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ABSTRACT

KEYWORDS

The remarkable growth of therapeutic peptide development in the past decade has led to a large number
of market approvals and the market value is expected to hit $25 billion by 2018. This signiﬁcant market
increase is driven by the increasing incidences of metabolic and cardiovascular diseases and technological
advancements in peptide synthesis. For this reason, the search for bioactive peptides has also increased
exponentially. Many bioactive peptides from food and nonfood sources have shown positive health
effects yet, obstacles such as the need to implement efﬁcient and cost-effective strategies for industrial
scale production, good manufacturing practices as well as well-designed clinical trials to provide robust
evidence for supporting health claims continue to exist. Several other factors such as the possibility of
allergenicity, toxicity and the stability of biological functions of the peptides during gastrointestinal
digestion would need to be addressed.

Introduction
The past decade has seen an exponential increase in bioactive
peptide research and the therapeutic peptide market value is
projected to reach $25 billion by 2018. The signiﬁcant issues
with toxicity, poor response rate, and the emergence of resistance among many patients have made the administration of
synthetic drugs less attractive. More so, an unhealthy diet is
one of the four main lifestyle risk factors for non-communicable diseases (NCDs) and a global strategy that supports a
healthy diet has become an integral part the World Health
Organization’s action plan for the prevention and control of
NCD’s (Mendis et al., 2015). Therefore, development of functional foods for speciﬁc health effects is on the increase. Bioactive peptides have proven to be particularly useful tools for
inhibiting protein-protein interactions due to their small size,
ease of production, exquisite potency and selectivity. Over the
years, important bioactive peptides have been identiﬁed in both
dietary and non-dietary sources. In foods, the search for bioactive peptides has mostly been carried out using empirical and
bioinformatic approaches or an integrated approach to obtain
in vitro data. The peptides remain inactive as long as they
remain in their parent protein structure, but exhibit activity
when cleaved intact by enzymes or by microbial fermentation
(Fig. 1) (Manzanares et al., 2015). Another means of biopeptide
discovery is by screening large phage display libraries to ﬁnd
novel bioactive peptides that bind to targets of interest with
desired biological properties. Peptides obtained by these methods become the basis for therapeutic molecule development. In
this review, we discuss the discovery, production, functionalities of bioactive peptides including antihypertensive, antimicrobial, anti-oxidation, stimulatory, and immunomodulatory
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abilities. Challenges in development of therapeutic peptides as
well as methods of improving their yields have also been
included.

Key motivations of bioactive peptide research
The increasing health care costs have prompted governments,
researchers, health professionals, and the food industry to ﬁnd
solutions as to how the problem can be managed efﬁciently.
Development of bioactive peptides from food proteins is propelled by the readily available and inexpensive protein raw
materials. The increasing consumer awareness of functional
food and their health promotion also motivates researchers to
pursue food derived bioactive peptides as therapeutics for
human disease treatments and prevention (Daliri and Lee,
2015). More so, the high selectivity, efﬁcacy, stability, safety,
bioavailability and tolerability of bioactive peptides make them
better alternatives compared to therapeutic classes. Peptides are
easily synthesized, optimized and evaluated as potential therapeutics for many diseases. These essential properties of peptides
have attracted the attention of governments, companies and
researchers towards developing peptide based therapeutics in
recent years. In line with this, there is remarkable increase in
the number of approved therapeutic peptides on the market as
researchers continue to develop new peptides using novel
strategies.

Discovering bioactive peptides
A variety of biologically active peptides are present in almost all
living organisms and hence, nature remains the most promising
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Figure 1. Bioactive peptides from food sources and their health effects.

source of bioactive peptides. An alternative source of bioactive
peptide is from genetic or recombinant libraries or from chemical libraries (Uhlig et al., 2014). According to current literature,
the major approaches in bioactive peptide discovery in nature
can be classiﬁed as empirical approach, bioinformatic approach
and the integrated approach (Fig. 2). Other studies have also
used peptide display technology for discovering important bioactive peptides (Hoogenboom, 2005; Wu et al., 2015).
The empirical approach
This is the most widely used method for the discovery of bioactive peptides from food proteins, and involves selection of protein sources of particular interest. The proteins are hydrolyzed
with food-grade proteolytic enzymes of particular speciﬁcity to
release numerous peptide fragments in the hydrolysate (Bougatef
et al., 2008; J. Chen et al., 2012; Silvestre et al., 2012; Darewicz
et al., 2014). Alternatively, the proteins could be fermented with

speciﬁc microorganisms to enhance peptide release by microbial
proteases (Garcıa-Tejedor et al., 2013; Nakamura et al., 2013; Ha
et al., 2015). The fermentates or hydrolysates are then fractionized and puriﬁed on the basis of their structural features. The
fractions are then tested in vitro for their potential health beneﬁt.
The fractions of the highest in vitro ability are further fractionated to separate the peptides in the fraction. Usually, the peptides in the active fractions are identiﬁed using liquid
chromatography coupled with mass spectrometry (Ahn et al.,
2009; Garcia-Tejedor et al., 2014; Koyama et al., 2014). Using
this approach, Bidasolo et al. (2012) digested donkey’s milk
casein with pepsin and Corolase PPÒ to recover a large number
of peptides with various functional properties. In a similar way,
we fermented whey with different lactobacillus species and
obtained many different peptides some of which had antihypertensive activity (Ahn et al., 2009). Though this approach enhances the discovery of new bioactive peptides in various protein
samples, it usually overlooks the activity of less concentrated
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Figure 2. Methods for discovering bioactive peptides.

peptide fragments which may also be potent. It is also expensive
and very time consuming (if not impossible) to chemically synthesize all the peptides that may be present in a fraction of digest
for screening purposes. Therefore, bioinformatic approaches
have been developed to help in identifying bioactive peptides.
The bioinformatic-driven (in silico) approach
The in silico approach involves the use of information accrued
in databases to determine the frequency of occurrence of
encrypted bioactive peptides in the primary structure of proteins. These data bases contain many protein sequence information which make it possible to identify speciﬁc amino acid
sequences in the parent protein which have been reported to be
bioactive. Since the occurrence of the peptides does not necessarily indicate liberation of the encrypted peptides, certain bioinformatic software are also able to simulate proteolytic
speciﬁcities of enzymes in order to generate proﬁles of peptides
in silico. This approach enables identiﬁcation of known peptides from unknown protein sources. Such proteases can then be
used to hydrolyze the food protein and the potential health
effects tested to establish their potency. The software may also
predict which peptides in the simulated digest could be bioactive. New peptides identiﬁed from the in silico simulations

could also be synthesized and their bioactivities established
through in vitro and in vivo experiments. Several researchers
(Pripp et al., 2004; Wu et al., 2006a, 2006b; Wu and Aluko,
2007) have used this approach to identify potent bioactive peptides. The use of in silico platforms alone for predicting the bioactivity of peptides may be simple, but it may not be very
dependable since not all the predicted peptides from the simulated enzymatic digestion may be active or exhibit the expected
potentials when tested in vitro or in vivo. Many researchers
therefore compare their data obtained from HPLC-MS with
several house data bases to enable identiﬁcation of less concentrated but potent peptides (Sagardia et al., 2013).
The integrated approach
Due to the limitations associated with the aforementioned
approaches, an integrated bioinformatic process could be used
in the discovery of bioactive peptides. The strengths of both
empirical and bioinformatic approaches can be combined as
and when needed to enhance the discovery and use of peptides
in functional food and health applications. Bioactive peptides
identiﬁed in food proteins through the in silico approach could
be chemically synthesized. This approach can lead to the discovery of new peptides from new sources (Udenigwe and
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Aluko, 2011). However, many important bioactive peptides of
low concentrations may still be lost if they have not been captured in the database already. Hence, other technologies such
as peptide display technologies are currently employed in the
search for bioactive peptides.

Screening for bioactive peptides using phage display technology
is therefore a useful technique that could be applied in screening for food-derived bioactive peptides. Bioactive peptides
obtained this way can be cloned and overexpressed to increase
their quantities. They may also be synthesized using hybrid
technology combining solid and liquid synthesis.

Peptide display technologies
In view of the challenges associated with bioactive peptide
screening, recombinant peptide libraries linked to their coding
sequence (peptide display technologies) could be applied as
powerful tools in identifying potent bioactive peptides. Peptide
display technologies have been used as potent research tools for
high-throughput screening of protein interactions (Sidhu,
2000; Hoogenboom, 2005). Of all available molecular display
techniques such as yeast and bacterial display, ribosome display, mRNA display, CIS and covalent antibody display, phage
display has been widely applied (Ullman et al., 2011; Wu et al.,
2016). Phage display is a selection technique which involves the
fusion of a peptide or protein with a bacteriophage protein coat
displayed on the surface of a virus. The phage-displayed random peptide libraries allow functional access to biopeptides
and separates binding peptides from nonbinding peptides by
afﬁnity puriﬁcation. Phage-displayed random peptide library
screening is a powerful means to identifying peptides that can
bind and regulate the functions of target molecules. This technique has been applied in selecting bioactive peptides bound to
receptors (Houimel and Mazzucchelli,, 2012; Hanes et al.,
2015), disease-speciﬁc antigen mimics (Liu and Higgins 2013;
Sarkar et al., 2016), cell-speciﬁc peptides (Wu et al., 2015), peptides bound to nonprotein targets (Bose et al., 2015), or organspeciﬁc peptides (Nemudraya et al., 2016), and development of
peptide-mediated drug delivery systems (Wu et al., 2016).

The role of bioactive peptides in human health
Antihypertensive peptides
Synthetic antihypertensive drugs are noted for side effects such
as dysgeusia, dizziness, headache, angioedema, and cough
(Daliri et al., 2016) and so the search for antihypertensive biopeptides has increased over the years (Table 1). These biopeptides may be safe because they are food derived (Chakrabarti
et al., 2014) and are known to have higher tissue afﬁnities than
synthetic drugs (Fujita and Yoshikawa, 1999). For these reasons, we fermented whey with several Lactobacillus species and
found that Lactobacillus helvelticus fermentates had angiotensin
1-converting enzyme (ACE) inhibitory peptides AQSAP,
IPAVF, APLRV and AHKAL which, at least in part, accounted
for the inhibitory effect of the fermentate. The presence of
AEKTK in Lactobacillus brevis fermented whey also contributed to its ACE inhibitory effect (Ahn et al., 2009). Casein
derived peptides such as Val-Pro- Pro (VPP) and Ile-Pro-Pro
(IPP) have shown positive results in reducing blood pressure in
animal models and humans (Fekete et al., 2015). These ACE
inhibitory tripeptides were ﬁrst reported by Nakamura et al.
(1995) after they fermented b-casein with Lactobacillus helveticus CP790 and Saccharomyces cerevisiae. Several other antihypertensive peptides from food have been effective in reducing
blood pressure in spontaneous hypertensive rats (SHR).

Table 1. Biologically active peptides and their functions.
Peptide
Anti-cancer
DTP3 (a D-tetrapeptide)
P6-LR(LSCQLYQR)
WK18LLL-ve and WK18LLnV-ve
Cbz-Leu4-SF, N3Phe-Leu-Leu-Leu-c-[CH2SO2]-F, Ac-Ile1-Ile2-ThrLeu-c[CH2SO2]-F, N3CH2C(O)-Ile-Ile-Thr-Leu-c-[CH2SO2]-F
Anti-obesity
DIVDKIEI
Galanin-like peptide
Cholesterol-lowering
PGPL
Lupin peptides
DE
5A-DWLKAFYDKVAEKLKEAFPDWAKAAYD-KAAEKAKEAA

Function

Reference

Interacts with MKK7 to activate JNK signaling and induce cancer-cell– (Tornatore et al., 2014)
speciﬁc apoptosis in a dose dependent manner.
Allosterically stabilizes the inactive form of thymidylate synthase (TS) (Cardinale et al., 2011)
and inhibits ovarian cancer cell growth with stable TS and
decreased dihydrofolate reductase expression.
Inhibits the chymotrypsin-like activity of proteasomes
(Martin and Rice, 2007)
Inhibits chymotrypsin-like activity of proteasomes and shows b5
(Brouwer et al., 2012)
subunit selectivity.
Reduces total adiponectin and high-molecular weight adiponectin
levels.
Suppresses energy intake and promotes energy expenditure.
Interacts with receptors of blood or brain cells, and mediate blood
cholesterol reduction through a series of reactions.
Interfere with the HMGCoAR activity, up-regulate LDL and SREBP-2
proteins via the activation of PI3K/ Akt/ GSK3b pathways and
increase LDL uptake.
Binds cholesterol in the gut and enhance bile acid uptake resulting in
cholesterol reduction.
Increases cholesterol efﬂux from macrophages and other peripheral
tissues

(Kim et al., 2015)
(Kageyama et al., 2016)
(Miasoedov et al., 2012)
(Lammi et al., 2014)
(Fatma and Wahyu, 2013)
(Amar et al., 2010)

A D alanine, R D arginine, N D asparagine, D D aspartic acid, C D cysteine, E D glutamic acid, Q D glutamine, G D glycine, H D histidine, I D isoleucine, L D leucine, K D
lysine, M D methionine, F D phenylalanine, P D proline, S D serine, T D threonine, W D tryptophan, Y D tyrosine, V D valine.
JNK: c-Jun N-terminal kinase; MKK7: MAP kinase kinase 7; LDL: Low-density lipoprotein.
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Kluyveromyces marxianus fermented lactoferrin contained several antihypertensive peptides including DPYKLRP which
reduced systolic blood pressure (SBP) by 27 mmHg in SHRs
(Garcia-Tejedor et al., 2014) while Asp-Tyr in aqueous extracts
(boiled water, ﬁlled liquid, and squeezed juice) of bamboo
shoots reduced SBP by 18 mmHg (Liu et al., 2013). Also Fitzgerald et al. (2014) hydrolyzed Palmaria palmata with papain
to obtain IRLIIVLMPILMA which also reduced SBP by
33 mmHg. Several mechanisms by which these peptides may
reduce blood pressure have been proposed. The peptides may
be (1) inhibitors of ACE, a metalloprotease that converts angiotensin-I into vasoactive angiotensin II which binds with receptors on the vascular wall to cause blood vessel contractions
(Garcia-Tejedor et al., 2014), (2) inhibitors of renin, an enzyme
that hydrolyses the Leu10-Val-11 peptide bond of angiotensinogen to produce angiotensin-I (Malomo et al., 2015), (3)
enhancers of nitric oxide production (Yuan et al., 2012;
Majumder et al., 2013) and (4) blockers of angiotensin II receptors (Aluko, 2015). Many separation methods usually based on
peptide size, charge, and/or hydrophobicity are applied in purifying the peptides from the hydrolysates. Active fractions can
also be separated by chromatography and their amino acid
sequences determined by mass spectrometry. Since a large database of antihypertensive peptides is available at AHTPDB
(Kumar et al., 2015), ACEpepDB (http://www.cftri.com/pepdb/
) and other platforms, researchers can make informed decisions
about the right proteases required for hydrolyzing and releasing
antihypertensive peptides when the amino acid sequence of
their substrate is known. The integrated approach for antihypertensive peptide search could alleviate the expensive and
time consuming empirical approach (Capriotti et al., 2016).
Though a large number of antihypertensive peptides have been
identiﬁed and conﬁrmed to be active in animal studies, more
human intervention studies are required to conﬁrm their health
effects in humans.
Opioid peptides
Opioid peptides function as neuro-hormones and neurotransmitters involved in stress reactions, nociception control, sedation, breathing tone, depression, hypotension, appetite,
gastrointestinal digestion and other physiological actions.
Many opioid peptides are formed during digestion of food proteins in the gut and the peptides modulate several physiological
functions. In view of this, Fukudome and Yoshikawa (1992)
isolated four opiod peptides: Gly-Tyr-Tyr-Pro-Thr (exorphins
A5), Gly-Tyr-Tyr-Pro (exorphins A4), Tyr-Gly-Gly-Trp-Leu
(exorphins B5), Tyr-Gly-Gly-Trp (exorphins B4) and Tyr-ProIle-Ser-Leu (exorphins C) after pepsin, trypsin and chymotrypsin digestion. Both administration of Gly-Tyr-Tyr-Pro-Thr and
Tyr-Gly-Gly-Trp-Leu were found to modulate pancreatic endocrine functions (Fukudome and Yoshikawa, 1993; Fukudome
et al., 1995). Other peptides such as b-casomorphins from milk
interact with opiate receptors to inﬂuence food absorption,
electrolyte balance and insulin secretion (Jahan-Mihan et al.,
2011). Enkephalins, endorphins, dynorphins, and endomorphins are endogenous opioid peptides found in peripheral tissues and in the central nervous system and they are involved in
producing analgesia and euphoria (Bodnar, 2014). Leu-
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enkephalins preferably bind to d1, and d2 subtypes of d-opioid
receptors while b-endorphin preferably binds to the m1, m2 and
m3 subtypes of m-opioid receptors (Ninkovic and Roy, 2013).
Dynorphins A and B as well as Neoendorphins bind to k1, k2
and k3 subtypes of K-opioid receptors (Oka et al., 1982; O’Connor et al., 2015). Though opioid peptides have shown promise
in many studies, their possibility to cause dependence and
addiction need to be investigated. More studies are also needed
to establish the potential safety concerns that may prevent the
use of opioids for pain management.
Antioxidative peptide
The ability of antioxidant peptides to mitigate pathological
effects caused by free radical-mediated lipid oxidation and oxidative stress has been studied. Free radicals may attack membrane proteins, lipids and DNA to result in diseases such as
cancer, inﬂammatory diseases, diabetes mellitus and neurodegenerative diseases (Lobo et al., 2010). The potential risk associated with synthetic antioxidants such as their potential
carcinogenic effects in the kidneys, liver and lungs (Taghvaei
and Jafari, 2015) has intensiﬁed the search for bioactive antioxidative peptides. Several antioxidant peptides from food have
been identiﬁed. Recently, Agrawal et al. (2016) isolated a new
antioxidative peptide Ser-Asp-Arg-Asp-Leu-Leu-Gly-Pro-AspGlu-Glu-Gln-Tyr-Leu-Pro-Lys after hydrolyzing Pennisetum
glaucum proteins with digestive enzymes. In another study,
hydrolysis of hoki frame protein yielded Glu-Ser-Thr-Val-ProGlu-Arg-Thr-His-Pro-Ala-Cys-Pro-Asp-Phe-Asn which has a
strong antioxidant activity (Kim et al., 2007). Liu et al. (2015)
also isolated Asp-His-Thr-Lys-Glu, Phe-Phe-Glu-Phe-His and
Met-Pro-Asp-Ala-His-Leu which have strong oxygen radicalscavenging activity. Bioactive peptides Ala-Glu-Glu-Arg-TyrPro and Asp-Glu-Asp-Thr-Gln-Ala-Met-Pro isolated from
hydrolyzed chicken egg white showed strong oxygen radical
absorbance capacities (Nimalaratne et al., 2015) while AspCys-Gly-Tyr and Asn-Tyr-Asp-Glu-Tyr showed strong
hydroxyl radical scavenging activities (Fan et al., 2012). Meanwhile, Hylarana guentheri protein hydrolysates yielded two
dipeptides, Leu/Ile-Lys and Phe-Lys, with strong oxygen radical
absorbance capacities (Gu et al., 2014). Subtilisin hydrolyzed
Crassostrea talienwhanensis also released two peptides ProVal-Met-Gly-Asp and Gln-His-Gly-Val with strong antioxidant activities (Wang et al., 2014). Though antioxidative peptides have shown free radical scavenging activities in many in
vitro studies, further research on the undesirable side reactions,
safety and allergenicity is needed to establish their therapeutic
use. Also, in vitro studies are required to establish how these
antioxidants may have therapeutic effects in humans.
Antimicrobial peptides (AMP)
Antimicrobial peptides are oligopeptides with a broad spectrum
of targeted microorganisms. AMPs may be membrane-active or
intracellular active. Membrane-active AMPs are thought to
attach to the membrane lipids of target organisms to form
trans-membrane pores. On the other hand, intracellular active
AMPs interact with intracellular targets such as DNA, RNA
and proteins leading to cell death (Xiao et al., 2015). Several
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eukaryotic cells including lymph, phagocytes, gastrointestinal
and genitourinary epithelial cells have the ability to produce
antimicrobial proteins such as defensin (Bahar and Ren, 2013).
Antimicrobial peptides may have different target organisms.
For example, neutrophil antibiotic peptide NP-1 isolated from
rabbit neutrophils inhibits the migration of herpes simplex
virus type 2 protein VP16 which plays a role in cell-to-cell
spread of viral particles (Sinha et al., 2003). Magainin 2 isolated
from frog skin is effective against many Gram negative and
Gram positive bacteria (Strandberg et al., 2013). Dermaseptin
S4 isolated from amphibian skin also strongly inhibits many
bacteria, yeast, ﬁlamentous fungi, herpes simplex virus type 1,
and HIV-1 infections (Lorin et al., 2005). Hydrolyzing casein
with chymosin released caseicidin peptide which inhibited
Streptococcus pyogenes, Sarcina spp., Bacillus subtilis and Staphylococcus spp. (Lahov and Regelson, 1996). Lactoferrampin
from lactoferrin hydrolysis also strongly inhibits E. coli, Streptococcus mutans, Pseudomonas aeruginosa and B. subtilis (van
der Kraan et al., 2005). Caseinomacropeptide obtained from
casein hydrolysates effectively inhibits S. mutans and E. coli
while Isfracidin and lactoferricin B inhibit Candida albicans
(Mohanty et al., 2015). Other antifungal biopeptides recovered
from the gut, epididymis and lungs include SMAP-29, BMAP27, BMAP-28, protegrin-1 and indolicidin which strongly permeate and destroy Candida albicans and Cryptococcus neoformans cell membranes resulting in microbial cell death
(Benincasa et al., 2006). Antimicrobial activity of two peptides
casecidin 15 and 17, found naturally in bovine colostrum has
also been reported (Birkemo et al., 2009). Also, soy peptides
PGTAVFK and IKAFKEATKVDKVVVLWTA effectively
inhibit the growth of Listeria monocytogenes (Dhayakaran
et al., 2016). Though AMPs have shown good potentials in
many studies, their pharmacokinetics are still not well understood (Xiao et al., 2015). This calls for more studies into the
fate of AMPs in vivo.

