 − 𝑋𝑐𝑒𝑙𝑙) 

          (Equation 22) 

  

𝑉𝑚𝑎𝑥_𝑂𝐶𝑇2𝑋𝑎𝑝𝑖𝑐𝑎𝑙

𝐾𝑡_𝑂𝐶𝑇2+𝑋𝑎𝑝𝑖𝑐𝑎𝑙
−

𝑉𝑚𝑎𝑥 _𝑂𝐶𝑇2𝑋𝑐𝑒𝑙𝑙

𝐾𝑡_𝑂𝐶𝑇2+𝑋𝑐𝑒𝑙𝑙
+

𝑉𝑚𝑎𝑥_𝑏𝑎𝑠𝑜_𝑎𝑐𝑡𝑖𝑣𝑒𝑋𝑏𝑎𝑠𝑜

𝐾𝑡_𝑏𝑎𝑠𝑜_𝑎𝑐𝑡𝑖𝑣𝑒+𝑋𝑏𝑎𝑠𝑜
=

𝑑𝑋𝑐𝑒𝑙𝑙

𝑑𝑡
+ (

𝛼

𝑉𝑜𝑙𝑐𝑒𝑙𝑙
) × (𝑋𝑐𝑒𝑙𝑙 − 𝑋𝑎𝑝𝑖𝑐𝑎𝑙) +

(
𝛼

𝑉𝑜𝑙𝑐𝑒𝑙𝑙
) × (𝑋𝑐𝑒𝑙𝑙 − 𝑋𝑏𝑎𝑠𝑜)        (Equation 23) 

 

− (
𝑉𝑜𝑙𝑐𝑒𝑙𝑙

𝑉𝑜𝑙𝑏𝑎𝑠𝑜
) × (

𝑉𝑚𝑎𝑥_𝑏𝑎𝑠𝑜_𝑎𝑐𝑡𝑖𝑣𝑒𝑋𝑏𝑎𝑠𝑜

𝐾𝑡_𝑏𝑎𝑠𝑜_𝑎𝑐𝑡𝑖𝑣𝑒 + 𝑋𝑏𝑎𝑠𝑜
) = 

𝑑𝑋𝑏𝑎𝑠𝑜

𝑑𝑡
+ (

𝛼

𝑉𝑜𝑙𝑏𝑎𝑠𝑜 
) × (𝑋𝑏𝑎𝑠𝑜 − 𝑋𝑐𝑒𝑙𝑙)       (Equation 24) 

 

This rearrangement allows using the LHSs to define fitting functions Fapical, Fcell and Fbaso 

(Equations 25-27). 

 

𝐹𝑎𝑝𝑖𝑐𝑎𝑙(𝑉𝑚𝑎𝑥_𝑂𝐶𝑇2, 𝐾𝑡_𝑂𝐶𝑇2; 𝑋𝑎𝑝𝑖𝑐𝑎𝑙, 𝑋𝑐𝑒𝑙𝑙, 𝑋𝑏𝑎𝑠𝑜) = − (
𝑉𝑜𝑙𝑐𝑒𝑙𝑙

𝑉𝑜𝑙𝑎𝑝𝑖𝑐𝑎𝑙
) × (

𝑉𝑚𝑎𝑥_𝑂𝐶𝑇2𝑋𝑎𝑝𝑖𝑐𝑎𝑙

𝐾𝑡_𝑂𝐶𝑇2+𝑋𝑎𝑝𝑖𝑐𝑎𝑙
−

𝑉𝑚𝑎𝑥_𝑂𝐶𝑇2𝑋𝑐𝑒𝑙𝑙

𝐾𝑡_𝑂𝐶𝑇2+𝑋𝑐𝑒𝑙𝑙
)         (Equation 25)                                                                                                          
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𝐹𝑐𝑒𝑙𝑙(𝑉𝑚𝑎𝑥_𝑂𝐶𝑇2, 𝐾𝑡_𝑂𝐶𝑇2; 𝑋𝑎𝑝𝑖𝑐𝑎𝑙, 𝑋𝑐𝑒𝑙𝑙, 𝑋𝑏𝑎𝑠𝑜) = (
𝑉𝑚𝑎𝑥_𝑂𝐶𝑇2𝑋𝑎𝑝𝑖𝑐𝑎𝑙

𝐾𝑡_𝑂𝐶𝑇2+𝑋𝑎𝑝𝑖𝑐𝑎𝑙
−

𝑉𝑚𝑎𝑥_𝑂𝐶𝑇2𝑋𝑐𝑒𝑙𝑙

𝐾𝑡_𝑂𝐶𝑇2+𝑋𝑐𝑒𝑙𝑙
) +

𝑉𝑚𝑎𝑥_𝑏𝑎𝑠𝑜_𝑎𝑐𝑡𝑖𝑣𝑒  𝑋𝑏𝑎𝑠𝑜

𝐾𝑡_𝑏𝑎𝑠𝑜_𝑎𝑐𝑡𝑖𝑣𝑒+𝑋𝑏𝑎𝑠𝑜
         (Equation 26) 

𝐹𝑏𝑎𝑠𝑜(𝑉𝑚𝑎𝑥_𝑂𝐶𝑇2, 𝐾𝑡_𝑂𝐶𝑇2; 𝑋𝑏𝑎𝑠𝑜) = − (
𝑉𝑜𝑙𝑐𝑒𝑙𝑙

𝑉𝑜𝑙𝑏𝑎𝑠𝑜
) × (

𝑉𝑚𝑎𝑥_𝑏𝑎𝑠𝑜_𝑎𝑐𝑡𝑖𝑣𝑒  𝑋𝑏𝑎𝑠𝑜

𝐾𝑡_𝑏𝑎𝑠𝑜_𝑎𝑐𝑡𝑖𝑣𝑒+𝑋𝑏𝑎𝑠𝑜
)  (Equation 27) 

 

Since the compartmental concentrations were determined experimentally from t = 0 to t = 

30 minutes at intervals of 5 minutes, these three functions can be written as functions of time, e.g. 

Equation 28.  

 

𝐹𝑎𝑝𝑖𝑐𝑎𝑙(𝑉𝑚𝑎𝑥_𝑂𝐶𝑇2, 𝐾𝑡_𝑂𝐶𝑇2; 𝑡) = 𝐹𝑎𝑝𝑖𝑐𝑎𝑙(𝑉𝑚𝑎𝑥_𝑂𝐶𝑇2, 𝐾𝑡_𝑂𝐶𝑇2; 𝑋𝑎𝑝𝑖𝑐𝑎𝑙(𝑡), 𝑋𝑐𝑒𝑙𝑙(𝑡))  

(Equation 28) 

 

The RHSs of the Equations 22-24 were used to define known, time-dependent quantities for 

each compartment, fapical(t), fcell(t) and fbaso(t), respectively. This ‘f’ term contains small diffusive 

terms and derivatives of TYR concentration with respect to time (dX/dt). Since all TYR 

concentration data were described by linear relationships, the dX/dt components of the ‘f’ terms 

become constant and, as such, the ‘f’ terms have only a very weak time dependence which is solely 

dependent on the very small diffusive terms.  

Objective functions (Q) were then defined for each compartment as shown in Equations 29-

31 and represent the squared differences between 𝑭 and 𝒇 calculated at each time point t.  

𝑄𝑎𝑝𝑖𝑐𝑎𝑙 = ∑ (𝐹𝑎𝑝𝑖𝑐𝑎𝑙(𝑉𝑚𝑎𝑥_𝑂𝐶𝑇2, 𝐾𝑡_𝑂𝐶𝑇2; 𝑡) − 𝑓𝑎𝑝𝑖𝑐𝑎𝑙(𝑡))
2𝑇

𝑡=0   (Equation 29) 
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𝑄𝑐𝑒𝑙𝑙 = ∑ (𝐹𝑐𝑒𝑙𝑙(𝑉𝑚𝑎𝑥_𝑂𝐶𝑇2, 𝐾𝑡_𝐶𝑇2; 𝑡) − 𝑓𝑐𝑒𝑙𝑙(𝑡))
2𝑇

𝑡=0    (Equation 30) 

𝑄𝑏𝑎𝑠𝑜 = (𝐹𝑏𝑎𝑠𝑜(𝑉𝑚𝑎𝑥_𝑂𝐶𝑇2, 𝐾𝑡_𝑂𝐶𝑇2; 𝑡) − 𝑓𝑏𝑎𝑠𝑜(𝑡))
2
    (Equation 31) 

 

Global objective functions for the entire system can then be written for apical (𝑸𝑨) and 

basolateral (𝑸𝑩 ) loading as the sum of the individual compartment objective functions following 

either apical or basolateral loading respectively (Equations 32 and 33).  

 

𝑄𝐴 = 𝑄𝑎𝑝𝑖𝑐𝑎𝑙,𝑎𝑝𝑖𝑐𝑎𝑙_𝑎𝑑𝑑𝑖𝑡𝑖𝑜𝑛 + 𝑄𝑐𝑒𝑙𝑙,𝑎𝑝𝑖𝑐𝑎𝑙_𝑎𝑑𝑑𝑖𝑡𝑖𝑜𝑛 + 𝑄𝑏𝑎𝑠𝑜,𝑎𝑝𝑖𝑐𝑎𝑙_𝑎𝑑𝑑𝑖𝑡𝑖𝑜𝑛  (Equation 32)  

𝑄𝐵 = 𝑄𝑎𝑝𝑖𝑐𝑎𝑙,𝑏𝑎𝑠𝑜_𝑎𝑑𝑑𝑖𝑡𝑖𝑜𝑛 + 𝑄𝑐𝑒𝑙𝑙,𝑏𝑎𝑠𝑜_𝑎𝑑𝑑𝑖𝑡𝑖𝑜𝑛 + 𝑄𝑏𝑎𝑠𝑜,𝑏𝑎𝑠𝑜_𝑎𝑑𝑑𝑖𝑡𝑖𝑜𝑛  (Equation 33) 

 

QA and QB can then be minimized simultaneously by defining an overall function Q 

(Equation 34), providing a least-squares minimized solution for the individual kinetic terms in 

Equations 22-24.  

 

𝑄 = 𝑄𝐴 + 𝑄𝐵         (Equation 34) 

 

In order to complement and validate the above fitting procedure, the F functions in Equations 

29-31 were redefined to be the solutions to Equations 22-24.  For example, Fapical (Vmax_OCT2, 

Kt_OCT2; t) = Xapical(t). Here, Xapical(t) comes from the numerical solution to Equations 22-24. The 

quantities f in Equations 29-31 were simply redefined to be the compartmental concentrations 
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determined from experiment e.g. fapical = Xapical(t).  As the cellular concentrations were generally 

much larger than in the other two compartments, I reduced both Qcell,apical_additon and 

Qcell,basolateral_addition in QA and QB, respectively, by a constant factor w. The value of w affects the 

results, and I empirically found that a value of 1000 worked well.  The dependence of the fitting 

procedure on w was mitigated by choosing good initial parameter values, as described in the 

following section. 

2.8.4.2 Introduction of model order reduction 

Non-linear fitting with many fit parameters can be difficult: there are in general many local 

minima of the objective functions in parameter space, meaning similar fits can be achieved with 

very different parameter values.  As such, results depend on the initial parameter values chosen 

when minimizing the objective function.  In this final step, approximations were introduced to 

decrease the number of parameters that needed to be solved simultaneously, thereby simplifying 

the computational complexity. This allowed ranges of parameter values to be explored 

interactively and thus determine reasonable starting values. The procedure was based on 

approximating experimental concentrations as constant values or as being linear in time and on 

simplifying the model ODEs. For example, for the model represented by Equations 15-16, 

𝐾𝑡_𝑂𝐶𝑇2_𝑐𝑒𝑙𝑙𝑡𝑜𝑎𝑝𝑖𝑐𝑎𝑙 was approximated as follows.  

Considering Equation 15, since simple diffusion is negligible compared to the other 

transporter-mediated processes it was assumed 𝜶 ≈ 𝟎, which allowed Equation 15 to be simplified 

to Equation 35, 

𝑑𝑋𝑎𝑝𝑖𝑐𝑎𝑙

𝑑𝑡
≅  [− (

𝑉𝑜𝑙𝑐𝑒𝑙𝑙

𝑉𝑜𝑙𝑎𝑝𝑖𝑐𝑙
) × 𝑉𝑚𝑎𝑥_𝑂𝐶𝑇2 (

𝑋𝑎𝑝𝑖𝑐𝑎𝑙

𝐾𝑡_𝑂𝐶𝑇2_𝑎𝑝𝑖𝑐𝑎𝑙𝑡𝑜𝑐𝑒𝑙𝑙+𝑋𝑎𝑝𝑖𝑐𝑎𝑙
−

𝑧∗𝑋𝑐𝑒𝑙𝑙

𝐾𝑡_𝑂𝐶𝑇2_𝑐𝑒𝑙𝑙𝑡𝑜𝑎𝑝𝑖𝑐𝑎𝑙+𝑧∗𝑋𝑐𝑒𝑙𝑙
)] 

          (Equation 35) 
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For basolateral addition at timepoint t = 0 second, the following experimental parameters 

were substituted into the Equation: at t = 0 second, 𝑋𝑎𝑝𝑖𝑐𝑎𝑙 = 0 nM, 𝑋𝑐𝑒𝑙𝑙 ≈ 500 nM and dXapical/dt 

= 0.3168 nM/min = 0.00528 nM/second (the slope of the linear fit of the experimental data). This 

allows Equation 35 to be reduced to Equation 36.  

 

0.00528 ≅  [0.0082 𝑉𝑚𝑎𝑥_𝑂𝐶𝑇2 (
500𝑧

𝐾𝑡_𝑂𝐶𝑇2_𝑐𝑒𝑙𝑙𝑡𝑜𝑎𝑝𝑖𝑐𝑎𝑙+500𝑧
)]   (Equation 36) 

 

Rearranging Equation 36 to Equation 37 allows 𝐾𝑡_𝑂𝐶𝑇2_𝑐𝑒𝑙𝑙𝑡𝑜𝑎𝑝𝑖𝑐𝑎𝑙 to be expressed as a 

function of other variables. For solutions where no intracellular compartment was modelled z was 

set to 1. 

 

𝐾𝑡_𝑂𝐶𝑇2_𝑐𝑒𝑙𝑙𝑡𝑜𝑎𝑝𝑖𝑐𝑎𝑙 = (−500 + 768.65𝑉𝑚𝑎𝑥_𝑂𝐶𝑇2)z    (Equation 37) 

 

Similar approximation techniques were also used for expressing:  

● 𝐾𝑡_𝑂𝐶𝑇2_𝑎𝑝𝑖𝑐𝑎𝑙𝑡𝑜𝑐𝑒𝑙𝑙 in relation to 𝑉𝑚𝑎𝑥 _𝑂𝐶𝑇2 and z  

● 𝐾𝑡_𝑏𝑎𝑠𝑜_𝑛𝑒𝑤_𝐹𝐷_𝑐𝑒𝑙𝑙𝑡𝑜𝑏𝑎𝑠𝑜 in relation to 𝑉𝑚𝑎𝑥_𝑏𝑎𝑠𝑜_𝑛𝑒𝑤_𝐹𝐷 

● 𝐾𝑡_𝑏𝑎𝑠𝑜_𝑎𝑐𝑡𝑖𝑣𝑒_𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡𝑒𝑟 in relation to 𝑉𝑚𝑎𝑥_𝑂𝐶𝑇2,𝑉𝑚𝑎𝑥_𝑏𝑎𝑠𝑜_𝑛𝑒𝑤_𝐹𝐷_𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡𝑒𝑟 , 

𝐾𝑡_𝑏𝑎𝑠𝑜_𝑛𝑒𝑤_𝐹𝐷_𝑏𝑎𝑠𝑜𝑡𝑜𝑐𝑒𝑙𝑙 and z 

Constraints were not used when minimizing the objective function(s) because of the 

approximate nature of such constraints. 
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2.8.4.3 Comparison of modeled fits 

The root mean square deviation (RMSD) was determined to compare the predicted models 

of asymmetry (Equations 12-14) and compartmentalization (Equations 15-17). For each of the 

predicted models, there were a set of constant values for apical, cellular and basolateral 

compartments for both additions.  The square root of the second sample moment of these values 

and the experimentally observed values gave the RMSD. The RMSD was calculated for the apical, 

cellular, and basolateral compartments for both additions using MATLAB. 
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 3 RESULTS 
 

3.1 Investigation of TYR binding to the plasma membrane 

From my subcellular fractionation study, approximately 97.7% of added TYR was 

associated with the ribosome + cytosolic compartment (Figure 3.1), with only 1.8% associated 

with the mitochondrial fraction and 0.5% associated with the plasma membrane. This observation 

confirms that cellular TYR in subsequent experiments is intracellular and represents 

transmembrane transport. 
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Figure 3.1: Subcellular distribution of TYR in Caco-2 cells. [3H]TYR (100 nM; corresponding 

to 1500 pmol TYR) was added to the cells and incubated for 30 minutes at 37°C under 5% CO2. 

After incubation, cells were washed with PBS and cells harvested. Subcellular fractions were 

collected by differential centrifugation. The counts per minute values obtained were converted to 

pmoles of TYR by comparison to a standard curve constructed for each independent experiment. 

Data represents mean  SEM, n = 3. Comparisons were made between different fractions using 
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GraphPad Prism version 6 by one-way ANOVA with Tukey’s multiple comparison post-hoc 

analysis. *P<0.05. This figure was adapted from Sarkar et al., 2020. 

 

3.2 Transcellular TYR passage 

3.2.1 Investigation of TYR transport across the apical Caco-2 membrane 

Following apical addition there was a significant main effect of compartment (two-way ANOVA, 

P < 0.0001, compartment; P = 0.6130, time; P = 0.4105, compartment x time; Figure 3.2), 

suggesting differences in TYR concentration in the different compartments. Sidak’s multiple 

comparison post-hoc analysis, however, indicated no significant difference in TYR concentration 

between apical and cellular compartments at any time point, with the exception of at 25 minutes 

(P = 0.0012). 
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Figure 3.2: Transcellular [3H]TYR passage following addition to the apical compartment. 

[3H]TYR was added at 100 nM in the apical compartment and the transport was monitored for 

varying time points by liquid scintillation counting and the concentration of TYR in each 

compartment obtained by comparison to standard curves. The “zero” time point represents 100 

nM of TYR (represented by broken black lines) added to the apical compartment and transport 

immediately quenched (approximately 10 seconds), which was the shortest time frame at which 

the experiment could be reliably performed. The data is represented as mean  SEM, n = 9-10 

cultures from 10 independent experiments. Comparisons were made between different 

compartments using GraphPad Prism version 6 by two-way ANOVA. This figure was adapted 

from Sarkar et al., 2020. 

 

3.2.2 Investigation of TYR transport across the basolateral Caco-2 membrane 

Basolateral TYR addition resulted in cellular concentrations 5-10 fold higher than those 

added to the basolateral compartment (two-way ANOVA; P < 0.0001, compartment; P = 0.5673, 

time; P = 0.6636, compartment x time). Sidak’s multiple comparison post-hoc analysis between 

cellular and basolateral compartments showed significant differences at the 10th (P = 0.0171), 15th 
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(P = 0.0009), and 30th (P = 0.0166) minute, with a trend towards significance observed for the 

20th minute: P = 0.0652; Figure 3.3), indicating the presence of an active transporter in the 

basolateral membrane. This also resulted in greater apical concentrations of TYR following 

basolateral addition, than basolateral TYR concentrations following apical addition (two-way 

ANOVA; P < 0.0001, direction; P = 0.0002, time; P = 0.0610, direction x time; Figure 3.4). 
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Figure 3.3: Transcellular [3H]TYR passage following addition to the basolateral 

compartment. [3H]TYR was added at 100 nM in the basolateral compartment and the transport 

was monitored for varying time points. At each time point, the radioactivity in each compartment 

was determined and the concentration of TYR obtained by comparison to standard curves. The 

“zero” time point represents 100 nM of TYR (represented by broken black lines) added to the 

basolateral compartment and transport immediately quenched (approximately 10 seconds), which 

was the shortest time frame at which the experiment could be reliably performed. The data is 

represented as mean  SEM, n = 9-10 cultures from 10 independent experiments. Comparisons 

were made by Sidak’s multiple comparison post-hoc analysis between cellular and basolateral 

compartments on GraphPad Prism version 6. *P = 0.0171 (10th minute), ***P = 0.0009 (15th 

minute), *P = 0.0166 (30th minute). This figure was adapted from Sarkar et al., 2020. 
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Figure 3.4: Total transcellular transport across Caco-2 cells following apical and basolateral 

addition of [3H]TYR. [3H]TYR (100 nM) was added to the assay buffer in either the apical or the 

basolateral compartment as described in previous figures. Data represents TYR concentration in 

the basolateral (following apical addition) and apical (following basolateral addition) 

compartments. Results are mean ± SEM, n = 9-10 cultures from 10 independent experiments. 

Comparisons were made between different compartments using GraphPad Prism version 6 by two-

way ANOVA, ****P < 0.0001. Reprinted from Sarkar et al., 2020. 
 

3.3 Transcellular 2-PE passage 

3.3.1 Investigation of 2-PE transport across the apical Caco-2 membrane 

With apical 2-PE addition, there was a significant effect of compartment observed (two-way 

ANOVA; P < 0.0001, compartment; P = 0.9432, time; P = 0.9848, compartment x time) 

suggesting differences in 2-PE concentration in the different compartments. Sidak’s multiple 

comparison post-hoc analysis, however, indicated no significant difference in TYR concentration 

between apical and cellular compartments at any time point Figure 3.5. 
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Figure 3.5: Transcellular [14C]2-PE passage following addition to the apical compartment. 

[14C]2-PE was added at 100 nM in the apical compartment and the transport was monitored for 

varying time points. After transport, the radioactivity was counted and the concentration of 2-PE 

in each compartment obtained by comparison to standard curves. The data is represented as mean 

 SEM, n = 2-3 cultures from 3 independent experiments. Comparisons were made between 

different compartments using GraphPad Prism version 6 by two-way ANOVA. 

 

3.3.2 Investigation of 2-PE transport across the basolateral Caco-2 membrane  

Basolateral 2-PE addition showed a significant main effect of compartment (two-way 

ANOVA; P < 0.0001, compartment; P = 0.9531, time; P = 0.9931, compartment x time), 

suggesting different 2-PE concentrations in the different compartments. Sidak’s multiple 

comparison post-hoc analysis, however, showed no difference between the cellular and basolateral 

compartments with only a trend towards significance observed at the 2nd minute (P = 0.0714; 
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Figure 3.6). A greater transcellular movement of 2-PE following basolateral addition than 

following apical addition was, however, observed (two-way ANOVA; P<0.0001, direction; P = 

0.0247, time; P = 0.0302, direction x time; Figure 3.7). 
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Figure 3.6: Transcellular [14C]2-PE passage following addition to the basolateral 

compartment. [14C]2-PE was added at 100 nM in the basolateral compartment and the transport 

was monitored for varying time points. After transport, the radioactivity was counted and the 

concentration of 2-PE in each compartment obtained by comparison to standard curves. The data 

is represented as mean  SEM, n = 2-3 cultures from 3 independent experiments. Comparisons 

were made by Sidak’s multiple comparison post-hoc analysis between cellular and basolateral 

compartments on GraphPad Prism version 6.  
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Figure 3.7: Total transcellular transport across Caco-2 cells following apical and basolateral 

addition of [14C]2-PE. [14C] 2-PE (100 nM) was added to the assay buffer in either the apical or 

the basolateral compartment as described in previous figures. Data represents 2-PE concentration 

in the basolateral (following apical addition) and apical (following basolateral addition) 

compartments. Results are mean ± SEM, n = 2-3 cultures from 3 independent experiments. 

Comparisons were made using GraphPad Prism version 6 by two-way ANOVA, ****P < 0.0001. 

 

 

3.4 Pharmacological characterization of the apical membrane transporter 

3.4.1 Effect of inhibition of all OCT isoforms on apical TYR transport 

To investigate if the facilitated diffusion of TYR across the apical membrane involved OCT 

isoforms as previously reported in neuronal membranes (Berry et al., 2016), 1 µM decynium-22, 

a pan-OCT and PMAT inhibitor, was used with same principle of combinatorial pharmacological 

approach since well-validated OCT2 inhibitors were not available. Decynium-22 significantly 
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decreased TYR accumulation in the cellular compartment (two-way ANOVA; P = 0.0092, 

treatment; P = 0.8589, time; P = 0.3842, treatment x time; Figure 3.8B) indicating the involvement 

of one or more OCT isoforms (or PMAT) in the apical membrane. 
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Figure 3.8: Total transcellular transport of TYR across Caco-2 cells following apical 

compartment loading in the presence and absence of decynium 22. [3H]TYR was added at 100 

nM in the apical compartment and the transport was monitored for varying time points. After 

transport, the radioactivity was counted, and the concentration of TYR was obtained from standard 

curves. The “zero” time point represents 100 nM of TYR added to the apical compartment and 

removed at 10 seconds, which was the shortest time frame at which the experiment could be 

reliably performed. The data represents mean  SEM, n = 9-10 cultures from 10 independent 

experiments for control, and n = 4-5 from 5 independent experiments for decynium 22. 

Comparisons were made between different compartments using GraphPad Prism version 6 by two-

way ANOVA, **P = 0.0092.  
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3.4.2 Effect of inhibition of OCT1 and 2 isoforms on apical TYR transport 

Pentamidine (200 µM), an OCT1 and OCT2 inhibitor (Jung et al., 2008), decreased TYR 

accumulation in the cellular (two-way ANOVA; P = 0.001, treatment; P = 0.857, time; P = 0.740, 

treatment x time; Figure 3.9B), and basolateral (two-way ANOVA; P = 0.05, treatment; P < 

0.0001, time; P = 0.985, treatment x time; Figure 3.9C) compartments following apical TYR 

loading. 

 

Figure 3.9: Total transcellular transport of TYR across Caco-2 cells following apical 

compartment loading in the presence and absence of pentamidine. [3H]TYR was added at 100 

nM in the apical compartment and the transport was monitored for varying time points. After 

transport, the radioactivity was counted and the concentration of TYR was obtained from standard 

curves. The “zero” time point represents 100 nM of TYR added to the apical compartment and 

removed at 10 seconds, which was the shortest time frame at which the experiment could be 

reliably performed. The data is represented as mean  SEM, n = 9-10 cultures from 10 independent 

experiments for control, and n = 5 from 5 independent experiments for pentamidine. Comparisons 

were made between different compartments using GraphPad Prism version 6 by two-way 

ANOVA, **P = 0.001, *P = 0.05. This figure was adapted from Sarkar et al., 2020. 

