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Abstract 

Achieving high oral bioavailability for drugs is a key design objective in drug development. It is not surprising 

then that with the growing expectation of peptides as future drugs, there has also been an increasing interest in 

developing oral peptide therapeutics. Brought to the fore are questions such as what makes peptides orally 

bioavailable and how this can be achieved; questions which have inspired research into the area for decades. 

Early research in the area focused on linear peptides with more recent literature focusing on cyclic peptides, 

motivated in part by cyclic peptides like cyclosporine A that have demonstrated drug-like oral bioavailability. In 

this review, we take a look at research on the oral bioavailability of peptides, focusing on factors that affect 

passive permeability.   

 

1. Introduction 

As evident from recent literature on cyclic peptides
1-4

 and the papers published in this issue,
5-13

 there is 

significant interest in cyclic peptides as therapeutics. The reason for this interest is founded not only on the 

belief that cyclic peptides have advantages over other drug modalities but also the growing perception that they 

are a privileged sub-class among peptides as a whole because of their greater potential to be 'drug-like', as 

opposed to linear peptides for example. Supporting this trending view is the growing number of examples of 

cyclic peptides or analogues thereof that have oral activity or oral bioavailability.
14-20

 Achieving high oral 

bioavailability is one of the most important goals in drug design, as it will result in lower doses of the 

administered drug, fewer side effects and, potentially, higher patient compliance.  

The purpose of this review is to reflect on past and recent studies to provide perspectives on what affects 

peptide oral bioavailability. Although we will highlight some studies on linear peptides, we will focus on cyclic 

peptides and factors that affect their passive absorption, and briefly mention factors that affect other 

mechanisms of absorption towards the end of the review. 

 

2. From the 'gut' to the 'blood' 

Oral bioavailability is defined as the fraction of an orally administered drug that reaches systemic circulation. 

Once consumed, the drug must cross the enterocyte layer (in addition to other biological barriers) to reach blood 

vessels on the other side, as illustrated in Figure 1. Passage from one side of the cell layer to the other is referred 

to as cell permeability, and involves two possible pathways: the paracellular pathway, in which the drug passes 

through tight junctions between enterocytes; and the transcellular pathway, in which the drug passes through 
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enterocytes. Transcellular transport involves either active transport, which is mediated by transporters 

embedded in the cell membrane, or passive transport, in which the drug diffuses across the lipid membrane. It is 

important to distinguish between these various transport mechanisms because different factors are likely to have 

differing effects on peptide permeability depending on the transport pathway.  

 

3. On the road of oral bioavailability 

Seminal studies by Lipinski,
21

 Veber
22

 and others
23

 on the properties of drugs that are favorable for oral 

bioavailability have shaped much of the modern view of 'drug-likeness', but have lead to the prescription that 

peptides are poor drugs. As these studies have been based mainly on small molecules (e.g. in Lipinski's study,
21

 

87 peptides were excluded), the question often asked is whether these guidelines apply to peptides? In other 

words, are new guidelines required to determine drug-likeness of peptides? 

Inspiring the quest for a more focused understanding of what governs peptide oral bioavailability is the example 

of cyclosporin A (CsA), a peptide drug regarded to have revolutionized human organ transplant surgery. 

Although there is some controversy about its discovery,
24-26

 early studies noted that CsA was orally 

bioavailable;
25

 however, the result was initially difficult to reproduce because its formulation affected the 

measured oral bioavailability.
25-26

 Since the initial report of its oral bioavailability in humans of 30% (with 

values ranging from 10 to 60%) when administered within a chocolate drink,
27

 subsequent studies have 

confirmed the importance of the delivery concoction, with reports of higher oral bioavailability (e.g. 40% for a 

microemulsion formulation of CsA called Neoral
28

) and reduced variability in absorption depending on the 

formulation used. Although the formulation clearly has an effect on oral bioavailability, an in-depth discussion 

of peptide-drug formulation is beyond the scope of this review; instead, we will focus on the structural features 

of peptides that affect their absorption. In this respect, CsA is distinguished from other peptides with low oral 

absorption by its cyclic backbone, the presence of non-canonical amino acids (e.g. N-methylated amino acids) 

and its conformational flexibility – specific details on these factors will be discussed in Section 4. 

Figure 2 arranges selected studies on peptide oral bioavailability in a chronological display, starting with the 

discovery of CsA in the early 1970's and highlighting examples of cyclic peptides with moderate to high oral 

bioavailability. Although we made every effort to include all relevant studies, we are aware that the timeline, 

limited by size, is not exhaustive in its coverage. The timeline can perhaps be divided into two periods, starting 

with the 'dawn' of peptide oral bioavailability studies around the 1990's, which mainly encompasses works from 

the research groups of Burton
29-33

 and Borchardt.
34-38

 Although not a research article, the work by Humphrey
39

 

is highlighted in this period because its review of 20 peptides (some linear and others cyclic) and related drugs 
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identified factors that affect peptide absorption that are still intensely studied today. Following this period, is the 

'renaissance' led mainly by the research groups of Lokey and Jacobson,
16, 40-46

 and Kessler.
15, 47-50

 As shown in 

Figure 2, these groups reported cyclic peptides with very promising oral bioavailability (e.g. a somatostatin 

analog with ~10% oral bioavailability
15

 and a leucine-rich peptide with ~30% oral bioavailability
16

), which 

were surprising because they challenged the widely-held perception that peptides have poor oral bioavailability. 