human breast cancer cells (Chen et al., 2007) and a similar reason may account for the ability of regular milk consumption to
lower the risk of colorectal cancer (Buckland et al., 2010;
Makino et al., 2010; Pala et al., 2011). Also, gastrointestinalresistant peptides (<10 kD) from rice bran hydrolysates have
been shown to strongly inhibit the proliferation of Caco-2 and
HepG2 cells relative to control treatments (Kannan et al.,
2008). Recently, Rayaprolu et al. (2017) isolated an 18 kDa
(158 amino acid residues) peptide after hydrolyzing soybean
protein with AlcalaseÒ , pepsin and pancreatin. The peptide
showed a strong inhibition against human colon cancer cell
proliferation when the cells were treated with 700 mg/mL of the
peptide.
A challenge in the development of immunomodulatory peptides as therapeutics has been the mechanism by which they
stimulate the immune system. Meanwhile, some bioactive peptides have been proposed to stimulate P2X (7) receptors in
embryonic kidney cells to transactivate epidermal growth factor
receptor in epithelial cells. The peptides may also interact with
formyl peptide receptor-like 1 in many cell types and enhance
TLR3 signaling in response to viral dsRNA (Haney and Hancock, 2013). More studies are, however, required to understand
the mechanism of action of bioactive immunomodulatory peptides. Other important bioactive peptides are shown in Table 1.

Large-scale bioactive peptide production
Puriﬁcation of bioactive peptides from enzymatic digestion or
microbial fermentation is always laborious and time consuming. Also, both fermentation and enzymatic digestion methods
do not guarantee high quantities of speciﬁc bioactive peptides
and are hardly reproducible. Therefore, several studies have
focused on producing bioactive peptides by cloning them in
microbial hosts or by modern chemical synthesis. The most
suitable technology to be used largely depends on the size of
the desired peptide (Uhlig et al., 2014).

Immunomodulatory peptides
Many immunomodulatory peptides have been identiﬁed in
milk, soybeans, honey, etc. Recently, Mesaik et al. (2015) isolated honey glycopeptides that suppressed the production of
TNF-a in human monocytic cell lines. Several peptides and
protein hydrolysates in milk have been identiﬁed to be immunomodulatory. Short peptides (<5 kDa) isolated from whey
enhanced in vitro proliferation of lymphocytes isolated from
murine spleen (Jang et al., 2008). Trypsin and pepsin hydrolyzed as1–CN peptides suppressed the proliferation of lymphocytes while b- and k-CN derived peptides increased the
proliferation of lymphocytes in human blood (S€
utas et al.,
1996). Hou et al. (2012) obtained the peptides Asn-Gly-MetThr-Tyr, Asn-Gly-Leu-Ala-Pro and Trp-Thr after hydrolyzing
Alaskan pollock (a ﬁsh). The peptides stimulated lymphocyte
proliferation in mice spleen cells. Val-Glu-Pro-Ile-Pro-Tyr
from human b-casein was found to stimulate the phagocytosis
of opsonized sheep red blood cell by murine peritoneal macrophages. Intravenous administration of the peptide to adult
mice enhanced resistance to Klebsiella pneumoniae infection
(Parker et al., 1984). Immunomodulatory peptides in fermented milk have been found to inhibit the proliferation of

Chemical synthesis
The main chemical methods for peptide synthesis are solution
phase synthesis (SPS) and solid phase peptide synthesis (SPPS).
SPS is usually carried out by coupling single amino acids in
solution. Synthesis of long peptides is possible by ﬁrst synthesizing short fragments of the desired peptides and condensing
them to yield long peptides (Chandrudu et al., 2013). This
method of SPS is called the fragment condensation method. In
SPS, intermediate products can be deprotected and puriﬁed to
obtain a high purity of the desired peptide (Nishiuchi et al.,
1998; Carpino et al., 2003). Peptides including Aequoria green
ﬂuorescent protein, human pleiotrophin (Sakakibara, 1999),
melanotan II (Ryakhovsky et al., 2008), oxytocin (Vigneaud
et al., 1953), human insulin, adrenocorticotropic hormone, desmopressin, leuprolide, goserelin, and octreotide (Andersson
et al., 2000) have been produced by SPS. SPS is inexpensive and
can easily be scaled up, however, the long reaction time remains
a drawback.
On the other hand, the SPPS method involves the synthesis
of a peptide using resin as a support for the growing peptide
chain. The reactive side chain and the alpha amino group of an
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amino acid are ﬁrst protected (mostly by using Fmoc or Boc)
and the C-terminus of the amino acid is attached to the resin
(Stawikowski and Fields, 2012). The protection group is
removed usually by using triﬂuoroacetic acid or 20% piperidine
in dimethylformamide after which the resin is washed before
subsequent amino acids are added. After the required sequence
is completed, the peptide is cleaved from the resin (Chandrudu
et al., 2013). Currently, SPPS based on Fmoc chemistry is commonly used for therapeutic peptide synthesis due to its cheaper
cost of production as well as advancements in chromatographic
equipment (Chandrudu et al., 2013).
Long peptide or protein chains can also be synthesized using
chemical ligation techniques. The native chemical ligation
(NCL) is an optimized peptide ligation method. To ligate peptide fragments, an unprotected peptide segment possessing an
N-terminal cysteine is reacted with another unprotected peptide-a-thioester to produce a thioester-linked intermediate
which is later transformed into a peptide bond. This method
makes it possible for the synthesis of high molecular weight
peptides such as the multivalent peptide-based nonsymmetrical
dendrimer (Dirksen et al., 2006) and collagen-like polymers
(Lovrinovic and Niemeyer, 2007). The high stability of the
starting materials in NCL, the well-established chemical methods for producing peptide thioesters and the high chemoselective nature of the peptides are advantages of this method.
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bacterial (Blankenvoorde et al., 1998) functions however, low
yields of the protein have been reported after expression and
puriﬁcation (Zhang et al., 2014). Chauhan and Tomar (2016)
therefore applied a strategy in which different chaperones were
co-expressed with cystatin C so that overexpression of the
chaperons resulted in high expression of a fully functional protein in the soluble fraction. Cloning and expression in E. coli
yielded 2 mg/L of the fully functional recombinant proteins
which inhibited H3 protease and cathepsin L enzyme activities.
Several appetite regulatory peptides have also been cloned.
Volkoff and Wyatt (2009) cloned apelin, an orexigenic factor
from Carassius auratus. Intraperitoneal injection of the peptide
caused a signiﬁcant food intake in gold ﬁsh. However, Drougard et al. (2016) have recently reported that central apelin
infusion could contribute to the development of type 2 diabetes
in humans since it alters energy expenditure and thermogenesis. Nesfatin-1, (an orexigenic inhibitor) plays an important
role in regulating energy homeostasis related with food and
water intake. Oh et al. (2006) successfully cloned and expressed
nesfatin-1 in E coli and the peptide signiﬁcantly reduced food
intake in rats. The peptide has been reported to enhance satiety
and suppress weight gain in animal models (Oh et al., 2006;
Shimizu et al., 2009) making nesfatin-1 a potential anti-obesity
drug. In 2015 and 2016, the United States Food and Drugs
board approved seven new recombinant therapeutic peptides
to be sold on the market (Table 2).

Genetic cloning of bioactive peptides
Renye and Somkuti (2008) were ﬁrst to describe the cloning
and expression of synthetic genes of milk derived bioactive
proteins in lactic acid bacteria. They successfully engineered
S. thermophiles to produce an antimicrobial peptide
RRWQWRMKKLG and an ACE inhibitor FFVAPFPEVFGK.
In a similar way, Yang et al. (2015) transformed probiotic
L. plantarum NC8 with antihypertensive peptides YFP and
TFP from Limanda aspera. The recombinant probiotics
reduced and maintained a low blood pressure (relative to controls) in spontaneous hypertensive rats even after ten days of
administration. The HNH motif from colicin E7 with known
Zinc-binding ability has also been cloned and expressed in E.
coli (Gyurcsik et al., 2013) to improve its yield. Several immunomodulatory peptides have been successfully cloned and
expressed in various hosts including bacteria and insects. For
instance, immunomodulatory protein p36 was cloned and
expressed in both bacteria and insect cells and actively suppressed T-lymphocyte-mitogen-driven production in mice
splenocytes (Alarcon Chaidez et al., 2003). Lin et al. (2009)
have also cloned and overexpressed immunomodulatory proteins from Ganoderma lucidum in Pichia pastoris. The recombinant proteins were found to induce human leukemia-NB4
apoptosis and also stimulated mouse spleen lymphocytes proliferation while enhancing the expression levels of interleukin-2
in mice splenocytes. Recently, Pushparajah et al. (2016) isolated
and characterized an immunomodulatory protein from Lignosus rhinocerotis (Tiger milk mushroom). The proteins were
cloned and expressed in BL21 cells to yield recombinant proteins which effectively killed mcf-7, HeLa and A549 cancer cell
lines. Human Cystatin C is known for its anti-inﬂammatory
(Frendeus et al., 2009), anti-viral (Bj€
orck et al., 1990) and anti-

Challenges to commercialization
Therapeutic peptides are puriﬁed peptide-based drugs meant
for pharmacological treatments while hydrolyzed food proteins
(fermented and enzyme treated) can serve as functional foods
for nonpharmacological treatments. In both cases, several challenges need to be addressed before the products can be
commercialized.
Functional foods
Though certain functional food processing factors and conditions may result in protein degradation, many studies do not
consider the effects of processing on the anticipated peptide
proﬁles nor do they consider the possibility of a change in the
bioactivity of the peptides after hydrolysis. Processing conditions such as temperature and the duration of fermentation or
substrate hydrolysis may result in the production of nonreproducible peptide proﬁles especially when the substrate contains
a mixture of proteins (Lacroix and Li-Chan, 2012). However,
the processing methods that may be detrimental to some peptides may improve the activity of other bioactive peptides. For
instance, the antibacterial activity of a-lactalbumin (Agyei
et al., 2016) and lysozyme (Takahashi et al., 2016) increased
after they were denatured by heat. Therefore, the optimum conditions within which functional foods could be processed to
provide maximum health effects must be investigated and
applied so as to develop foods with speciﬁc health effects.
The extent of protein hydrolysis during the production of
bioactive peptides in foods is critical in functional food production. However, kinetic modeling of protein hydrolysis using
enzymes or by microbial fermentation is very challenging since
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Table 2. 2015 and 2016 FDA approved recombinant thrapeutic peptides (USFDA 2016 Biological License Application Approvals).
Trade name

Indication for Use

Manufacturer

AFSTYLA; Solchayn Antihemophilic Antihemophilic Factor, Single chain is indicated in children and adults with
CSL Behring Recombinant
Factor (Recombinant), Single Chain
hemophilia A (congenital Factor VIII deﬁciency) for: (1) on-demand
Facility AG, Switzerland
treatment and control of bleeding episodes, (2) routine prophylaxis to
reduce the frequency of bleeding episodes, and (3) perioperative
management of bleeding.
KOVALTRY Antihemophilic Factor
Antihemophilic Factor is indicated for use in adults and children with
Bayer HealthCare LLC
(Recombinant), Full Length
hemophilia A (congenital Factor VIII deﬁciency) for: (1) on-demand
treatment and control of bleeding episodes; (2) perioperative
management of bleeding; and (3) routine prophylaxis to reduce the
frequency of bleeding episodes.
IDELVION Coagulation Factor IX
Coagulation Factor IX, Albumin Fusion Protein is indicated for (1) control and CSL Behring Recombinant
(Recombinant), Albumin Fusion
prevention of bleeding in the perioperative setting, (2) control and
Facility AG, Switzerland
Protein
prevention of bleeding episodes, and (3) routine prophylaxis to prevent or
reduce the frequency of bleeding episodes.
VONVENDI von Willebrand factor
von Willebrand factor is indicated for on-demand treatment and control of
Baxalta US Inc., USA
(Recombinant)
bleeding episodes in adults diagnosed with von Willebrand disease (VWD).
ADYNOVATE Antihemophilic Factor Indicated for adolescent (12 to less than 18 years) and adult (18 years)
Baxalta US Inc., USA
(Recombinant), PEGylated
patients with hemophilia A (congenital factor VIII deﬁciency) for: control
and prevention of bleeding episodes and routine prophylaxis to prevent or
reduce the frequency of bleeding episodes.
Nuwiq Antihemophilic Factor
Indicated in adults and children with Hemophilia A for:
Octapharma Pharmazeutika
(Recombinant), rAHF
 On-demand treatment and control of bleeding episodes
Produktionsges.m.b.H.,
 Perioperative management of bleeding
Austria
 Routine prophylaxis to prevent or reduce the frequency of bleeding
episodes.
IXINITY Coagulation Factor IX
Control and prevention of bleeding episodes and peri-operative management Cangene Corporation, Canada.
(Recombinant)
in patients with hemophilia B.

