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Abstract 

An increasing number of drugs are protein and peptide therapeutics. Proteins are involved in 

almost all cell pathways and tend to have a very specific function, making them attractive 

candidates as drugs. One of the main drawbacks to their use is they typically have very low oral 

bioavailability. The GI tract represents a chemical and physical barrier to molecules entering the 

body. The chemical barrier consists of enzymatic degradation and harsh pH conditions. The 

physical barrier primarily consists of the epithelium which restricts absorption of molecules from 

the intestinal lumen. Drug molecules can cross via the transcellular route (across cells) or the 

paracellular route (between cells). Epithelial cells are connected to adjacent cells by tight 

junctions (TJs), multi-protein complexes anchored to the cytoskeleton which form a 

semipermeable barrier in the paracellular space. TJ permeability is regulated by the specific 

proteins present and by phosphorylation of myosin light chain (MLC). MLC is phosphorylated by 

MLC kinase (MLCK) to open TJs and dephosphorylated by MLC phosphatase (MLCP) to close 

them.  Here, a series of permeable inhibitor of phosphatase (PIP) peptides have been designed 

to inhibit MLCP to open TJs and an increase in permeability to biopharmaceuticals. Caco-2 

monolayers and in vivo intestinal injections were used to assess the increase in permeability. 

Western blotting was used to assess PIP effect on MLC and tight junction proteins. Fluorescent 

microscopy was used to visualise the transport of drugs and distribution of tight junction proteins. 

Binding assays were used to assess the interaction of PIP peptides with MLCP. 

Two lead peptides (PIP250 and PIP640) increased permeability of Caco-2 monolayers to 4 kDa 

dextran and intestinal epithelia to insulin, exenatide, salmon calcitonin and gentamicin. And 

increased pMLC over the same time course. In vitro, the PIP-induced permeation enhancement 

was charge-selective, with cations being more permeable than anions or molecules with no net 

charge. The charge selectivity was greater following PIP640 treatment. Both peptides induced a 

remodelling of TJ proteins. Both increased cation pore-forming claudin-2 and PIP250 reduced 

occludin. Claudin-2 increase was greater following PIP640 treatment. The level of claudin-2 

increase correlates with the level of charge selectivity. Co-treatment with a myosin light chain 

kinase inhibitor suggested that the claudin-2 increase is dependent on pMLC whereas the 

occludin decrease is not. Single amino acid mutations to PIP250 identified residues that are key 

to binding to PP1. Mutations were identified that retained the permeation enhancer effect but 

had a faster recovery rate back to pre-treatment barrier function.            
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1 Introduction 

1.1 Overview of Protein Therapies  

Proteins are macromolecules with diverse roles within the human body, responsible for many 

roles including catalysing biological reactions, acting as cell surface receptors, cell-cell 

communication, forming membrane channels and chaperoning other molecules during 

transport amongst other functions. There are up to 40,000 proteins in humans and extensive 

regulation and modification mechanisms, such as phosphorylation, acetylation, and alternative 

splicing, effectively increase the number of distinct proteins further. This huge diversity means 

that each protein tends to have a very specific role. This specificity makes proteins an attractive 

candidate for therapeutics, as they can be used to target one particular pathway without having 

many side effects elsewhere. Additionally, as large molecules with a complex structure, it can 

be difficult to replicate their effect with small molecules. As proteins are naturally occurring, 

they are generally well tolerated when administered as drugs. This also may be a reason why 

the average time to get a protein drug to approval is shorter than for small molecules [1]. This 

provides a commercial incentive to focus on protein therapy development. These advantages 

of proteins make them attractive drug candidates, and there are an increasing number 

approved. 

The first protein used to treat a human patient was insulin, to treat diabetes, in 1922 [2]. Initially 

the insulin used was purified bovine insulin, which is still biologically active in humans [2]. 

Nowadays, few protein therapeutics are purified from human or other mammalian sources. 

Instead, the majority are recombinant proteins, made by insertion of the gene for the protein 

into a bacterial, yeast, mammalian or insect cell, which then expresses the protein [3]. This has 

an additional benefit, as it has the potential for modifications to be made to the gene to produce 

an altered version of the protein. This may be used to create a more specific or efficacious 

protein. Additionally, some therapeutic peptides, such as semaglutide, are made synthetically. 

Insulin was the first recombinant protein to be approved by the FDA in 1982 [2]. Since then 

there have been over 120 protein or peptide drugs approved for use by the FDA [4]. Protein 

therapeutics may replace a deficient endogenous protein (as with Insulin), enhance an existing 

pathway, block receptors or other molecules (for example, antibodies), deliver other molecules, 

act as vaccines or act as diagnostic tools [5]. There are also many new therapeutic protein 
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approvals and more in clinical trials [6], so the amount of protein therapies given to patients is 

likely to increase.  

Despite the attractive advantages of protein therapies, there are some disadvantages that limit 

their use. The main obstacle is their lack of oral bioavailability. There are a number of barriers 

to overcome for drugs administered via the oral route. There is a chemical barrier, consisting 

of digestive enzymes and varying pH, and a physical barrier, consisting of secreted mucus and 

the epithelium of the GI tract. Proteins are subject to degradation in the GI tract. Various forms 

of enteric coating of formulations are available to protect drugs until they reach the site of 

absorption [7]. However, proteins are still too large to readily cross the epithelium [8].  

Due to this lack of oral bioavailability, currently the vast majority of protein therapies are given 

by injection. Most typically this is a subcutaneous injection, but intravenous and intramuscular 

injections are also used. Injections may be painful, carry a higher risk of infection and may need 

to be given by a healthcare professional. This makes the patient experience more unpleasant 

and less convenient, which may also lead to reduced compliance. Additionally, injectable 

formulations are less stable and more expensive to produce due to extra sterilization required. 

This means that an orally deliverable protein formulation would be preferable to injection. 

1.2 Anatomy and Physiology of the Gastro-Intestinal (GI) Tract 

The GI tract is a multi-organ system that is responsible for the ingestion, digestion, and 

absorption of nutrients. Starting from the mouth and moving towards the anus, the main 

components and organs of the GI tract are the esophagus, stomach, duodenum, jejunum, 

ileum, caecum, colon, and rectum.  The basic structure of the GI tract is a tube with layers of 

different tissue surrounding the lumen, which contains ingested food and the digestive cocktail 

of enzymes. An epithelial layer is in immediate contact with the lumen. This is a single layer of 

cells, the majority of which are columnar epithelial cells, but also includes various secretory 

cells. The function of the epithelium is to form a barrier between the contents of the lumen and 

the body, and to control the absorption of nutrients into the blood. The epithelium is surrounded 

by the mucosa and submucosa. These layers contain capillaries and lymphatic vessels to 

transport absorbed materials to the rest of the body, and to bring immune cells to and from the 

GI tract. These layers also contain a number of immune cells. The submucosa is surrounded 

by smooth muscle, which forms a circular muscle layer and a longitudinal muscle layer, that 
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can dilate or contract the lumen and perform peristalsis to move the luminal contents along the 

GI tract. Each organ has different properties to carry out its specialised function.  

1.2.1 Esophagus 

The esophagus takes food from the mouth to the stomach. It is a tube surrounded by smooth 

muscle. Peristalsis (wave-like contraction of smooth muscle) moves food towards the stomach. 

Where the esophagus meets the stomach, it is surrounded by the lower esophageal sphincter, 

which opens to allow food into the stomach and closes to prevent gastric reflux. The first 

digestion begins in the mouth, from salivary amylase, but no digestion takes place in the 

esophagus [9].  

1.2.2 Stomach 

The stomach is the widest part of the GI tract and joins with the esophagus at the lower 

esophageal sphincter, and the duodenum at the pyloric sphincter. The primary function of the 

stomach is to physically and chemically break down food, and regulate food moving into the 

intestine. The breakdown of food requires the secretion of various enzymes, as well as stomach 

acid and other chemicals. To achieve this the stomach has many gastric glands, which are pits 

in the epithelium containing secretory cells. These pits cover around half of the epithelial 

surface area. The secretory cells include mucous neck cells, chief cells, parietal cells, and 

entero-endocrine cells. Mucous neck cells secrete mucus at the opening of the gastric pits. 

Chief cells secrete pepsinogen, which is a prohormone that is converted to active pepsin in the 

presence of stomach acid. Pepsin is a major proteolytic enzyme involved in digestion of 

proteins. It is secreted as a prohormone to protect the stomach from digesting itself. Parietal 

cells secrete hydrochloric acid into the stomach to maintain a pH of around 1-3. The low pH 

functions to convert pepsinogen to active pepsin and provide optimal conditions for its activity, 

helps to physically break down fibrous material in food and protect against pathogens by killing 

many microorganisms that are swallowed. Enteroendocrine cells secrete hormones which are 

absorbed into the blood. For example, G-cells secrete gastrin which affects other secretory 

processes in the GI tract [9]. 

The stomach is primarily involved in the digestion of food and absorption of nutrients is minimal. 

The epithelium outside of the gastric pits is almost entirely made up of mucous cells that secrete 

an alkaline mucous layer. This lines the stomach epithelium and protects it from the acid and 

enzymes present in the lumen.      
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1.2.3 Duodenum 

Partially digested food (chyme) leaves the stomach and enters the small intestine via the pyloric 

sphincter. The first section of the small intestine is the duodenum. In total, the small intestine 

is roughly 6 m long and 2-3 cm in diameter in humans. The duodenum makes up the first 25 

cm [9]. The duodenum is the site where many secretions from the liver, pancreas and 

gallbladder enter the GI tract and are mixed with the chyme. The liver produces bile which is 

secreted into the duodenum via the gallbladder. Bile acts as an emulsifier to help breakdown 

lipids and also raises the pH of luminal contents from around pH1-3 in the stomach to around 

pH6 in the duodenum. The increase in pH allows for optimal activity of the small intestine 

enzymes. Many of these enzymes are secreted by the pancreas, including trypsin, lipase, and 

amylase. These enzymes continue the digestion of the food, breaking down proteins, lipids, 

and starch respectively. The secretion of these enzymes from the pancreas is triggered by 

hormones such as gastrin and secretin, which are primarily secreted by cells in the stomach 

and duodenum epithelium in response to the presence of food [9].  

1.2.4 Jejunum 

The jejunum is the second section of the small intestine immediately after the duodenum and 

is around 2.5 m in length in humans. It is also the widest section of the small intestine [9]. The 

pH in the jejunum rises to around pH 7-8. By the time food reaches the jejunum it is largely 

digested into basic macromolecules, which makes the jejunum the main site of absorption for 

the majority of nutrients. Nutrients absorbed in the jejunum include amino acids and small 

peptides, vitamins, and glucose. These are predominantly absorbed via active uptake. Like in 

the duodenum, the epithelium of the jejunum is folded into villi to maximise surface area, which 

are longer in the jejunum compared to the rest of the GI tract. The majority of the epithelial cells 

in the jejunum are columnar epithelial cells involved in absorption. The apical surface of these 

cells is organised into microvilli to further increase the surface area [9]. 

1.2.5 Ileum 

The ileum is the final section of the small intestine. It is longer in length and smaller in diameter 

than the jejunum. There is no distinct anatomical boundary between the jejunum and the ileum, 

with only small differences to distinguish them. The villi are shorter in the ileum and there is a 

higher density of lymphoid tissue such as Peyer’s patches [9]. The ileum is also involved in 

absorption of nutrients, primarily vitamin B12 and bile salts [9]. It may also absorb other 

digested nutrients that were not absorbed in the jejunum. The jejunum and ileum are held in 
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mesentery, a highly flexible organ which allows for intestinal motility. The mesentery provides 

blood and lymph vessels for the small intestine. Nutrients absorbed from the small intestine 

enter the blood vessels in the mesentery, which drains into the hepatic portal system taking 

them to the liver [9]. The exception being lipids which are absorbed into the lymphatic system 

[9].  

1.2.6 Colon 

The large intestine is connected to the small intestine at the ileocecal valve by the cecum, a 

small pouch that connects to the colon at the cecocolic junction [9]. The colon is wider but 

shorter than the small intestine, at roughly 1.5 m in length and 6.5 cm in diameter [9]. No 

digestion takes place in the colon, and the majority of absorption of nutrients has already 

happened in the small intestine. However, absorption of water, as well as some nutrients and 

minerals that were not absorbed in the small intestine, does take place. Additionally, some 

vitamins produced by the gut flora are absorbed here [9]. The colon has an important role in 

controlling the amount of water retention. Around 80% of the water in the colon is absorbed 

into the body [9]. The colon is responsible for the formation and storage of fecal matter before 

its expulsion from the anus [9]. The colon produces more mucus than the rest of the GI tract to 

lubricate the passage of fecal matter [9]. 

1.3 Structure and Barrier Function of the Intestinal Epithelium 

The intestinal epithelium is the innermost component of the intestinal mucosa, in direct contact 

with the intestinal lumen. The small intestine, consisting of the jejunum and ileum, is the primary 

site of absorption of digested nutrients, but also represents a barrier between the inside and 

the outside of the body. Therefore, its epithelium must be able to be permeable to certain 

molecules but prevent others from crossing from the lumen into the body. 

The small intestinal epithelium is a single layer of cells of various types. The majority of the 

cells are columnar enterocytes. These cells are the primary site of absorption of nutrients, 

including ions, sugars, peptides, lipids, and vitamins. The epithelium also contains goblet cells, 

which produce and secrete mucus. The mucus forms a layer on top of the epithelium which 

provides a physical barrier that must be crossed for luminal contents to be absorbed [10].  

The epithelial cells and the mucous layer provide a physical barrier to absorption of the luminal 

contents. Additionally, there is a chemical barrier to pathogenic invasion mediated by the 

immune system and other specialised cells. Paneth cells are epithelial cells that secrete 
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antimicrobial peptides (AMPs). The secretion of AMPs is regulated by pattern recognition 

receptors such as toll-like receptors found in the epithelium [11]. M-cells are cells in the 

epithelium with receptors that recognise pathogenic antigens in the lumen. They take up these 

antigens and deliver them to antigen presenting cells of the immune system, which facilitates 

the immune response to pathogens within the intestine [12]. Tuft cells are epithelial 

chemosensory cells that express taste receptors. In the intestine these receptors detect 

succinate produced by helminth worm parasites, which triggers release of interleukin (IL)-25. 

This promotes the immune response and epithelial remodelling following helminth infection 

[13].  

Enteroendocrine cells (EECs) are chemosensory and secretory cells making up around 1% of 

the GI epithelium [14]. They can detect various luminal stimuli, such as digested nutrients and 

microbial metabolites, and secrete cytokines and peptide hormones in response [15]. These 

secretions regulate a number of processes throughout the GI tract. There are subsets of EECs 

that are responsible for different secretions. In response to nutrient detection, EECs secrete 

hormones that have effects on metabolism and appetite. Ingestion of food stimulates secretion 

of glucagon-like peptide 1 (GLP-1) from L-cells and gastric inhibitory polypeptide (GIP) from K-

cells [14]. Both of these augment insulin signalling in response to glucose [16]. L-cells also 

secrete peptide YY (PYY) which slows gastric emptying, along with GLP-1, to provide optimal 

nutrient flow rate for absorption [17]. Ghrelin is an appetite stimulating hormone released from 

A-cells, and its secretion appears to be inhibited by detection of sugars and lipids [15]. 

EECs also have toll like receptors (TLRs) and are able to secrete proinflammatory cytokines. 

Bacterial lipopolysaccharide (LPS) activation of EEC TLRs results in secretion of 

proinflammatory cytokine TNF-α as part of the immune response [18]. As such cytokines 

increase the epithelial permeability, EECs have a role in regulating the intestinal barrier [14].  

Broadly speaking, the absorption of molecules within the lumen can happen through two-routes 

(displayed in Figure 1.1): the transcellular route where molecules are taken up by epithelial 

cells and the paracellular route where molecules move through the space between epithelial 

cells. There are many nutrients that are taken up by the transcellular route. This is controlled 

by transporters in the cell membrane that recognise specific molecules and internalise them. 

Molecules absorbed this way are then trafficked across and out of the cell where they enter the 

blood. 



 

7 
 

 

Figure 1.1: Cartoon representation of molecular transport across intestinal epithelium from apical side 

(lumen) to basal side (lamina propria). A: Passive transport through paracellular space. B: M-cell uptake 

and delivery to antigen presenting cells. C: Receptor mediated transcytosis. D: Endocytotic transport. E: 

Passive uptake and direct translocation. F: Ligand mediated transcytosis. G: Endocytotic recycling. H: 

Lysosomal degradation. 

Absorption by the paracellular route involves molecules moving passively through the space 

between epithelial cells. Epithelial cells are connected to each other by various cell-cell 

junctions which control the movement through this paracellular space. There are 4 main types 

of junction present in the intestinal epithelium. This junctional complex is summarised in figure 

1.2. 

Adherens junctions (AJs) are junctions at the lateral membrane created by interaction between 

cadherin and catenin. Cadherin is a single transmembrane protein. At AJs it crosses the lateral 

membrane with an extracellular N-terminal and a cytoplasmic C-terminal. The N-terminal 

interacts with cadherin from an adjacent cell to form the junction. The C-terminal interacts with 

catenin, an intracellular protein that is anchored to the actin cytoskeleton. AJs help promote 

cell-cell adhesion and maintain epithelial cell polarity [19]. 
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Desmosomes are cell-cell junctions involved in maintaining cell adhesion. In the intestinal 

epithelium they are found at the lateral membrane close to the basal membrane. Desmoplakin 

and plakophilin are intracellular proteins that interact with the cytoskeleton and transmembrane 

cadherin. In a similar way to AJs, the extracellular N-terminus of cadherin interacts with 

cadherin from adjacent cells to complete the junction [20]. Desmosomes are primarily involved 

in maintaining tissue integrity through hyper adhesion of cells, rather than providing a barrier 

across the paracellular space [20].  

Gap junctions form a junction with a pore that connects neighbouring cells. They are made up 

of proteins from the connexin and pannexin families. Connexins have four transmembrane 

domains. The transmembrane domains of multiple connexins form the gap junction pore in the 

membrane. The extracellular domains interact with connexins of gap junctions of adjacent cells. 

The pore formed between cells allows the movement of ions, second messengers and 

metabolites between cells. This allows cell to cell communication and signalling, as well as 

current transfer [21].   

Tight junctions are the apical-most of the epithelial cell-cell junctions and are the major junction 

in the regulation of permeability. Their structure, function, and regulation are described in more 

detail below.         
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Figure 1.2 Cartoon representation of the junctional complex between lateral membranes of adjacent 

epithelial cells. From the apical to the basal side the junctions are tight junctions (paracellular 

permeability), adherens junctions (cell-cell adhesion), gap junctions (cell-cell communication) and 

desmosomes (cell-cell adhesion). 

1.4 Tight Junction Structure and Function 

Tight junctions (TJ) form a connection and barrier between epithelial cells. They form either as 

bicellular tight junctions (bTJ) where two cells meet, or as tricellular tight junctions (tTJ) at the 

meeting point of three cells. Tight junctions form a barrier but also function to allow permeation 

of certain solutes. It is thought that there are at least two distinct pathways for transport across 

the tight junction. A pore pathway exists to allow molecules and ions below roughly 4-6 Å in 
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diameter, and a separate leak pathway to allow some larger molecules to transport [22]. These 

pathways have distinct regulatory control. Tight junctions are essential in the formation of a 

semi-permeable barrier that separates one compartment of the body from another, such as the 

brain and the blood supply (blood-brain barrier), the contents of the convoluted tubules in the 

kidney and the lumen of the GI tract and the rest of the body.   

Tight junctions are complex structures known to consist of over 40 proteins [23], which have 

roles in barrier formation, cell signalling and pore formation. These proteins form TJ strands 

which extend from the cell membrane into the extracellular space and interact directly with 

strands from other cells [24]. The strands associate with scaffolding proteins such as the zonula 

occluden proteins, which anchor them to the actin component of the cytoskeleton [25]. Each 

strand functions independently of one another, so the barrier function of the tight junction is a 

function of the total number of strands present [26]. The tight junction proteins have different 

roles in barrier formation and permeability characteristics of the paracellular pore. The types of 

proteins forming the strands are thought to influence the pore pathway, whereas strand 

breakdown appears to be associated with the leak pathway [26]. 

1.4.1 Zonula Occluden Proteins 

Zonula occluden proteins are a group of peripheral membrane proteins that localise to TJs. The 

most common of these proteins are ZO-1, ZO-2, and ZO-3. ZO-1 is a 220 kDa protein with 

many distinct protein binding domains. The N-terminal half contains three PDZ domains (a 

common structural domain involved in localising proteins [27]), a SH3 domain and a GUK 

domain [28]. These domains are associated with binding to transmembrane TJ proteins. 

Studies of ZO protein binding suggest that the first PDZ domain (PDZ1) is required for binding 

to the C-tail of claudin molecules [29]. PDZ2 appears to bind other ZO proteins and is required 

for dimerization [30]. Occludin appears to interact with the GUK domain of ZO-1 [31]   

The C-terminal of ZO-1 binds to actin filaments of the cytoskeleton. This is believed to be the 

way that the various components of the tight junction are anchored to the cytoskeleton [25]. 

Specifically, an actin binding region (ABR) between amino acids 1151 and 1371 on ZO-1 was 

found to be responsible for ZO-1 actin interaction [32]. Myosin light chain kinase (MLCK) 

activation increases tight junction permeability, and the ABR was shown to be required for this 

regulation [33]. However, it was also shown that the ABR is not required for normal TJ formation 

or for maintaining the TJ barrier at steady state conditions [34].    
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ZO-1 and ZO-2 appear to be important for the formation of tight junctions. Knock-down of ZO-

1 in Madin-Darby canine kidney (MDCK) cells delayed the formation of tight junctions, but does 

not appear to disrupt the function of TJs once formed [35]. Similarly, ZO-2 knock-down also 

slowed the assembly of tight junction proteins in the same cell line, without reducing baseline 

transepithelial electrical resistance (TEER) which is a measure of barrier function [36]. Another 

study showed that knock out or knock down of one of ZO-1 or ZO-2 in Eph4 cells had no effect 

on permeability, however, knockout of ZO-1 and knockdown of ZO-2 together showed a 

profound loss of barrier function [37]. These data suggest that both ZO-1 and ZO-2 are involved 

in tight junction formation, but there is a redundancy whereby if one protein is absent the other 

can compensate.  

1.4.2 Occludin 

Occludin is a 60 kDa tetraspan integral membrane protein. It consists of two extracellular loops, 

one cytosolic loop and a cytosolic N- and C- terminus [38]. The C-terminus contains many 

serine, threonine and tyrosine residues which are targeted by various cellular kinases, including 

protein kinase C (PKC) [38]. Studies have shown that occludin appears to localise to the TJ 

when phosphorylated and remains at the basolateral membrane when dephosphorylated [39]. 

The C-terminus is known to be key in interactions between occludin and ZO-1 [40]. The 

extracellular loops contain almost no amino acids that carry a net charge at physiological pH. 

Studies have shown that the extracellular loops and one of the transmembrane domains are 

involved in regulating paracellular permeability. Disruption of occludin loop extracellular loop 

interactions has been shown to increase permeability [41]. 

Occludin contains a number of phosphorylation sites that have been implicated in barrier 

function. Phosphorylation at different sites on occludin has been associated with both barrier 

reduction and barrier enhancement. Studies have shown that phosphorylation of Tyr-398 and 

Tyr-402, within the C-terminal region, disrupts the association of occludin with ZO-1, which has 

been implicated in reduced barrier function [42]. It has been suggested that this phosphorylation 

happens in response to barrier reducing stimuli, for example oxidative stress [42]. Protein 

kinase C (PKC) isoforms have been shown to interact directly with the C-terminus of occludin 

and is responsible for phosphorylating various sites, including Ser-338, Thr-403, Thr-404, Thr-

424 and Thr-438 [43-45]. 
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Additionally, in vitro models of barrier function have shown that increased pTyr in general is 

correlated with reduced barrier function [38]. It has also been shown that phosphorylation of 

some tyrosine residues increases barrier function, suggesting there are a range of pTyr sites 

that have different effects. 

Serine/threonine hyperphosphorylation is present in intact TJs. Studies have shown that 

dephosphorylation of these residues is associated with decreased barrier function in Caco-2 

cells and intestinal epithelia [46]. The dephosphorylation appears to increase the amount of 

occludin seen at the basolateral membrane of the cells, rather than at the tight junction, 

suggesting that this phosphorylation is required for occludin localisation to the TJ [47]. Protein 

phosphatase 1 (PP1) and protein phosphatase 2A (PP2A) are known to interact with occludin 

and are associated with dephosphorylation at serine and threonine residues. It appears that 

PP1 is primarily associated with serine dephosphorylation and PP2A is primarily associated 

with threonine dephosphorylation. PP1 and PP2A may act directly on occludin, or it has also 

been suggested that they can regulate PKC activity through dephosphorylation, leading to 

downstream changes in PKC phosphorylation of occludin [46]. Seth et al examined the effect 

of the level of PP1 or PP2A expression on the assembly of occludin, along with ZO-1, at tight 

junctions after disruption using the calcium chelator ethylene glycol-bis(β-aminoethyl ether)-

N,N,N′,N′-tetraacetic acid (EGTA). Calcium depletion in Caco-2 cells causes a shift of occludin 

and ZO-1 away from tight junctions and into the cytoplasm, followed by tight junction 

reassembly. Using antisense oligonucleotides to reduce PP1 and PP2A expression, they 

showed that lower levels of either enzyme increased the rate of occludin assembly at the tight 

junctions. This corresponded to an increase in the recovery of barrier function measured by 

TEER and inulin flux [46]. They also showed that incubation of occludin with PP1 or PP2A 

caused a rapid dephosphorylation of occludin serine and threonine residues respectively. This 

suggests that PP1 and PP2A activity on occludin slows down the assembly of tight junctions.          

Occludin can be regulated by degradation by a number of proteolytic enzymes, such as matrix 

metalloproteases (MMPs). This is especially common in endothelial cells but has also been 

shown to some extent in epithelial cells. MMP 2, 3 and 9 have been shown to cleave occludin 

in endothelial cells into inactive fragments which correlates with a disruption of the barrier 

function of the tight junction [48] [49]. Increased levels of MMP7 in epithelial cells have been 

associated with an increase in paracellular permeability in the estrous cycle [50].  
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Non-MMP proteolysis of occludin seems to be more important in epithelial cells. Serine and 

cysteine peptidases have been shown to cleave occludin and increase epithelial permeability 

in lung epithelia [51] [52]. Studies of bacterial infection have shown that permeability is 

increased by calpain-mediated occludin cleavage, resulting in paracellular movement of both 

pathogens and immune cells [53] [54]. 

Overexpression of occludin and the TJ correlates with an increase in TEER [55] suggesting a 

less permeable barrier, however occludin knockout mice do not express a tight junction 

impaired phenotype [56]. It appears that while occludin must be involved in tight junction barrier 

function it is not required for tight junction formation in a resting system. It is possible therefore 

that occludin’s involvement is dependent on some sort of physiological or pathological 

challenge to the tight junction system. Occludin may not be required for the formation of TJs 

but may be involved in stabilising already formed TJs. 

 

Figure 1.3: Human occludin domains showing interaction with ZO-1. Figure is originally from Cummins, 

PM (2012) [38] 
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1.4.3 Tricellulin 

Tricellulin is another tetraspan transmembrane protein. It has a significant amount of sequence 

homology with occludin in the cytoplasmic C-terminal domain [57]. Its overall structure is also 

very similar to occludin with cytoplasmic N- and C-terminal domains, two extracellular loops 

and a short cytosolic loop linking the four transmembrane domains. Tricellulin associates with 

TJs at the point where three epithelial cells meet, known as tricellular tight junction (tTJ). There 

is also evidence that tricellulin can localise to TJs where two cells meet, bicellular tight junction 

(bTJ) [58]. This is opposite to occludin which localises to bTJs.  

Tricellulin localisation to TJs is associated with increased barrier function. Tricellulin knockouts 

demonstrate lower TEER values and increased permeability to solutes. Studies have shown 

that at bTJs tricellulin reduces permeability to ions and larger molecules, whereas at tTJs 

tricellulin contributes to the barrier against proteins and other large molecules, but has no effect 

on ion transport [59]. The C-terminal of tricellulin associates with ZO-1 and the section 

responsible appears to be the sequence with homology to occludin [24]. The presence of 

tricellulin at bTJs and its similarity to occludin suggests an overlap between their functions 

which could mean that tricellulin may be able to compensate for occludin to a certain extent. 

This may explain the lack of a clear TJ phenotype in occludin knockouts.  

1.4.4 Claudins 

Claudins are a family of transmembrane proteins which are present at tight junctions. They are 

amongst the proteins that form TJs with interactions with claudins of adjacent cells, as well as 

with claudins of the same cell. At least 24 claudins have been identified with weight between 

20 and 27 kDa. Claudins are all tetraspan membrane proteins with both C- and N-terminals 

being cytosolic. There are two extracellular loops and one cytosolic loop [60]. The composition 

of the extracellular loops varies greatly between claudins meaning they have different functions 

and characteristics. However, the conformational structure is similar. The first extracellular loop 

is longer at around 53 amino acids and the second is around 24 amino acids [61]. There are 

other features that are similar for most claudins. Most claudins have a short intracellular N-

terminal tail and a longer intracellular C-terminal tail. The exceptions are claudin 5, 16, and 25, 

which have a longer N-terminal. The majority of claudins have a PDZ domain within the 

cytosolic C-terminal tail, which associates with tight junction proteins such as ZO-1 [62].  

Claudins are an important component of the tight junction and as such, they are all involved in 

the formation of the paracellular barrier in the epithelium. Specifically, claudin strands appear 
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to be responsible for the pore pathway of paracellular transport. Increased expression of 

various claudins at tight junctions is associated either with increasing the barrier function or an 

increase in the selective permeability of certain solutes. Therefore, claudins can broadly be 

considered barrier forming or pore forming [63].  

In their role in tight junction formation, claudins interact with other claudins in a number of ways. 

Claudins can interact with claudins on adjacent cells (trans-interaction), and with claudins on 

the same cell (cis-interaction) [64]. The first extracellular loop is thought to be the primary site 

for trans-interaction with claudins of adjacent cells, and influences the charge selectivity 

characteristics of claudin molecules at tight junctions [65]. Various studies have shown that 

modifications to the first extracellular loop can affect the nature of the pore or barrier formed by 

claudins [66-68]. In contrast, modifications to the second extracellular loop do not appear to 

affect the nature of the trans-interaction [65]. This suggests that this loop is not directly involved 

in forming interaction with other claudins, but appears to be important for the more general 

structure of the molecule [65]. Studies have suggested that hydrophobic interactions between 

the extracellular helix within the first extracellular loop and the second extracellular loop are 

involved in cis-interactions [69].  

Most claudin interactions are between two claudins of the same family. This is referred to as 

homophilic interaction. It is also possible for certain claudins to interact with claudins from 

different families, known as heterophilic interaction, though this has only been demonstrated 

for a small number of specific claudin pairs. Trans-interactions have been shown between 

claudins 1-3, 2-3 and 3-5. Cis-interactions have been seen for claudin combinations of 2-3 and 

3-4 [65]. 

The expression of claudins varies in different tissues. In mammalian intestines the majority of 

claudins are expressed, the exceptions being claudins 6, 16, 19, 22, and 24 [70]. The levels of 

expression vary between claudins and also by the location in the GI tract. In rats, claudins 2, 

3, 7, and 15 are most highly expressed in the small intestine [60]. Some claudins show a 

different distribution throughout the intestine. Moving in the direction of small intestine to colon, 

the level of claudin-8 increases while claudin-15 decreases [70]. Claudin-18 is only found in the 

duodenum and jejunum, whereas claudin-13 is only found in the colon [70]. Claudins 2, 5, and 

7 are found throughout the intestine but at the highest levels at the ileocecal junction [70].  

As well as different expression along the intestine, claudins have different distribution within 

cells and the epithelial structure. Claudins 2, 8, 10, 12, 15, and 18 appear exclusively at the 
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tight junction, whereas others, such as 1, 3, 4, 5, and 7, can also be found at the basolateral 

membrane. Claudin-2 is also confined to the crypts of the epithelium, rather than the villi [70]. 

The different expression throughout the intestine contributes to the different permeability 

characteristics. In addition to this, claudins can be up or downregulated in certain physiological 

or pathological conditions. The tight junction proteins are continually turning over, and the 

turnover of claudins is faster than other tight junction components, typically around 4 hours 

[71]. This allows claudin levels to be more rapidly altered than other proteins at the tight 

junction. Various phosphorylation sites are also involved in claudin regulation. For the majority 

of claudins, the C-terminal cytosolic tail contains the PDZ domain which is responsible for 

interaction with zonula occludens proteins. Phosphorylation of certain residues in this section 

can disrupt the interaction of claudins with ZO-1, which can reduce its localisation to tight 

junctions [29]. 

1.4.4.1 Claudin-2 

Claudin-2 is known as a pore forming claudin. It has been shown to be important in the transport 

of cations such as Ca2+ [72] and Na+ [73]. Consistent with claudin structure, claudin-2 has four 

transmembrane domains, two extracellular loops and an intracellular N- and C-terminus. The 

first extracellular loop is thought to be the domain that forms cationic selective pores in the tight 

junctions of the intestinal epithelium. Specifically, electrostatic interactions between cations and 

Asp-65 and Tyr-67 in this loop have been shown to be required for the cation permeability 

mediated by claudin-2 [66, 74]. These sidechains are predicted to line the claudin-2 pore, along 

with several other, mainly polar sidechains [75]. Additionally, a disulphide bridge between Cys-

54 and Cys-64 appears to be required to stabilise the pore. The second extracellular loop does 

not appear to be involved in the pore formation [76]. The claudin-2 cation pore has a diameter 

of roughly 6 Å in normal homeostatic conditions [66]. This allows the flux of small ions and 

water but excludes macromolecules such as proteins and peptides.  