Along with these studies, contributions from the groups of Fairlie
18, 51-52

 and Craik
17, 53

 and others
54

 have 

progressed our understanding of what makes peptides cross membranes. 

  

4. Factors affecting passive permeability 

Of the different transport pathways, a greater flux of drugs across the epithelial layer can in principle be 

achieved through passive transport if it is accessible to the drug. In this section, we discuss some of the key 

factors that affect passive permeability of peptides, including hydrogen bonds, lipophilicity, size, flexibility and 

structure.  

4.1. Hydrogen bonds 

As peptides transition across a lipid bilayer, they encounter differing solvent environments, e.g. they move from 

an aqueous environment with a high dielectric constant to the bilayer core which has a low dielectric constant 

(Figure 3). In the aqueous environment, the hydrogen bond acceptors and donors of the peptide participate in 

hydrogen bonds with solvent water molecules, unless they are shielded from the solvent because of the local 

conformation or are involved in internal hydrogen bonds. These solvent interactions are disrupted upon entering 

the bilayer, leading to an energetic penalty that disfavors permeability.
29

 Based on this premise, any peptide 

modification that reduces solvent interactions (e.g. through modification of hydrogen bond donors and 

acceptors
15-17

 or by shielding them from solvent
18, 45, 51

) should enhance peptide permeability (Figure 3A). 

Based on studies of linear peptides by Conradi et al.,
29

 it was proposed that a major impediment to peptide 

passive absorption is the energy required to break water-peptide hydrogen bonds in order for the peptide to 

enter the cell membrane. A subsequent study
31

 on N-methylated peptides found that modification of backbone 

amides (i.e. potential hydrogen bond donors) increased permeability, supporting the aforementioned hypothesis 

and distinguishing the hydrogen bond network as a determinant of peptide permeability.
29, 33-34

 Echoing these 

earlier studies, more recent studies on cyclic peptides have confirmed that the hydrogen bond network also 

affects passive permeability of cyclic peptides,
40-41, 45

 and N-methyation of exposed amides enhances 

permeability.
15-17

 For example, White et al.
16

 report, using an elegant chemical approach, the discovery of a 

cyclic N-methylated peptide with small-molecule-like oral bioavailability. Design of peptides with high oral 
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bioavailability is also possible using structure-guided approaches, such as using NMR experiments to 

specifically target amides for modification;
17

 these studies highlight the utility of structural information,
15-16, 18, 

40, 45, 48, 51
 as the structure defines which amides are exposed and contribute to the energetic penalty limiting 

permeability. Although hydrogen bonds (both internal and external) certainly play a role in determining 

permeability, it has been difficult to predict permeability based on hydrogen bond counts (either internal or 

external) because other factors also influence permeability,
53

 such as structure, flexibility and lipophilicity.  

4.2. Lipophilicity 

Cyclic peptides require a degree of lipophilicity to cross a membrane – they can be neither too lipophobic nor 

too lipophilic. Peptides that are too lipophobic do not readily insert into the membrane, and therefore cannot 

cross to the other side, whereas peptides that are too lipophilic may insert too readily into the membrane, overly 

favouring the membrane-bound state and resulting in poor overall transport. The factors that contribute to 

peptide lipophilicity are varied and include hydrophobicity, which helps drive the peptide into the hydrophobic 

lipid bilayer core via the hydrophobic effect (a phenomenon related more to the cohesiveness between water 

molecules than the ‘attraction’ between hydrophobic surfaces). Another factor that affects lipophilicity is the 

hydrogen bond network; so, although lipophilicity is represented here as a separate factor to hydrogen bonds, 

the two are not completely independent of each other. 

It is widely-established that lipophilicity is an important parameter for drug permeability of small molecules and 

peptides.
35, 39, 55

 For cyclic peptides, there is a strong positive correlation between lipophilicity and cell 

permeability, 
42-43, 45, 53

 confirming that lipophilicity is also a key determinant of permeability for cyclic peptides 

as well; however, the trend reverses for very lipophilic compounds.
53

 Within the positive correlation region, 

side-chain substitutions that increase (or decrease) lipophilicity are correlated with an increase (or decrease) in 

permeability.
42-43, 45, 53

 N-methylation, which was mentioned above as a means of modifying the hydrogen bond 

network, also introduces additional methyl groups that increase lipophilicity, resulting in increased 

permeability. (In cases where lipophobic peptides that are highly N-methylated have been reported to have high 

membrane permeability, it is thought that those peptides are predominantly transported by mechanisms other 

than passive diffusion.) At high lipophilicity, however, reduced aqueous solubility and increased affinity for the 

membrane results in a negative correlation between lipophilicity and permeability,
53

 suggesting that caution 

should be exercised at high lipophilicity. Studies on small molecules have identified that other caveats are 

associated with increasing lipophilicity, including higher levels of target promiscuity
56

 and increased risks of 

toxicity.
57

  

4.3. Ionization  
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As for small molecules, it is expected that the charge state of a peptide will affect its diffusion through a lipid 

membrane. Specifically, an uncharged peptide would diffuse more readily through a lipid environment than a 

charged peptide. Indeed, increasing the content of charged amino acids in cyclic peptides is linked to reduced 

permeability;
42, 46, 53

 reduced lipophilicity is also observed, indicating that charged peptides have lower lipid 

solubility and therefore limited diffusion through a lipid bilayer. 