peptide products serve as substrates for further hydrolysis. The
multiple sequential hydrolysis may result in peptides with
reduced or lost activities due to degradation as has been
observed in some studies (Naqash and Nazeer, 2013; Agyei
et al., 2016).
Generally, food-derived bioactive peptides are not single
peptides of high purity and this is partly due to the associated
high cost and low yield that would be involved (Lemes et al.,
2016). However, after puriﬁcation, single peptide entities may
lose their potential additive or synergistic effects with other
food components such as polyphenols or other peptides and
this may reduce their potency when used as nutraceuticals.
A potential risk of bioactive peptides is that, they could react
with other food components such as carbohydrates or lipids to
form toxic, allergenic or carcinogenic substances in the food
mix. The peptides may even be involved in unwanted side reactions to cause unintended physiological effects when consumed. More in vivo studies on the potency and the safety of
biopeptides are therefore required before they are commercialized since in vitro results do not always reﬂect in vivo results.
One other drawback in food-derived bioactive peptide
research has been that, results from some human interventional
studies on many bioactive peptides have been inconsistent. For
instance, the antihypertensive ability of IPP and VPP has
yielded controversial results in humans (Fekete et al., 2015) as
the lacto-tripeptides were effective in reducing blood pressure
in Japanese but not in Europeans. There is therefore the need
to establish why some peptides may be active in one group
(ethnic groups, gender, age, etc.) but not in others. There is also
the need for large scale clinical investigations for ascertaining
the effects of bioactive peptides since small changes in health
effects (such as blood pressure) may be not be signiﬁcant in
studies involving small populations. Proteomics and other

Approval Date
05-25-2016

3-16-2016

3-4-2016

12-8-2015
11-13-2015

9-4-2015

4-29-2015

technologies will also be needed to study the impacts of bioactive peptides on gene expression as well as the health effects of
these compounds.
The sensory properties of bioactive peptides in foods also
affect their acceptance by consumers. For example, the bitter
taste of some bioactive peptides makes some functional foods
less acceptable by consumers. It is therefore important that sensomics mapping be included in bioactive peptide research to
curb this problem.
Therapeutic peptides
It is challenging to test the bioavailability of therapeutic peptides in human blood after oral ingestion, due to their short halflife (generally less than 2 hours) and their low maximal plasma
concentration (Iwai et al., 2005; Ichikawa et al., 2010). Therefore, preliminary pharmacokinetic studies are required before
human interventional studies are conducted. Also, more novel
strategies must be designed to enhance the stability, increase
the bioavailability and enhance the effective delivery of bioactive peptides that have shown potent in in-vitro studies. Peptides can be protected against enzymatic cleavage by inserting a
structure inducing probe tail (Kaspar and Reichert, 2013), lactam bridges (Houston et al., 1996), and by stapling or cliping
peptide sequences (Timmerman et al., 2007), or by cyclization
(Sim et al., 2012). The half-life of the peptides could be prolonged using strategies such as peptide acylation (Knudsen,
2010), insertion of albumin-binding peptide elements in the
peptide backbone, or conjugation to albumin-binding antibody
fragments (Bao et al., 2013).
The nature of the most desired peptide product remains
puzzling. The preferred therapeutic form would probably be a
capsule or tablet containing the active peptide that is stable at
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room temperature at affordable price. While an oral formulation may not always be possible, other non-parenteral or alternative delivery platforms such as nasal, pulmonary, intra or
transdermal, and topical administration as well as implantable
devices may help to achieve a suitable drug form with high efﬁcacy and satisfactory compliance. It may be challenging to
reach that goal, yet an evaluation of the therapeutic peptide
and its subsequent market at the start of its development can
help achieve this.

Conclusions and future perspectives
Bioactive peptides hold great promise as valuable functional
ingredients in healthy diets to ﬁght the global epidemic of
non-communicable diseases. More than 60 therapeutic peptides have been approved for the market while hundreds of
novel bioactive peptides are in the clinical pipeline (Kaspar
and Reichert, 2013; Fosgerau and Hoffmann, 2015). This
high number of approved peptide therapeutics is likely to
draw even much attention to the research and development
of bioactive peptide (Kaspar and Reichert, 2013). The success can be attributed to the speciﬁcity, potency and yet
safety of the peptides. Microbial fermentation will remain a
promising strategy for generating a wide range of bioactive
peptides in foods as microbial proteolytic systems (especially lactic acid bacteria) yield numerous peptides of
diverse potentials during fermentation. This therefore calls
for genomic and proteomic characterization of newly identiﬁed strains to predict their proteolytic proﬁles for their use
in functional food development. However, bioinformatics
coupled with appropriate high-throughput peptide display
technologies will also remain important tools in the search
for bioactive peptide. In the coming years, the application
of medicinal peptide chemistry in a modular fashion coupled with cost-effective scalable technologies would result in
the construction of highly efﬁcacious multifunctional therapeutic peptides with enhanced pharmacokinetic properties,
improved targeted delivery and reduced cost.
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Abstract: Recent scientific evidence suggests that food proteins not only serve as nutrients, but can
also modulate the body’s physiological functions. These physiological functions are primarily regulated
by some peptides that are encrypted in the native protein sequences. These bioactive peptides can
exert health beneficial properties and thus are considered as a lead compound for the development of
nutraceuticals or functional foods. In the past few decades, a wide range of food-derived bioactive peptide
sequences have been identified, with multiple health beneficial activities. However, the commercial
application of these bioactive peptides has been delayed because of the absence of appropriate and
scalable production methods, proper exploration of the mechanisms of action, high gastro-intestinal
digestibility, variable absorption rate, and the lack of well-designed clinical trials to provide the substantial
evidence for potential health claims. This review article discusses the current techniques, challenges of
the current bioactive peptide production techniques, the oral use and gastrointestinal bioavailability of
these food-derived bioactive peptides, and the overall regulatory environment.
Keywords: bioactive peptides; enzymatic hydrolysis; fermentation; peptide absorption; oral bioavailability;
functional foods