Claudin-2 is a dynamic component of the tight junction, and its level is controlled by both 

expression and turnover rate. A number of transcription factors and cell-signaling pathways are 

known to be involved in claudin-2 expression. Epithelial growth factor receptor (EGFR) and the 

downstream ERK pathway have been shown to affect claudin-2 expression [77]. In Caco-2 

cells, EGFR activation has been shown to increase claudin-2 expression [77]. Some 

proinflammatory cytokines, including IL-22 and TNF-α, have also been demonstrated to 

increase claudin-2 expression [78] [79].  In the GI tract, the transcription factors hepatic nuclear 
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factor 1 and GATA-4 promote the expression of claudin-2 [80]. Inhibition of these pathways 

may cause a decrease in claudin-2 expression. 

Consistent with typical claudins, claudin-2 has a relatively high turnover, both in terms of its 

localisation between the tight junctions and cytoplasm, and in terms of its degradation.  Claudin-

2 is removed from the tight junction by endocytosis, which in the GI tract appears to be caveolin-

mediated [81]. Once endocytosed, claudin-2 can be recycled back to the tight junction or 

trafficked for lysosomal degradation [82, 83]. It also appears to be degraded in the autophagy 

pathway, and TNF-α has been shown to reduce claudin-2 autophagy [81]. Various post-

translational modifications affect the trafficking and rate of turnover of claudin-2. Intracellular 

phosphorylation sites have been shown to affect claudin-2 localisation. Phosphorylation at Ser-

208, located in the C-terminal cytoplasmic tail, promotes localisation to the plasma membrane 

and tight junctions, whereas dephosphorylation promotes lysosomal localisation [84]. 

Additionally, phosphorylation of Tyr-224 reduces the affinity for claudin-2 binding to ZO-1, and 

prevents its localisation to the plasma membrane [62].      

Claudin-2 levels are modified in some pathophysiological states. Cytokines such as IL-6 and 

IL-13 have been shown to increase levels of claudin-2 in intestinal cells [85] [86]. At tight 

junctions it is involved in permeability, and it is upregulated in Crohn’s disease, which involves 

increased permeability of epithelia [87]. There also appear to be claudin-2 functions beyond 

permeability. Claudin-2 expression is upregulated in colon cancer cells, which has been shown 

to increase proliferation [77].  

1.4.4.2 Claudin-3 

Claudin-3 is a barrier forming claudin. An increase in claudin-3 expression is associated with 

reduced epithelial permeability, while its disruption is associated with barrier dysfunction [70]. 

A study showed that IL-1β reduced claudin-3 expression at tight junctions in Caco-2 cells, which 

led to an increase in permeability. This effect was reversed when cells were treated with an 

inhibitor of myosin light chain kinase (MLCK), suggesting that IL-1β activation of MLCK 

increases paracellular permeability by reducing claudin-3 at tight junctions [88]. Claudin-3 may 

be down-regulated in inflammatory bowel disease [89]. It has been suggested that detection of 

claudin-3 in urine could be an early indicator of loss of tight junction barrier function [90]. 
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1.4.4.3 Claudin-5 

Claudin-5 is also a barrier forming claudin. It is found in the GI tract, although it is most 

prominent at endothelial cell tight junctions forming the blood brain barrier (BBB) [91]. Its 

expression at tight junctions is associated with reduced permeability to cations, being 

downregulated in the intestinal epithelium of Crohn’s disease patients [87]. The BBB is amongst 

the least permeable endothelia or epithelia and claudin-5 expression appears to contribute to 

a strong barrier [91]. Expression of claudin-5 in MDCK cells, which do not normally express it, 

resulted in a 5-fold increase in TEER compared to wild-type cells. This claudin-5 mediated 

TEER increase was dependent on the conserved residues Cys-54 and Cys-64 within the first 

extracellular loop, as mutation of either or both of these residues removed the TEER increase. 

Interestingly, as well as removing TEER increase, mutation of Cys-64 decreased paracellular 

flux of positive monosaccharides but increased flux of negatively charged monosaccharides 

[67]. As this effect was seen with Cys-64 but not Cys-54 mutation, it suggests that it is not 

disulphide bridge formation that is required. 

In the BBB, ischaemia appears to activate MMP enzyme degradation of claudin-5 to increase 

permeability. Treatment with an MMP inhibitor rescued the ischaemia related increase in 

permeability in rats [92]. High glucose levels also reduces claudin-5 levels and increases 

permeability in a human BBB model, with this effect being removed by the activation of AMP-

activated protein kinase [93]. In epithelial cells, the permeation enhancer sodium caprate 

displaces claudin-5 from the cell membrane and increases paracellular permeability [94]. 

Claudin-5 has also been shown to contribute to the barrier function in human intestine cell 

culture monolayers [95]. A study in Caco-2 cells showed that sub-cytotoxic levels of anti-tumour 

drugs daunorubicin and rebeccamycin activated checkpoint kinase 1 which increases 

expression of claudin-5 and increases the barrier function of Caco-2 monolayers. This increase 

in claudin-5 was able to recover the loss of barrier function induced by TNF-α [96].   

1.4.4.4 Claudin-7 

Claudin 7 is expressed throughout the GI tract [70]. It is known to promote formation of pores 

to cations such as Na+, and a barrier to anions such as Cl- [97]. Consistent with typical claudin 

structure, the first extracellular loop is responsible for the pore or barrier function. This is 

demonstrated by the fact that replacing the negatively charged amino acids in this loop with 

positively charged ones increases the permeability to Cl- [68].  
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Knockout of claudin-7 produces a lethal phenotype in mice. Straightforward knockout of 

claudin-7 caused destruction of the intestinal epithelium and death in the perinatal stage, and 

a knockout induced at 6-8 weeks caused extensive intestinal inflammation [98]. A separate 

study using induced knockout mice showed that claudin-7 appears to be involved in epithelial 

cell differentiation. Knockout mice showed a loss of crypt intestinal epithelial stem cells and 

reduction of differentiated epithelial villus cells. Claudin-7 was shown to promote Wnt/β-catenin 

signaling which is required for maintaining epithelial stem cells [99]. This suggests that claudin-

7 is essential for survival because it promotes epithelial differentiation.    

1.4.4.5 Claudin-8 

Claudin-8 is another barrier forming claudin. It is expressed throughout the GI tract and is 

associated with reducing the permeability to cations [100]. Similar to claudin-5, claudin-8 is also 

downregulated in Crohn’s disease [87]. It has been suggested that certain claudins, such as 

claudin-8, do not necessarily directly form a barrier to cation permeability. Rather, they reduce 

the permeability by displacing cation pore forming claudins, such as claudin-2 [101]. Inducing 

claudin-8 expression in MDCK cells reduces the permeability to cations but not anions or 

uncharged molecules. At the same time there appeared to be no change in the size of the TJ 

pore. Claudin-2 expression was dramatically reduced in claudin-8 expressing cells, suggesting 

the effect on permeability of claudin-8 was due to displacement of claudin-2 [102]. However, 

this was in cells that do not naturally express claudin-8, so it is not clear if this is the mechanism 

in cells that do express it in normal conditions.  

1.4.4.6 Claudin-15 

Claudin-15 is expressed throughout the intestine and is associated with cation pore formation 

[70]. Again, the first extracellular loop is involved in the formation of the pore. Changing acidic 

amino acids to basic ones in this loop switches the pore selectivity from cations to anions [63]. 

A study comparing the effects of claudin-15 and claudin-2 cation selective pores showed that 

while they both mediated paracellular Na+ transport, only claudin-15 seemed to be required to 

maintain Na+ homeostasis in the mouse small intestine. Na+ flux was reduced in both claudin-

15 and claudin-2 knockouts, however this only translated into a reduction of luminal Na+ 

concentration in claudin-15 knockouts. As Na+ cotransport is required for the uptake of several 

nutrients, especially glucose, this caused severe malnutrition in the claudin-15 knockout mice 

[103]. 
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1.4.5 Junctional Adhesion Molecules (JAMs) 

JAMs are immunoglobulin (IG)-like molecules that can localise to tight junctions. Three 

classical JAMs (JAM-A, JAM-B and JAM-C) and three non-classical JAMs (CAR, ESAM, JAM-

4) are associated with tight junctions. They are single-pass transmembrane proteins, with two 

IG-like extracellular domains and a cytoplasmic C-terminal tail. The C-terminal contains a PDZ-

domain that associates with ZO-1 [104]. Only JAM-A and JAM-4 have been found at epithelial 

tight junctions [105]. JAMs do not form tight junction strands like occludin and claudins. 

However, there is evidence that they are involved in permeability. JAM-A knockout mice 

showed increased intestinal permeability compared to wild type. These mice also showed 

increased levels of pore forming claudin-10 and -15 [105]. This suggests that JAM-A may affect 

permeability by being involved in claudin regulation.  

1.5 Tight Junction Regulation 

The TJ barrier can be dynamically regulated by a number of physiological and pathological 

processes to increase or decrease the permeability of epithelia. In the GI tract, there are a 

number of stimuli that increase the permeability of the TJ barrier. Activation of Na+/glucose co-

transport has been shown to increase paracellular permeability [106, 107]. Inflammatory 

cytokines such as IFN-γ and TNF-α have been shown to reduce TEER in Caco-2 cells [108].   

1.5.1 Myosin light chain phosphorylation 

The tight junction protein complex is anchored into an actin-myosin ring within epithelial cells. 

The actin-myosin complex regulates tight junction opening by contracting or relaxing to open 

or close tight junctions respectively. The regulatory component of this complex is myosin light 

chain (MLC). Phosphorylation of MLC at Ser-19 causes contraction of the actin-myosin 

complex, leading to tight junction opening and increased permeability. Phosphorylation of MLC 

is controlled by two enzymes: myosin light chain kinase (MLCK) phosphorylates while myosin 

light chain phosphatase (MLCP) dephosphorylates. Both enzymes are subject to various 

regulation events that control the levels of pMLC and therefore affect the permeability of tight 

junctions.    

Following food ingestion, glucose and digested protein will activate the transmembrane 

Na+/glucose transporter protein. This process then activates MLCK, which phosphorylates MLC 

[106]. Studies have shown that inhibition of MLCK removes the Na+/glucose transport induced 

increase in tight junction permeability [106]. This mechanism transiently increases the 
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permeability of the TJ barrier to ions and solutes present in the GI tract after a meal is 

consumed. 

The inflammatory cytokine TNF-α reduces the barrier function of the intestinal epithelium. This 

has been reversed by inhibiting MLCK [109]. TNF-α induces both an increase in MLCK 

transcription and catalytic activity [110]. TNF-α binding at the TNF receptor can activate the 

transcription factors NFκB and AP-1. Activation of both of these can induce expression of MLCK 

[109, 111]. Separate studies have shown contradictory evidence whether NFκB or AP-1 is more 

important in TNF-α induced MLCK expression. The differences may be due to differences 

between tissue types [112]. In Caco-2 cells it has been shown that inhibition of NFκB activation 

prevents the TNF-α induced increase in MLCK [112, 113]. This suggests that NFκB activation 

is the mechanism by which TNF-α increases MLCK and therefore MLC phosphorylation. 

Like TNF-α, IFN-γ is also associated with increasing intestinal epithelia permeability. IFN-γ 

activation of IFN receptors activates Rho A and Rho associated kinase (ROCK). ROCK 

activation phosphorylates myosin targeting protein (MYPT1), which causes an inhibition of 

MLCP, leading to an increase in MLC phosphorylation [114]. TNF-α and IFN-γ appear to act 

synergistically in increasing permeability. Administration of doses of either TNF-α or IFN-γ did 

not increase permeability of Caco-2 monolayers, but a substantial increase in permeability was 

induced when administered together [108]. Subsequent studies showed that IFN-γ induces 

expression of TNF receptors TNFR1 and TNFR2, and that expression of TNFR2 was required 

for TNF-α induced permeability increase [115]. This may be the mechanism for this synergism.   

1.5.2 Occludin phosphorylation 

There are also a number of phosphorylation sites on the various TJ proteins that can regulate 

the barrier function of the TJ. As discussed above, occludin has a number of sites for tyrosine 

and serine/threonine phosphorylation. Serine/threonine phosphorylation is seen to a large 

extent at intact TJs, and tyrosine dephosphorylation has been shown to rescue the barrier 

function in intestinal cells and Caco-2 cells [55]. 

PKC-η is an isoform of PKC that is primarily expressed in epithelial cells. Suzuki, T et al showed 

that inhibiting or down-regulating PKC-η disrupted occludin localisation to tight junctions and 

increased epithelial permeability. PKC-η was also shown to interact directly with occludin and 

phosphorylated threonine residues Thr-403 and Thr-404. Phosphorylation of these residues 

was required for occludin to localise to the tight junctions properly, suggesting that PKC-η 
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regulates the assembly of tight junctions [45]. Ser-338 was also identified as a target of PKC. 

Phosphorylation of Ser-338 was induced in MDCK cells following an increase in extracellular 

calcium, which promoted occludin membrane localisation and tight junction formation. PKC 

inhibitors prevented this effect [43].   

Additionally, studies have shown that PP1 and PP2A dephosphorylate occludin at serine and 

threonine residues respectively. Inhibition of these enzymes increases the rate of occludin 

localisation to the tight junctions [46]. This further suggests that serine/threonine 

phosphorylation promotes occludin localisation to tight junctions and tight junction formation.  

Conversely, tyrosine phosphorylation of occludin has been associated with inhibition of tight 

junction assembly. Whereas in intact epithelia occludin serine and threonine residues are 

hyperphosphorylated, tyrosine residues show no phosphorylation. Oxidative stress causes an 

increase in tyrosine phosphorylation and disrupts epithelial barrier function. This disruption can 

be rescued by inhibition of tyrosine kinases [116]. It has also been demonstrated that tyrosine 

phosphorylation of the cytoplasmic C-terminal domain of occludin prevents it from interacting 

with ZO-1. Elias et al identified Tyr-398 and Tyr-402 as phosphorylation sites important in 

occludin localisation. These residues were phosphorylated by c-Src, which inhibited the ability 

of occludin to interact with ZO-1. This effect was prevented by substituting the two tyrosine 

residues with alanine residues. The inhibition of occludin/ZO-1 interaction was reproduced by 

substitution with a phosphomimetic aspartic acid residue. This substitution also inhibited 

occludin localisation to the cell membrane, remaining in the cytoplasm [42].   

1.5.3 Claudin phosphorylation 

There are many claudin phosphorylation sites that can affect their interaction with other proteins 

and cellular localisation. Most claudin molecules contain a PDZ domain at the cytoplasmic C-

terminal that interacts with ZO-1 [65]. Tyrosine phosphorylation within this domain has been 

shown to affect claudin/ZO-1 interaction for some claudins. Phosphorylation of Tyr-224 of 

claudin-2 reduces its affinity for ZO-1 and reduces its localisation to tight junctions [62]. The 

same effect was seen with phosphorylation of the equivalent tyrosine residue of claudin-3 [117]. 

Phosphorylation of the C-terminal tyrosine of claudin-4 also appears to reduce affinity for ZO-

1 [118]. The C-terminal tyrosine can also be dephosphorylated on other claudins, but has not 

been demonstrated to affect ZO-1 binding [65]. It appears that C-tail tyrosine phosphorylation 

negatively regulates tight junction localisation for some, but not all claudins. 
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In contrast, most serine and threonine phosphorylation of claudins promotes tight junction 

localisation. Phosphorylation of Thr-191 on claudin-1 [119], Ser-208 on claudin-2 [84], Thr-192 

on claudin-3 [120] and Ser-217 on claudin-16 [121] promotes localisation to tight junctions. 

Additionally, serine/threonine phosphorylation of claudin-4 also promoted tight junction 

localisation [122, 123]. A study on claudin-1 phosphorylation showed that pThr-191 reduced 

ubiquitination of nearby Lys-189. This suggested that claudin ubiquitination promotes turnover, 

and this is inhibited by nearby phosphorylation [119]. It is a common feature of claudin 

molecules to have a cytoplasmic ubiquitination site close to a serine/threonine phosphorylation 

site [124]. In each of these examples of serine/threonine phosphorylation, dephosphorylation 

results in removal of claudin from the tight junction by endocytosis [124]. 

Phosphorylation of claudin molecules can affect their localisation at tight junctions. As different 

claudins promote pore forming or barrier forming at tight junctions, this appears to be a 

regulatory mechanism of tight junction permeability.         

1.5.4 Calcium 

Calcium levels have been shown to affect the maintenance of tight junctions, as well as 

adherens junctions. Caco-2 monolayers transferred to cell culture media lacking calcium 

displayed a quick and significant drop in TEER and increase in permeability, suggesting a 

decrease in tight junction barrier. This effect was reversed by the addition of calcium [125]. 

Extracellular calcium depletion of mouse mammary epithelial cells resulted in a dissociation of 

ZO-1 and occludin from the membrane but not the actin cytoskeleton, suggesting a disruption 

of tight junctions [125]. Kinase activity has been shown to mediate these calcium dependent 

effects. Inhibition of MLCK, PKA or PKC removes the calcium depletion reduction of barrier 

function [125-127]. These data suggest that extracellular calcium depletion decreases tight 

junction barrier function via a kinase dependent pathway.  

Intracellular calcium also appears to have an effect. A study looking at permeability of MDCK 

cells after intracellular calcium had been either decreased or increased. A decrease in 

intracellular calcium had no effect on permeability. Increasing intracellular calcium levels 

increased permeability, measured by TEER and paracellular flux of mannitol. This was 

correlated to a disruption in the interaction between ZO-1 and actin [128]. MLCK contains an 

autoinhibitory domain, which in resting conditions associates with its myosin binding domain to 

prevent substrate binding. Above a threshold concentration, 4 calcium ions bind to the 

regulatory protein calmodulin (CaM). The Ca4CaM complex then binds to MLCK and causes a 
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conformational change that exposes the myosin binding domain, leading to MLC 

phosphorylation [129, 130]. 

Calcium chelators have been shown to increase the permeability of tight junctions.  Disodium 

ethyl-enediaminetetraacetate (EDTA) is a calcium chelator that has been shown to increase 

permeability and reduce TEER in Caco-2 cells. The effect of EDTA on permeability was partially 

reversed by PKC inhibitor H7, but was unaffected by Ca2+/calmodulin dependent protein kinase 

inhibitor KN-62 [131]. This supports the hypothesis that calcium depletion increases tight 

junction permeability through activation of specific protein kinases.  

1.5.5 Remodeling of TJ proteins 

There are various factors that have been shown to reorganize TJ proteins. Exposure to 

nutrients can change the levels of particular TJ proteins and alter permeability. Glucose is a 

known permeation enhancer [132] and has been shown to increase permeability of Caco-2 

monolayers. Studies showed that this increase in permeability was accompanied by a decrease 

in occludin localisation at TJs [133]. Other micronutrients have also been shown to alter TJ 

proteins. Zinc decreases claudin-3 expression and increases claudin-5 expression, fatty acid 

salt butyrate decreased expression of claudin-2 and increases expression of claudin-7 and 

occludin. The flavonoid quercetin increases claudin-2 and claudin-5 [134]. A study in rats 

sensitised to ovalbumin (OVA), the predominant protein in egg whites, found that OVA 

administration produced an inflammatory response with an associated down regulation of 

occludin and claudin-1, -3, -5 and -7, which caused an increase in permeability in the jejunum. 

This suggests that remodelling of TJ proteins is involved in barrier dysfunction in food allergy 

[135].   

As well as increasing MLC phosphorylation, it has been shown that MLCK induces an increase 

in IL-13, which acts on epithelial cells to increase claudin-2 expression. As claudin-2 is 

associated with cation-selective pore formation, the result was an increase in permeability to 

positively charged solutes [86]. 

Claudin-2 expression has also been shown to be increased following depletion of dietary NaCl. 

NaCl depletion is known to increase serum levels of aldosterone. Dietary depletion of NaCl 

increased claudin-2 levels at tight junctions in the distal colon of mice, and treatment of mouse 

colonic cells with aldosterone increased claudin-2 expression and paracellular permeability to 

ions, but not uncharged solutes [136].   



 

25 
 

1.6 Myosin Light Chain Phosphatase 

MLCP is the enzyme responsible for dephosphorylating MLC [137]. Figure 1.4 shows a cartoon 

representation of MLCP formation and regulation of TJs. It is a holoenzyme consisting of 

several different subunits. Protein phosphatase 1 (PP1) is the catalytic subunit of MLCP. 

Myosin targeting protein (MYPT1) is a regulatory subunit that vastly increases PP1 specificity 

for MLC once bound [138]. CPI-17 is an inhibitory regulatory protein that can bind to MCLP to 

deactivate it [139]. MLCP dephosphorylates MLC at Ser-19 in an opposing action to myosin 

light chain kinase (MLCK). This mechanism of phosphorylation control is involved in smooth 

muscle contraction as well as tight junction permeability [140].  

 

Figure 1.4: Cartoon summarising the opening of tight junctions through myosin light chain 

phosphorylation (MLC). MLC phosphorylation at Ser-19 causes actin-myosin contraction leading to tight 

junction opening. Activation of MLCK by Ca2+/Calmodulin binding phosphorylates MLC. MLCP, 

consisting of PP1 bound to MYPT1, dephosphorylates MLC. Phosphorylation of CPI-17 or MYPT1 by 

PKC or ROCK respectively deactivates MLCP to increase pMLC levels.    
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1.6.1 PP1 structure and interactions 

PP1 is a serine/threonine phosphatase. Several isoforms of the enzyme have been identified, 

such as PP1α, PP1β, PP1δ, PP1ɣ1 and PP1ɣ2. These isoforms have distinct tissue distributions 

in mammalian systems, and it has been shown that modifications to different isoforms can have 

different phenotypes [141]. However, it is believed that the different phosphatase functions are 

mostly due to association with targeting proteins, rather than significant differences between 

the isoforms [142].  

As mentioned above, MYPT1 is a myosin targeting subunit in MLCP. Its interaction with PP1 

will be discussed in more detail in the following section. MYPT1 forms MCLP with PP1 in 

smooth muscle as well as at tight junctions in epithelia and endothelia [143]. MYPT2 is an 

isoform of MYPT1, which appears to be highly expressed in cardiac smooth muscle [144]. The 

protein p85 was identified as a myosin binding subunit that appears to specifically interact with 

PP1δ. Its function is similar to MYPT1 despite having only a 40% sequence homology [145].    

A number of other PP1 targeting subunits have been identified. The first identified targeting 

subunits were involved in the glycogen synthesis pathway. PP1 has been identified as the 

catalytic subunit of the enzyme glycogen synthase phosphatase. This enzyme is activated by 

insulin and phosphorylates glycogen synthase, which increases glycogen synthesis. The 

proteins GM and GL were identified in skeletal muscle and the liver respectively, as subunits 

that increase the specificity of PP1 for glycogen synthase [146, 147]. The protein PTG was also 

discovered to target PP1 similarly, and is widely distributed in mammalian tissues [148]. 

There are many regulatory targeting subunits that bind PP1, but they share very little sequence 

homology. However, there are some conserved domains present in the majority of these 

subunits. One of these is an RVxF binding motif involved in the binding between PP1 and its 

regulatory subunits. Many studies have shown that this is required for various subunits to bind 

to PP1, but that binding here is not necessarily sufficient for the specific targeting [142]. A 

number of interactions between other domains on subunits and PP1 have been identified that 

are not strong enough to form a complex in isolation but appear to be required to increase 

substrate specificity. MYPT1 has a number of PP1 interactions in addition to the RVxF binding 

site that are discussed further in the next section. Other subunits such as GL [149], NIPP1 [150] 

and spinophilin [151] have additional interactions with PP1 that help target it to a specific 

subunit.  
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There appears to be at least two mechanisms by which regulatory subunits confer specificity. 

Many of the subunits interact directly with their specific subunit, therefore ensuring proximity 

between the substrate and the catalytic site of PP1 or localising the enzyme to the correct 

subcellular compartment to act on a substrate. GM and GL both have a domain that interacts 

with glycogen which directs it to the glycogen pathway [149]. MYPT1 has interactions with 

myosin that help the enzyme and substrate colocalise [138] [152]. Additionally, subunits may 

cause a conformational change that increases the specificity of PP1 to a specific substrate 

[142]. However, PP1 appears to have an almost identical structure in all observed complexes 

with subunits, so conformational change is unlikely to play a major role in substrate selectivity 

[153].  

In addition to targeting regulatory subunits, there are a number of inhibitory subunits that 

inactivate PP1. CPI-17 is an inhibitory subunit that inactivates MLCP [154]. This is described 

in detail later in this section. CPI-17 does not contain a RVxF domain, however many other 

inhibitors do, including inhibitor 1 (I-1), inhibitor 2 (I-2), dopamine, and cAMP-regulated 

phosphoprotein M (DARPP-32) and phosphatase holoenzyme inhibitor (PHI-2) [142]. 

The RVxF motif binds to PP1 through hydrophobic interactions between the valine and 

phenylalanine residues and a hydrophobic groove near the C-terminus of PP1. In a study of 

the interaction between GM and PP1c, the sidechain of valine in the RVxF motif interacted with 

Ile-169, Leu-243, Leu-289 and Cys-291 on PP1, and the phenylalanine sidechain interacted 

with Phe-257, Cys-291 and Phe-293. The valine main chain nitrogen also formed a hydrogen 

bond with Asp-242 [155]. This domain of PP1 is distant from the catalytic site, at around 20Å 

distance [153]. The catalytic site is a metal binding site comprising several predominantly 

charged residues from different sections of the primary sequence. In particular His-125 and its 

pairing with Asp-95 have been shown to be important in catalytic activity [156]. The active site 

is at the intersection of three substrate binding grooves. An acidic, hydrophobic and C-terminal 

groove appear to bind a range of different substrates which is consistent with PP1 being an 

enzyme with broad activity [153]. Various inhibitors, including the MLCP inhibitor CPI-17, bind 

at the active site [139]. 

In addition to interactions with endogenous subunits, PP1 can also be hijacked through 

interactions with viral proteins. In response to dsRNA virus infection, mammalian cells 

phosphorylate eIF2α which shuts down protein synthesis. This is a mechanism to prevent viral 

replication. Herpes simplex virus produces γ134.5 which binds to PP1 at the RVxF binding site. 
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This complex dephosphorylates eIF2α to prevent the shutdown of protein synthesis and allow 

the virus to replicate [157]. Respiratory syncytial virus (RSV) produces protein P which also 

binds to PP1 at the RVxF binding site and targets it to dephosphorylate the transcription factor 

M2-1. This dephosphorylation is required for viral replication [158]. HIV protein TAT also binds 

this site on PP1 which directs it to the nucleus. This appears to be required for HIV transcription 

and inhibition of the PP1/TAT complex has been shown to prevent HIV replication [159]. 

1.6.2 MYPT1 structure and interactions 

MYPT1 is a large regulatory subunit of 220 kDa which associates with PP1 to increase its 

specificity for MLC as a substrate. A published crystal structure of a PP1:MYPT1 complex is 

shown in figure 1.5.  MYPT1 is made of three distinct domains: the N-terminal arm (aa 1-34), 

the RVxF binding motif (aa 35-38), and the long ankyrin repeat C-terminal domain (aa 39-299) 

[138]. The N-terminal forms an arm that, when bound with PP1, associates with the catalytic 

site of PP1. Studies have implicated this domain in the myosin targeting when MYPT1 binds to 

PP1 [152]. A peptide consisting of Met-1 to Phe-38 of MYPT1 was shown to bind to PP1 and 

increase the specificity to MLC. However, Asp-23 to Phe-38, while still able to bind to PP1, did 

not have any effect on the dephosphorylation of MLC [141]. This suggests that the N-terminal 

arm is required for myosin targeting. Sections of the N-terminal may interact directly with 

myosin [152]. Met-1 to Phe-38 did not produce to same level of catalytic activity towards MLC 

as full length MYPT1, suggesting that there are additional sites in the ankyrin repeat domain 

that also contribute to the MLC targeting [141]. 

The RVxF domain is thought to be crucial in binding to PP1. The vast majority of known PP1 

targeting proteins contain this domain. In MYPT1 the sequence of this domain is KVKF. 

Analysis of the interaction between PP1 and MYPT1 has revealed the involvement of specific 

amino acid residues. The hydrophobic valine and phenylalanine side chains of this domain 

appear to bind to a hydrophobic site on PP1. The nitrogen of the main chains of Lys-35 and 

Val-36 also form hydrogen bonds with Asp-242 on PP1.  

The sequence from the RVKF binding motif to the C-terminal of MYPT1 consist of a series of 

ankyrin repeats. Repeat 1, which is immediately after the binding motif, also interacts with the 

hydrophobic pocket on PP1. Repeats 5, 6 and 7 interact with the C-terminal of PP1 [138]. This 

interaction may be involved in the targeting of PP1 to myosin, as N-terminal fragments of 

MYPT1 can bind PP1 with reduced or no targeting activity, but addition of these ankyrin repeats 
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results in specificity similar to the full length MYPT1 [141]. This is a weak interaction which is 

not able to form a stable complex with PP1 on its own [138]. 

There are many isoforms of PP1 in mammalian cells, but MYPT1 is shown to specifically bind 

to PP1cꞵ and no other isoforms [141]. Overall, the binding of MYPT1 to PP1cꞵ causes a 

change in the shape of the catalytic cleft that is preferential to myosin, and the N-terminal of 

MYPT1 appears to directly interact with myosin to help its interaction with the complex [141].   

Phosphorylation of MYPT1 appears to be involved in its regulation. There are many 

phosphorylation sites on MYPT1 but two that appear key to its regulation are Thr-696 and Thr-

853. Both of these residues are phosphorylated by ROCK, though Thr-696 can also be 

phosphorylated by a number of other kinases [160]. Phosphorylation of Thr-696 reduces MCLP 

activity [161], and phosphorylation of Thr-853 reduces the binding of MYPT1 to myosin [160], 

which results in less dephosphorylation of myosin. IFN-γ activation of ROCK leads to MYPT1 

phosphorylation and inactivation [114]. Phosphorylation of the serine residue immediately 

preceding Thr-696 inhibits its phosphorylation which reduces the inactivation of MYPT1 by this 

mechanism [162]. 
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Figure 1.5: Crystal structure of PP1:MYPT11-299 complex reproduced from Pinheiro et al [138]. PP1 is 

shown as grey surface representation. MYPT1 shown as ribbon cartoon. (A) PP1:MYPT1 complex 

showing PP1 face with catalytic site. Myosin phosphatase N-terminal element (MyPhoNe), shown 

associating with PP1 on the edge of the face containing the catalytic site, may be involved in substrate 

binding. (B) is the same image rotated 90°. This shows the RVxF motif, in this case KVKF, associating 

with PP1 away from the catalytic site. 

1.6.3 CPI-17 structure and interactions   

CPI-17 is a 147 amino acid protein that functions as an inhibitory subunit of MLCP. It consists 

of an N-terminal and C-terminal tail and a central inhibitory domain that is composed of 86 

amino acids, from Ala-35 to Lys-120. Thr-38 is the most significant residue in this domain. 

Phosphorylation at Thr-38 is required for CPI-17 to act as an MYPT1 inhibitor, increasing its 

efficacy more than 1000-fold [154]. When phosphorylated, this residue binds at the catalytic 

site of PP1, but is not dephosphorylated and therefore maintains a stable complex. By 

remaining in the catalytic site, it blocks pMLC from binding. Thr-38 is found within a loop in the 

structure of CPI-17. In the structure of the non-phosphorylated form, this loop sits in a cavity 

between two helices, which obscure Thr-38. Phosphorylation at Thr-38 causes a 
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conformational change, bringing the loop out of this cavity. This exposes pThr-38 [154]. This 

conformational change may be involved in CPI-17/PP1 binding by making the binding site 

accessible.  

Tyr-41, Asp-42, Arg-43 and Arg-44 appear to be required to prevent the dephosphorylation of 

Thr-38 to maintain the inhibitory potency [154]. Substitution of Arg-43 or -44 with alanine 

significantly reduces the inhibitory efficacy of CPI-17 [139]. CPI-17 clearly acts as an inhibitor 

of PP1 when it is interacting with MYPT1 to form the MLCP holoenzyme. However, this is not 

the case with other PP1 regulatory subunits. When PP1 is free or bound to other regulators, 

pCPI-17 still binds to the catalytic site but acts as a substrate [163]. It is dephosphorylated and 

therefore dissociates from PP1. pCPI-17 was de-phosphorylated quicker when Tyr-41 was 

replaced with alanine [164]. 

The PP1/MYPT1 complex appears to be specifically required for CPI-17 to act as an inhibitor. 

It has been shown that CPI-17 and MYPT1 interact directly, which may be involved in this 

specificity. A proposed structure of the CPI-17:PP1:MYPT1 complex suggests that Asp-5 of 

MYPT1 and Arg-44 of CPI-17 lie close to each other. Furthermore, the N-terminal segment 

(aa1-19) of MYPT1 is able to bind to pCPI-17 [139]. This suggests that these residues may 

interact in a way that is required for CPI-17 to effectively inhibit MLCP.  

Phosphorylation of CPI-17 appears to be performed by a number of kinases in different tissues. 

CPI-17 is phosphorylated by PKC, ROCK and ILK downstream of various cell signalling 

pathways [139]. In smooth muscle, PKC appears to be the main activator of phosphorylation 

of Thr-38 [165]. Increased cAMP reduces PKC activity which in turn leads to a reduced 

phosphorylation of CPI-17. 

As mentioned above, pCPI-17 is dephosphorylated by PP1 when bound in complexes other 

than with MYPT1. Additionally, it can also be dephosphorylated by other phosphatases such 

as PP2A and PP2C [166].    