 

3.4.3 Effect of inhibition of OCT1 on apical TYR transport 

To distinguish between OCT1 and OCT2, the effect of 10 µM ATR, a selective OCT1 

inhibitor (Müller et al., 2005), was tested. There was no effect of ATR on TYR accumulation in 

any compartment following apical TYR loading: apical (two way ANOVA; P = 0.054, treatment; 
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P < 0.0001, time; P = 0.5246, time x treatment; Figure 3.10A); cellular (two way ANOVA; P = 

0.277, treatment; P = 0.614, time; P = 0.506, time x treatment; Figure 3.10B); basolateral (two 

way ANOVA; P = 0.614, treatment; P < 0.0001, time; P = 0.940, time x treatment; Figure 3.10C). 
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Figure 3.10: Total transcellular transport of TYR across Caco-2 cells following apical 

compartment loading in the presence and absence of ATR. [3H]TYR was added at 100 nM in 

the apical compartment and the transport was monitored for varying time points. After transport, 

the radioactivity was counted and concentration of TYR obtained from standard curves. The “zero” 

time point represents 100 nM of TYR added to the apical compartment and removed at 10 seconds, 

which was the shortest time frame at which the experiment could be reliably performed. The data 

is represented as mean  SEM, n = 9-10 cultures from 10 independent experiments for control, 

and n = 5 from 5 independent experiments for ATR. Comparisons were made between different 

compartments using GraphPad Prism version 6 by two-way ANOVA. This figure was adapted 

from Sarkar et al., 2020. 

 

3.4.4 Investigation of the presence of OCT2 in Caco-2 cells 

The above studies suggested TYR was transported across apical membranes by OCT2. The 

presence of OCT2 in Caco-2 cells was attempted to be confirmed by western blot with rat kidney, 

rat striatum, rat frontal cortex synaptosome and rat intestine used as positive controls and 

comparators. Using the anti-SLC22A2 polyclonal primary ElabscienceⓇ antibody, I identified the 

same predominant molar mass band (~70 kDa) in rat kidney (an abundant source for OCT2) and 
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Caco-2 cells, but a different sized predominant band was present in rat striatum, rat frontal cortex 

synaptosome and rat intestine preparations (~49 kDa; Figure 3.11A). Since inconsistencies were 

observed in the protein bands across different tissues, the membrane was stripped (Figure 3.11B) 

and re-probed with a different antibody anti-SLC22A2 primary antibody (Picoband™ Boster 

Biological Technology). On reprobing, I only identified a band at ~62 kDa in rat kidney (Figure 

3.11C). For rat striatum and rat frontal cortex synaptosome, the only bands observed were at ~28 

kDa (Figure 3.11C), different than the predominant bands observed in Figure 3.11A. For rat 

intestine one band was consistent between the two antibodies (~42 kDa) although each also 

identified other, unique, bands. For Caco-2 cells, the second antibody, identified a predominant 

band at ~42 kDa, different than that observed with the ElabscienceⓇ primary antibody (Figure 

3.11A). 

 

Figure 3.11: Western blot to look for the presence of OCT2 in Caco-2 cells. A- Western blot 

of 20 µg each of rat kidney (R.kid.), rat striatum (R. Str.), rat frontal cortex synaptosome (R. F.C. 

syn.), rat intestine (R. Int.) and Caco-2 cells with SLC22A2 polyclonal primary antibody 

(ElabscienceⓇ; 1:200); L represents prestained ladder; markings represent molar mass in kDa; B- 

The same membrane (as A) after mild stripping; C- The same membrane (as A and B) after 

reprobing with anti-SLC22A2 Picoband™ primary antibody (Boster Biological Technology; 

1:400). 
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To further examine the inconsistencies observed between the banding patterns with the two 

primary antibodies, the order of their use was reversed. The anti-SLC22A2 Picoband™ primary 

antibody (Boster Biological Technology) generally identified the same bands as before (Figure 

3.11C) in all tissues (Figure 3.12A) although extra bands were seen at 80 kDa in rat striatum and 

rat frontal cortex synaptosome (Figure 3.12A cf Figures 3.11A and 3.11C). Harsh stripping was 

required to remove all bands from membranes (Figures 3.12B and C). On reprobing the membrane 

with the ElabscienceⓇ primary antibody, it showed generally the same banding pattern for rat 

striatum and rat frontal cortex synaptosome as in Figure 3.11A. An additional band was seen at 

approximately 49 kDa (Figure 3.12D) in Caco-2 cells, however, with the previously observed band 

at 62 kDa no longer seen. Further additional bands were observed between 13-15 kDa in intestine 

(Figure 3.12D) when compared to Figure 3.11A. 

 

Figure 3.12 Western blot to look for the presence of OCT2 in Caco-2 cells with reversal of 

order of the use of primary antibodies A- Western blot of 20 µg each of rat kidney (R.kid.), rat 

striatum (R. Str.), rat frontal cortex synaptosome (R. F.C. syn.), rat intestine (R. Int.) and Caco-2 

cells with anti-SLC22A2 Picoband™ primary antibody (Boster Biological Technology; 1:400); L 

represents prestained ladder; markings represent molar mass in kDa; B- The same membrane (as 

A) after mild stripping; C- The same membrane (as B) after harsh stripping; and D -The same 

membrane (as A and C) after reprobing with Elabscience polyclonal primary antibody (1:200). 
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3.5 Pharmacological characterization of the basolateral membrane transporter 

3.5.1 Effect of inhibition of all OCT isoforms on basolateral TYR transport 

Decynium-22 treatment resulted in decreased cellular accumulation of TYR (two-way 

ANOVA; P = 0.03, treatment; P = 0.2902, time; P = 0.9922, treatment x time; Figure 3.13B) 

following basolateral addition, although there was no effect on apical accumulation (two-way 

ANOVA; P = 0.6257, treatment; P < 0.0001, time; P = 0.9351, treatment x time; Figure 3.13C). 

There was, however, increased TYR concentration seen in the basolateral compartment (two-way 

ANOVA; P = 0.0211, treatment; P = 0.6847, time; P = 0.7038, treatment x time; Figure 3.13A). 
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Figure 3.13: Total transcellular transport of TYR across Caco-2 cells following basolateral 

compartment loading in the presence and absence of decynium 22. [3H]TYR was added at 100 

nM in the basolateral compartment and the transport was monitored for varying time points. After 

transport, the radioactivity was counted, and the concentration of TYR was obtained from standard 

curves. The “zero” time point represents 100 nM of TYR added to the basolateral compartment 

and removed at 10 seconds, which was the shortest time frame at which the experiment could be 

reliably performed. The data represents mean  SEM, n = 9-10 decynium-22. Comparisons were 

made between different compartments using GraphPad Prism version 6 by two-way ANOVA, *P 

= 0.03 (for cellular compartment); *P = 0.0211 (for basolateral compartment).  
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3.5.2 Effect of inhibition of OCT1 and OCT2 isoforms on basolateral TYR transport 

In contrast, there was no effect of pentamidine on TYR transport to either the cellular (two-

way ANOVA; P = 0.3102, treatment; P = 0.8335, time; P = 0.5587, treatment x time; Figure 

3.14B) or the apical (two-way ANOVA; P = 0.3867, treatment; P = 0.0007, time; P = 0.9776, 

treatment x time; Figure 3.14C) compartments following basolateral addition. For the basolateral 

compartment however, decreased TYR concentration was observed (two-way ANOVA; P < 

0.0001, treatment; P = 0.4486, time; P = 0.9994, treatment x time; Figure 3.14A). 
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Figure 3.14: Total transcellular transport of TYR across Caco-2 cells following basolateral 

compartment loading in the presence and absence of pentamidine. [3H]TYR was added at 100 

nM in the basolateral compartment and the transport was monitored for varying time points. After 

transport, the radioactivity was counted, and the concentration of TYR was obtained from standard 

curves. The “zero” time point represents 100 nM of TYR added to the basolateral compartment 

and removed at 10 seconds, which was the shortest time frame at which the experiment could be 

reliably performed. The data represents mean  SEM, n = 9-10 cultures from 10 independent 

experiments for control, and n = 4-5 from 5 independent experiments for pentamidine. 

Comparisons were made between different compartments using GraphPad Prism version 6 by two-

way ANOVA, ****P < 0.0001. 
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3.5.3 Effect of inhibition of OCT1 on basolateral TYR transport 

Surprisingly, the active TYR accumulation in the cellular compartment was significantly 

decreased with ATR treatment (two-way ANOVA; P = 0.020, treatment; P = 0.8932, time; P = 

0.7783, treatment x time; Figure 3.15B) following basolateral addition, suggesting that the active 

transporter is ATR sensitive.  
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Figure 3.15: Total transcellular transport of TYR across Caco-2 cells following basolateral 

compartment loading in the presence and absence of ATR. [3H]TYR was added at 100 nM in 

the basolateral compartment and the transport was monitored for varying time points. After 

transport, the radioactivity was counted, and the concentration of TYR was obtained from standard 

curves. The “zero” time point represents 100 nM of TYR added to the basolateral compartment 

and removed at 10 seconds, which was the shortest time frame at which the experiment could be 

reliably performed. The data represents mean  SEM, n = 9-10 cultures from 10 independent 

experiments for control, and n = 5 from 5 independent experiments for ATR. Comparisons were 

made between different compartments using GraphPad Prism version 6 by two-way ANOVA,*P 

=  0.020. This figure was adapted from Sarkar et al., 2020. 

 

3.5.4 Effect of the replacing sodium on TYR transport 

When sodium chloride was replaced with choline chloride in the assay buffer, decreased 

cellular (two-way ANOVA; P = 0.0174, treatment; P = 0.6205, time; P = 0.9378, treatment x 

time; Figure 3.16B) and apical (two way ANOVA; P = 0.0016, treatment; P = 0.0063, time; P = 
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0.8352, treatment x time; Figure 3.16C) compartment accumulation of TYR following basolateral 

addition was observed. 
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Figure 3.16: Total transcellular transport of TYR across Caco-2 cells following basolateral 

compartment loading in the presence and absence of choline chloride. [3H]TYR was added at 

100 nM in the basolateral compartment and the transport was monitored for varying time points. 

After transport, the radioactivity was counted, and the concentration of TYR was obtained from 

standard curves. The “zero” time point represents 100 nM of TYR added to the basolateral 

compartment and removed at 10 seconds, which was the shortest time frame at which the 

experiment could be reliably performed. The data represents mean  SEM, n = 9-10 cultures from 

10 independent experiments for control, and n = 5 from 5 independent experiments for choline 

chloride. Comparisons were made between different compartments using GraphPad Prism version 

6 by two-way ANOVA, *P = 0.0174, **P =  0.0016. This figure was adapted from Sarkar et al., 

2020. 

 

With apical addition, TYR concentration was increased in the cellular compartment (two-

way ANOVA; P = 0.0002, treatment; P = 0.3389, time; P = 0.09, treatment x time; Figure 3.17B) 

but was decreased in the basolateral compartment (two way ANOVA; P = 0.0017, treatment; P < 

0.0001, time; P = 0.5021, treatment x time; Figure 3.17C) when sodium chloride was replaced 

with choline chloride in the assay buffer. 
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Figure 3.17: Total transcellular transport of TYR across Caco-2 cells following apical 

compartment loading in the presence and absence of choline chloride. [3H]TYR was added at 

100 nM in the apical compartment and the transport was monitored for varying time points. After 

transport, the radioactivity was counted, and the concentration of TYR was obtained from standard 

curves. The “zero” time point represents 100 nM of TYR added to the apical compartment and 

removed at 10 seconds, which was the shortest time frame at which the experiment could be 

reliably performed. The data represents mean  SEM, n = 9-10 cultures from 10 independent 

experiments for control, and n = 5 from 5 independent experiments for choline chloride. 

Comparisons were made between different compartments using GraphPad Prism version 6 by two-

way ANOVA, **P = 0.0017, ***P = 0.0002.  

 

3.5.5 Kinetic characterization of the Na+-dependent, active transporter of TYR in Caco-2 

basolateral membranes 

The kinetic parameters of the Na+-dependent, active transporter of TYR in Caco-2 

basolateral membranes were characterized by Michaelis-Menten analysis giving Vmax = 43.0 ± 

19.1 nM/second and Kt = 33.1 ± 47.4 nM (Figure 3.18). 
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Figure 3.18: Kinetics of basolateral Caco-2 Na+-dependent active TYR transporter. [3H]TYR 

was added at varying concentrations to the basolateral compartment and the transport was 

monitored for varying time points. The initial linear phase of a plot of cellular TYR versus time 

was used to determine the initial velocity of transport at each concentration. Total transport 

characterized all TYR transport processes across Caco-2 membranes. Non active transporter 

dependent TYR transport was characterized by replacing sodium chloride with choline chloride. 

The difference between total and non-specific transport was used to determine the Michaelis 

Menten kinetics for the Na+-dependent active TYR transporter, using the receptor binding tool of 

GraphPad version 6. The data is represented as mean  SEM, n = 3 independent experiments. 

Reprinted from Sarkar et al., 2020. 

 

3.6 Identification of the basolateral membrane active transporter 

3.6.1 SDS PAGE isolation of proteins from TYR affinity columns 

Optimization studies revealed that by the third elution fraction with 50x concentration of 

TYR, no protein remained bound to the column (Figure 3.19). For 10x concentration of ATR 

elution, considerable protein was eluted in the first two fractions (Figure 3.19). Common protein 

0 50 100 150 200
0

20

40

60

80

100

p-tyramine (nM)

In
it

ia
l 

v
el

o
ci

ty
 (

n
M

/s
ec

)

Total transport

Non Na+-dependent transport



98 

 

bands in TYR and ATR elution fractions were observed at 198 kDa, 62 KDa, 55 kDa, 49 kDa, 43 

kDa, 42 kDa, 41 kDa, 16 kDa, 15 kDa and 14 kDa (Figure 3.20). 

  

Figure 3.19: Representative SDS PAGE image of the elution profile from TYR affinity 

columns. SDS PAGE was performed on the collected protein fractions from three elution steps 

from the TYR affinity columns using 50x TYR or 10x ATR concentrations as the eluents. The gel 

was stained with staining solution containing 0.25% (w/v) Coomassie Brilliant Blue R-250, 50% 

(v/v) 95% ethanol and 10% (v/v) glacial acetic acid, destained with a deionized water:95% 

ethanol:glacial acetic acid (8:1:1) solution, and digitally recorded using a Biorad Chemidoc 

system. 
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Figure 3.20: Representative SDS-PAGE of Caco-2 proteins eluted from TYR affinity 

columns. SDS PAGE was performed on the collected protein fractions from three elution steps 

from the TYR affinity columns using 50x TYR or 10x ATR concentrations as the eluents. The gel 

was stained with a 0.25% (w/v) Coomassie Brilliant Blue R-250, 50% (v/v) 95% ethanol and 10% 

(v/v) glacial acetic acid mixture, destained with a deionized water:95% ethanol:glacial acetic acid 

(8:1:1) solution, and digitally recorded using a Biorad Chemidoc system. This was replicated three 

times with similar banding pattern observed each time. 

 

3.6.2 Protein identification 

The selected common binding proteins between TYR and ATR were identified by the 

Biological Mass Spectrometry Core Facility (Dalhousie University, Halifax, NS). A total of 124 

unique proteins were identified (see appendix A), twenty of which were membrane proteins, and 

two of which were known transporter proteins (Table 3.1). These transporter proteins were 
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identified as cadherin-17 and solute carrier family–2 - facilitated glucose membrane transporter 

14. Although cadherin-17 is an active transporter, it is not a Na+-dependent transporter nor is it 

known to include TYR in its substrate profile.  

 

Table 3.1: Classification of common TYR and ATR binding proteins.   

Criteria Number of proteins identified 

Total common proteins 124 

Membrane proteins 20 

Transporters 2 

Active transporter 1 

Na+-dependent transporter 0 

TYR = known substrate 0 

The gel bands from SDS-PAGE were collected, dried, and identified by mass spectrometry at the 

Biological Mass Spectrometry Core Facility at Dalhousie University. 

 

3.7 Modelling of TYR transport kinetics across human intestinal epithelial cells 

3.7.1 Comparison of baseline simulation with experimental 

Using known kinetic parameters for simple diffusion, apical membrane OCT2, and the 

basolateral membrane active transporter (Berry et al., 2013, 2016) (Figure 2.9, Table 3.2), the 

model produced TYR concentration curves that did not recapitulate experimental observations  for 

either basolateral (Figure 3.21) or apical (Figure 3.22) compartment loading.  
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Figure 3.21: Comparison of the baseline model for TYR transport following basolateral 

loading to experimental findings. The transport of 100 nM TYR across Caco-2 cells was modeled 

for basolateral loading using MATLAB vR2021a. Comparisons were made between the baseline 

model (representing known TYR transporters that have been characterized; blue curve) for the 

apical (A), cellular (B) and basolateral (C) compartments, versus experimental observations (red 

curves). Kinetic parameters used for this modelling were: Vmax_OCT2 = 0.1 nM/second, 

Kt_OCT2_apicaltocell = 101.5 nM, Vmax_baso_active = 43.0 nM/second and Kt_baso_active = 33.1 nM. Reprinted 

from Sarkar et al., 2022. 
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Table 3.2: Kinetic parameters used for each model scenario.  
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Vmax_OCT2 0.1 nM/s 0.1 nM/s 0.1 nM/s 0.1 nM/s 2.3 nM/s 2.3 nM/s 

Kt _OCT2_apicaltocell 101.5 nM 101.5 nM 101.5 nM 101.5 nM 110.4 nM 110.4 nM 

Kt _OCT2_celltoapical n/a n/a n/a n/a 1227.9 nM 110.4 nM 

Vmax_baso_active 43.0 nM/s 43.0 nM/s 43.0 nM/s 43.0 nM/s 3.3 nM/s 3.3 nM/s 

Kt_baso_active 33.1 nM 33.1 nM 33.1 nM 33.1 nM 29.0 nM 29.0 nM 

Vmax_baso_new_FD n/a n/a 0.01-2 nM/s 50 nM/s 6.0 nM/s 6.0 nM/s 

Kt_baso_new_FD_basotocell 

n/a n/a 

101.5 nM 101.5-1015 nM 584.1 nM 628.3nM* 

Kt_baso_new_FD_celltobaso n/a n/a 672.4nM 628.3 nM* 

Kinetic parameter used for OCT2 and the added basolateral membrane transporter for different 

model scenarios. *Kt_baso_new_FD_basotocell and Kt_baso_new_FD_celltobaso from Figures 3.27 and 3.28 did 

not show a meaningful directional preference, and so for studies shown in Figures 3.29 and 3.30 

the average value of 628.3 nM was used as the Kt in each direction for the basolateral bidirectional 

facilitated diffusion transporter. This table was adapted from Sarkar et al., 2022. 
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Figure 3.22: Comparison of the baseline model for TYR transport following apical loading 

to experimental findings. The transport of 100 nM TYR across Caco-2 cells was modeled for 

apical loading using MATLAB vR2021a. Comparisons were made between the baseline model 

(representing known TYR transporters; blue curve) for the apical (A), cellular (B) and basolateral 

compartments (C), versus experimental observations (red curves). Kinetic parameters used for this 

modelling were: Vmax_OCT2 = 0.1 nM/second, Kt _OCT2_apicaltocell = 101.5 nM, Vmax_baso_active = 43.0 

nM/second and Kt_baso_active = 33.1 nM (Table 3.2). Reprinted from Sarkar et al., 2022. 

 

3.7.2 Introduction of OCT2 in the basolateral membrane.  

OCT2 was introduced to the Caco-2 basolateral membrane at different densities (0–1 - 20X 

Vmax of OCT2, Table 3.2) but all failed to improve model accuracy following basolateral addition 

of TYR (Figure 3.23) and worsened model accuracy for apical loading (Figure 3.24). 
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Figure 3.23: Comparison of TYR transport with the introduction of OCT2 to the Caco-2 

basolateral membrane, following basolateral TYR loading, to experimental findings. The 

transport of 100 nM of TYR across Caco-2 cells was modeled following basolateral loading using 

MATLAB vR2021a. Comparisons were made between the models (baseline = blue curve; 

modified = dotted curves) for the apical (A), cellular (B) and basolateral compartments (C), versus 

experimental observations (red curves). Kinetic parameters used for this modelling were: 

Vmax_OCT2 = 0.1 nM/second, Kt_OCT2_apicaltocell = 101.5 nM, Vmax_baso_active = 43.0 nM/second, 

Kt_baso_active = 33.1 nM, Vmax_baso_new_FD = 0.01-2 nM/second and Kt_baso_new_FD_basotocell = 101.5 nM 

(Table 3.2). Note that the predicted curves overlapped with each other. Reprinted from Sarkar et 

al., 2022. 
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Figure 3.24: Comparison of TYR transport with the introduction of OCT2 to the Caco-2 

basolateral membrane, following apical TYR loading, to experimental findings. The transport 

of 100 nM TYR across Caco-2 cells was modeled following apical loading by using MATLAB 

vR2021a. Comparisons were made between the models (baseline = blue curve; modified = dotted 

curves) for the apical (A), cellular (B) and basolateral compartments (C), versus experimental 

observations (red curves). Kinetic parameters used for this modelling were: Vmax_OCT2 = 0.1 

nM/second, Kt_OCT2_apicaltocell = 101.5 nM, Vmax_baso_active = 43.0 nM/second, Kt_baso_active = 33.1 

nM, Vmax_baso_new_FD = 0.01-2 nM/second and Kt_baso_new_FD_basotocell = 101.5 nM (Table 3.2). Note 

that the predicted curves overlapped with each other for apical and basolateral compartments. 

Reprinted from Sarkar et al., 2022. 

 

3.7.3 Introduction of a non-OCT2 facilitated diffusion transporter in the basolateral membrane  

Introduction of a facilitated diffusion transporter not confined to OCT2 Kt, provided a closer 

match to experimental results following basolateral loading (Figure 3.25A-C) with kinetic 

parameters of Vmax = 50 nM/s and Kt = 203-507.5 nM giving the best matches. In contrast, such a 

transporter worsened modelling following apical loading (Figure 3.26) when using the same 

kinetic parameters. 
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Figure 3.25: Comparison of TYR transport with the introduction of a non-OCT2 facilitated 

diffusion transporter to the Caco-2 basolateral membrane, following basolateral TYR 

loading, to experimental findings. The transport of 100 nM TYR across Caco-2 cells was 

modeled following basolateral loading using MATLAB vR2021a. Comparisons were made 

between the models (baseline = blue curve; modified = dotted curves) and experimental 

observations (red curves) for the apical (A), cellular (B) and basolateral compartments (C). Kinetic 

parameters used for this modelling were: Vmax_OCT2 = 0.1 nM/second, Kt_OCT2_apicaltocell = 101.5 

nM, Vmax_baso_active = 43.0 nM/second, Kt_baso_active = 33.1 nM, Vmax_baso_new_FD = 50 nM/second 

and Kt_baso_new_FD_basotocell = 101.5-1015 nM (Table 3.2). Note that the predicted curves overlapped 

with each other for basolateral compartment. Reprinted from Sarkar et al., 2022. 
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Figure 3.26: Comparison of TYR transport with the introduction of a non-OCT2 facilitated 

diffusion transporter to the Caco-2 basolateral membrane, following apical TYR loading, to 

experimental findings. The transport of 100 nM of TYR across Caco-2 cells was modeled for 

apical loading using MATLAB vR2021a. Comparisons were made between the models (baseline 

= blue curve; modified = dotted curves) and experimental observations (red curves) for the apical 

(A), cellular (B) and basolateral compartments (C). Kinetic parameters used for this modelling 

were: Vmax_OCT2 = 0.1 nM/second, Kt_OCT2_apicaltocell = 101.5 nM, Vmax_baso_active = 43.0 nM/second, 

Kt_baso_active = 33.1 nM, Vmax_baso_new_FD = 50 nM/second and Kt_baso_new_FD_basotocell = 101.5-1015 nM 

(Table 3.2). Note that the predicted curves overlapped with each other. Reprinted from Sarkar et 

al., 2022. 

 

3.7.4 Introduction of asymmetry in facilitated diffusion transporters  

With improvement seen in modelling accuracy for basolateral loading but worsening for 

apical loading, I hypothesized that one or more of the facilitated diffusion transporters needed to 

show asymmetric transport characteristics. When an approximate 10-fold asymmetry in OCT2 

(values for which were solved for by MATLAB; Table 3.2) was present in combination with 

approximately symmetric transport by the added basolateral membrane facilitated diffusion 

transporter, recapitulation of experimental observations was possible for TYR transcellular 

transport following both basolateral (Figure 3.27) and apical (Figure 3.28) loading. 
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Figure 3.27: Comparison of TYR transport with the introduction of asymmetry in OCT2 

and the facilitated diffusion transporter in the Caco-2 basolateral membrane, following 

basolateral TYR loading, to experimental findings. The transport of 100 nM TYR across Caco-

2 cells was modeled following basolateral loading using MATLAB vR2021a. Comparisons were 

made between the models (baseline = blue curve; modified = green curves) and experimental 

observations (red curves) for the apical (A), cellular (B) and basolateral compartments (C). Solved 

kinetic parameters from this modelling were: Vmax_OCT2 = 2.3 nM/s, Kt_OCT2_apicaltocell = 110.4 nM, 

Kt_OCT2_celltoapical = 1227.9 nM, Vmax_baso_active = 3.3 nM/s, Kt_baso_active = 29.0 nM, Vmax_baso_new_FD 

= 6.0 nM/s, Kt_baso_new_FD_basotocell = 584.1 nM and Kt_baso_new_FD_celltobaso = 672.4 nM (Table 3.2). 

Reprinted from Sarkar et al., 2022. 
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Figure 3.28: Comparison of TYR transport with the introduction of asymmetry in OCT2 

and the facilitated diffusion transporter in the Caco-2 basolateral membrane, following 

apical TYR loading, to experimental findings. The transport of 100 nM of TYR across Caco-2 

cells was modeled following apical loading using MATLAB vR2021a. Comparisons were made 

between the models (baseline = blue curve; modified = green curves) and experimental 

observations (red curves) for the apical (A), cellular (B) and basolateral compartments (C). Solved 

kinetic parameters from this modelling were: Vmax_OCT2 = 2.3 nM/s, Kt _OCT2_apicaltocell = 110.4 nM, 

Kt_OCT2_celltoapical = 1227.9 nM, Vmax_baso_active = 3.3 nM/s, Kt_baso_active = 29.0 nM, Vmax_baso_new_FD 

= 6.0 nM/s, Kt_baso_new_FD_basotocell = 584.1 nM and Kt_baso_new_FD_celltobaso = 672.4 nM (Table 3.2). 

Reprinted from Sarkar et al., 2022. 

 

3.7.5 Introduction of intracellular compartmentalization  

To examine for a possible alternative to asymmetry of TYR transport by OCT2, I tested 

whether the introduction of intracellular compartmentalization allowed experimental results to be 

modelled. While a compartmentalization factor of 0.36 (64% of intracellular TYR is sequestered 

into one or more intracellular compartments) allowed good matching to experimental observations 

following basolateral compartment loading (Figures 3.29A-C), it was visibly not as effective as 

asymmetric OCT2 transport (c.f. Figure 3.27). This was verified by generally lower RMSD values 

for asymmetric OCT2 transport (2.75, 289.76 and 0.9868 for apical, cellular and basolateral 
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compartments respectively) than for compartmentalization (4.23, 228.39 and 1.88, respectively) 

model fits.   