1. Introduction
The physicochemical roles of proteins in foods, apart from serving as dietary nutrients, are being
increasingly acknowledged. Many of these physicochemical roles of naturally occurring dietary
proteins are carried out by peptide sequences encrypted inside the parent protein, which exert their
actions when released, either enzymatically, during food processing, or by microbial fermentation [1,2].
Bioactive peptides are defined as peptide sequences within a protein that exert a beneficial effect
on body functions and/or positively impact human health, beyond its known nutritional value [3].
These peptides can regulate important bodily functions through their myriad activities, including
antihypertensive, antimicrobial, antithrombotic, immunomodulatory, opioid, antioxidant, and mineral
binding functions [4–7].
Different activities of the bioactive peptides are governed by the sequence of the amino acids,
as they would interact with other proteins in the body and modulate natural processes [8]. Although
the structure and functional relationship of bioactive peptides are not well established, most of them
share some common properties. For instance, most of these peptides contain 2 to 20 amino acids and
are generally rich in hydrophobic amino acids [3,9]. Thus, over the last few years, there has been an
increased scientific interest in finding distinct bioactive peptide sequences that can reduce or prevent
the risk of chronic diseases and provide immune protection [2]. Thus, the use of bioactive peptides has
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gained much interest as nutraceuticals [10] and functional foods [11]. As a result, much research
has been dedicated recently to the processing and generation of bioactive peptides from food
products, and the previously under-utilized protein-rich by-products of the food industries [12,13].
The bioactivity of these peptides could be tested through in vitro bio-chemical assays, cell culture,
in vivo studies via animal models, and human clinical trials. While the research related to the
development of food-derived bioactive peptide-based nutraceuticals is gaining momentum, the ability
to translate these new findings into practical or commercial use remains delayed. The major reasons
behind this delay are (1) lack of scalable and consistent methods of producing bioactive peptides from
different food or non-food sources; (2) general lack of understanding of gastrointestinal stability or
absorption of these peptides; (3) lack of knowledge of their mechanisms of actions, and (4) lack of
proper clinical trials to provide substantial evidence for potential health claims. Thus, the scope of this
review includes the challenges pertaining to manufacturing/processing, oral use and/or bioavailability,
and the regulatory environment governing use of bioactive peptides.
2. Production of Bioactive Peptides
A diverse array of plant and animal food proteins has been used for extracting bioactive
peptides [7]. The most widely used animal proteins are from eggs, milk (casein and whey), and meat
proteins. Bioactive peptides from plant sources are typically from soy, oat, pulses (chickpea, beans,
peas, and lentils), canola, wheat, flaxseed, and hemp seed. Furthermore, proteins from marine
sources have also been used, for instance, fish, squid, salmon, sea urchin, oyster, seahorse, and snow
crab [3,9]. In the manufacturing process, food proteins from various sources are first digested with an
enzyme, and then the biological activity of the whole hydrolysate is evaluated, followed by a series
of activity-guided purification and identification, so as to find the most potent sequence. However,
the activity-guided identification and purification of bioactive peptides is time-consuming, and often
studies do not provide enough rational behind the selection of enzymes. To overcome these issues,
a quantitative structure–activity relationship (QSAR) and bioinformatics based in-silico method is often
used to predict the yield of bioactive peptides from food protein sources [14]. However, this method
works best only when we have the complete sequence of a food protein and the structure and
functional properties of the peptides are known. Unfortunately, there is lack of understanding of such
structure–functional properties and hence, researchers are still using the traditional activity-guided
methods to search for bioactive peptides from food proteins. The following section highlights the basic
bioactive production techniques.
2.1. Production Methods
Bioactive peptides from food proteins can be produced either by enzymatic hydrolysis (using
proteolytic enzymes from either plants or microbes), hydrolysis with digestive enzymes (simulated
gastrointestinal digestion), or by fermentation using starter cultures. Some studies also used a
combination of these methods to produce peptides with a biological activity [2]. Furthermore, bioactive
peptides can also be synthesized chemically, as the amount of these peptides found in the nature
is very low, and there is a constant increasing commercial interest of producing synthetic bioactive
peptide [15]. However, it is doubtful if purely synthetic peptides would be considered as food or
nutrients, and fit within the scope of this review. Therefore, in this review, we primarily discuss
the enzymatic hydrolysis and fermentation, and briefly introduce the chemical synthesis process for
producing bioactive peptides.
2.1.1. Enzyme Hydrolysis
In the enzymatic hydrolysis method, the protein of interest is subjected to enzymatic treatment
at a specific pH and temperature. The advantages of this method are that it is easy to scale up and
generally has a shorter reaction time than microbial fermentation [1]. For instance, in a study by
Gobbetti et al., angiotensin converting enzyme (ACE)-inhibitory peptides were generated from the
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fermentation of milk, using the strains Lactobacillus lactis ssp. cremoris and Lactobacillus delbrueckii
ssp. bulgaricus, each for 72 h separately [16]. This was in contrast to the study by El-Fattah et al.,
where bioactive peptides with ACE-inhibitory activities were produced from the hydrolysis of milk
using protease (Aspergillus oryzae) for only 1 h [17]. More than one protease can also be used one
after the other to generate shorter peptides, however, the temperature and pH would need to be
optimized for each of the proteases [1]. Furthermore, the choice of protease used and the time of
enzymatic hydrolysis could be important in deciding the type of peptides generated. For example,
rice proteins hydrolyzed with bacillolysin showed a stronger anti-inflammatory and anti-tyrosinase
activities compared with those hydrolyzed by subtilisin [18]. On the other hand, samples hydrolyzed
with leucyl and papain aminopeptidase and cysteine endopeptidase showed the least activity [18].
Similarly, different enzymes generated bioactive peptide-rich hydrolysates from bovine muscle and
porcine plasma with divergent taste profiles, as observed in a recent study [19]. Several studies have
also used in-vitro simulated gastrointestinal digestion technique to produce bioactive peptides from
food proteins [20–23]. In such methods, the researchers have tried to identify the activity of the
peptides that may be produced in our body after consuming a particular food or food-protein.
2.1.2. Fermentation
Fermentation involves the culturing of microorganisms, such as yeasts, fungi, or bacteria,
on the protein of interest in order to hydrolyze the protein into shorter peptides with their own
enzymes. The bacteria usually needs to be in the exponential growth phase before they are harvested,
washed, and added to glucose containing sterile distilled water, which ultimately serves as the starting
inoculum for the protein substrate [24,25]. The degree of hydrolysis depends on the fermentation
time, microbial strain, and the protein source. For instance, Ahn et al. showed that the ACE-inhibitory
activity of whey protein derived peptides fermented with Lactobacillus brevis was stronger than
those fermented with L. casei, L. lactis, L. plantarum, and L. acidophilus [26]. Similarly, Sanjukta et al.
demonstrated that soybean proteins fermented by Bacillus subtilis MTCC5480 produced a higher degree
of hydrolysis compared with B. subtilis MTCC1747 [27]. Co-cultures using different combinations of
bacteria, yeasts, and fungi can also be used to modulate the hydrolysis processes [28].
2.2. Production Issues
The classical approach of producing bioactive peptides is to find a suitable protein source,
followed by its hydrolysis, using either enzymes or by microbial fermentation, so as to generate
peptides with a potential bioactivity. This would be followed by the identification of the peptide
sequences and confirmation of the bioactivity. However, much of the published literature on bioactive
peptides have not taken a systematic approach to optimize the multiple parameters affecting the
production and purification of these peptides [29]. Hanke and Ottens suggested that “one factor at
a time” and “trial and error” methods are obsolete and are being taken over by systemic design of
experiments (DOE) approaches. DOE methods require the knowledge of the critical process parameters
(CPP) that would affect the critical quality attributes (CQA) [30]. Certain CPPs, with respect to the
production of bioactive peptides, requires knowledge of the starting material (protein content of a
food and seasonal variabilities), the enzyme (optimal temperature and pH, purity, specific activity,
and substrate specificity), and finally the process conditions (time, temperature, and enzyme to
substrate ratio). On the other hand, certain CQAs may be recognized for the peptide fractions or the
protein hydrolysates [29]. For example, Cheung and Li-Chan applied a Taguchi’s L16 (45 ) fractional
factorial design to study the effect four CPPs on three CQAs (degree of hydrolysis, ACE-inhibitory
effect, and bitterness) of the protein hydrolysate obtained from the by-products of shrimp processing.
The use of this DOE approach enabled the assessment of the protein hydrolysates using only 16 unique
experiments, which were generated under conditions linked with the combination of the four
CPPs. This was in contrast to the use of either a full factorial design with 256 unique experiments,
or a one-factor-at a time experiment, where one factor is changed, keeping the other three constant.
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However, the use of Taguchi’s methods and other DOE approaches are more beneficial in other
disciplinary sectors, while its recognition in the field of food-derived bioactive peptides has been
limited [31].
Furthermore, Kopf-Bolanz et al. suggested that processing can affect the peptide profiles and
cause protein degradation when present in food matrices such as dairy products [32]. During thermal
processing, besides Maillard reactions, oxygen- and carbon-based radicals can be generated, which
could lead to the oxidation of proteins, peptides, and carbohydrates [33]. A number of studies have
been reported for food-derived bioactive peptides from the hydrolysis of protein isolates or protein
concentrates in isolation, rather than a direct hydrolysis of the whole food [34,35]. However, it is
critical to consider the food matrix, which may also influence the hydrolysis reaction. Foods contain
many naturally occurring compounds, such as lipids, carbohydrates, and secondary metabolites (like
quinones), which interacts with the proteins in the matrix, and thus can affect the type of peptides
generated upon hydrolysis. Schiff base reactions between reducing sugars and peptides are well
established. Peptides undergo reactions with reactive oxygen species, oxidized lipids, and aldehydes,
as well as decarboxylation, deamination, and nitration reactions. All of these could potentially affect the
availability of the peptides within the food matrix [33]. For instance, in a study by Lacroix and Li-Chan,
the whey protein constituents were hydrolyzed individually by pepsin. Among them, α-lactalbumin
hydrolysate showed the highest dipeptidyl peptidase IV (DPP-IV) inhibitory activity, although the
specific peptides responsible for the inhibition were not identified. However, in a subsequent study,
in order to identify the peptides responsible for the DPP-IV inhibition, it was found that the most
potent anti-DPP-IV peptides were from β-lactoglobulin rather than α-lactalbumin. This suggests that
co-existence of different proteins in a particular food matrix might induce conformational changes
during commercial production, which might in turn affect the susceptibility and accessibility of the
peptide bonds during digestion [29].
In-silico prediction methods, such as QSAR, use knowledge of the activity and structure of
peptides present in the databases and literature. It can be used to predict the sequences of the peptides
likely to have any bioactivities, their structural–functional relationships, specific location of the peptides
within the parent protein, and the possible mechanism of action [36]. However, even though there
is much data on food peptides and the enzymes required to release them from the source proteins,
the majority describe the endogenous bioactive peptides, which are of physiological relevance, instead
of those that are obtained from food [37]. Furthermore, the information that is available in the
databases often involves well-characterized and purified proteolytic enzymes, in comparison with
the commercially used enzymes for food processes, which are less substrate specific and of variable
purity [38].
2.3. Commercialization Challenges and Quality Assurance
Once the peptides are produced, either through classical ways or by in-silico methods, the next
step is to confirm the bioactivity of the peptides. However, unlike synthetic drug molecules, which
are single entities, the target bioactive peptides isolated from foods are usually a mixture of peptides.
The purification of these peptides to 99% purity would not only increase the cost to unacceptable
levels and reduce the yields, but would also eliminate any beneficial additive or synergistic effects
with other peptides present in the whole hydrolysate. Furthermore, bioactive peptides are generally
hydrophobic, and thus they are less soluble at higher concentrations. Indeed, Li-Chan suggested
preparing formulations of several different bioactive peptides, each having a low concentration,
but conferring similar bioactivity levels, to address this problem [29].
Food proteins are often hydrolyzed using enzymes such as trypsin, pepsin, chymotrypsin,
bromelain, ficain, or papain. Although there are several advantages to using enzymatic hydrolysis,
such as the absence of residual toxic chemicals and organic solvents in the final product, the use
of the enzymes on an industrial scale highly increases the cost of the production. One solution to
that is to use cheaper enzyme sources such as by-products of the meat industry (i.e., pancreases of
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animal origin) [39]. Secondly, a mixture of peptides is generated during in vitro enzymatic hydrolysis,
depending on the complexity of the starting material. This in turn makes the process of purification
time-consuming and challenging; in some cases, each of the peptide may require a complex purification
protocol [40].
On the other hand, naturally occurring peptides have many advantages compared with the
peptides produced by enzymatic hydrolysis, as these peptides are perceived to be safe [40,41]. However,
the lack of technology at a larger scale and very expensive purification techniques are some of the
limitations for the commercialization of extracting naturally occurring bioactive peptides from food
sources [40]. Thus, research should focus on addressing the above-mentioned challenges associated
with production methods for commercial applications of these food-derived bioactive peptides.
3. Oral Use of Bioactive Peptides: Challenges and Considerations
As these peptides are derived from food, they are generally considered more “natural”; hence,
perceptions of acceptance are likely to be higher. Yet, their use as orally ingested products also presents
special challenges and consequences.
3.1. Taste
The oral intake of food and medicinal products is fundamentally dependent on taste. Taste is
often the body’s first response to an orally ingested substance. We eat things that taste good and
reject those with bitter or other unpleasant tastes. It is believed to be an evolutionary response,
developed over millennia to avoid toxic or rancid substances [42]. As such, it is vital for orally
taken products to have a favorable taste profile. Protein hydrolysates and individual peptides often
fail on these grounds, as a significant number of these products are bitter, which may limit their
acceptability [43,44]. A number of studies have identified factors such as increasing molecular
weight, presence of hydrophobic amino acids at the C-terminal, presence of certain amino acid
sequences, and degree of electrical charge with a propensity towards bitterness (reviewed in [45]).
However, the molecular mechanisms of bitterness and its regulation are not completely understood;
hence, the modification rather than prevention of the bitter taste may be a more feasible option in
many instances.
Traditionally, bitterness modification (also called “debittering”) has been approached through
methods to reduce levels of these bitter-tasting peptides. One of the procedures involves the further
hydrolysis of the product (bioactive peptide or protein hydrolysate, generated by initial enzymatic
hydrolysis) by enzymes, to reduce the content of any bitter-tasting peptides [46–48]. While reasonably
effective, this process can be expensive because of the costs of additional enzymes, and it also risks
inadvertently destroying the very bioactive properties that made the preparation valuable in the
first place. The alternative option has been to “screen out” bitter peptides from a complex mixture
involving one or more techniques, such as gel separation, alcohol extraction, chromatography on
silica gel, and isoelectric precipitation (reviewed in [49]). While each of these methods has its benefits,
the time and expense added to a commercial production scheme are often considerable. Besides,
the lack of a comprehensive structure–activity relationship between taste and molecular structure
further impedes on the successful application of such a method to a growing array of bioactive
peptides derived from a range of food proteins.
An alternative approach is to modify, modulate, or mask the offending taste, instead of trying to
screen it out using the addition of taste-modifying agents, such as various sugars, salts, and nucleotides,
as suggested by Leksrisompong et al. [50]. Starter cultures of Lactobacillus added to the proteins during
hydrolysis have been touted as another taste modifying agent that could be acceptable because of their
widespread use in fermented food products since ancient times [11,49]. Deamidation, the removal of
amino groups by specific enzymes, is another option that has been shown to increase umami-tasting
peptides, which also contributes to the masking of an existing bitter taste [51]. Interestingly, a recent
study demonstrated that specific peptides from beef protein hydrolysates could block the bitter taste
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receptor T2R4 and directly inhibit bitter taste perception instead of simply masking it [52]. This is an
exciting discovery of bioactive peptide/s blocking bitter taste sensation (which could be derived from
other bioactive peptides), and further exemplifies the versatility of these peptides in offering novel
solutions to persistent problems.
3.2. Digestion
Orally ingested substances are metabolized by various digestive enzymes, starting in the oral
cavity, continuing in the stomach, and finally in the small and large intestines. A number of proteolytic
enzymes are present in the human body, and their actions can irreversibly alter the peptide profile of
such products. Indeed, many bioactive peptide preparations were initially produced by mimicking the
digestive environment in the gastrointestinal (GI) tract, with protease treatment yielding the “active”
peptides out of the native protein structure (reviewed in [3,7,53]). Being generated through simulated
digestion, some bioactive peptides, such as the egg protein derived tripeptide IRW, are naturally
resistant to digestive enzymes [54]. This is a huge advantage in delivering bioactives through the
oral route, as a lack of digestion in the GI tract ensures increased bioavailability and a better chance
of exerting a significant effect on the body’s physiology. On the other hand, some peptides such as
LKPNM, derived from enzymatic digestion of bonito fish protein, are further metabolized into their
active components in the GI tract (LKP, an anti-hypertensive tripeptide is released from LKPNM), which
then exert the intended biological action upon absorption into the systemic circulation. This could be
considered analogous to a pro-drug, which undergoes metabolism to yield the active ingredient [55].
The skeptic may now question the need to generate peptides (or hydrolysates) through in vitro
enzymatic procedure, as all orally ingested proteins are digested anyway in the GI tract. While a
definitive yes/no answer is unlikely, it is plausible response is that an industrial scale digestive
method may generate a different profile of bioactive peptides, which could then be characterized
through chemical and biological assays to define their physiologic effects. The use of different enzymes
can yield bioactive peptides from the same source protein with diverse biological functions, which
could be tailored to different physiological (and potentially pathological) needs. This could be due to
the different enzymes cleaving the same source protein at different sites, as well as the subsequent
digestion of initially generated peptides, both of which contribute towards the generation of distinct
peptide repertoires. Indeed, a study by Offengenden et al. used a range of commercially available
enzymes, used singly or in combination, to generate a number of chicken collagen hydrolysates with
different actions on proliferation, extracellular matrix deposition, and resistance to inflammation in
osteoblastic cells [56]. Similar studies have been done on hydrolyzed proteins sourced from egg and
milk proteins [57,58]. Another potential benefit is the unmasking of specific bioactive sequences, which
may not be accessed/generated/released under normal digestive processes. For example, a study by
Jahandideh et al. showed that enzymatically pre-digested fried egg preparations significantly reduced
blood pressure in spontaneously hypertensive rats, while the lack of such pre-digestion completely
abolished this antihypertensive effect [59].
Finally, protein hydrolysates containing an array of peptides may undergo GI tract digestion
to yield a different set of peptides, the biological effects of which are still incompletely understood.
Surprisingly, a study of casein (a milk protein) hydrolysates in infant formula has shown a reduced
variety of casein peptides compared to formula with intact casein. However, the functional significance
of these differences remain unclear [60]. Indeed, comparison studies of infant formula with intact and
(extensively) hydrolyzed protein have shown similar effects on growth and tolerance, suggesting the
possibility of a functional overlap and/or redundancy among different casein peptides [61].
3.3. Absorption
Absorption from the GI tract is essential for a bioactive peptide to exert any systemic biological
actions downstream. Traditionally, it was believed that all peptides and proteins were digested down
to their constituent amino acids, and only these amino acids were capable of absorption across the
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intestinal epithelial barrier. Indeed, the absorption of larger entities such as peptides and proteins
were only considered as pathological phenomena, and a key culprit in food allergies! However, it is
apparent now that many peptides do cross the intestinal epithelium under normal conditions, enter
into the circulation, and exert systemic effects (reviewed in [61,62]).
Several mechanisms have been postulated to explain the intestinal uptake of peptides from the GI
lumen, as detailed in the review by Lundquist et al. [63]. Briefly, the key mechanisms are as follows:
paracellular transport through intercellular tight junctions; direct penetration of the epithelial cell
membranes; endocytosis/phagocytosis by cells; and last, but not least, active transport by specific
carrier proteins. Each of these mechanisms may occur alone or in association with others, while the
same peptide may utilize one or more different approaches, adding to the complexity. A number of
approaches have been tried in order to estimate and enhance the intestinal absorption of proteins and
peptides, a brief overview of such potential solutions will be given here.
Paracellular transport is mediated through one or more tight junction proteins [64]. Two different
approaches have been tested to increase peptide absorption by modulating the permeability of these
junctions. The use of absorption enhancers, either covalently bound to the bioactive peptide or just used
in conjunction, can enhance the uptake of the bioactive molecules [65,66]. However, this increased
permeability is hard to modulate, and uncontrolled permeability changes could lead to localized
inflammation and long-term damage to the intestinal epithelium [67]. An alternative method is
targeting the myosin light chain phosphorylation process, which regulates cellular shape changes and
intercellular junction integrity. Under physiological conditions, the myosin light chains are held in a
state of equilibrium between its phosphorylated and dephosphorylated forms. The myosin light chain
kinase phosphorylates its target, while the myosin light chain phosphatase exerts an opposite effect
by dephosphorylating it. A higher level of phosphorylation would “open up” the intracellular tight
junctions, allowing for greater access to peptides [68,69]. Thus, the transient inhibition of myosin light
chain phosphatase, which shifts the balance towards increased phosphorylation, has been touted as an
alternative approach to enhance peptide transport through tight junctions, but its clinical efficacy is
yet to be verified [63].
The direct penetration of the cell membrane is a property of many peptides, and some bioactive
peptides may utilize this mechanism to cross the intestinal epithelium on their own [70]. In addition,
highly cell-permeable peptides, such as HIV-Tat and Penetratin, could be covalently conjugated to
various bioactive peptides for a more efficient delivery [71,72]. However, further research may be
needed to determine the nature of the membrane crossing abilities and the factors (peptide composition
as well as external issues like pH and presence of minerals) that modulate such actions [73].
Endocytosis and/or transcytosis by epithelial cells could be enhanced if bioactive peptides are
encapsulated within the carrier molecules known to be targets of such processes [74]. A number of
approaches such as the use of liposomes or nanomaterials have been investigated for this purpose.
Typically, such microencapsulation helps to protect the bioactive peptide inside, while addition of other
molecules on the outer surface of the particles helps with its adhesion, localization, and eventual uptake
by the intended target cells [75]. A number of different approaches have been utilized to enhance the
intestinal uptake, including use of bacterial toxins, antibody fragments, and polysaccharides [76–78].
Finally, many peptides are selectively transported by specific transporters such as Pept1, an active
transporter of oligopeptides. Studies undertaken by several research groups have demonstrated the
key regulatory roles played by these transporter proteins on the transport of exogenous bioactive
peptides [79–81]. Hence, the pharmacological modulation of these molecules may offer one of the
more plausible avenues for regulating peptide absorption in the GI tract (reviewed in [82,83]). Future
therapeutic approaches could involve modulation at the level of these transporters, allowing for further
fine tuning of the intestinal uptake of the beneficial peptides [84].
In summary, the absorption of intact peptides, either alone or as part of a protein hydrolysate,
is an exciting area of research that is critical for the successful oral use of these compounds. As an
examination of the specific mechanisms and therapeutic approaches in greater detail is beyond the
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scope of this article, the interested reader is referred to two excellent reviews by Muheem et al. and
Lundquist et al. [62,63].
3.4. Local Effects
Peptides do not necessarily need to be absorbed from the GI tract in order to exert biological effects.
The GI tract is a large organ by itself, and local actions of bioactive peptides is an area of growing
interest. Chronic diseases of the GI tract, especially inflammatory bowel diseases (IBD) in all their various
manifestations, are a major cause of morbidity in the developed world. Current pharmacological treatments
offer limited benefits at best, and require a lifelong adherence to therapeutic regimens, with their attendant
cost and side-effects. As such, alternative therapies are an attractive idea to manage these diseases,
and there exists the potential for locally-acting peptides (and protein hydrolysate preparations), given
orally, to step into the void. A large number of food peptides have already been validated for their
anti-inflammatory and anti-oxidant properties [5], which make them, either alone or in combination,
theoretically well-suited for management of IBD cases [85,86]. While clinical data in humans is still lacking,
a study in cats demonstrated the efficacy of commercially available hydrolyzed protein preparation in
resolving pre-existing IBD [87]. Similarly, a recent study showed the beneficial effects of an egg shell
membrane hydrolysate to attenuate the experimental GI tract inflammation in mice, further supporting the
therapeutic potential of orally taken peptides acting in situ [88].
In conclusion, the oral use of bioactive peptides and protein hydrolysates offer a number of
unique advantages and challenges that require further efforts in research and development targeted
towards different aspects such as palatability, digestion, and sites of action. The development of these
peptides for health promoting and therapeutic purposes would have to take into account these factors
when devising strategies for oral usage.
4. Regulatory Environment for Bioactive Peptides
The regulatory environment includes the laws, regulations, and licensing systems that govern the
manufacture, import, export, and sale of regulated products. In the context of biomedical and food
industries, it involves various aspects of foods, drugs, and other products with effects on health and
nutrition. Most advanced economies have robust regulatory regimens that ensure the safety and (where
applicable) efficacy of such products, in order to protect the well-being of their citizens [89]. Given
the novelty and potential health and nutritional roles of food derived bioactive peptides and protein
hydrolysates, it is critical to understand and engage with the regulatory system/s in place in order to
successfully translate the discoveries from the laboratory to the real world. While regulatory regimens
do vary across different national and regional jurisdictions [90–93], certain common themes observed are
discussed here.
4.1. Food or Drug?
The first issue is whether a product is a food or a drug. As bioactive peptides are obtained from food
proteins and are purported to have health benefits, this could be more complicated than it seems at first
glance. For example, if a peptide is derived from milk and reduces high blood pressure, is it a food, drug,
or both? However, national regulatory systems are quire decisive about the food versus drug classification,
and a product could be placed as either a food or a drug with little overlap between them.
The general principle is to focus on their intended use. If a product is taken as a food (i.e., the primary
use is to gain sustenance and/or nutrition), it should be considered a food. On the other hand, if the
primary use is to mitigate a disease or improve a bodily function, it is a drug. The latter category includes
both natural health products and pharmaceuticals, as mentioned later. Indeed, the Canadian Food and
Drugs Act (F&D Act) clearly defines “food” and “drug” based on their intended usage profile [94].
However, it can be argued that in some instances, the food/drug dichotomy is less clear cut and there
are a number of product categories that straddle the divide, despite being legally defined as either “food”
or “drug”. As a growing number and variety of natural products become available for general use, it may
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be reasonable to consider such products as part of a food-to-drug continuum, with traditional foods at one
end and dietary supplements (or, natural health products) and/or pharmaceuticals on the other.
4.2. Traditional Foods
While the concept of bioactive peptides is relatively new; many such products have been in
widespread use since time immemorial. Across different cultures and continents, people have used
foodstuff like yoghurt/cheese/kefir (milk protein derived peptides), pickles (peptides from fermented
fruit or vegetable proteins), and fermented soybean products (tempeh, tofu, and natto), which are rich
sources of food peptides, many with well-known bioactive properties [95,96]. Being widely known for
their culinary use and regarded as safe to eat, these products have the least regulatory requirements.
As long as these are prepared in a sanitary environment and use food grade chemicals (e.g., enzymes
and processing aids), no special action is needed.
4.3. Novel Foods
This category includes foods that lack a history of safe use or those that have undergone novel
processing methods that significantly change their nutritional or safety aspects. The Canadian Food and
Drug Regulations (FDR) describing novel foods also include genetically modified organisms under its
aegis [97]. For bioactive peptides and hydrolysates, the first sub-category may involve an unusual (or
less widely known/used) protein source, while the second sub-category may involve the use of “new”
enzymes, bacteria (for fermentation), and any number of chemical/physical methods used to generate,
protect, or preserve an array of peptides. One or more applications may be needed to seek approval
for usage and the consequent marketing of foods containing such ingredients. In Canada, novel food
applications may involve the final food product, or it may pertain to a processing aid or a bacterial strain.
In the United States, both foods and food-making processes can be covered under “generally recognized as
safe” (GRAS), a process used to allow for both novel products and procedures [98,99].
4.4. Functional Foods
While traditional and novel foods are widely sold, there are restrictions on health-related claims
pertaining to these products. There is a growing tendency within both the scientific and industry
communities to promote the concept of a “functional food”, that is, a food endowed with specific
health/medical functions over and above its nutritional role [95,100,101]. Indeed, a recent search on
PubMed for “functional food” merited over 4000 hits, compared to ~2500 for “bioactive peptides” and
~1100 for “protein hydrolysates” (personal observation, May 2018). Despite the wide usage of this
term, its legal validity remains unclear. Countries like Canada and the United States do not provide
any legal status for “functional food”, although Health Canada had defined such a product [102].
In contrast, Japan has long maintained a regulated category of “food for specific health uses” (FOSHU),
which may be the closest approximation to functional foods as a legal concept [102–104]. Outside
Japan, such usage has remained uncommon, and so this may not be a viable regulatory option for
bioactive peptide-based products in most markets in the near future.
4.5. Food for Special Uses
There are a number of special regulatory requirements for foods for special uses, which may
involve those for medical conditions (e.g., low-energy, high-energy, and low in particular amino acids)
or those intended for vulnerable populations. The commonest example is infant formula (for those
aged 0–12 months). Most jurisdictions use stringent regulatory standards to protect infants’ nutritional
needs; as such, it is one of the common regulated foods sold all over the world. Globally, infant
formula is regulated by Codex Alimentarius standards (e.g., Codex STAN72-1981), under the auspices
of the World Health Organization (WHO) and the Food and Agriculture Organization (FAO) [105].
Nationally, many countries follow these international standards, while others, such as Canada and the
United States, use their own standards for infant formula [97,106]. Given the putative role of hydrolysis
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in reducing the allergenicity of milk proteins, milk protein derived bioactive peptides are already a
key component of many infant formulae sold across the world [107,108]. Indeed, this may well be one
of the major instances of enzymatically pre-digested food proteins being used in a mass-marketed
product. With the rising interest in both hypoallergenic and vegan diets, it is likely that peptide-rich
plant protein hydrolysates (e.g., those from soy or rice proteins) would become an alternative source
for bioactive peptides in these products [109].
4.6. Supplemented Foods
Foods are not only a source of nutrients; their nutritional content can be further enhanced by
the addition of extraneous compounds. In Canada, there exists a separate category of supplemented
foods, including energy bars and energy drinks that contain added levels of nutrients (e.g., vitamins,
minerals and choline) [110]. Thus, the potential exists for use of bioactive peptides with well-defined
physiological roles to be incorporated into commercially available foods and drinks under this
regulatory measure. However, this may require robust evidence of biological effect (as demonstrated by
studies in human subjects, for example) and consistency before becoming a routine practice. The lack of
consistency in natural products like peptides and hydrolysates has long been a limiting factor in better
ascertaining their specific roles [111].
4.7. Natural Health Products
Not all bioactive peptides are meant to be foods. Many are better suited for use as health
products, which can be addressed under the “natural product” category. The growing interest in
non-pharmaceutical drugs is a multibillion-dollar industry worldwide, and many bioactive peptides
could find successful applications under its umbrella. One of the favorite terms used by both
researchers and industry has been “nutraceutical”. A recent search on PubMed for “nutraceutical” had
over 3000 hits, with barely 300 for “natural health product” (personal observation, May 2018). However,
despite its apparent popularity, the term “nutraceutical” remains poorly defined, with various
interpretations and minimal legal/regulatory value [112,113]. From a regulatory perspective, Health
Canada uses the term “natural health product” (NHP) and regulates manufacture and sale of such
products through the NHP regulations made under the F&D Act [113]. In the United States, the Food
and Drug Administration (US FDA) has a similar category of “dietary supplements” [114].
To date, a number of bioactive peptides have been cleared for use under these regulatory systems.
The Canadian NHP database already includes “medicinal” ingredients such as casein phosphopeptides,
glutamine peptides, and LKPNM (a pentapeptide derived from bonito protein), as well as the
hydrolysates of fish protein, lupine, collagen, casein, and shrimp, to name a few [115]. Similarly,
the US FDA maintains a list of new dietary ingredients that includes peptides derived from fish,
shrimp, sesame, and silk fibroin protein, as well as hydrolysates of egg albumin and milk protein [116].
Given the beneficial roles of bioactive peptides on various physiological systems, this category is likely
to be the preferred non-food option for future commercialization.
Interestingly, Schedule 1 of the Canadian NHP regulations specifically mentions (free) amino
acids [117]; hence, it could be extrapolated to include synthetic short (2–10 amino acids) peptides in
addition. Indeed, non-natural synthesized peptides such as anidulafungin (anti-fungal) and palmitoyl
tetrapeptide-7 (skin conditioning agent) are listed in the Canadian NHP database under a separate
category [115]. This is a novel option that merits further examination and may become a global model
for regulatory approval of synthetic peptides with health benefits.
4.8. Pharmaceuticals
Finally, the most stringent regulatory requirements are reserved for the pharmaceuticals. Unlike food
and supplements, pharmaceuticals can be used in invasive routes (e.g., intravenous and subcutaneous) or
can be prescribed for specific diseases. However, given the variability in many “natural” products, limited
opportunities for patent protection, and the lack of human clinical trials, the pharmaceutical route remains
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virtually inaccessible to most bioactive peptide formulations [111,118–120]. While the potential exists for a
handful of synthetic peptides with high potency to break into this field, it would only be realized upon the
completion of prohibitively expensive and time-consuming clinical trials, and only for those with robust
and unequivocal effects on disease processes. With the legal, financial, and ethical challenges involved,
this is unlikely to be a common option in the foreseeable future.
In summary,
an understanding of the prevalent and evolving regulatory environment
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1. Challenges and potential solutions to utilization of bioactive peptides in human health.
Figure 1. Figure
Challenges
and potential solutions to utilization of bioactive peptides in human health.
The three major aspects attached with the utilizations of food-derived bioactive peptides are (1)
The three major aspects attached with the utilizations of food-derived bioactive peptides are
(1) production; (2) oral consumption; and (3) regulation. The figure highlights the challenges and future
opportunities those are associated with each of the aspects.
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For decades, the development of peptides as potential drugs was aimed