4.4. Solubility 

Poor aqueous solubility, which can arise from high lipophilicity, limits the fraction of the administered amount 

that is available in solution in its desired form to move across the membrane; according to Fick’s Law of 

diffusion, the lower effective concentration (or more precisely the lower concentration gradient across the 

diffusion path) will result in reduced passive transport. The fraction that is not soluble will aggregate, 

potentially acquiring characteristics that are unfavorable for passive diffusion, such as increased size. Poor 

aqueous solubility also leads to variability in experimental results. For example, in early studies, very low oral 

absorption was sporadically observed for CsA,
25-26

 which is very poorly soluble in water, although it is now 

known that CsA exhibits high oral absorption provided an appropriate formulation is used.
28

 In in vitro 

permeability experiments, poor solubility can result in low recovery, producing permeability results that are 

lower than predicted
42

 or expected based on structure-permeability correlations.
53

  

4.5. Size 

Adapting the Stokes-Einstein relation to cyclic peptides, the diffusion coefficient (which represents the rate of 

diffusion) is expected to be inversely proportional to the molecular radius (i.e. the hydrodynamic radius if the 

peptide is solvated), a parameter which is in turn dependent on molecular weight. Using NMR diffusion 

measurements, it was observed that as molecular weight increases, so does size (in general) and shape 

(modulated by tertiary structure), resulting in larger radii and slower diffusion for cyclic peptides.
58

 Attempts 

have been made to consider the molecular radius in computational predictions of cyclic peptide permeability
42

 

and larger cyclic peptides tend to have poor permeability.
46

 Additionally, cyclic peptides that aggregate or self-

associate will have slower diffusion because of their larger effective radii.
58

 For example, the tendency of a 

cyclic penta-leucine peptide to aggregate was used to explain its relatively lower permeability.
51

 Aside from the 

diffusion coefficient, other factors are also correlated to molecular size; for example, larger peptides tend to 

have more hydrogen bond donors and acceptors, increasing the associated effect on permeability as discussed 

above. So far, the largest cyclic peptide with drug-like oral bioavailability is CsA (which 11 amino acids in 

length); it would be interesting to discover cyclic peptides that lie far beyond this (apparent) size frontier. 

Towards this goal, it has been proposed that utilizing the structural features of CsA that distinguishes it from 
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other peptides with low oral absorption (e.g. a cyclic backbone, non-canonical amino acids, and conformational 

flexibility) may be the key.
16

  

4.6. Flexibility 

In the discussion of the factors that affect permeability so far, it has been convenient to describe (implicitly) 

peptides as static systems with fixed and defined properties that determine whether they will be membrane 

permeable. However, even though cyclic peptides are expected to be more rigid than their linear counterparts, 

they can display varying degrees of dynamics depending on their chemical composition,
59

 which would affect 

how they are described in terms of permeability 'factors' and how they are expected to permeate. For example, 

rather than attempting to characterize cyclic peptides according to discrete hydrogen bond counts, it might be 

more appropriate to recognize that each hydrogen bond donor (or acceptor) has varying degrees of exposure to 

solvent and therefore varying degrees of contribution to the thermodynamics underlying permeability.  

Furthermore, the permeability process involves the movement of these dynamic systems between different 

solvent environments; consequently, the change in environment can induce change in peptide conformation 

(with the level of change dependent on how constrained the peptide is). Solvent-dependent conformational 

polymorphism of some membrane permeable peptides, such as CsA, led to the conformational hypothesis, 

which speculates that peptides that can shape-shift can negotiate into alternative energy pathways that are more 

favorable for permeability (Figure 3B).
16, 32, 40-42

 In chloroform, a solvent which mimics the environment of the 

lipid bilayer core, CsA enters a conformational space that is different to that in an aqueous environment but one 

that is more compatible with its current environment by hiding most of its hydrogen bond donors and acceptors 

in internal hydrogen bonds.
60

 The ability to change conformations may represent a strategy by which cyclic 

peptides can compensate for having other properties that are unfavorable for permeability, such as a larger size. 

The conformational hypothesis has been explored in more detail for cyclic hexapeptides, resulting in the finding 

that the change in conformation and its associated change in energy of insertion is highly predictive of passive 

permeability.
41

 The benefit of conformational change has been interpreted to mean that flexibility is important, 

but the important distinction is that although flexibility is required for conformational change, it is more 

important that the peptide can ‘flex’ into compatible conformations without being too flexible and not sampling 

the ‘desired conformations’ with sufficient frequency. Other studies on cyclic hexa- and hepta-peptides have 

suggested that rigidity is another permeability-determining factor.
18

 Although relatively rigid peptides may 

diffuse through membranes, it remains to be seen whether cyclic peptides of the size of CsA or larger that are 

rigid will be more permeable than those that can shift into energetically-preferred conformations. 