 

Figure 3.29: Comparison of TYR transport with the introduction of compartmentalization 

and symmetry in the facilitated diffusion transporter in the Caco-2 basolateral membrane, 

following basolateral TYR loading, to experimental findings. The transport of 100 nM TYR 

across Caco-2 cells was modeled following basolateral loading using MATLAB vR2021a. 

Comparisons were made between the models (baseline = blue curve; modified = green curves) and 

experimental observations (red curves) for the apical (A), cellular (B) and basolateral 

compartments (C). Kinetic parameters producing this modelling were: Vmax_OCT2 = 2.3 nM/s, 

Kt_OCT2_apicaltocell = 110.4 nM, Kt_OCT2_celltoapical = 110.4 nM, Vmax_baso_active = 3.3 nM/s, Kt_baso_active 

= 29.0 nM, Vmax_baso_new_FD = 6.0 nM/s, Kt_baso_new_FD_basotocell = 628.3 nM* and 

Kt_baso_new_FD_celltobaso = 628.3 nM*. *Kt_baso_new_FD_basotocell and Kt_baso_new_FD_celltobaso from 

Figures 3.27 and 3.28 did not show a physiologically meaningful directional preference, and so 

the average value of 628.3 nM was usId in each direction for the basolateral bidirectional facilitated 

diffusion transporter (Table 3.2). Reprinted from Sarkar er al., 2022. 

 

Similarly following apical loading, while marked improvements compared to the baseline 

model were possible with compartmentalization (Figures 3.30A-C), these were not as robust 

(RMSD = 7.52, 46.22 and 0.84 for apical, cellular and basolateral compartments) as with 

asymmetric OCT2 transport (c.f. Figures 3.28 A-C; RMSD = 4.34, 48.86 and 0.26). Furthermore, 
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the solved kinetics for the required intracellular compartment transporter (Vmax = 5.2 x 10-21 

nM/second; Kt = 154.5 nM; when using Equations 18-21) were physiologically inconsequential. 

 

Figure 3.30: Comparison of TYR transport with the introduction of compartmentalization 

and symmetry in the facilitated diffusion transporter in the Caco-2 basolateral membrane, 

following apical TYR loading, to experimental findings. The transport of 100 nM TYR across 

Caco-2 cells was modeled following apical loading using MATLAB vR2021a. Comparisons were 

made between the models (baseline = blue curve; modified = green curves) and experimental 

observations (red curves) for the apical (A), cellular (B) and basolateral compartments (C). 

Optimized kinetic parameters for this modelling were: Vmax_OCT2 = 2.3 nM/s, Kt_OCT2_apicaltocell = 

110.4 nM, Kt_OCT2_celltoapical = 110.4 nM, Vmax_baso_active = 3.3 nM/s, Kt_baso_active = 29.0 nM, 

Vmax_baso_new_FD = 6.0 nM/s, Kt_baso_new_FD_basotocell = 628.3 nM* and Kt_baso_new_FD_celltobaso = 628.3 

nM*. *Kt_baso_new_FD_basotocell and Kt_baso_new_FD_celltobaso from Figures 3.27 and 3.28 did not show 

a meaningful directional preference, and so the average value of 628.3 nM was used as the Kt in 

each direction for the basolateral bidirectional facilitated diffusion transporter (Table 3.2). 

Reprinted from Sarkar et al., 2022. 
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4 DISCUSSION 

4.1 Caco-2 cells offer a suitable polarized model system for TA transport 

The discovery of TAAR1, has led to an increase in interest in the therapeutic potential of 

endogenous TA systems. This interest primarily reflects the demonstrated role of TAAR1 in 

different diseases including a spectrum of psychiatric, metabolic and immune-related disorders 

(Borowsky et al., 2001; Bunzow et al., 2001; Revel et al., 2011; Berry et al., 2017; Christian and 

Berry, 2018; Gainetdinov et al., 2018; Nair et al., 2022). TA are not only endogenously 

synthesized, but they are present in common foodstuffs  (Coutts et al., 1986; Finberg and Gillman, 

2011; An et al., 2015; Biji et al., 2016; Martin and Vij, 2016; Nalazek-Rudnicka and Wasik, 2017; 

Ohta et al., 2017; Liu et al., 2018; Park et al., 2019; Zhang et al., 2019; Chen et al., 2022) and also 

synthesized by the commensal intestinal microbiota (Lauweryns and Van Ranst, 1988; Bover-Cid 

et al., 2001; Gardini et al., 2001; Moreno-Arribas and Lonvaud-Funel, 2001; Connil et al., 2002; 

Lucas et al., 2003; Coton et al., 2004; Fernández et al., 2004; Marcobal et al., 2006; Bugda Gwilt 

et al., 2020). Due to the unique intracellular locale of TAAR1 (Barak et al., 2008; Raab et al., 

2016; Pitts et al., 2019), because of the absence of one or more N-terminal glycosylation sites 

(Barak et al., 2008), it is interesting to identify the ways by which TA access to TAAR1 is 

controlled. I selected the Caco-2 cell line as a physiologically relevant cell line for my study. On 

differentiation Caco-2 cells express enzymes, receptors and transporter proteins that are 

characteristic of those present in the human intestinal epithelia  (Lea, 2015), and it has been well 

established that Caco-2 cells offer a reliable correlation of drug permeation/transport to that seen 

after oral intake in humans (Artursson and Karlsson, 1991; Cheng et al., 2008; Sun et al., 2008; 

Lea, 2015). In addition, there have been well-documented reports applying Caco-2 cells to study 

the effects of microbiota and diet on the intestinal epithelia (Shimizu, 2010; Lea, 2015). 
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Before characterizing the transport of TA across a Caco-2 barrier, I first established culture 

conditions to generate a tight, polarized Caco-2 monolayer on Transwell® inserts to mimic the in 

vivo situation. The tightness of the monolayer was determined by studying the paracellular 

transport of LY and by measuring TEER. LY is a fluorescent dilithium salt that only undergoes 

paracellular diffusion transport (Rozehnal et al., 2012; Zhang et al., 2014; Strugari et al., 2018; 

Thomson et al., 2019). A LY exclusion of greater than 97% indicates tight junctional contacts and 

a fully established monolayer (Debebe et al., 2012; Rastogi et al., 2013). On average, 23 days in 

culture consistently gave a permeability measurement of < 3% (Figure 2.2). The resistance across 

the Transwell® insert was also measured. The TEER measurement was used as the prime method 

to determine of Caco-2 monolayer integrity since Caco-2 cells could not be used post LY exclusion 

measurement. On reaching the 23rd day, TEER measurement was observed to be > 45 cm2 

(Figure 2.3). Although the TEER value that I obtained is lower than other literature reports of 

values around 100-400 cm2 (Hidalgo et al., 1989; Mukherjee et al., 2004; Srinivasan et al., 2015; 

Lopez-Escalera and Wellejus, 2022), it has been shown that TEER results are highly variable 

between users. As such, the standard TEER criteria for a polarized Caco-2 monolayer for my 

system was set to be a resistance of 45 cm2 or greater.  

In order to verify that TYR had in fact been transported across the membrane and not simply 

bound to the outer leaflet as has previously been suggested (Tejwani and Anderson, 2008), I 

performed subcellular fractionation of Caco-2 cells to identify the TYR subcellular distribution. I 

confirmed that TYR does not interact with the plasma membrane (Figure 3.1). The majority (> 

97%) of the added radiolabelled TYR was associated with the ribosome+cytosolic compartment, 

with only very minor levels associated with the plasma membrane and/or mitochondrial fractions 

(Figure 3.1).  
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4.2 There are distinct TA transport processes across apical and basolateral Caco-2 

membranes 

Both transporter and non-transporter mediated mechanisms for TA membrane passage have 

been suggested. Blakeley et al. (Blakeley and Nicol, 1978) reported that TYR (7.3 μM) was 

transported across rabbit erythrocyte membranes by simple diffusion. Similarly, Tchercansky et 

al. showed that TYR (at 0.1 – 1 mM) was transported across isolated rat intestinal sacs and rat 

intestinal segments by simple diffusion (Tchercansky et al., 1994). Such studies are generally 

consistent with more recent work showing that TYR and 2-PE can readily diffuse across synthetic 

lipid bilayers (Berry et al., 2013). Other studies, however, have reported facilitated transport of 

TA. 2-PE membrane passage at 0–15 - 200 μM  has been suggested to be via an uptake 2 

transporter mediated process in rat isolated lung (Ben-Harari and Bakhle, 1980), at 10 nM via a 

Na+-dependent facilitated transport system in rabbit erythrocyte preparations (Mason et al., 1983), 

and via a H+-dependent active transport process at 1.1 μM  in Caco-2 cells (Fischer et al., 2010). 

In addition, neuronal release at 100 nM of TYR also has characteristics consistent with a non-

exocytotic process mediated by OCT2 (Berry et al., 2016).  Further, TYR was suggested to cross 

the blood-brain barrier in a H+ gradient dependent manner that was suggested to be one or more 

cationic drug-sensitive transport systems other than OCT (Akanuma et al., 2018). Together, the 

above studies suggest the involvement of simple diffusion, energy-dependent active transporters, 

and facilitated diffusion transporters in various cell preparations. Systematic examination of TA 

transport across human intestinal cells at physiological levels has not previously been reported. In 

my studies, I have identified distinct transport processes that control physiological levels of TYR 

and 2-PE passage across the Caco-2 apical and basolateral membranes, corresponding to transport 

from the intestinal lumen (apical) and circulatory system (basolateral) in vivo.  



115 

 

4.2.1 TYR and 2-PE are transported by a diffusion-mediated process across the Caco-2 apical 

membrane 

TYR can be converted via MAO-A/B to give p-hydroxyphenylacetic acid and by dopamine-

-hydroxylase to give OA. Hence, TYR metabolic pathways were inhibited in all studies, thus 

ensuring that radioactivity levels were indeed a true reflection of TYR (or 2-PE), and not a 

metabolic by-product. When looking into the apical membrane transport, no difference was 

observed between the TYR concentration in the apical and cellular compartments with equimolar 

accumulations seen in both the compartments (Figure 3.2), suggesting a transporter-mediated 

diffusion TYR transport process across the Caco-2 apical membrane. Similarly, when looking at 

2-PE transport, no difference was seen between 2-PE concentrations in apical and cellular 

compartments following apical addition of 2-PE with equimolar 2-PE concentrations seen in the 

two compartments (Figure 3.5). This similar characteristic of TYR and 2-PE transport pattern at 

the apical membrane, with the involvement of a similar transporter protein, can be expected since 

they are both endogenous agonists for the same receptor protein (TAAR1) and have strong 

structural similarity.  

4.2.2 The apical TYR transporter is OCT2 in Caco-2 cells 

Previous work has reported that a transporter with the pharmacological characteristics of 

OCT2 acts as a high affinity (Kt = 101.5 nM) TYR transporter in rat brain synaptosomes (Berry et 

al., 2016). OCT2 belongs to the solute carrier family of transporters and is generally regarded as a 

polyspecific, high capacity, low-selectivity, bi-directional, facilitated diffusion transporter (Nies 

et al., 2014). In addition to neurons, OCT2 is also highly expressed in the small intestine 

(Gorboulev et al., 1997; Bleasby et al., 2000; Martel et al., 2001; Hayer-Zillgen et al., 2002; Slitt 

et al., 2002; Nigam, 2018; Koepsell, 2020b). Since TA can be locally synthesized by cells of the 

gastrointestinal tract (Lauweryns and Van Ranst, 1988; Vieira‐Coelho and Soares‐da‐Silva, 1993), 
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are abundInt in commonly consumed foods (Coutts et al., 1986; Finberg and Gillman, 2011a; An 

et al., 2015a; Biji et al., 2016; Martin and Vij, 2016; Nalazek-Rudnicka and Wasik, 2017; Ohta et 

al., 2017; Liu et al., 2018b; Park et al., 2019; Zhang et al., 2019; Chen et al., 2022), and are readily 

produced from dietary amino acids by the constitutive intestinal microbiota (Bover-Cid et al., 

2001; Gardini et al., 2001; Moreno-Arribas and Lonvaud-Funel, 2001; Connil et al., 2002; Lucas 

et al., 2003; Coton et al., 2004; Fernández et al., 2004; Marcobal et al., 2006; Williams et al., 2014; 

Bugda Gwilt et al., 2020), I sought to confirm if intestinal transport of TYR also involve OCT2. 

Unfortunately, validated, highly selective inhibitors of OCT2 have not been described. I therefore 

utilized the same combinatorial pharmacological approach to infer the involvement of OCT2 as 

described previously (Berry et al., 2016).  

Decynium-22, an inhibitor of all hOCTs and PMAT (Engel et al., 2004; Engel and Wang, 

2005; Gasser et al., 2006; Schömig et al., 2006; Xia et al., 2009; Duan and Wang, 2010; Hagan et 

al., 2011), decreased the concentration of TYR in the cellular compartment following apical 

addition (Figure 3.8B), confirming that either the hOCTs or PMAT are involved in transport of 

TYR into the cells from the apical compartment. Additionally, pentamidine, a dual inhibitor of 

both OCT1 and OCT2 (Jung et al., 2008), also decreased cellular accumulation of TYR (Figure 

3.9 B and C), indicating the involvement of one of these facilitated diffusion transporters. Although 

both OCT1 (Zhang et al., 1997; Bleasby et al., 2000; Martel et al., 2001; Hayer-Zillgen et al., 

2002) and OCT2 have previously been reported to be present in human gastrointestinal cells 

(Gorboulev et al., 1997; Bleasby et al., 2000; Martel et al., 2001; Hayer-Zillgen et al., 2002; Slitt 

et al., 2002; Koepsell, 2020b), on the basis of previous work which reported OCT2-mediated TYR 

transport in rat brain synaptosomes (Berry et al., 2016), I reasoned that OCT2 was the most likely 

candidate. To confirm this, I investigated the effects of ATR, a muscarinic antagonist which also 
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selectively inhibits the OCT1 isoform (Müller et al., 2005). In contrast to pentamidine, ATR did 

not affect TYR cellular accumulation following apical addition (Figure 3.10), suggesting that the 

apical TYR transporter in the Caco-2 membrane is OCT2. Differences were mostly observed in 

the cellular compartments in the presence and absence of inhibitors, and not in the apical and 

basolateral compartments due to the huge difference in volumes of the compartments. 

I then sought to confirm the presence of OCT2 in Caco-2 cells through western blot studies.  

The calculated molar mass of OCT2 has been reported to be 66 kDa (Okuda et al., 1996). I 

observed an apparent OCT2 band present in Caco-2 cells at 62 kDa when the ElabscienceⓇ anti-

SLC22A2 polyclonal primary antibody was used (Figure 3.11A). This was consistent with the 

positive control in rat kidney which also showed a prominent band at 62 kDa (Figure 3.11A). A 

62 kDa band was not visible for rat intestine preparations, however, with bands observed at ~46 

kDa, ~42 kDa, ~31 kDa and ~25 kDa. This may be indicative of tissue dependent expression of 

different isoforms of OCT2. I therefore tested a different primary antibody: Picoband™ anti-

SLC22A2 (Boster Biological Technology), to check if this antibody also showed similar a staining 

pattern as that of ElabscienceⓇ antibody. Following stripping and re-staining the same membrane 

as Figure 3.11A with the Boster antibody, a band at 62 kDa was only observed in rat kidney (Figure 

3.11C) with a different predominant band identified at ~42 kDa for Caco-2 cells, while rat striatum 

and rat frontal cortex synaptosome showed predominant bands at ~28 kDa (Figure 3.11C). These 

banding patterns suggest that either there are tissue specific isoforms of OCT2 with large 

differences in apparent molar mass which has never been reported, or that there are major issues 

with the selectivity of commercial OCT2 antibodies. 

To further investigate the specificities of the antibodies I repeated the above experiment but 

reversed the order of use of the two primary antibodies (Figure 3.12A). Generally, the same bands 
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were observed (c.f. Figures 3.11C and 3.12 A) in all tissues with the exception of rat striatum and 

rat frontal cortex synaptosome, where an extra band was seen at 80 kDa (Figure 3.12 A). Following 

stripping and reprobing with the ElabscienceⓇ antibody similar banding patterns was observed for 

rat striatum and frontal cortex synaptosome (Figure 3.12D) to those previously observed with the 

Elabscience antibody (Figure 3.11A), and no band was observed at 62 kDa in Caco-2 cells. In 

addition, additional bands were observed at ~49 kDa in Caco-2 cells, ~20 kDa in kidney and ~13-

15 kDa in intestine (Figure 3.12 D). As such, my ability to conclusively confirm OCT2 presence 

was limited by the commercially available antibodies, and future knock-down studies would be 

required to further address this question.  

Although I could not conclusively verify the presence of OCT2 in Caco-2 cells, the effects 

of pentamidine and ATR are strongly indicative that OCT2 transports TYR across Caco-2 apical 

membranes at nanomolar levels. This is consistent with previous observations in rat native 

neuronal membranes (Berry et al., 2016), although I cannot exclude the possibility that an 

unidentified facilitated diffusion transporter with the same pharmacological profile as OCT2 could 

be mediating the transport observed here. This is in contrast to the previous report of Fischer et al. 

(2010), who indicated no involvement of any of the OCT family in 2-PE (1.1 μM) uptake, even 

though 2-PE transport was studied at supraphysiological levels. 

4.2.3 TYR and 2-PE are transported via an active transport process across the basolateral 

membrane 

In marked contrast to apical addition, with basolateral TYR addition, there was clear 

evidence of active accumulation observed, with 5-10 fold higher TYR concentrations obtained in 

the cellular compartment than that added to the basolateral compartment (Figure 3.3).  

Furthermore, there was a greater than 5-fold larger trans-cellular passage of TYR following 
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basolateral addition than after apical addition (Figure 3.4). Active transport of TYR across 

gastrointestinal cell barriers has not been previously reported. With 2-PE transport, there was a 

trend towards significance observed between cellular and basolateral concentrations with 

basolateral addition (Figure 3.6). Additionally, significantly higher cellular 2-PE accumulation 

was observed in the basolateral to apical direction (Figure 3.7), suggesting similar active transport 

of 2-PE across the basolateral membrane was occurring. In this respect, it is worth noting that the 

2-PE transport pattern was only monitored for five minutes and these initial time-points are 

associated with large error bars in the cellular concentration of 2-PE. In addition, there was no 

significant difference in TYR concentration observed in the first five minutes. It can therefore be 

suggested that 2-PE likely follows a similar pattern as TYR with respect to transport across the 

basolateral membrane of Caco-2 cells, being largely an active transporter-mediated event. Future 

work should confirm this by monitoring 2-PE transport for longer time-points as was performed 

for TYR transport. 

4.2.4 TYR active transport is Na+-dependent 

Transmembrane Na+ gradients are often used as an energy source for active transport of 

cellular metabolites (Alberts et al., 2002). On replacing Na+ in the assay buffer with choline, there 

was a significant decrease in TYR accumulation in the cells following basolateral addition (Figure 

3.16), indicating that the unknown active transporter is dependent on cellular Na+ gradients. 

Interestingly, a similar Na+-dependent active transport of nanomolar TA levels (corresponding to 

physiological levels) has previously been reported in other membrane preparations. Mason et al. 

(1983) reported Na+-dependent uptake of 10 nM 2-PE in rabbit erythrocytes, while Ben-Harari and 

Bakhle (1980), identified Na+-dependent uptake of 2-PE (0.15–200 μM) in isolated rat lung. 

Surprisingly, ATR, being an OCT1 inhibitor, also decreased cellular TYR concentrations 



120 

 

following basolateral addition (Figure 3.15) suggesting that the Na+-dependent active TYR 

transporter is also ATR-sensitive. Kinetic characterization of the active transporter, assuming 

Michaelis Menten kinetics, indicated a Kt value of 33.1 ± 47.4 nM and a Vmax of 43.0 ± 19.1 

nM/second (Figure 3.18). On replacing Na+ with choline for apical TYR loading, there was an 

increase in cellular TYR observed (Figure 3.17B) with a corresponding decrease in basolateral 

TYR (Figure 3.17C), suggesting that TYR passage from the cellular to basolateral compartment is 

Na+-dependent.  

The physiological basis for a basolateral active TYR transporter is unknown. Although 

TAAR1 is present in neuroendocrine and enterochromaffin cells of the intestine in humans and 

rodents (Kidd et al., 2008; Ito et al., 2009; Revel et al., 2013; Raab et al., 2015), where it regulates 

secretion of hormones in response to nutrient sensing, this is unlikely to be the basis for a 

basolateral active transporter. Were the basis of an active transporter to be to provide nutrient-

derived signals to TAAR1, one would expect the transporter to be located on the apical (luminal) 

side of the cell. Rather, I propose that the basolateral active TYR transporter may be indicative of 

a need to protect against excess TYR in the blood. Intestinal epithelial cells are known to contain 

abundant MAO (Vieira-Coelho et al., 1998), and as such active uptake of TYR from the blood into 

gastrointestinal epithelial cells may be for the purpose of metabolism. This may relate to the well-

known ‘cheese effect’ seen in patients prescribed MAO inhibitors (Price and Smith, 1971; Stratton 

et al., 1991; Anderson et al., 1993; Shalaby, 1996; Finberg and Gillman, 2011), where excess TYR 

levels can lead to indirect sympathomimetic amplification of norepinephrine signals, which can in 

turn give rise to severe migraine, hypertensive crisis, and even death (Price and Smith, 1971; 

Stratton et al., 1991; Anderson et al., 1993; Shalaby, 1996; Finberg and Gillman, 2011b).  
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In addition, recent reports indicate TAAR1-mediated signalling in leukocytes suggesting the 

role of TAAR1 in the immune system (D’Andrea et al., 2003; Nelson et al., 2007; Wasik et al., 

2012; Babusyte et al., 2013; Sriram et al., 2016; Christian and Berry, 2018; Fleischer et al., 2018; 

Barnes et al., 2021). Furthermore, TYR acts as a positive chemotactic agent for leukocytes 

(Babusyte et al., 2013) due to the presence of TAAR1 (Nelson et al., 2007; Wasik et al., 

2012).TAAR1 activation has been suggested to promote TH-cell differentiation (Babusyte et al., 

2013), resulting in decreased secretion of phosphoprotein 1 and increased interleukin 4 secretion. 

This suggests that TAAR1 promotes differentiation to the anti-inflammatory TH2 phenotype, 

which could also subsequently result in B cell activation. In addition, TYR has been shown to 

directly increase immunoglobulin E secretion from B cells (Babusyte et al., 2013). Furthermore, 

it has been reported recently that high levels of TYR, in addition to inducing prostaglandin E2 

hypersecretion, can also disrupt the tight-junction protein distribution in gastrointestinal cells 

(Pretorius and Smith, 2022, 2023).  Together, the available evidence suggests that TYR-induced 

activation of leukocyte TAAR1 can promote immune system activation. In such a situation, active 

uptake of TYR to limit local plasma concentrations would safeguard against inappropriate immune 

system activation that could be manifest as inflammatory disorders of the gastrointestinal tract. In 

this respect, TA and TAAR links to inflammatory bowel disease (Wilson et al., 2015; Nagao-

Kitamoto et al., 2016; Kolho et al., 2017; Santoru et al., 2017; Christian and Berry, 2018; Yuan et 

al., 2018; Paley, 2019; Bugda Gwilt et al., 2020), Crohn's disease (ayur et al., 2016; Santoru et al., 

2017; Christian and Berry, 2018; Bugda Gwilt et al., 2020), ulcerative colitis (Santoru et al., 2017; 

Christian and Berry, 2018; Gwilt et al., 2019), celiac disease (Di Cagno et al., 2011; De Angelis 

et al., 2016; Bugda Gwilt et al., 2020), and colorectal cancer (Goedert et al., 2014; Sinha et al., 

2016; Bugda Gwilt et al., 2020) have all been reported. Furthermore, metabolomic studies have 
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further strengthened these suggested links (Jacobs et al., 2016; Kolho et al., 2017; Santoru et al., 

2017; Yuan et al., 2018; Paley, 2019). 

4.3 TYR affinity column isolated proteins do not fit transporter selection criteria 

To attempt to identify the Na+-dependent active transporter, I made use of the observation 

from my initial experiments that the transporter binds to both TYR and ATR (Figure 3.15 and 

3.16) and designed TYR affinity columns by crosslinking TYR to an NHS-activated Sepharose 

stationary phase. After the crosslinking, the efficiency of the coupling was verified to make sure 

that adequate levels of TYR were bound to the NHS-activated Sepharose stationary column 

(Figure 2.8).  As can be seen in Figure 4.1, TYR couples via nucleophilic attack at the ester linkage 

to form a stable amide linkage, via the amine group of TYR. Overlap of the NHS absorbance peak 

with TYR at 235 nm (Figure 2.6) would cause nonspecific absorbance measurements while 

measuring the absorbance for TYR to monitor the efficiency of the generated TYR affinity column.  

 

 

Figure 4.1: Binding of TYR to NHS-activated Sepharose column. TYR couples via 

nucleophilic attack at the NHS ester linkage to form a stable amide linkage with elimination of 

NHS from the NHS ester Sepharose column. The figure was generated in ChemDraw 22.0.0.  

 

Addition of NaOH allowed TYR and NHS to be distinguished due to the auto-oxidation of TYR 

at basic pH, shifting its absorption maximum to 300 nm (Figure 2.7). A consistent 40% decrease 
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in absorption was seen compared to the input solution following the coupling reaction (Figure 2.8), 

which confirms that TYR was coupled to the column.  

TYR binding proteins from Caco-2 cells were then isolated using the prepared affinity 

columns (Figure 3.20). From all the proteins identified, the target protein had to meet the selection 

criteria of being a membrane bound, active transporter protein, which was Na+-dependent, and 

ideally would be known to include TYR as a substrate. As shown in Table 3.1 and in appendix A, 

a total of 124 proteins were identified out of which twenty were membrane proteins, but only two 

were known transporters. The two transporter proteins identified were solute carrier family 2-

facilitated glucose membrane transporter 14 (Slc2A14), and cadherin-17 (Table 3.1). Slc2A14 is a 

hexose transporter that is involved in transporting glucose and dehydroascorbate across 

membranes, and is known to be expressed in the small intestine, colon, lung, brain, liver, heart, 

skeletal muscle, blood, placenta, kidney and testis (Wu and Freeze, 2002; Shaghaghi et al., 2017; 

Alexander et al., 2021; Liu, 2022). This transporter is not, however, an active transporter, and is 

not dependent on the Na+ gradient (Wu and Freeze, 2002; Shaghaghi et al., 2017; Alexander et al., 

2021; Liu, 2022). Cadherin 17 is a calcium-dependent cell adhesion protein also known as Human 

Peptide Transporter-1. It is expressed throughout the intestine and pancreatic ducts and is involved 

in intestinal peptide transport (Dantzig et al., 1994; Yang et al., 1999; Landowski et al., 2003). 