1.7 Current State of Oral Protein Delivery 

There are two main obstacles to oral protein delivery. In addition to the barrier function of the 

intestinal epithelium described above, the harsh conditions of the stomach, and digestive 

enzymes of the small intestine, cause enzymatic and chemical degradation of proteins, 

meaning that they cannot be delivered in an intact or active form. A number of technologies 
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have been devised to coat formulations to protect them from the stomach contents and allow 

them to be released at the desired point of absorption [7]. Whilst that means that proteins can 

reach the small intestine unharmed, a separate strategy is required to allow absorption across 

the epithelium. A number of strategies have been attempted but so far with limited success to 

find one that is effective and safe. 

1.7.1 Tight Junction Modulation   

Broadly speaking, intestinal permeation enhancers will either increase permeability via the 

paracellular or transcellular route. As the paracellular route is regulated by tight junctions, 

modulation of tight junction function is a promising candidate to increase permeability. One of 

the longest known permeation enhancers is sodium caprate. Sodium caprate is the sodium salt 

of capric acid, a 10-carbon fatty acid [167]. Sodium caprate increases the permeability of Caco-

2 cells to model compounds such as 4 kDa dextran and mannitol [168]. It has been suggested 

that an interaction with MLCK is involved in its effect, as treatment with an inhibitor of MLCK 

removed caprate induced permeability increases [169]. Sodium caprate has also been shown 

to affect tight junction proteins. Sodium caprate was shown to reduce levels of tricellulin at 

tricellular tight junctions and claudin-5 at bicellular tight junctions. Further, it appeared that its 

effect was in reducing the localisation of these proteins to the tight junctions rather than causing 

a decrease in expression, as there was no effect of overall levels in the cells [94, 170]. Other 

fatty acids, such as 8 carbon-long sodium caprylate, have also been shown to enhance 

permeability [170, 171]. 

Synthetic peptides have been made that interact with occludin at tight junctions. A peptide was 

synthesised based on the second extracellular loop of occludin. This was shown to increase 

permeability of A6 cells. At the same time, cellular occludin levels were decreased while other 

tight junction proteins such as ZO-1 and ZO-2, as well as adherens junction proteins, were 

unaffected [172]. Following removal of the peptide, the permeability of the cell monolayer only 

returned to baseline after 48 hours. Subsequently, smaller peptides were synthesised based 

on segments of the first extracellular loop. These peptides had a similar effect of permeability 

and occludin levels while leaving ZO-1 unaffected [41]. Other peptides based on occludin 

extracellular loops have been shown to increase permeability while disrupting occludin 

localisation to the tight junction, but leaving total cell levels of occludin unaffected [172]. These 

results demonstrated that occludin is involved in tight junction barrier function and can be 

targeted to increase permeability.  
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Metal ion chelators have also been shown to modulate tight junctions. As calcium levels are 

known to regulate tight junctions, Ca2+ chelators that reduce the level of calcium have been 

shown to increase epithelial permeability [131]. EDTA is an example that has been investigated 

as a permeation enhancer. It has been shown to increase permeability in Caco-2 monolayers 

[131] and has been investigated clinically in an oral formulation of insulin [173].  

Many bacterial toxins are known to increase intestinal permeability [174]. Several synthetic 

peptides and analogues have been made to replicate this effect as a permeation enhancer. 

Zonula occludens toxin (ZOT) is a protein expressed by Vibrio cholera that acts on a specific 

receptor to disrupt tight junction organization, increasing permeability [175]. Subsequently, a 

mammalian analogue of ZOT, zonulin, was identified as a regulator of tight junction function. 

Zonulin increases permeability of tight junctions through an interaction with PAR-2 which leads 

to a dissociation of ZO-1 from the tight junction complex [176]. The effects of zonulin have been 

investigated as a potential permeation enhancer for oral drug delivery. Initial efforts to make a 

synthetic version of zonulin did not manage to reproduce its effects on permeability [177]. 

Larazotide was also identified as an antagonist to zonulin with the opposite effect on 

permeability, which may be used to treat intestinal barrier dysfunction [178, 179]. 

Clostridium perfringens is a bacteria that can be responsible for food poisoning [180]. 

Clostridium perfringens enterotoxin (CPE) is a toxin produced by the bacteria that is involved 

in intestinal barrier dysfunction. Various, but not all, claudins act as a receptor for CPE, 

including claudin-3, -4, -6, -7, -8, and -14 [181-184]. CPE binds to the second extracellular loop 

of these claudins and disrupts the tight junction barrier [183, 185]. A peptide based on a C-

terminal segment of CPE (C-CPE) has been shown to bind claudin-4 and increase tight junction 

permeability in a similar way to CPE. C-CPE increased permeability 400 times more than 

sodium caprate which shows potential as a permeation enhancer [186]. The N-terminal of the 

protein is responsible for cytotoxicity, so this peptide appears to be less toxic than the full 

protein [186]. C-CPE modulates a range of claudins at tight junctions. Several approaches have 

been made to increase its specificity to particular claudins such as claudin-3 , claudin-4 [184], 

and claudin-5 [187]. 

C. perfringens also produces  the iota toxin, which induces barrier dysfunction and has been 

shown to increase permeability of tricellular tight junctions through binding with tricellulin [188]. 

A peptide was synthesised based on the binding domain of iota toxin and named angubindin-

1. This peptide decreases TEER in Caco-2 cells and increases dextran permeability [189].   
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1.7.2 Transcellular Transport of Bacterial Toxins 

As well as having an effect on tight junctions, some bacterial toxins are able to enter and traffic 

across epithelial cells. Pseudomonas aeruginosa is a bacterium widely found in the 

environment, but that does not typically infect healthy individuals. However, it can 

opportunistically infect people with underlying conditions such as cystic fibrosis or severe 

burns. Infections usually colonise the lungs, skin or urinary tract [190]. Once it has infected a 

tissue it produces a number of virulence factors, one being Pseudomonas exotoxin (PE). PE is 

a protein that has been shown to enter and traffic across polarised epithelial cells and once it 

has exited from the basal membrane, can enter and intoxicate specific immune cells to hinder 

the body’s immune response to the infection. PE is a single-chain, multidomain protein with 

specific domains being responsible for transcytosis and toxicity functions [191]. Modifications 

have been made to produce a non-toxic version of PE which still transports across cells. By 

attaching a cargo to non-toxic PE, it can be delivered across epithelial cells [192]. PE transport 

appears to be optimised for respiratory epithelia, rather than intestinal epithelia, as this is the 

typical infected tissue. PE-vaccine constructs have shown potential for intranasal immunisation 

[193, 194]. 

Another protein in the same family as PE is cholix, produced by V. cholerae. Though cholix has 

little sequence homology with PE, the structure is similar and it also transports across polarised 

epithelial cells [195]. Usually when a molecule enters an epithelial cell it enters the endosomal 

pathway, where eventually it will reach either lysosomes where it will be degraded or recycling 

endosomes where it will be exported back out of the cell. These bacterial toxins are capable of 

transporting from the apical to the basal endosomal system and subsequently out of the basal 

side. It has been established that the 266 amino acid first domain of cholix is sufficient for 

transepithelial transport. Conjugation of human growth hormone to cholix was able to deliver it 

to the lamina propria beneath the epithelium [195].  

1.7.3 Nanoparticles 

Nanoparticles (NPs) are small polymeric structures typically defined as being between 1 and 

100 nm in diameter [196, 197]. This size makes them small enough to diffuse through the 

mucus layer in the intestine, although the mucus can still provide a barrier to NPs. The larger 

the NP, the harder it will be for it to cross the mucus layer [196]. NPs are taken up by M-cells 

and columnar enterocytes through endocytosis, with M-cells being the primary route of uptake 

[198]. Their size is comparable to cellular vesicles and so are compatible with intracellular 
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trafficking [199]. Poorly absorbed drug molecules can be loaded into NPs. This has the dual 

benefit of providing protection from degradation in the GI tract and enhancing absorption across 

the epithelium [196].  

A number of NP formulations have been studied for intestinal protein absorption. Chitosan 

polymers have been one of the most studied materials for nanoparticles. Chitosan NPs have 

been loaded with insulin and delivered insulin with a relative bioavailability of up to 20% in vivo 

[200]. Chitosan NPs have also been loaded with the anticoagulant enoxaparin. In vivo 

administration of these NPs resulted in an absolute bioavailability of 5.65-12.96% compared to 

1.34% for an orally administered enoxaparin solution [201]. Insulin encapsulation in calcium 

phosphate and silica NPs have been assessed pre-clinically [202, 203]. 

However, despite these positive pre-clinical studies, and the fact that over 50 NP formulations 

have been approved for other applications [197], there are no NP products approved for oral 

delivery [204]. There are clearly challenges for NPs to be used for this route of administration. 

The small size and large surface area to volume ratio of NPs means they have a relatively low 

capacity for drug loading [204].   

1.7.4 Microparticles 

Microparticles are larger than nanoparticles, with a diameter between 1 and 100 𝜇m. This larger 

size means that they will struggle to diffuse across the mucus layer or enter epithelial cells. 

Therefore, they can only release any loaded drug close to the epithelium at the desired location 

for absorption. This means microparticle application in the context of oral drug delivery is limited 

to protecting drug molecules from the conditions of the GI tract.      

1.7.5 Liposomes 

Liposomes spontaneously formed vesicle-like structures made up of phospholipids. These 

amphipathic compounds naturally form into lipid bilayer spheres in aqueous environments, with 

the hydrophilic heads facing the aqueous phase. The centre is water filled and can be used to 

encapsulate drug molecules [205]. The phospholipid composition is the same as cell 

membranes, making liposomes highly compatible with membranes. Fusion and endocytosis of 

liposomes with cells can allow the intracellular delivery of encapsulate drugs [205]. Liposomes 

have been adapted in an attempt to orally deliver their cargo across intestinal epithelia [206]. 

Liposome stability in the GI tract can be improved by alterations in lipid composition and by 

coating with polymers. Pegylation of liposomes is a commonly used modification to increase 
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stability [205]. Liposomes appear to be taken up by M-cells, but enterocyte uptake is limited. 

Augmentation of liposome surfaces with other permeation enhancing molecules has been used 

to improve absorption. Chitosan was used to modify liposomes to increase the delivery of 

encapsulated dextran across Caco-2 monolayers and salmon calcitonin in rats [207]. 

Incorporation of bile salts into the lipid layer of liposomes has also been used to enhance 

salmon calcitonin in Caco-2 cells [208]. 

1.7.6 Membrane Disruption 

A number of permeation enhancers act by disrupting the membrane to increase permeability. 

Surfactants are amphipathic molecules, and the separate hydrophilic and lipophilic domains 

allow them to act at the interface of aqueous and lipophilic phases. They can increase the 

aqueous solubility of lipophilic molecules. They can also solubilise the membranes of cells and 

are used for the lysis of cells. At sub-solubilising concentrations, some surfactants have been 

shown to permeabilize the membrane [209]. Surfactant monomers are able to insert into the 

membrane. Increasing amounts of surfactant within the membrane causes membrane swelling 

and increase in fluidity. When a critical concentration is reached surfactant molecules can 

switch between the external and internal layer of the membrane [209].     

Sodium dodecyl sulphate (SDS) is a widely used anionic surfactant. It can lyse cells but has 

also been shown to permeabilise epithelia. A study demonstrated that SDS enhanced the 

permeation of a hydrophilic marker, but not a lipophilic maker, across porcine buccal mucosa 

[210]. However, this study also showed damage to the epithelial cells [210]. Voltage clamp 

measurements across membranes treated with SDS suggested permeability was increased 

due to formation of short and long lived hydrophilic pores [211]. 

Bile salts have also been shown to be permeation enhancers that affect membranes. These 

are naturally occurring compounds secreted into the GI tract which facilitate the solubility and 

absorption through their surfactant properties [212]. These surfactant properties also allow 

incorporation into cell membranes to increase transcellular permeability [213]. Various bile salts 

have been investigated in pre-clinical and clinical studies of permeation enhancement. Sodium 

cholate and sodium deoxycholate have been shown to increase intestinal absorption of insulin 

[214] and heparin [215] in rats. Bile salts have also increased intestinal absorption of salmon 

calcitonin [208] and octreotide [216]. 
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1.7.7 Cell penetrating peptides 

Cell penetrating peptides are peptides that are able to cross membranes to enter cells. Since 

being identified they have been investigated as drug delivery vehicles by conjugation to or 

complexing with macromolecules. Their mechanism and application are discussed in detail in 

section 1.9. 

1.7.8 Candidate Drugs  

1.7.8.1 Insulin 

Much of the investigation into oral proteins has focused on the delivery of insulin. Insulin is a 

hormone that is involved in glucose regulation. Proinsulin is synthesised in ꞵ-cell of the 

pancreas and is post-translationally cleaved to insulin. Insulin is a 5.8 kDa protein with an 

isoelectric point (pI) of 5.3, meaning that at physiological pH of 7.4 it is negatively charged. 

Insulin is secreted in response to raised blood glucose levels and increases cellular glucose 

absorption and metabolism of glucose in muscle and liver cells [2]. It also inhibits 

gluconeogenesis in the liver, the overall effect being lowering of blood glucose levels. Diabetes 

mellitus is a disease where there is a dysfunction of insulin glucose control. Type I diabetes is 

primarily characterised by a deficit of insulin secretion and type II diabetes is primarily 

characterised by a lack of sensitivity to insulin [2]. Insulin as a drug is given to patients with 

diabetes to restore the homeostatic control of blood glucose levels [2]. The primary intended 

site of action of insulin therapy is in the liver, which gives an extra advantage to oral delivery. 

Injected formulations will be absorbed systemically and distributed throughout the body, 

whereas intestinally absorbed drugs will enter the hepatic portal system and first be taken to 

the liver. In the case of insulin, the majority entering the liver does not leave [217]. This means 

that the oral route of administration should result in targeted delivery to the liver. Additionally, 

the fact that insulin is the oldest therapeutic protein, well characterised, relatively inexpensive, 

and easy to measure its pharmacodynamic effects have contributed to insulin as a model for 

oral protein delivery. There are, however, disadvantages to insulin as a candidate for oral 

delivery. Many of the safety concerns around permeation enhancer technologies are that they 

may cause toxicity or sustained barrier dysfunction with chronic usage. As insulin must be taken 

after meals and treatment will typically last for many years, clearly it is required to be given in 

repeated, chronic doses. The solubility of insulin could also be problematic. Insulin is readily 

soluble in aqueous systems at acidic pH but not at neutral pH [218]. Therefore, insulin 

formulations may precipitate when they reach the intestine, with a pH between 7 and 8 [9].    
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1.7.8.2 GLP-1 and exenatide 

Glucagon-like peptide 1 (GLP-1) and GLP-1 analogues are an emerging treatment for diabetes 

as an alternative to insulin. GLP-1 is an incretin hormone that is involved in the regulation of 

glucose by stimulating the release of insulin and inhibiting the release of glucagon, which has 

an opposing effect to insulin [16]. This means it has potential to regulate blood glucose in 

diabetes, especially type II diabetes. However, it has a very short half-life of 2 minutes, which 

makes it potentially difficult to use as a drug [219]. Exendin-4 is a GLP-1 receptor agonist that 

is found in the saliva of the Gila monster lizard, the synthetic version of which is called exenatide 

[220]. It is licensed as a diabetes treatment available as an injectable in daily or weekly 

formulations [221]. Exenatide has a molecular weight of 4.2 kDa and a pI of 4.86. Its half-life is 

significantly longer than GLP-1 at nearly 2 and a half hours [222], making it simpler to use as a 

drug. Exenatide increases insulin secretion in response to a meal, not in fasting conditions, so 

is much less likely to cause hypoglycaemia. It is licensed for treatment of type II diabetes and 

clinical evidence shows it improves glucose control. On average, improved glucose control is 

achieved with fewer exenatide injections than insulin [221]. Fewer required doses may make it 

a better candidate for oral administration with a permeation enhancer. Several other GLP-1 

receptor agonists are also licensed for treatment of type II diabetes. These include liraglutide, 

albiglutide, taspoglutide, dulaglutide, and semaglutide. They are increasingly widely used in 

diabetes cases that are not responsive to insulin therapy [223, 224]. There is also evidence 

that GLP-1 agonists help weight control. Obesity is often a comorbidity with diabetes, which 

may be another advantage of these drugs, but additionally they may have potential use in 

obese patients regardless of whether they have diabetes [225].       

1.7.8.3 Calcitonin 

Calcitonin (CT) is a hormone produced by the thyroid which decreases blood calcium levels. It 

primarily achieves this by inhibiting osteoblast breakdown of bone tissue and by inhibiting 

calcium reabsorption from the kidneys. Its release is stimulated by increased Ca2+ levels [226]. 

CT is a 32 amino acid polypeptide hormone. Salmon CT (sCT) is an analogue of human 

calcitonin, differing in 16 amino acids, that has been found to be more potent than the human 

form. Subcutaneous injection of sCT is licensed as a treatment for osteoporosis and 

hypercalcaemia [227]. There is also some evidence that it could be beneficial in treating bipolar 

depression, however it has never been approved for this usage [228]. It has a molecular weight 

of 3.4 kDa and a pI of 8.86, making it positively charged at physiological pH [227].   
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As a polypeptide, sCT is poorly absorbed orally, but it has been investigated with permeation 

enhancer strategies. A study showed that a complex of sCT with the bile salt STDC was able 

to enhance permeation across Caco-2 monolayers [208]. An STDC/sCT combination has been 

investigated clinically for oral absorption [213]. Chitosan nanoparticles have also been shown 

to enhance oral absorption of sCT [229]. Oral sCT formulations have reached clinical trials. 

Notably, Emisphere technologies have tested sCT with the permeation enhancer 5-CNAC in 

clinical trials [230]. This technology is similar to SNAC which has been approved in a 

semaglutide formulation for oral use [231]. Tarsa therapeutics have also conducted clinical 

trials with their Pepteligence ™ technology for oral delivery [232]. These trials show positive 

progress but have not yet produced an approved sCT product.     

1.7.8.4 Octreotide 

Octreotide is a peptide analogue of somatostatin (growth hormone inhibiting hormone). It has 

a molecular weight of 1 kDa and a pI of 8.2, making it positively charged at physiological pH. It 

primarily inhibits secretion of growth hormone, but also many other hormones including gastrin, 

glucagon and insulin [233]. Octreotide is used to treat growth hormone disorders such as 

gigantism and acromegaly. There is also evidence of benefit in chronic hypoglycaemia [234] 

and chronic hypotension [235]. As it is not absorbed through the GI tract it is administered by 

subcutaneous injection [233]. 

Octreotide has also been investigated with permeation enhancers for oral delivery. A clinical 

trial in 2012 investigated the oral absorption of calcitonin formulated with fatty acid permeation 

enhancer sodium caprylate. Oral administration of 20 mg octreotide delivered similar plasma 

levels as 1 mg subcutaneous injection [236]. A follow up study in 2015 achieved the same 

plasma levels and demonstrated lower growth hormone levels after 4 weeks of treatment with 

oral octreotide and sodium caprylate treatment [237]. Chiasma’s Mycapssa ® formulation of 

octreotide using permeation enhancer sodium caprylate has been approved for oral use, 

however the clinical trials showed a bioavailability of 0.5% [236], meaning there is significant 

room for improvement in octreotide oral delivery.  

1.7.8.5 Non-peptide drug candidates 

Though proteins and peptides represent one of the largest classes of drugs that would benefit 

from permeation enhancers, there are non-peptide drugs that have low oral bioavailability that 

could also be used. Aminoglycosides are a class of broad-spectrum antibiotics that are not 
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absorbed through the GI tract. The first aminoglycoside discovered was streptomycin found in 

Streptomyces griseus. Subsequent other aminoglycoside family members were discovered in 

other bacteria or derived from previously discovered members. Other examples are kanamycin, 

gentamicin, tobramycin, and neomycin. After their discovery they became extensively used in 

the treatment of bacterial infections, however their use was limited by ear and kidney toxicity 

and declined as new classes of antibiotics were seen as having less toxicity. Resistance to 

other antibiotics, as well as safer aminoglycoside dosing, has seen an increase in their use 

again [238]. Streptomycin and gentamicin are routinely used in tuberculosis treatment [239].  

The size of most aminoglycosides are in the range of 450 to 800 Da; streptomycin is 581.6 Da 

[238] and gentamicin is 477.9 Da [240]. They are highly water soluble and basic, carrying a 

positive charge at physiological pH. Despite being considerably smaller than proteins, they are 

still not absorbed in the GI tract, and are most commonly administered by intravenous or 

intramuscular (or occasionally subcutaneous) injection. Oral formulations exist, though these 

are to treat infections within the GI tract and cannot deliver systemic doses [241]. However, 

their smaller size could make it easier to deliver them with the help of a tight junction modulating 

permeation enhancer, as theoretically tight junctions would not need to be disrupted to such an 

extent as with larger molecules. Additionally, drugs used to treat infections will typically be used 

for a short time compared to the prolonged use seen with many protein therapeutics. This would 

reduce the potential for long term barrier dysfunction from chronic repeated dosing with a 

permeation enhancer.   

1.7.9 Oral protein and peptide drugs in clinical trials 

The research into oral delivery has produced a number of formulations that have been tested 

in clinical trials. To date, two oral peptide formulations for systemic delivery have been 

approved. Table 1.1 shows the proteins and peptide drug formulations in clinical trials or 

approved. 
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Table 1.1: List of protein and peptide drugs that have reached clinical trials or been approved. Adapted 

from Zhu et al [232]. 

Stage 
Protein or 

Peptide 
Strategy Company 

Phase I 
Clinical 

Trial 

Insulin 
Enteric coated bioadhesive calcium 
nanaparticles 

NOD Pharmaceuticals 

Insulin Micelles with sodium caprate 
Merrion 
Pharaceuticals/Novo 
Nordisk 

Insulin Eligen ® permeation enhancer Emishphere/Novo Nordisk 

GLP-1 
analogue 

Sodium caprate 
Merrion 
Pharaceuticals/Novo 
Nordisk 

Phase II 
Clinical 

Trial 

Insulin Silica nanoparticles Oshadi 

Insulin 
Enteric capsule with protease inhibitors 
and permeation enhancer 

Oramed 

Insulin 
Permeation enhancer Axess ™ and 
Capsulin ™  

Proxima Concepts 

PTH 
Permeation enhancer Axess ™ and 
CaPTHymone ™  

Proxima Concepts 

rhPTH Permeation enhancer Peptelligence ™ Enteris Biopharma 

CsA Oil in water emulsion Sigmoid Pharma 

Dolcanatide Chemical modification Synergy Pharmaceuticals 

Acyline Micelles with sodium caprate Merrion Pharaceuticals 

Leuprolide Permeation enhancer Enteris Biopharma 

Phase III 
Clinical 

Trial 

Insulin Hepatic-targetted liposomes Diasome Pharma 

Insulin Chemical modification Biocon 

sCT 
Permeation enhancer Axess ™ and 
Capsulin ™  

Proxima Concepts 

sCT Peptelligence ™ Tarsa therapeutics 

sCT Permeation enhancer 5-CNAC Emishphere 

Approved 
Octreotide 

Mycapssa ®  enteric coated permeation 
enhancer sodium caprylate 

Chiasma 

Semaglutide Rybelsus ® permeation enhancer SNAC Novo nordisk 

  

1.8 Cell Penetrating Peptides 

As mentioned above CPPs are peptides that are able to cross membranes in order to enter 

cells. These have been investigated as a potential drug delivery system and also as bioactive 

molecules. This thesis investigates peptides, named Permeable Inhibitor of Phosphatase (PIP) 

peptides, that are designed to inhibit MLCP to induce an opening of tight junctions. The PIP 
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peptides are based on sequences known to be involved in MLCP interactions, and are modified 

to resemble CPPs in order to be able to enter intestinal epithelial cells.  

1.8.1 Cell penetrating peptide description 

Typically, cell membranes are impermeable to large hydrophilic molecules; cell penetrating 

peptides (CPPs) are an exception to this rule as they are able to cross biological membranes. 

CPPs are between 5 and 30 amino acids in length and typically contain many of positively 

charged amino acids arginine and lysine. The first protein with CPP properties to be identified 

was trans-activator of transcription (TAT), which is produced by HIV [242]. TAT contains the 

CPP domain YGRKKRRQRRR, which allows it to cross cell membranes [242]. Shortly 

afterwards penetratin was discovered, which is a 16 amino acid cell penetrating peptide with 

the sequence RQIKIWFQNRRMKWKK [243]. Since their discoveries, a number of naturally 

occurring and synthetic CPPs have been identified. CPPs are defined by their physicochemical 

properties and their origin. The main categories based on properties are cationic and 

amphipathic peptides. Their origin is either naturally occurring or synthetic.  

Cationic CPPs carry a high positive charge due to a high density of arginine and lysine residues. 

Examples of cationic CPPs include TAT, polyarginine peptides and penetratin. Amphipathic 

peptides also contain a number of hydrophobic amino acids in addition to hydrophilic residues. 

The hydrophobic residues may be involved in interacting with the lipid components of the cell 

membrane. Examples of amphipathic CPPs include transportan, MAP, and Pep-1. Transportan 

is a chimera of the neuropeptide galanin and the wasp toxin peptide mastoparan [244], having 

the sequence GWTLNSAGYLLGKINLKALAALAKKIL. Pep-1 is a multidomain peptide 

consisting of a tryptophan rich hydrophobic domain and a lysine rich hydrophilic domain 

separated by a spacer domain [245]. MAP is a synthetic peptide with the sequence 

KLALKLALKALKAALKLA [246].   

1.8.2 CPP Mechanism of action 

There are a number of different mechanisms proposed for CPP entry into cells. These are 

represented in figure 1.6 and described below. 
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Figure 1.6: Cartoon representation of CPP entry mechanism divided into endocytosis pathways and 

direct translocation pathways. Figure is reproduced from Tabujew et al [247] 

1.8.2.1 Direct translocation 

A number of mechanisms of action have been proposed for CPPs, and it appears that different 

peptides cross membranes in different ways. The first suggested mechanism for CPPs to cross 

cell membranes was by direct translocation. This is an energy-independent process by which 

CPPs would be able to move directly across the membrane. This mechanism was supported 

by evidence that some CPPs cross membranes at 4°C, seeming to rule out an energy 

dependent process [248]. There are several mechanisms proposed for direct translocation. A 

common first step in these processes is interaction between the CPP and the cell membrane. 

Penetratin is an early CPP that was shown to interact with the cell membrane [249]. It was 

thought that this was through electrostatic interaction between the positively charged amino 

acid residues of the peptide and the negatively charged cell membrane [250]. A study looking 

at analogues of penetratin showed that replacing all the lysine residues with arginine 

maintained the peptides ability to cross cell membranes, whereas replacing all the arginine 
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residues with lysine residues significantly reduced its ability to translocate [251]. This suggests 

that the positive residues alone are not sufficient for the interaction. The authors hypothesise 

that the guanidine moiety of arginine is involved in binding to specific components of the 

membrane. Further work identified that specific cell surface proteins may be involved in the 

initial CPP interaction in addition to the negative charge of the membrane. Glycoproteins, 

especially heparan sulphate proteoglycans (HSPG), have been shown to interact with CPPs at 

the membrane surface [252, 253]. Association with these may trigger direct translocation or 

endocytosis for different CPPs. The specific subtype that the CPP interacts with may have an 

influence on the route of cell entry.  

The specific route of translocation can be broadly broken down into micelle-formation, pore-

formation, or membrane carpeting. The inverted micelle model involves CPPs interacting 

electrostatically with the membrane, which leads to a distorted curvature of the membrane. The 

curved membrane forms into an inverted micelle with a hydrophilic centre that allows 

accumulation of the CPP and a hydrophobic exterior in contact with the oily interior of the 

plasma membrane. This keeps the cationic CPPs away from this environment as they move 

across the membrane. Micelle destabilisation releases the CPPs into the cytoplasm [254]. This 

route of entry has been described for penetratin [255]. 

Pore formation can be divided into the barrel-stave model or the toroidal model. The barrel-

stave model involves α-helical peptides, typically with hydrophilic residues lining one side of 

the helix and hydrophobic residues lining the other. Peptide molecules accumulate on the cell 

surface membrane and polymerise with each other. The hydrophilic residues of the peptide 

interact with each other so that a channel shape is formed with the hydrophilic residues pointing 

inwards and the hydrophobic residues pointing outwards. The channel undergoes reorientation 

and enters the lipid bilayer of the membrane. The hydrophobic outside allows this transient 

pore to move through the lipid environment of the membrane and pass through to the cytoplasm 

[256].  

The barrel-stave model leaves the membrane itself relatively unaffected. In contrast, the 

toroidal pore model involves membrane perturbation. In this case, disordered peptides bind to 

elements of the membrane surface and undergo a conformational change to α-helices or β-

sheets. The conformational change causes membrane perturbation, causing it to bend inwards 

and form a transient pore with the peptide inside [256]. This model has been suggested as the 

route of entry of Pep-1 through helix formation and the subsequent membrane disruption. Pep-
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1 also forms α-helices when conjugated to cargo molecules, suggesting the same route of entry 

as free Pep-1 [245]. MPGs are a class of CPPs that are similar in structure to Pep-1. Despite 

the similarity they undergo a conformational change to β-sheets rather than α-helices after 

interaction with the membrane. This also leads to membrane perturbation which promotes the 

formation of transient pores. Like Pep-1, MPGs also undergo the conformational change when 

conjugated to cargo [257]. 

The carpet model is another form of membrane disruption. In this model, CPPs cover the 

membrane surface in a manner like a carpet, with hydrophobic residues facing the membrane 

and hydrophilic residues facing the extracellular space. Once the CPP reaches a sufficient 

concentration, the hydrophobic residues disrupt the membrane and cause a disintegration 

through micelle formation. This leads to a temporary break in the membrane through which the 

peptides can enter the cell [258]. The membrane is able to reform after the peptide has entered.  

Each of these models requires interaction between hydrophobic residues on the CPP and the 

lipid elements of the membrane, in addition to hydrophilic residues. For this reason, it would 

not be possible for arginine rich CPPs, such as poly-arginine or TAT, to enter cells by any of 

these models. However, there is evidence that these CPPs can enter cells in direct 

translocation. Initially this was suggested as it was observed that these CPPs could enter cells 

at 4°C. However, it was subsequently shown that these results most likely occurred due to 

experimental artifacts. This led to the prevailing theory that these CPPs enter cells through 

energy-dependent mechanisms, and evidence of them working by endocytosis has been 

demonstrated. Microscopy studies have shown that at higher concentrations arginine rich 

CPPs show distinct patterns of distribution within cells, with both diffuse distribution and distinct 

vesicle-like distribution [259]. This suggests that CPP entry is happening by both active uptake 

and direct translocation.  

Several mechanisms of direct entry for arginine CPPs have been suggested. One mechanism 

involves poly-arginine peptides forming complexes with the membrane through hydrogen 

bonds between the guanidine groups of arginine with sulphate, phosphate, or carboxylate 

groups present within cell surface components. It has been shown that poly-arginine bound to 

hydrophobic counterions like this partition into lipophilic environments over aqueous ones, such 

as chloroform instead of water [260]. This suggests that polyarginine peptides in complex with 

membrane components can cross the lipophilic membrane [261]. R12 has been shown to be 

involved in a different mechanism where it forms particle-like structures with membrane 
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components that leads to membrane inversion [262]. Lastly, it has been shown that 

polyarginine peptides can enter cells by a pore formation mechanism. Electrostatic attraction 

causes lateral movement of phospholipids in the membrane towards the peptides, causing 

membrane thinning. Electrostatic attraction between the peptide and the interior phospholipids 

leads to movement across the membrane. Additionally, water molecules begin to move across 

forming a transient water pore, with the peptides moving in the direction of the resultant solvent 

flow [263].        

1.8.2.2 Endocytosis      

Endocytosis has also been suggested as a mechanism for CPP uptake. Endocytosis is a 

process by which solutes are actively taken up by cells. Broadly speaking it can be divided into 

phagocytosis or pinocytosis [264]. Phagocytosis is the uptake of very large molecules by 

specialised cells of the immune system like macrophages or monocytes. Pinocytosis is carried 

out by all cell types and is an active uptake mechanism for smaller molecules including 

peptides, sugars and lipids [264]. Various forms of pinocytosis have been demonstrated as 

mechanisms for CPP uptake. Pinocytosis can be further divided into macropinocytosis, clathrin-

mediated endocytosis, caveolin-mediated endocytosis, and clathrin- and caveolin-independent 

endocytosis. 

Macropinocytosis is an active process involving actin filaments. Actin polymerisation creates 

protrusions extending from the plasma membrane of cells. Eventually these protrusions 

collapse back onto the plasma membrane, fusing with it and trapping any solutes present. 

These membrane fusions are then internalised into the cell with their contents as 

macropinosomes. These mature through the endosomal pathway and eventually fuse with 

lysosomes. This is a regulated process, with various growth factors triggering the actin 

rearrangement required [264]. However, the uptake of solutes by this mechanism appears to 

be non-specific [264].  

Macropinocytosis has been shown to be involved in the uptake of several CPPs. Studies of 

TAT suggested macropinocytosis as a route of its uptake. Uptake was arrested at 4°C and 

specific inhibitors of macropinocytosis slowed TAT uptake in a dose dependent manner [265, 

266]. Uptake of polyarginine peptides R8, R9 and R12 is also inhibited by macropinocytosis 

inhibitors [267-269]. HSPG has been shown to be required for the uptake of TAT and R8 [270, 

271], and appears to be involved in growth factor triggered macropinocytosis [253].   
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1.8.2.3 Clathrin-mediated endocytosis (CME) 

CME is also an active uptake mechanism and is highly regulated and receptor specific. Ligand 

binding to a cell membrane receptor is followed by clathrin associating with the cytoplasmic 

side of the membrane. This is followed by invagination of the membrane to form clathrin coated 

pits. Invagination continues until the curvature of the membrane causes the pit to close into a 

sphere which enters the cell as a clathrin coated vesicle (CCV) [264]. Clathrin is removed as 

CCVs enter the endosomal pathway and mature from early endosomes to late endosomes. 