4.7. Structural motifs 
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It has been proposed that β-turn motifs and cis-peptide bonds are beneficial for peptide permeability.
35, 38

 
48, 50

 

The increased permeability of linear lipophilic peptides containing β-turn structural features has been explained 

by their increased lipophilicity (and improved hydrogen bond properties).
35

 This hypothesis might explain why 

some structural features have been observed more frequently in membrane-permeable peptides, including CsA: 

they are associated with physicochemical properties that are more favorable for permeability. For example, 

compared to an extended linear peptide, a β-turn-containing peptide would have one less hydrogen bond donor 

and acceptor completely solvent-exposed because they are involved in an internal hydrogen bond. Other 

structural motifs aside from the β-turn might also be beneficial for peptide permeability provided that they are 

associated with physicochemical properties that are more favorable for permeability. As well as assisting in 

passive diffusion of cyclic peptides,
38

 β-turn motifs have also been observed in cyclic lipophobic peptides that 

are not passively transported,
48

 suggesting that β-turn motifs might be useful structural components for 

accessing other transport pathways.  

4.8. Cyclization 

Here we attempt to link cyclization to the other factors that affect passive permeability. Compared to linear 

peptides of the same size, cyclic peptides sample a more restricted conformational space; if the conformations 

that favor permeability lie within this space and can be adequately sampled, then cyclic peptides will adopt 

those conformations more frequently than their linear counterparts, and therefore more frequently permeate the 

membrane. These conformations may be ones that contain β-turn motifs, exposed lipophilic atoms and side-

chains, have sufficient flexibility, and/or a large proportion of internal hydrogen bonds. Indeed, early studies 

comparing the permeability of cyclic and linear peptides observed significantly increased permeation for cyclic 

peptides, which was explained by increased lipophilicity and β-turn motifs.
38

 In backbone-cyclic peptides, the 

absence of free N- and C-termini reduce potential interactions between the peptide and solvent, which is 

desirable for permeability. A cyclic structure can also be more compact compared to a linear one, reducing its 

collision profile in solution and allowing it to diffuse faster through the membrane. Finally, cyclic peptides are 

typically more stable against chemical or enzymatic degradation than linear peptides, and therefore more 

peptide is available at each step of the transport process, resulting in greater overall amount transported. 

 

5. Other factors affecting absorption 

So far, we have focused on passive absorption; however, as alluded to in Figure 1, there are many barriers that 

affect oral bioavailability of peptides.
61-62

 In Figure 4, we highlight these barriers, starting with the peptide in 
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solution and ending with metabolism after absorption, and also identify some specific factors relevant to each 

barrier.  

Within the gastrointestinal tract, the administered peptide is susceptible to degradation by enzymes or acidic 

conditions in the stomach, reducing the amount available to be absorbed. Compared to linear peptides, cyclic 

peptides can show enhanced metabolic stability,
63-64

 and therefore potentially can have longer residence times 

within the gastrointestinal tract. It is worth noting that peptides containing cyclic structures formed by disulfide 

bonds may be affected by thiol-disulfide exchange reactions
65

 that would perturb their structures and 

subsequently might reduce their metabolic stabilities. 

Bulk flow within the gastrointestinal tract is not uniform and is limited above the epithelial layer, resulting in an 

unstirred water layer that is protected from convective mixing forces, slowing absorption of peptides from the 

bulk flow. Also on top of the enterocyte layer is the mucosal layer, which is a viscoelastic barrier that contains a 

large proportion of negatively-charged glycoproteins that will hinder movement of peptides due to ionic 

interactions. Furthermore, it has been shown that peptides >6.5 kDa have poor permeation across the mucus 

layer.
66

 However a cut-off in molecular size of peptides is difficult to define, as the mucus is a very dynamic 

system. 

Once past the mucus layer, peptides can passively diffuse across the cell layer and/or be transported actively 

and/or diffuse through the paracellular pathway. Paracellular transport is thought to be favored by small 

lipophobic peptides.
36

 Using mirror image peptides, it was demonstrated that cyclic peptides can be actively 

transported across cells.
49

 Active transporters, or more specifically efflux pumps, can also pump peptides back 

into the gastrointestinal lumen. For example, the amount of CsA transported across cells is affected by its 

binding to the efflux pump P-glycoprotein I.
67

  

Even after a peptide crosses the cell layer, other metabolic processes can affect the amount in systemic 

circulation. For example, the first-pass effect can reduce the amount of active parent peptide that reaches 

systemic circulation after absorption because of metabolic processes in the liver. Enzymes in serum can further 

reduce the amount of peptide once it is in circulation. There are many obstacles preventing a peptide drug from 

reaching its target site of action after oral administration and to make an evolutionary analogy, it is certainly a 

case of “survival of the fittest”. 

 

6. Conclusions and Future Perspectives 
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It is alluring to imagine a future where peptides form a significant proportion of approved drugs. For this 

aspiration to become a reality traditional drug-design paradigms dictate that we can easily deliver peptide drugs 

as oral therapeutics. Here, we have discussed some factors that affect peptide absorption, a precondition to oral 

bioavailability, including hydrogen bonds, lipophilicity, size, flexibility and structure. It is important to 

recognize that there is an interplay between many of these factors and that different factors will have differing 

effects depending on the transport pathway. Understanding these factors will hopefully enable the design of 

peptides that are orally bioavailable.  