This transporter is an active transporter, but it is dependent on an inwardly-coupled proton gradient 

and not on the Na+ gradient. As such, neither transporter fit the selection criteria, and were 

therefore not considered further.  

The lack of identified transporters meeting selection criteria likely relates to the TYR 

coupling taking place by linkage via the amine group of TYR, with the amine moiety of TYR 

likely necessary for binding to target proteins such as the active transporter. In this respect, other 
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known TYR binding proteins such as OCT1 (Iseki et al., 1993; Breidert et al., 1998a; Gebauer et 

al., 2021), OCT2 (Breidert et al., 1998; Schömig et al., 2006; Gozal et al., 2014; Berry et al., 2016; 

Gebauer et al., 2021), OCT3 (Gozal et al., 2014; Berry et al., 2016; Gebauer et al., 2021) and 

MAO-A/B (Vieira-Coelho et al., 1998) that have been shown to be present in Caco-2 cells 

(Bleasby et al., 2000; Martel et al., 2001; Maubon et al., 2007; Horie et al., 2011) were also not 

among the proteins isolated from TYR-affinity columns. Future work should design alternate TYR 

affinity columns where linkage is via a different part of the structure of TYR, such as the phenolic 

group, or by attaching a linker arm to the −carbon of TYR. In this respect, possible Na+-dependent 

active transporters that can be investigated include uptake 1 transporters that are typified by DAT, 

NET and SERT, which include TYR in their substrate profile (Raiteri et al., 1977; Danek Burgess 

and Justice, 1999; Liang et al., 2009).  

4.4 Modelling of TYR transport predicts the presence of additional TYR transporters  

In intestinal cells, other TYR transport processes could exist but be masked by the active 

accumulation of TYR across the basolateral Caco-2 membranTo study this, I developed a 

computational model based on the known kinetics of identified TYR transport processes. On 

modelling TYR transport across Caco-2 cells with identified transporter kinetics, experimental 

concentration-time relationships could not be replicated for either basolateral or apical TYR 

loading (Figures 3.21 and 3.22). This suggested that the presence of one or more additional TYR 

transporters was required. Even though the baseline model did not recapitulate experimental 

observations, basolateral loading was modelled considerably more poorly than the apical addition 

hence the additional transporter was proposed to be present in the basolateral membrane. Further, 

such an additional transporter is most likely a facilitated diffusion transporter since there was 

already an active transporter in place for TYR in the basolateral membrane, and it would be 
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irrational to have a second active transporter with the identical molecule in the same membrane. 

Since OCT2 was already known to be expressed in Caco-2 cells (Horie et al., 2011) and from my 

pharmacological characterization (Figure 3.9 and 3.10) and western blot results (Figure 3.11 and 

3.12), I first investigated whether also adding OCT2 to the basolateral membrane would improve 

the model (Figure 2.10). Even when the density of the added basolateral membrane OCT2 was 

allowed to vary experimental TYR concentration-time relationships could not be recreated 

(Figures 3.23 and 3.24), suggesting that the needed additional, basolateral facilitated diffusion 

transporter is not OCT2.  

I therefore systematically varied both the Vmax and Kt values for the added basolateral 

membrane transporter to model a facilitated diffusion transporter with non-OCT2 kinetics. Marked 

improvement in modelling accuracy was observed for TYR basolateral addition when Vmax = 55 

nM/second and Kt = 203-507.5 nM (Figure 3.25). In contrast, modelling of apical loading 

worsened (Figure 3.26) under these same conditions. Since improvement of transcellular passage 

modelling in one direction came at the expense of worsening of model accuracy in the other 

direction, I hypothesized that either asymmetry (directional preference of transport) was needed in 

one or more of the facilitated diffusion transporters, or that compartmentalization of TYR within 

the cell was occurring at the high cellular concentrations seen following basolateral loading.  

Asymmetry was introduced by allowing the Kt to vary in each direction of transport for both 

of the facilitated diffusion transporters, OCT2 in the apical membrane and the added unidentified 

basolateral membrane facilitated diffusion transporter, while keeping the Vmax constant, and 

allowing the kinetic parameters to be solved for by the model (Table 3.2). Introduction of 

asymmetry allowed for recapitulation of experimental results in all compartments for both 

basolateral-to-apical and apical-to-basolateral TYR transport when an approximate 10-fold 
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preference of OCT2 for transporting TYR into the cell from the apical compartment was present 

(Figures 3.27 and 3.28). Under these conditions no physiologically meaningful directional 

preference was required for the basolateral membrane facilitated diffusion transporter. In 

particular, this also successfully modelled the marginally higher Xcell compared to Xapical that was 

seen experimentally following apical loading (Figure 3.28). Interestingly, asymmetric 

bidirectional facilitated diffusion transporters have previously been described with respect to 

amino acid transport across the blood brain barrier (Zaragozá, 2020), although I am unaware of 

any previous reports of directionality exhibited by OCT2. Such directionality may reflect known 

differences in pH between the intestinal lumen and cytosolic compartments in vivo, with typical 

luminal (apical) pH ranging from 6.0 - 6.5 while the cytosolic space has a pH of 7.4 (Abrahamse 

et al., 1992; Thwaites et al., 1999; Neuhoff et al., 2005). As shown below (Equations 38 – 41), 

under such conditions, assuming a pKa for TYR of 10.9 (Holland et al., 2015), using the 

Hendersen-Hasselbach equation predicts a close to 10-fold difference in the TYR ionization state. 

In the luminal space: 

6.5 = 10.9 + log {
𝐴−

[𝐻𝐴]
}            (Equation 38) 

𝐴−

[𝐻𝐴]
= 0.000039        (Equation 39) 

While in the cytosolic compartment with a pH of 7.4:  

7.4 = 10.9 + log {
𝐴−

[𝐻𝐴]
}         (Equation 40) 

𝐴−

[𝐻𝐴]
= 0.00032        (Equation 41) 
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This matches nicely with the 10-fold directional preference and would be seen as a 10-fold 

increase in protonated TYR in the luminal space compared to the cytosol, suggesting that OCT2 

preferentially binds, and therefore transports, the protonated (positively charged) form of TYR. 

As a possible alternative to asymmetry of TYR transport by OCT2, I also examined whether 

the introduction of intracellular compartmentalization of TYR could recapitulate experimental 

concentration-time relationships. Intracellular localization of TAAR1 has already been established 

in various cell types and tissues  (Bunzow et al., 2001; Lindemann et al., 2005; Miller et al., 2005; 

Barak et al., 2008; Miller, 2011; Revel et al., 2013; Raab et al., 2015; Pei et al., 2016; Espinoza et 

al., 2018; Pitts et al., 2019; Barnes et al., 2021; Qatato et al., 2021). In particular, endoplasmic 

reticulum and golgi apparatus (Barak et al., 2008; Raab et al., 2015; Qatato et al., 2021), secretory 

vesicle (Espinoza et al., 2018), nuclear (Pitts et al., 2019; Barnes et al., 2021) and unspecified 

intracellular membrane (Miller et al., 2005; Miller, 2011) TAAR1 localizations have been 

suggested. Thus, physiologically, accumulation of TYR in one or more of these compartments 

could be a requirement for TAAR1 binding to occur. As can be seen from my subcellular 

fractionation study (Figure 3.1), 97.7% of TYR was associated to the ribosomal and cytosolic 

fractions, making these fractions the potential compartments for TYR sequestration. Initially, a 

compartmentalization factor, ‘z’, where ‘z’ represents the fraction of intracellular TYR available 

for crossing basolateral and apical membranes, was introduced. A value of z = 0.36, indicating 

64% of TYR was sequestered into one or more subcellular compartment(s), gave the best match 

to experimental results (Figure 3.29 and 3.30). With 64% of TYR sequestered into a compartment 

comprising 10% of the cellular volume, this further suggested such a compartment would require 

an active transporter to accumulate the TYR. Further, the compartmentalization modelling 

appeared to provide a better fit for basolateral, compared to apical, loading, suggesting that a 
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compartment transporter would primarily only be active at the higher intracellular concentrations 

seen following basolateral loading. Although this modelling closely matched experimental results 

for some compartments (Figures 3.29 and 3.30), it was less robust than that obtained with 

asymmetric transport (Figures 3.27 and 3.28). This was consistent with intracellular 

compartmentalization being associated with 2 - 4 fold higher RMSD values in two of the three 

compartments, suggesting that asymmetric transport was more likely than compartmentalization. 

Further, while modelling of the required kinetic parameters for a subcellular compartment(s) 

indicated a potentially physiologically relevant Kt value (154.5 nM), consistent with activity 

primarily at the higher concentrations seen following basolateral transport, the required Vmax (5.2 

x 10-21 nM/second) is equivalent to a mere 86 molecules per second per cell transported, indicating 

an unrealistically low density of transporter to be of physiological relevance. Together, the above 

studies indicate the need for asymmetry in OCT2-mediated TYR transport, resulting in unequal 

bidirectional TYR transport across the apical membrane of Caco-2 cells, which may reflect the pH 

differences between the intestinal lumen and epithelial cell cytosol. 
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Table 4.1: Required kinetic parameters to recapitulate experimental TYR transport.  

Parameter Predicted kinetics from model Experimentally determined 

kinetics 

Vmax_OCT2 2.3 nM/second 0.1 nM/second 

Kt_OCT2_apicaltocell 110.4 nM 101.5 nM 

Kt_OCT2_celltoapical 1227.9 nM n/a 

Vmax_baso_active 3.3 nM/second 43.0 nM/second 

Kt_baso_active 29.0 nM 33.1 nM 

Vmax_baso_new_FD 6.0 nM/second n/a 

Kt_baso_new_FD_basotocell 628.3 nM n/a 

Kt_new_FD_celltobaso 628.3 nM n/a 

This table was adapted from Sarkar et al., 2022. n/a refers to not applicable. 

In summary, overall kinetic parameters that recapitulate experimental observations were 

obtained for OCT2, the Na+-dependent basolateral active transporter, and the unknown new 

basolateral facilitated diffusion transporter (Table 4.1). The Vmax and Kt values for TYR uptake 

into the cell via OCT2 are similar to what was reported from previously determined experimental 

kinetic studies in rat brain synaptosomes (Berry et al., 2016). The Kt appears to be a closer match 

than Vmax since TYR uptake is by the same transporter (OCT2) in both tissues, but OCT2 could 

be present at different densities in both the tissues. Differences between human and rodent OCTs 

regarding their substrate selectivity have been described (Koepsell et al., 2007; Samodelov et al., 

2020) and this should also be considered when comparing the current results to those previously 

reported in rat brain synaptosomes. Asymmetry in OCT2, however, was not investigated and 

reported in previous studies for OCT2 (Berry et al., 2016) and has been reported here for the first 
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time. This suggests that the previously observed TYR transport by neuronal OCT2 should be re-

examined with respect to unequal bi-directionality. Further, the possible presence of active 

transport should also be examined in neuronal preparations. For the Na+-dependent active 

transporter, even though the Kt obtained through modelling is in good agreement with that 

experimentally determined (Table 4.1), the modelled Vmax was found to be 10-fold lower than that 

experimentally determined. 

The current modelling also suggests the need for additional, low-affinity, basolateral 

membrane-facilitated diffusion transporters. Combined with my observation that there is an active 

accumulation of TYR within the cells following basolateral addition (Figure 3.3), and the observed 

high Kt of the basolateral membrane facilitated diffusion transporter (628.3 nM), I propose that 

this is not a selective TYR transporter but rather a transporter that non-selectively includes TYR 

in its substrate spectrum at the high intracellular concentrations seen due to active transport. With 

respect to the identity of such a transporter, modelling provides limited details. TYR is a substrate 

for OCT3 with a reported Kt of approximately 280 nM (Chen et al., 2010), not too dissimilar from 

my modelled Kt of approximately 600 nM. In the current studies, there is considerable uncertainty 

in the estimation of the rates of change of intracellular TYR, and consequently in the deduced 

kinetics, due to the high variability of measured intracellular TYR concentrations because of the 

very small volume of the cellular compartment. OCT3 has been reported to be expressed in the 

small intestine (Shirasaka et al., 2016; Dawed et al., 2019), making it a good potential initial 

candidate for the additional basolateral TYR facilitated diffusion transporter. In addition, the 

facilitated diffusion transporter Slc2A14 that was identified through my protein purification study 

(Table 3.1 and appendix A), with expression reported in the intestine (Shaghaghi et al., 2017), can 

also be considered as a possible candidate for this transporter. More confident identification of 
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candidate transporters will, however, require further studies to identify the TYR binding proteins 

present in Caco-2 cell preparations.  

Such a transporter could become important pathologically during compromised TYR 

metabolism, such as following treatment with MAO inhibitors, where it would provide a channel 

for elevated dietary TYR to enter the bloodstream. Such excess levels of TYR are known to cause 

indirect sympathomimetic effects leading to severe hypertensive crisis, and in extreme situations, 

death (Price and Smith, 1971; Stratton et al., 1991; Anderson et al., 1993; Shalaby, 1996; Finberg 

and Gillman, 2011). Further, elevated blood TYR could lead to pathological immune responses, 

acting as a positive chemotactic agent for leukocytes, promoting pro-inflammatory differentiation, 

and increasing immunoglobulin E secretion from B cells (Babusyte et al., 2013). Such a situation 

may also suggest the TAAR system as a novel therapeutic target for food- induced intestinal 

inflammation and gastrointestinal disorders in susceptible individuals, and is consistent with recent 

reports linking TA and TAAR to such conditions (Di Cagno et al., 2011; Goedert et al., 2014; 

Wilson et al., 2015; De Angelis et al., 2016; Jacobs et al., 2016; Nagao-Kitamoto et al., 2016; 

Sinha et al., 2016; Kolho et al., 2017; Santoru et al., 2017; Christian and Berry, 2018; Yuan et al., 

2018; Gwilt et al., 2019; Paley, 2019; Bugda Gwilt et al., 2020; Pretorius and Smith, 2022, 2023). 

The results from the studies reported here are likely to be generally relevant to other cell 

types beyond Caco-2 cells. The lung epithelia, brain, hepatocytes, kidney, and heart are known to 

express facilitated diffusion transporters such as OCT2 and 3 (Wu et al., 2000b; Lips et al., 2012)  

and PMAT (Wang, 2016), and in and at least some of these tissues are also known to express 

TAAR1 (Borowsky et al., 2001; Lindemann et al., 2005; Revel et al., 2013; Cisneros and 

Ghorpade, 2014; Fleischer et al., 2018). In particular, cells associated with barrier functions such 

as the blood-brain-barrier and fetal-placental barrier express a broad range of broad-spectrum 
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transporters and as such identifying those that regulate endogenous TAAR1 agonist passage across 

these membranes may be an avenue to novel therapeutic options. 

4.5 Conclusions 

I have established for the first time that there are different TYR transport processes present in the 

apical and basolateral membranes of Caco-2 cells (Figure 4.2). Across the apical membrane, TYR 

transport takes place by an OCT2-like facilitated diffusion transporter. In contrast, across the 

basolateral membrane, a Na+-dependent active transport process for TYR is present, that is also 

sensitive to ATR. The same trends were also observed for 2-PE. Through computer simulations, I 

have been able to establish that experimental TYR transport characteristics can only be modelled 

with the presence of an additional basolateral membrane TYR facilitated diffusion transporter and 

asymmetry in OCT2-mediated apical TYR transport. Intracellular TYR compartmentalization was 

unable to replace the need for asymmetry of TYR transport at the apical membrane. Although 

TYR-affinity columns allowed identification of 124 putative TYR binding-proteins, two of the 

proteins were known transporters, with only one of them being an active transporter. This active 

transporter was, however, not a Na+-dependent transporter. More work is needed in order to design 

alternate TYR affinity columns in order to identify the novel transporters reported here. These 

transporters may provide targets through which TA function can be regulated therapeutically and 

provide an additional molecular basis for how the constitutive intestinal microbiota can affect 

human health through host-diet-microbiota interactions. 
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Figure 4.2: Proposed TYR transport mechanisms across Caco-2 cells. TYR is transported 

across the apical membrane of Caco-2 cell by OCT2 and simple diffusion. TYR is transported 

across the basolateral membrane by a Na+-dependent active transporter, an additional, as yet 

unidentified, bidirectional, facilitated diffusion transporter, and via simple diffusion. This figure 

was generated in MS PowerPoint. 
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4.6   Limitations and future directions 

1. The Caco-2 cell line is derived from an adenocarcinoma and has been shown to exhibit 

altered expression of efflux transporters (Darling et al., 2020) compared to the in vivo 

tissues. The presence of other proteins and enzymes in vivo may result in differences in the 

regulation of TA transport across the intestinal membrane than those seen here. In addition, 

the Caco-2 monolayer system lacks the complex, multicellular environments that are 

normally seen in in vivo tissues. Further, the Caco-2 cell model does not provide a 

representation of transport of TA across the vascular endothelial layer before reaching the 

blood, which should be investigated through further in vivo studies. Additionally, the 

Transwell® system is also limited to representing transport of TA across Caco-2 epithelial 

cells and does not represent transport across the endothelium to reach the blood. Future 

studies can also address this by culturing epithelial and endothelial cell types across the 

two sides of the Transwell®. 

2. 2-PE transport properties require systematic examination over extended timeframes to 

confirm similarity (or difference) to TYR. 

3. Commercially available OCT2 antibodies appear to have poor selectivity in western blot 

studies which makes validation of OCT2-mediated TYR transport difficult. OCT2 

knockdown studies are required to validate the role of OCT2 in TYR transport.  

4. The current modelling was performed initially with kinetic parameters of OCT2 

determined in a different cell and species type. There have been differences reported in 

human and rodent OCTs regarding their substrate selectivity (Tahara et al., 2005; Koepsell 

et al., 2007; Samodelov et al., 2020; Kuehne et al., 2022). Verification of the kinetic 

parameters of TYR transport via OCT2 in Caco-2 cells is warranted.  
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5. The characterization of complex TYR transport properties with the presence of OCT2 in 

the Caco-2 apical membrane with asymmetric characteristics, Na+-dependent active 

transporter in the Caco-2 basolateral membrane, and an additional facilitated diffusion 

transporter in the Caco-2 cell, suggests that previously described transport in synaptosomes 

should be re-examined.  

6. Designing alternate affinity columns to isolate TYR binding proteins by using a different 

part of the structure of TYR than the amine moiety is required. This can identify potential 

TYR transporters for future systematic study.  

7. The high variability of TYR concentration in cells causes some inherent uncertainty in 

conclusions. 
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6.  APPENDIX 

A. All common TYR and ATR binding proteins identified from Caco-2 cell 

1.  Myosin-9 OS=Homo sapiens OX=9606 GN=MYH9 PE=1 SV=4 

2.  Keratin, type II cytoskeletal 1 OS=Homo sapiens GN=KRT1 PE=1 SV=6 (membrane) 

3. Keratin, type II cytoskeletal 2 epidermal OS=Homo sapiens GN=KRT2 PE=1 SV=2 

4. Keratin, type I cytoskeletal 10 OS=Homo sapiens GN=KRT10 PE=1 SV=6 

5. Histone H4 OS=Homo sapiens OX=9606 GN=H4C1 PE=1 SV=2 

6. Myosin-14 OS=Homo sapiens OX=9606 GN=MYH14 PE=1 SV=2 (membrane 

7. Trypsin OS =Sus scrofa PE=1 SV=1 

8. Histone H2B OS=Homo sapiens OX=9606 GN=H2BC15 PE=1 SV=1 

9. Keratin, type I cytoskeletal 9 OS=Homo sapiens GN=KRT9 PE=1 SV=3 

10. Histone H2A OS=Homo sapiens OX=9606 PE=3 SV=1 

11. Stress-70 protein, mitochondrial OS=Homo sapiens OX=9606 GN=HSPA9 PE=1 SV=2 

12. Prelamin-A/C OS=Homo sapiens OX=9606 GN=LMNA PE=1 SV=1 

13. Heat shock cognate 71 kDa protein OS=Homo sapiens OX=9606 GN=HSPA8 PE=1 SV=1 

14. X-ray repair cross-complementing protein 6 OS=Homo sapiens OX=9606 GN=XRCC6 

PE=1 SV=2 

15. Annexin A6 OS=Homo sapiens OX=9606 GN=ANXA6 PE=1 SV=3 

16. Heat shock 70 kDa protein 1B OS=Homo sapiens OX=9606 GN=HSPA1B PE=1 SV=1 

17. 60 kDa heat shock protein, mitochondrial OS=Homo sapiens OX=9606 GN=HSPD1 PE=1 

SV=2 

18. Keratin, type II cytoskeletal 8 OS=Homo sapiens OX=9606 GN=KRT8 PE=1 SV=7 

19. Keratin, type II cytoskeletal 5 OS=Homo sapiens OX=9606 GN=KRT5 PE=1 SV=3 

20. Nucleolar protein 58 OS=Homo sapiens OX=9606 GN=NOP58 PE=1 SV=1 
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21. Pyruvate kinase PKM OS=Homo sapiens OX=9606 GN=PKM PE=1 SV=4 

22. Splicing factor 3A subunit 3 OS=Homo sapiens OX=9606 GN=SF3A3 PE=1 SV=1 

23. Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit 2 OS=Homo 

sapiens OX=9606 GN=RPN2 PE=1 SV=3 

24. Copine-1 OS=Homo sapiens OX=9606 GN=CPNE1 PE=1 SV=1 

25. T-complex protein 1 subunit gamma OS=Homo sapiens OX=9606 GN=CCT3 PE=1 SV=4 

26. Beta-galactosidase OS=Homo sapiens OX=9606 GN=GLB1 PE=1 SV=2 

27. Heterogeneous nuclear ribonucleoprotein L OS=Homo sapiens OX=9606 GN=HNRNPL 

PE=1 SV=2 

28. Histone H3.3 (Fragment) OS=Homo sapiens OX=9606 GN=H3-3B PE=1 SV=1 

29. Protein Shroom3 OS=Homo sapiens OX=9606 GN=SHROOM3 PE=1 SV=2 

30. T-complex protein 1 subunit alpha OS=Homo sapiens OX=9606 GN=TCP1 PE=1 SV=1 

31. ATP synthase subunit alpha, mitochondrial OS=Homo sapiens OX=9606 GN=ATP5F1A 

PE=1 SV=1 

32. Serine hydroxymethyltransferase, mitochondrial OS=Homo sapiens OX=9606 

GN=SHMT2 PE=1 SV=3 

33. Aldehyde dehydrogenase, mitochondrial OS=Homo sapiens OX=9606 GN=ALDH2 PE=1 

SV=2 

34. Annexin A11 OS=Homo sapiens OX=9606 GN=ANXA11 PE=1 SV=1 

35. Dihydrolipoyl dehydrogenase, mitochondrial OS=Homo sapiens OX=9606 GN=DLD 

PE=1 SV=2 

36. Keratin, type I cytoskeletal 18 OS=Homo sapiens OX=9606 GN=KRT18 PE=1 SV=2 
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37. Methylmalonate-semialdehyde dehydrogenase [acylating], mitochondrial OS=Homo 

sapiens OX=9606 GN=ALDH6A1 PE=1 SV=2 

38. ATP synthase subunit beta, mitochondrial OS=Homo sapiens OX=9606 GN=ATP5F1B 

PE=1 SV=3 

39. Histone-binding protein RBBP4 OS=Homo sapiens OX=9606 GN=RBBP4 PE=1 SV=3 

40. Tubulin beta chain OS=Homo sapiens OX=9606 GN=TUBB PE=1 SV=2 

41. Coronin-1C OS=Homo sapiens OX=9606 GN=CORO1C PE=1 SV=1 

42. Tubulin alpha chain OS=Homo sapiens OX=9606 GN=TUBA1C PE=1 SV=1 

43. Tubulin beta-4B chain OS=Homo sapiens OX=9606 GN=TUBB4B PE=1 SV=1 

44. Keratin, type I cytoskeletal 19 OS=Homo sapiens OX=9606 GN=KRT19 PE=1 SV=4  

45. Solute carrier family 2, facilitated glucose transporter member 14 OS=Homo sapiens 

OX=9606 GN=SLC2A14 PE=1 SV=1 

46. Protein disulfide-isomerase A6 OS=Homo sapiens OX=9606 GN=PDIA6 PE=1 SV=1 

47. Lupus La protein OS=Homo sapiens OX=9606 GN=SSB PE=1 SV=2 

48. RuvB-like 2 OS=Homo sapiens OX=9606 GN=RUVBL2 PE=1 SV=3 

49. Elongation factor Tu, mitochondrial OS=Homo sapiens OX=9606 GN=TUFM PE=1 

SV=2 

50. Actin, cytoplasmic 1 OS=Homo sapiens OX=9606 GN=ACTB PE=1 SV=1 

51. Serpin H1 OS=Homo sapiens OX=9606 GN=SERPINH1 PE=1 SV=2 

52. Annexin A7 OS=Homo sapiens OX=9606 GN=ANXA7 PE=1 SV=3 

53. Eukaryotic initiation factor 4A-II OS=Homo sapiens OX=9606 GN=EIF4A2 PE=1 SV=2 

54. Eukaryotic initiation factor 4A-III OS=Homo sapiens OX=9606 GN=EIF4A3 PE=1 SV=4 

55. Actin-related protein 3 OS=Homo sapiens OX=9606 GN=ACTR3 PE=1 SV=3 
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56. Citrate synthase, mitochondrial OS=Homo sapiens OX=9606 GN=CS PE=1 SV=2 

57. 26S proteasome non-ATPase regulatory subunit 11 OS=Homo sapiens OX=9606 

GN=PSMD11 PE=1 SV=3 

58. Reticulon-4 OS=Homo sapiens OX=9606 GN=RTN4 PE=1 SV=2 

59. Acetyl-CoA acetyltransferase, mitochondrial OS=Homo sapiens OX=9606 GN=ACAT1 

PE=1 SV=1 

60. Creatine kinase B-type OS=Homo sapiens OX=9606 GN=CKB PE=1 SV=1 

61. Actin, alpha cardiac muscle 1 OS=Homo sapiens OX=9606 GN=ACTC1 PE=1 SV=1 

62. Interleukin enhancer-binding factor 2 OS=Homo sapiens OX=9606 GN=ILF2 PE=1 SV=2 

63. 3-ketoacyl-CoA thiolase, mitochondrial OS=Homo sapiens OX=9606 GN=ACAA2 PE=1 

SV=2 

64. Cullin-4B OS=Homo sapiens OX=9606 GN=CUL4B PE=1 SV=4 

65. Translocon-associated protein subunit delta OS=Homo sapiens OX=9606 GN=SSR4 PE=1 

SV=1 

66. Peptidyl-prolyl cis-trans isomerase A OS=Homo sapiens GN=PPIA PE=1 SV=2 

67. Histone H2B type 1-J OS=Homo sapiens OX=9606 GN=H2BC11 PE=1 SV=3 

68. Nucleophosmin OS=Homo sapiens OX=9606 GN=NPM1 PE=1 SV=2 

69. Microsomal glutathione S-transferase 3 OS=Homo sapiens OX=9606 GN=MGST3 PE=1 

SV=1 

70. Activated RNA polymerase II transcriptional coactivator p15 OS=Homo sapiens OX=9606 

GN=SUB1 PE=1 SV=3 

71. Ragulator complex protein LAMTOR1 OS=Homo sapiens OX=9606 GN=LAMTOR1 

PE=1 SV=2 
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72. Actin-related protein 2/3 complex subunit 5 OS=Homo sapiens OX=9606 GN=ARPC5 