They can then fuse with lysosomes that degrade the contents of vesicles. CME is known to 

take up nutrients into intestinal epithelial cells from the intestinal lumen. Low density 

lipoproteins (LDLs) binding to the LDL receptor and transferrin binding to the transferrin 

receptor induce CME [272, 273]. 

CME has been suggested as a mechanism of uptake of several CPPs. It has been shown that 

unconjugated TAT uptake is reduced by CME specific inhibitors [274]. It appears that 

unconjugated TAT and TAT conjugated to a cargo have different mechanisms of uptake as 

TAT with cargo has not been shown to enter cells via CME [274]. Polyarginine peptides have 

also been shown to enter cells by CME [275]. Uptake of a complex of MPGα and siRNA was 

decreased by CME specific inhibitors [276].   

1.8.2.4 Caveolin-mediated endocytosis (CvME)  

Caveolae are membrane surface structures comprised of oligomers of caveolin molecules and 

a complex of other proteins such as cavins. Caveolin molecules are hydrophobic proteins with 

a hairpin bend structure that is embedded in the plasma membrane, leaving both the N- and 

C-terminals exposed to the extracellular space. This results in caveolae being pit-shaped 

structures on the outside of cell membranes. Their hydrophobic nature means that they are 

sometimes referred to as lipid rafts [277]. While the majority of caveolae appear to be immobile, 

a small population of them are dynamic and have been shown to be capable of entering the 

cell. This process is a mechanism of endocytosis for a range of molecules [277]. One of the 

best known molecules to be involved in CvME is albumin [278]. Caveolae interact with the actin 

cytoskeleton which appears to be involved in CvME. Caveolin-1 directly interacts with the 

GTPase dynamin, which is required for the budding vesicles to be released from the membrane 

[279]. Internalised caveolae can either fuse with endosomes and enter the endosome/lysosome 

pathway, or form caveosomes, which are endocytotic vesicles separate from endosomes [277]. 
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CvME has been suggested to be involved in the uptake of several CPPs. TAT fused to protein 

cargoes was shown to colocalise with the CvME marker cholera toxin, but not CME marker 

transferrin [280]. This suggests a role for CvME in TAT-conjugate uptake. Proline rich CPPs 

have also been shown to colocalise with cholera toxin after uptake, suggesting that CvME is 

involved [281]. Transportan can deliver conjugated protein cargoes into cells, which is reduced 

by downregulation of cavin-1, suggesting CvME is involved, in contrast to evidence that free 

transportan uptake is not via endocytosis [282]. 

1.8.2.5 Endosomal escape 

A common feature of endocytosis is that molecules taken up this way end up in lysosomes, 

which either mature to recycling endosomes or fuse with lysosomes. Endosomal escape is 

required for a molecule taken up by endocytosis to avoid either the recycling of degradation 

pathways [283]. One of the primary suggested mechanisms for endosomal escape of CPPs is 

that the positively charged CPP sequence interacts with the negatively charged phospholipids 

of the endosomal membrane, affecting the membrane integrity to promote physical pores. TAT 

has been shown to interact with the endosomal membrane to create pores through which it can 

escape [265].   

1.8.2.6 Multiple routes of uptake 

It is clear that there are several different routes of uptake involved for different CPPs. In addition 

to this, there is evidence that particular CPPs may use different mechanisms dependent on 

various conditions. Concentration has been shown to affect how some CPPs enter cells. 

Studies have suggested that at low concentrations, TAT and R8 appear to enter cells by an 

endocytic pathway, at higher concentrations there is evidence of direct translocation [259]. 

Conversely, penetratin appears to show direct translocation at low concentrations but enters 

cells via endocytosis at higher concentrations [284]. 

The presence of a cargo conjugated to certain CPPs can also affect the method of cell entry. 

A study of TAT-protein conjugates of various sizes showed a different pattern of distribution 

inside the cells. A diffuse pattern was seen with smaller conjugates, suggesting direct 

translocation as a route for entering cells, whereas larger molecules appeared to be in 

endocytotic vesicles [259]. A similar pattern has been seen with polyarginine CPPs comparing 

conjugated to unconjugated peptides [285]. These results suggest that the smaller a CPP 

construct is, the easier it is for it to directly enter the cell. The principle that CPPs may enter 
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cells by different routes when they are conjugated to a cargo may be problematic when 

researchers attempt to move a promising CPP carrier to a construct that can deliver a 

therapeutic cargo into cells.  

Different cell types have been shown to preferentially take up different CPPs. A large study 

compared the uptake of several CPPs by fibroblast model Cos-7 cells, human kidney cell line 

HEK293, HeLa cells and Madin-Darby Canine Kidney (MDCK) cells. This showed that as well 

as different uptake efficacies displayed for each CPP tested, some were preferentially taken 

up by certain cell lines. For example, penetratin was taken up by HeLa cells more than the 

other cell types. Additionally, different inhibitors of endocytosis had different effects in different 

cell lines, suggesting that they have different mechanisms of CPP uptake [286]. This means 

that there may be different routes for CPPs in different tissues, and some CPPs may be more 

effective depending on the location.  

1.8.3 Applications of CPPs 

1.8.3.1 Intracellular delivery of drug cargoes 

CPPs have potential in a number of different therapeutic and diagnostic applications. As they 

can cross cell membranes, CPPs may be used to deliver drug cargoes into cells. Proteins, 

which cannot cross membranes, have been covalently linked to CPPs. The CPP enters the cell 

and takes the protein cargo with it. The earliest examples of CPP-protein conjugates being 

tested in vivo involve TAT being conjugated to β-galactosidase. Fawell et al [242] and 

Schwarze et al [287] both conjugated CPP domains of TAT to β-galactosidase and injected 

them into mice intravenously and intraperitoneally respectively. Schwarze et al demonstrated 

β-galactosidase was taken up by all tissues, whereas Fawell et al showed high activity in the 

heart, liver, and spleen, but not in the brain or kidneys. Rouselle et al conjugated chemotherapy 

drug doxorubicin to penetratin. They showed that this construct was able to cross the blood 

brain barrier and deliver higher concentration than doxorubicin alone [288]. Tumor suppressor 

protein VHL has also been conjugated to TAT and shown to facilitate uptake into cells. This 

construct was tested in an in vivo tumour model and was shown to suppress the invasiveness 

of a mouse renal tumour [289]. Peptide nucleic acid antisense conjugates with CPPs including 

polyarginine, TAT, and transportan have been effectively delivered into cells [290]. 

In addition to covalently conjugating CPPs to cargoes, electrostatic interactions can be used to 

create CPP/drug interactions. As CPPs are rich in positively charged amino acid residues there 
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is a natural potential for them to electrostatically interact with negatively charged molecules. A 

class of molecules that could be delivered by this method are siRNAs, which carry a negative 

charge. A MPGα/siRNA complex has been delivered into cells. The complex of the peptide and 

luciferase siRNA were successfully delivered into HeLa cells expressing luciferase. This 

resulted in a significant decrease in luciferase activity [291].  

There are different advantages to covalent conjugation or simple mixing of CPPs with cargoes. 

Conjugation of a CPP to a cargo clearly ensures that they will stay localised together without 

relying on complex formation and maintenance. Therefore, the reliability that if the CPP crosses 

the membrane the cargo also crosses is increased. However, the ratio of CPP to cargo loading 

is generally limited to 1:1 or 1:2. Covalent conjugation may also change properties of the cargo. 

Some molecules may no longer be bioactive once attached to a CPP or may require cleaving 

in order to have their effect. Relying on electrostatic interaction between CPPs and cargo 

molecules in a simple mixture means the amounts can be varied more to achieve an optimum 

ratio of CPP to cargo. As they are not covalently attached, the CPP will have less probability of 

interfering with the cargo once taken up. However, the uptake with this type of formulation is 

strongly influenced by the strength of the interaction between CPP and cargo, which will limit 

the combinations that can be used. As mentioned previously, pH has an effect on the formation 

of complexes, which may cause variability in the effectiveness of such formulations. It is harder 

to reliably characterise the electrostatically associated mixture compared to a covalently 

attached molecule. 

Covalent conjugation of a CPP to a protein will create a new molecule. This will turn even a 

well-established drug into a novel compound, which will increase the need for toxicity testing. 

Each drug conjugated would be a different novel compound. Therefore, the regulatory burden 

is likely to be greater if taken forward clinically. A study found that attaching polyarginine to a 

bioactive segment of parathyroid hormone created a molecule that was toxic to epithelial cells. 

The same segment mixed with the same polyarginine had no adverse effects [292]. This 

demonstrates the potential for new conjugates to have additional side effects.         

1.8.3.2 Targeted drug delivery 

As in some cases CPPs have been demonstrated to preferentially enter specific cells, there is 

potential for targeting delivery to the desired site of action. One area that this could especially 

benefit is chemotherapeutic cancer treatments. As well as aiding tumour penetration, which is 

often a problem for anti-cancer drugs, some CPPs have been shown to be able to deliver drugs 
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to specific cancer cells. As these drugs usually have a high level of toxicity, targeted delivery 

could help reduce the effects on normal healthy cells. The peptide motif RGD is recognised by 

the cell membrane of cancer cells [293] and has been used to target doxorubicin to breast 

cancer cells [294]. The peptide MT23 can only enter B16 melanoma cells and has been used 

to deliver apoptin to mice to reduce tumor growth [295]. BR2 is a peptide based on anti-tumor 

peptide buforin IIb, which has the extra benefit of targeting cancer cells [296]. Additionally, 

another approach for targeting CPPs involves including a masking domain that obscures the 

CPPs ability to enter cells. By attaching the masking domain with a linker that is selectively 

cleaved in the tumour environment, CPPs can be designed so that they only become active at 

the desired site of action. Examples of this approach have used a MMP2 cleavable linker, an 

enzyme very often upregulated in solid tumours [297], and acid cleavable linkers that are 

cleaved in the acidic environment of tumours [298].  

1.8.3.3 Transmucosal drug delivery 

Much of the investigation into the clinical use of CPPs has been into their potential to deliver 

cargoes into cells. However, another potential application is to transport drugs across epithelia. 

The most obvious epithelium to target is the intestinal epithelium in the context of oral drug 

delivery. Penetratin has been investigated for its potential to enhance the permeation of protein 

therapeutics across the intestinal epithelium. Co-administration of penetratin and insulin was 

shown to increase the absorption of insulin across the intestinal barrier and decrease blood 

glucose levels, when compared to insulin alone [251]. Various modifications have been made 

to penetratin and have been shown to increase or decrease its effectiveness as a permeation 

enhancer. An analogue given the name PenShuf was designed by shuffling the sequence of 

penetratin while keeping all arginine and lysine residues in their original positions. This 

analogue showed a 16 times greater transport of insulin compared to penetratin [251]. The 

authors hypothesised that this increase was due tryptophan residues being moved adjacent to 

arginine rich segments. Tryptophan residues have been shown to be important in the uptake 

of some CPPs [299, 300]. Polyarginine peptides have also been shown to increase the 

permeation of insulin [301], as well as GLP-1 [302] in the intestine, while penetratin analogues 

also increase insulin and exenatide absorption in the nasal mucosa [299].     

1.8.3.4 Diagnostic tools 

As well as delivering therapeutic cargo, CPPs may also be used to deliver diagnostic imaging 

tools to cells. Radio-isotopic or fluorescent labels can be targeted to specific cell types in a 
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similar way to targeted delivery of drugs. Much of the focus of this application of CPPs has 

been on delivering imaging tools to cancer cells for tumour diagnosis. A peptide containing the 

targeting sequence RGD was conjugated to the radioisotope 18F. The RGD tag is recognised 

by integrin receptors on cancer cells. The study demonstrated that this peptide conjugate 

accumulated in tumours in mice after being administered by I.V. injection. This showed the 

peptide had potential as a tumour marker, although the effect was not entirely specific as it also 

accumulated in the kidneys [303, 304]. Another approach is to conjugate a fluorescent marker 

and a quenching molecule to opposite ends of a CPP, with the linker to the quenching molecule 

being preferentially cleaved in a tumour environment. An example of this takes advantage of 

overexpression of certain MMP enzymes in many cancers. A peptide conjugated to Cy5.5 was 

attached to a quencher with an MMP substrate. Increased fluorescence was seen in squamous 

cell carcinomas in mice [305, 306]. Another study used an MMP-13 substrate as a linker which 

showed higher fluorescence in osteoarthritis [307].    

1.8.3.5 Bioactive CPPs 

The majority of research into CPPs is on using the peptides simply as vectors to deliver a cargo 

molecule as a conjugate or complex. However, peptides also have a large potential for 

bioactivity. There are a number of endogenous and synthetic bioactive peptides. Protein-

protein interactions (PPIs) are involved in a huge number of cellular processes. Peptides have 

potential to either interfere with or mimic PPIs. A number of peptides with CPP properties that 

also have innate bioactivity have been identified, both as naturally occurring sequences 

expressed as peptides or within other proteins, or designed synthetically based on known 

sequences. Such peptides can either be made of two separate domains, a CPP sequence 

coupled to a bioactive sequence, or be a continuous sequence that has both functions. The 

term bioportide was coined to describe CPPs with intrinsic bioactivity [308].  

A peptide within the sequence of cytochrome C 77-101, was discovered to be able to efficiently 

enter brain tumour cell lines and promote caspase-3 dependent apoptosis [309]. This is an 

early example of a CPP sequence with biological activity. Another CPP with cytotoxic effects is 

mastoparan (MP), a peptide toxin found in wasp venom. This is an amphipathic peptide capable 

of crossing plasma membranes and has mitochondrial toxicity. This makes MP a potential 

cytotoxic anti-cancer drug, however uptake is non-specific making it toxic to all mammalian 

cells [310, 311]. The MP analogue mitoparan MitP was designed to include an RGD motif to 

target it to cancer cells while maintaining its CPP and cytotoxic effects [312]. Pentapeptides 
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were designed based on the protein Ku70, which inhibits pro-apoptotic protein Bax. These 

peptides, named Bax-inhibiting peptides (BIPs), were shown to be cell permeable and were 

cytoprotective by inhibiting Bax [313]. Modified sequences of prion protein (PrP), which is 

misfolded in prion disease, produced amphipathic CPPs that were able to enter cells and 

reduce the levels of the misfolded protein [314]. Hällbrink et al developed an algorithm for 

predicting CPP sequences within other proteins [315]. This method has been used to identify 

other bioactive CPPs. A study identified a 20 amino acid sequence within human calcitonin 

receptor, named camptide, and a 16 amino acid sequence in endothelial nitric oxide synthase, 

named nosangiotide. Both of these peptides entered cells and had biological activity. Camptide 

stimulated cAMP synthesis and reduced viral infectivity, while nosangiotide inhibited 

angiogenesis [308].  

A number of peptides have also been designed by combining existing CPPs with bioactive 

sequences. BIPs, described earlier were also combined with the TAT to enhance cell entry 

[313]. TAT also has been incorporated into a number of other peptide sequences to increase 

delivery into cells. TrkA is a receptor of nerve growth factor, inhibition of which may be beneficial 

in pain relief. A synthetic segment of TrkA was combined with TAT, with the resulting peptide 

able to enter cells and inhibit TrkA activity [316]. Apoptogenic peptide P10, a synthetic segment 

of the protein p21 [317], and MAK19, a synthetic segment of pro-apoptosis protein S100/A11 

[318], have both also been synthesised with TAT. Other CPPs have also been combined with 

other peptides. A chimera of transportan and G-protein mimetic peptide Gi3α was able to enter 

cells and modulate intracellular kinase signalling [319]. 

Many CPPs also share similarities with antimicrobial peptides [320]. These are peptides 

produced by specific mammalian cells that target pathogens in the GI tract. They can kill or 

inhibit bacteria by causing cell membrane disruption [321] [11], and their mechanism of action 

is thought to be through pore formation similar to some CPPs [320]. It has been shown that 

both TAT and penetratin appear to have some antimicrobial activity [322, 323].     

1.8.3.6 CPPs in clinical testing 

Although several CPP based treatments have been investigated in clinical trials, currently there 

are none that are approved for therapeutic use in patients [324]. A fusion peptide of TAT and 

an PKCε was tested for efficacy in treating pain in patients with postherpetic neuralgia. Although 

well-tolerated, the peptide showed no difference from placebo [325]. The same peptide also 

showed no efficacy in treatment of postoperative orthopedic pain in a separate study [326]. A 
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similar peptide including a PKCδ inhibitor was also tested in a phase II clinical trial in patients 

with a previous myocardial infarction and showed moderate benefit compared to placebo [327]. 

TAT was also conjugated to a c-Jun N-terminal kinase (JNK) inhibitor and tested as a topical 

treatment for acute hearing loss in a phase II clinical trial. In this study it demonstrated a 

potential benefit compared to placebo [328]. A subsequent phase III trial also showed improved 

hearing recovery in patients with profound sudden hearing loss [329]. The same peptide 

formulated as an eye drop has also been tested in clinical trials for the treatment of 

postoperative ocular inflammation. It was beneficial in reducing inflammation, though only with 

the same efficacy as current primary treatment dexamethasone. It was well tolerated by 

patients meaning it may have fewer side effects than current treatment [330].  

Other CPPs conjugates based on TAT have been evaluated. Revance therapeutics tested a 

propriety peptide based on TAT conjugated to botulinum toxin in a phase II clinical, showing 

clinical benefits [331]. However, a subsequent phase III trial failed to meet its therapeutic 

endpoint objectives [332]. AZX100, a conjugate of optimised TAT sequence PDT4 and an 

HSP20 analogue, was tested in phase II trial for scar reduction. However, it showed no 

significant difference to placebo in any therapeutic endpoints [332], despite promising pre-

clinical results [333].  

Aside from TAT and TAT-based CPPs, polyarginine R7 was conjugated to cyclosporin A for 

psoriasis treatment and was tested in a phase II clinical trial, though this was discontinued 

[332].   

Bioactive CPP P28 inhibits ubiquitination and degradation of tumor suppressor protein p53. 

P28 was tested in a phase I clinical trial of patients with metastatic solid tumours. It was well 

tolerated in patients and showed promise in terms of efficacy, though the study was primarily 

based on safety endpoints rather than efficacy [334]. It has not yet been tested in a phase II 

trial to examine its efficacy in more detail [335].  

Reasons for this lack of CPP based drugs on the market include lack of stability, non-specific 

cell targeting, inefficient transport of conjugated cargoes and lack of endosomal escape. 

Advances in targeted peptide sequences and activatable CPPs mentioned earlier may lead to 

more promising candidates. Bioactive CPPs may have more potential than conjugated cargoes 

as the uptake and endosomal uptake may be less affected without a large conjugate. Use of 

D-amino acids instead of native L-amino acids can improve peptide stability, thereby increasing 

the half-life of the peptide [336].   
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1.9 Study of Protein Transport 

1.9.1 Epithelial and endothelial cell culture models 

Cell culture systems are widely used as a model to study epithelial and endothelial biology and 

transport. Models exist for various different types of epithelia or endothelia, and there are 

various cell lines appropriate for each model. The blood brain barrier can be modelled using 

brain endothelial cells lines such as rat derived RBE4 and GP8 cells [337], or human derived 

hCMEC/D3 cells [338]. Pulmonary models often use cultured primary airway cells from humans 

or other species [339]. Alternatively, cell lines such as Calu-3 and 16HBE14o can be used to 

model pulmonary epithelia [340, 341]. The epithelium of the GI tract can be modelled using 

various cell lines, including Caco-2 cells and IEC-18 cells. Primary human intestinal cells can 

also be cultured as an epithelial model. There are advantages and disadvantages to using cell 

lines compared to primary cells. Generally speaking, primary cells will be a closer 

representative of in vivo cells, however they tend to be harder to obtain and culture.  

1.9.1.1 Transepithelial electrical resistance 

Transepithelial electrical resistance (TEER) is a widely used measure of the resistance to 

current flow across a cell layer. Cells can be seeded and grown on a permeable membrane 

that is suspended in a well in a plate. With media added to the well and the surface of the cell 

layer, there are two liquid compartments separated by the cell layer. Electrodes can be placed 

in each compartment, and a small current can be passed across the cells to measure the 

resistance. TEER is recognised as an indicator of permeability, with a higher TEER value 

indicating a tighter barrier formed by the cell layer, and a lower value indicating a leakier barrier. 

Specifically, TEER is measuring how easily ions can pass through the paracellular space in the 

cell layer. Therefore, it is a measure of paracellular permeability and tight junction barrier 

function.  

There are various different ways to measure TEER. Figure 1.7 shows a typical set up. 

Chopstick electrodes are attached to an epithelial voltohmmeter (EVOM). An electrode is 

placed in each compartment of the well and a set alternating current is passed across the cell 

layer. The voltage is measured and used to calculate the resistance using the Ohm’s law 

equation: R=V/I, where R is electrical resistance, V is voltage, and I is current. The resistance 

across membranes with no cells is also measured as a baseline and subtracted from the cell 
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TEER reading. The resistance is inversely proportional to the surface area of the cell layer. 

Therefore, in order to standardise TEER measurements, values are expressed as 𝛀.cm2.  

 

Figure 1.7: Typical Transwell® model of epithelial transport. Epithelial cells grown a filter polarise and 

form a monolayer separating the apical and basal chambers. Drugs and permeation enhancers can be 

added to the apical side while the basal side can be sampled to calculate apical to basal flux. Electrodes 

connected to an epithelial voltohmmeter can measure the TEER across the monolayer.  

Chopstick electrodes are inserted into the well manually and are not restricted to a specific 

location. The location of the electrodes can have an effect on TEER measurement, therefore 

when comparing TEER over a time course it is important to place the electrodes in the same 

place each time. Accurate TEER measurement also requires an even current density across 

the cell monolayer. With chopstick electrodes, the current density becomes more uneven as 

the surface area increases, thereby decreasing the accuracy of the TEER measurement. 

Standard 12-well cell culture plates typically have a surface area of around 1.1 cm2. This is 

generally small enough to produce an accurate measurement of TEER [342]. Due to the 
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variability associated with the free chopstick electrodes, equipment with fixed electrodes can 

be used for more consistent results. These will typically have electrodes fixed in the centre of 

each compartment, meaning there is no variability of position and an even current density is 

easier to achieve [342].  

Due to the difference in techniques for measuring TEER, the values obtained are often varied 

and difficult to reproduce between labs. For example, TEER across Caco-2 monolayers has 

been recorded from 100-4000 𝛀.cm2 [169] [342, 343]. Therefore, when measuring the effect 

of a potential permeation enhancer or intervention on TEER, it is typical to express the values 

as a % of the initial value to report the magnitude of change induced during the experiment.      

1.9.1.2 Apparent permeability calculation 

Permeability of cell monolayers to specific molecules can be measured and expressed as 

apparent permeability (PAPP). Solutes in the apical compartment of a cell monolayer may be 

able to move across the monolayer to the basal compartment. The amount in the basal 

compartment over time can be used to calculate the flux from apical to basal. The following 

equation is used to calculate the PAPP: 

𝑃𝐴𝑃𝑃 =  
𝛿𝑄/𝛿𝑡

𝐴 ×  𝐶0
 

Where 𝛅Q is the change in concentration, 𝛅t is the change in time, C0 is the apical concentration 

at the start of the experiment and A is the surface area of the monolayer.   

1.9.1.3 Caco-2 cells  

Caco-2 cells are a cell line derived from human colon carcinomas. When seeded on permeable 

membrane well inserts, Caco-2 cells grow into a confluent monolayer and spontaneously 

polarise. The surface in contact with the membrane becomes the basal side of the monolayer 

and the opposite surface, in contact with the media, becomes the apical side. Caco-2 cells 

express the proteins required for TJ formation, such as zonula occludens proteins, occludin, 

tricellulin and claudins. Therefore, polarised cells can form tight junctions with adjacent cells, 

forming a monolayer that has barrier properties that make it a good model for intestinal 

epithelia. Caco-2 cells are still the most widely used cell line for modelling the intestinal 

epithelium [344]. 
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As Caco-2 monolayers become polarised, they can be used to measure TEER and apical to 

basal flux of drugs as an indicator of permeability. Drug flux can be used to calculate PAPP. It 

has been shown that Caco-2 PAPP is a reliable estimator of drug uptake in the human intestine 

for drugs with a moderate in vitro permeability [345]. This is defined as having a PAPP between 

0.2 - 1.6 x 10-6 cm/s. The correlation of PAPP to intestinal uptake was sigmoidal, and this was 

the range that was linear. These measurements can either be used to assess the permeability 

of a certain drug compared to others or assess the effect on permeability of modulators 

designed as permeation enhancers. 

Although Caco-2 cells have been shown to be a good indicator of in vivo permeability, they are 

not a perfect model. Caco-2 cells represent the columnar enterocytes of the intestinal 

epithelium. However, the intestinal epithelium is not made up exclusively of this cell type. As 

discussed earlier in this chapter, there are a number of different cell types comprising the 

epithelium. In a Caco-2 monolayer, all the cell types apart from enterocytes are missing. This 

means certain properties are not shared between the monolayer and the intestinal epithelium. 

One key difference is the absence of goblet cells. In the intestine, these secrete mucus, which 

forms a layer on top of the epithelial cells. This mucus layer forms a barrier between the lumen 

and the cells which is absent in Caco-2 monolayers. Additionally, tight junctions formed by 

goblet cells are much more permeable than enterocytes [346]. Therefore, their presence 

increases the permeability of the epithelium. As they are not present in Caco-2 monoculture, 

Caco-2 monolayers have a higher TEER than observed in the small intestine.  

Caco-2 co-cultures with different cell types have been developed to better model the intestinal 

epithelium. One example is co-culturing Caco-2 cells with HT29 cells. Like Caco-2 cells, HT29 

cells are derived from human colonic carcinoma. However, they can differentiate into goblet 

cells and they have been shown to be able to secrete mucins [347]. A study to optimise this co-

culture found that a 9:1 ratio of Caco-2 to HT29 cells was able to produce a mucus layer and 

had a TEER measurement lower than Caco-2 only monolayers, which was more representative 

of human intestinal epithelium [348].  

A fundamental issue with using Caco-2 cells to study drug absorption is that they are derived 

from colon cells. The primary site of absorption in the GI tract is in the small intestine, and 

therefore permeability is higher in the small intestine than the colon. TEER has been measured 

at around 40 𝛀.cm2 in ex vivo jejunum and ileum tissues and around 110 𝛀.cm2 in colon ex vivo 

tissues [349]. Caco-2 monolayers have a TEER that is more representative of colon than 



 

59 
 

jejunum or ileum. IEC-18 cells are derived from crypt cells of the ileum, and monolayers display 

TEER values more similar to mammalian small intestine than Caco-2 cells [342]. This could 

make this cell line a more relevant model for intestinal absorption. However, studies have 

shown that they lack many of the membrane transporters that are present in Caco-2 cells. This 

meant that transport of molecules that required active processes was less realistic [350]. 

However, they appear more suitable to measure passive transport. The deficiencies in active 

transport make IEC-18 cells a less complete model of the epithelial barrier and have typically 

been less favoured [342]. 

1.9.1.4 Primary intestinal cell culture 

Primary cells can be obtained from humans, typical sources being autopsies of patients who 

are deceased or biopsies from patients undergoing surgical procedures. Epithelial cells can be 

isolated from these specimens and cultured as an alternative to cell lines. The advantage of 

primary cells is they fully represent in vivo cells in terms of the cell surface receptors and 

enzymes they express, as well as forming functional tight junction structures that are 

representative of the relevant intestinal section. Therefore, the expression of proteins and 

diversity of cells in primary cell culture makes it a closer model to in vivo systems. The 

disadvantages of primary cell culture are that, generally speaking, it is harder to culture than 

cell lines and harder to obtain [351].    

1.9.2 In vivo models 

While the cell culture-based models described above have been shown a reasonable predictive 

tool of drug uptake from the human intestine clinically, and are used extensively to screen drug 

permeability, none of them is a full model of in vivo performance. The mammalian GI tract is a 

complex system with multiple cell types making up an epithelium that is arranged into a 

structure of villi and crypts. The villi and crypts have different properties, as do the cell types, 

and this is not fully replicated in any in vitro system. Additionally, the complex content of the 

intestinal lumen, such as digested nutrients and commensal bacteria that make up the gut 

microbiome, can have an effect on the barrier function and will vary over time as well as 

between individuals.  

A number of animal species have been used as models for in vivo GI absorption of drugs, with 

rodents being very commonly used. The absorption of drugs across the rat intestine has a very 

strong predictive correlation with intestinal absorption in humans, with R2 values reported 
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between 0.8 and 0.95 [352, 353]. One method of assessing GI drug absorption in rats is to 

administer a drug bolus by oral gavage, where a gavage needle is inserted into the oesophagus 

and the drug is reliably and swiftly injected to reach the stomach [354]. This mimics the intended 

route of administration in patients without the variability of giving the drug in food or water or 

attempting to make the animal swallow a pill. However, the primary site of absorption for many 

drugs will be the small intestine, meaning it will first have to cross the harsh environment of the 

stomach. Measures can be taken to protect the drug from the stomach contents, but the 

assessment of drug absorption following oral gavage is still dependent on both the ability of the 

drug to reach the intestine intact and the absorption across the intestinal epithelium. When 

interpreting results, it is not possible to rule out either factor’s effect, so it is harder to get an 

understanding of the drug absorption.  

Where the question is how much the drug is absorbed across the intestinal epithelium, it is 

often preferable to bypass the stomach and inject directly into the intestine. A number of models 

exist where a drug can be injected directly into the lumen of the intestine, in a single dose or 

as a perfusion, and into an open or closed system [355]. Direct intraluminal injection (ILI) also 

allows the different absorption at specific parts of the intestine to be assessed. Furthermore, 

as the actual site of absorption will be known, the correct part of the intestine can be examined 

in more detail to assess the route of absorption and any other effects on the intestine. For 

example, a histological assessment of the absorption site can be made to look at the local 

effects on the organisation and viability of the epithelium, which may be of particular value when 

assessing the safety of a permeation enhancer.   

1.10  Aims of the project 

A series of permeable inhibitor of phosphatase (PIP) peptides have been rationally designed 

to inhibit the MLCP. The aims of this project were to investigate the efficacy of two lead PIP 

peptides, PIP250 and PIP640, for their capacity to induce MLC phosphorylation and increase 

epithelial permeability in vitro and in vivo. Further, studies on the mechanism of these PIP 

peptides were performed to test hypotheses related to their actions on tight junction structure 

and function. A series of amino acid modifications were made at specific locations within the 

sequences of these two PIP peptides to validate their presumed interactions with MLCP 

subunits and also optimise their properties as potential therapeutic permeation enhancers. 
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2 The Effect of PIP250 Alone and in Combination with 

PIP640 on the Permeability of Epithelial Tight Junctions 

in vitro 

2.1 Introduction 

An increasing number of biopharmaceutical molecules, such as hormones and other proteins 

are being developed as therapies. These molecules generally must be given as an injection, 

typically administered subcutaneously, as they cannot be given by the oral route of 

administration [8]. In general, injections are considered less favourable to oral administration 

as they may be painful and require a higher level of expertise to administer. This creates a 

worse patient experience from injections and may lead to reduced compliance. Therefore, oral 

delivery of biopharmaceuticals would be an improvement on current methods. There are two 

main obstacles to oral delivery of such molecules. Firstly, the harsh conditions of the stomach 

cause enzymatic and chemical degradation of proteins [7]. Secondly, large molecules over 

about 4 Å in diameter cannot be absorbed across the epithelium of the GI tract [22]. There are 

a number of technologies that can coat formulations to protect them from the stomach contents, 

allowing them to be released at the desired point of absorption [7]. However, efforts to enhance 

absorption of biopharmaceuticals in a safe and reversible manner have been unsuccessful.      

To cross the intestinal epithelium, drug molecules must travel via either the transcellular route 

across the cell membrane and through epithelial cells, or via the paracellular route between 

epithelial cells. Several Permeable Inhibitor of Phosphatase (PIP) peptides have been 

designed to overcome the paracellular intestinal epithelial barrier as an obstacle to oral delivery 

of biopharmaceutical drugs discussed in chapter 1. My focus in this chapter is to study the 

effects of PIP peptides on protein permeability in in vitro models and to examine the mechanism 

of action of the peptides’ effects. 

Tight junctions (TJs) connect neighbouring cells in epithelia and are responsible for maintaining 

a barrier to control paracellular movement of molecules [26]. Their structure and regulation are 

described in more detail in chapter 1. TJs are multi protein complexes consisting of zonula 

occludens proteins (ZO-1, ZO-2, ZO-3), occludin, tricellulin, and claudin molecules amongst 

others. Occludin (at bicellular TJs), tricellulin (at tri-cellular TJs), and claudins interact with the 

TJ proteins of the adjacent cell to form the semi-permeable barrier [356]. The composition of 
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the protein complex affects the nature of TJ permeability with some claudins being pore 

forming, some barrier forming, and some being charge selective. In most cases, TJs are 

preferentially permeable to positively charged ions compared to negatively charged ones [64]. 

Myosin is a key component of the regulation of TJs, specifically the phosphorylation of the 

myosin light chain (MLC). Phosphorylation of MLC is associated with opening of TJs causing 

increased permeability through the paracellular route. The phosphorylation of MLC is 

dynamically controlled by two enzymes: myosin light chain kinase (MLCK) and myosin light 

chain phosphatase (MLCP) [357]. MLCP is a holoenzyme that is made up of a catalytic protein 

phosphatase subunit (PP1), a regulatory myosin targeting subunit (MYPT1) and an accessory 

subunit of unknown function [152]. In addition to these subunits, the inhibitory protein CPI-17 

can bind to MLCP and deactivate it [154]. We have identified the interactions of these subunits 

to form MLCP as a target to inhibit the enzyme to create an increase in pMLC and tight junction 

opening.  