solely at peptides with the highest affinity, receptor selectivity, or
stability against enzymatic degradation. However, optimization of
their oral availability is highly desirable to establish orally active
peptides as potential drug candidates for everyday use. A twofold
optimization process is necessary to produce orally active peptides:
1) optimization of the affinity and selectivity and 2) optimization of
the oral availability. These two steps must be performed sequentially
for the rational design of orally active peptides. Nevertheless, additional knowledge is required to understand which structural changes
increase oral availability, followed by incorporation of these elements
into a peptide without changing its other biological properties.
Considerable efforts have been made to understand the influence of
these modifications on oral availability. One approach is to improve
the oral availability of a peptide that has been previously optimized for
biological activity, as described in (1) above. The second approach is
to first identify an intestinally permeable, metabolically stable peptide
scaffold and then introduce the functional groups necessary for the
desired biological function. Previous approaches to achieving peptide
oral availability have been claimed to have general applicability but,
thus far, most of these solutions have not been successful in other cases.
This Review discusses diverse chemical modifications, model peptides
optimized for bioavailability, and orally active peptides to summarize
the state of the research on the oral activity of peptides. We explain why
no simple and straightforward strategy (i.e. a “magic bullet”) exists for
the design of an orally active peptide with a druglike biological
function.
1. Introduction
Peptides would be ideal drugs for interfering with
protein–protein interactions[1] or serve as ligands for membrane-bound receptors, such as G-protein-coupled receptors
(GPCRs) or cell-adhesion receptors (integrins). Many of
these receptors can be affected without the peptide entering
the cells, which makes peptide development attractive to the
pharmaceutical industry. In fact, peptides—after biologics—
constitute the fastest growing market in the pharmaceutical
sector.[2] The worldwide market for peptide therapeutics is
expected to grow from US$ 21.3 bn to US$ 46.6 bn between
2015 and 2024.[2a] There are already many applications of
peptide drugs, for example, for treating cancer, respiratory
disorders, and diseases of the cardiovascular system, gastrointestinal tract, and central nervous system. Peptides have
also been applied as anti-infective, dermatological, and renal
therapeutics.[2a, 3] The rapid enzymatic cleavage of peptides to
nontoxic metabolites (amino acids) and the rapid clearance of
natural peptides, such as hormones, are beneficial. Linear
natural peptides usually have distinct disadvantages as drugs
because of their metabolic instability, their low binding
selectivity for specific receptor subtypes, and, in particular,
their insufficient bioavailability.[4] Several approaches to
finding solutions to overcome these problems have been
Angew. Chem. Int. Ed. 2018, 57, 14414 – 14438
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reported in the last few decades. Since
these properties can mainly be attributed to conformational instability,[5] it
was quickly realized that the introduction of constraints, such as cyclization[5, 6] or the introduction of unnatural amino acids (e.g. d-amino acids,[7]
retro-inverse peptides,[8] peptide-bond
surrogates, or any compound containing an amino group and a carboxy
group, such as a sugar amino acid[9]) or
N-methylation,[10] can reduce enzymatic degradation.[11] Such modifications prevent attack by exopeptidases, and the conformational rigidity caused by cyclization reduces endopeptidase
cleavage within the peptide chain.[7, 12] If the conformation of
the constrained peptide matches the “bioactive conformation”, superactivity is achieved, and such peptides are usually
more selective for distinct receptor subtypes.[5]
An illustrative example in which prominent structural
features are combined to improve peptide stability is the
development of sandostatin (2, Figure 1 A), which is based on
the native peptide hormone somatostatin (1). Somatostatin is
also known as growth hormone (release)-inhibiting hormone
(GHIH) and is present in the human body in two forms,
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Figure 1. Improvement of the in vivo stability of peptides by chemical modifications. A) Modification of somatostatin-14 (1) to the commercially
available active agent sandostatin (2) with increased half-life and selectivity. B) Development of cyclic RGD peptides (3, 4) derived from ECM
proteins. Neither sandostatin (2) nor cilengitide (4) are orally available.
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namely, as somatostatin-14 (1) and somatostatin-28, which
contain 14 and 28 amino acids, respectively.[13] Both forms
have very poor metabolic stability (t1/2 < 2 min) in vivo and
are rapidly cleared from the plasma.[14] These properties
prevent the use of natural unmodified somatostatin as a drug.
The development of sandostatin (2) provided a breakthrough
in serum stability (t1/2 & 2 h) and paved the way for its use by
subcutaneous administration.[15] An Ala scan, in which each
amino acid is systematically substituted by alanine,[16] identifies the residues essential for biological activity. For somatostatin, the binding motif of the amino acid sequence
FWKT[17] embedded in a b-turn was found by successive
omission of nonbinding amino acids and a shift of the
disulfide bridge closer to the b-turn. In sandostatin (2), the bturn is stabilized by substitution of l-Trp by d-Trp in the i + 1
position (to form a bII’-turn), which enhances the biological
affinity and increases the metabolic stability to more than two
hours.[7, 15] However, peptides are most easily cleaved by
exopeptidases at the N-terminal or C-terminal end.[12b] The
incorporation of a second d-amino acid at the N-terminus and
reduction of the C-terminal carboxylic acid to an alcohol
inhibits exopeptidase cleavage and further increases the
serum stability.[7] Hence, sandostatin (2) was developed
using all the common strategies known at that time to
improve the peptide drug stability, namely, downsizing,
rigidification, incorporation of d-amino acids, and protection
of the N-terminal and C-terminal ends of the peptide chain.
Sandostatin (2) is now used as an injectable drug against
acromegaly[18] and gastrointestinal neuroendocrine tumors.[19]
The cyclic pentapeptide cilengitide, c(RGDfNMeV) (4),
is another example in which metabolic stability was increased
through common modifications, such as incorporation of a damino acid, cyclization, and N-methylation (Figure 1 B).[20]

Cilengitide contains the RGD binding motif of an extracellular matrix (ECM) protein and is not metabolized in humans.
Thus, cilengitide is excreted, with a half-life of four hours,
without any metabolic structural changes.[21]
The unpredictability of peptide oral bioactivity is shown in
Figure 2 by the difference between phalloidin (5)[22] and aamanitin (6)[23] as an example. Both are heat-stable bicyclic
peptides, isolated from the mushroom Amanita phalloides.[24]
The toxicity of both is very high if injected subcutaneously, as
both are absorbed by the same sinusoidal bile salt transport
system into the hepatocytes,[25] but their toxicological effects
are completely different if administered orally.[26] Although
the oral absorption of a-amanitin (6) is very low, the
biological effect in vivo is tremendous and can even be
lethal (LD50 = 0.1 mg kg@1).[27] The lack of an oral effect of
phalloidin (5) was associated with the possibility that it is not
orally absorbed.[26, 28] The bioavailability values of these two
bicyclic peptides could not be found in the literature, but the
difference in their oral activities is significant. This example
shows explicitly that the key common features promoting oral
uptake seem to be unpredictable; moreover, it appears that
even poor oral availability can lead to high oral activity as
long as the peptide can resist enzymatic cleavage and has
a very high biological activity.[29] In an excellent, recently
published review[29] on orally absorbed cyclic peptides, almost
all the peptides discussed have extremely poor oral uptake (in
a percentage range of low single digits or below), but
nevertheless they have observable biological effects because
of their extremely high biological affinities and activities.
Small peptides are considered the “sweet spot” between
biopharmaceuticals and small molecules.[3] The well-known
“LipinskiQs rule of five” (RO5) was established for small
molecules to evaluate the drug-likeness of a candidate and to

Shira Merzbach studied Pharmacy
(B.Pharm) at The Hebrew University of
Jerusalem Israel (HUJI). She is now carrying
out PhD research in the group of Prof. A.
Hoffman. Her research project deals with
pharmacokinetics and pharmacodynamics of
peptides and peptidomimetics.

Amnon Hoffman studied pharmacy at The
Hebrew University of Jerusalem Israel
(HUJI), received his B.Pharm in 1977, MSc
in 1979, and PhD in 1985 from HUJI. After
postdoctoral research in biopharmaceutics,
at SUNY Buffalo, he moved in 1989 to the
HUJI first as a Lecturer, then Senior Lecturer
in 1995, Associate Professor in 2002, and
Full Professor in 2007 for Biopharmacy and
Clinical Pharmacy. He investigates the biopharmaceutical aspects of drug delivery systems and drug development.

Chaim Gilon studied chemistry at the
Hebrew University in Jerusalem, Israel. He is
currently a Professor Emeritus Active of
Chemistry at HUJI. His main fields of
interest are the conversion of peptides and
proteins into drugs and the molecular mechanism of neural memory.

Horst Kessler studied chemistry in Leipzig
and Tfbingen and was appointed as Full
Professor in 1971 at the J. W. Goethe University in Frankfurt. In 1989 he moved to
the Technical University of Munich (TUM).
In 2008, he became the Carl von Linde
Professor at the Institute for Advanced Study
at the TUM. His main interests are drug
development from peptides and peptidomimetics as well as NMR spectroscopy.

Angew. Chem. Int. Ed. 2018, 57, 14414 – 14438

T 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.org

14417

Angewandte

Reviews

Chemie

Figure 2. Phalloidin (5) and a-amanitin (6) are natural cyclic peptides from the poisonous mushroom Amanita phalloides. Both are highly toxic
when injected intravenously, but only a-amanitin (6) is responsible for the toxic effect after oral administration, because only a-amanitin (6) is
orally bioactive.

estimate its possible activity and oral availability.[30] This
concept has also been applied to peptides, but, notably, the
500 Da molecular-weight cutoff is reached with only 5 amino
acids and thus is incompatible with determination of the
peptide bioavailability. Veber et al. have suggested a different
rule that is specific for peptides,[31] in which only two criteria
for the prediction of good oral bioavailability are necessary:
a polar surface area below 140 c2 and 10 or fewer rotatable
bonds.[31, 32] Despite this approach, the oral bioavailability of
peptides[33] is still a factor limiting drug-likeness and remains
a problem, particularly if the peptide must also be bioactive.
Non-invasive administration of insulin, the most widely used
peptide drug, has continuously been a focus of pharmaceutical research.[34] However, one study on the oral administration of insulin was recently abandoned because its oral uptake
was insufficient—much more insulin was needed to observe
the same effect exhibited by the injected drug.[35]
An important factor for oral availability is the drug
formulation, which can strongly affect the permeability. The
permeability of the gut to the blood is also linked to cellular
permeability, which is required to access an intracellular
target. However, this will not be discussed here because
reviews on this topic have recently been published.[36] Crossing of the blood–brain barrier (BBB)[37] is also not discussed
here. For further information about cell-penetrating peptides,[38] stapled peptides,[39] formulations,[40] or nanotechnologies to improve the transport of peptide drugs,[41] the reader
is referred to the literature.
This Review covers the various known uptake mechanisms of the intestinal brush border membrane (excluding the
pathway by oral or nasal mucosa), the plethora of methods
used to investigate intestinal permeation, and the influence of
various chemical modifications of peptide features on bioavailability, metabolic stability, bioactivity, and selectivity. We
want this Review to give the reader a comprehensive overview of the challenging task of developing orally active
peptides and the balancing act necessary between the
optimization of bioavailability and bioactivity, which often
interfere reciprocally with each other.
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2. Biological Absorption and Its Assessment
In the previous section, we emphasized the obstacles of
the instability of peptides against digestion by enzymes in the
gastrointestinal tract or against the acid environment in the
stomach. Oral bioavailability is defined as the fraction of an
orally administered drug that appears in the systemic
circulation after passage through the enterocytes (i.e. cells
of the epithelial membrane of the gut) and the liver (i.e.
pharmacokinetics).[42] The greatest remaining hindrance to
oral bioavailability is the ability of a peptide to pass through
biological barriers or membranes, especially through enterocytes (Figure 3),[43] despite the fact that only a monolayer of
enterocytes that function as a gatekeeper between the
intestinal lumen and the systemic blood stream is present in
the gut.[44] The main absorption mechanism is passive
diffusion, but enterocytes are also able to transport specific
compounds, for example, dietary sugars and digested proteins
(amino acids, di-/tripeptides) or lipids.[45] We focus here on the
various uptake pathways in the gastrointestinal tract that are
relevant to peptides (Figure 4). Poor oral absorption or
permeation through these biological obstacles can reduce or
even completely negate the biological effect of an otherwise
(when injected) highly active compound, such as the previously mentioned phalloidin (5). Additionally, we will
summarize the most common methods for investigating oral
uptake and discuss how the pharmaceutical formulation of
a drug can influence its bioavailability. Other biological
aspects or barriers after uptake trough the epithelium, such as
the first pass effect in the liver, (irreversible) binding to blood
proteins, or metabolic clearance, are not included in here; we
refer interested readers to further literature.[46]
The complexity of oral activity in the context of further
issues is presented schematically in Figure 3.