Given the intense interest in peptides amongst pharmaceutical and biotechnology companies at present we 

believe that the future for peptide-based drugs is bright, despite the challenges associated with oral delivery.  

Cyclic peptides offer particular advantages over linear peptides and represent a particularly promising class of 

molecules in our opinion. We hope that the information and discussion in this article will stimulate researchers 

to address some of the challenges in this field. 
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Figure Captions 

 

Figure 1. Cell permeability and transport pathways. For an orally administered peptide to be absorbed into 

the blood system, it must pass through several barriers as depicted here, including a layer of epithelial cells. 

Transport across this cell layer is called cell permeability, and includes paracellular (between cells and through 

tight junctions) and transcellular (through cells). Transcellular transport is divided into either active (carrier 

mediated) or passive transport across the membrane lipid bilayer, as illustrated in the inset. 

 

Figure 2. A timeline of studies on peptide oral bioavailability, highlighting selected studies. Published 

studies and some of their main findings are shown and are grouped roughly according to their associated 

research groups. They are colored according to the decade in which they were published (the colors for each 

decade are shown on the arrow in the middle of the figure) for studies on cyclic peptides; articles describing 

mainly linear peptides are shaded with a grey background. Selected cyclic peptides reported to have interesting 

permeability or oral bioavailability are shown in circles with their chemical structures, reported oral 

bioavailability and size. 

 

Figure 3. Passive permeability of cyclic peptides across a lipid bilayer. Panel A shows the surface and stick 

representation of a cyclic hexa-peptide (with a red background) that has poor permeability across the lipid 

bilayer (schematically represented as a head group with hydrophobic tails). The surface of the peptide 

comprises hydrophobic regions (orange), which would favor the membrane core environment, and polar regions 

(red and blue), which interact with solvent water molecules if they are exposed to the solvent. After N-

methylation of specific amides that are solvent-exposed, the peptide (within the green box) has increased 

permeability. As a result of N-methylation, the surface has an increased hydrophobic surface area and reduced 

polar surface area, as well as reduced interactions with solvent water molecules. Panel B shows cyclosporine A 

undergoing conformational change as it transitions into the membrane. The change in conformation facilitates 

permeability. 

 

Figure 4. Barriers to absorption and associated factors. After being dissolved in solution, a peptide is 

challenged by the contents of the gut, and then must pass through the mucus and unstirred water layer, followed 

by the cell membrane. Before reaching systemic circulation, a peptide will encounter the first-pass effect (i.e. it 

might be metabolized in the liver). Adapted from a figure by Humprey.
39

  

 

Page 17 of 21

John Wiley & Sons, Inc.

Biopolymers: Peptide Science

This article is protected by copyright. All rights reserved.



13 

 

References 

 

1. Heinis, C., Nat Chem Biol 2014, 10, 696-8. 

 

2. Harris, K. S.; Durek, T.; Kaas, Q.; Poth, A. G.; Gilding, E. K.; Conlan, B. F.; Saska, I.; Daly, N. L.; van der 

Weerden, N. L.; Craik, D. J.; Anderson, M. A., Nat Commun 2015, 6, 10199. 

 

3. Ito, K.; Sakai, K.; Suzuki, Y.; Ozawa, N.; Hatta, T.; Natsume, T.; Matsumoto, K.; Suga, H., Nat Commun 2015, 

6, 6373. 

 

4. Daly, N. L.; Thorstholm, L.; Greenwood, K. P.; King, G. J.; Rosengren, K. J.; Heras, B.; Martin, J. L.; Craik, D. 

J., J Biol Chem 2013, 288, 36141-8. 

 

5. Leenheer, D.; ten Dijke, P.; Hipolito, C., this issue 2016. 

 

6. Hruby, V. J., this issue 2016. 

 

7. Koehbach, J.; Clark, R. J., this issue 2016. 

 

8. Cunha, N.; Barbosa, A.; Almeida, R.; Porto, W.; Maximiano, M.; Alvares, L.; Munhoz, C.; Eugenio, C.; Viana, 

A. A.; Franco, O.; Dias, S., this issue 2016. 

 

9. Li, Y.; Aboye, T.; Shekhtman, A.; Camarero, J. A., this issue 2016. 

 

10. Garg, N.; Goto, Y.; Chen, T.; van der Donk, W. A., this issue 2016. 

 

11. Melander, E.; Eriksson, C.; Jansson, B.; Göransson, U.; Hammarlund-Udenaes, M., this issue 2016. 

 

12. Craik, D. J.; Göransson, U.; Moss, G.; Tan, N. H.; Shim, Y. Y.; Jianheng, S.; Jadhav, P.; Reaney, M. J., this issue 

2016. 

 

13. Philippe, G.; Huang, Y. H.; Cheneval, O.; Lawrence, N.; Zhang, Z.; Fairlie, D. P.; J., C. D.; de Araujo, A. D.; 

Henriques, S. T., this issue 2016. 