Two lead peptides, PIP250 and PIP640, were designed based on interactions between PP1 

and other subunits of MLCP. The design of these peptides is summarised in figure 2.1. PIP250 

was designed based on a PP1 binding motif within MYPT1. The binding sequence on MYPT1 

is known to be 35KVKF38 [138]. PIP250 was based on this sequence and the amino acids before 

and after it, resulting in an 11 amino acid peptide. There is a series of basic amino acids at the 

N-terminal end of this sequence and two aspartic acids at the C-terminal end. The acid residues 

were replaced with arginine residues to make the peptide resemble a cell penetrating peptide 

(CPP), which typically contain a high concentration of arginine and lysine [358]. Peptides are 

subject to enzymatic degradation in both in the intestine and intracellularly. The sequence of 

PIP250 was changed from naturally occurring L-amino acids to D-amino acids. This makes it 

less recognisable as a natural peptide which will increase stability against enzymatic 

degradation [336, 359]. Replacing L- with D-amino acids reverses the sequence and orientation 

of the side chains. Therefore, to maintain the characteristics of the original sequence, the D-

amino acid version was reversed. The C-terminal was amidated to further protect against 

degradation and help cell permeability [360]. This resulted in a final sequence of NH2-

rrfkvktkkrk-CONH2. Where single letter amino acid codes are used, upper case letters refer to 

L-amino acids and lower case refer to D-amino acids. By mimicking the binding site, PIP250 

was hypothesised to bind PP1 and competitively inhibit the binding of MYPT1, which should 

result in less of the targeted form of MLCP and an increase in pMLC. The CPP properties of 
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the peptide should allow it to enter epithelial cells where it is required to locate to have an effect 

on MLCP.   

PIP640 was designed based on a PP1 binding site within CPI-17. This binding site in CPI-17 

binds to MLCP at the catalytic site when phosphorylated at Thr38, which deactivates the 

enzyme [154]. This appears to be specific to the PP1/MYPT1 complex as pCPI-17 binds at the 

catalytic site to free PP1, or PP1 in another complex, but acts as a substrate [139]. It cannot 

be dephosphorylated by MLCP and so acts as an inhibitor. Several amino acids immediately 

towards the C-terminal from Thr-38 are involved in stabilizing the complex of pCPI-17 with 

MLCP. In PIP640, Thr-38 was replaced with a glutamic acid. Glutamic acid resembles a 

phosphorylated threonine and so this is described as a phosphomimetic substitution [361]. The 

result is a peptide sequence that appears permanently phosphorylated. The same D-amino 

acid inverse sequence strategy used with PIP250 was applied to this sequence, and again the 

C-terminal was amidated. This resulted in the sequence NH2-rrdykvevrr-CONH2. I hypothesise 

that PIP640 mimics the binding of CPI-17 to PP1 and inhibits it. The proposed model of PIP 

mechanism of action and MLCP function is summarised in figure 2.2. 

 

Figure 2.1: Summary of the design of PIP peptides based on initial sequences within MYPT1 and CPI-

17. The key residues for binding to PP1 are underlined, and also coloured red in the final PIP sequences. 

Amino acid residues coloured blue are lysine or arginine replacing original residues to give the peptides 

more CPP properties. 
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Figure 2.2: Cartoon summarising model of PIP action on MCLP. (A) Active MLCP is formed by complex 

of MYPT1 and PP1. (B) Phosphorylation of CPI-17 converts it to a potent inhibitor of MLCP which blocks 

the active site. (C) PIP250 binds to PP1 at the MYPT1 binding site to prevent assembly of MLCP 

complex. (D) PIP640 mimics pCPI-17 binding and blocking of catalytic site of PP1.  

Previous work in our lab has looked at the effect of PIP640 in some detail. PIP640 was shown 

to increase permeability in in vitro models and to increase MLC phosphorylation [362]. The 

permeability was greatest for positively charged molecules [363]. PIP250 has not been fully 

characterised. These peptides are intended to inhibit the same enzyme by different 

mechanisms. In this chapter the effects of the peptides on permeability are compared. I 

hypothesised that the different mechanism of action may result in differences of the 

permeability profile.     

Caco-2 cells are a well-recognised in vitro for studying epithelial transport of molecules [344]. 

When grown on filters, Caco-2 cells polarise and form a monolayer with an apical side in contact 
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with media and a basal side in contact with the filter. Cells form TJs with neighbouring cells. 

Caco-2 cells express many cell membrane transporter proteins and receptors expressed in the 

mammalian intestine. Since Caco-2 cells are derived from human intestinal epithelial cells, 

these monolayers are a good model for the intestinal epithelium. The advantages and 

disadvantages of using Caco-2 cells as a model are described in chapter 1. Despite their 

limitations, Caco-2 monolayer permeability has a good correlation with in vivo absorption for 

moderately permeable compounds [344]. They express membrane proteins that may be 

required for CPP uptake and are relatively easy to culture and grow. For these reasons these 

cells were selected as the primary model for screening PIP peptide effects. SMI-100 cells are 

cultured primary human small intestine cells. These are a closer representation of the small 

intestine epithelium and were used to validate Caco-2 findings.  

Transepithelial electrical resistance (TEER) is used to measure both monolayer viability and 

TJ barrier function. It is a measure of the ease of transport of ions across the monolayer. In a 

cell monolayer the TJs are the main barrier to ionic movement between the apical side and the 

basolateral side of the cells. Therefore, a decrease in TEER across the monolayer is a good 

predictor of increased permeability at the TJs [342].  

Measurement of solute flux across the monolayer can also be used to assess permeability. 

This can characterise the permeability further in terms of size and charge selectivity. Dextrans 

are branched polysaccharides that can polymerise into chains of various molecular weights. 

Dextran with a molecular weight of 4 kDa has an approximate hydrodynamic radius (RH) of 14 

Å and with a 70 kDa molecular weight has an RH of approximately 60 Å, as provided by supplier 

specifications. An RH of 14 Å is representative of a typical therapeutic protein whereas transport 

of 60 Å molecules would be indicative of a leaky epithelium associated with barrier dysfunction 

[22]. Therefore, flux of these two dextran molecules will give an indication to what extent Caco-

2 monolayer permeability is increased. 

The aims of this chapter are firstly to validate the effects of peptides PIP250 and PIP640 on 

enhancing permeability in Caco-2 cell monolayers in vitro, assessed by calculations of 

fluorescent dextran permeability and TEER measurements. Secondly, to determine the 

mechanism of action of the peptides in terms of their effects on tight junctions. Thirdly, to 

compare the similarities and differences in the mechanism of these two peptides and the 

correlate these to the similarities and differences in the profile of permeation enhancement 

seen with each. 
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2.2 Materials and methods 

2.2.1 Peptide Synthesis 

Peptides were synthesized by (Fmoc)-SPPS using amino acid derivatives obtained from 

Novabiochem, except for isoleucine, which was obtained from Sigma Aldrich. The first amino 

acid was coupled to Rink Amide MBHA resin (100–200 mesh; Novabiochem) using N,N′-

diisopropylcarbodiimide and 1-hydroxbenzotriazole. Subsequent couplings were carried out on 

an Activo P-11 peptide synthesizer using PyBOP. Deprotection was carried out using 20% 

piperidine in dimethylformamide. Peptides were cleaved from the resin using trifluoroacetic acid 

(TFA), triisopropylsilane and water (95:2.5:2.5), and precipitated in diethyl ether. Crude product 

was purified by HPLC, using a Phenomenex Gemini C18 column (250 × 10 mm, pore size 5 

μm) and a gradient mobile phase of water and acetonitrile (both with 0.1% TFA) using a flow 

rate of 2.5 mL/min. High-resolution time-of-flight mass spectra were obtained on a Bruker 

Daltonics micrOTOF mass spectrometer using electrospray ionization (ESI) to verify peptide 

identity. Purified peptides were lyophilized and stored at −20 °C. 

2.2.2 Cell culture 

Caco-2 cells were grown in 75 cm2 flasks in high glucose Dulbecco’s modified Eagle’s media 

(DMEM) containing 10% fetal bovine serum (FBS), 100 units/mL penicillin, and 100 µg/mL 

streptomycin (P/S). Cells were passaged once a week by incubation with 10 mL 2.5% trypsin 

for 3-5 minutes. An equal volume of DMEM to trypsin was added to trypsinised cells and then 

added to a 50 mL Sterilin tube. Cells were centrifuged at 125G for 10 minutes. DMEM/trypsin 

was removed to leave the cell pellet. The cell pellet was resuspended in 1 mL DMEM and then 

diluted in another 20 mL DMEM and added to a 75 cm2 flask. 

During passaging, Caco-2 cells were seeded on filters in a 12 well plate at a density of 70 000 

cells per well. Cells were grown in DMEM, and the media was changed every other day. The 

formation of a monolayer of Caco-2 cells was monitored by measuring trans-epithelial electrical 

resistance (TEER). TEER was measured using chopstick electrodes placed in the apical and 

basal compartments, connected to a voltohmmeter. When all wells reached a TEER value of 

>450 Ω.cm2 the cell monolayer was considered confluent and polarised. 
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SMI-100 cells, cultured primary human intestinal cells, were purchased as pre-seeded 

monolayers in 24-well plates from Mattek (Ashland, MA, USA). Wells had a surface area of 0.6 

cm2 and a pore size of 0.4 µm. 

2.2.3 Transport Assay  

Polarised Caco-2 or SMI-100 monolayers on filters were used in transport assays. PIP peptides 

were dissolved in PBS with 1 mg/mL 4 kDa and 70 kDa fluorescent dextran and applied to the 

apical side of the cells and HBSS was applied to the basal lateral side. TEER measurements 

were taken over 3 hours and HBSS was collected to analyse dextran concentration. Following 

the end of the 3 hours the peptide solution was removed and the TEER was measured every 

15 minutes for 1 hour to measure recovery. 

2.2.4 Preparation of Caco-2 lysates for western blot  

Caco-2 cells were grown on transwell filters until confluent. The cells were then washed with 

4°C PBS. Filters were cut out and placed in a 1.5 mL eppendorf tube. 100 µL of RIPA buffer 

with 12.5 µL protease and phosphatase inhibitors was added to the flask, and the cells were 

scraped off of the filters. Cells were left to lyse for 10 minutes on ice. The cells in the buffer 

were centrifuged for 10 minutes at 10000 g at 4°C. The supernatant was collected and the 

pellet discarded. The lysate was either used immediately or stored at -80°C. 

2.2.5 Preparation of Caco-2 lysates for pull-down assay 

Caco-2 cells were grown in flasks until confluent. The cells were then washed with 4°C PBS. 1 

mL non-denaturing lysis buffer with 25 µL protease and phosphatase inhibitors was added to 

the flask, and the cells were scraped off of the flask. Cells were left to lyse for 10 minutes on 

ice. The cells in the buffer were transferred to an Eppendorf tube and centrifuged for 10 minutes 

at 10000 g at 4°C. The supernatant was collected and the pellet discarded. The lysate was 

either used immediately or stored at -80°C. 

2.2.6 Western blot 

Western blots were run on 12% SDS-PAGE gels. Protein samples were mixed 1:1 with loading 

buffer and denatured by heating at 95 °C for 5 minutes. 20 μL of protein samples were loaded 

into separate wells in the gel. The gels were immersed in running buffer and ran at 200V for 

30-60 minutes, based on the molecular weight of the target protein. Proteins were transferred 

from the gel to a membrane at 30V for 60-90 minutes. Membranes were blocked with 5% bovine 

serum albumin in TBS-T for 2 hours. Membranes were incubated with primary antibodies 
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diluted in TBS-T at 4 °C overnight. Unbound primary antibodies were washed off with TBS-T 

three times. Membranes were then incubated with fluorescently tagged secondary antibodies 

at room temperature for 2 hours. Unbound secondary antibodies were washed off with TBS-T 

three times. Membrane bands were analysed using a LI-COR imaging system.  

2.2.7 Pull down assay 

Cell lysates were prepared from Caco-2 cells. 200µL cell lysate was added to an Eppendorf 

tube containing biotinylated PIP250 with or without PIP640. The lysate/peptide mixture was left 

on a rotary mixer at 4°C overnight. The lysate/peptide mixture was then added to magnetic 

streptavidin beads and incubated on the rotary mixer for 2 hours at 4°C. The lysate was 

separated from the beads and collected. The beads were washed 3x with cold lysis buffer. 

Proteins bound to the beads and in the lysate were detected by western blotting. The beads 

were resuspended in 50µL loading buffer and lysates were diluted 1:1 in loading buffer. 

Membranes were incubated with rabbit anti-MYPT1 antibody or goat anti-PP1 antibody 

overnight at 4°C, then incubated with anti-rabbit IgG or anti-goat IgG fluorescent antibodies. 

2.2.8 Data analysis 

The amount of dextran transport in Caco-2 transport assays was used to calculate the apparent 

permeability (PAPP) of dextran across the monolayer following treatment with PIP peptides. PAPP 

was calculated using the equation: 

PAPP = (δQ/δt)/(A x C0) 

Where δQ is the change in the amount of dextran in the basal lateral compartment (μg), δt is 

the change in time (seconds), A is the diffusion area (cm2) and C0 is the initial concentration of 

dextran in the apical compartment. TEER was calculated subtracting the resistance from the 

blank well from the resistance from the Caco-2 wells and then multiplied by the surface area of 

the filter insert, 1.12 cm2. TEER was expressed as % of the initial value for each individual well. 

Western blot band intensity was calculated using ImageJ imaging software. pMLC levels were 

expressed as a ratio of pMLC to total MLC. Other western blot data was expressed as absolute 

intensities. Representative western blot images were prepared using ImageJ. 

PAPP, TEER and western blot intensities were analysed using a two-tailed unpaired t-test to 

compare means to control values. Statistical analysis and graph production was done using 

GraphPad Prism software. 
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2.2.9 Materials 

Table 2.1: Materials and reagents used for peptide synthesis 

Description Supplier Catalogue No. 

Acetonitrile Fisher A/0626/17 

DIC Sigma-Aldrich D125407 

DIEA Sigma-Aldrich D125806 

Diethyl Ether Sigma-Aldrich 309966 

DMF Rathburn Chemicals RG2014 

Fmoc-D-Ala-OH Novabiochem 852142 

Fmoc-D-Arg(Pbf)-OH Novabiochem 852165 

Fmoc-D-Asp(OtBu)-OH Novabiochem 852154 

Fmoc-D-Glu(OtBu)-OH Novabiochem 852155 

Fmoc-D-Lys(Boc)-OH Novabiochem 852146 

Fmoc-D-Tyr(tBu)-OH Novabiochem 852151 

Fmoc-D-Val-OH Novabiochem 852152 

HOBt Sigma-Aldrich 157260 

Piperidine Sigma-Aldrich 411027 

PyBOP Novabiochem 851009 

Rink amide MBHA resin Novabiochem 85500 

TFA Sigma-Aldrich T62200 

TIPS Sigma-Aldrich 841359 
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Table 2.2: Materials and reagents used in cell culture 

Description Supplier Catalogue No. 

75cm2 Flasks Thermo Scientific 156472 

DMEM Gibco 41965-039 

FBS, heat inactivated Sigma Aldrich F9665 

HBSS Gibco 14025-050 

PBS tablets Oxoid BR0014G 

Penicillin/Streptomycin Sigma Aldrich P0781 

Transwell Inserts Corning 3420 

Trypsin Gibco 15090-046 
 

Table 2.3: Materials and reagents used in transport assay  

Description Supplier Catalogue No. 

CM-Dextran-FITC 4kDa Sigma Aldrich 68059 

DEAE-Dextran-FITC 4kDa Sigma Aldrich 53557 

Dextran-FITC 70 kDa Sigma Aldrich 46945 

Dextran-Rhodamine 4kDa Sigma Aldrich T1037 

EVOHM World precision instruments EVOM2 

Plate reader BMG Labtech FLUOstar Omega 
 

Table 2.4: Materials and reagents used in biochemical assays 

Description Supplier Catalogue No. 

Anti-tricellulin Sigma HPA018119 

Blot membrane reader LI-COR Odyssey Clx 

Donkey anti-goat IRDye 800 LI-COR 926-32214 

Donkey anti-mouse IRDye 800 LI-COR 926-32212 

Donkey anti-rabbit IRDye 680 LI-COR 926-68073 

Goat Anti-occludin  Santa Cruz Bio Sc-8145 

Methanol VWR 20864.320 
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Mouse Anti-claudin-2  Santa Cruz Bio Sc-293233 

Mouse anti-claudin-3  Santa Cruz Bio Sc-517546 

Mouse Anti-myosin light chain 2 (pSer19) Cell signalling tech 07/2016 

Phosphatase inhibitor cocktail III Fisher 12841650 

Protease inhibitor cocktail IV Fisher 12861640 

Rabbit Anti-claudin-15 Santa Cruz Bio Sc-25712 

Rabbit Anti-claudin-5  Santa Cruz Bio Sc-28670 

Rabbit Anti-claudin-7  Invitrogen 34-9100 

Rabbit Anti-claudin-8 Invitrogen 710222 

Rabbit anti-MARVELD3 Santa Cruz Bio Sc-102018 

Rabbit Anti-myosin light chain 2 Abcam Ab79935 

RIPA buffer Thermo scientific 89900 

Sodium chloride Fisher S/3120/65 

Tris Fisher BP152 

Tris/Bis Polyacrylamide gel   
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2.3 Results 

2.3.1 PIP250 and PIP640 reduce TEER across Caco-2 monolayers 

PIP peptides were applied to the apical surface of Caco-2 monolayers, and TEER was 

measured for 180 minutes. Figure 2.3 shows the effect of different concentrations of PIP250 

on TEER. All concentrations reduced TEER. 1 mM PIP250 reduced TEER to 75% of initial 

value by 90 minutes and 67% by 180 minutes. 5 mM PIP250 reduced TEER to 66.4% of initial 

value by 90 minutes and 46.3% by 180 minutes. 10 mM PIP250 reduced TEER to 49% of initial 

value by 90 minutes and 35.8% by 180 minutes. 20 mM PIP250 reduced TEER to 26.7% of 

initial value by 90 minutes and 17% by 180 minutes. 

 

Figure 2.3: TEER values measured across Caco-2 monolayers treated apically with different 

concentrations of PIP250. Data are expressed as % of the initial value for each well. Data are means + 

SD. n=6 

Figure 2.4 shows the effect of different concentrations of PIP640 on TEER. As with PIP250, all 

concentrations reduced TEER. 1 mM PIP640 reduced TEER to 81% of initial value by 90 

minutes and 74% by 180 minutes. 5 mM PIP640 reduced TEER to 73.6% of initial value by 90 
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minutes and 59.8% by 180 minutes. 10 mM PIP640 reduced TEER to 52.3% of initial value by 

90 minutes and 50.4% by 180 minutes. 

 

Figure 2.4: TEER values measured across Caco-2 monolayers treated apically with different 

concentrations of PIP640. Data are expressed as % of the initial value for each well. Data are means + 

SD. n=6 

2.3.2 PIP250 and PIP640 Increase Caco-2 Monolayer Permeability to 4 kDa Dextran 

The amount of fluorescently labelled 4 kDa dextran (FD4) that permeated from the apical to 

basal side of Caco-2 monolayers was measured. The steady state flux was used to calculate 

the PAPP of the monolayers to FD4 after apical application of PIP peptides. Both PIP250 and 

PIP640 increased PAPP in a dose dependent manner. PAPP to FD4 was 0.11 x 10-6 cm/s in 

untreated monolayers. Figure 2.5 (A) shows the PAPP to FD4 following PIP250 application. 

Application of 1 mM PIP250 increased PAPP to 0.176 x 10-6 cm/s, though this was not 

significantly different from control (p=0.31). Application of 5 mM and 10 mM significantly 

increased the PAPP to 0.267 x 10-6 cm/s (p=0.02), and 0.315 x 10-6 cm/s (p=0.03). 

Figure 2.5 (B) shows the PAPP to FD4 following PIP640 application. Application of 1 mM, 5 mM, 

and 10 mM all significantly increased PAPP to FD4 to 0.226 x 10-6 cm/s (p=0.03), 0.353 x 10-6 

cm/s (p=0.006), and 0.453 x 10-6 cm/s (p=0.001) respectively. For each peptide concentration, 
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PAPP is higher following application of PIP640 compared to PIP250, however this did not reach 

statistical significance. 

 

Figure 2.5: PAPP of Caco-2 monolayers to 4 kDa fluorescent dextran following treatment with (A) PIP250 

or (B) PIP640. Data are means + SD. n=3. * p<0.05 compared to control with unpaired two-tailed t-test. 
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2.3.3 Effects of PIP250 or PIP640 on Permeability to FD70 

The steady state flux of fluorescently labelled 70 kDa dextran (FD70) was also measured and 

used to calculate PAPP. The PAPP to FD70 in untreated monolayers was slightly lower than FD4 

at 0.07 x 10-6 cm/s. None of the concentrations of PIP250 (Figure 2.6 A) or PIP640 (Figure 2.6 

B) tested significantly increase PAPP to FD70. PAPP after application of 1 mM, 5 mM, or 10 mM 

PIP250 was 0.081 x 10-6 cm/s, 0.074 x 10-6 cm/s, and 0.066 x 10-6 cm/s respectively, and after 

application of 1 mM, 5 mM, or 10 mM PIP640 was 0.030 x 10-6 cm/s, 0.067 x 10-6 cm/s, and 

0.056 x 10-6 cm/s respectively. 

 

Figure 2.6: PAPP of Caco-2 monolayers to 70 kDa fluorescent dextran following treatment with (A) 

PIP250 or (B) PIP640. Data are means + SD. n=3. * p<0.05 compared to control with unpaired two-tailed 

t-test 
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2.3.4 Effect of combination of PIP250 and PIP640 on Caco-2 monolayer permeability 

A Caco-2 transport assay was carried out using a 1:1 molar ratio of the two, and 4 kDa FITC-

dextran and 70 kDa rhodamine-dextran, and TEER was measured across the monolayers. 

Figure 2.7 shows the effect of PIP250/640 combination on TEER. A molar ratio of 1:1 of PIP250 

and PIP640 decreased TEER in a dose dependent manner. Total molarity of 1 mM, 2 mM, 

5mM, and 10 mM reduced TEER to 50%, 43%, 38%, and 7%, respectively. The effect of the 

PIP combination on TEER followed a similar profile to PIP250 alone, with a gradual decrease 

in TEER up to 60 minutes followed by a more rapid decrease before stabilising by 180 minutes.  

 

Figure 2.7: Effect of PIP250 + PIP640 joint application on TEER. Data are means + standard deviations 

expressed as % initial TEER value. n=3 for all data sets. 

Figure 2.8 (A) shows the effect of PIP250/640 combination on Caco-2 PAPP to FD4. As with the 

peptides individually, each concentration tested increased PAPP, although the 0.5/0.5 mM 

combination was not significantly different from control. Application of PIP combination with a 

total molarity of 1 mM, 2 mM, 5 mM, or 10 mM increased PAPP in a dose dependent manner to 

0.168 x 10-6 cm/s (p=0.58), 0.212 x 10-6 cm/s (p=0.03), 0.401 x 10-6 cm/s (p=0.02) and 0.443 x 

10-6 cm/s (p=0.002) respectively. 
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Figure 2.8 (B) shows the effect of PIP250/640 combination on Caco-2 PAPP to FD70. Total 

molarity of 1 mM, 2 mM and 5 mM did not increase PAPP to FD70 with values of 0.055 x 10-6 

cm/s, 0.062 x 10-6 cm/s, and 0.45 x 10-6 cm/s, respectively. Following application of 5 mM 

PIP250 and 5 mM PIP640 combination, PAPP was significantly increased to 0.104 x 10-6 cm/s 

(p=0.004). 

 

Figure 2.8: Apparent permeability of (A) 4 kDa dextran or (B) 70 kDa dextran across Caco-2 monolayers 

following treatment with PIP250 and PIP640 combination. Data are means + standard deviations. n=3 

for each data set. * p<0.05 compared to control (0 mM) with unpaired two-tailed t-test. 
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2.3.5 Recovery of Caco-2 monolayer barrier function after PIP application 

Following application of PIP peptides, Caco-2 monolayers were washed and TEER was 

measured to assess the recovery after treatment. Figure 2.9 shows the TEER values for 60 

minutes after PIP peptides were washed off. After 180 minutes of application to monolayers, 

5mM of both PIP250 and PIP640 significantly reduced TEER, with the effect of PIP250 being 

slightly greater. PIP250 reduced TEER to 49.6% of the initial level and after 60 minutes of 

recovery it had not significantly increased, at 51% of baseline. PIP640 reduced TEER to 55%, 

and after 60 minutes of recovery it had increased to 74%.  

 

Figure 2.9: TEER values across Caco-2 monolayers after PIP250 or PIP640 were washed off, following 

previous 180 minutes of application. Data are expressed as % of baseline values before PIP application. 

Data are means + SD. n=6.  

2.3.6 Permselectivity of PIP peptide mediated permeability 

The transport of differently charged 4 kDa fluorescent dextrans across Caco-2 monolayers was 

measured. This was used to calculate PAPP of the monolayers to positively and negatively 

charged dextran compared to neutral dextran. Figure 2.10 shows the PAPP of Caco-2 

monolayers treated with PIP250 or PIP640. PAPP of untreated cells was 0.1 x 10-6 cm/s for 

neutral FD4, 0.14 x 10-6 cm/s for positively charged DAEA-FD4 and 0.14 x 10-6 cm/s. Treatment 

of Caco-2 monolayers with PIP250 increased PAPP of neutral dextran to 0.27 x 10-6 cm/s and 
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positive dextran to 0.48 x 10-6 cm/s. There was no increase in the PAPP to negatively charged 

dextran. Treatment of Caco-2 monolayers with PIP640 increased PAPP of neutral dextran to 

0.35 x 10-6 cm/s, positive dextran to 0.72 x 10-6 cm/s, and negative dextran to 0.43 x 10-6 cm/s.  

 

Figure 2.10: PAPP of Caco-2 monolayers to 4 kDa fluorescent dextran following treatment with PIP250 

or PIP640. Data are means + SD. n=3. * p<0.05 compared to control with unpaired two-tailed t-test. 

2.3.7 Effect of PIP peptides on SMI-100 permeability 

The flux of dextran across SMI-100 monolayers was measured to calculate PAPP. Figure 2.11 

shows the effect of PIP250 and PIP640 on PAPP of differently charged dextrans. Baseline 

permeability of SMI-100 monolayers was higher than for Caco-2 cells. PAPP was 0.23 x 10-6 

cm/s to FD4 and 0.20 x 10-6 cm/s. Application of 5 mM PIP250 increased PAPP to FD4 to 0.57 

x 10-6 cm/s and 0.70 x 10-6 cm/s. Application of 5 mM PIP250 increased PAPP to FD4 to 0.80 x 

10-6 cm/s and 1.57 x 10-6 cm/s.  
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Figure 2.11: The effects of PIP peptide application on PAPP of SMI-100 monolayers to different charged 

4 kDa dextran, neutral FD4 or positively charged DEAE-FD4. Data are means + SD. n =3.   

2.3.8 PIP250 and PIP640 increase phosphorylation state of MLC 

The ratios of pMLC to MLC in polarised Caco-2 cells following 2 hours of PIP application are 

shown in figure 2.12. Both PIP250 and PIP640 increased the ratio of pMLC to MLC compared 

to untreated cells. After ratios were normalised so that control equals 1, relative ratios of 

increased pMLC of 1.62 and 1.61 were observed following treatment with PIP250 or PIP640, 

respectively. The data sets were statistically significantly different using a one-way ANOVA, 



 

82 
 

and both peptide groups were significantly different from control using a Bonferroni post-test. 

Co-treatment with MLCK inhibitor PIK removed the increase seen with PIP peptides. 

 

Figure 2.12: (A) Ratio of pMLC to total MLC in Caco-2 monolayers following 2 hours of treatment with 5 

mM PIP peptides, with or without 5 mM PIK. Data are ratios of western blot band intensities normalised 

so that control = 1. Data are means ± SEM. n=3. Representative western blots for (B) MLC following PIP 

treatment, (C) pMLC following PIP treatment, (D) MLC following PIP + PIK treatment and (E) pMLC 

following PIP + PIK treatment. C=untreated control, 250=PIP250, 640=PIP640.  
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2.3.9 Effect of PIP250 on levels of TJ proteins 

The levels of various tight junction proteins were measured in Caco-2 monolayer lysates after 

180 minutes of PIP640 or PIP250 application. Figure 2.13 shows the western blot band 

intensities for each protein after treatment with 5 mM PIP peptides. All intensities are 

normalised so that untreated samples equal 1. Application of PIP640 led to a statistically 

significant increase in claudin-2 detected in the lysates, with a band intensity of 1.59 

(P=0.0005). Application of PIP250 also led to a statistically significant increase in claudin-2, 

though the effect was smaller than PIP640 at 1.22 (P=0.006). PIP250 led to a statistically 

significant decrease in occludin with a band intensity of 0.66 (p=0.032), and tricellulin with a 

band intensity of 0.57 (p=0.001). PIP640 had no significant effect on the level of occludin 

(p=0.409) or tricellulin (p=0.77) detected. Neither PIP250 nor PIP640 had a significant effect 

on the levels of claudin-1, -5, -7, -8, or -15. There was a decrease in claudin-3 band intensity 

with both PIP250 and PIP640 (0.73 and 0.79 respectively), however this was only statistically 

significant with PIP250 (p=0.01), not PIP640 (p=0.21). 

 

Figure 2.13: (A) Western blot band intensities for different tight junction proteins in Caco-2 monolayer 

lysates following application of PIP peptides for 180 minutes. Data are normalised so that Control = 1. 

Data are means + SD. n=3 for control, n=4 for peptides. * p<0.05 in un-paired two-tailed t-test compared 

to control. Representative western blots for (B) claudin-2 and (C) occludin. 
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2.3.10 Inhibition of myosin light chain kinase (MLCK) reduces effects of PIP peptides 

PIP250 and PIP640 increased the permeability of Caco-2 monolayers and altered the 

composition of tight junctions. My hypothesis is that the increase in permeability is due to PIP 

inhibition of MLCP which leads to an increase in pMLC and tight junction opening. To test this, 

the Caco-2 experiment was repeated in the presence of an inhibitor of MLCK, which should 

prevent the increase in pMLC. 

Effect of PIP and permeable inhibitor of kinase (PIK) peptides on pMLC levels is shown in figure 

2.12. Following treatment of 5 mM (PIK) with 5 mM PIP250 or PIP640 there was no significant 

change is the ratio of pMLC to MLC compared to control. 

The effect of PIP and PIK peptides on TEER is shown in figure 2.14. Following application of 

PIP640 with PIK there was no decrease in TEER from the baseline. Following application of 

PIP250 with PIK, TEER decreased to 72% of baseline by 2 hours. This was significantly 

different from control in an un-paired two-tailed t-test (p=0.009). 

 

Figure 2.14: Effect of 5 mM PIP peptides with equal concentration of PIK on TEER across Caco-2 

monolayers. Data are means ± SD. n=3 
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The effect of PIP250 and PIP640 in combination with PIK on PAPP of FD4 is shown in figure 

2.15. PAPP was 0.08 x 10-6 cm/s in untreated monolayers. Following treatment of monolayers 

with 5 mM PIP250 and PIK, PAPP increased to 0.17 x 10-6 cm/s. This increase was significant 

with a two-tailed un-paired t-test (p=0.003). Following treatment of monolayers with 5 mM 

PIP640 and PIK, PAPP increased slightly to 0.11 x 10-6 cm/s, though this increase was not 

statistically significant (p=0.129). 

The effect of PIK on charge selectivity of PIP mediated transport is shown in figure 2.15. PAPP 

to positively charged DAEA-FD4 following PIP250 + PIK treatment is increased to 0.17 cm/s x 

10-6. This is statistically significantly different from untreated monolayers (p=0.006), but there 

is no difference from neutral FD4. This is in contrast to the difference between FD4 and DAEA-

FD4 transport with PIP250 alone. PIP640 did not increase PAPP to DAEA-FD4 or FD4 when co-

treated with PIK.     

 

Figure 2.15: PAPP of Caco-2 monolayers to neutral or positively charged FD4 following treatment with 5 

mM PIP peptides with or without 5 mM PIK. Data are means ± SD. n=3 for FD4 and 4 for DAEA-FD4. * 

p<0.05 compared to control with un-paired two-tailed T-test.   
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Figure 2.16 shows the effect of PIP peptides co-administered with PIK on the levels of tight 

junction proteins in Caco-2 monolayers. 5 mM PIP250 lowers occludin levels to 57% of baseline 

levels when given with 5 mM PIK. PIP640 does not affect occludin levels. There is no significant 

change in claudin-2 following treatment with either 5 mM PIP250 or 5 mM PIP640 when 

administered in combination with 5 mM PIK. 

 

Figure 2.16: (A) Western blot band intensities for different tight junction proteins in Caco-2 monolayer 

lysates following application of 5mM PIP peptides with 5mM PIK for 180 minutes. Data are normalised 

so that Control = 1. Data are means + SD. n=3 for control, n=4 for peptides. * p<0.05 in un-paired two-

tailed t-test compared to control. Representative western blots for (B) claudin-2 and (C) occludin from 

Caco-2 lysates treated with PIP peptides and PIK. C=control, 640=PIP640, 250=PIP250. 
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2.4  Discussion 

Both PIP250 and PIP640 reduced TEER and increased transport of FD4 across Caco-2 

monolayers when applied to the apical surface at a concentration range of 5-20 mM. This 

suggests that they can act as permeation enhancers in this model. Interestingly, at 5 mM 

PIP250 appears to be more effective at reducing TEER than PIP640, but less effective at 

increasing the transport of 4 kDa fluorescent dextran (FD4). This suggests that there is a 

difference in the permeability enhancement mediated by these two peptides. TEER and PAPP 

to markers such as dextrans are both indicators of epithelial integrity and permeability. TEER 

is determined by the ability of small ions to move through the paracellular space, whereas PAPP 

is a measure of permeability to larger molecules [344]. The RH of FD4 is approximately 14Å. 

The difference between the effects of PIP250 and PIP640 may suggest that PIP250 is more 

effective at increasing permeability to smaller molecules than PIP640, but less effective for 

larger molecules in the region of 14Å. This could mean there are potentially different compatible 

drug candidates for each peptide based on their properties. 