2.1. Uptake Mechanisms
2.1.1. Passive Absorption Mechanism
Passive permeability refers to the absorption pathway by
which a compound diffuses spontaneously through epithelial
membranes as a result of a concentration gradient across the
intestine. This process does not require energy, and its
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Figure 3. After oral intake, a drug (peptide) is exposed to many enzymes and chemical environments in the gastrointestinal tract. Unstable,
insoluble, and impermeable compounds are metabolized or eliminated (by defecation) unchanged. Otherwise, they are absorbed through various
uptake mechanisms (for more details, see Figure 4) across the epithelium into the hepatic blood stream. Depending on the target location,
further biological barriers must be overcome, thus increasing the requirements of the active agent. The first-pass effect represents an additional
non-negligible obstacle to a peptide drug before it reaches the often-aspired systemic blood and systemic circulation because it may be
metabolized in hepatocytes enriched with cytochromes (CYPs) and other enzymes. Special requirements, which are beyond the scope of this
Review, are necessary to cross the blood–brain barrier.

magnitude depends on the difference in the concentration of
the compound between the apical side and the basolateral
side of the membrane, and is related to the specific molecular
permeability properties of the tested membrane. The permeability kinetics are similar in both directions, apical-to-basolateral and vice versa.
Passive transcellular diffusion is the predominant pathway
for many small-molecule drugs that have good membrane
permeability.[47] The intestinal epithelial monolayer surface
area is approximately 32 m2 in humans.[48] As a consequence
of the extremely high surface area of the intestine, this route
provides massive input of the drug into the system in all cases
where the permeability is not dependent on transporters.[48]
The transcellular permeability of peptides depends mainly on
their lipophilicity, which enables a peptide to penetrate the
lipophilic bilayer membranes of the enterocytes. Camenisch
et al.[49] and Schwochert et al.[50] showed that modifying
a cyclic peptide by adding lipophilic residues can increase
the passive transcellular permeability pathway of a given
peptide.[51] In addition, the conformation of a peptide also
seems to have an important impact on the degree of
permeability across epithelial cell membranes, as shown by
the high similarity of structural motifs in bioavailable cyclic
hexapeptides.[52]
The passive paracellular pathway refers to absorption that
occurs in the gap between the epithelial cells, also known as
tight junctions (TJs).[53] The permeability in this pathway is
limited because TJs constitute only a small fraction of the
Angew. Chem. Int. Ed. 2018, 57, 14414 – 14438

overall surface area of the intestine.[54] Solubility in aqueous
media and a small molecular size favor this permeability
mechanism.
2.1.2. Active Pathway with Transmembrane Transporters
Intestinal membrane transporters can play a major role in
defining the pharmacokinetic properties and pharmacodynamic profile of a drug. More than 400 transporters have been
discovered in past years and belong to two superfamilies: the
ATP-binding cassette (ABC) and solute carrier (SLC)
families.[55] In this section, we focus solely on the transporters
involved in drug and peptide absorption in the intestine.[55, 56]
2.1.2.1. Active Uptake Transporters
Physiologically, peptide transporters in the intestine
mediate the absorption of oligopeptides (di- and tripeptides,
and single amino acids).[57] Peptide transporters, such as the
peptide transporters 1 (PepT1) and 2 (PepT2), are members
of the SLC family and are located on the apical side of brush
border epithelial cells in the small intestine. The transporters
utilize a H+ gradient to insert oligopeptides into cells.[58] This
natural peptide absorption process subsequent to enzymatic
digestion is used pharmacologically to promote the intestinal
permeability of a drug, for example, b-lactam antibiotics
which are PepT1 substrates.[59] Moreover, valganciclovir, the
valyl ester of ganciclovir, is an antiviral agent that was
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Figure 4. Different intestinal uptake pathways exist that control the passage of compounds across the epithelium; in particular, enterocytes in the
gut control passage from the apical to the basolateral membrane after permeation through the unstirred water layer (UWL) and the mucosa. The
passive pathway can be subclassified into a) paracellular transport in which a compound passes the intercellular space between tight junction (TJ)
linked epithelial cells and b) transcellular transport in which a compound passes through the enterocyte membranes. A plethora of c) transmembrane uptake carriers (e.g. PepT1 and GLUT) mediate active transport into the enterocytes, and efflux carriers (e.g. P-glycoprotein (P-gp))
mediate transport out of the cell. Compounds can be incorporated into vesicles and pass into or through epithelial cells by the d) vesicular
pathway, also called transcytosis. The absorbed compounds finally reach the blood stream and further biological barriers after passing the
basolateral membrane.

developed as a PepT1 substrate to enhance the oral bioavailability of ganciclovir.[60]

transport across important physiological barriers, such as
the BBB, the blood–testis barrier, and the placenta.[55]

2.1.2.2. Efflux Transporters

2.1.3. Vesicular Uptake Pathway

Consideration of the reverse pathway for drug uptake is
also important and is enhanced by efflux transporters.
* ABCB1 (or P-gp) is an active transporter located mainly
on the luminal membrane of the small intestine and the
BBB but also expressed in hepatocytes and kidney
epithelial cells. P-gp uses ATP and eliminates drugs as
well as xenobiotic molecules from cells.[61] P-gp has
a crucial role in limiting the bioavailability of certain
drugs, including peptides.[61, 62] Expression of P-gp can be
induced or repressed and this can influence the permeability of P-gp substrates, such as cyclosporine and other
peptide drug candidates.[63]
* ABCG2, also termed breast cancer resistance protein
(BCRP), is another efflux ABC transporter that was
originally discovered as being responsible for the in vitro
drug resistance of cancer cell lines.[64] BCRP has a role in
limiting the oral bioavailability of several BCRP substrates, including methotrexate and statins, and their

The vesicular uptake pathway or transcytosis describes
the transcellular transport mediated by the formation of
vesicles and the two involved processes, endocytosis and
exocytosis. It is not included in this Review and we refer the
reader to other reviews in the literature.[65]
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2.2. Methods for Investigating Uptake Pathways
2.2.1. Methods To Assess the Oral Bioavailability of Peptides
The preferred assay is an in vivo assessment of the amount
of peptide that reaches the systemic blood circulation
following oral administration compared with the time-dependent concentration after intravenous administration. The
preferred animal model is the rat, because a series of 8–10
samples can be drawn from the same animal, which enables
lower variability between animals. In addition, the rat
intestine very closely resembles the human gut and thus
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provides relevant preclinical indications for predicting the
expected human intestinal absorption of a tested compound.
In practice, bioavailability (F) is calculated by the integrated
area under a concentration–time plot, that is, the peroral area
under the curve AUCpo divided by the intravenous AUCiv.[42]
This approach is valid as long as the distribution volume of the
tested molecule is equal in both modes of administration (i.e.
it has linear pharmacokinetics). The preferred investigation
technique uses freely moving animals that have an indwelling
cannula implanted in the jugular vein one day before the
pharmacokinetic study, which enables consecutive blood
samples to be drawn without any disturbance.[66] The reader
is also refered to a recent comprehensive publication.[67]
Since it is desirable to minimize the use of animals during
the drug development process, certain in vitro quantities that
mimic the in vivo situation can be used for screening assessments and have been found to have good in vivo/in vitro
correlation (IVIVC). These assays are mostly based on
appropriate monolayer cell cultures.[68]
The information obtained from a battery of permeability
tests is integrated to reveal the permeability mechanism(s)
that are operative for the tested compound.
2.2.1.1. The n-Octanol–Water Partition Coefficient (log P and
log D)
A partition coefficient (P) represents the relative proportion of a non-ionized compound in an organic (here noctanol) and aqueous environment. The logarithm of the ratio
(log P) allows evaluation of the lipophilicity of a compound
and is, thus, an important tool to predict absorption through
biological membranes.[69] An estimate of the lipophilicity of
compounds (clog P, where c indicates computational) can be
obtained from ChemDraw and other software. The logarithm
of a partition coefficient at a distinct pH value is known as
log D.[70]
2.2.1.2. Parallel Artificial Membrane Permeability Assay (PAMPA)
The parallel artificial membrane permeability assay
(PAMPA) is a rapid, inexpensive model for prediction of
the passive transcellular permeability.[71] Transport studies in
the PAMPA model are performed through an artificial
phospholipid membrane devoid of cellular proteins (including transporters, TJ proteins, etc.). Compounds are placed in
the “donor” well and passively diffuse across the artificial
membrane to the “acceptor” well.[72] This method is an
important part of the high-throughput screening process for
innovative molecules in drug discovery and is usually
performed in a 96-well format. Notably, it was used as an
experimental tool to formulate LipinskiQs “rule of five”, which
predicts the intestinal permeability of small-molecule drug
candidates.[30] Similar to the Papp value in the cell culture
model, the PAMPA assay reports the effective permeability
(Pe), which represents the permeability rate of the compound.[72] There are no TJs within the PAMPA membrane,
and thus the paracellular or transporter-mediated mechanisms cannot be assessed. There are several models for
PAMPA studies of compound permeability that use artificial
Angew. Chem. Int. Ed. 2018, 57, 14414 – 14438
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bilayer membranes. The traditional method includes lecithin
impregnation using an organic solvent (e.g. dodecane, hexadecane, or 1,9-decadiene).[71] A manually prepared PAMPA is
associated with somewhat high variability.[73] There are newer
PAMPA models in which the filter plates are precoated, thus
ensuring better reproducibility. For example, a) the lipid/oil/
lipid trilayer method enables better sensitivity in the detection of poorly soluble compounds,[74] b) the biomimetic layer
PAMPA (BAMPA) model was developed to mimic the brush
border membrane in the intestine,[74] and c) the hydrophilic
filter membrane PAMPA assay allows a much more rapid
assay because of the faster permeation rate.[74] All of these
methods have been validated and compared with the traditional PAMPA method and were found to be comparable.
2.2.1.3. Cell Culture Transport Studies
In vitro cell culture models used for investigations of
intestinal permeability rely on the ability of cells to grow into
a polar epithelial monolayer with TJs between the cells. This
monolayer imitates a biological barrier that can limit
intestinal drug absorption, such as the intestinal brush
border and the enterocyte barrier.
* Caco-2 (colon adenocarcinoma) cell culture
The Caco-2 model was introduced to the pharmaceutical
field in the late 1980s and serves as the main method for
investigating the permeability mechanisms of compounds
in general and is used for peptides specifically.[75] Colon
adenocarcinoma cells form a polar monolayer that simulates the epithelial cells in the small intestine that control
the absorption of nutrients and other compounds from the
lumen of the digestive system. A compound is placed in
the donor compartment, and samples that permeate across
the cell monolayer are taken from the acceptor compartment. The apparent permeability coefficient (Papp) is the
parameter derived from these studies and reflects the
absorption rate through the monolayer. The system
mimics transport from the apical to the basolateral (AB)
side or from the basolateral to the apical (BA) side. In the
bidirectional assessment approach, the Papp values of AB
(AB Papp) and BA (BA Papp) of the tested compound are
compared (i.e. efflux ratio). Similar Papp values indicate
that the compound passively diffuses through the intestinal
cells. High AB Papp values for a compound (above 2–5 X
10@6 cm s@1) suggest the occurrence of transcellular diffusion; on the other hand, a low AB Papp value (1–2 X
10@7 cm s@1) suggests the existence of a paracellular permeability mechanism.[76] This must be further validated
using the AB/BA ratio to confirm that the low permeability is not due to efflux activity. A significant efflux ratio
(BA Papp/AB Papp) or an uptake ratio (AB Papp/BA Papp)
higher than 1.5–2.0 suggests that active transporter(s) are
involved in the permeability mechanism and promote the
absorption of the compound or decrease the total compound penetration by removing it from the cell. This
approach can be used to carry out further studies to
characterize and verify the kinetics of the transporter and
the permeability rate in the presence of certain transporter
inhibitors.[76] Certain advanced Caco-2 clones that are
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enriched for certain transporters such as PepT1, are also
available.[59b] Notable disadvantages of the Caco-2 method
are the three week incubation period required to obtain
a mature monolayer. Additionally, although different
quantitative results have been obtained in different
laboratories, the relationship between the drugs has been
comparable.[77] Moreover, the data obtained with this assay
are relative to the results of reference molecules (e.g.
atenolol for the paracellular and metoprolol for the
transcellular pathway) because the magnitude of the
permeability may differ for different passage numbers.
MDCK (Madin–Darby canine kidney) cell culture
The MDCK cell model is another cell culture method that
has been used to study the permeability mechanism of
compounds. These kidney cells differentiate into columnar
epithelium and form TJs when cultured on a semipermeable membrane.[78] Several groups have compared this
model to the Caco-2 model[78, 79] and found similar Papp
values using both models. Modified MDCK cells that
specifically express certain membrane transporters, such as
MDR-MDCK cells, which overexpress human MDR1
protein,[80] are used to study the involvement of transporters in the permeability mechanism of certain compounds. Unlike the Caco-2 model, the time necessary to
create a usable monolayer is very short, which enables
a rapid outcome.

2.2.1.4. Ex Vivo Intestinal Permeability Assessment with an
Ussing Chamber
The Ussing chamber is an apparatus that is used to
measure permeability across the epithelial membrane in
ex vivo models.[81] This technique allows the use of intestinal
tissue harvested from rats which is kept viable throughout the
permeability study. The vitality of the tissue and also the
functionality of the relevant transporters is monitored
throughout the permeability study. The use of the excised
tissue allows recognition of regional-dependent active efflux
and/or transport processes in the gastrointestinal tract that are
involved in the absorption of a compound. The excised tissue
also includes several parameters absent in the Caco-2 model,
such as the pH microclimate in the epithelium and the
complex structure of the tissue layers.[82] Ussing chambers also
allow exploration of the effect on the permeability rate of the
electric potential difference between the two sides of the
intestinal tissue.[83] However, the excised tissue mounted in
the Ussing chamber typically also contains muscle tissue that
can affect the results.
2.2.1.5. In Vitro Stability Methods
Apart from the permeability challenges in the delivery of
peptide drugs, the metabolic stability of the proteins and
peptides in the physiological environment can greatly affect
peptide bioavailability, since peptides are prone to extensive
metabolism in the gut and liver. Peptides can be incubated
with biological matrices to evaluate their stability. Both
kinetic information (in vitro intrinsic clearance and half-life)
and degradation products can be determined in these assays.
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Brush border membrane vesicles (BBMVs) stability assay
The rat brush border membrane vesicles (BBMVs) are
prepared by precipitation from the combined duodenum,
jejunum, and upper ileum of male rats with Ca2+. This
method allows the stability in the presence of enzymes
expressed in the intestinal enterocytes to be investigated
and presents a convenient method to screen in vitro the
resistance of protein and peptide libraries in the harsh
environment of the gut.[84]
Liver microsomes stability assay
Different liver matrices, such as liver microsomes, S9,
cytosol, and hepatocytes are typical matrices to evaluate
stability in the liver, which is an important component in
determining the ADME properties of any drug candidate,
let alone peptide drugs. The peptides are incubated in
media that represent phase I and II metabolism in the
liver.[85]

2.3. Influence of the Formulation on Uptake
2.3.1. A Pharmaceutic Approach To Elevate the Oral Bioavailability of a Hydrophilic Peptide
Most therapeutic peptides are hydrophilic, and the main
mechanism of peptide absorption following oral administration is paracellular.[86] Through this pathway, peptides penetrate the intercellular TJs between enterocytes. The area
available for paracellular absorption is 0.01 % of the entire
surface area of the intestine, which limits the oral availability
of hydrophilic peptides. The bioavailability can be evaluated
to some degree by utilizing certain formulation strategies. An
example is administration of a peptide along with an
absorption enhancer, such as SNAC (sodium N-(8-[2hydroxybenzoyl] amino caprylate). SNAC is composed of
a lipophilic chain attached to a polar group and interacts with
a peptide in a noncovalent manner.[87] Although the exact
mechanism is still unclear, it has been reported that SNAC
elevates bioavailability in both the paracellular and transcellular mechanisms.[83] Coadministration of the anticoagulant
heparin (a non-peptide macromolecule) along with SNAC
leads to noncovalent interaction with the heparin that
neutralizes the negative ionic charge of a molecule to
render it more lipophilic, thus allowing transcellular absorption. Once the complex crosses the membrane, SNAC
dissociates from the therapeutic agent.[88] The protein semaglutide (a GLP-1 analogue for treatment of type 2 diabetes)
has shown promising results in clinical trials in an oral
formulation with SNAC. Semaglutide has been reported to
cause a localized increase in the pH value that enables higher
solubility and provides protection from enzymatic degradation of the peptide.[89]
However, these permeation enhancers must be examined
carefully, because their use might tend to produce adverse
reactions by coabsorption such as inflammation, sepsis, and
autoimmune conditions.[90]
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2.3.2. Pharmaceutical Formulations Affecting the Bioavailability
of Lipophilic Peptides
Lipophilic peptides penetrate from the luminal fluid into
enterocyte membranes and, therefore, are mainly transported
by the transcellular pathway.[91] High lipophilicity may cause
certain other difficulties with intestinal absorption. First, it
may prevent miscibility in the surrounding aqueous media. In
addition, the highly lipophilic peptides may be unable to cross
the unstirred water layer (UWL). The UWL is a 500 mm thick
layer attached to the apical surface of enterocytes that
separates the intestinal brush border membrane from the
intestinal lumen fluid. It is formed by the mucin layer on the
luminal side of enterocytes.[92] Once a lipophilic peptide
enters into an enterocyte, it encounters additional barriers,
such as P-gp efflux and cytochromes (mainly CYP3A4), which
may reduce its bioavailability. The utilization of certain
pharmaceutical formulations has been shown to be effective
in elevating the oral bioavailability of lipophilic peptides. A
relevant example is the use of a self-nano-emulsifying drug
delivery system (SNEDDS).[85a, 93] SNEDDS formulations are
used to overcome absorption barriers following the oral
administration of lipophilic drugs and consist of mixtures of
natural or synthetic lipids, surfactants, and cosolvents
approved by the FDA. SNEDDS formulations are orally
administered as a preconcentrate formulation and form
a nanodispersion upon exposure to the fluids of the gastrointestinal milieu. SNEDDSs apparently reduce intraenterocyte metabolism by CYP450 enzymes, reduce P-gp efflux
activity, and can thereby increase the oral bioavailability of
a prepared lipophilic peptide.[85a, 93] A specific example of the
impact of such a pharmaceutical formulation on oral bioavailability is CsA (17), which is a model lipophilic peptide
discussed in Section 4.2.

3. Structural Features that Improve Bioavailability
of Peptides
The first mandatory prerequisite to achieve the oral
bioactivity, also called oral efficacy,[33c] of a peptide is high
stability against degradation, followed by oral absorption,
which is further discussed in this section. Currently, a variety
of chemical modifications for obtaining bioavailability have
been reported. However, any structural change may simultaneously influence the stability, affinity, and selectivity of
a peptide. The most commonly used modifications are briefly
discussed below.