PE=1 SV=3 

73. 60S ribosomal protein L34 OS=Homo sapiens OX=9606 GN=RPL34 PE=1 SV=3 

74. 40S ribosomal protein S16 OS=Homo sapiens OX=9606 GN=RPS16 PE=1 SV=1 

75. 40S ribosomal protein S19 OS=Homo sapiens OX=9606 GN=RPS19 PE=1 SV=2 

76. Peroxiredoxin-5, mitochondrial OS=Homo sapiens OX=9606 GN=PRDX5 PE=1 SV=4 

77. 40S ribosomal protein S15a OS=Homo sapiens OX=9606 GN=RPS15A PE=1 SV=2 

78. 40S ribosomal protein S20 OS=Homo sapiens OX=9606 GN=RPS20 PE=1 SV=1 

79. 60S ribosomal protein L36 OS=Homo sapiens OX=9606 GN=RPL36 PE=1 SV=3 

80. 40S ribosomal protein S14 OS=Homo sapiens OX=9606 GN=RPS14 PE=1 SV=3 

81. Cytochrome c oxidase subunit 4 isoform 1, mitochondrial OS=Homo sapiens OX=9606 

GN=COX4I1 PE=1 SV=1 

82. 40S ribosomal protein S26 OS=Homo sapiens OX=9606 GN=RPS26 PE=1 SV=3 

83. 60S ribosomal protein L23 OS=Homo sapiens OX=9606 GN=RPL23 PE=1 SV=1 

84. ATP synthase subunit delta, mitochondrial OS=Homo sapiens OX=9606 GN=ATP5F1D 

PE=1 SV=2 

85. 60S ribosomal protein L22 OS=Homo sapiens OX=9606 GN=RPL22 PE=1 SV=2 

86. Protein mago nashi homolog 2 OS=Homo sapiens OX=9606 GN=MAGOHB PE=1 SV=1 

87. Histone H2A type 2-B OS=Homo sapiens OX=9606 GN=H2AC21 PE=1 SV=3 

88. Histone H2A.Z OS=Homo sapiens OX=9606 GN=H2AZ1 PE=1 SV=2 

89. 60S ribosomal protein L31 OS=Homo sapiens OX=9606 GN=RPL31 PE=1 SV=1 

90. Small nuclear ribonucleoprotein Sm D2 OS=Homo sapiens OX=9606 GN=SNRPD2 PE=1 

SV=1 
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91. Nuclear cap-binding protein subunit 2 OS=Homo sapiens OX=9606 GN=NCBP2 PE=1 

SV=1 

92. Myosin light polypeptide 6 OS=Homo sapiens OX=9606 GN=MYL6 PE=1 SV=1  

93. Oligosaccharyltransferase complex subunit OSTC OS=Homo sapiens OX=9606 

GN=OSTC PE=1 SV=1 

94. Cysteine-rich and transmembrane domain-containing protein 1 OS=Homo sapiens 

OX=9606 GN=CYSTM1 PE=1 SV=1 

95. 39S ribosomal protein L49, mitochondrial OS=Homo sapiens OX=9606 GN=MRPL49 

PE=1 SV=1 

96. 60S acidic ribosomal protein P1 OS=Homo sapiens OX=9606 GN=RPLP1 PE=1 SV=1 

97. Ergosterol biosynthetic protein 28 homolog OS=Homo sapiens OX=9606 GN=ERG28 

PE=1 SV=1 

98. 40S ribosomal protein S12 OS=Homo sapiens OX=9606 GN=RPS12 PE=1 SV=3 

99. 60S acidic ribosomal protein P2 OS=Homo sapiens OX=9606 GN=RPLP2 PE=1 SV=1 

100.  SRA stem-loop-interacting RNA-binding protein, mitochondrial OS=Homo sapiens 

OX=9606 GN=SLIRP PE=1 SV=1 

101. 60S ribosomal protein L30 OS=Homo sapiens OX=9606 GN=RPL30 PE=1 SV=2 

102. 60S ribosomal protein L35a OS=Homo sapiens OX=9606 GN=RPL35A PE=1 SV=2 

103. Cytochrome c oxidase subunit 5B, mitochondrial OS=Homo sapiens OX=9606 

GN=COX5B PE=1 SV=2 

104. Small nuclear ribonucleoprotein Sm D1 OS=Homo sapiens OX=9606 GN=SNRPD1 

PE=1 SV=1 

105. Profilin-1 OS=Homo sapiens OX=9606 GN=PFN1 PE=1 SV=2 
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106. Small nuclear ribonucleoprotein Sm D3 OS=Homo sapiens OX=9606 GN=SNRPD3 

PE=1 SV=1 

107. Heterogeneous nuclear ribonucleoproteins C1/C2 OS=Homo sapiens OX=9606 

GN=HNRNPC PE=1 SV=4 

108. Fatty acid-binding protein 5 OS=Homo sapiens OX=9606 GN=FABP5 PE=1 SV=3 

109. Protein transport protein Sec61 subunit beta OS=Homo sapiens OX=9606 GN=SEC61B 

PE=1 SV=2 

110. Acyl-coenzyme A thioesterase 13 OS=Homo sapiens OX=9606 GN=ACOT13 PE=1 

SV=1 

111. Dermcidin OS=Homo sapiens OX=9606 GN=DCD PE=1 SV=2 

112. 60S ribosomal protein L23a OS=Homo sapiens OX=9606 GN=RPL23A PE=1 SV=1 

113. Vesicle-associated membrane protein 8 OS=Homo sapiens OX=9606 GN=VAMP8 PE=1 

SV=1 

114. General transcription factor IIF subunit 2 OS=Homo sapiens OX=9606 GN=GTF2F2 

PE=1 SV=2 

115. Multifunctional methyltransferase subunit TRM112-like protein OS=Homo sapiens 

OX=9606 GN=TRMT112 PE=1 SV=1 

116. Cadherin-17 OS=Homo sapiens OX=9606 GN=CDH17 PE=1 SV=3 

117. Thioredoxin OS=Homo sapiens GN=TXN PE=1 SV=3 

118. RPS10-NUDT3 readthrough OS=Homo sapiens OX=9606 GN=RPS10-NUDT3 PE=3 

SV=1 

119. U6 snRNA-associated Sm-like protein LSm3 OS=Homo sapiens OX=9606 GN=LSM3 

PE=1 SV=2 
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120. Single-stranded DNA-binding protein, mitochondrial OS=Homo sapiens OX=9606 

GN=SSBP1 PE=1 SV=1 

121. Cytochrome c oxidase polypeptide Va OS=Homo sapiens OX=9606 GN=COX5A PE=1 

SV=1 

122. COX assembly mitochondrial protein homolog OS=Homo sapiens OX=9606 GN=CMC1 

PE=1 SV=1 

123. Histone H3 OS=Homo sapiens OX=9606 GN=H3-2 PE=1 SV=1 

124. Cytochrome c OS=Homo sapiens GN=CYCS PE=1 SV=2 
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B. Codes used for MATLAB to investigate the presence of additional TYR transporters in 

Caco-2 cell 

B.i Solving baseline and plotting 

%This Matlab function shows all the baseline scenarios with Simple 

%diffusion, Facilitated diffisuion and Active transport 

function combined_vol_output = Baseline() 

 

%Prompting the user to input the values 

 

prompt      = 'Enter the concentration of the apical compartment (in nmol): '; 

X_apical    = input(prompt); 

prompt      = 'Enter the concentration of the cellular compartment (in nmol): '; 

X_cell      = input(prompt); 

prompt      = 'Enter the concentration of the basolateral compartment (in nmol): '; 

X_baso      = input(prompt); 

 

global X_initial    %Define the initial concentrations for the layers (nM) 

 

X_initial   = [X_apical, X_cell, X_baso];   %Initial concentrations for three layers 

 

%%%Define the volume for each of the compartments (defined in cubic meters) 

 

global vol_apical   %Volume of apical compartment 

global vol_cell     %Volume of cellular compartment 
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global vol_baso     %Volume of basolateral compartment 

 

vol_apical  = 100e-6*1e-3; 

vol_cell    = 0.82e-6*1e-3; 

vol_baso    = 600e-6*1e-3; 

 

min_conv    = 60;   %Used for converting seconds to mins 

 

%%%Defining alpha for simple diffusion 

 

global alpha                    %Half-life constant for membrane (min-1) 

p       = 22.6e-10 * min_conv;  %Permeability (1/min) 

A       = 3.3e-5;               %Surface area (m2) 

alpha   = p*A;                  %Half-life of Caco-2 cell 

 

%%%Defining constant values for Faciliated diffusion 

 

global Kapical_FD     %Substrate concentration (nM) (Apical compartment) 

global Vm_apical_FD   %Maximum rate achieved (nM/min) (Apical compartment) 

 

Kapical_FD     = 101.5;    %Substrate concentration for apical compartment for Facilitated 

transporter  

Vm_apical_FD   = 0.11 * min_conv;     %Maximum rate achieved between apical and cell 

for Facilitated transporter 
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% Vm_apical_FD   = 2.57369 * min_conv;     %Maximum rate achieved between apical and 

cell for Facilitated transporter 

% Vm_apical_FD   = 2.57369 * min_conv;     %Maximum rate achieved between apical and 

cell for Facilitated transporter 

 

%%%Defining constant values for Active Transport 

 

global Kbaso_AT       %Substrate concentration (nM) 

global Vm_baso_AT     %Maximum rate achieved (nM/min)   

 

Kbaso_AT       = 33.1;     %Substrate concetration for basolateral-cell compartment for 

Active transporter 

% Kbaso_AT       = 29.2678;     %Substrate concetration for basolateral-cell compartment 

for Active transporter 

Vm_baso_AT     = 43.0 * min_conv;     %Maximum rate achieved between basolateral and  

 

%%%Time span for output 

global T 

 

T = 30; 

 

tspan = 0:1:T;   

  

 

ODE_X_baseline = @ODE_Combined_Diffusion_Active_Trasport_Baseline;  
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[t,X_CD_AT] = ode45(ODE_X_baseline, tspan, X_initial); %MATLAB ODE solver 

 

combined_vol_output = X_CD_AT;          %All the output values 

apical_baseline_output   = X_CD_AT(:,1);      

cell_baseline_output     = X_CD_AT(:,2);      

baso_baseline_output     = X_CD_AT(:,3);      

 

if gt(X_apical,X_baso) 

    Title = 'Apical addition'; 

else 

    Title = 'Basolateral addition'; 

end 

 

%Importing values for experimental data from matlab 

if gt(X_apical , X_baso)    

    apical_exp_values   = xlsread('Apical_addition','Apical');  

    apical_exp_mean     = apical_exp_values(:,end-2);   

    apical_exp_std      = apical_exp_values(:,end-1);     

 

    %Importing the Cellular experimental values 

    cell_exp_values     = xlsread('Apical_addition','Cell');  

    cell_exp_mean       = cell_exp_values(:,end-2);    

    cell_exp_std        = cell_exp_values(:,end-1);      
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    %Importing the Basolateral experimental values 

    baso_exp_values     = xlsread('Apical_addition','Baso');  

    baso_exp_mean       = baso_exp_values(:,end-2);   

    baso_exp_std        = baso_exp_values(:,end-1);     

 

    time_span_exp       = apical_exp_values(1:end,1); %Time span for the experimental values 

 

elseif lt(X_apical, X_baso)     %Basolateral addition to the Apical compartment 

    %Importing the Apical experimental values 

    apical_exp_values   = xlsread('Baso_addition','Apical');  

    apical_exp_mean     = apical_exp_values(:,end-2);   

    apical_exp_std      = apical_exp_values(:,end-1);     

 

    %Importing the Cellular experimental values 

    cell_exp_values     = xlsread('Baso_addition','Cell');  

    cell_exp_mean       = cell_exp_values(:,end-2);    

    cell_exp_std        = cell_exp_values(:,end-1);      

 

    %Importing the Basolateral experimental values 

    baso_exp_values     = xlsread('Baso_addition','Baso');  

    baso_exp_mean       = baso_exp_values(:,end-2);    

    baso_exp_std        = baso_exp_values(:,end-1);      

 

    time_span_exp       = apical_exp_values(1:end,1);  

end 
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%Plot of Concentration vs Time with the Experimental values superimposed 

%Plotting the Apical compartment results 

Figure(1) 

 

nexttile 

% subplot(3,1,1) 

hold on 

plot(t, apical_baseline_output,'b', 'Linewidth', 6) 

grid on 

set(gca,'FontSize',25,'fontweight','bold') 

set(gcf,'color','w'); 

title('Apical','fontweight','bold'); 

xlabel('Time (minutes)','fontweight','bold'); 

ylabel('TYR (nM)','fontweight','bold'); 

hold on 

plot(time_span_exp, apical_exp_mean,'r','Marker','o','MarkerSize',10,'Linewidth', 6) 

hold on 

errorbar(time_span_exp,apical_exp_mean,apical_exp_std,'r', 'Linewidth', 4) 

if gt(X_apical, X_baso) %Graph limits for apical addition 

    ylim([0 50]) 

else 

    ylim([0 50]); 

end 

legend({'Baseline simulation', 'Experimental'},'FontSize',20) 
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%Plotting the Cellular compartment results 

% Figure(2) 

% subplot(3,1,2) 

nexttile 

hold on 

plot(t, cell_baseline_output, 'b', 'Linewidth', 6) 

grid on 

set(gca,'FontSize',25,'fontweight','bold') 

set(gcf,'color','w'); 

title('Cell','fontweight','bold') 

xlabel('Time (minutes)','fontweight','bold') 

ylabel('TYR (nM)','fontweight','bold') 

hold on 

plot(time_span_exp, cell_exp_mean,'r','Marker','o','MarkerSize',10,'Linewidth', 6) 

hold on 

errorbar(time_span_exp,cell_exp_mean,cell_exp_std,'r', 'Linewidth', 4) 

ylim([0 5000]); 

% legend({'Theoretical', 'Experimental'},'FontSize',42) 

 

%Plotting the Basolateral compartment results 

% Figure(3) 

% subplot(3,1,3) 

nexttile 
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hold on 

plot(t, baso_baseline_output, 'b', 'Linewidth', 6) 

grid on 

set(gca,'FontSize',25,'fontweight','bold') 

set(gcf,'color','w'); 

title('Basolateral','fontweight','bold') 

xlabel('Time (minutes)','fontweight','bold') 

ylabel('TYR (nM)','fontweight','bold') 

hold on 

plot(time_span_exp, baso_exp_mean,'r','Marker','o','MarkerSize',10,'Linewidth', 6) 

hold on 

errorbar(time_span_exp,baso_exp_mean,baso_exp_std,'r', 'Linewidth', 4) 

if gt(X_apical, X_baso) %Graph limits for apical addition 

    ylim([0 100]) 

else 

    ylim([0 100]); 

end 

% legend({'Baseline','Experimental'},'FontSize',42) 

end 

 

%Combined Diffusion and Active transport function for baseline scenario 

function dXdt = ODE_Combined_Diffusion_Active_Trasport_Baseline(~,X) 

global alpha 

global Kapical_FD 

global Kbaso_AT 
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global Vm_apical_FD    

global Vm_baso_AT    

global vol_apical    

global vol_cell      

global vol_baso      

 

%Apical compartment: Simple diffusion and Facilitated diffusion 

diff_X1 = (-1 * (alpha / vol_apical) * ((X(1) - X(2)))) +... 

    ((vol_cell/vol_apical) * ((-1) * (Vm_apical_FD*X(1) / (Kapical_FD + X(1))) + 

(Vm_apical_FD*X(2) / (Kapical_FD + X(2))))); 

 

%Cellular compartment: Simple diffusion, Active transport and Facilitated 

%diffusion from the apical compartment only 

diff_X2 = (-1 * (alpha / vol_cell) * (X(2) - X(1))) + (-1 * (alpha / vol_cell) * (X(2) - X(3)))... 

    + ((Vm_apical_FD * X(1)) / (Kapical_FD + X(1))) + (-1) * (Vm_apical_FD * X(2) / 

(Kapical_FD + X(2)))... 

    + (Vm_baso_AT * X(3) / (Kbaso_AT + X(3))); 

 

%Basolateral compartment: Simple diffusion, Active transport and Faciliated diffusion 

diff_X3 = (-1 * (alpha / vol_baso) * ((X(3) - X(2))))... 

    + (-1 * (vol_cell / vol_baso) * (Vm_baso_AT*X(3) / (Kbaso_AT + X(3)))); 

 

dXdt = [diff_X1; diff_X2; diff_X3]; 

end 
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B.ii Introducing OCT2 in the basolateral membrane at varying densities and plotting 

function combined_vol_output = OCT2_in_basolateral_membrane_scenario_1() 

prompt      = 'Enter the concentration of the apical compartment (in nM): '; 

X_apical    = input(prompt); 

prompt      = 'Enter the concentration of the cellular compartment (in nM): '; 

X_cell      = input(prompt); 

prompt      = 'Enter the concentration of the basolateral compartment (in nM): '; 

X_baso      = input(prompt); 

global X_initial    %Define the initial concentrations for the layers (nM) 

X_initial   = [X_apical, X_cell, X_baso];   %Initial concentrations for three layers 

 

global vol_apical   %Volume of apical compartment 

global vol_cell     %Volume of cellular compartment 

global vol_baso     %Volume of basolateral compartment 

 

vol_apical  = 100e-6*1e-3; 

vol_cell    = 0.82e-6*1e-3; 

vol_baso    = 600e-6*1e-3; 

 

min_conv    = 60;   %Used for converting seconds to mins 

 

%%%Defining alpha for simple diffusion 

 

global alpha                    %Half-life constant for membrane (min-1) 
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p       = 22.6e-10 * min_conv;  %Permeability (1/min) 

A       = 3.3e-5;               %Surface area (m2) 

alpha   = p*A;                  %Half-life of Caco-2 cell 

 

%%%Defining constant values for Faciliated diffusion 

 

global Kapical_FD     %Substrate concentration (nM) (Apical compartment) 

global Vm_apical_FD   %Maximum rate achieved (nM/min) (Apical compartment) 

 

Kapical_FD     = 101.5;    %Substrate concentration for apical compartment for Facilitated 

transporter  

Vm_apical_FD   = 0.11 * min_conv;     %Maximum rate achieved between apical and cell for 

Facilitated transporter 

 

%%%Defining constant values for Active Transport 

 

global Kbaso_AT       %Substrate concentration (nM) 

global Vm_baso_AT     %Maximum rate achieved (nM/min)   

 

Kbaso_AT       = 33.1;     %Substrate concetration for basolateral-cell compartment for Active 

transporter 

Vm_baso_AT     = 43.0 * min_conv;     %Maximum rate achieved between basolateral and cell 

for Active transporter 
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%%%Time span for output 

global T 

 

T = 30; 

 

tspan = 0:1:T;   

 

%Combined diffusion and active transport (Baseline) 

ODE_X_baseline = @ODE_Combined_Diffusion_Active_Trasport_Baseline;  

 

[t,X_CD_AT] = ode45(ODE_X_baseline, tspan, X_initial); %MATLAB ODE solver 

 

combined_vol_output = X_CD_AT;          %All the output values 

apical_baseline_output   = X_CD_AT(:,1);     %Apical values 

cell_baseline_output     = X_CD_AT(:,2);     %Cellular values 

baso_baseline_output     = X_CD_AT(:,3);     %Basolateral values 

 

%%%Introducing different scenarios of Facilitated diffusion in the basolateral compartment 

 

%Scenario 1a, Basolateral Vm_baso_FD_new = Vm_apical_FD and 

%Kbaso_FD_new = Kapical 
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global Vm_baso_FD_new 

global Kbaso_FD_new 

 

Vm_baso_FD_new     = Vm_apical_FD;  %Define Vmax for FD in baseolateral compartment 

Kbaso_FD_new       = Kapical_FD;    %Define Kbaso for FD in baseolateral compartment 

 

ODE_X_scenario1a = @ODE_Combined_Diffusion_Active_Trasport_Scenario;  

 

[t,X_SC_1a]      = ode45(ODE_X_scenario1a, tspan, X_initial); 

 

apical_sc1a_output   = X_SC_1a(:,1);  %Scenario 1a apical concetration values 

cell_sc1a_output     = X_SC_1a(:,2);  %Scenario 1a cellular concentration values 

baso_sc1a_output     = X_SC_1a(:,3);  %Scenario 1a basolateral concentration values 

 

%Scenario 1b, Basolateral Vm_baso_FD_new = 0.1 * Vm_apical_FD and 

%Kbaso_FD_new = Kapical 

 

Vm_baso_FD_new     = 0.1*Vm_apical_FD;  %Define Vmax for FD in baseolateral 

compartment 

Kbaso_FD_new       = Kapical_FD;        %Define Kbaso for FD in baseolateral compartment 

 

ODE_X_scenario1b = @ODE_Combined_Diffusion_Active_Trasport_Scenario;  
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[t,X_SC_1b]      = ode45(ODE_X_scenario1b, tspan, X_initial); 

 

apical_sc1b_output   = X_SC_1b(:,1);  %Scenario 1b apical concentration values 

cell_sc1b_output     = X_SC_1b(:,2);  %Scenario 1b cellular concentration values 

baso_sc1b_output     = X_SC_1b(:,3);  %Scenario 1b basolateral concentration values 

 

%Scenario 1c, Basolateral Vm_baso_FD_new = 2 * Vm_apical_FD and 

%Kbaso_FD_new = Kapical 

 

Vm_baso_FD_new     = 2*Vm_apical_FD; %Define Vmax for FD in baseolateral compartment 

Kbaso_FD_new       =  Kapical_FD;        %Define Kbaso for FD in baseolateral compartment 

 

ODE_X_scenario1c = @ODE_Combined_Diffusion_Active_Trasport_Scenario;  

 

[t,X_SC_1c]      = ode45(ODE_X_scenario1c, tspan, X_initial); 

 

apical_sc1c_output   = X_SC_1c(:,1);  %Scenario 1c apical concentration values 

cell_sc1c_output     = X_SC_1c(:,2);  %Scenario 1c cellular concentration values 

baso_sc1c_output     = X_SC_1c(:,3);  %Scenario 1c basolateral concentration values 

 

%Scenario 1d, Basolateral Vm_baso_FD_new = 20 * Vm_apical_FD and 

%Kbaso_FD_new = Kapical 
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Vm_baso_FD_new     = 20*Vm_apical_FD; %Define Vmax for FD in baseolateral 

compartment 

Kbaso_FD_new       = Kapical_FD;        %Define Kbaso for FD in baseolateral compartment 

 

ODE_X_scenario1d = @ODE_Combined_Diffusion_Active_Trasport_Scenario;  

 

[t,X_SC_1d]      = ode45(ODE_X_scenario1d, tspan, X_initial); 

 

apical_sc1d_output   = X_SC_1d(:,1);  %Scenario 1d apical concentration values 

cell_sc1d_output     = X_SC_1d(:,2);  %Scenario 1d cellular concentration values 

baso_sc1d_output     = X_SC_1d(:,3);  %Scenario 1d basolateral concentration values 

 

%Importing values for experimental data from matlab 

if gt(X_apical , X_baso)    %Apical addition to Basolateral compartment 

    %Importing the Apical experimental values 

    apical_exp_values   = xlsread('Apical_addition','Apical');  

    apical_exp_mean     = apical_exp_values(:,end-2);  %Mean experimental values 

    apical_exp_std      = apical_exp_values(:,end-1);    %Std err experimental values 

 

    %Importing the Cellular experimental values 

    cell_exp_values     = xlsread('Apical_addition','Cell');  

    cell_exp_mean       = cell_exp_values(:,end-2);   %Mean experimental values 

    cell_exp_std        = cell_exp_values(:,end-1);     %Std err experimental values 
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    %Importing the Basolateral experimental values 

    baso_exp_values     = xlsread('Apical_addition','Baso');  

    baso_exp_mean       = baso_exp_values(:,end-2);   %Mean experimental values 

    baso_exp_std        = baso_exp_values(:,end-1);     %Std err experimental values 

 

    time_span_exp       = apical_exp_values(1:end,1); %Time span for the experimental values 

 

elseif lt(X_apical, X_baso)     %Basolateral addition to the Apical compartment 

    %Importing the Apical experimental values 

    apical_exp_values   = xlsread('Baso_addition','Apical');  

    apical_exp_mean     = apical_exp_values(:,end-2);  %Mean experimental values 

    apical_exp_std      = apical_exp_values(:,end-1);    %Std err experimental values 

 

    %Importing the Cellular experimental values 

    cell_exp_values     = xlsread('Baso_addition','Cell');  

    cell_exp_mean       = cell_exp_values(:,end-2);   %Mean experimental values 

    cell_exp_std        = cell_exp_values(:,end-1);     %Std err experimental values 

 

    %Importing the Basolateral experimental values 

    baso_exp_values     = xlsread('Baso_addition','Baso');  

    baso_exp_mean       = baso_exp_values(:,end-2);   %Mean experimental values 

    baso_exp_std        = baso_exp_values(:,end-1);     %Std err experimental values 
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    time_span_exp       = apical_exp_values(1:end,1); %Time span for the experimental values 

end 

     

if gt(X_apical,X_baso) 

    Title = 'Apical addition'; 

else 

    Title = 'Basolateral addition'; 

end 

 

%Plot of Concentration vs Time with the Experimental values superimposed 

%Scenario color codes 

a_color_code = [0.8500 0.3250 0.0980]; 

b_color_code = [0.4940 0.1840 0.5560]; 

c_color_code = [0.4660 0.6740 0.1880]; 

d_color_code = [0, 1, 1]; 

 

%Plotting the Apical compartment results 

Figure(1) 

nexttile 

hold on 

plot(t, apical_baseline_output,'b', 'Linewidth', 6) 

grid on 



233 

 

hold on 

plot(t, apical_sc1a_output,':','Color',a_color_code,'MarkerSize',12,'Linewidth',6) 

hold on 

plot(t, apical_sc1b_output,':','Color',b_color_code,'MarkerSize',12,'Linewidth',6) 

hold on 

plot(t, apical_sc1c_output,':','Color',c_color_code,'MarkerSize',12,'Linewidth',6) 

hold on 

plot(t, apical_sc1d_output,':','Color',d_color_code,'MarkerSize',12,'Linewidth',6) 

set(gca,'FontSize',25,'fontweight','bold') 

set(gcf,'color','w'); 

title('Apical') 

xlabel('Time (minutes)') 

ylabel('TYR (nM)') 

hold on 

plot(tim8 e_span_exp, apical_exp_mean,'r','Marker','o','MarkerSize',10,'Linewidth', 6) 

hold on 

errorbar(time_span_exp,apical_exp_mean,apical_exp_std,'r', 'Linewidth', 4) 

if gt(X_apical, X_baso) %Graph limits for apical addition 

    ylim([0 100]) 

else 

    ylim([0 100]); 

end 

% legend({'Theoretical','Scenario 1a, Vmax\_apical\_FD, Kapical\_FD',... 
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%         'Scenario 1b, 0.1x Vmax\_apical\_FD, Kapical\_FD','Scenario 1c, 2x Vmax\_apical, 

Kapical\_FD', 'Scenario 1d, 20x Vmax\_apical, Kapical\_FD' 

%         'Experimental'},... 