As well as the effect on TEER while PIP peptides were applied to the apical surface, TEER 

values were recorded after the peptides had been washed off and replaced with fresh media. 

After PIP640 was removed TEER began increasing back towards the baseline level. After 

PIP250 was removed TEER had not significantly begun to recover by 60 minutes. This shows 

that while both peptides work as permeation enhancers, the effects of PIP250 are longer 

lasting. This could limit its potential. The aim of designing a permeation enhancer that uses an 

endogenous regulatory pathway is to produce a transient increase in permeability that readily 

returns to a resting homeostatic condition. A permeation enhancer with effects that are too 

long-lasting leaves the body vulnerable to invasion by pathogens, toxins, and other undesirable 

contents of the intestinal lumen, as well as being susceptible to water loss.  

Additionally, the transport of 70 kDa dextran (FD70) was measured to examine the effects on 

the integrity of the monolayers. The increase in transport of FD4 can be achieved by temporarily 

increasing the permeability, but increased transport of larger markers such as FD70 would 

suggest a more fundamental breakdown of the barrier function. The transport of FD70 was not 

increased by any of the concentrations of PIP640 tested. The highest concentration of PIP250 

tested (20 mM) did increase the transport of 70 kDa, suggesting that this concentration 

damaged the monolayer.          
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The experiments with charged dextrans show that there is a charge-dependent permselectivity 

to the permeability induced by PIP peptides. PIP640 enhanced the permeability of Caco-2 

monolayers to all 4 kDa dextrans, but permeability to positively charge DAEA-FD4 was 

significantly greater than neutral and negatively charged dextrans. This is consistent with 

previous work that has shown that PIP640 preferentially enhances the permeability to positively 

charged molecules compared to neutral or negatively charged molecules [363]. PIP250 

increased PAPP to positively charged and neutral dextran, with a slightly greater permeability to 

positively charged dextran. This preferentially increased permeability to positively charged 

dextran was much less pronounced with PIP250 compared to PIP640.     

In addition to affecting levels of pMLC, PIP peptides also altered the levels of some tight 

junction proteins. PIP640 increased the level of claudin-2 in Caco-2 cells. This is consistent 

with previous work on PIP640 [363]. Claudin-2 is a pore forming claudin that is associated with 

paracellular movement of cations [73]. It was thought that PIP640 mediated claudin-2 

upregulation was responsible for the larger permeability for positively charged molecules. 

PIP250 also increased claudin-2 levels, but to a much more moderate degree than PIP640. 

This correlates with the fact that PIP250 induced permeability is slightly selective for positively 

charged molecules, although again to a lesser extent than PIP640. This provides further 

evidence that claudin-2 upregulation is responsible for the permselectivity seen with PIP 

peptides, as the level of claudin-2 upregulation correlates with the level of preference for 

positively charged molecules.   

It has been shown previously that activation of MLCK increases IL-13 expression, which in turn 

leads to an increase in claudin-2 expression and a subsequent increase in permeability to 

cations [86]. However, this effect was only seen in whole animal studies and not in cell 

monolayers. MDCK cells were able to respond to exogenous IL-13 treatment. This suggests 

that the full mucosa was required for the MLCK dependent increase in claudin-2 expression, 

presumable due to other cell types being responsible for the increase in IL-13. Therefore, it 

does not seem that this can be the mechanism responsible for the claudin-2 upregulation seen 

here in Caco-2 cells. Previous work showed that PIP640 increased claudin-2 levels and serine 

phosphorylation of claudin-2 [364]. Phosphorylation of claudin-2 at Ser-208 increases tight 

junction localisation and reduces its degradation [84]. Further investigation would need to be 

done to determine if PIP250 increases claudin-2 serine phosphorylation. 
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In addition to claudin-2, claudin-15 is also a pore forming claudin associated with increased 

cation transport. Whilst PIP250 and PIP640 both increased claudin-2 levels, there was no effect 

on claudin-15 levels, suggesting that the PIP peptide permselectivity is specifically an effect of 

claudin-2 levels. Claudin-15, but not claudin-2, has been shown to be essential in Na+ 

homeostasis, and therefore control of nutrient absorption [103]. As PIP peptides appear to 

affect claudin-2 but leave claudin-15 unaffected, they may have a limited effect on gut 

homeostasis.  

PIP250 treatment of Caco-2 monolayers decreases the amount of occludin detected in cell 

lysates. This is consistent with enhanced permeation seen with inflammatory cytokines such 

as TNF-α [365]. PIP640 does not have an effect on occludin levels. Occludin is an important 

TJ component, and its down regulation is associated with an increase in permeability. The 

extent of occludin down regulation seen with PIP250 is comparable to levels that have been 

shown to contribute to increases in permeability [366]. Therefore, occludin down regulation may 

be a mechanism involved in PIP250 induced permeability, and as PIP640 does not trigger this, 

it may explain some of the differences in permeability induced by PIP250 and PIP640.   

PIP250 and PIP640 both act as permeation enhancers in the Caco-2 transport assay but have 

different effects on the organisation of the tight junction. In addition to this, the nature of the 

permeability in terms of the charge selectivity is different for each peptide. Both peptides 

increase the levels of pMLC which supports the hypothesis that they inhibit MLCP in order to 

induce the increase in permeability. However, as they increase pMLC to a similar extent to 

each other but demonstrate differences in their effects on the tight junction, it suggests that 

there may be a different mechanism separate to direct MLC phosphorylation. This is backed 

up by data from the kinase inhibition experiments. Coadministration of PIK removes the 

increase in pMLC levels seen with PIP treatment. PIK also completely removes the increase in 

permeability mediated by PIP640, but only partially reduces the effect of PIP250. This suggests 

that PIP640 induced enhancement of permeability is pMLC dependent but PIP250 effects are 

due to a combination of pMLC levels and a separate mechanism. The decrease in occludin 

seen with PIP250 is unaffected by PIK, suggesting that this effect is independent of MLC 

phosphorylation. Additionally, though PIP250 retains some of its permeation enhancement with 

PIK, the charge selectivity is removed. Positive and neutral dextran transport across the 

membrane in equal amounts when PIK is present, compared to a preference for positive 

dextran without PIK. This suggests that the charge selectivity is dependent on the pMLC effects 

of the PIP peptides. PIK treatment also removes the PIP-induced increase in claudin-2 in the 
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Caco-2 cells. This further supports the hypothesis that claudin-2 is responsible for the increase 

in cation selectivity of PIP-induced permeability and suggests that this is down-stream of the 

effects on pMLC.  

The fact that there may be separate mechanisms involved for PIP250 and PIP640 opened the 

possibility that when used together could act synergistically. There was some evidence that the 

combination of PIP250 and PIP640 may have a greater effect than either peptide separately. 

A combination of 2.5 mM PIP250 and 2.5 mM PIP640 had a slightly larger effect on TEER and 

PAPP than 5 mM PIP250 or 5 mM PIP640. The total molar concentration of PIP peptides is the 

same in each treatment, but the combination may have a greater effect. A significant drawback 

to using two peptides in combination in a clinical setting is it would increase the regulatory 

requirements needed to produce a product. Therefore, any modest increase in effect seen here 

with the peptide combination may not be beneficial enough to justify. 

This chapter validates and builds on the understanding of the action of PIP640 investigated in 

the previous thesis by Almansour, K [364]. He previously demonstrated that PIP640 increased 

dextran flux and decreased TEER in Caco-2 cells, and that there was a charge selectivity and 

claudin-2 upregulation. The data in this chapter reproduces this finding and demonstrates that 

PIP250 mediated charge selectivity and claudin-2 is lower than with PIP640. The correlation 

between claudin-2 upregulation and charge selectivity with the two peptides shown here 

supports the hypothesis that claudin-2 is responsible for the charge-selectivity. Furthermore, 

the data in this chapter shows that the effects of PIP640 appear to be MLC-dependent, whereas 

PIP250 is not entirely MLC-dependent.   

Taken together, the data in this chapter support the hypothesis that PIP peptides will increase 

permeability by inhibiting MLCP and therefore increasing the level of pMLC. Their effects on 

the TJs and the nature of the permeation enhancements appear different, which may mean 

that each peptide has potential to increase absorption of different drugs. The peptides appear 

to be tolerated by the cells at the concentrations that increased permeability, although the 

recovery from PIP250 effects was slower than PIP640. This in vitro validation of the actions of 

the peptides demonstrates their potential to also act as permeation enhancers in vivo.  
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3 Validation of PIP peptide effects in vivo 

3.1 Introduction 

Chapter 2 shows that both PIP250 and PIP640 enhance the transport of 4 kDa dextran in a 

Caco-2 in vitro transport assay. The biochemical data in chapter 2 also supports the hypothesis 

that the PIP peptides disrupt the formation of myosin light chain phosphatase (MLCP) in the 

case of PIP250 or inhibit the action of MLCP in the case of PIP640, resulting in an increase in 

phospho-myosin light chain (pMLC) and therefore an increase in tight junction permeability. 

This validates the potential of these peptides as a transient enhancer of epithelial permeability 

to macromolecules. However, this does not automatically mean that it will translate into a 

measurable pharmacodynamic or pharmacokinetic effect in vivo. This chapter will focus on the 

ability of PIP peptides to enhance the absorption of proteins in the intestine of rats. An 

intraluminal injection model was used to deliver PIP peptides and various proteins directly to 

the jejunum of rats. This represents a typical target site for the absorption of orally taken drugs. 

Direct injection into the jejunum bypasses the stomach to avoid potential degradation and study 

the events that happen at the intestinal epithelium. Formulating the peptides and proteins as 

an oral medication that can survive the stomach would be a separate study. There is a high 

degree of conservation of tight junction and pore forming proteins between humans and rats, 

so the rat is a good in vivo model for studying the effects of PIP peptides. Insulin is a widely 

used therapeutic protein for the treatment of diabetes. It is currently self-administered to 

patients by subcutaneous injection making it a good molecule to study in these experiments. 

Insulin has a molecular weight of 5.8 kDa and a hydrodynamic radius (RH) of roughly 11.5 Å, 

which is comparable to the 4 kDa dextran (RH ~ 14 Å) used in transport assays in chapter 2. In 

addition to the benefits to patient experience that oral delivery of insulin would bring, there may 

also be a therapeutic advantage. The therapeutic target site for insulin is the liver, and 

peripheral insulin is responsible for some of the off-target effects and risk of overdose. 

Substances absorbed by the intestine enter the hepatic portal system and are taken directly to 

the liver, which means that insulin absorbed this way would be taken straight to its target. By 

measuring insulin in the portal vein and the tail vein it can be assessed whether insulin is being 

targeted to the liver.   

Data from chapter 2 suggest that the enhanced permeability due to the actions of PIP250 is 

dependent partially on the charge of the molecule diffusing through the paracellular route. 

Previous work in our lab has suggested a similar charge dependency with PIP640.  
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The net charge of a protein at a certain pH is dependent on its isoelectric point (pI). At a pH 

below its pI a protein will carry a net positive charge and at a pH above its pI a protein will carry 

a net negative charge. At a protein’s pI it will carry no net charge. The pI of human insulin is 

5.4 and the pH of the jejunum lumen is around 7.5-8. Therefore, the insulin injected into the 

lumen will have a net negative charge. Therapeutic proteins with a pI above 8 will have a net 

positive charge after injection and can therefore be used to study the charge selectivity of 

protein absorption in vivo following PIP peptide treatment. Salmon calcitonin has a pI of 8.9, 

meaning it will be positively charged in the luminal injection model. Calcitonin is also smaller 

than insulin, at 3.4 kDa as opposed to 5.8 kDa for insulin. The estimated RH for sCT is 9.7 Å 

compared to 11.5 Å. This makes direct comparison between calcitonin and insulin regarding 

charge problematic, as the effect of size and shape cannot be ruled out. Exenatide is a GLP-1 

receptor agonist and is used as a non-insulin treatment option to control glucose levels in type 

II diabetes. It has a pI of 4.7, a molecular weight of 4.2 kDa and an estimated RH of 10.3 Å. This 

means that it will be negatively charged when injected into the jejunum, like insulin, but its size 

is more comparable to calcitonin. This makes these two proteins suitable to compare the charge 

selectivity of permeability. As well as the effect of drug charge, the effects of drug size on 

permeability were studied. Data that showing that PIP640 enhances permeability of FD4 (~14Å) 

more than PIP250 was presented in chapter 2. However, PIP250 had a greater effect on TEER, 

suggesting that it may have more of an effect on permeability of smaller ions. In this chapter 

two smaller drugs that are still too large to be absorbed across the intestinal epithelium were 

studied. Octreotide is an octapeptide drug with a mass of 1 kDa and a pI of 8.2. It is a 

somatostatin analogue that is used subcutaneously to treat conditions with an excess of growth 

hormone.  

Though not peptides, aminoglycoside antibiotics are a class of drugs that are not absorbed 

through the GI tract. These are broad spectrum antibiotics injected intravenously or 

intramuscularly to treat bacterial infection, especially in cases of resistance to other antibiotics. 

Gentamicin is one of the most commonly used aminoglycosides, being a mixture of the 

compounds gentamicin C1a, C2 and C1. These have a mass of 448 Da, 462 Da, and 477 Da 

respectively, with a pka of 10.2. 

The aim of this chapter is firstly to study the effects of PIP250 and PIP640 on the absorption of 

a range of proteins and antibiotics of different sizes and charges to examine charge and size 

selectivity. Secondly, to study the effects of PIP250 and PIP640 on tight junction proteins and 

MLC phosphorylation. These data were correlated with the effects of PIP peptides in vitro.    
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3.2 Methods and Materials 

3.2.1 Peptide synthesis 

Peptides were synthesised as in chapter 2. Briefly, peptides were synthesized by Fmoc SPSS 

coupled to a rink amide MBHA resin. The first coupling was carried out manually and the 

subsequent couplings were carried out on an Activo P-11 peptide synthesizer. Peptides were 

cleaved from the resin with TFA and purified by semi-prep HPLC. Peptide identity was 

confirmed by mass using microTOF MS. 

3.2.2 Animals 

Male Wistar rats weighing 250-300 g were used in in vivo experiments. Rats were bred in house 

at the University of Bath. Rats were kept on a 12/12-hour light dark cycle. Experiments were 

conducted at the midpoint of the light cycle ± 3 hours. Rats had ad lib access to food and water 

throughout housing up to the beginning of experimental procedures. Following experimental 

procedures rats were euthanised by exposure to increasing concentration of CO2. 

3.2.3 Intraluminal Injection 

Rats were anaesthetised using 5% inhaled isoflurane. Once anaesthesia was achieved, rats 

were transferred to a nose cone to maintain anaesthesia. Using surgical scissors, a 2 cm lateral 

cut was made in the skin and muscle wall of the rat abdomen. Enough of the intestine was 

removed to locate the jejunum. A 25G needle was used to inject the test substance directly into 

the lumen of the jejunum. A permanent marker was used to mark the mesentery adjacent to 

the injection site so that it could be identified. The portal vein adjacent to the injection site was 

cannulated with a 27G needle and blood was drawn using a 1 mL syringe no more frequently 

than every 10 minutes. 

3.2.4 Measurement of blood glucose 

Blood glucose was measured using an AccuChek glucose meter. A lancet was used to make 

a pin prick in the tail of the rat and the area was gently massaged to produce a blood drop. A 

glucose test strip was inserted into the glucose meter and dipped into the blood drop to 

measure the glucose concentration. A volume of 10 μL was required for glucose measurement. 

Two baseline measurements were taken before injection of test substances, but after surgical 

exposure of the intestine. A maximum of 8 glucose measurements were taken no more 

frequently than 10 minutes apart.  
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3.2.5 Collection of serum samples for ELISA 

Blood samples were collected using a 27G needle from either the tail vein or the portal vein. 

Each sample was 100 μL of blood. Samples were collected into 1.5 mL Eppendorf tubes. Blood 

samples were allowed to clot at room temperature for 20 minutes. Clotted blood was 

centrifuged at 2000 x G for 20 minutes. The serum was pipetted into a separate Eppendorf 

tube and stored at -80 °C until analysis. Blood clots were disposed of as biohazard waste. 

3.2.6 Collection of serum samples for LC/MS 

Blood samples were collected using a 27G needle from the portal vein. Each sample was 100 

μL of blood. Samples were collected into 1.5 mL Eppendorf tubes. Blood samples were allowed 

to clot at room temperature for 20 minutes. Clotted blood was centrifuged at 2000 x G for 20 

minutes. The serum was pipetted into a separate Eppendorf tube. Serum was mixed 1:3 with 

acetonitrile to precipitate protein content. The samples were centrifuged at 2000 G for 20 

minutes. The supernatant was collected and stored at -80 °C until analysis. Blood clots were 

disposed of as biohazard waste. 

3.2.7 Collection and preparation of injection site for western blot 

Following injection of PIP peptides, the rat was euthanised and a 2 cm segment of the intestine, 

with the injection site in the middle, was cut out and immediately placed in ice cold PBS. The 

tissue was then placed in a 5 mL Eppendorf tube with 1 mL RIPA buffer and 20 μL protease 

and phosphatase inhibitors. Tissue was cut into small chunks with scissors and left on ice for 

20 minutes. It was then centrifuged at 4000 x g at 4 °C for 10 minutes. The supernatant was 

removed and stored at -80 °C until analysis. 

3.2.8 Collection and preparation of injection site for immunohistochemistry 

Following injection of PIP peptides, a 2 cm segment of intestine at the injection site was cut 

out. The tissue was then cut longitudinally and opened out into a sheet. It was washed in ice 

cold PBS then refolded in a perpendicular direction to the original. Refolded tissue was 

immersed in 4% PFA and fixed for 18 hours at 4 °C. Tissues were then dehydrated and 

perfused with paraffin wax using a tissue processor. Samples were immersed in 70% ethanol, 

80% ethanol, 90% ethanol, 100% ethanol, histoclear (x2) and molten paraffin wax (x3) for 2 

hours each. Samples were then cut in two and each half was embedded in a separate block of 

paraffin wax. Once set, wax/tissue blocks were sliced to 5 μm thickness on a microtome and 

mounted on glass microscope slides. 
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3.2.9 Immunohistochemistry staining of tissue slides  

Tissue sections were dehydrated by a sequence of 5-minute immersions in histoclear, 100% 

ethanol, 90% ethanol, 80% ethanol, 70% ethanol and PBS. Antigen retrieval was performed by 

boiling slides in 10 mM sodium citrate for 10 minutes. Tissue sections were permeabilised with 

0.2% Triton-x in PBS for 45 minutes. Triton-x was washed off with PBS three times and then 

tissue sections were blocked with 2% BSA and 2% donkey serum in 0.1% Triton-x in PBS at 

room temperature for two hours. Sections were incubated with primary antibodies diluted in 1% 

BSA and 0.05% Triton-x in PBS at 4℃ overnight. Unbound primary antibodies were washed off 

three times with PBS. Sections were incubated with fluorescently tagged secondary antibodies 

diluted in 1% BSA and 0.05% Triton-x in PBS at room temperature for two hours. Unbound 

secondary antibodies were washed off three times with PBS. Sections were incubated with 100 

nM DAPI at room temperature for 30 minutes. Sections were washed three times with PBS. 

Sections were then dehydrated by 5-minute immersions in 70% ethanol, 100% ethanol, 

histoclear and 100% ethanol. Sections were left to dry and then sealed with FluorShield 

mounting medium and glass coverslips. Slides were stored at 4℃ and imaged using a Zeiss 

LSM880 laser scanning microscope. 

3.2.10 ELISA analysis of serum concentration of insulin 

Following collection of serum samples, insulin concentration was determined using a 

commercial ELISA kit (Merck Millipore, EZHI-14K). 20 µL of samples and insulin standards 

were loaded into anti-insulin antibody coated wells of a 96-well plate. 20 µL of biotinylated 

mouse anti-insulin detection antibody was added to each well and incubated for 1 hour at room 

temperature on an orbital rocker. Wells were washed 3 times with 250 µL wash buffer. 100 µL 

streptavidin-horseradish peroxidase was added to each well and incubated at room 

temperature for 30 minutes on an orbital rocker. Wells were washed 3 times with 250 µL wash 

buffer. 100 µL 3, 3’,5,5’-tetramethylbenzidine was added to each well and incubated at room 

temperature for 20 minutes on an orbital rocker. 100 µL 0.3 M HCl was added to each well and 

the absorbance was measure at 450 nm using a plate reader. Standards of concentration 2-

200 µU/mL were used to generate a standard curve. The standard curve was used to calculate 

the concentration of samples. 

3.2.11 ELISA analysis of serum concentration of calcitonin 

Following collection of serum samples, salmon calcitonin concentration was determined using 

a commercial ELISA kit (MyBioSource, MBS 2000203). 50 µL of samples were loaded into anti-
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salmon calcitonin antibody coated wells of a 96-well plate. 50 µL of anti-salmon calcitonin 

antibody/horseradish peroxidase conjugate was added to each well and the plate was 

incubated at 37 °C for 1 hour. Wells were washed four times with 250 µL washing buffer. 100 

µL HRP substrate was added to each well and incubated for 15 minutes at 37 °C. Wells were 

acidified using HCl to stop the reaction and the absorbance at 405 nm was measured for each 

well. Standards of known concentration from 246.9 to 20,000 pg/mL were run in parallel to the 

samples and used to generate a standard curve. The standard curve was used to derive the 

exenatide concentration in the samples.  

3.2.12 ELISA analysis of serum concentration of exenatide  

Following collection of serum samples, exenatide concentration was determined using a 

commercial ELISA kit (MyBioSource, MBS031942). 50 µL of samples were loaded into anti-

exenatide antibody coated wells of a 96-well plate. 50 µL of anti-exenatide 

antibody/horseradish peroxidase conjugate was added to each well and the plate was 

incubated at 37 °C for 1 hour. Wells were washed four times with 250 µL washing buffer. 100 

µL HRP substrate was added to each well and incubated for 15 minutes at 37 °C. Wells were 

acidified using HCl to stop the reaction and the absorbance at 405 nm was measured for each 

well. Standards of known concentration from 3.12 to 100 ng/mL were run in parallel to the 

samples and used to generate a standard curve. The standard curve was used to derive the 

salmon calcitonin concentration in the samples.  

3.2.13 LCMS/MS analysis of serum concentration of gentamicin and octreotide 

LC-MS analyses were performed using an Agilent QTOF 6545 with Jetstream ESI spray source 

coupled to an Agilent 1260 Infinity II Quat pump HPLC with 1260 autosampler, column oven 

compartment and variable wavelength detector (VWD). The MS was operated in positive 

ionization mode with the gas temperature at 250°C, the drying gas at 12 L/min and the nebulizer 

gas at 45 psi (3.10 bar). The sheath gas temperature and flow were set to 350°C and 12 L/min, 

respectively. The MS was calibrated using reference calibrant introduced from the independent 

ESI reference sprayer. The VCap, Fragmentor and Skimmer was set to 3500, 100 and 45 

respectively. Chromatographic separation of a 5 µL sample injection was performed on a 

InfinityLab Poroshell 120 EC-C18 (3.0 x 50 mm, 2.7 µm) column using H20 (Merck, LC-MS 

grade) with 0.1 % formic acid (FA, Fluka) v/v and methanol (MeOH, VWR, HiPerSolv) with 0.1 

% FA v/v as mobile phase A and B, respectively. The column was operated at flow rate of 0.3 

mL/min at 40°C starting with 1 % mobile phase B for 3 min, thereafter the gradient was initiated 
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and ran for 2 min to a final 100% B, held at 100% B for 3 min then returned to 1% B, held for 

re-equilibration for 3.9 min in a total 12 min run time. The VWD was set to collect 254 and 320 

nm wavelengths at 2.5 Hz. Data processing was automated in Qual B 07.00 with a Find by 

formula matching tolerance of 10 ppm. 

3.2.14 Western blot 

Western blots were run on 12% SDS-PAGE gels. Protein samples were mixed 1:1 with loading 

buffer and denatured by heating at 95 °C for 5 minutes. 20 μL of protein samples were loaded 

into separate wells in the gel. The gels were immersed in running buffer and ran at 200V for 

30-60 minutes, based on the molecular weight of the target protein. Proteins were transferred 

from the gel to a membrane at 30V for 60-90 minutes. Membranes were blocked with 5% bovine 

serum albumin in TBS-T for two hours. Membranes were incubated with primary antibodies 

diluted in TBS-T at 4 °C overnight. Unbound primary antibodies were washed off with TBS-T 

three times. Membranes were then incubated with fluorescently tagged secondary antibodies 

at room temperature for 2 hours. Unbound secondary antibodies were washed off with TBS-T 

three times. Membrane bands were analysed using a Licor imaging system.  

3.2.15 Data processing 

Blood glucose levels were expressed as % of baseline levels in each rat. Serum concentrations 

of drugs were expressed as absolute concentrations. Area under the curve (AUC) for 

pharmacokinetic drug concentration profiles was calculated from plots using GraphPad prism. 

AUC was used to calculate the relative bioavailability (FREL) compared to subcutaneous 

injection for each peptide/drug combination. FREL was calculated using the formula: 

𝐹𝑅𝐸𝐿  =  
𝐴𝑈𝐶𝐼𝐿  × 𝐷𝑆𝐶

𝐴𝑈𝐶𝑆𝐶  ×  𝐷𝐼𝐿
 × 100 

where D is dose administered. 

Data sets for pharmacodynamic and pharmacokinetic profiles were compared using a one-way 

ANOVA followed by Bonferroni post-test. Western blot band intensity was calculated using 

ImageJ. Band intensities were compared to control using an unpaired two-tailed T-test. For all 

statistical tests a p value less than 0.05 was considered statistically significant.    

3.2.16 Hydrodynamic radius estimation  

The hydrodynamic radius (RH) of proteins was estimated using the equation: 
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𝑅𝐻  =   
3𝑀𝑊

4𝜋𝜌𝑁

1/3

 

Where MW is the molecular weight in kDa, ρ is density (average protein density is 1.35 g/cm3 

[367]) and N is Avogadro’s number 6.02 x 1023. When rearranged using the appropriate values 

this simplifies to  

𝑅𝐻  = 0.66 × 𝑀𝑊1/3 

Where the structure of a protein is known, its radius was estimated by a virtual measurement 

using a cleft volume calculator [368]. 

3.2.17 Materials 

Materials used for peptide synthesis and biochemical assays shown in table 2.1 and table 2.4. 

Table 3.1: Reagents used in in vivo pharmacokinetic studies 

Reagent Supplier Product number 

Exenatide Tocris 1933 

Exenatide ELISA MyBioSource MBS031942 

Gentamicin Tocris 6442 

Human Insulin SAFC 91077C 

Human Insulin ELISA Millipore EZHI-14K 

Octreotide Tocris 1818 

Salmon calcitonin Merck 05-23-2401 

Salmon calcitonin ELISA MyBioSource MBS2000203 
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3.3 Results 

3.3.1 Size and structure of candidate drugs 

The hydrodynamic radius for the peptide and protein drugs, assuming a spherical structure, 

was estimated using the equation RH=0.66 x MW1/3 [367]. This results in an estimated RH of 6.5 

Å for octreotide, 9.7 Å for sCT, 10.3 Å for exenatide and 11.5 Å for insulin. Structures available 

for previous publications were exported into the Chem3D molecule viewer. The structures for 

octreotide [369], sCT [370], exenatide [371] and insulin [372] are displayed in Figure 3.1. Insulin 

and octreotide appear broadly spherical, however sCT and exenatide have a more linear 

structure. Virtual measurement of these structures using a cleft volume calculator tool [368] 

estimates an average radius of 5.5 Å for octreotide, 10.2 Å for sCT, 10.7 Å for exenatide, and 

11.7 Å for insulin. 

 

Figure 3.1: Imported structures of octreotide, sCT, exenatide and insulin displayed in Chem3D. 

Figure 3.2 shows the main components of gentamicin drawn in Chem3D. The software 

estimates gentamicin as having a linear structure making its approximate shape a cylinder. 

Measurement of the radius gives an estimated minimum radius of 2.9 Å for each component, 

and a maximum diameter of 4.1 Å for C1a, 4.2 Å for C2, and 4.8 Å for C1. 
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Figure 3.2: Drawn structures of gentamicin components displayed in Chem3D 

3.3.2 Decrease in blood glucose after intraluminal PIP peptide and insulin injection  

Rats were given an intraluminal injection of PIP peptide with insulin, and blood glucose levels 

were compared to insulin only injection. Figure 3.3 (A) shows the effect of PIP250 and insulin 

on glucose concentration. Co-injection of PIP250 with insulin directly into the rat jejunum was 

followed by a decrease in blood glucose concentration. Injection of 10 mM and 20 mM had a 

similar maximum effect, reduced to 55% and 60% of baseline respectively. The time to 

maximum effect was also the same for each concentration, at 40 minutes after injection. The 

difference between the lower and higher concentrations was that for 10 mM, the blood glucose 

concentration began to recover towards the baseline by 90 minutes, whereas for 20 mM the 
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blood glucose level remained reduced and static until 90 minutes. A one-way ANOVA followed 

by Bonferroni post-test showed that both 10 mM and 20 mM data sets were significantly 

different from insulin alone. 

Figure 3.3 (B) shows the effect of co-injection of PIP640 and insulin. PIP640 and insulin 

injection also reduced the blood glucose concentration. Unlike with PIP250, there was a clearer 

difference between 10 mM and 20 mM PIP640. Injection of 10 mM PIP640 with insulin 

produced a reduction in glucose to 60% of baseline by 70 minutes, followed by a swift recovery. 

Injection of 20 mM with insulin reduced blood glucose to below 50% of baseline by 50 minutes. 

Glucose levels began reducing soon after injection, by 30 minutes, and recovered to baseline 

levels by 90 minutes. A one-way ANOVA followed by Bonferroni post-tests showed that 20 mM 

PIP640 with insulin data set was significantly different from insulin only, but 10 mM with insulin 

data set was not. 

 

Figure 3.3: Blood glucose levels in male Wistar rats following intraluminal injection of (A) PIP250 and 

human insulin (30 IU/kg) or (B) PIP640 and human insulin (30 IU/kg). Data are normalised as % of 

baseline glucose values for each rat. Data are means + standard deviations. 
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Insulin alone was also injected subcutaneously to produce a reference profile for glucose levels, 

as subcutaneous injection is the current method of administration for insulin. Injection of 1 IU/kg 

body weight and 3 IU/kg body weight both reduced blood glucose. By 30 minutes serum 

glucose levels were reduced to 80% and 50% of initial values, respectively, shown in figure 3.4. 

This means that both PIP peptides tested with insulin were able to produce a similar glucose 

profile to SC insulin.  

 

 

Figure 3.4: Blood glucose levels in male Wistar rats following subcutaneous injection of human insulin. 

Data are normalised as % of baseline glucose values for each rat. Data are means ± standard deviations. 

3.3.3 PIP mediated enhancement of intestinal insulin absorption 

As well as monitoring blood glucose levels following PIP and insulin injection, the concentration 

of insulin in the blood was also measured. Figure 3.5 shows the concentration of insulin in the 

hepatic portal vein following intraluminal injection of PIP250 or PIP640 with insulin. Both 

peptides increased the amount of insulin in the blood compared to insulin injection alone. Cmax 

was similar for both peptides, 13.0 IU/mL for PIP250 and 13.5 IU/mL for PIP640. However, the 
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time profile differed for each peptide. PIP640 had a quicker effect in enhancing insulin 

absorption with a Tmax of 15 minutes, compared to 40 minutes for PIP250. Both peptides began 

enhancing insulin absorption by the first time point measured, but PIP640 with insulin reached 

its peak quicker and then returned to baseline quicker. PIP250 had a slower but more prolonged 

effect, with insulin levels still elevated at 90 minutes following injection.    

 

Figure 3.5: Serum insulin concentration in (A) hepatic portal vein or (B) tail vein following intraluminal 

injection of insulin with PIP peptides. Data are means + standard deviations. n=3 for each data set. 
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Figure 3.6 shows the serum concentration of insulin in the portal and tail vein following 

subcutaneous injection of insulin at 3 IU/kg body weight. Tail vein serum concentration was 

71.3 µU/mL 5 minutes after injection and decreased steadily to 3.8 µU/mL by 90 minutes. Portal 

vein concentration was initially lower at 32.7 µU/mL after 5 minutes, but decreased at a slower 

rate so that from 40 minutes portal vein concentration was equal to or greater than tail vein 

concentration. Portal vein concentration decreased to 9.9 µU/mL after 90 minutes. 

 

Figure 3.6: Serum insulin concentration in tail vein and portal vein following subcutaneous injection of 

insulin (3 IU/kg). Data are means + standard deviations. n=3 for each data set. 

Figure 3.7 shows micrographs taken following injection of PIP640 with Cy5 tagged insulin. 

Control tissues, with Cy5-insulin only injected, show insulin accumulated in the mucus layer 

above the epithelial cells. No insulin is seen crossing the epithelium. Tissues with PIP640 and 

Cy5-insulin injection show insulin beginning to cross the epithelium. The insulin is distributed 

in a linear pattern lining up with the lateral edges of the epithelial cells.  
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Figure 3.7: Representative micrographs taken from 5 𝜇m slices of (A) Insulin-Cy5 or (B) PIP640 and 

insulin-Cy5 injection site 45 minutes after injection. Cy5 fluorescence is visualised in red, DAPI (nuclei) 

staining is in blue. Total magnification is 630x for the main image. 