3.1. General Features
3.1.1. Size/Molecular Weight
The size and corresponding molecular weight (MW) of
a drug are inversely correlated with its (membrane) permeability and consequently with its oral availability (see
Lipinski’s rules).[30] The upper MW limit of 500 Da given by
Lipinski et al. is not appropriate for peptide drug candidates
and cannot be applied too strictly, because even a pentapepAngew. Chem. Int. Ed. 2018, 57, 14414 – 14438
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tide (with an average of 100 Da per amino acid) exceeds
500 Da. Indeed, the majority of orally bioavailable peptides
reported in the literature have a MW that ranges between 500
and 1200 Da.[29] An early study by the Borchardt group
indicated that an increase in the size of a linear peptide limits
its permeability [94] and, in particular for paracellular (passive)
absorption in the intestine the “pore”, the paracellular space
between two neighboring epithelial cells is reported to be
impermeable to molecules with a radius greater than 8–
9 c.[43, 95] We performed a study revealing that the major
influence of the peptide molecular space or hydrodynamic
volume on the paracellular absorption of hydrophilic peptides
could be due to the increase in (paracellular) permeation (i.e.
5-fold higher Papp) as a result of both peptide downsizing
through backbone cyclization and the conformational rigidity
compared with the linear counterparts.[86] Similar correlations
between the passive permeability, lipophilicity, and peptide
size were found in a later study by the Lokey group, in which
an analysis of PAMPA data of lipophilic cyclic peptides
revealed a steep drop-off in the permeability as the size
increased from 1000 to approximately 1400 c3.[96] Two
examples of the upper size limit of bioavailable peptides are
certainly cyclosporine A (CsA, 17, ca. 1400 c3, 1202 Da) and
the highly N-methylated decapeptides (7, ca. 1250 c3,
> 1000 Da) that were recently described by Fouch8 et al.[97]
All these studies indicate that with extended size/MW values
on the order of 1500 c3 or 1350 Da, other factors, including
rigidity or lipophilicity, may be more relevant for bioavailability than a definite size or MW.
3.1.2. Rigidity
The term “rigidity” is often used when conformational
preference[5] is observed. In general, the structural rigidity of
a peptide favors its oral absorption.[31] In contrast, the
“bioactive conformation” must be selected from an ensemble
of conformations for binding to a receptor.[5] In this case,
enthalpy and entropy reduce the binding efficacy.[30, 31] Many
chemical modifications[98] have been established to restrict the
flexibility of a peptide, and cyclization is certainly the most
important.[6c] Almost all orally available peptides are
cyclic.[29, 52, 86, 99] Interestingly, many permeable peptides consist
of six amino acids. These cyclic hexapeptide backbone
structures have a high population of b-turns accompanied
by relatively low flexibility.[52, 100] In contrast, cyclic pentapeptides have lower bioavailability, which may be attributed to
their higher flexibility.[101] In general, the flexibility or rigidity
of a cyclic peptide can be rationalized by comparison with
cyclic alkenes,[102] for which the Dunitz–Waser concept[103] was
developed. This concept can also be applied to cyclic peptides
and explains the higher rigidity of cyclic hexapeptides
compared with pentapeptides.[10c, 102, 104] Orally available peptides, such as CsA (17)[105] or “chameleon peptides” (10),[106]
can switch between different main conformations depending
on the polarity of the environment. They also adopt welldefined and strongly preferred conformations in different
environments, for example, distinct conformations in lipophilic media and in the crystal[105b] that correspond to the
permeable conformation of CsA (17).
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3.1.3. Lipophilicity
Enhancement of lipophilicity is a widespread approach to
increase the passive transcellular permeability of a peptide.
Lipophilicity can be increased either by inserting lipophilic
amino acids or by externally shielding, media-oriented NH
groups and charges. The incorporation of further chemical
modifications rigidifying the peptide backbone, such as bturns,[100] are commonly accompanied by a minor increase in
lipophilicity through the internal orientation of the NH
groups (often correlated with formation of intramolecular
hydrogen bonds).[52, 99b, 107] However, an excessive increase in
lipophilicity may lead to poor passive permeability; in fact
a “lipophilic window”[108] has been observed for passive
transport. In addition, poor solubility[109] or the enrichment of
a compound in a membrane has a negative effect on
permeability. At an early stage, the high proportion of the
lipophilic amino acid Leu in CsA (17) was found to
significantly contribute to the permeability of CsA. Following
this concept, highly lipophilic peptides were designed with
a high Leu content. An oral bioavailability of F = 17.3 : 5.7 %
was observed for non-N-methylated cyclo(l-Leu6)[110] and an
even higher bioavailability of F = 28 % was seen for the highly
N-methylated, Leu-rich, lipophilic peptide cyclo(L*l*LLp*Y)
(*X = (NMe)X),[99b] in which the presence of b-turns
improves the peptide permeability.[100] Shielding of externally
oriented NH groups through N-methylation[10e, 99a, 111] or with
tert-butylglycine[112] is directly correlated with an increase in
lipophilicity. Reliable methods to assess peptide lipophilicity
include the measurement of log P and the polar surface area
(PSA)[113] or the in vitro PAMPA test.[114] However, there is
a balance between increasing the lipophilicity and retaining
the activity and selectivity of the corresponding parent
peptide.
3.1.4. Charge and Polarity
Replacement of a single nonpolar amino acid with a polar
amino acid in an intestinally bioavailable peptide usually
results in a strong reduction in permeability. This was recently
observed by replacing Ala with Asp or Ala with Arg in
a highly permeable N-methylated cyclohexaalanine peptide,[115] and was also observed earlier in permeable lipophilic
peptides in which Leu was replaced by Asp or Lys.[116] Lys is
mainly protonated (positively charged) under physiological
conditions, but rapid deprotonation might be the reason that
Lys is often tolerated in permeable peptides.[99a] In contrast,
the stronger basicity of the guanidinium group of Arg
completely prevents passive transport. In the case of cellpenetrating peptides, the possible formation of a bidentate
salt bridge by the guanidinium group in contrast to the
primary amine of the Lys or Orn in the presence of suitable
counterions improves the uptake.[117] The effect of charge on
permeability has been examined in more detail in terminally
capped linear peptides:[94] in a series of mono-, tri-, and
hexapeptides, negatively charged Asp derivatives exhibited
a major loss of permeability across the Caco-2 membrane in
all cases. An interesting observation in terms of the influence
of Lys was made by the Borchardt group, who reported that
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the incorporation of Lys in a tripeptide prevents permeability
whereas the same substitution in a hexapeptide does not
affect the permeability compared to the neutral Asn-containing derivative.[94] Hickey et al. claimed that one polar side
chain is tolerated for permeability[118] and this finding fits to
the omnipresent Tyr in the permeable lipophilic peptides
examined by the Lokey group.[99b] Notably, a recent study
shows the potential of a lipophilic prodrug charge masking
(LPCM) approach.[115] In that approach, the positive (Arg)
and negative (Asp) charges of a bioactive peptide were
shielded by an esterase-labile[119] and lipophilic pro-moiety.[115]
In addition, a shift in the uptake mechanism from passive
paracellular to a transcellular pathway was observed after
conversion into a lipophilic prodrug form.[85c] The LPCM
concept seems to be a promising approach for the conversion
of highly polar or even charged, nonpermeable peptides into
orally bioavailable peptides.

3.2. Single Chemical Modifications Correlated with Improvement
in Bioavailability
The effect of structural modifications on the permeability
is depicted in Table 1. Usually, more than one of these
elements are used to obtain a peptide with sufficient oral
availability. Of course, not every developed chemical peptide
modification has been systematically evaluated for its effect
on bioavailability.

4. Overview of Orally Bioavailable and Bioactive
Cyclic Peptides
To date, a plethora of peptides have been designed as
model peptides for investigating “the secret” behind oral
availability. The first part of this section on the optimization
of the permeability without considering biological activity
provides insight into the intricacies of this research area.
Orally available peptides with biological functions are
addressed in the second part. A standard peptide template
that enables the degree of oral bioavailability to be explained
or predicted does not exist. Nevertheless, the peptides listed
below should serve as models in the search for bioavailable
peptides and provide an overview of the many repeated
elements observed.

4.1. Optimized Highly Bioavailable Peptides Devoid of Biological
Activity
Table 2 summarizes the most prominent and well-characterized models. They all lack biological function because they
have been specifically designed solely to investigate the
parameters that control permeation through the intestinal
epithelial cell membrane. With the exception of the last two
entries, all have been optimized to increase permeation
through artificial membranes (PAMPA) with the goal of
attaining greater passive diffusion. These peptides contain
a high number of lipophilic side chains and intramolecular
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Table 1: Chemical modifications and their effect on the bioavailability.
Chemical modification

Structure

Comments

Key Refs.
[29]

cyclization

i) highly present in orally bioactive peptides
ii) various cyclization types: the most common is backbone cyclization,
but cyclization across disulfide bridges[120] is also found, such as in
desmopressin[121]
iii) cyclic peptides have a higher permeability in Caco-2 cell assays
compared with their terminal-protected linear counterparts[86,122]
iv) hydrophilic peptides with nonclassical N-to-N backbone cyclization [5, 86, 122]
show improved paracellular uptake because of enhanced rigidity and
hydrodynamic volume downsizing[86]
v) reduces the flexibility of a peptide and in matched cases, stabilizes
a conformation for active transport
vi) increases lipophilicity by blocking charged terminal groups
vii) provides stability against digestion[12b,86]

b-turn

i) increases the rigidity of peptides
ii) influence was examined for linear peptides across the Caco-2
membrane by the Borchardt group[100]
iii) highly present in bioavailable CHA peptides[52] and in lipophilic
permeable peptides[99b,112]
[52, 100]
iv) slightly increases the lipophilicity by intramolecular orientation of NH
groups
v) inducible by Pro-Ile, Pro-Xaa,[100] d-amino acids, N-methylation, or bturn mimetics[98]

d-amino acid

i) substitution of l-amino acids enhances turn structures and thereby
increases the rigidity of (cyclic) peptides[17]
ii) omnipresent in bioavailable peptides through stabilization of turn
motifs, only griselimycin[123] and poly-Leu[110] are known exceptions
[7]
iii) in desmopressin (19), exchange of l-Arg with d-Arg in combination
with deamination improved oral activity by a factor of 500[124]
iv) increases the stability against digestion[7]

N-methylation

i) strongly affects the bioavailability of (cyclic) peptides[10e]
ii) reduces the flexibility of cyclic peptides[125]
iii) shields externally oriented NH groups and thus increasing
lipophilicity[99,111]
iv) in a series of two different types of di-, tri-, and tetra-N-methylated
[10d, 52, 99, 111]
cyclic alanines with the general backbone structure cyclo(-d-Ala-Ala5),
only the di- and one tetra-N-methylated peptide were highly permeable
in Caco-2 cell tests[126]
v) an increased population of cis-peptide bonds (type VI b-turns) is
linked with a strong effect on bioavailability

lipophilic side chains

i) high Leu content in CsA (17)[127] and in peptides that permeate by
passive diffusion, such as c(L*l*LLp*Y) (9),[99b] poly-Leu (8)[110] or
a highly N-methylated lipophilic decapeptide (7)[97]
ii) one of the most used methods for enhancing lipophilicity
iii) in sanguinamide A, exchange of Ala with tert-Butyl-Gly improved the
bioavailability by shielding an amide bond, resulting in danamide F
(12)[112]
[128]
iv) b-branching of aliphatic amino acids only slightly affects the
[128]
bioavailability of sanguinamide A
v) examples of very nonpolar bioactive peptides are griselimycin
derivative (21, F = 89%)[129] and baceridin[130] (not yet determined)
vi) lipoamino acids (LAAs[131]) show enhanced serum stability, plasma
half-life,[132] and increased permeability;[133] see also properties of
lipidation

cis-peptide bond

i) present in the backbone structure of many bioavailable cyclic peptides,
e.g. CsA (17), danamide F (12), tri-N-methylated Veber-Hirschmann
peptide (18), c(*aAAA*AA) (15), and c(*a*AA*A*AA) (16)
ii) often linked with the presence of a secondary amide and results in [52, 101b]
a type VI b-turn[134]
iii) in a recent study, the presence of N-methylated cis-peptide bonds was
correlated with promotion of active transport[101b]
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Table 1: (Continued)
Chemical modification

Structure

Comments

Key Refs.

depsipeptide

i) high frequency in natural cyclic peptides, such as valinomycin,[135]
griselimycin (21),[129] and ohmyungsamycin A and B[136]
ii) not studied systematically, but the lactone may serve an important
role in enhancing permeability, similar to N-methylation[137]
iii) substitution of an amide bond leads to the removal of one hydrogen [137, 138]
bond donor
iv) with the exception of the lactone bond in griselimycin (21, R = H),[130]
ester bonds are less stable under physiological conditions compared
with amide bonds

peptoids

i) enhances enzymatic stability by “unnatural” monomers[86,139]
ii) reduced hydrogen bonding potential has favorable impact on cell
permeability[36a]
iii) loss of chirality at the a-carbon atom
[36a, 140, 141]
iii) higher conformational inhomogeneity prevents the formation of
[140]
secondary structures
iv) a reversed peptoid should have a binding affinity comparable to the
corresponding peptide[140a]

heterocycles

i) acts as a peptide bond mimetic; it “depeptidizes” and thus decreases
the polar surface[142]
ii) stabilizes the biologically active secondary structures, e.g. 1,2,3triazoles,[143] thiazole,[112] or 1,3,4-oxadiazoles[144] and thus increases
peptide rigidity
iii) used for backbone cyclization, e.g. 1,2,3-triazoles,[145] 1,3,4-oxadia[142, 144, 147b]
zoles,[144] thiazoles,[146] or thiazolidines[146b]
iv) sanguinamid A and danamide F (F = 51 : 9 %) derived from it, are
the most prominent examples[112]
v) many reviews dealing with heterocycle-containing peptides have been
recently published[142,147]

cyclic alanine

i) known as Freidinger lactam[148] in combination with R1 = Leu, a b-turn
mimetic in a cyclic peptide
ii) possesses the same trans-dominated equilibrium as the standard
peptide bond in contrast with N-methylation or Pro
[148, 149]
iii) removal of hydrogen bond donor
iv) increases serum stability and cell permeability[149]
v) its effect on bioavailability has not been systematically studied

a-methylation

i) a-methylation marginally increases the entire lipophilicity of peptides
ii) rarely used[150]
[150]
iii) present three times in ZYGO1 (20), a linear orally available
[151]
GLP-1 antagonist

cyclopropane tether
(CPT)

i) controls the conformation of cyclic peptides
ii) its incorporation improves cell permeability in LLC-PK1 cells
iii) a class of cyclic model peptides with a comparable or even higher cell
[152]
permeability than CsA (17)
iv) the shown cis-CPT mimics a cis-peptide bond and thus a bVI-turn
v) its effect on bioavailability has not been systematically studied

R,R-statine
S,S-statine

i) non-proteinogenic g-amino acids derived from natural peptides, such
as didemnin B[153]
ii) double incorporation increases the water solubility while the elog D
remains high
[154]
iii) hydroxy groups are part of an intramolecular hydrogen bond network
iv) one compound of a studied library shows an oral bioavailability of
21 % in rats[154]
v) thus far, it has been tested only in highly lipophilic cyclic peptides
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Table 1: (Continued)
Chemical modification

Structure

Comments

Key Refs.

hiding side-chain polarity

i) Thr is a polar amino acid that is well-tolerated in bioavailable
peptides[99a,116]
ii) replacement of Thr by Ser led to decreased permeability and, thus, the
b-methyl group seems to orient the hydroxy group to form an
[99a, 116]
intramolecular hydrogen bond and to shield the polarity
iii) 2-pyridinealanine can hide the side-chain polarity in a manner similar
to Thr,[155] but attempts to modify permeable cyclic peptides resulted in
lower permeability[150]

exocyclic peptide bond

i) introduced by aziridine-aldehyde-based macrocyclization, followed by
nucleophilic attack by isocyanide and hydrolysis[118]
ii) used to optimize the hydrogen bonding network, thereby reducing the [118]
polarity and flexibility of a peptide
iii) has a turn-inducing effect[107b]

lipophilic prodrug charge
masking (LPCM)
approach

i) shields charges through esterase-labile protecting groups that enable
uptake of the peptide[119]
ii) prodrug concepts for cyclizing peptides, which release a linear peptide
after cleavage, have been developed[156]
iii) positive and negative charges can be protected by enzymatically labile [115, 156]
groups, such as in a recently published cyclic peptide (24)
iv) the biologically active compound is released into the blood stream
and can bind to surface receptors, such as integrins;[115] this concept was
adopted for cyclic peptides derived from dabigatran[157]

lipidation

i) increases lipophilicity through aliphatic chains
ii) increases plasma stability
iii) binds to serum albumin, prolonging the duration of systemic
circulation[158]
iv) forms self-assembling oligomeric macromolecules, enhances enzymatic degradation[159]
v) its effect on bioavailability strongly depends on the fatty acid chain
length[160]
vi) the modification with a myristoyl group (n = 12) improved the oral
bioavailability of the peptide c(MyD 4-4) by a factor of > 50 to
F = 47 : 16 %[161]

glycosylation

i) affects the backbone structure of peptides[163]
ii) improves half-life against enzymatic degradation[164]
iii) glycosylated sandostatin (d(+)-maltose) shows a 10-fold greater oral
effect than the nonglycosylated derivative[165]
[164–166]
iv) glycosylated endomorphin-1 (27) shows a 700-fold increase in
membrane permeability across a Caco-2 cell monolayer compared with
the nonsubstituted derivative, which may be attributed to a lactoseselective transporter[166]

hydrogen bonds. Furthermore, several have been modified
with at least one N-methylation, excluding polyleucines (8),
“chameleon peptides” (10), and danamide F (12). In the last
two peptides (10 and 12), bulky lipophilic side chains of
adjacent amino acids shield the externally oriented NH
groups. In the “chameleon peptide” (10), the NH groups of
the g-turns are also bound internally. Nearly all of them,
except the polyleucines (8), contain at least one d-amino acid
that induces b-turns. The polyleucines (8) can aggregate, thus
shielding the NH groups through intermolecular hydrogen
bonds. Compared to other permeable peptides, the nonclassical N-to-N backbone-linked hexapeptides (13) and the
cyclic hexaalanines (CHAs, 14–16) are quite polar because of
the presence of one or more Gly(s) (13) or the negligible
Angew. Chem. Int. Ed. 2018, 57, 14414 – 14438
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shielding effect of the methyl group of NMeGly (13) or Ala
(13–16).[86, 167] Neither types of peptides exhibit significant
PAMPA permeability, thus indicating poor passive transcellular diffusion.[86, 167] In contrast, the comparatively high
uptake of some peptides of both types in Caco-2 cell tests or in
an ex vivo test (13) indicates an additional uptake mechanism.
A paracellular uptake mechanism is suggested for the nonclassical N-to-N backbone-cyclized hexapeptides (13).[86] On
the other hand, reports indicate the participation of a transporter, suggested by different uptake rates of cyclic hexaalanine enantiomers, which indicates the participation of a chiral
structural element in their transport and different flux ratios
in Caco-2 membranes.[126] A study of a further refunctional-
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Table 2: Bioavailable peptides, optimized solely for their permeability.
Name