%         'FontSize', 30) 

legend({'Baseline simulation', Vmax\_OCT2, Kt\_OCT2',... 

        '0.1* Vmax\_OCT2, Kt\_OCT2',' 2* Vmax\_OCT2, Kt\_OCT2', ’20* Vmax\_OCT2, 

Kt\_OCT2',... 

        'Experimental'},... 

        'FontSize', 20) 

%Plotting the Cellular compartment results 

% Figure(2) 

nexttile 

hold on 

plot(t, cell_baseline_output, 'b', 'Linewidth', 6) 

grid on 

hold on 

plot(t, cell_sc1a_output,':','Color',a_color_code,'MarkerSize',12,'Linewidth',6) 

hold on 

plot(t, cell_sc1b_output,':','Color',b_color_code,'MarkerSize',12,'Linewidth',6) 

hold on 

plot(t, cell_sc1c_output,':','Color',c_color_code,'MarkerSize',12,'Linewidth',6) 

hold on 

plot(t, cell_sc1d_output,':','Color',d_color_code,'MarkerSize',12,'Linewidth',6) 
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set(gca,'FontSize',25,'fontweight','bold') 

set(gcf,'color','w'); 

title('Cell') 

xlabel('Time (minutes)') 

ylabel('TYR (nM)') 

hold on 

plot(time_span_exp, cell_exp_mean,'r','Marker','o','MarkerSize',10,'Linewidth', 4) 

hold on 

errorbar(time_span_exp,cell_exp_mean,cell_exp_std,'r', 'Linewidth', 3) 

ylim([0 250]); 

 

% legend({'Theoretical','Scenario 1a, Vmax\_apical\_FD, Kapical\_FD',... 

%         'Scenario 1b, 0.1x Vmax\_apical\_FD, Kapical\_FD','Scenario 1c, 2x Vmax\_apical, 

Kapical\_FD', 'Scenario 1d, 20x Vmax\_apical, Kapical\_FD' 

%         'Experimental'},... 

%         'FontSize', 42) 

 

%Plotting the Basolateral compartment results 

% Figure(3) 

nexttile 

hold on 

plot(t, baso_baseline_output, 'b', 'Linewidth',6) 

grid on 
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hold on 

plot(t, baso_sc1a_output,':','Color',a_color_code,'MarkerSize',12,'Linewidth',6) 

hold on 

plot(t, baso_sc1b_output,':','Color',b_color_code,'MarkerSize',12,'Linewidth',6) 

hold on 

plot(t, baso_sc1c_output,':','Color',c_color_code,'MarkerSize',12,'Linewidth',6) 

hold on 

plot(t, baso_sc1d_output,':','Color',d_color_code,'MarkerSize',12,'Linewidth',6) 

set(gca,'FontSize',25,'fontweight','bold') 

set(gcf,'color','w'); 

title('Basolateral') 

xlabel('Time (minutes)') 

ylabel('TYR (nM)') 

hold on 

plot(time_span_exp, baso_exp_mean,'r','Marker','o','MarkerSize',10,'Linewidth', 6) 

hold on 

errorbar(time_span_exp,baso_exp_mean,baso_exp_std,'r', 'Linewidth', 4) 

if gt(X_apical, X_baso) %Graph limits for apical addition 

    ylim([0 5]) 

else 

    ylim([0 5]); 

end 

% % legend({'Theoretical','Scenario 1a, Vmax\_apical\_FD, Kapical\_FD',... 
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%         'Scenario 1b, 0.1x Vmax\_apical\_FD, Kapical\_FD','Scenario 1c, 2x Vmax\_apical, 

Kapical\_FD', 'Scenario 1d, 20x Vmax\_apical, Kapical\_FD' 

%         'Experimental'},... 

%         'FontSize', 30) 

end 

 

%Combined Diffusion and Active transport function for baseline scenario 

function dXdt = ODE_Combined_Diffusion_Active_Trasport_Baseline(~,X) 

global alpha 

global Kapical_FD 

global Kbaso_AT 

global Vm_apical_FD    

global Vm_baso_AT    

global vol_apical    

global vol_cell      

global vol_baso      

 

%Apical compartment: Simple diffusion and Facilitated diffusion 

diff_X1 = (-1 * (alpha / vol_apical) * ((X(1) - X(2)))) +... 

    ((vol_cell/vol_apical) * ((-1) * (Vm_apical_FD*X(1) / (Kapical_FD + X(1))) + 

(Vm_apical_FD*X(2) / (Kapical_FD + X(2))))); 

 

%Cellular compartment: Simple diffusion, Active transport and Facilitated 
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%diffusion from the apical compartment only 

diff_X2 = (-1 * (alpha / vol_cell) * (X(2) - X(1))) + (-1 * (alpha / vol_cell) * (X(2) - X(3)))... 

    + ((Vm_apical_FD * X(1)) / (Kapical_FD + X(1))) + (-1) * (Vm_apical_FD * X(2) / 

(Kapical_FD + X(2)))... 

    + (Vm_baso_AT * X(3) / (Kbaso_AT + X(3))); 

 

%Basolateral compartment: Simple diffusion, Active transport and Faciliated diffusion 

diff_X3 = (-1 * (alpha / vol_baso) * ((X(3) - X(2))))... 

    + (-1 * (vol_cell / vol_baso) * (Vm_baso_AT*X(3) / (Kbaso_AT + X(3)))); 

 

dXdt = [diff_X1; diff_X2; diff_X3]; 

 

end 

 

 

%Combined Diffusion and Active transport function for scenarios 

function dXdt = ODE_Combined_Diffusion_Active_Trasport_Scenario(~,X)  

global alpha 

global Kapical_FD 

global Kbaso_AT 

global Vm_apical_FD    

global Vm_baso_AT    

global vol_apical    
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global vol_cell      

global vol_baso      

global Vm_baso_FD_new 

global Kbaso_FD_new 

 

%Apical compartment: Simple diffusion and Facilitated diffusion 

diff_X1 = (-1 * (alpha / vol_apical) * ((X(1) - X(2)))) +... 

    ((vol_cell/vol_apical) * ((-1) * (Vm_apical_FD*X(1) / (Kapical_FD + X(1))) + 

(Vm_apical_FD*X(2) / (Kapical_FD + X(2))))); 

 

%Cellular compartment: Simple diffusion, Active transport and Facilitated diffusion from the 

apical and basolateral compartments 

diff_X2 = (-1 * (alpha / vol_cell) * (X(2) - X(1))) + (-1 * (alpha / vol_cell) * (X(2) - X(3)))... 

    + (((Vm_apical_FD * X(1)) / (Kapical_FD + X(1))) - (Vm_apical_FD * X(2) / (Kapical_FD 

+ X(2))))... 

    + (Vm_baso_AT * X(3) / (Kbaso_AT + X(3)))... 

    + ((Vm_baso_FD_new * X(3) / (Kbaso_FD_new + X(3))) - ((Vm_baso_FD_new * X(2)) / 

(Kbaso_FD_new + X(2)))); 

 

%Basolateral compartment: Simple diffusion, Active transport and Facilitated 

%diffusion (OCT 2 parameters) 

diff_X3 = (-1 * (alpha / vol_baso) * ((X(3) - X(2))))... 

    + (-1 * (vol_cell / vol_baso) * (Vm_baso_AT*X(3) / (Kbaso_AT + X(3))))... 
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    + (-1 * (vol_cell / vol_baso) * (((Vm_baso_FD_new * X(3)) / (Kbaso_FD_new + X(3))) - 

(Vm_baso_FD_new * X(2) / (Kbaso_FD_new + X(2))))); 

 

dXdt = [diff_X1; diff_X2; diff_X3]; 

end 

 

B.iii Introducing a transporter with non-OCT2 kinetics in the basolateral membrane and plotting 

function combined_vol_output = OCT2_in_basolateral_membrane_scenario_1() 

prompt      = 'Enter the concentration of the apical compartment (in nM): '; 

X_apical    = input(prompt); 

prompt      = 'Enter the concentration of the cellular compartment (in nM): '; 

X_cell      = input(prompt); 

prompt      = 'Enter the concentration of the basolateral compartment (in nM): '; 

X_baso      = input(prompt); 

global X_initial    %Define the initial concentrations for the layers (nM) 

X_initial   = [X_apical, X_cell, X_baso];   %Initial concentrations for three layers 

 

global vol_apical   %Volume of apical compartment 

global vol_cell     %Volume of cellular compartment 

global vol_baso     %Volume of basolateral compartment 

 

vol_apical  = 100e-6*1e-3; 

vol_cell    = 0.82e-6*1e-3; 
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vol_baso    = 600e-6*1e-3; 

 

min_conv    = 60;   %Used for converting seconds to mins 

 

%%%Defining alpha for simple diffusion 

 

global alpha                    %Half-life constant for membrane (min-1) 

p       = 22.6e-10 * min_conv;  %Permeability (1/min) 

A       = 3.3e-5;               %Surface area (m2) 

alpha   = p*A;                  %Half-life of Caco-2 cell 

 

%%%Defining constant values for Faciliated diffusion 

 

global Kapical_FD     %Substrate concentration (nM) (Apical compartment) 

global Vm_apical_FD   %Maximum rate achieved (nM/min) (Apical compartment) 

 

Kapical_FD     = 101.5;    %Substrate concentration for apical compartment for Facilitated 

transporter  

Vm_apical_FD   = 0.11 * min_conv;     %Maximum rate achieved between apical and cell for 

Facilitated transporter 

 

%%%Defining constant values for Active Transport 
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global Kbaso_AT       %Substrate concentration (nM) 

global Vm_baso_AT     %Maximum rate achieved (nM/min)   

 

Kbaso_AT       = 33.1;     %Substrate concentration for basolateral-cell compartment for Active 

transporter 

Vm_baso_AT     = 43.0 * min_conv;     %Maximum rate achieved between basolateral and cell 

for Active transporter 

 

%%%Time span for output 

global T 

 

T = 30; 

 

tspan = 0:1:T;   

 

%Combined diffusion and active transport (Baseline) 

ODE_X_baseline = @ODE_Combined_Diffusion_Active_Trasport_Baseline;  

 

[t,X_CD_AT] = ode45(ODE_X_baseline, tspan, X_initial); %MATLAB ODE solver 

 

combined_vol_output = X_CD_AT;          %All the output values 

apical_baseline_output   = X_CD_AT(:,1);     %Apical values 

cell_baseline_output     = X_CD_AT(:,2);     %Cellular values 
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baso_baseline_output     = X_CD_AT(:,3);     %Basolateral values 

 

%%%Introducing different scenarios of Facilitated diffusion in the basolateral compartment 

 

%Scenario 1a, Basolateral 500*Vm_baso_FD_new = Vm_apical_FD and 

%Kbaso_FD_new = Kapical 

 

global Vm_baso_FD_new 

global Kbaso_FD_new 

 

Vm_baso_FD_new     = Vm_apical_FD;  %Define Vmax for FD in basolateral compartment 

Kbaso_FD_new       = Kapical_FD;    %Define Kbaso for FD in basolateral compartment 

 

ODE_X_scenario1a = @ODE_Combined_Diffusion_Active_Trasport_Scenario;  

 

[t,X_SC_1a]      = ode45(ODE_X_scenario1a, tspan, X_initial); 

 

apical_sc1a_output   = X_SC_1a(:,1);  %Scenario 1a apical concentration values 

cell_sc1a_output     = X_SC_1a(:,2);  %Scenario 1a cellular concentration values 

baso_sc1a_output     = X_SC_1a(:,3);  %Scenario 1a basolateral concentration values 

 

%Scenario 1b, Basolateral Vm_baso_FD_new = 500 * Vm_apical_FD and 

%Kbaso_FD_new = 2* Kapical 
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Vm_baso_FD_new     = 500*Vm_apical_FD;  %Define Vmax for FD in baseolateral 

compartment 

Kbaso_FD_new       = 2*Kapical_FD;        %Define Kbaso for FD in baseolateral compartment 

 

ODE_X_scenario1b = @ODE_Combined_Diffusion_Active_Trasport_Scenario;  

 

[t,X_SC_1b]      = ode45(ODE_X_scenario1b, tspan, X_initial); 

 

apical_sc1b_output   = X_SC_1b(:,1);  %Scenario 1b apical concentration values 

cell_sc1b_output     = X_SC_1b(:,2);  %Scenario 1b cellular concentration values 

baso_sc1b_output     = X_SC_1b(:,3);  %Scenario 1b basolateral concentration values 

 

%Scenario 1c, Basolateral Vm_baso_FD_new = 500 * Vm_apical_FD and 

%Kbaso_FD_new =25*  Kapical 

 

Vm_baso_FD_new     = 500*Vm_apical_FD; %Define Vmax for FD in baseolateral 

compartment 

Kbaso_FD_new       =  5* Kapical_FD;        %Define Kbaso for FD in baseolateral compartment 

 

ODE_X_scenario1c = @ODE_Combined_Diffusion_Active_Trasport_Scenario;  

 

[t,X_SC_1c]      = ode45(ODE_X_scenario1c, tspan, X_initial); 
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apical_sc1c_output   = X_SC_1c(:,1);  %Scenario 1c apical concentration values 

cell_sc1c_output     = X_SC_1c(:,2);  %Scenario 1c cellular concentration values 

baso_sc1c_output     = X_SC_1c(:,3);  %Scenario 1c basolateral concentration values 

 

%Scenario 1d, Basolateral Vm_baso_FD_new = 500* Vm_apical_FD and 

%Kbaso_FD_new = 10* Kapical 

 

Vm_baso_FD_new     = 500*Vm_apical_FD; %Define Vmax for FD in baseolateral 

compartment 

Kbaso_FD_new       = 10* Kapical_FD;        %Define Kbaso for FD in baseolateral compartment 

 

ODE_X_scenario1d = @ODE_Combined_Diffusion_Active_Trasport_Scenario;  

 

[t,X_SC_1d]      = ode45(ODE_X_scenario1d, tspan, X_initial); 

 

apical_sc1d_output   = X_SC_1d(:,1);  %Scenario 1d apical concentration values 

cell_sc1d_output     = X_SC_1d(:,2);  %Scenario 1d cellular concentration values 

baso_sc1d_output     = X_SC_1d(:,3);  %Scenario 1d basolateral concentration values 

 

%Importing values for experimental data from matlab 

if gt(X_apical , X_baso)    %Apical addition to Basolateral compartment 

    %Importing the Apical experimental values 
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    apical_exp_values   = xlsread('Apical_addition','Apical');  

    apical_exp_mean     = apical_exp_values(:,end-2);  %Mean experimental values 

    apical_exp_std      = apical_exp_values(:,end-1);    %Std err experimental values 

 

    %Importing the Cellular experimental values 

    cell_exp_values     = xlsread('Apical_addition','Cell');  

    cell_exp_mean       = cell_exp_values(:,end-2);   %Mean experimental values 

    cell_exp_std        = cell_exp_values(:,end-1);     %Std err experimental values 

 

    %Importing the Basolateral experimental values 

    baso_exp_values     = xlsread('Apical_addition','Baso');  

    baso_exp_mean       = baso_exp_values(:,end-2);   %Mean experimental values 

    baso_exp_std        = baso_exp_values(:,end-1);     %Std err experimental values 

 

    time_span_exp       = apical_exp_values(1:end,1); %Time span for the experimental values 

 

elseif lt(X_apical, X_baso)     %Basolateral addition to the Apical compartment 

    %Importing the Apical experimental values 

    apical_exp_values   = xlsread('Baso_addition','Apical');  

    apical_exp_mean     = apical_exp_values(:,end-2);  %Mean experimental values 

    apical_exp_std      = apical_exp_values(:,end-1);    %Std err experimental values 

 

    %Importing the Cellular experimental values 
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    cell_exp_values     = xlsread('Baso_addition','Cell');  

    cell_exp_mean       = cell_exp_values(:,end-2);   %Mean experimental values 

    cell_exp_std        = cell_exp_values(:,end-1);     %Std err experimental values 

 

    %Importing the Basolateral experimental values 

    baso_exp_values     = xlsread('Baso_addition','Baso');  

    baso_exp_mean       = baso_exp_values(:,end-2);   %Mean experimental values 

    baso_exp_std        = baso_exp_values(:,end-1);     %Std err experimental values 

 

    time_span_exp       = apical_exp_values(1:end,1); %Time span for the experimental values 

end 

     

if gt(X_apical,X_baso) 

    Title = 'Apical addition'; 

else 

    Title = 'Basolateral addition'; 

end 

 

%Plot of Concentration vs Time with the Experimental values superimposed 

%Scenario color codes 

a_color_code = [0.8500 0.3250 0.0980]; 

b_color_code = [0.4940 0.1840 0.5560]; 

c_color_code = [0.4660 0.6740 0.1880]; 
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d_color_code = [0, 1, 1]; 

 

%Plotting the Apical compartment results 

Figure(1) 

nexttile 

hold on 

plot(t, apical_baseline_output,'b', 'Linewidth', 6) 

grid on 

hold on 

plot(t, apical_sc1a_output,':','Color',a_color_code,'MarkerSize',12,'Linewidth',6) 

hold on 

plot(t, apical_sc1b_output,':','Color',b_color_code,'MarkerSize',12,'Linewidth',6) 

hold on 

plot(t, apical_sc1c_output,':','Color',c_color_code,'MarkerSize',12,'Linewidth',6) 

hold on 

plot(t, apical_sc1d_output,':','Color',d_color_code,'MarkerSize',12,'Linewidth',6) 

set(gca,'FontSize',25,'fontweight','bold') 

set(gcf,'color','w'); 

title('Apical') 

xlabel('Time (minutes)') 

ylabel('TYR (nM)') 

hold on 

plot(tim8 e_span_exp, apical_exp_mean,'r','Marker','o','MarkerSize',10,'Linewidth', 6) 
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hold on 

errorbar(time_span_exp,apical_exp_mean,apical_exp_std,'r', 'Linewidth', 4) 

if gt(X_apical, X_baso) %Graph limits for apical addition 

    ylim([0 100]) 

else 

    ylim([0 100]); 

end 

% legend({'Theoretical','Scenario 1a, 500* Vmax\_apical\_FD, Kapical\_FD',... 

%         'Scenario 1b, 500x Vmax\_apical\_FD, 2* Kapical\_FD','Scenario 1c, 500x 

Vmax\_apical, Kapical\_FD', 'Scenario 1d, 500x Vmax\_apical, 10* Kapical\_FD',... 

%         'Experimental'},... 

%         'FontSize', 30) 

legend({'Baseline simulation', Vmax\_OCT2, Kt\_OCT2',... 

        '0.1* Vmax\_OCT2, Kt\_OCT2',' 2* Vmax\_OCT2, Kt\_OCT2', ’20* Vmax\_OCT2, 

Kt\_OCT2',... 

        'Experimental'},... 

        'FontSize', 20) 

%Plotting the Cellular compartment results 

% Figure(2) 

nexttile 

hold on 

plot(t, cell_baseline_output, 'b', 'Linewidth', 6) 

grid on 
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hold on 

plot(t, cell_sc1a_output,':','Color',a_color_code,'MarkerSize',12,'Linewidth',6) 

hold on 

plot(t, cell_sc1b_output,':','Color',b_color_code,'MarkerSize',12,'Linewidth',6) 

hold on 

plot(t, cell_sc1c_output,':','Color',c_color_code,'MarkerSize',12,'Linewidth',6) 

hold on 

plot(t, cell_sc1d_output,':','Color',d_color_code,'MarkerSize',12,'Linewidth',6) 

set(gca,'FontSize',25,'fontweight','bold') 

set(gcf,'color','w'); 

title('Cell') 

xlabel('Time (minutes)') 

ylabel('TYR (nM)') 

hold on 

plot(time_span_exp, cell_exp_mean,'r','Marker','o','MarkerSize',10,'Linewidth', 4) 

hold on 

errorbar(time_span_exp,cell_exp_mean,cell_exp_std,'r', 'Linewidth', 3) 

ylim([0 250]); 

 

% legend({'Theoretical','Scenario 1a, 500* Vmax\_apical\_FD, Kapical\_FD',... 

'Scenario 1b, 500x Vmax\_apical\_FD, 2* Kapical\_FD','Scenario 1c, 500x 

Vmax\_apical, Kapical\_FD', 'Scenario 1d, 500x Vmax\_apical, 10* Kapical\_FD',... 

%         'Experimental'},... 
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%         'Experimental'},... 

%         'FontSize', 42) 

 

%Plotting the Basolateral compartment results 

% Figure(3) 

nexttile 

hold on 

plot(t, baso_baseline_output, 'b', 'Linewidth',6) 

grid on 

hold on 

plot(t, baso_sc1a_output,':','Color',a_color_code,'MarkerSize',12,'Linewidth',6) 

hold on 

plot(t, baso_sc1b_output,':','Color',b_color_code,'MarkerSize',12,'Linewidth',6) 

hold on 

plot(t, baso_sc1c_output,':','Color',c_color_code,'MarkerSize',12,'Linewidth',6) 

hold on 

plot(t, baso_sc1d_output,':','Color',d_color_code,'MarkerSize',12,'Linewidth',6) 

set(gca,'FontSize',25,'fontweight','bold') 

set(gcf,'color','w'); 
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title('Basolateral') 

xlabel('Time (minutes)') 

ylabel('TYR (nM)') 

hold on 

plot(time_span_exp, baso_exp_mean,'r','Marker','o','MarkerSize',10,'Linewidth', 6) 

hold on 

errorbar(time_span_exp,baso_exp_mean,baso_exp_std,'r', 'Linewidth', 4) 

if gt(X_apical, X_baso) %Graph limits for apical addition 

    ylim([0 5]) 

else 

    ylim([0 5]); 

end 

% % legend({'Theoretical','Scenario 1a, 500* Vmax\_apical\_FD, Kapical\_FD',... 

     'Scenario 1b, 500x Vmax\_apical\_FD, 2* Kapical\_FD','Scenario 1c, 500x Vmax\_apical, 

Kapical\_FD', 'Scenario 1d, 500x Vmax\_apical, 10* Kapical\_FD',... 

%         'Experimental'},... 

%         'Experimental'},... 

%         'FontSize', 30) 

end 

 

%Combined Diffusion and Active transport function for baseline scenario 

function dXdt = ODE_Combined_Diffusion_Active_Trasport_Baseline(~,X) 

global alpha 
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global Kapical_FD 

global Kbaso_AT 

global Vm_apical_FD    

global Vm_baso_AT    

global vol_apical    

global vol_cell      

global vol_baso      

 

%Apical compartment: Simple diffusion and Facilitated diffusion 

diff_X1 = (-1 * (alpha / vol_apical) * ((X(1) - X(2)))) +... 

    ((vol_cell/vol_apical) * ((-1) * (Vm_apical_FD*X(1) / (Kapical_FD + X(1))) + 

(Vm_apical_FD*X(2) / (Kapical_FD + X(2))))); 

 

%Cellular compartment: Simple diffusion, Active transport and Facilitated 

%diffusion from the apical compartment only 

diff_X2 = (-1 * (alpha / vol_cell) * (X(2) - X(1))) + (-1 * (alpha / vol_cell) * (X(2) - X(3)))... 

    + ((Vm_apical_FD * X(1)) / (Kapical_FD + X(1))) + (-1) * (Vm_apical_FD * X(2) / 

(Kapical_FD + X(2)))... 

    + (Vm_baso_AT * X(3) / (Kbaso_AT + X(3))); 

 

%Basolateral compartment: Simple diffusion, Active transport and Faciliated diffusion 

diff_X3 = (-1 * (alpha / vol_baso) * ((X(3) - X(2))))... 

    + (-1 * (vol_cell / vol_baso) * (Vm_baso_AT*X(3) / (Kbaso_AT + X(3)))); 
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dXdt = [diff_X1; diff_X2; diff_X3]; 

 

end 

 

 

%Combined Diffusion and Active transport function for scenarios 

function dXdt = ODE_Combined_Diffusion_Active_Trasport_Scenario(~,X)  

global alpha 

global Kapical_FD 

global Kbaso_AT 

global Vm_apical_FD    

global Vm_baso_AT    

global vol_apical    

global vol_cell      

global vol_baso      

global Vm_baso_FD_new 

global Kbaso_FD_new 

 

%Apical compartment: Simple diffusion and Facilitated diffusion 

diff_X1 = (-1 * (alpha / vol_apical) * ((X(1) - X(2)))) +... 

    ((vol_cell/vol_apical) * ((-1) * (Vm_apical_FD*X(1) / (Kapical_FD + X(1))) + 

(Vm_apical_FD*X(2) / (Kapical_FD + X(2))))); 
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%Cellular compartment: Simple diffusion, Active transport and Facilitated diffusion from the 

apical and basolateral compartments 

diff_X2 = (-1 * (alpha / vol_cell) * (X(2) - X(1))) + (-1 * (alpha / vol_cell) * (X(2) - X(3)))... 

    + (((Vm_apical_FD * X(1)) / (Kapical_FD + X(1))) - (Vm_apical_FD * X(2) / (Kapical_FD 

+ X(2))))... 

    + (Vm_baso_AT * X(3) / (Kbaso_AT + X(3)))... 

    + ((Vm_baso_FD_new * X(3) / (Kbaso_FD_new + X(3))) - ((Vm_baso_FD_new * X(2)) / 

(Kbaso_FD_new + X(2)))); 

 

%Basolateral compartment: Simple diffusion, Active transport and Facilitated 

%diffusion (OCT 2 parameters) 

diff_X3 = (-1 * (alpha / vol_baso) * ((X(3) - X(2))))... 

    + (-1 * (vol_cell / vol_baso) * (Vm_baso_AT*X(3) / (Kbaso_AT + X(3))))... 