3.3.4 PIP peptide effect of MLC phosphorylation 

Over the same time course as blood sampling, the PIP injection site was collected and analysed 

the ratio of phosphorylated myosin light chain (pMLC) to total myosin light chain (MLC). The 

ratio of western blot bands between pMLC and MLC was calculated and normalised so that 

untreated control samples were 1. Figure 3.8 shows representative western blots and Figure 

3.9 shows the normalised ratios. PIP640 injection leads to a statistically significant increase in 

pMLC/MLC from 1 to 2.2 by 15 minutes post-injection. This dropped to 1.6 by 45 minutes but 

was still significantly different from control. By 90 minutes the ratio was 1 and not significantly 

different from control. PIP250 injection increases the ratio to 1.2 by 15 minutes but this is not 

statistically significant. By 45 minutes there was a statistically significant increase to 1.7. By 90 

minutes this has dropped to 1.3.   
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Figure 3.8: Representative western blot for tissue lysate samples following incubation with (A) MLC or 

(B) pMLC (S19) antibodies. Control lanes represent tissue lysates taken before injection of PIP peptides. 

C=control, 640=PIP640, 250=PIP250. Peptide lanes represent tissue lysates taken 45 minutes after PIP 

peptide injection 

 

Figure 3.9: Ratio of western blot band intensity of pMLC to MLC in intestinal lysates following injection 

with 20 mM PIP250 or PIP640. Data are means + SD. n=3. 
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3.3.5 Effect of PIP peptides on Exenatide absorption 

Figure 3.10 shows the serum concentration of exenatide following SC injection or IL injection 

with PIP peptides. Following subcutaneous injection of exenatide at 200 µg/kg body weight, 

serum concentration of exenatide reaches a Cmax of 198.5 ng/mL at 1 minute. The concentration 

decreases over 90 minutes to 34.9 ng/mL. Following intraluminal injection of 20 mM PIP250 

and 200 µg/kg body weight exenatide, serum exenatide concentration increases over 45 

minutes to a Cmax of 10.4 ng/mL. Exenatide concentration then decreases to 4.45 ng/mL by 

90 minutes.   

 

Figure 3.10: Serum exenatide concentration (A) subcutaneous injection of 200 µg/kg exenatide or (B) 

intraluminal co-injection with 20 mM PIP250 or PIP640. Data are means + SD. n=3 



 

111 
 

3.3.6 Effect of PIP peptides on salmon calcitonin absorption 

Salmon calcitonin (sCT) was injected either subcutaneously or intraluminally with PIP peptides. 

Subcutaneous injection of 20 µg/kg sCT resulted in a rapid absorption into the blood with a 

plasma Cmax of 35.2 ng/mL after 15 minutes. Plasma concentration of sCT then decreased over 

90 minutes. The plasma concentration of sCT following SC injection is shown in figure 3.11 A.  

Following intraluminal injection of 200 µg/kg sCT with 20mM PIP250, plasma concentration 

peaked at 10.75 ng/mL at 45 minutes, decreasing to 1.64 ng/mL by 90 minutes. Following 

intraluminal injection of 200 µg/kg sCT with 20mM PIP640, plasma concentration peaked at 

19.0 ng/mL at 30 minutes, decreasing to 6.78 ng/mL by 90 minutes. Figure 3.11 B shows the 

plasma concentration of sCT following co-injection with PIP peptides 

 

Figure 3.11: Plasma concentration of salmon calcitonin following (A) S.C. injection of 20 µg/kg sCT or 

(B) I.L. injection of 200 µg/kg sCT with 20mM PIP peptides. Plasma sCT was not detectable following 

I.L. injection of 200 µg/kg sCT alone. Data are means ± SD. n=3 
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3.3.7 Effect of PIP peptides on octreotide absorption 

Octreotide was injected either subcutaneously or by intraluminal injection with PIP peptides at 

200 µg/kg. Figure 3.12A shows the serum concentration of octreotide following subcutaneous 

injection. Octreotide was rapidly absorbed and reached CMAX of 248.9 ng/mL by 15 minutes, 

decreasing to 34.1 ng/mL by 90 minutes. 

Octreotide was absorbed following intraluminal injection with PIP peptides. After co-injection 

with 20 mM PIP250, octreotide serum concentration reached a CMAX of 31.3 ng/mL by 30 

minutes, decreasing to 6.9 ng/mL by 90 minutes. Following co-injection with PIP640, octreotide 

serum concentration reached a CMAX of 37.1 ng/mL by 15 minutes and decreased to 4.2 ng/mL 

by 90 minutes. The serum concentrations of octreotide following intraluminal injection with 

PIP250 or PIP640 are shown in figure 3.12B. Octreotide was not detected following intraluminal 

injection alone (data not shown on graph). 

 

Figure 3.12: Serum concentration of octreotide following (A) S.C. injection of 200 µg/kg octreotide or (B) 

I.L. injection of 200 µg/kg octreotide with 20mM PIP peptides. Data are means ± SD. n=3 
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3.3.8 Effect of PIP peptides on antibiotic absorption 

Aminoglycoside antibiotic gentamicin was co-injected intraluminally with PIP250 or PIP640 and 

serum concentration of gentamicin was measured. For comparison the experiment was also 

done with subcutaneous injection of gentamicin alone. Figure 3.13 shows the serum 

concentration of gentamicin following the various injections. Following SC injection of 

gentamicin, serum levels are undetectable at 15 minutes. Concentration reaches CMAX of 1.22 

μg/mL by 30 minutes. Gentamicin concentration then decreased and was undetectable by 90 

minutes. Following co-injection with PIP640, serum gentamicin concentration increased to a 

CMAX of 3.05 μg/mL by 45 minutes. Gentamicin concentration then decreases to 1.27 μg/mL by 

90 minutes. Following co-injection with PIP640, serum gentamicin concentration initially 

increased to 0.8 μg/mL by 30 minutes. It then increased to a CMAX of 3.79 μg/mL by 45 minutes. 

Gentamicin concentration then decreased to 1.16 μg/mL by 90 minutes. 

 

Figure 3.13: Serum gentamicin concentration following subcutaneous injection or intraluminal co-

injection with 20 mM PIP250 or PIP640. Data are means + SD. n=3 
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3.3.9 Recovery following intraluminal PIP injection 

PIP250 or PIP640 were injected alone intraluminally followed by injection of gentamicin after a 

delay of 30 or 60 minutes. Figure 3.14 shows the serum gentamicin concentration after 20mM 

PIP250 injection followed by 10 mg/kg gentamicin injection compared to co-injection of PIP250 

and gentamicin. When gentamicin was injected 30 minutes after PIP250, serum concentration 

reached 10.03 µg/mL 30 minutes after gentamicin injection, followed by a decrease to 4.11 

µg/mL by 90 minutes. Figure 3.15 shows the serum gentamicin concentration after 20mM 

PIP640 injection followed by 10 mg/kg gentamicin injection compared to co-injection of PIP250 

and gentamicin. When gentamicin was injected 60 minutes after PIP250, serum concentration 

reached 1.46 µg/mL 45 minutes after gentamicin injection, followed by a decrease to 0.22 

µg/mL by 90 minutes.    

 

Figure 3.14: Serum gentamicin concentration following 10 mg/kg gentamicin injection after 20 mM 

PIP250 injection. Gentamicin was injected 0, 30, or 60 minutes after PIP250. Data are means + SD. n=3 
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Figure 3.15: Serum gentamicin concentration following 10 mg/kg gentamicin injection after 20 mM 

PIP640 injection. Gentamicin was injected 0, 30 or 60 minutes after PIP640. Data are means + SD. n=3 

3.3.10 Effect of PIP peptides on tight junction proteins 

PIP250 was injected intraluminally and the injection site was collected and stained for tight 

junction proteins. Figure 3.16 shows the distribution of occludin before and after injection of 20 

mM PIP250. Before PIP250 injection, occludin is predominantly located at points at the joining 

of the apical and lateral membranes of epithelial cells. After 15 minutes since PIP250 injection 

the distribution of occludin is unchanged. By 30 minutes, occludin has redistributed along the 

lateral membrane of epithelial cells. By 45 minutes, occludin is no longer along the lateral 

membrane and staining intensity at the original apical/lateral position is reduced.  
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Figure 3.16: Distribution of occludin staining in rat intestinal epithelial cells following intraluminal injection 

of 20 mM PIP250. Tissues incubated with anti-occludin antibody (green) and DAPI (blue). 0-minute panel 

is untreated control. 
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3.4 Discussion 

Both PIP250 and PIP640 were able to enhance the absorption of insulin in an intraluminal 

injection, supporting the data from chapter 2 showing increased permeability of an epithelial 

model with PIP peptides. The two peptides had a different rate of onset. PIP640 has a quicker 

but shorter effect than PIP250. This suggests that either PIP640 is taken up into cells at a 

quicker rate than PIP250 or can bind to and inhibit MCLP faster. The difference in rate may be 

because of a combination of these two possibilities. The increase in insulin corresponds to a 

decrease in blood glucose over the same time frame. This decrease is similar to that seen 

following subcutaneous injection of insulin. As when looking at insulin levels, the effect on 

glucose following PIP640 and insulin injection is more rapid but shorter than with PIP250. The 

correlation between the pharmacokinetic and pharmacodynamic data suggests that the amount 

of insulin absorbed by this route of administration is clinically relevant. 

For both peptides, the concentration of insulin was higher in the portal vein than the tail vein. 

These veins represent the insulin being absorbed by the intestine before reaching the liver, and 

the systemic levels after being passed through the liver. This suggests that the insulin absorbed 

by this route is significantly removed from the blood by the liver. Significantly, the concentration 

of insulin in the blood is lower following intraluminal injection with PIP peptides than after 

subcutaneous injection, but the effect on blood glucose is very similar. This suggests that the 

intestinal route of administration requires a smaller amount of insulin absorbed to produce the 

same clinical effect. This supports the hypothesis that intestinal absorption of insulin targets 

the liver, where its desired effects on glucose concentration are achieved. This should reduce 

the risk of off-target effects of insulin in the periphery of the body. This means that in addition 

to being an easier and more acceptable route to the patient, oral administration of insulin could 

have better clinical outcomes as well. 

PIP250 was also able to enhance absorption of exenatide following intra-luminal injection. This 

followed a similar concentration profile to PIP250 mediated insulin absorption, with Tmax of 45 

minutes. Prior to this, there was a small increase at 15 and 30 minutes. PIP640 had an earlier 

Tmax of 30 minutes 

PIP250 also increased absorption of the aminoglycoside antibiotic gentamicin. Again, Tmax was 

45 minutes. PIP640 also increased absorption of gentamicin but reached peak concentration 
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by 30 minutes. This is consistent with results for insulin and exenatide and again suggests that 

PIP640 has a quicker effect on the tight junction permeability than PIP250.  

The area under the curve (AUC) was calculated using the pharmacokinetic profiles of each of 

the drugs tested with PIP peptides and by SC injection alone. This gives an indication of the 

total amount of drug delivered in each case. A comparison between the effectiveness of 

intraluminal injection with PIP peptides and SC injection can be drawn by calculating the relative 

bioavailability of PIP mediated delivery to SC. Relative bioavailability was calculated this using 

the equation: 

FREL =  (Dose.SC x AUC.PIP / Dose.PIP x AUC.SC) x 100 

Table 3.2 shows the pharmacokinetic parameters for each drug and PIP combination along 

with the physical properties of each drug. 

Table 3.2: Summary of the properties of tested drugs and pharmacokinetic parameters of PIP mediated 

delivery. MW=molecular weight in kDa. RH=hydrodynamic radius based on spherical protein structure. 

PI=isoelectric point. Dose=total dose given with PIP by ILI. CMAX=highest serum concentration measured. 

AUC=area under the curve for concentration profile from 0-90 minutes. FREL=bioavailability relative to 

SC injection. 

Drug 
MW 

(kDa) 
RH 

(Å) 
PI Dose 

PIP250 PIP640 

CMAX AUC FREL CMAX AUC FREL 

Negatively Charged 

Insulin 5.8 11.7 5.3 
0.25 
mg 

0.45 
ng/mL 

22.5 
ng/mL.min 

4.0% 
0.47 

ng/mL 
16.8 

ng/mL.min 
3.0% 

Exenatide 4.2 10.4 4.86 
0.05 
mg 

10.41 
ng/mL 

487.3 
ng/mL.min 

5.2% 
9.45 

ng/mL 
470.0 

ng/mL.min 
5.0% 

Positively Charged 

Salmon 
Calcitonin 

3.4 10.2 8.86 
0.05 
mg 

10.75 
ng/mL 

569.7 
ng/mL.min 

5.6% 
19.0 

ng/mL 
1091.0 

ng/mL.min 
10.5% 

Octreotide 1.0 5.5 8.2 
0.05 
mg 

26.6 
ng/mL 

1294 
ng/mL.min 

14.3% 
37.1 

ng/mL 
1226 

ng/mL.min 
13.6% 

Gentamicin 0.47 3.5 10.2* 2.5 mg 
3.79 

𝜇g/mL 
155 

𝜇g/mL.min  
36.6% 

2.47 
𝜇g/mL 

117.5 
𝜇g/mL.min 

27.7 % 



 

119 
 

For the negatively charged drugs, the absorption induced by PIP250 and PIP640 are at similar 

levels. The maximum concentration is slightly higher after injection with PIP640, however the 

total amount delivered as determined by the AUC was slightly greater after injection with 

PIP250. Suggesting that the effect of PIP640 is more rapid but that PIP250 is more sustained. 

The hypothesis that PIP250 mediated absorption is more sustained is supported by the data 

from the experiments where gentamicin was injected after a delay following PIP injection. With 

a delay of 30 minutes between PIP250 and gentamicin injection the total amount of gentamicin 

absorbed was much greater than with co-injection, whereas with PIP640 a similar amount was 

absorbed in the delay and co-injection experiment. When a 60-minute delay was used, PIP250 

induced gentamicin absorption was still higher than PIP640 induced absorption. 

For the drugs in the range of 10-12 Å radius, the size of the drug did have a small effect on 

PIP640-induced absorption, as exenatide (RH~10.4 Å) bioavailability was slightly higher than 

insulin (RH~11.7 Å). In contrast, the charge of the drug appears to be more significant. sCT 

(RH~10.2 Å) is similar in size to exenatide but will be positively charged in the jejunal pH (~pH 

7.5), whereas exenatide will carry a negative charge. The bioavailability of sCT after injection 

with PIP640 was more than double than exenatide. This is consistent with previous work [363] 

and the data in chapter 2 showing that PIP induced permeability of positively charged 

molecules is significantly greater than neutral or negative molecules. For PIP250 induced 

absorption, the size of the drug appears to have a greater effect than the charge. There is a 

greater bioavailability of exenatide than insulin when injected with PIP250, however only a very 

small increase in bioavailability of positively charged sCT compared to negatively charged 

exenatide.  

For the smaller drugs tested, peptide octreotide (R~5.5Å) and non-peptide gentamicin, PIP250 

induced absorption was greater than PIP640 induced absorption. Both the highest 

concentration and AUC of gentamicin was higher after co-injection with PIP250 than PIP640, 

suggesting that the rate of absorption was greater as well as the duration of effect. The effects 

of drug size on PIP induced absorption indicate that the permeability to positively charged drugs 

with a radius around 10-12 Å is greater with PIP640 treatment than PIP250, whereas 

permeability to drugs with a radius around 3-6 Å is greater with PIP250. This suggests that the 

permeability of the tight junction pore induced by PIP250 may be greater than PIP640, but the 

size smaller, meaning that for drugs sufficiently small there is less impedance to absorption, 

but that for larger drugs size becomes a more limiting factor. This hypothesis is supported by 
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data in chapter 2 showing that absorption of 4 kDa dextran (RH~15 Å) across Caco-2 

monolayers is less when applied with PIP250 than PIP640 despite the fact that PIP250 has a 

greater effect on TEER. 

In addition to the difference in rate, PIP250 seems to initially produce a 2-phase absorption 

profile, with a small initial increase to absorption, followed by a rapid increase between 30 and 

45 minutes. This is in contrast to PIP640, which appears to maintain a steady rate of absorption 

to the peak concentration followed by a return to baseline. This suggests that PIP250 mediated 

absorption may involve more than one process, with an initial slight increase in permeability 

followed by a larger increase that takes longer to emerge, whereas PIP640 appears to have a 

more straightforward enhancement of permeability. One explanation for this difference could 

be occludin downregulation, as results from chapter 2 and 3 show a difference in the effects of 

these two peptides on occludin. PIP250 reduces the total level of occludin whereas PIP640 has 

no effect. It may be that PIP250 requires occludin downregulation to have its full effect. If 

PIP250 induced occludin downregulation takes longer to happen than the increase in pMLC, it 

may explain why there appears to be two stages to PIP250 induced increase in permeability. 

Imaging data of occludin distribution suggests that the downregulation is slower than pMLC 

effects. Following PIP250 injection there is no effect on tight junction occludin by 30 minutes. 

However, by this time occludin appears to be accumulating in the lateral membrane. Then, by 

45 minutes there is a reduction in occludin at the tight junctions. This may suggest that occludin 

is being trafficked to the lateral membrane instead of the tight junctions. Previous work by 

Almansour, K showed that PIP640 had no effect on occludin in vivo [364]. Occludin is constantly 

turned over and replaced at the tight junctions, so this alteration may reduce occludin 

replacement and lead to eventual depletion.   

The data in the chapter validate and build on the in vivo findings in the thesis by Almansour ,K. 

His data suggested that PIP640 enhances absorption of  positively charged sCT better than 

negatively charged exenatide. This is supported here by calculating the relative bioavailability 

compared to S.C. injection. The data in this thesis show that contrary to this charge effect with 

PIP640, there is little difference between positive and negative drugs with PIP250.  

The data in this chapter show that the in vitro permeation enhancement by PIP peptides can 

be replicated in vivo and provides further evidence that the nature of the permeability induced 

by PIP250 differs from that induced by PIP640. This demonstrates the potential for both to be 

used as permeation enhancers and that their differences may make each peptide more 
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compatible with different drugs. For drugs towards the larger size range looked (R~10-14 Å) at 

PIP640 leads to a greater maximum concentration. Therefore, for drugs where a high initial 

concentration is required PIP640 may be more appropriate. For drugs that would require a 

longer action, the sustained effects of PIP250 may be better. On the other hand, if the PIP250 

effect lasts too long there may be undesirable increase in permeability to other potentially 

harmful molecules. There appears to be a greater charge-dependent effect with PIP640. 

Therefore, positively charged drugs may be better delivered with PIP640 and negatively 

charged drugs better with PIP250.      

For the smaller drugs investigated (R~3-6 Å), PIP250 appears to be significantly better at 

enhancing permeability than PIP640 regardless of charge, therefore would be the better option. 

Drugs larger than insulin were not looked at, however if it is the case that the tight junction 

pores are wider with PIP640 than PIP250, then presumably PIP250 would reach a size limit for 

permeation enhancement before PIP640. If this is the case, then for drugs over a certain size 

PIP640 may be able to enhance absorption where PIP250 cannot.  
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4 Assessing the roles of specific amino acids in PIP250 

action by making specific substitutions 

4.1 Introduction 

Proteins are useful molecules due the wide range of cellular processes that they are involved 

in, and the fact that many proteins have a highly specific function. Different protein therapeutics 

are used to replace a deficient or absent endogenous protein, enhance cellular pathways that 

have a beneficial effect on a disease state or inhibit pathways that may be over activated [5]. 

Over 120 protein and peptide drugs are currently licensed by the FDA, with the number is likely 

to increase further [6]. Despite the advantages of protein drugs, the main drawback to their use 

is poor oral bioavailability. The lack of orally deliverable proteins means that they must be 

administered by injection, which may cause patient discomfort, require the assistance of a 

health professional, increase the risk of infection, and increase the cost of manufacturing.  

The low bioavailability of proteins is due to the barrier provided by the GI tract. This is divided 

into a chemical barrier consisting of enzymatic degradation and extreme pH, and a physical 

barrier consisting of the cells of the epithelia [5]. Molecules crossing the intestinal epithelium 

can enter through cells (transcellular) or between cells (paracellular). The permeability of the 

paracellular route is primarily controlled by tight junctions (TJs). These are multi-protein 

complexes, made up of zonula occludens proteins, occludin, tricellulin and claudins, between 

the lateral membranes of epithelial cells that form a semi-permeable channel. The specific 

nature of the permeability is determined by the tight junction proteins present at the TJ. In 

normal conditions TJ permeability is limited to molecules around 4-6 Å in diameter, which 

excludes proteins and peptides [26].  

Tight junctions are dynamic structures, and endogenous regulatory pathways exist to open or 

close them. One of the primary mechanisms of TJ regulation is myosin light chain (MLC) 

phosphorylation. Activation of MLC kinase (MLCK) phosphorylates MLC which leads to TJ 

opening [357]. MLC phosphatase (MLCP) counteracts this by dephosphorylating MLC to close 

TJs. The data presented in chapters 2 and 3 demonstrate that 2 permeable inhibitor of 

phosphatase (PIP) peptides increase epithelial permeability to a range of drugs and markers 

by increasing the phosphorylation state of MLC. The strategy identified through the PIP 

peptides is to inhibit MLCP to cause an increase in the phosphorylation of MLC.  
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MLCP is a holoenzyme consisting of a catalytic protein phosphatase subunit (PP1), a myosin 

targeting subunit (MYPT1) and a 38 kDa subunit of unknown function. The inhibitory subunit 

CPI-17 binds to MLCP when phosphorylated and inhibits the enzyme’s action [154]. 

MYPT1 binding to PP1 causes a significant increase in the affinity of MLC as a substrate for 

the enzyme, making it a highly specific phosphatase [141]. Without MYPT1 bound, PP1 has 

greatly reduced activity of MLC de-phosphorylation. A number of amino acid residues and 

sequences that are key to this interaction have been identified on MYPT1 and PP1. The 

sequence of Met1 to Phe-38 on MYPT1 had been shown to increase the specificity of PP1 for 

MLC, however to a lesser degree than full length MYPT1. A shorter sequence from Asp-23 to 

Phe-38 is able to bind to PP1 but does not increase the specificity [152]. This suggests that 

residues within aa23-38 are required for binding and the N-terminus plays a role in the targeting 

of PP1 to MLC. Specifically, it appears that Lys-35 to Phe-38 (KVKF) is key to the binding 

between PP1 and MYPT1. Val-36 and Phe-38 appear to bind to a specific recognition site on 

PP1 [152]. Additionally, Lys-35 and Val-36 form hydrogen bonds with Asp-242 on PP1. Val-36 

to Asp-39 on MYPT1 also appear to interact with PP1.  

PIP250 was designed based on Lys-30 to Asp-40 of MYPT1 (KRKKTKVKFDD). Amino acids 

at either end were replaced with arginine to increase the positive charge and make the peptide 

appear more similar to cell permeable peptides (CPPs) in order to increase uptake into cells. 

Lastly, a D-rev strategy was used to use d-amino acids to reduce the risk of enzymatic 

degradation. This resulted in peptide PIP250 sequence of rrfkvktkkrk. 

PIP250 has been shown to be bioactive. It increases permeability in Caco-2 monolayers and 

is able to increase the uptake of insulin, exenatide, salmon calcitonin and gentamicin when co-

administered in the in vivo rat intraluminal injection model. In vivo and in vitro PIP250 induced 

permeability was both size and charge dependent, with permeability greater for smaller 

positively charged molecules.    

PIP250 binds to PP1 and increases the levels of phospho-MLC (pMLC). These data support 

the hypothesis that PIP250 inhibits MLCP by interfering with the association of the PP1 and 

MYPT1 subunits, resulting in an increase in MLC phosphorylation and opening of tight 

junctions. Performing amino acid substitutions for specific residues of PIP250 will allow 

investigation of which amino acids are required for the action of PIP250. This will be beneficial 

both in increasing the understanding of the mechanism of action of the peptide and potentially 

improving the profile of peptide action. 
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Phe-P3, Val-P5 and Lys-P6 on PIP250 are analogous to the key residues in the KVKF binding 

motif on MYPT1. Therefore, these are good substitution targets to verify the amino acids that 

are required for PIP250 action. Phenylalanine and valine are amino acids with hydrophobic 

side chains that are thought to interact with a hydrophobic pocket within PP1. It is likely that the 

hydrophobic properties of phenylalanine and valine are involved in the interaction with PP1.To 

test this hypothesis, these two amino acids were replaced with the charged hydrophilic amino 

acid aspartic acid. To assess whether Phe-3 and Val-5 are involved in direct binding, rather 

than just a hydrophobic interaction, they can be substituted for alanine residues. This will retain 

the hydrophobic nature of the residues whilst changing the sidechain.    

Arg-P1 and Arg-P2 are in the position occupied by an aspartic acid (Asp-39 and Asp-40) in 

MYPT1. These aspartic acid residues may interact with PP1 during MYTP1/PP1 binding. In the 

design of PIP250 the negatively charged aspartic acid residues were replaced with positively 

charged arginine residues to make the peptide resemble a cell penetrating peptide. So this 

charge change could affect PP1 binding. Lys-P11 on PIP250 is analogous to Lys-30 on MYPT1. 

This residue seems less critical in PP1 binding. Many cell penetrating peptides are rich in both 

positive lysine and arginine residues, but arginine appears to be more significant. Therefore, 

replacing this lysine with an arginine to make the peptide more like a CPP could increase its 

uptake into cells. The sequence modifications are summarised in table 4.1. 

Table 4.1: Aligned sequences of PIP250 series peptides. Modifications from lead peptide PIP250 

highlighted in red. 

Peptide Sequence Modification 

PIP250 rrfkvktkkrk Lead peptide 

PIP251 rrakvktkkrk Phe-3 to Ala. Replace Phe maintaining hydrophobicity  

PIP252 rrfkaktkkrk Val-5 to Ala. Replace Val maintaining hydrophobicity  

PIP253 rrdkvktkkrk Phe-3 to Asp. Replace hydrophobicity 

PIP254 rrfkdktkkrk Val-5 to Asp. Replace hydrophobicity 
 

The aims of this chapter are firstly to design modifications to PIP250 based on the amino acids 

expected to interact with PP1 based on the literature. Secondly, to assess the efficacy and 

mechanism of action of these new peptides in comparison to PIP250. This will increase the 

understanding of PIP250 action and may yield a sequence with a better profile as a permeation 

enhancer. Thirdly, to assess the binding affinity of PIP250 and its analogues to PP1 and 

correlate this to the actions of the peptides.  



 

125 
 

4.2 Methods and materials 

4.2.1 Peptide synthesis 

Peptides were synthesised as in chapter 2. Briefly, peptides were synthesized by Fmoc SPSS 

coupled to a rink amide MBHA resin. The first coupling was carried out manually and the 

subsequent couplings were carried out on an Activo P-11 peptide synthesizer. Peptides were 

cleaved from the resin with TFA and purified by semi-prep HPLC. Peptide identity was 

confirmed by mass using microTOF MS. 

4.2.2 Caco-2 transport assay  

Caco-2 cells were grown as in chapter 2. Polarised Caco-2 monolayers on filters were used in 

transport assays. PIP peptides were dissolved in PBS with 1 mg/mL 4 kDa and 70 kDa 

fluorescent dextran and applied to the apical side of the cells and HBSS was applied to the 

basal lateral side. TEER measurements were taken over 3 hours and HBSS was collected to 

analyse dextran concentration. Following the end of the 3 hours the peptide solution was 

removed and the TEER was measured every 15 minutes for 1 hour to measure recovery. 

4.2.3 Preparation of Caco-2 lysates for western blot 

Caco-2 cells were grown on transwell filters until confluent. The cells were then washed with 

4°C PBS. Filters were cut out and placed in a 1.5 mL eppendorf tube. 500 µL of RIPA buffer 

with 12.5 µL protease and phosphatase inhibitors was added to the flask, and the cells were 

scraped off of the filters. Cells were left to lyse for 10 minutes on ice. The cells in the buffer 

were centrifuged for 10 minutes at 10000 g at 4°C. The supernatant was collected, and the 

pellet discarded. The lysate was either used immediately or stored at -80°C. 

4.2.4 Animals 

Male Wistar rats weighing 250-300 g were used in in vivo experiments. Rats were bred in house 

at the University of Bath. Rats were kept on a 12/12-hour light dark cycle. Experiments were 

conducted at the midpoint of the light cycle ± 3 hours. Rats had ad lib access to food and water 

throughout housing up to the beginning of experimental procedures. Following experimental 

procedures rats were euthanised by exposure to increasing concentration of CO2. 

4.2.5 Intraluminal Injection 

Rats were anaethetised using 5% inhaled isoflurane. Once anaesthesia was achieved, rats 

were transferred to a nose cone to maintain anaesthesia. Using surgical scissors, a 2 cm lateral 
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cut was made in the skin and muscle wall of the rat abdomen. Enough of the intestine was 

removed to locate the jejunum. A 25G needle was used to inject the test substance directly into 

the lumen of the jejunum. A permanent marker was used to mark the mesentery adjacent to 

the injection site so that it could be identified. 

4.2.6 In vivo gentamicin absorption 

10 mg/kg gentamicin was injected by intraluminal injection with 20 mM PIP250 series peptides 

and blood samples were taken after 15, 30, 45, 60 and 90 minutes. In separate experiments,20 

mM PIP250 series peptides were injected alone by intraluminal injection, followed by 

intraluminal injection of 10 mg/kg gentamicin after 30 or 60 minutes. Blood samples were 

collected in the same schedule as previously. Subcutaneous injection of gentamicin and 

intraluminal injection of gentamicin only were performed as control experiments.  

4.2.7 Collection of serum samples for LC/MS 

Blood samples were collected using a 27G needle from the portal vein. Each sample was 100 

μL of blood. Samples were collected into 1.5 mL Eppendorf tubes. Blood samples were allowed 

to clot at room temperature for 20 minutes. Clotted blood was centrifuged at 2000 x G for 20 

minutes. The serum was pipetted into a separate Eppendorf tube. Serum was mixed 1:3 with 

acetonitrile to precipitate protein content. The samples were centrifuged at 2000 G for 20 

minutes. The supernatant was collected and stored at -80 °C until analysis. Blood clots were 

disposed of as biohazard waste. 

4.2.8 Collection and preparation of injection site for western blot 

Following injection of PIP peptides, the rat was euthanised and a 2 cm segment of the intestine, 

with the injection site in the middle, was cut out and immediately placed in ice cold PBS. The 

tissue was then placed in a 5 mL Eppendorf tube with 1 mL RIPA buffer and 20 μL protease 

and phosphatase inhibitors. Tissue was cut into small chunks with scissors and left on ice for 

20 minutes. It was then centrifuged at 4000 x g at 4 °C for 10 minutes. The supernatant was 

removed and stored at -80 °C until analysis. 

4.2.9 LCMS/MS analysis of serum concentration of gentamicin 

LC-MS analyses were performed using an Agilent QTOF 6545 with Jetstream ESI spray source 

coupled to an Agilent 1260 Infinity II Quat pump HPLC with 1260 autosampler, column oven 

compartment and variable wavelength detector (VWD). The MS was operated in positive 

ionization mode with the gas temperature at 250°C, the drying gas at 12 L/min and the nebulizer 
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gas at 45 psi (3.10 bar). The sheath gas temperature and flow were set to 350°C and 12 L/min, 

respectively. The MS was calibrated using reference calibrant introduced from the independent 

ESI reference sprayer. The VCap, Fragmentor and Skimmer was set to 3500, 100 and 45 

respectively. Chromatographic separation of a 5 µL sample injection was performed on a 

InfinityLab Poroshell 120 EC-C18 (3.0 x 50 mm, 2.7 µm) column using H20 (Merck, LC-MS 

grade) with 0.1 % formic acid (FA, Fluka) v/v and methanol (MeOH, VWR, HiPerSolv) with 0.1 

% FA v/v as mobile phase A and B, respectively. The column was operated at flow rate of 0.3 

mL/min at 40°C starting with 1 % mobile phase B for 3 min, thereafter the gradient was initiated 

and ran for 2 min to a final 100% B, held at 100% B for 3 min then returned to 1% B, held for 

re-equilibration for 3.9 min in a total 12 min run time. The VWD was set to collect 254 and 320 

nm wavelengths at 2.5 Hz. Data processing was automated in Qual B 07.00 with a Find by 

formula matching tolerance of 10 ppm. 

4.2.10 Western blot 

Western blots were run on 12% SDS-PAGE gels. Protein samples were mixed 1:1 with loading 

buffer and denatured by heating at 95 °C for 5 minutes. 20 μL of protein samples were loaded 

into separate wells in the gel. The gels were immersed in running buffer and ran at 200V for 

30-60 minutes, based on the molecular weight of the target protein. Proteins were transferred 

from the gel to a membrane at 30V for 60-90 minutes. Membranes were blocked with 5% bovine 

serum albumin in TBS-T for two hours. Membranes were incubated with primary antibodies 

diluted in TBS-T at 4 °C overnight. Unbound primary antibodies were washed off with TBS-T 

three times. Membranes were then incubated with fluorescently tagged secondary antibodies 

at room temperature for 2 hours. Unbound secondary antibodies were washed off with TBS-T 

three times. Membrane bands were analysed using a Licor imaging system. 

4.2.11 Protein peptide binding 

His-tagged PP1 was immobilised in nickel-coated 96-well plates by incubating 100 µL 15 µg/mL 

PP1 solution in wells for 1 hour at room temperature. Wells were washed three times with PBS-

T. Wells were incubated with 100 µL of a range of concentrations of biotinylated PIP peptides 

or MYPT1 at room temperature for 1 hour. Wells were washed three times with PBS-T. PIP-

bound wells were incubated with streptavidin-alexafluor488 at room temperature for 1 hour 

then washed with PBS-T. MYPT1 bound wells were incubated with rabbit anti-MYPT1 antibody 

for 1 hour, washed and then incubated with donkey anti-rabbit IgG antibody tagged with 

alexafluor546 for 1 hour. Fluorescence was measured using a plate reader. MYPT1 binding 
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assay was repeated with increasing concentrations of PIP peptides present during MYPT1 

incubation. 