 

14. Wang, W.; Borchardt, R. T.; Wang, B., Curr Med Chem 2000, 7, 437-53. 

 

15. Biron, E.; Chatterjee, J.; Ovadia, O.; Langenegger, D.; Brueggen, J.; Hoyer, D.; Schmid, H. A.; Jelinek, R.; Gilon, 

C.; Hoffman, A.; Kessler, H., Angew Chem Int Ed Engl 2008, 47, 2595-9. 

 

16. White, T. R.; Renzelman, C. M.; Rand, A. C.; Rezai, T.; McEwen, C. M.; Gelev, V. M.; Turner, R. A.; Linington, 

R. G.; Leung, S. S.; Kalgutkar, A. S.; Bauman, J. N.; Zhang, Y.; Liras, S.; Price, D. A.; Mathiowetz, A. M.; Jacobson, M. 

P.; Lokey, R. S., Nat Chem Biol 2011, 7, 810-7. 

 

17. Wang, C. K.; Northfield, S. E.; Colless, B.; Chaousis, S.; Hamernig, I.; Lohman, R. J.; Nielsen, D.; Schroeder, C. 

I.; Liras, S.; Price, D. A.; Fairlie, D. P.; Craik, D. J., Proc Natl Acad Sci 2014, 111, 17504-17509. 

 

18. Nielsen, D. S.; Hoang, H. N.; Lohman, R. J.; Hill, T. A.; Lucke, A. J.; Craik, D. J.; Edmonds, D. J.; Griffith, D. 

A.; Rotter, C. J.; Ruggeri, R. B.; Price, D. A.; Liras, S.; Fairlie, D. P., Angew Chem Int Ed Engl 2014, 53, 12059-63. 

 

19. Wong, C. T.; Rowlands, D. K.; Wong, C. H.; Lo, T. W.; Nguyen, G. K.; Li, H. Y.; Tam, J. P., Angew Chem Int 

Ed Engl 2012, 51, 5620-4. 

 

Page 18 of 21

John Wiley & Sons, Inc.

Biopolymers: Peptide Science

This article is protected by copyright. All rights reserved.



14 

 

20. Clark, R. J.; Jensen, J.; Nevin, S. T.; Callaghan, B. P.; Adams, D. J.; Craik, D. J., Angew Chem Int Ed Engl 2010, 

49, 6545-8. 

 

21. Lipinski, C. A.; Lombardo, F.; Dominy, B. W.; Feeney, P. J., Adv Drug Deliv Rev 2001, 46, 3-26. 

 

22. Veber, D. F.; Johnson, S. R.; Cheng, H. Y.; Smith, B. R.; Ward, K. W.; Kopple, K. D., J Med Chem 2002, 45, 

2615-23. 

 

23. Valko, K.; Butler, J.; Eddershaw, P., Expert Opin Drug Discov 2013, 8, 1225-38. 

 

24. Heusler, K.; Pletscher, A., Swiss Med Wkly 2001, 131, 299-302. 

 

25. Borel, J. F.; Kis, Z. L.; Beveridge, T., The History of the Discovery and Development of Cyclosporine 

(Sandimmune®). In The Search for Anti-Inflammatory Drugs, Merluzzi, V., Adams, J., Eds. Birkhäuser Boston: 1995; pp 

27-63. 

 

26. Stahelin, H. F., Experientia 1996, 52, 5-13. 

 

27. Beveridge, T.; Gratwohl, A.; Michot, F.; Niederberger, W.; Nüesch, E.; Nussbaumer, K.; Schaub, P.; Speck, B., 

Curr Ther Res Clin Exp 1981, 30, 5-18. 

 

28. Guan, P.; Lu, Y.; Qi, J.; Niu, M.; Lian, R.; Hu, F.; Wu, W., Int J Nanomedicine 2011, 6, 965-74. 

 

29. Conradi, R. A.; Hilgers, A. R.; Ho, N. F.; Burton, P. S., Pharm Res 1991, 8, 1453-60. 

 

30. Karls, M. S.; Rush, B. D.; Wilkinson, K. F.; Vidmar, T. J.; Burton, P. S.; Ruwart, M. J., Pharm Res 1991, 8, 1477-

81. 

 

31. Conradi, R. A.; Hilgers, A. R.; Ho, N. F.; Burton, P. S., Pharm Res 1992, 9, 435-9. 

 

32. Goodwin, J. T.; Mao, B.; Vidmar, T. J.; Conradi, R. A.; Burton, P. S., J Pept Res 1999, 53, 355-69. 

 

33. Goodwin, J. T.; Conradi, R. A.; Ho, N. F.; Burton, P. S., J Med Chem 2001, 44, 3721-9. 

 

34. Kim, D. C.; Burton, P. S.; Borchardt, R. T., Pharm Res 1993, 10, 1710-4. 

 

35. Knipp, G. T.; Vander Velde, D. G.; Siahaan, T. J.; Borchardt, R. T., Pharm Res 1997, 14, 1332-40. 

 

36. Pauletti, G. M.; Okumu, F. W.; Borchardt, R. T., Pharm Res 1997, 14, 164-8. 

 

37. Gao, J.; Sudoh, M.; Aube, J.; Borchardt, R. T., J Pept Res 2001, 57, 316-29. 

 

38. Okumu, F. W.; Pauletti, G. M.; Vander Velde, D. G.; Siahaan, T. J.; Borchardt, R. T., Pharm Res 1997, 14, 169-

75. 