    + (-1 * (vol_cell / vol_baso) * (((Vm_baso_FD_new * X(3)) / (Kbaso_FD_new + X(3))) - 

(Vm_baso_FD_new * X(2) / (Kbaso_FD_new + X(2))))); 

 

dXdt = [diff_X1; diff_X2; diff_X3]; 

end 

 

B.iv. Solving for asymmetry and plotting 

Objective functions 
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function parameter_fit = all_unknowns_objective_function_I_value(input, z, Vm_apical_FD, 

Kapical_FD_apical, Kapical_FD_cell, Vm_baso_AT, Kbaso_AT, Vm_baso_FD_new, 

Kbaso_FD_new_cell, Kbaso_FD_new_baso) 

 

variable_list = readTable('variables.xlsx'); %Import the variables 

 

%%%Define the global parameters (constant) 

%Define the volume for each of the compartments (defined in cubic meters) 

 

vol_apical  = variable_list.Value(1); 

vol_cell    = variable_list.Value(2); 

vol_baso    = variable_list.Value(3); 

min_conv    = variable_list.Value(4);   %Used for converting seconds to mins 

 

%Defining alpha for simple diffusion 

alpha   = variable_list.Value(7);   %Half-life of Caco-2 cell 

 

%Time span for output 

T       = variable_list.Value(8); %in mins 

dt      = 1/30; %Sampling interval in mins 

tspan   = 0:dt:T;  

 

%Ratio of volumes 
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y1      = (vol_cell/vol_apical); 

y2      = (vol_cell/vol_baso); 

 

%Checking for apical or basolateral addition 

if eq(input,1) 

    apical_addition = 1; 

else 

    apical_addition = 0; 

end 

 

%%%Linear fit parameters for the Cellular and Basolateral compartments only (taken from 

%GraphPad Prism) 

%%%Apical addition 

if eq(apical_addition,1)     

    %Apical compartment 

    slope_apical = -0.5258; 

    delta_apical = 87.27; 

    X_apical_linear = slope_apical.*tspan + delta_apical; 

     

    %Basolateral compartment 

    slope_baso = 0.06756; 

    delta_baso = 0.09246;  

    X_baso_linear = slope_baso.*tspan + delta_baso; 
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    %Cellular compartment 

    slope_cell  = 1.627.*ones(size(tspan)); 

    delta_cell  = 98.27; 

    X_cell_linear = slope_cell.*tspan + delta_cell; 

else 

    %%%Basolateral addition 

    %Apical compartment 

    slope_apical = 0.3168; 

    delta_apical = 1.670; 

    X_apical_linear = slope_apical.*tspan + delta_apical; 

     

    %Basolateral compartment 

    slope_baso = -0.08764; 

    delta_baso = 83.65;  

    X_baso_linear = slope_baso.*tspan + delta_baso; 

     

    %Cellular compartment 

    slope_cell = 9.268.*ones(size(tspan)); 

    delta_cell = 464.8; 

    X_cell_linear = slope_cell.*tspan + delta_cell; 

end 
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%The experimentally derived value set (delta values) 

 

f_apical    = slope_apical; 

f_cell      = slope_cell; 

f_baso      = slope_baso; 

 

%F-values includes Simple Diffusion, Facilitated Diffusion and Active 

%Transport 

F_apical    =   (alpha / vol_apical) .* ((z.*X_cell_linear) - X_apical_linear) +... 

    y1 .* ( (( Vm_apical_FD .* (z.* X_cell_linear) )./( Kapical_FD_cell + (z.* X_cell_linear) ))... 

    - (( Vm_apical_FD .* X_apical_linear )./( Kapical_FD_apical + X_apical_linear )) ); 

 

F_cell      =  -1.*(alpha / vol_apical) .* ((z.* X_cell_linear) - X_apical_linear) +... 

    -1.*(alpha / vol_baso) .* ((z.* X_cell_linear) - X_baso_linear) + ... 

    ( (Vm_apical_FD .* X_apical_linear)./(Kapical_FD_apical + X_apical_linear)... 

    - (Vm_apical_FD .* (z.* X_cell_linear))./(Kapical_FD_cell + (z.* X_cell_linear)) )... 

    + (Vm_baso_AT * X_baso_linear) ./ (Kbaso_AT + X_baso_linear)... 

    + ( (Vm_baso_FD_new .* X_baso_linear)./(Kbaso_FD_new_baso + X_baso_linear)... 

    - (Vm_baso_FD_new .* (z.* X_cell_linear))./(Kbaso_FD_new_cell + (z.* X_cell_linear)) ); 

 

F_baso      = (alpha / vol_baso) .* ((z.* X_cell_linear) - X_baso_linear) +... 

    y2 .* ( (Vm_baso_FD_new.* (z.* X_cell_linear))./(Kbaso_FD_new_cell + (z.* 

X_cell_linear))... 
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    - (Vm_baso_FD_new.*X_baso_linear)./(Kbaso_FD_new_baso + X_baso_linear)... 

    - (Vm_baso_AT*X_baso_linear ./ (Kbaso_AT + X_baso_linear)) ); 

     

obj_apical  = sum((F_apical(1:end) - f_apical).^2); 

obj_cell    = sum((F_cell(1:end) - f_cell).^2); 

obj_baso    = sum((F_baso(1:end) - f_baso).^2); 

 

%Cumulative objective functions 

obj     = (obj_apical + obj_cell + obj_baso); 

 

parameter_fit = obj; 

 

end 

 

Kinetic parameters solver 

%This model only requires the plot and the input file 

%Set the fixed parameters 

variable_list = readTable('variables.xlsx'); 

min_conv        = variable_list.Value(4);   %Conversion from seconds to minutes 

 

%Set the fixed variables 

z               = 1; 
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Vm_apical_FD        = 2.25 * min_conv; 

Kapical_FD_apical   = 110.36; 

% Kapical_FD_cell     = 1227.86; %Adjust symmetric parameters 

Kapical_FD_cell     = 1227.86; 

 

Vm_baso_AT          = 3.32 * min_conv; 

Kbaso_AT            = 29.04; 

 

Vm_baso_FD_new      = 5.98 * min_conv; 

Kbaso_FD_new_cell   = 628.255; 

Kbaso_FD_new_baso   = 584.1; 

 

% %Solving apical and basolateral additions simultaneously 

% obj_apical  = all_unknowns_objective_function_I_value(1, z, Vm_apical_FD, 

Kapical_FD_apical, Kapical_FD_cell, Vm_baso_AT, Kbaso_AT, Vm_baso_FD_new, 

Kbaso_FD_new_cell, Kbaso_FD_new_baso);    %Apical addition 

% obj_baso    = all_unknowns_objective_function_I_value(2, z, Vm_apical_FD, 

Kapical_FD_apical, Kapical_FD_cell, Vm_baso_AT, Kbaso_AT, Vm_baso_FD_new, 

Kbaso_FD_new_cell, Kbaso_FD_new_baso);    %Basolateral addition 

%  

% %Solve simltaenously 

% objective = sum(obj_apical,obj_baso); 
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%Solve for apical addition objective functions only 

% objective = obj_apical; 

 

%Solve for basolateral addition objective functions only 

% objective = obj_baso; 

 

% %Change the algorithm properties using the variables below 

% evals       = 1e12; 

% max_iter    = 1e12; 

% opt_tol     = 1e-10; 

% func_tol    = 1e-15; 

% step_tol    = 1e-12; 

%  

% options = 

optimoptions(@lsqnonlin,'MaxFunctionEvaluations',evals,'MaxIterations',max_iter,... 

%     'StepTolerance',step_tol,... 

%     'OptimalityTolerance',opt_tol,'FunctionTolerance',func_tol,'Algorithm', 'levenberg-

marquardt'); 

%  

% %The least squares problem 

%  

% lsqproblem   = optimproblem("Objective",objective); 

%  
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% %Optimization problem 

% [sol,~]    = solve(lsqproblem,x0,'Options',options); 

 

% show(lsqproblem) 

disp('The z-factor value') 

disp(z) 

 

disp('The value of Vm_apical_FD (nM/min)') 

disp(Vm_apical_FD) 

disp('The value of Kapical_FD_apical (nM)') 

disp(Kapical_FD_apical) 

disp('The value of Kapical_FD_cell (nM)') 

disp(Kapical_FD_cell) 

 

disp('The value of Vm_baso_AT (nM/min)') 

disp(Vm_baso_AT) 

disp('The value of Kbaso_AT (nM)') 

disp(Kbaso_AT) 

 

disp('The value of Vm_baso_FD_new (nM/min)') 

disp(Vm_baso_FD_new) 

disp('The value of Kbaso_FD_new_baso (nM)') 

disp(Kbaso_FD_new_baso) 
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disp('The value of Kbaso_FD_new_cell (nM)') 

disp(Kbaso_FD_new_cell) 

 

%Apical Plots 

X_apical    = 88.85; 

X_cell      = 0; 

X_baso      = 0; 

X_i         = 0; 

fig_index   = 1; 

 

all_unkowns_solver_plots_I_value(X_apical, X_cell, X_baso,... 

    z,... 

    Vm_apical_FD, Kapical_FD_apical, Kapical_FD_cell,... 

    Vm_baso_AT, Kbaso_AT,... 

    Vm_baso_FD_new, Kbaso_FD_new_cell, Kbaso_FD_new_baso,... 

    fig_index) 

 

%Basolateral Plots 

X_apical    = 0; 

X_cell      = 0; 

X_baso      = 82.9; 

fig_index   = 4; 
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all_unkowns_solver_plots_I_value(X_apical, X_cell, X_baso,... 

    z,... 

    Vm_apical_FD, Kapical_FD_apical, Kapical_FD_cell,... 

    Vm_baso_AT, Kbaso_AT,... 

    Vm_baso_FD_new, Kbaso_FD_new_cell, Kbaso_FD_new_baso,... 

    fig_index) 

 

For plotting with asymmetry 

function combined_vol_output = all_unkowns_solver_plots_I_value(X_apical, X_cell, 

X_baso,... 

    Z,... 

    Vm_a_fd, Kt_a_1, Kt_a_2,... 

    Vm_b_AT, Kt_b_AT,... 

    Vm_var_2, Kt_var_c, Kt_var_b,... 

    fig_counter) 

 

global X_initial    %Define the initial concentrations for the layers (nM) 

  

X_initial   = [X_apical, X_cell, X_baso];   %Initial concentrations for three layers 

 

%%%The z-factor 

global z 
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z = Z; 

 

variable_list = readTable('variables.xlsx'); %Import the variables 

 

%%%Defining the transport values for Faciliated diffusion (Apical and Cell) 

 

global Vm_apical_FD     %Maximum rate achieved (nM/min) (Apical compartment) 

global Kapical_FD_apical     %Substrate concentration (nM) for apical (Apical compartment) 

global Kapical_FD_cell     %Substrate concentration (nM) fo cell (Apical compartment) 

 

Vm_apical_FD        = Vm_a_fd; %Maximum rate achieved between apical and cell for 

Facilitated transporter 

Kapical_FD_apical   = Kt_a_1;   %Substrate concentration for apical compartment to cell 

compartment for Facilitated transporter  

Kapical_FD_cell     = Kt_a_2;   %Substrate concentration for cell comarptment to apical 

compartment for Facilitated transporter  

 

%%%Defining the transport values for Active Transport (Cell and Baso) 

 

global Kbaso_AT       %Substrate concentration (nM) 

global Vm_baso_AT     %Maximum rate achieved (nM/min)   
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Vm_baso_AT     = Vm_b_AT;     %Maximum rate achieved between basolateral and cell for 

Active transporter 

Kbaso_AT       = Kt_b_AT;     %Substrate concetration for basolateral-cell compartment for 

Active transporter 

 

%%%Defining the transport values for the asymmetric (Cell and Baso) 

global Vm_baso_FD_new 

global Kbaso_FD_new_cell 

global Kbaso_FD_new_baso 

 

Vm_baso_FD_new      = Vm_var_2; %Define Vmax for FD in baseolateral compartment 

Kbaso_FD_new_cell   = Kt_var_c; %Define Kbaso for FD wrt cell 

Kbaso_FD_new_baso   = Kt_var_b; %Define Kbaso for FD wrt baso 

 

%%%Time span for output 

T       = variable_list.Value(8);   %Time period 

dt      = 0.1/60; 

tspan   = 0:dt:T;   

 

%%%Combined diffusion and active transport (Baseline) 

ODE_X_baseline = @ODE_Combined_Diffusion_Active_Trasport_Baseline;  

 

[~,X_CD_AT] = ode45(ODE_X_baseline, tspan, X_initial); %MATLAB ODE solver 
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combined_vol_output = X_CD_AT;          %All the output values 

apical_baseline_output   = X_CD_AT(:,1);     %Apical values 

cell_baseline_output     = X_CD_AT(:,2);     %Cellular values 

baso_baseline_output     = X_CD_AT(:,3);     %Basolateral values 

 

%Solving for all the scenario that includes all the transport processes 

ODE_X_scenario_1 = @ODE_Combined_Diffusion_Active_Trasport_Scenario;  

 

[t,X_SC_1]      = ode45(ODE_X_scenario_1, tspan, X_initial); 

 

apical_sc1_output   = X_SC_1(:,1);  %Scenario apical concetration values 

cell_sc1_output     = X_SC_1(:,2);  %Scenario cellular concentration values 

baso_sc1_output     = X_SC_1(:,3);  %Scenario basolateral concentration values 

% i_sc1_output        = X_SC_1(:,4);  %Scenario inner concentration values 

 

if gt(X_apical,X_baso) 

    Title = 'Apical addition'; 

else 

    Title = 'Basolateral addition'; 

end 

 

%Importing values for experimental data from matlab 
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if gt(X_apical , X_baso)    %Apical addition to Basolateral compartment 

    %Importing the Apical experimental values 

    apical_exp_values   = xlsread('Apical_addition','Apical');  

    apical_exp_mean     = apical_exp_values(:,end-2);  %Mean experimental values 

    apical_exp_std      = apical_exp_values(:,end-1);    %Std err experimental values 

 

    %Importing the Cellular experimental values 

    cell_exp_values     = xlsread('Apical_addition','Cell');  

    cell_exp_mean       = cell_exp_values(:,end-2);   %Mean experimental values 

    cell_exp_std        = cell_exp_values(:,end-1);     %Std err experimental values 

 

    %Importing the Basolateral experimental values 

    baso_exp_values     = xlsread('Apical_addition','Baso');  

    baso_exp_mean       = baso_exp_values(:,end-2);   %Mean experimental values 

    baso_exp_std        = baso_exp_values(:,end-1);     %Std err experimental values 

 

    time_span_exp       = apical_exp_values(1:end,1); %Time span for the experimental values 

 

elseif lt(X_apical, X_baso)     %Basolateral addition to the Apical compartment 

    %Importing the Apical experimental values 

    apical_exp_values   = xlsread('Baso_addition','Apical');  

    apical_exp_mean     = apical_exp_values(:,end-2);  %Mean experimental values 

    apical_exp_std      = apical_exp_values(:,end-1);    %Std err experimental values 
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    %Importing the Cellular experimental values 

    cell_exp_values     = xlsread('Baso_addition','Cell');  

    cell_exp_mean       = cell_exp_values(:,end-2);   %Mean experimental values 

    cell_exp_std        = cell_exp_values(:,end-1);     %Std err experimental values 

 

    %Importing the Basolateral experimental values 

    baso_exp_values     = xlsread('Baso_addition','Baso');  

    baso_exp_mean       = baso_exp_values(:,end-2);   %Mean experimental values 

    baso_exp_std        = baso_exp_values(:,end-1);     %Std err experimental values 

 

    time_span_exp       = apical_exp_values(1:end,1); %Time span for the experimental values 

end 

     

%Plot of Concentration vs Time with the Experimental values superimposed 

% Plotting the Apical compartment results 

Figure(fig_counter) 

% plot(t, apical_baseline_output,'b', 'Linewidth', 4) 

% hold on 

plot(t, apical_sc1_output, 'g', 'Linewidth', 4) 

hold on 

grid on 

set(gca,'FontSize',28,'fontweight','bold') 
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set(gcf,'color','w'); 

title(Title,'fontweight','bold'); 

xlabel('Time (minutes)','fontweight','bold'); 

ylabel('Apical Concentration (nM)','fontweight','bold'); 

hold on 

plot(time_span_exp, apical_exp_mean,'r','Marker','o','MarkerSize',10,'Linewidth', 4) 

hold on 

errorbar(time_span_exp,apical_exp_mean,apical_exp_std,'r', 'Linewidth', 2) 

legend({'Additional Transporter','Experimental'},'FontSize',20) 

% legend({'Simulated with Additional Transporter','Experimental'},'FontSize',20) 

 

%Plotting the Cellular compartment results 

Figure(fig_counter+1) 

% plot(t, cell_baseline_output, 'b', 'Linewidth', 4) 

% hold on 

plot(t, cell_sc1_output, 'g', 'Linewidth', 4) 

grid on 

set(gca,'FontSize',28,'fontweight','bold') 

set(gcf,'color','w'); 

title(Title,'fontweight','bold') 

xlabel('Time (minutes)','fontweight','bold') 

ylabel('Cellular Concentration (nM)','fontweight','bold') 

hold on 
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plot(time_span_exp, cell_exp_mean,'r','Marker','o','MarkerSize',10,'Linewidth', 4) 

hold on 

errorbar(time_span_exp,cell_exp_mean,cell_exp_std,'r', 'Linewidth', 2) 

legend({'Additional Transporter','Experimental'},'FontSize',20) 

% legend({'Simulated with Additional Transporter','Experimental'},'FontSize',20) 

 

%Plotting the Basolateral compartment results 

Figure(fig_counter+2) 

% plot(t, baso_baseline_output, 'b', 'Linewidth', 4) 

% hold on 

plot(t, baso_sc1_output, 'g', 'Linewidth', 4) 

grid on 

set(gca,'FontSize',28,'fontweight','bold') 

set(gcf,'color','w'); 

title(Title,'fontweight','bold') 

xlabel('Time (minutes)','fontweight','bold') 

ylabel('Basolateral Concentration (nM)','fontweight','bold') 

hold on 

plot(time_span_exp, baso_exp_mean,'r','Marker','o','MarkerSize',10,'Linewidth', 4) 

hold on 

errorbar(time_span_exp,baso_exp_mean,baso_exp_std,'r', 'Linewidth', 2) 

legend({'Additional Transporter','Experimental'},'FontSize',20) 

% legend({'Simulated with Additional Transporter','Experimental'},'FontSize',20) 
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%  

% Figure(fig_counter+3) 

% nexttile 

% hold on 

% plot(t, apical_sc1_output, 'g', 'Linewidth', 4) 

% hold on 

% grid on 

% set(gca,'FontSize',22,'fontweight','bold') 

% set(gcf,'color','w'); 

% title(Title,'fontweight','bold'); 

% xlabel('Time (minutes)','fontweight','bold'); 

% ylabel('Apical Concentration (nM)','fontweight','bold'); 

% hold on 

% plot(time_span_exp, apical_exp_mean,'r','Marker','o','MarkerSize',10,'Linewidth', 4) 

% hold on 

% errorbar(time_span_exp,apical_exp_mean,apical_exp_std,'r', 'Linewidth', 2) 

%  

% nexttile 

% hold on 

% plot(t, cell_sc1_output, 'g', 'Linewidth', 4) 

% grid on 

% set(gca,'FontSize',22,'fontweight','bold') 

% set(gcf,'color','w'); 
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% title(Title,'fontaweight','bold') 

% xlabel('Time (minutes)','fontweight','bold') 

% ylabel('Cellular Concentration (nM)','fontweight','bold') 

% hold on 

% plot(time_span_exp, cell_exp_mean,'r','Marker','o','MarkerSize',10,'Linewidth', 4) 

% hold on 

% errorbar(time_span_exp,cell_exp_mean,cell_exp_std,'r', 'Linewidth', 2) 

% hold on 

% inner compartment plot comparison 

% c = 0.9; 

% inner_plot  = cell_sc1_output + (1 - c).* i_sc1_output; %inner plot values 

% plot(t,inner_plot, 'b', 'Linewidth', 2, 'LineStyle', '--') 

%  

% nexttile 

% hold on 

% plot(t, baso_sc1_output, 'g', 'Linewidth', 4) 

% grid on 

% set(gca,'FontSize',22,'fontweight','bold') 

% set(gcf,'color','w'); 

% title(Title,'fontweight','bold') 

% xlabel('Time (minutes)','fontweight','bold') 

% ylabel('Basolateral Concentration (nM)','fontweight','bold') 

% hold on 
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% plot(time_span_exp, baso_exp_mean,'r','Marker','o','MarkerSize',10,'Linewidth', 4) 

% hold on 

% errorbar(time_span_exp,baso_exp_mean,baso_exp_std,'r', 'Linewidth', 2) 

 

%The RMSD values 

if gt(X_apical,X_baso) 

    disp('Apical addition RMSD values'); 

else 

    disp('Basolateral addition RMSD values'); 

end 

a_rmsd =     zeros; 

b_rmsd =     zeros; 

c_rmsd =     zeros; 

 

counter = 1; 

 

for i = 1:size(tspan,2) 

    if eq(tspan(i),time_span_exp(counter)) 

        a_rmsd(counter) = apical_sc1_output(i); 

        b_rmsd(counter) = baso_sc1_output(i); 

        c_rmsd(counter) = cell_sc1_output(i); 

        counter= counter + 1; 

    end 
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end 

 

RMSD = [rms(a_rmsd-apical_exp_mean');rms(c_rmsd(2:end)-

cell_exp_mean(2:end)');rms(b_rmsd-baso_exp_mean')]; 

combined_vol_output = RMSD; 

 

end 

 

%Combined Diffusion and Active transport function for baseline scenario 

function dXdt = ODE_Combined_Diffusion_Active_Trasport_Baseline(~,X) 

variable_list = readTable('variables.xlsx'); %Import the variables 

 

%%%Define the volume for each of the compartments (defined in cubic meters) 

 

vol_apical  = variable_list.Value(1); 

vol_cell    = variable_list.Value(2); 

vol_baso    = variable_list.Value(3); 

 

%Half-life of Caco-2 cell 

alpha       = variable_list.Value(7);    

 

global Kapical_FD_apical 
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global Kbaso_AT  

global Vm_baso_AT   

 

global Vm_apical_FD   

 

 

%Apical compartment: Simple diffusion and Facilitated diffusion 

diff_X1 = (-1 * (alpha / vol_apical) * ((X(1) - X(2))))... 

    + ((vol_cell/vol_apical) * ((-1) * (Vm_apical_FD*X(1) / (Kapical_FD_apical + X(1))) + 

(Vm_apical_FD*X(2) / (Kapical_FD_apical + X(2))))); 

 

%Cellular compartment: Simple diffusion, Active transport and Facilitated 

%diffusion 

diff_X2 = (-1 * (alpha / vol_cell) * (X(2) - X(1))) + (-1 * (alpha / vol_cell) * (X(2) - X(3)))... 

    + ((Vm_apical_FD * X(1)) / (Kapical_FD_apical + X(1))) + (-1) * (Vm_apical_FD * X(2) / 

(Kapical_FD_apical + X(2)))... 

    + (Vm_baso_AT * X(3) / (Kbaso_AT + X(3))); 

 

%Basolateral compartment: Simple diffusion and Active transport 

diff_X3 = (-1 * (alpha / vol_baso) * ((X(3) - X(2))))... 

    + (-1 * (vol_cell / vol_baso) * (Vm_baso_AT*X(3) / (Kbaso_AT + X(3)))); 

 

dXdt = [diff_X1; diff_X2; diff_X3]; 
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end 

 

%Combined Diffusion and Active transport function for scenarios (with z 

%factor) 

function dXdt = ODE_Combined_Diffusion_Active_Trasport_Scenario(~,X)  

variable_list = readTable('variables.xlsx'); %Import the variables 

 

%%%Define the volume for each of the compartments (defined in cubic meters) 

 

vol_apical  = variable_list.Value(1); 

vol_cell    = variable_list.Value(2); 

vol_baso    = variable_list.Value(3); 

vol_i       = variable_list.Value(9); 

 

%Half-life of Caco-2 cell 

alpha       = variable_list.Value(7);    

 

global z 

 

global Vm_apical_FD    

global Kapical_FD_apical 

global Kapical_FD_cell  
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global Kbaso_AT 

global Vm_baso_AT  

 

global Vm_baso_FD_new 

global Kbaso_FD_new_cell 

global Kbaso_FD_new_baso 

 

%Apical compartment: Simple diffusion and Facilitated diffusion 

diff_X1 = (-1 * (alpha / vol_apical) * ((X(1) - (z*X(2))))) +... 

    ((vol_cell/vol_apical) * ((-1) * (Vm_apical_FD*X(1) / (Kapical_FD_apical + X(1)))... 

    + (Vm_apical_FD*(z*X(2)) / (Kapical_FD_cell + (z*X(2)))))); 

 

%Cellular compartment: Simple diffusion, Active transport and Facilitated 

%diffusion from the apical and basolateral compartments and inner 

%compartment 

diff_X2 = (-1 * (alpha / vol_cell) * ((z*X(2)) - X(1))) + (-1 * (alpha / vol_cell) * ((z*X(2)) - 

X(3)))... 

    + (((Vm_apical_FD * X(1)) / (Kapical_FD_apical + X(1))) - (Vm_apical_FD * (z*X(2)) / 

(Kapical_FD_cell + (z*X(2)))))... 

    + (Vm_baso_AT * X(3) / (Kbaso_AT + X(3)))... 

    + ((Vm_baso_FD_new * X(3) / (Kbaso_FD_new_baso + X(3))) ... 

    - ((Vm_baso_FD_new * (z*X(2))) / (Kbaso_FD_new_cell + (z*X(2))))); 
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%Basolateral compartment: Simple diffusion, Active transport and Faciliated diffusion 

diff_X3 = (-1 * (alpha / vol_baso) * ((X(3) - (z*X(2)))))... 

    + (-1 * (vol_cell / vol_baso) * (Vm_baso_AT*X(3) / (Kbaso_AT + X(3))))... 

    + (-1 * (vol_cell / vol_baso) * (((Vm_baso_FD_new * X(3)) / (Kbaso_FD_new_baso + 

X(3)))... 