4.2.12 Data analysis 

Data were analysed and displayed in GraphPad Prism. TEER was expressed as % of the initial 

value measured for each well before PIP peptide application. Flux of FD4 was measured across 

Caco-2 monolayers and used to calculate PAPP using the formula: 

𝑃𝐴𝑃𝑃 =  
𝛿𝑄/𝛿𝑡

𝐴 ×  𝐶0
 

Where δQ is the change in the amount of dextran in the basal lateral compartment (μg), δt is 

the change in time (seconds), A is the diffusion area (cm2) and C0 is the initial concentration of 

dextran in the apical compartment. TEER was calculated subtracting the resistance from the 

blank well from the resistance from the Caco-2 wells and then multiplied by the surface area of 

the filter insert, 1.12 cm2. TEER was expressed as % of the initial value for each individual well. 

AUC for the serum concentration of gentamicin was calculated between 15 and 90 minutes in 

GraphPad Prism using the trapezoid rule.  

Western blot intensities were measured using ImageJ software. Intensities were normalised so 

that control values were equal to 1.  

Binding curves were calculated in GraphPad Prism using one-site binding hyperbola fitting. 

4.2.13 Materials 

Materials used for peptide synthesis and biochemical assays shown in table 2.1and table 2.4, 

and materials used in in vivo studies shown in table 3.1. 

Table 4.2: Reagents used for protein/peptide binding assays 

Reagent Supplier Product number 

Donkey anti-rabbit IgG-A546 Invitrogen A10040 

Nickel coated 96-well plate Thermo scientific 15342 

Rabbit Anti-MYPT1 Invitrogen PA5-95040 

Streptavidin-A488 Invitrogen S11223 
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4.3 Results 

4.3.1 Replacing Phe-3 eliminates effect on TEER in Caco-2 monolayers 

PIP250 series peptides were applied to the apical surface of Caco-2 monolayers and TEER 

was measured for 180 minutes. Figure 4.1 shows the effect of PIP250, PIP251 and PIP253 on 

TEER. Apical application of PIP250 to Caco-2 monolayers reduced TEER to 51.6% of baseline 

by 3 hours. This is consistent with PIP250 effects previously described in chapter 2. PIP251 

reduced TEER to 62.7%, whereas PIP253 only reduced TEER to 88%. A one-way ANOVA 

showed that the data sets were significantly different (p=0.0013), and a Bonferroni’s post-test 

showed the effects of PIP250 and PIP251 on TEER were significantly different from the 

untreated control. PIP253 did not show a significant difference from control.   

 

Figure 4.1: Effect of 5mM PIP peptides on Caco-2 monolayer TEER. Data are means 土 SD expressed 

as a percentage of baseline TEER before peptides were applied. n=3 
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4.3.2 Replacing Val-5 eliminates effect on TEER in Caco-2 monolayers 

Figure 4.2 shows the effect of PIP250, PIP252 and PIP254 on TEER. Again, apical application 

of PIP250 had an effect on TEER consistent with what was previously observed. PIP252 

reduced TEER to 66% of baseline. PIP254 only reduced TEER to 85% of baseline. A one-way 

ANOVA showed that the data sets were significantly different (p=0.0247), and a Bonferroni’s 

post-test showed the effect of PIP250 on TEER was significantly different from the untreated 

control. 

 

Figure 4.2: Effect of 5 mM PIP peptides on Caco-2 monolayer TEER. Data are means 土 SD expressed 

as a percentage of baseline TEER before peptides were applied. n=3 
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4.3.3 Replacing Phe-3 or Val-5 reduces PIP-induced PAPP increase of Caco-2 

monolayers  

Over the same time course of TEER measurements, the transport of 4 kDa fluorescent dextran 

across Caco-2 monolayers treated with PIP250 series peptides was measured. This was used 

to calculate PAPP of the monolayers. Figure 4.3 shows PAPP between 30 and 180 minutes of PIP 

treatment. Untreated Caco-2 monolayers had a PAPP of 0.60 x 10-5 cm/s. Apical application of 

PIP250 increased PAPP to 1.65 x 10-5 cm/s. PIP251 increased it 1.68 x 10-5 cm/s and PIP252 to 

1.47 x 10-5 cm/s. PAPP after PIP253 application was 0.87 x 10-5 cm/s and after PIP254 

application it was 0.51 x 10-5 cm/s. An unpaired, two-tailed t-test showed that the effect of 

PIP250 (p=0.006), PIP251 (p=0.006) and PIP252 (p=0.005) were significantly different from 

untreated control. PIP253 and PIP254 did not show any significant differences from the control.      

 

Figure 4.3: Effect of PIP peptides on PAPP to 4 kDa dextran in Caco-2 monolayers. Data are means 土 

SD. n=3 * p<0.05 compared to control with unpaired, two-tailed t-test. 

4.3.4 pMLC levels following treatment with modified PIP250 series peptides 

The ratio of pMLC to MLC in Caco-2 monolayers was measured by analysing western blot band 

intensities. Figure 4.4 shows the ratio of pMLC to MLC following treatment with PIP250 series 
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peptides. Following the application of PIP250 to Caco-2 monolayers, the ratio of pMLC to MLC 

was significantly increased compared to untreated control monolayers. The ratio was 1.97 

when normalised so that control ratio = 1. Both PIP251 and PIP252 also increased the ratio of 

pMLC to MLC, however to a lesser extent than PIP250. The ratio was 1.37 and 1.33 

respectively. PIP253 and PIP254 did not significantly increase the ratio of pMLC to MLC. 

 

Figure 4.4: (A) Ratio of pMLC:MLC western blot intensities in Caco-2 monolayers following application 

of PIP250 series peptides for 3 hours. Data are means + SD and normalised so that control = 1. n=3. * 

p<0.05 compared to control in two-tailed un-paired t-test. Representative western blots for (B) MLC and 

(C) pMLC.  

4.3.5 Effects on TEER recovery after washing off of modified PIP250 series peptides 

In addition to measuring TEER while PIP peptides were applied to Caco-2 monolayers, 

peptides were washed off and TEER was measured for another 90 minutes. Figure 4.5 shows 
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the recovery of TEER following washing off of PIP250 peptides. After 90 minutes since washing 

off PIP250, TEER had not significantly recovered. Before washing, TEER was 49.3% of initial 

baseline and 90 minutes after washing it was 54%. Before washing off PIP251, TEER was 

57.7% of baseline and 90 minutes post wash it was 94% of baseline. By this point it was no 

longer statistically different from baseline. Before washing off PIP252, TEER was 55.3% of 

baseline and 90 minutes post wash it had slightly recovered to 70% of baseline. Although it 

was still statistically different from baseline. 

 

Figure 4.5: TEER values across Caco-2 monolayers following washing off of PIP250 series peptides. ↑ 

Point where peptides were washed off. Data are means ± SD n=3. * p < 0.05 compared to untreated with 

two-tailed un-paired t-test 

4.3.6 Effects on PAPP recovery after washing off of modified PIP250 series peptides 

After peptides were washed off, the apical compartment was also replaced with FD4 without 

peptide, and the transport was measured for another 90 minutes. Transport was used to 

calculate PAPP after peptides were removed. Figure 4.6 shows PAPP of Caco-2 monolayers in 

90 minutes following washing off of PIP250 peptides. Control wells had a PAPP of 0.05 x 10-6 
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cm/s. PAPP for PIP250 and PIP252 wells were still statistically different from control, at 0.21 and 

0.19 x 10-6 cm/s respectively. PAPP for PIP251 wells was not statistically different from control 

at 0.07 x 10-6 cm/s.   

 

Figure 4.6: PAPP of Caco-2 monolayers for 90 minutes after washing off PIP250 series peptides. Data 

are means ± SD. n=3. * p < 0.05 compared to control with two-tailed unpaired t-test. 

4.3.7 Effect of PIP250 series peptides on in vivo antibiotic absorption 

Gentamicin (10 mg/kg) and 20 mM PIP peptides were co-injected into rats by intraluminal 

injection. Figure 4.7 shows the absorption of gentamicin after co-injection with PIP peptides. 

Gentamicin alone did not give detectable levels of gentamicin in serum samples (data not 

shown on graph). PIP250, PIP251 and PIP252 all increased gentamicin serum concentration 

with TMAX at 45 minutes. Gentamicin CMAX was 3.79 µg/mL after co-injection with PIP250, 1.63 

µg/mL after co-injection with PIP251 and 3.62 µg/mL after co-injection with PIP252.  
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Figure 4.7: Serum concentration of gentamicin following intraluminal injection with PIP250 series. Data 

are means ± SD. n=3. 

4.3.8 Gentamicin absorption after delayed injection following PIP peptide injection 

PIP peptides were also injected alone, followed by an intraluminal injection of gentamicin alone 

after a delay of 30 or 60 minutes. Figure 4.8 shows the serum concentration of gentamicin 

following intraluminal injection 30 or 60 minutes after PIP peptides, compared with co-injection. 

When injected 30 minutes after PIP250 (panel B), gentamicin concentration is higher than 

following co-injection, with a CMAX of 10.03 µg/mL compared to 3.79 µg/mL. When injected 

60 minutes after PIP250, CMax of gentamicin decreases to 1.46 µg/mL. When injected 30 

minutes after PIP251 (panel C), gentamicin concentration is lower than following co-injection, 

with a CMax of 0.64 µg/mL compared to 1.63 µg/mL. When injected 30 minutes after PIP252 

(panel D), gentamicin concentration is also lower than following co-injection, with a CMax of 0.19 

µg/mL compared to 3.79 µg/mL. Panel A shows the AUC calculated from the pharmacokinetic 

profiles. Co-injection of PIP250 and gentamicin gave an AUC of 155 µg/mL.min and gentamicin 

30 or 60 minutes after PIP250 gave 584 µg/mL.min and 68.6 µg/mL.min respectively. Co-

injection of PIP251 and gentamicin gave an AUC of 97.7 µg/mL.min and gentamicin 30 after 
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PIP251 gave 32.9 µg/mL.min. Co-injection of PIP252 and gentamicin gave an AUC of 127.4 

µg/mL.min and gentamicin 30 after PIP252 gave 8.6 µg/mL.min. 

 

 

Figure 4.8: Serum gentamicin concentration following delayed intraluminal injection after PIP250 series 

peptide injection. A) Summary of AUC calculated from the other graphs. B) Gentamicin concentration 

following injection with 0, 30- or 60-minute delay after injection of PIP250, (C) 0 or 30-minute delay after 

injection of PIP251, and (D) 0 or 30-minute delay after injection of PIP252. Data are means + SD. n=3. 

4.3.9 Effect of PIP250 series peptides on occludin and claudin-2 levels 

The level of occludin and claudin-2 in Caco-2 cells was measured by western blot of cell 

lysates. Figure 4.9 shows the effect of PIP peptides on occludin and claudin-2 levels in 

polarised Caco-2 monolayers. PIP250 and PIP252 significantly reduced the level of occludin 

to 65.8% and 61.4% of control levels respectively. PIP251 treatment reduced occludin to 84.1% 

compared to control, though this was not statistically significant. PIP250, PIP251 PIP252 

increased claudin-2 levels to 122%, 116%, and 138% of baseline levels respectively.  
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Figure 4.9: (A) Band intensity measured from western blots for occludin in lysates from Caco-2 

monolayers treated with PIP peptides. Data are normalised so the control = 1. Data are means + SD. 

n=3 * p<0.05 compared to control in two-tailed un-paired t-test. Representative western blots for (B) 

claudin-2 and (C) occludin following treatment with PIP250 series peptides. 

4.3.10 PP1/PIP binding 

The binding of PIP250 series peptides to PP1 was assessed by a sandwich style binding assay. 

His-tagged PP1 was trapped on nickel coated 96 well plates and incubated with biotin labelled 

PIP peptides. PIP binding was determined by fluorescence measurement after incubation with 

fluorescent streptavidin. Figure 4.10 shows the amount of peptide detected after different 

concentrations were incubated with PP1. For each peptide, the amount detected increased 

with increasing concentration. PIP250 and PIP252 levels began to increase above 50 µM, 



 

138 
 

whereas PIP251 did not begin to increase until 100 µM respectively. Binding reached a steady 

maximum effect at 5 mM for each peptide. MYPT11-299 binding to PP1 was assessed in the 

same assay. Bound MYPT1 increased with concentration between 1 nM and 10 µM. Non-linear 

curve regression analysis was used to determine the apparent KD (KDapp) values of PIP peptide 

binding to PP1. These values are displayed in table 4.3. 

 

Figure 4.10: Fluorescence measurements following incubation of PP1 with PIP peptides at various 

concentrations. Fluorescence is normalised to % of maximum signal n=3.  

The assay for MYPT1 to PP1 binding was repeated with competition from PIP peptides to 

assess the efficacy of the peptides at displacing MYPT1. The binding of MYPT1 to PP1 with 

increasing concentrations of PIP peptides is shown in figure 4.11. 

PIP250, PIP251 and PIP252 inhibited binding of MYPT1 to PP1. Increasing concentrations of 

PIP250 decreased MYPT1 binding to PP1, starting at 5 µM. Inhibition with PIP251 and PIP252 

required a higher concentration. At the highest PIP peptide concentrations tested, PIP250 

reduced MYPT1 binding to 3.8% of uninhibited binding, PIP251 reduced binding to 63% and 

PIP252 reduced binding to 25.5%. Apparent Ki values derived from the inhibition curves were 

162 µM, 69.5 mM and 5.2 mM respectively. 
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Figure 4.11: Binding of MYPT11-299 to PP1 in competition with PIP peptides. Data displayed as % of 

MYPT1 binding with no PIP peptide present. n=3 

Table 4.3: KD and Ki values calculated for PP1/Peptide binding derived from binding curves 

Peptide/Protein KDapp (µM) Kiapp (µM) 

PIP250 610 162 

PIP251 1282 69510 

PIP252 724 5195 

MYPT11-299 0.05 n/a 
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4.4 Discussion 

As previously shown in chapter 2, PIP250 is able to increase the permeability of the Caco-2 

monolayer in an intestinal epithelial model. This increase in permeability corresponds to an 

increase in pMLC over the same time scale. In this chapter I have investigated the role of 

individual amino acids in the effect of PIP250. Specifically, I have looked at phenylalanine at 

position 3 and valine at position 5. These are analogous to the phenylalanine and valine in the 

RVxF binding motif on MYPT1 that is known to bind to PP1 in the formation of MLCP. Therefore, 

I hypothesised that these residues would be required for PIP250 to have its interaction with 

PP1 and therefore its subsequent effects on permeability. A strategy to examine the effect of 

the residues without changing the fundamental chemical properties, by substituting in another 

hydrophobic residue, and also the effect of the hydrophobicity by substituting in a charged 

hydrophilic residue was devised.  

When a hydrophobic alanine replaced either phenylalanine (in PIP251) or valine (in PIP252), 

the effect on TEER and PAPP is broadly the same as with PIP250. There may be a small drop 

in effect, but this is not statistically significant. However, replacing these amino acids with the 

charged residue aspartic acid, as in PIP253 and PIP254, almost completely removed the PIP 

induced increase in permeability and decrease in TEER. These data suggest that the 

phenylalanine and valine in these positions are important, but that it is the hydrophobic nature 

of the side chains that is most important. This is consistent with what is known about the 

interaction of MYPT1 and PP1. The RVxF binding motif of MYPT1 is known to embed in a 

hydrophobic pocket in the structure of PP1. So a charged sidechain in these positions appears 

to stop the peptide having its effect.  

This is backed up by the data on the phosphorylation of MLC. Following application of PIP250, 

PIP251 or PIP252, the level of pMLC relative to total MLC is increased. PIP253 and PIP254 

have no significant effect on pMLC/MLC ratio. This again suggests that hydrophobic residues 

at these key positions causes the peptide to inhibit the enzyme. Replacing the phenylalanine 

or valine with alanine does slightly reduce the increase in pMLC/MLC ratio, however it appears 

to be enough to have the downstream effects on TEER and PAPP. This suggests that while the 

PIP251 and PIP252 inhibit PP1, they may have less efficacy. As the amino acids involved in 

binding have been changed, this may be due to a weaker interaction between the peptides and 

PP1.   
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Next the recovery of the monolayers following removal and washing off of the peptides was 

examined. I hypothesised that if the binding was weaker the peptides may dissociate quicker, 

leading to a quicker recovery to baseline. One hour after washing off, monolayers that had 

been treated with PIP250 still showed a significantly increased PAPP and reduced TEER 

compared to the control. This is consistent with data from chapter 2. In contrast, monolayers 

that had been treated with PIP251 had returned to the same PAPP and TEER as the control. 

There was also some recovery in TEER following PIP252 being washed off, though this did not 

correspond to a reduction in PAPP. This suggests that the smaller alanine at the phenylalanine 

position is still able to interact with the binding pocket on PP1, but the interaction is weakened 

enough that the tight junctions are able to recover quickly once the peptide is removed. It is 

possible that while all three peptides interact with MLCP in a similar way, the interaction of 

PIP250 with the enzyme is stronger, meaning that it stays associated for longer after it is 

washed off. Potentially, a weaker interaction between PIP251 and MLCP could result in a more 

rapid dissociation, and a quicker return to baseline physiological conditions. The results 

suggest that PIP252 is between PIP250 and PIP251 in terms of the dissociation after washing.  

When tested in vivo, PIP250 was able to deliver gentamicin into the blood following co-injection 

into the jejunum. PIP251 was also able to deliver gentamicin, however whereas the in vitro data 

shows very little decrease in effect of PIP251 compared to PIP250, in vivo the gentamicin levels 

are noticeably lower with an AUC of 90.5 µg/mL·min compared to 155 µg/mL·min for PIP250. 

Although lower than PIP250, PIP251 mediated gentamicin absorption still compares well to 

subcutaneous gentamicin. Co-injection of PIP252 with gentamicin delivered more gentamicin 

than PIP251, with an AUC of 127.4 µg/mL·min.  Using the AUC and the doses of gentamicin 

administered, the relative bioavailability (FREL) can be calculated using the formula: 

𝐹𝑅𝐸𝐿  =  
𝐴𝑈𝐶𝐼𝐿  × 𝐷𝑆𝐶

𝐴𝑈𝐶𝑆𝐶  ×  𝐷𝐼𝐿
 × 100 

This gives an FREL of 36.5% for PIP250, 21.3% for PIP251 and 31.0% for PIP252.  

After 30 minutes, the serum concentration of gentamicin is similar for all three peptides tested 

in vivo, with all showing a moderate increase in gentamicin. Then between 30 and 45 minutes, 

there is a rapid increase in concentration in animals injected with gentamicin and PIP250 or 

PIP252. This is not seen with PIP251. This suggests that there are two stages to the increase 

in permeability induced by PIP250 and PIP252, and that the second stage is not present with 

PIP251. This correlates with the effect the peptides have on occludin levels in vitro. PIP250 
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and PIP252 significantly reduce the amount of occludin detected in Caco-2 cells after treatment. 

PIP251 appears to reduce occludin to a lesser extent. This suggests that occludin down-

regulation could be responsible for the greater increase in gentamicin concentration with 

PIP250 and PIP252. As PIP251 and PIP252 show similar levels of effect of pMLC but significant 

differences in occludin levels, it suggests that there is a secondary mechanism of action 

involved. In addition to the effects on occludin, these peptides also affect the level of claudin-

2. As previously described in chapter 2, PIP250 increases claudin-2 in Caco-2 cells, though to 

a lesser extent than PIP640. The effect of PIP250 and PIP640 was pMLC-dependent. In 

contrast to occludin, both PIP251 and PIP252 had the same effect on claudin-2 as PIP250. As 

they all increase pMLC this supports the hypothesis that the claudin-2 effects are downstream 

of pMLC effects. 

Following a 30-minute delay between PIP250 and gentamicin injection, the amount of 

gentamicin in the blood is significantly higher than with co-injection. This suggests that the 

effect of PIP250 is still increasing at 30 minutes. With the same delay between PIP251 and 

gentamicin, there is a lower amount of gentamicin in the blood compared to co-injection. 

Following a 60-minute delay between PIP250 and gentamicin injection, there is still gentamicin 

absorption higher than PIP251 with a 30-minute delay. Following a 60-minute delay after 

PIP251 or PIP252, there was no gentamicin detected. These data suggest that PIP250 is 

having an effect for a longer time after injection than PIP251 and PIP252, which is consistent 

with the in vitro data showing an improved recovery profile for PIP251 and PIP252 compared 

to PIP250. Interestingly, though PIP252 only showed partial recovery in vitro, it shows the best 

recovery in vivo. 

Modifications to the sequence of PIP250 increase the rate of recovery in cell and animal models 

with the working hypothesis that the changes lead to weaker binding between the peptides and 

PP1, leading to a more transient effect due to quicker dissociation. I looked at the binding of 

the peptides to PP1 and PIP250, PIP251 and PIP252 all bound to PP1 at the concentrations 

tested. The KD values calculated from the binding data are shown in table 4.3. PIP250 bound 

to PP1 with a KD of 610 µM, PIP252 with a KD of 724 µM and PIP251 with a KD of 1284 µM. 

The KD for MYPT1 binding to PP1 was 0.05 µM. Firstly this shows that the peptides all bind at 

a much lower affinity than MYPT1. Additionally, the modifications that increase the speed of 

recovery do indeed reduce the binding affinity to PP1. The smaller decrease in binding affinity 

of PIP252 appears enough to increase recovery without significantly affect the maximum 
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response in vivo, whereas the larger decrease in affinity of PIP251 also reduces the 

bioavailability of gentamicin delivered. 

This binding data shows that the peptides bind to PP1 in isolation, however in order to work by 

the proposed mechanism of action they need to be able to displace MYPT1 from PP1 which 

has a much higher binding affinity. To assess this, Ki values were calculated from a competition 

binding assay between the peptides and MYPT1, by measuring the ability of MYPT1 to bind to 

PP1 with increasing concentrations of PIP peptides. Each peptide inhibited MYPT1 binding to 

PP1 suggesting that they can prevent the formation of MLCP. PIP250 is most effective at 

inhibiting binding with a lower concentration required for effective inhibition. PIP252 is less 

effective than PIP250 but more effective than PIP251, suggesting the ability to inhibit 

MYPT1/PP1 binding is correlated to the peptide effectiveness and recovery rate. This further 

supports the hypothesis that disruption of the MLCP holoenzyme is the mechanism of action 

as a permeation enhancer and that decreased binding results in faster recovery from the effect.  

To be used clinically, a permeation enhancer would have to have a transient action that reliably 

returns to physiological conditions, so the increase in permeability is limited to the time of the 

drug delivery and there is no prolonged or lasting impact on the integrity of the epithelium. The 

data suggest that PIP251 and PIP252 enhance the absorption of gentamicin. PIP251 appears 

to be a lot less effective than PIP250, but with a shorter time to recover to resting conditions. 

PIP252 delivers similar levels of gentamicin to PIP250, but the recovery by 30 minutes is 

significantly better, and appears to be slightly better than PIP251.  

Taken together, these data show that PIP252 has a similar profile of enhancing permeability to 

PIP250 but has a significantly better recovery time. This makes it the most promising candidate 

as a transient permeation enhancer out of the peptides that have been tested. 
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5 General Discussion 

Protein therapeutics are limited by their low oral bioavailability. The objective of this thesis is to 

study the effects of peptide tight junction (TJ) modulators and optimise their action as 

permeation enhancers for candidate drug molecules. TJs are multi-protein structures creating 

a semi-permeable junction between epithelial cells. TJ proteins are continuously turned over to 

maintain TJ structure and allow remodelling to regulate the permeability. Alteration in the levels 

of proteins localised to the TJ affect the nature of permeability. For example, claudin molecules 

can promote or restrict permeation of solutes. Claudin-2, -7, and -15 promote TJ permeability 

to cations, whereas claudin-3, -5, and -8 restrict permeability. Additionally, the TJ protein 

complex is anchored to the actin cytoskeleton, and actin-myosin contraction or relaxation 

causes TJ opening or closing [61]. Actin-myosin contraction is regulated by phosphorylation of 

myosin light chain (MLC), which is controlled by MLC kinase (MLCK) and MLC phosphatase 

(MLCP). Activation of MLCK by various upstream signals phosphorylates MLC to promote tight 

junction opening. Dephosphorylation of MLC by MLCP returns TJs to the closed, resting state 

[357]. In this resting state, the size of molecules that can move through the tight junction pore 

is limited to around 4Å in diameter [26]. The two lead peptides, PIP250 and PIP640, were 

designed to inhibit MLCP and therefore have an effect on pMLC levels similar to activation of 

MLCK. Both peptides were designed to inhibit the formation and activity of the MLCP 

holoenzyme, PIP250 by disrupting binding of a targeting subunit (MYPT1) and PIP640 by 

mimicking an inhibitory subunit (CPI-17). Figure 5.1 shows the proposed model of PIP action. 

The data presented on the levels of pMLC show that both PIP250 and PIP640 do increase the 

level of pMLC in epithelial cells, when applied to Caco-2 cells in vitro and rat jejunum in vivo. 

This corresponds to an increase in permeability to the drugs and markers tested in vitro and in 

vivo over the same time frame. Therefore, this supports the hypothesis that PIP250 and PIP640 

increase permeability by inhibiting MLCP to increase pMLC levels. The increase in pMLC 

appears to be slower, but more sustained, for PIP250 than PIP640. PIP640 also appears to 

increase the level of pMLC to a slightly higher peak. However, the overall level of increase is 

similar for both peptides. Despite the fact that both peptides work to increase pMLC levels, 

there are differences in the nature of the permeability mediated by each peptide. PIP250 has a 

greater increase on permeability to the smaller markers tested than PIP640. TEER, a measure 

of paracellular resistance to small ions, is decreased more by PIP250 and permeability to 

gentamicin, the smallest drug tested, is increase more with PIP250 than PIP640. Whereas peak 
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flux of the larger markers of 4 kDa fluorescent dextran (FD4) and insulin appears to be 

increased more by PIP640 than PIP250.     

 

Figure 5.1: Cartoon representation of the proposed model of MLCP inhibition by PIP peptides. (A) In the 

normal formation of MLCP, MYPT1 binds to a non-catalytic site of PP1, increasing its dephosphorylation 

activity of pMLC and decreasing its dephosphorylation of other substrates. (B) Phosphorylation of CPI-

17 converts it to a potent inhibitor of MLCP which blocks the active site. (C) Phosphorylation of MYPT1 

inhibits the association of MYPT1 with MLC, reducing the specificity of MLCP. (D) PIP250 binds at the 

primary MYPT1 binding site on PP1, competitively inhibiting the binding of MYPT1. This reduces the 

specificity of PP1 for pMLC. (E) PIP640 binds to the catalytic site of PP1 and prevents substrate binding. 
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Broadly speaking, while both size and charge of solutes are important for PIP250 and PIP640 

-induced permeability, size appears to be more important for PIP250 and charge appears to be 

more important for PIP640. The difference in the level of pMLC may be involved in the 

differences in permeability of different sized drugs seen between the two peptides. If PIP640 

increases pMLC it may be opening TJs to a greater extent and resulting in a larger pore. 

However, this would not explain the difference in charge selectivity, or the fact that PIP250 

appears to produce a greater increase in permeability to smaller molecules than PIP640.  

The data shown on the level of tight junction proteins show differences between the effects of 

PIP250 and PIP640. Most significantly, both peptides increase levels of cation pore forming 

claudin-2, though the effect is significantly greater for PIP640, and occludin levels are down-

regulated by PIP250 but not PIP640. The level of claudin-2 upregulation in Caco-2 cells 

following application of PIP peptides correlates with the extent of cation selectivity of Caco-2 

monolayer permeability. This suggests that the upregulation of claudin-2 is responsible for the 

charge selectivity, and the difference in charge selectivity seen with PIP250 and PIP640. 

Occludin down regulation is associated with increased permeability of tight junctions, therefore 

the PIP250-induced occludin down-regulation could explain the greater increase in permeability 

to certain markers. These data lead me to hypothesise that PIP-induced increase in pMLC 

causes tight junction opening and claudin-2 upregulation promotes cation flux, whereas 

occludin downregulation increases general permeability. Additionally, the TJ pore size 

becomes more significant as the size of drug increases.  

The effect on TJ protein levels may be downstream of TJ opening, however it is unlikely that 

differences in pMLC increase between PIP250 and PIP640 fully explains the various changes 

in TJ proteins. It is worth noting in the model of PIP250 and PIP640 mechanism of action (figure 

5.1) that PIP250 leaves the catalytic site available for other substrates but not targeted to 

pMLC, whereas PIP640 blocks the catalytic site. This means that after PIP250 treatment, there 

is potentially an increase in non-targeted PP1 that could catalyse other protein 

dephosphorylations. PP1 dephosphorylates a wide range of proteins. Many, but not all of these 

require targeting subunit binding at the same site as PIP250. Therefore, there could be an 

increase in dephosphorylation of other substrates following PIP250 application due to more 

non-MLC-targeted PP1 available.           

In contrast, PIP640 blocks the PP1 catalytic site of PP1. In normal CPI-17 inactivation of MLCP, 

the inhibitory potential of pCPI-17 is specific to MLCP due to the fact that it is dephosphorylated 
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by PP1 unless MYPT1 is bound. The MYPT1/PP1 complex cannot dephosphorylate CPI-17. 

This makes it an inhibitor of MLCP but a non-inhibitory substrate of other PP1 enzymes. PIP640 

is based on the sequence including the crucial phosphorylation site of CPI-17 (Thr-38). 

However, the threonine has been replaced by a phosphomimetic glutamic acid. This allows it 

to recognise and bind to the catalytic site, but clearly it cannot be dephosphorylated regardless 

of the other subunits bound to PP1 as there is no actual phosphate group present. Therefore, 

PIP640 could inhibit PP1 activity other than just MLCP. 

This suggests that while both PIP250 and PIP640 inhibit MLCP, PIP250 may do so selectively 

while also increasing the dephosphorylation of other proteins, whereas PIP640 non-specifically 

inhibits PP1-catalysed dephosphorylation. If this is the case, in addition to their effects of pMLC 

levels, PIP250 and PIP640 could have opposing effects on the phosphorylation of other 

proteins. This may contribute to the different effects on tight junction proteins observed between 

the two peptides. Indeed, application of PIP250 with MLCK inhibition still decreased occludin 

levels, showing this effect is not through the pMLC mechanism. In contrast, the same inhibition 

of MLCK prevented the PIP-induced increase in claudin-2, suggesting that this is downstream 

of pMLC effects.   

Another difference in the profile of permeability increase induced by the peptides is that for 

many of the markers tested there appears to be two phases to the effect of PIP250. Initially 

there is a small increase in permeability for roughly the first 30 minutes, followed by a second 

distinct greater increase in permeability between 30 and 60 minutes. In contrast, permeability 

with PIP640 treatment simply increases rapidly after administration. This suggests there are 

two separate processes involved in PIP250 induced permeability, but only one with PIP640. As 

occludin downregulation only happens with PIP250, this could be the second process required 

for the full effect of PIP250. The downregulation of occludin is repeated in vivo, though the 

effect is not apparent until 45 minutes after injection, which is slower than the effects on pMLC. 

Some of the modifications made to PIP250, for example PIP251, removed the apparent second 

stage to permeability in vivo, and this peptide also did not downregulate occludin. This further 

supports the hypothesis that occludin downregulation is a slower separate phase to PIP250 

induced permeability. 

PIP250-mediated permeability is slower to recover than with PIP640. This could limit its 

practicality as a permeation enhancer by allowing too much non-specific permeability for too 

long after drug absorption has taken place. This could leave the body vulnerable to both 
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invasion by pathogens or toxins and impaired control over water and solute homeostasis 

between the lumen and the rest of the body. I hypothesised that this was due to a higher binding 

affinity of PIP250 to PP1, and therefore slower dissociation between the peptide and protein. 

To test this, modifications to the sequence of PIP250 were made, as shown in chapter 4. 

Peptides where hydrophobic side chains were retained at the binding site whilst changing the 

specific amino acids, maintained their permeability enhancement but showed quicker recovery. 

Binding studies between these peptides and PP1 demonstrated that the binding affinity is 

reduced. PIP250:PP1 binding had a KD of 610 µM. The phenylalanine to alanine substitution in 

PIP251 changed the KD to 1282 µM and the valine to alanine substitution in PIP252 changed 

the KD to 724 µM. Lowering the binding affinity did not prevent the permeation enhancement of 

the peptides but did increase the recovery rate.  

Another possibility is that occludin downregulation takes longer to recover which is the reason 

for slower recovery with PIP250. However, PIP252 causes the same level of occludin 

downregulation as PIP250 but shows a quicker recovery, especially in vivo. Therefore, the 

downregulation of occludin by itself is not likely to be the cause of slower recovery. 

Taken all together, the data demonstrate the peptides have potential to deliver drugs orally that 

normally have low bioavailability via that route. There is still further work that can be done to 

characterise the peptides. The peptides are designed to act as cell penetrating peptides to 

enter the epithelial cells where they then interact with MLCP. Previous studies have shown PIP 

peptides localise within Caco-2 cells following application [364], however no quantification of 

PIP uptake has been measured. The uptake mechanism has also not been looked at. PIP250 

takes longer to have its full effect than PIP640. As discussed earlier, this may be due to a 

slower process being involved in PIP250 mechanism of action. However, it cannot be ruled out 

that a different rate of uptake contributes to the different rate.  
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Figure 5.2: Proposed model for the effects of PIP peptides on tight junctions 

Understanding the uptake into cells of the peptides may help design a peptide that can enter 

the epithelial cells more efficiently. This could lead to peptides that work quicker or are effective 

at lower concentrations. Rational sequence modifications based on the binding affinity of 

PIP250 to PP1 have been made. This produced a peptide with an improved activity and 

recovery profile to PIP250. However, this does not necessarily represent the best possible 

profile, and further investigation into the sequence could yield more peptides with potential as 

permeation enhancers. 

Another key consideration is the fate of the peptides after uptake into the epithelial cells. They 

can enter the cells, but it is not clear whether they remain there until they are degraded, or if 

they can leave the epithelial cells and enter the systemic circulation. The peptides have the 

potential to inhibit MLCP in whichever tissues they end up in, which could potentially have 

effects on other tight junctions in different endothelia and epithelia.      
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