 

39. Humphrey, M. J., The Oral Bioavailability of Peptides and Related Drugs. In Delivery Systems for Peptide Drugs, 

Davis, S. S., Illum, L., Tomlinson, E., Eds. Springer US: 1986; Vol. 125, pp 139-151. 

 

40. Rezai, T.; Yu, B.; Millhauser, G. L.; Jacobson, M. P.; Lokey, R. S., J Am Chem Soc 2006, 128, 2510-1. 

 

41. Rezai, T.; Bock, J. E.; Zhou, M. V.; Kalyanaraman, C.; Lokey, R. S.; Jacobson, M. P., J Am Chem Soc 2006, 128, 

14073-80. 

 

Page 19 of 21

John Wiley & Sons, Inc.

Biopolymers: Peptide Science

This article is protected by copyright. All rights reserved.



15 

 

42. Rand, A. C.; Leung, S. S.; Eng, H.; Rotter, C. J.; Sharma, R.; Kalgutkar, A. S.; Zhang, Y.; Varma, M. V.; Farley, 

K. A.; Khunte, B.; Limberakis, C.; Price, D. A.; Liras, S.; Mathiowetz, A. M.; Jacobson, M. P.; Lokey, R. S., 

Medchemcomm 2012, 3, 1282-1289. 

 

43. Hewitt, W. M.; Leung, S. S.; Pye, C. R.; Ponkey, A. R.; Bednarek, M.; Jacobson, M. P.; Lokey, R. S., J Am Chem 

Soc 2015, 137, 715-21. 

 

44. Schwochert, J.; Turner, R.; Thang, M.; Berkeley, R. F.; Ponkey, A. R.; Rodriguez, K. M.; Leung, S. S.; Khunte, 

B.; Goetz, G.; Limberakis, C.; Kalgutkar, A. S.; Eng, H.; Shapiro, M. J.; Mathiowetz, A. M.; Price, D. A.; Liras, S.; 

Jacobson, M. P.; Lokey, R. S., Org Lett 2015, 17, 2928-31. 

 

45. Bockus, A. T.; Lexa, K. W.; Pye, C. R.; Kalgutkar, A. S.; Gardner, J. W.; Hund, K. C.; Hewitt, W. M.; 

Schwochert, J. A.; Glassey, E.; Price, D. A.; Mathiowetz, A. M.; Liras, S.; Jacobson, M. P.; Lokey, R. S., J Med Chem 

2015, 58, 4581-9. 

 

46. Ahlbach, C. L.; Lexa, K. W.; Bockus, A. T.; Chen, V.; Crews, P.; Jacobson, M. P.; Lokey, R. S., Future Med 

Chem 2015, 7, 2121-30. 

 

47. Ovadia, O.; Greenberg, S.; Chatterjee, J.; Laufer, B.; Opperer, F.; Kessler, H.; Gilon, C.; Hoffman, A., Mol Pharm 

2011, 8, 479-87. 

 

48. Beck, J. G.; Chatterjee, J.; Laufer, B.; Kiran, M. U.; Frank, A. O.; Neubauer, S.; Ovadia, O.; Greenberg, S.; Gilon, 

C.; Hoffman, A.; Kessler, H., J Am Chem Soc 2012, 134, 12125-33. 

 

49. Marelli, U. K.; Bezencon, J.; Puig, E.; Ernst, B.; Kessler, H., Chemistry 2015, 21, 8023-7. 

 

50. Marelli, U. K.; Ovadia, O.; Frank, A. O.; Chatterjee, J.; Gilon, C.; Hoffman, A.; Kessler, H., Chemistry 2015, 21, 

15148-52. 

 

51. Hill, T. A.; Lohman, R. J.; Hoang, H. N.; Nielsen, D. S.; Scully, C. C.; Kok, W. M.; Liu, L.; Lucke, A. J.; 

Stoermer, M. J.; Schroeder, C. I.; Chaousis, S.; Colless, B.; Bernhardt, P. V.; Edmonds, D. J.; Griffith, D. A.; Rotter, C. J.; 

Ruggeri, R. B.; Price, D. A.; Liras, S.; Craik, D. J.; Fairlie, D. P., ACS Med Chem Lett 2014, 5, 1148-51. 

 

52. Nielsen, D. S.; Lohman, R. J.; Hoang, H. N.; Hill, T. A.; Jones, A.; Lucke, A. J.; Fairlie, D. P., Chembiochem 

2015, 16, 2289-93. 

 

53. Wang, C. K.; Northfield, S. E.; Swedberg, J. E.; Colless, B.; Chaousis, S.; Price, D. A.; Liras, S.; Craik, D. J., Eur 

J Med Chem 2015, 97, 202-13. 