    - (Vm_baso_FD_new * (z*X(2)) / (Kbaso_FD_new_cell + (z*X(2)))))); 

 

 

dXdt = [diff_X1; diff_X2; diff_X3]; 

end 

 

 

B.v. Solving for intracellular compartmentalization and plotting 

Objective functions 

function parameter_fit = all_unknowns_objective_function_I_value(input, z, Vm_apical_FD, 

Kapical_FD_apical, Kapical_FD_cell, Vm_baso_AT, Kbaso_AT, Vm_baso_FD_new, 

Kbaso_FD_new_cell, Kbaso_FD_new_baso) 

 

variable_list = readTable('variables.xlsx'); %Import the variables 

 

%%%Define the global parameters (constant) 
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%Define the volume for each of the compartments (defined in cubic meters) 

 

vol_apical  = variable_list.Value(1); 

vol_cell    = variable_list.Value(2); 

vol_baso    = variable_list.Value(3); 

min_conv    = variable_list.Value(4);   %Used for converting seconds to mins 

 

%Defining alpha for simple diffusion 

alpha   = variable_list.Value(7);   %Half-life of TYR 

 

%Time span for output 

T       = variable_list.Value(8); %in mins 

dt      = 1/60; %Sampling interval in mins 

tspan   = 0:dt:T;  

 

%Ratio of volumes 

y1      = (vol_cell/vol_apical); 

y2      = (vol_cell/vol_baso); 
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%Checking for apical or basolateral addition 

if eq(input,1) 

    apical_addition = 1; 

else 

    apical_addition = 0; 

end 

 

%%%Linear fit parameters for the Cellular and Basolateral compartments only (taken from 

%GraphPad Prism) 

%%%Apical addition 

if eq(apical_addition,1)     

    %Apical compartment 

    slope_apical = -0.5258; 

    delta_apical = 87.27; 

    X_apical_linear = slope_apical.*tspan + delta_apical; 

     

    %Basolateral compartment 
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    slope_baso = 0.06756; 

    delta_baso = 0.09246;  

    X_baso_linear = slope_baso.*tspan + delta_baso; 

     

    %Cellular compartment 

    slope_cell  = 1.627.*ones(size(tspan)); 

    delta_cell  = 98.27; 

    X_cell_linear = slope_cell.*tspan + delta_cell; 

else 

    %%%Basolateral addition 

    %Apical compartment 

    slope_apical = 0.3168; 

    delta_apical = 1.670; 

    X_apical_linear = slope_apical.*tspan + delta_apical; 

     

    %Basolateral compartment 

    slope_baso = -0.08764; 

    delta_baso = 83.65;  
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    X_baso_linear = slope_baso.*tspan + delta_baso; 

     

    %Cellular compartment 

    slope_cell = 9.268.*ones(size(tspan)); 

    delta_cell = 464.8; 

    X_cell_linear = slope_cell.*tspan + delta_cell; 

end 

 

%The experimentally derived value set (delta values) 

 

f_apical    = slope_apical; 

f_cell      = slope_cell; 

f_baso      = slope_baso; 

 

% % %The objective functions 

% Apical-Cell membrane values 

% Vm_apical_FD        = optimvar('Vm_apical_FD', 1, "LowerBound", 0); 

% Kapical_FD_apical   = optimvar('Kapical_FD_apical', 1, "LowerBound", 0); 
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% Kapical_FD_cell     = optimvar('Kapical_FD_cell', 1, "LowerBound", 0); 

 

% Basolateral-Cell membrane values 

% Vm_baso_AT          = optimvar('Vm_baso_AT', 1, "LowerBound", 0); 

% Kbaso_AT            = optimvar('Kbaso_AT', 1, "LowerBound", 0); 

% Vm_baso_FD_new      = optimvar('Vm_baso_FD_new', 1, "LowerBound", 0); 

% Kbaso_FD_new_baso   = optimvar('Kbaso_FD_new_baso', 1, "LowerBound", 0); 

% Kbaso_FD_new_cell   = optimvar('Kbaso_FD_new_cell', 1, "LowerBound", 0); 

 

% Inner-Cell membrane values 

Vi  = optimvar('Vi', 1, "LowerBound", 0); 

Ki  = optimvar('Ki', 1, "LowerBound", 0); 

 

%Z factor 

% z = optimvar('z', 1); 

 

%F-values includes Simple Diffusion, Facilitated Diffusion and Active 

%Transport 
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F_apical    =   (alpha / vol_apical) .* ((z.*X_cell_linear) - X_apical_linear) +... 

    y1 .* ( (( Vm_apical_FD .* (z.* X_cell_linear) )./( Kapical_FD_cell + (z.* X_cell_linear) ))... 

    - (( Vm_apical_FD .* X_apical_linear )./( Kapical_FD_apical + X_apical_linear )) ); 

 

F_cell      =  -1.*(alpha / vol_apical) .* ((z.* X_cell_linear) - X_apical_linear) +... 

    -1.*(alpha / vol_baso) .* ((z.* X_cell_linear) - X_baso_linear) + ... 

    ( (Vm_apical_FD .* X_apical_linear)./(Kapical_FD_apical + X_apical_linear)... 

    - (Vm_apical_FD .* (z.* X_cell_linear))./(Kapical_FD_cell + (z.* X_cell_linear)) )... 

    + (Vm_baso_AT * X_baso_linear) ./ (Kbaso_AT + X_baso_linear)... 

    + ( (Vm_baso_FD_new .* X_baso_linear)./(Kbaso_FD_new_baso + X_baso_linear)... 

    - (Vm_baso_FD_new .* (z.* X_cell_linear))./(Kbaso_FD_new_cell + (z.* X_cell_linear)) )... 

    - ( (Vi .* X_cell_linear) ./ (Ki + X_cell_linear) ); 

 

F_baso      = (alpha / vol_baso) .* ((z.* X_cell_linear) - X_baso_linear) +... 

    y2 .* ( (Vm_baso_FD_new.* (z.* X_cell_linear))./(Kbaso_FD_new_cell + (z.* 

X_cell_linear))... 

    - (Vm_baso_FD_new.*X_baso_linear)./(Kbaso_FD_new_baso + X_baso_linear)... 

    - (Vm_baso_AT*X_baso_linear ./ (Kbaso_AT + X_baso_linear)) ); 
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obj_apical  = sum((F_apical(1:end) - f_apical).^2); 

obj_cell    = sum((F_cell(1:end) - f_cell).^2); 

obj_baso    = sum((F_baso(1:end) - f_baso).^2); 

 

%Cumulative objective functions 

obj     = (obj_apical + obj_cell + obj_baso); 

 

parameter_fit = obj; 

 

end 

 

Kinetic parameters solver 

%Set the fixed parameters 

variable_list = readTable('variables.xlsx'); 

min_conv        = variable_list.Value(4);   %Conversion from seconds to minutes 

 

%Set the fixed variables 

z               = 1; 
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Vm_apical_FD        = 2.25 * min_conv; 

Kapical_FD_apical   = 110.36; 

% Kapical_FD_cell     = 1227.86; %Adjust symmetric parameters 

Kapical_FD_cell     = 110.36; 

 

Vm_baso_AT          = 3.32 * min_conv; 

Kbaso_AT            = 29.04; 

 

Vm_baso_FD_new      = 5.98 * min_conv; 

Kbaso_FD_new_cell   = 628.255; 

Kbaso_FD_new_baso   = 628.255; 

 

%Solving apical and basolateral additions simultaneously 

obj_apical  = all_unknowns_objective_function_I_value(1, z, Vm_apical_FD, 

Kapical_FD_apical, Kapical_FD_cell, Vm_baso_AT, Kbaso_AT, Vm_baso_FD_new, 

Kbaso_FD_new_cell, Kbaso_FD_new_baso);    %Apical addition 
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obj_baso    = all_unknowns_objective_function_I_value(2, z, Vm_apical_FD, 

Kapical_FD_apical, Kapical_FD_cell, Vm_baso_AT, Kbaso_AT, Vm_baso_FD_new, 

Kbaso_FD_new_cell, Kbaso_FD_new_baso);    %Basolateral addition 

 

%Solve simltaenously 

objective = sum(obj_apical,obj_baso); 

 

%Solve for apical addition objective functions only 

% objective = obj_apical; 

 

%Solve for basolateral addition objective functions only 

% objective = obj_baso; 

 

%Change the algorithm properties using the variables below 

evals       = 1e12; 

max_iter    = 1e12; 

opt_tol     = 1e-10; 

func_tol    = 1e-15; 

step_tol    = 1e-12; 
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options = optimoptions(@lsqnonlin,'MaxFunctionEvaluations',evals,'MaxIterations',max_iter,... 

    'StepTolerance',step_tol,... 

    'OptimalityTolerance',opt_tol,'FunctionTolerance',func_tol,'Algorithm', 'levenberg-marquardt'); 

 

%The least squares problem 

 

lsqproblem   = optimproblem("Objective",objective); 

 

%Initial parameters (values that are not fixed) 

% x0.z    = 1; 

x0.Vi   = 10; 

x0.Ki   = 10; 

 

%Optimization problem 

[sol,~]    = solve(lsqproblem,x0,'Options',options); 

 

% show(lsqproblem) 
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disp('The z-factor value') 

disp(z) 

 

disp('The value of Vm_apical_FD (nM/min)') 

disp(Vm_apical_FD) 

disp('The value of Kapical_FD_apical (nM)') 

disp(Kapical_FD_apical) 

disp('The value of Kapical_FD_cell (nM)') 

disp(Kapical_FD_cell) 

 

disp('The value of Vm_baso_AT (nM/min)') 

disp(Vm_baso_AT) 

disp('The value of Kbaso_AT (nM)') 

disp(Kbaso_AT) 

 

disp('The value of Vm_baso_FD_new (nM/min)') 

disp(Vm_baso_FD_new) 

disp('The value of Kbaso_FD_new_baso (nM)') 
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disp(Kbaso_FD_new_baso) 

disp('The value of Kbaso_FD_new_cell (nM)') 

disp(Kbaso_FD_new_cell) 

 

disp('The value of inner compartment Vi (nM/min)') 

disp(sol.Vi); 

disp('The value of inner compartment Ki (nM)') 

disp(sol.Ki); 

 

%Apical Plots 

X_apical    = 88.85; 

X_cell      = 0; 

X_baso      = 0; 

X_i         = 0; 

fig_index   = 1; 

 

all_unkowns_solver_plots_I_value(X_apical, X_cell, X_baso, X_i,... 

    z,... 
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    Vm_apical_FD, Kapical_FD_apical, Kapical_FD_cell,... 

    Vm_baso_AT, Kbaso_AT,... 

    Vm_baso_FD_new, Kbaso_FD_new_cell, Kbaso_FD_new_baso,... 

    sol.Vi, sol.Ki,... 

    fig_index) 

 

%Basolateral Plots 

X_apical    = 0; 

X_cell      = 0; 

X_baso      = 82.9; 

X_i         = 0; 

fig_index   = 5; 

 

all_unkowns_solver_plots_I_value(X_apical, X_cell, X_baso, X_i,... 

    z,... 

    Vm_apical_FD, Kapical_FD_apical, Kapical_FD_cell,... 

    Vm_baso_AT, Kbaso_AT,... 

    Vm_baso_FD_new, Kbaso_FD_new_cell, Kbaso_FD_new_baso,... 
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    sol.Vi, sol.Ki,... 

    fig index) 

 

Plotting with inner compartment 

function combined_vol_output = all_unkowns_solver_plots_I_value(X_apical, X_cell, X_baso, 

X_i,... 

    Z,... 

    Vm_a_fd, Kt_a_1, Kt_a_2,... 

    Vm_b_AT, Kt_b_AT,... 

    Vm_var_2, Kt_var_c, Kt_var_b,... 

    Vi_var, Ki_var,... 

    fig_counter) 

 

global X_initial    %Define the initial concentrations for the layers (nM) 

  

X_initial   = [X_apical, X_cell, X_baso, X_i];   %Initial concentrations for three layers 

 

%%%The z-factor 

global z 
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z = Z; 

 

variable_list = readTable('variables.xlsx'); %Import the variables 

 

%%%Defining the transport values for Faciliated diffusion (Apical and Cell) 

 

global Vm_apical_FD     %Maximum rate achieved (nM/min) (Apical compartment) 

global Kapical_FD_apical     %Substrate concentration (nM) for apical (Apical compartment) 

global Kapical_FD_cell     %Substrate concentration (nM) fo cell (Apical compartment) 

 

Vm_apical_FD        = Vm_a_fd; %Maximum rate achieved between apical and cell for 

Facilitated transporter 

Kapical_FD_apical   = Kt_a_1;   %Substrate concentration for apical compartment to cell 

compartment for Facilitated transporter  

Kapical_FD_cell     = Kt_a_2;   %Substrate concentration for cell compartment to apical 

compartment for Facilitated transporter  

 

%%%Defining the transport values for Active Transport (Cell and Baso) 
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global Kbaso_AT       %Substrate concentration (nM) 

global Vm_baso_AT     %Maximum rate achieved (nM/min)   

 

Vm_baso_AT     = Vm_b_AT;     %Maximum rate achieved between basolateral and cell for 

Active transporter 

Kbaso_AT       = Kt_b_AT;     %Substrate concentration for basolateral-cell compartment for 

Active transporter 

 

%%%Defining the transport values for inner compartment (Cell and Inner) 

 

global Vi 

global Ki 

 

Vi = Vi_var; 

Ki = Ki_var; 

 

%%%Defining the transport values for the asymmetric (Cell and Baso) 

global Vm_baso_FD_new 
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global Kbaso_FD_new_cell 

global Kbaso_FD_new_baso 

 

Vm_baso_FD_new      = Vm_var_2; %Define Vmax for FD in baseolateral compartment 

Kbaso_FD_new_cell   = Kt_var_c; %Define Kbaso for FD wrt cell 

Kbaso_FD_new_baso   = Kt_var_b; %Define Kbaso for FD wrt baso 

 

%%%Time span for output 

T       = variable_list.Value(8);   %Time period 

dt      = 0.1/60; 

tspan   = 0:dt:T;   

 

%%%Combined diffusion and active transport (Baseline) 

ODE_X_baseline = @ODE_Combined_Diffusion_Active_Trasport_Baseline;  

 

[~,X_CD_AT] = ode45(ODE_X_baseline, tspan, X_initial); %MATLAB ODE solver 

 

combined_vol_output = X_CD_AT;          %All the output values 
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apical_baseline_output   = X_CD_AT(:,1);     %Apical values 

cell_baseline_output     = X_CD_AT(:,2);     %Cellular values 

baso_baseline_output     = X_CD_AT(:,3);     %Basolateral values 

 

%Solving for all the scenario that includes all the transport processes 

ODE_X_scenario_1 = @ODE_Combined_Diffusion_Active_Trasport_Scenario;  

 

[t,X_SC_1]      = ode45(ODE_X_scenario_1, tspan, X_initial); 

 

apical_sc1_output   = X_SC_1(:,1);  %Scenario apical concentration values 

cell_sc1_output     = X_SC_1(:,2);  %Scenario cellular concentration values 

baso_sc1_output     = X_SC_1(:,3);  %Scenario basolateral concentration values 

i_sc1_output        = X_SC_1(:,4);  %Scenario inner concentration values 

 

if gt(X_apical,X_baso) 

    Title = 'Apical addition'; 

else 

    Title = 'Basolateral addition'; 
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end 

 

%Importing values for experimental data from matlab 

if gt(X_apical , X_baso)    %Apical addition to Basolateral compartment 

    %Importing the Apical experimental values 

    apical_exp_values   = xlsread('Apical_addition','Apical');  

    apical_exp_mean     = apical_exp_values(:,end-2);  %Mean experimental values 

    apical_exp_std      = apical_exp_values(:,end-1);    %Std err experimental values 

 

    %Importing the Cellular experimental values 

    cell_exp_values     = xlsread('Apical_addition','Cell');  

    cell_exp_mean       = cell_exp_values(:,end-2);   %Mean experimental values 

    cell_exp_std        = cell_exp_values(:,end-1);     %Std err experimental values 

 

    %Importing the Basolateral experimental values 

    baso_exp_values     = xlsread('Apical_addition','Baso');  

    baso_exp_mean       = baso_exp_values(:,end-2);   %Mean experimental values 

    baso_exp_std        = baso_exp_values(:,end-1);     %Std err experimental values 
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    time_span_exp       = apical_exp_values(1:end,1); %Time span for the experimental values 

 

elseif lt(X_apical, X_baso)     %Basolateral addition to the Apical compartment 

    %Importing the Apical experimental values 

    apical_exp_values   = xlsread('Baso_addition','Apical');  

    apical_exp_mean     = apical_exp_values(:,end-2);  %Mean experimental values 

    apical_exp_std      = apical_exp_values(:,end-1);    %Std err experimental values 

 

    %Importing the Cellular experimental values 

    cell_exp_values     = xlsread('Baso_addition','Cell');  

    cell_exp_mean       = cell_exp_values(:,end-2);   %Mean experimental values 

    cell_exp_std        = cell_exp_values(:,end-1);     %Std err experimental values 

 

    %Importing the Basolateral experimental values 

    baso_exp_values     = xlsread('Baso_addition','Baso');  

    baso_exp_mean       = baso_exp_values(:,end-2);   %Mean experimental values 

    baso_exp_std        = baso_exp_values(:,end-1);     %Std err experimental values 
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    time_span_exp       = apical_exp_values(1:end,1); %Time span for the experimental values 

end 

     

%Plot of Concentration vs Time with the Experimental values superimposed 

% Plotting the Apical compartment results 

Figure(fig_counter) 

plot(t, apical_baseline_output,'b', 'Linewidth', 4) 

hold on 

plot(t, apical_sc1_output, 'g', 'Linewidth', 4) 

hold on 

grid on 

set(gca,'FontSize',28,'fontweight','bold') 

set(gcf,'color','w'); 

title(Title,'fontweight','bold'); 

xlabel('Time (minutes)','fontweight','bold'); 

ylabel('Apical Concentration (nM)','fontweight','bold'); 

hold on 
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plot(time_span_exp, apical_exp_mean,'r','Marker','o','MarkerSize',10,'Linewidth', 4) 

hold on 

errorbar(time_span_exp,apical_exp_mean,apical_exp_std,'r', 'Linewidth', 2) 

legend({'Baseline', 'Additional Transporter','Experimental'},'FontSize',20) 

% legend({'Simulated with Additional Transporter','Experimental'},'FontSize',20) 

 

%Plotting the Cellular compartment results 

Figure(fig_counter+1) 

plot(t, cell_baseline_output, 'b', 'Linewidth', 4) 

hold on 

plot(t, cell_sc1_output, 'g', 'Linewidth', 4) 

grid on 

set(gca,'FontSize',28,'fontweight','bold') 

set(gcf,'color','w'); 

title(Title,'fontweight','bold') 

xlabel('Time (minutes)','fontweight','bold') 

ylabel('Cellular Concentration (nM)','fontweight','bold') 

hold on 
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% plot(time_span_exp, cell_exp_mean,'r','Marker','o','MarkerSize',10,'Linewidth', 4) 

hold on 

errorbar(time_span_exp,cell_exp_mean,cell_exp_std,'r', 'Linewidth', 2) 

legend({'Baseline', 'Additional Transporter','Experimental'},'FontSize',20) 

% legend({'Simulated with Additional Transporter','Experimental'},'FontSize',20) 

 

%Plotting the Basolateral compartment results 

Figure(fig_counter+2) 

plot(t, baso_baseline_output, 'b', 'Linewidth', 4) 

hold on 

plot(t, baso_sc1_output, 'g', 'Linewidth', 4) 

grid on 

set(gca,'FontSize',28,'fontweight','bold') 

set(gcf,'color','w'); 

title(Title,'fontweight','bold') 

xlabel('Time (minutes)','fontweight','bold') 

ylabel('Basolateral Concentration (nM)','fontweight','bold') 

hold on 
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% plot(time_span_exp, baso_exp_mean,'r','Marker','o','MarkerSize',10,'Linewidth', 4) 

hold on 

errorbar(time_span_exp,baso_exp_mean,baso_exp_std,'r', 'Linewidth', 2) 

legend({'Baseline', 'Additional Transporter','Experimental'},'FontSize',20) 

% legend({'Simulated with Additional Transporter','Experimental'},'FontSize',20) 

%  

% Figure(fig_counter+3) 

% nexttile 

% hold on 

% plot(t, apical_sc1_output, 'g', 'Linewidth', 4) 

% hold on 

% grid on 

% set(gca,'FontSize',22,'fontweight','bold') 

% set(gcf,'color','w'); 

% title(Title,'fontweight','bold'); 

% xlabel('Time (minutes)','fontweight','bold'); 

% ylabel('Apical Concentration (nM)','fontweight','bold'); 

% hold on 
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% plot(time_span_exp, apical_exp_mean,'r','Marker','o','MarkerSize',10,'Linewidth', 4) 

% hold on 

% errorbar(time_span_exp,apical_exp_mean,apical_exp_std,'r', 'Linewidth', 2) 

%  

% nexttile 

% hold on 

% plot(t, cell_sc1_output, 'g', 'Linewidth', 4) 

% grid on 

% set(gca,'FontSize',22,'fontweight','bold') 

% set(gcf,'color','w'); 

% title(Title,'fontaweight','bold') 

% xlabel('Time (minutes)','fontweight','bold') 

% ylabel('Cellular Concentration (nM)','fontweight','bold') 

% hold on 

% plot(time_span_exp, cell_exp_mean,'r','Marker','o','MarkerSize',10,'Linewidth', 4) 

% hold on 

% errorbar(time_span_exp,cell_exp_mean,cell_exp_std,'r', 'Linewidth', 2) 

% hold on 
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% inner compartment plot comparison 

% c = 0.9; 

% inner_plot  = cell_sc1_output + (1 - c).* i_sc1_output; %inner plot values 

% plot(t,inner_plot, 'b', 'Linewidth', 2, 'LineStyle', '--') 

%  

% nexttile 

% hold on 

% plot(t, baso_sc1_output, 'g', 'Linewidth', 4) 

% grid on 

% set(gca,'FontSize',22,'fontweight','bold') 

% set(gcf,'color','w'); 

% title(Title,'fontweight','bold') 

% xlabel('Time (minutes)','fontweight','bold') 

% ylabel('Basolateral Concentration (nM)','fontweight','bold') 

% hold on 

% plot(time_span_exp, baso_exp_mean,'r','Marker','o','MarkerSize',10,'Linewidth', 4) 

% hold on 

% errorbar(time_span_exp,baso_exp_mean,baso_exp_std,'r', 'Linewidth', 2) 
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end 

 

%Combined Diffusion and Active transport function for baseline scenario 

function dXdt = ODE_Combined_Diffusion_Active_Trasport_Baseline(~,X) 

variable_list = readTable('variables.xlsx'); %Import the variables 

 

%%%Define the volume for each of the compartments (defined in cubic meters) 

 

vol_apical  = variable_list.Value(1); 

vol_cell    = variable_list.Value(2); 

vol_baso    = variable_list.Value(3); 

 

%Half-life of Caco-2 cell 

alpha       = variable_list.Value(7);    

 

global Kapical_FD_apical 
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global Kbaso_AT  

global Vm_baso_AT   

 

global Vm_apical_FD   

 

 

%Apical compartment: Simple diffusion and Facilitated diffusion 

diff_X1 = (-1 * (alpha / vol_apical) * ((X(1) - X(2))))... 

    + ((vol_cell/vol_apical) * ((-1) * (Vm_apical_FD*X(1) / (Kapical_FD_apical + X(1))) + 

(Vm_apical_FD*X(2) / (Kapical_FD_apical + X(2))))); 

 

%Cellular compartment: Simple diffusion, Active transport and Facilitated 

%diffusion 

diff_X2 = (-1 * (alpha / vol_cell) * (X(2) - X(1))) + (-1 * (alpha / vol_cell) * (X(2) - X(3)))... 

    + ((Vm_apical_FD * X(1)) / (Kapical_FD_apical + X(1))) + (-1) * (Vm_apical_FD * X(2) / 

(Kapical_FD_apical + X(2)))... 

    + (Vm_baso_AT * X(3) / (Kbaso_AT + X(3))); 

 

%Basolateral compartment: Simple diffusion and Active transport 
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diff_X3 = (-1 * (alpha / vol_baso) * ((X(3) - X(2))))... 

    + (-1 * (vol_cell / vol_baso) * (Vm_baso_AT*X(3) / (Kbaso_AT + X(3)))); 

 

dXdt = [diff_X1; diff_X2; diff_X3]; 

end 

 

%Combined Diffusion and Active transport function for scenarios (with z 

%factor) 

function dXdt = ODE_Combined_Diffusion_Active_Trasport_Scenario(~,X)  

variable_list = readTable('variables.xlsx'); %Import the variables 

 

%%%Define the volume for each of the compartments (defined in cubic meters) 

 

vol_apical  = variable_list.Value(1); 

vol_cell    = variable_list.Value(2); 

vol_baso    = variable_list.Value(3); 

vol_i       = variable_list.Value(9); 
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%Half-life of Caco-2 cell 

alpha       = variable_list.Value(7);    

 

global z 

 

global Vm_apical_FD    

global Kapical_FD_apical 

global Kapical_FD_cell  

 

global Kbaso_AT 

global Vm_baso_AT  

 

global Vm_baso_FD_new 

global Kbaso_FD_new_cell 

global Kbaso_FD_new_baso 

 

global Vi 

global Ki 
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%Apical compartment: Simple diffusion and Facilitated diffusion 

diff_X1 = (-1 * (alpha / vol_apical) * ((X(1) - (z*X(2))))) +... 

    ((vol_cell/vol_apical) * ((-1) * (Vm_apical_FD*X(1) / (Kapical_FD_apical + X(1)))... 

    + (Vm_apical_FD*(z*X(2)) / (Kapical_FD_cell + (z*X(2)))))); 

 

%Cellular compartment: Simple diffusion, Active transport and Facilitated 

%diffusion from the apical and basolateral compartments and inner 

%compartment 

diff_X2 = (-1 * (alpha / vol_cell) * ((z*X(2)) - X(1))) + (-1 * (alpha / vol_cell) * ((z*X(2)) - 

X(3)))... 

    + (((Vm_apical_FD * X(1)) / (Kapical_FD_apical + X(1))) - (Vm_apical_FD * (z*X(2)) / 

(Kapical_FD_cell + (z*X(2)))))... 

    + (Vm_baso_AT * X(3) / (Kbaso_AT + X(3)))... 

    + ((Vm_baso_FD_new * X(3) / (Kbaso_FD_new_baso + X(3))) ... 

    - ((Vm_baso_FD_new * (z*X(2))) / (Kbaso_FD_new_cell + (z*X(2)))))... 

    - ( (Vi * X(2)) / (Ki + X(2)) ); 

 

%Basolateral compartment: Simple diffusion, Active transport and Facilitated diffusion 
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diff_X3 = (-1 * (alpha / vol_baso) * ((X(3) - (z*X(2)))))... 

    + (-1 * (vol_cell / vol_baso) * (Vm_baso_AT*X(3) / (Kbaso_AT + X(3))))... 

    + (-1 * (vol_cell / vol_baso) * (((Vm_baso_FD_new * X(3)) / (Kbaso_FD_new_baso + 

X(3)))... 

    - (Vm_baso_FD_new * (z*X(2)) / (Kbaso_FD_new_cell + (z*X(2)))))); 

 

%Inner compartment  

diff_X4 = (vol_cell / vol_i) * (Vi * X(2) / (Ki + X(2)) ); 

 

dXdt = [diff_X1; diff_X2; diff_X3; diff_X4]; 

end 
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