 

54. Goetz, G. H.; Philippe, L.; Shapiro, M. J., ACS Med Chem Lett 2014, 5, 1167-72. 

 

55. Waring, M. J., Bioorg Med Chem Lett 2009, 19, 2844-51. 

 

56. Leeson, P. D.; Springthorpe, B., Nat Rev Drug Discov 2007, 6, 881-90. 

 

57. Hughes, J. D.; Blagg, J.; Price, D. A.; Bailey, S.; Decrescenzo, G. A.; Devraj, R. V.; Ellsworth, E.; Fobian, Y. M.; 

Gibbs, M. E.; Gilles, R. W.; Greene, N.; Huang, E.; Krieger-Burke, T.; Loesel, J.; Wager, T.; Whiteley, L.; Zhang, Y., 

Bioorg Med Chem Lett 2008, 18, 4872-5. 

 

58. Wang, C. K.; Northfield, S. E.; Swedberg, J. E.; Harvey, P. J.; Mathiowetz, A. M.; Price, D. A.; Liras, S.; Craik, 

D. J., J Phys Chem B 2014, 118, 11129-11136. 

 

59. Wang, C. K.; Swedberg, J. E.; Northfield, S. E.; Craik, D. J., J Phys Chem B 2015, 119, 15821-30. 

Page 20 of 21

John Wiley & Sons, Inc.

Biopolymers: Peptide Science

This article is protected by copyright. All rights reserved.



16 

 

 

60. Klages, J.; Neubauer, C.; Coles, M.; Kessler, H.; Luy, B., Chembiochem 2005, 6, 1672-8. 

 

61. Bruno, B. J.; Miller, G. D.; Lim, C. S., Ther Deliv 2013, 4, 1443-67. 

 

62. Leonaviciute, G.; Bernkop-Schnurch, A., Expert Opin Drug Deliv 2015, 12, 1703-16. 

 

63. Colgrave, M. L.; Craik, D. J., Biochemistry 2004, 43, 5965-75. 

 

64. Wang, C. K.; Gruber, C. W.; Cemazar, M.; Siatskas, C.; Tagore, P.; Payne, N.; Sun, G.; Wang, S.; Bernard, C. C.; 

Craik, D. J., ACS Chem Biol 2014, 9, 156-63. 

 

65. Huck, C. W.; Pezzei, V.; Schmitz, T.; Bonn, G. K.; Bernkop-Schnurch, A., J Drug Target 2006, 14, 117-25. 

 

66. Bernkop-Schnürch, A.; Fragner, R., Pharmacy and Pharmacology Communications 1996, 2, 361-363. 

 

67. Saeki, T.; Ueda, K.; Tanigawara, Y.; Hori, R.; Komano, T., J Biol Chem 1993, 268, 6077-80. 

 

 

 

Page 21 of 21

John Wiley & Sons, Inc.

Biopolymers: Peptide Science

This article is protected by copyright. All rights reserved.



  

 

 

Figure 1. Cell permeability and transport pathways. For an orally administered peptide to be absorbed into 
the blood system, it must pass through several barriers as depicted here, including a layer of epithelial cells. 

Transport across this cell layer is called cell permeability, and includes paracellular (between cells and 

through tight junctions) and transcellular (through cells). Transcellular transport is divided into either active 
(carrier mediated) or passive transport across the membrane lipid bilayer, as illustrated in the inset.  
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Figure 2. A timeline of studies on peptide oral bioavailability, highlighting selected studies. Published studies 
and some of their main findings are shown and are grouped roughly according to their associated research 
groups. They are colored according to the decade in which they were published (the colors for each decade 

are shown on the arrow in the middle of the figure) for studies on cyclic peptides; articles describing mainly 
linear peptides are shaded with a grey background. Selected cyclic peptides reported to have interesting 

permeability or oral bioavailability are shown in circles with their chemical structures, reported oral 
bioavailability and size.  
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Figure 3. Passive permeability of cyclic peptides across a lipid bilayer. Panel A shows the surface and stick 
representation of a cyclic hexa-peptide (with a red background) that has poor permeability across the lipid 

bilayer (schematically represented as a head group with hydrophobic tails). The surface of the peptide 

comprises hydrophobic regions (orange), which would favor the membrane core environment, and polar 
regions (red and blue), which interact with solvent water molecules if they are exposed to the solvent. After 
N-methylation of specific amides that are solvent-exposed, the peptide (within the green box) has increased 

permeability. As a result of N-methylation, the surface has an increased hydrophobic surface area and 
reduced polar surface area, as well as reduced interactions with solvent water molecules. Panel B shows 
cyclosporine A undergoing conformational change as it transitions into the membrane. The change in 

conformation facilitates permeability.  
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Figure 4. Barriers to absorption and associated factors. After being dissolved in solution, a peptide is 
challenged by the contents of the gut, and then must pass through the mucus and unstirred water layer, 

followed by the cell membrane. Before reaching systemic circulation, a peptide will encounter the first-pass 
effect (i.e. it might be metabolized in the liver). Adapted from a figure by Humprey.  

233x83mm (300 x 300 DPI)  

 

 

Page 4 of 21

John Wiley & Sons, Inc.

Biopolymers: Peptide Science

This article is protected by copyright. All rights reserved.



  

 

 

Table of Contents Figure  
379x187mm (300 x 300 DPI)  

 

 

Page 5 of 21

John Wiley & Sons, Inc.

Biopolymers: Peptide Science

This article is protected by copyright. All rights reserved.