Chemical modifications

Permeability values

nonpolar decapeptides
c(p*AL*Alp*AL*AL) (7)

cyclization,
lipophilic side chains,
N-methylation,
turn structures

clog P = 10.1
Papp (AB) = 6.5 W 10@6 cm s@1
(MDCK)
[97]
F = absolute absorption (stated in
Ref. as 130 %[c])

polyleucines
c(LLLLLL) (8)

cyclization,
lipophilic side chains

clog P = 9.1
Papp & 12.5 W 10@6 cm s@1 (RRCK)
Papp & 8 W 10@6 cm s@1 (Caco-2)
F = 17.3 : 5.7 %

[110]

“Lokey’s peptide”
c(L*l*LLp*Y) (9)

cyclization,
lipophilic side chains,
N-methylation,
2 b-turns

T & 35 % (PAMPA)[a]
Papp = 4.9 W 10@6 cm s@1 (RRCK)
F = 28 %

[99b]

“chameleon peptides”
c(llLlPY) (10)

cyclization,
lipophilic side chains,
d-amino acids,
intramolecular hydrogen
network,
b-turns,
g-turns

log Pe = @6.2 (PAMPA)

[106]

“Yudin’s peptide”
c(ecpbPT*ly*F)[b] (11)

cyclization,
intramolecular hydrogen
network,
exocyclic peptide bond,
N-methylation
b-turns,
g-turns

clog P = 5.88
log Pe = @5.4 (PAMPA)

[118]
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Table 2: (Continued)
Name

Structure

Chemical modifications

Permeability values

Ref.

cyclization,
2 b-turns,
lipophilic side chains,
shielding of polarity,
cis-peptide bond,
heterocycle

clog P = 6.8[112]
Alog P = 4.19[128]
Pe = 2.2 : 0.3 W 10@6 cm s@1
(=
^ log Pe = @5.7) (PAMPA)[128]
Papp = 8.0 : 2.0 W 10@6 cm s@1
(Caco-2)[128]
F = 51 : 9[112]

[112, 128]

backbone-linked hexapeptide

“nonclassical” N-to-N
backbone cyclization,
peptoid

no PAMPA permeability
log D7.4 = @0.6—0.5
Papp = 1.5—5.4 W 10@6 cm s@1
(Caco-2)
Papp = 3.9—6.8 W 10@6 cm s@1
(ex vivo[d])

[86]

cyclic hexaalanines
(CHAs)
e.g.: c(*aAAAA*A) (14)
c(*aAAA*AA) (15)
c(*a*AA*A*AA) (16)

cyclization,
N-methylation,
2 b-turns,
cis-peptide bond (2 of 3)

no PAMPA permeability[167]
Papp & 20 W 10@6 cm s@1 (Caco-2)[167]

[52, 126,
167]

danamide F (12)

[a] % T was calculated as the percentage of analyte entering the acceptor compartment after 16 h, where 100 % T corresponds to the equilibrium
between the donor and acceptor compartments. [b] ecpb = exocyclic peptide bond. [c] Bioavailability values of F > 100 % may occur from bypassing the
effects of first-pass metabolism during measurements. [d] An ex vivo animal permeability study was performed in a modified Ussing chamber system.

ization of CHAs with biologically active residues is described
in more detail in Section 4.2.

4.2. Orally Active Peptides, Optimized for Activity, Selectivity,
Metabolic Stability, and Bioavailability
The number of orally active peptides is limited. Table 3
gives a concise summary of orally bioactive peptides with
bioavailability values in the range of 0.1 % to 89 %.
4.2.1. Cyclosporine A
The fungal metabolite CsA (17) was discovered by Sandoz
in the 1970s. The hepta-N-methylated cyclic undecapeptide
predominantly contains lipophilic side chains[127] and acts as
an orally administered immunosuppressor.[127, 169] CsA undergoes extensive presystemic metabolism in enterocytes and is
a substrate of both the P-gp efflux system and CYP450
enzymes.[174] Therefore, CsA in a plain solution formulation
has poor, very erratic oral bioavailability, as a result of both its
poor water solubility and the extensive metabolism by
enterocytes.[85a] A cis–trans shift of the amide bond between
Me-Leu9 and Me-Leu10 changes the conformation of CsA
Angew. Chem. Int. Ed. 2018, 57, 14414 – 14438

(17) depending on the polarity of the environment.[175] The
trans conformation is favored in hydrophilic media or when
bound to the receptor cyclophilin.[176] In nonpolar solvents[105a]
and in its crystallized form, the cis conformation is primarily
favored.[105b] Kofron et al. elegantly showed that the cis-trans
interconversion kinetics (i.e. barrier in the range of 19 kcal
mol@1) is correlated with the kinetics of the formation of the
bioactive CsA–cyclophilin complex.[177] The CsA–cyclophilin
complex affects calcineurin, a Ca2+/calmodulin-dependent
protein phosphatase, which is a key signaling enzyme in Tlymphocyte activation.[178] As this cis–trans shift depends on
the hydrophilicity of the environment, it is hypothesized that
CsA (17) switches from its cis conformation necessary for oral
uptake to the trans conformation necessary for receptor
binding.[175]
Formulation studies show that when CsA (17) is administered together with SNEDDS (see Section 2.3) to healthy
volunteers, the CsA bioavailability was high and the variability was significantly reduced.[179] In addition, an inverse
correlation between the formulation particle size (25–400 nm)
and the oral bioavailability of the incorporated CsA
(Figure 5) was observed. CsA (17) in its current commercial
lipid base formulation, Sandimmune Neoral,[168] has a unique
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Table 3: Summary of orally bioactive peptides with various biological effects.
Name

Structure

Biological effect

Chemical
modifications

Permeability values

Ref.

Papp = 1.1 W 10@6 cm s@1
(RRCK)[99b]
F = 29 %[99b]
F = 15—50 %[a]
F = 22.5 : 7.8 % (Wistar
rat)[110]
[127, 169]
F = 21 : 3 %[112]
F = 60 % (with microemulsion
formulation)[168]
comment: bioavailability
strongly depends on the formulation and patients

cyclosporine A
CsA (17)

immunosuppressor, in complex
with cyclophilin
influences calcineurin

cyclization,
b-turns,
d-amino acids,
N-methylation,
lipophilic side
chains,
cis-peptide
bond,
unnatural
amino acids

tri-N-methylated
Veber–Hirschmann peptide
(18)

somatostatin
receptor (SRIF)
ligand

cyclization,
b-turns,
d-amino acid,
N-methylation

Papp = 4 W 10@6 cm s@1
F = 10 % (rat)

[99a]

agonist for AVP[b]
receptor

cyclization,
d-amino acid,
deamination

log D = @3.5[170]
F = 0.08 %[171]
F = 0.1 %[172]
F = 0.7–1 %[173]
comment: low bioavailability,
high affinity

[171]

GLP-1 antagonist

a-methylation,
unnatural lipophilic side
chains

good oral efficacy
expected to have a rel. low
bioavailability (Cmax & 2.5 nM
[151]
following a 50 mg dose: no
absolute bioavailability values
published)

antibiotic agent

cyclization,
N-methylation, F = 89 % (R = cyclohexyl)
lipophilic side F = 48 % (R = H)
chains,
F = 47 % (R = Me)
depsipeptide

desmopressin
(19)

ZYOG1 (20)

griselimycin
derivatives (21–
23)
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Table 3: (Continued)
Name

Structure

Biological effect

Chemical
modifications

c(*vR(Hoc)2GD(OMe)A*A) (24)
and
c(*aR(Hoc)2GD(OMe)A*A) (25)

cyclization,
b-turns,
avb3-integrin
N-methylation,
ligand;
prodrug
stabilization of the concept,
vascular system
masking polar
side chain
(LPCM)

MyR-c(MyD 4-4)

inhibitor of
MyD88,
for treatment of
autoimmune diseases

endomorphin1 analogue (26)

opioid receptor
agonist with doseglycosylation
dependent antinociceptive activity

lipidation,
“nonclassical”
N-to-N backbone cyclization,
peptoid

Permeability values

Ref.

Papp = 0.82 W 10@6 cm s@1
(Caco-2)[109] (24)
F = 44 : 15 % (25)
[115]
in combination with SNEDDS
F = 0.6 : 0.1 % unprotected
peptide

F = 47.6 : 16.2 %[161]
F = 0.84 : 0.25 % unlipidated
peptide

[161]

Papp = 76 : 0.2 W 10@6 cm s@1
(Caco-2)[166]

[164, 166]

[a] Strongly depends on the patient. [b] AVP = arginine vasopressin, which increases peripheral vascular resistance and raises arterial blood pressure.

microemulsion formulation that leads to a bioavailability of
60 % with relatively low variability.[168]
The complexity of the mechanism of this natural product
is unique and has become the predominant model for

research on peptide bioavailability. CsA (17) combines
a variety of features that enhance oral bioavailability. However, it seems too complicated with current technology to
mimic the interesting cis–trans interconversion as a rational

Figure 5. Left: Effect of the formulation particle size on bioavailability in volunteers. Formulations A–F are compared with the commercial product
Sandimmune Neoral (Sandoz) at the same CsA dose (200 mg). Formulation #F has the smallest particle size (25 nm) and formulation #A the
largest (400 nm). A proportional decrease in the AUC with an increase in particle size is evident. Right: Excerpt from the original publication[179]
summarizing the various formulation compositions and the resulting particle size, Cmax, and AUC. (Reprinted from J. Pharm. Sci., 93, T. Bekerman,
J. Golenser, A. Domb, cyclosporin Nanoparticulate Lipospheres for Oral Administration, 1264–1270, Copyright (2004), with permission from
Elsevier.)
Angew. Chem. Int. Ed. 2018, 57, 14414 – 14438

T 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.org

14431

Angewandte

Reviews
means to design a bioactive and orally available peptide. For
example, identifying conformations that are separated by
relatively high barriers without experimental data is nearly
impossible.
4.2.2. Tri-N-methylated Veber–Hirschmann Peptide
The Veber–Hirschmann peptide c(PFwKTF), a cyclized
somatostatin (1) derivative that has been reported to be
selective for the sst2 and sst5 somatostatin receptors, was Nmethylated at the five possible NH positions in a systematic
manner.[99a] Seven of these 30 derivatives were still bioactive
and, notably, only one of them showed enhanced bioavailability across a Caco-2 cell monolayer. This tri-N-methylated
peptide (18) was resistant to degradation in plasma and
showed an absolute oral bioavailability of F = 10 % in rats.[99a]
Peptide lipophilicity was increased by N-methylation of the
three solvent-exposed NH groups, and the peptide backbone
included a bII’- and a bVI-turn with a cis-peptide bond. All
these modifications still preserved the conformation of the
bioactive non-N-methylated parent peptide.[99a, 180]
4.2.3. Desmopressin
Desmopressin (19), a modified vasopressin derivative, is
a very hydrophilic cyclic peptide bridged by a disulfide bridge
with an extensive hydrogen bonding potential and has high
MW (987 Da) and a log D value of @3.5.[170] Patients with
diabetes insipidus, for example, are treated with this active
agent. Adverse reactions have rarely been reported, and even
children have been treated against nocturnal enuresis.[171, 181]
The peptide is absorbed into the blood stream through
a paracellular mechanism and has poor oral bioavailability,
between F = 0.08[171–172] and 1 %.[173] Despite its poor oral
uptake, but because of its high target affinity, a low dose of
desmopressin (19) in the circulation is sufficient for medicinal
applications.[170] As a consequence of their very high functionality and hydrophilicity, desmopressin (19) and a-amanitin (6) are good examples that emphasize that a peptide can
exhibit oral activity even with low bioavailability if the affinity
and selectivity have been optimized, as long as they are
resistant to degradation.
4.2.4. ZYOG1
ZYOG1 (20) is an orally available linear peptide[151, 182]
that contains various unnatural amino acids and three amethylations. ZYOG1 resembles other GLP-1 agonists, such
as exenatide, a drug derived from exendin-4 that was
developed for the treatment of diabetes.[182] An N-terminal
valine was appended to all of these linear peptides to improve
their bioavailability. However, even though it was suggested
at first that active uptake by a PepT1 transporter is involved,
it has not so far been demonstrated.[183] Despite its assumed
relatively low bioavailability, ZYOG1 (20) was described to
have a good oral efficacy (although no absolute values have
yet been published) comparable to that of subcutaneously
applied exenatide, whose bioavailability was improved
through biotinylation and resulting in F = 4 % in mice[184]
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with a half-life of 2–3 h. Further development is necessary
to improve the bioavailability of ZYOG1 and eventually
demonstrate whether this linear peptide can be used as an
orally available GLP-1 agonist for the treatment of diabetes.[151]
4.2.5. Griselimycin Derivatives
Streptomyces-derived griselimycin[123] derivatives (21–23)
are highly active against M. tuberculosis, by inhibiting the
DNA polymerase sliding clamp DnaN,[129] whereby griselimycin (21) can capture the process of antibiotic pressureinduced gene amplification and acts as an antibacterial
agent.[129] The very high oral bioavailability of the parent
compound depsipeptide 21 (F = 48 %) was further improved
by the incorporation of unnatural lipophilic amino acid
residues. The cyclohexyl-substituted proline derivative 23
shows an oral bioavailability of F = 89 % and improved
biological activity. In addition, the peptide is stabilized by
this substitution in human liver microsomes, where the methyl
derivative is reported to be completely stable for 20 min.
Compared with other orally active peptides, griselimycin
derivatives (21–23) have an extremely high bioavailability. An
increase in the overall lipophilicity resulted in a higher
binding affinity and a higher bioavailability of the all-l cyclic
peptide.
4.2.6. c(*aR(Hoc)2GD(OMe)A*A) (24)/c(*vR(Hoc)2GD(OMe)A*A) (25)
Cyclic hexapeptides are relatively common orally absorbed peptides.[29] This explains the interest and extensive
research to discover their underlying physicochemical properties and uptake mechanisms. The simplest all-Ala cyclohexapeptide provides an appropriate scaffold for the synthesis of
an N-methylation combinatorial library. Such a library can
provide valuable information about structure–conformation–
permeability relationships. However, it should be mentioned
that the peptides in this library are devoid of biological
activity.[52, 167] In further studies, the N-methylated scaffold
with the highest intestinal permeability was used to incorporate the bioactive tripeptide sequence RGD, which is
recognizable by several integrin receptors.[185] Consequently,
the inserted polar amino acids abolished the intestinal
permeability, which was restored through the LPCM
approach.[85c, 115] With the LPCM method, the low paracellular
uptake of the parent hydrophilic peptides with a clog P of @3.3
was shifted to a transcellular uptake mechanism of the
prodrug with a clog P of 6.6, thereby resulting in a bioavailability of 44 % of the RGD-containing prodrug 25 if
administered along with a SNEDDS.[85c, 186] This formulation
also blocked intestinal P-gp efflux.[85a, 93] After oral administration, the optimized prodrug 23 (d-Ala is replaced by dVal) is cleaved by serum esterase to its bioactive form,
a highly active and selective avb3 integrin ligand. This
bioactive ligand enhances VEGF-mediated angiogenic
sprouting and thus could be used in combination with
chemotherapeutics to treat cancer.[85c, 115, 187]
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4.2.7. MyR-c(MyD 4-4)
Inhibition of MyD88, a cytoplasmic adopter protein, by
the recently developed cyclic peptide c(MyD 4-4) was shown
to be beneficial for treating autoimmune diseases.[188] c(MyD
4-4) was reported to disrupt the dimerization of MyD88 and
to block human and mouse macrophage TLR2 and TLR4
stimulation. To overcome the lack of oral availability of
c(MyD 4-4) (F = 0.84 : 0.25 %), the peptide was modified
with a myristoyl group (MyR) at a secondary amide, thereby
resulting in MyR-c(MyD 4-4) (26).[161] The modified peptide
26 showed a bioavailability of F = 47.6 : 16.2 % and additionally improved the activity of the inhibitor, which has to be
further examined. The remarkably high bioavailability of the
charge-containing peptide (positively charged Arg and negatively charged Asp) could be explained by shielding of the
salt bridge formed between the Arg and Asp residues by the
lipophilic myristoyl group as a result of spatial conformational
shielding. The oral activity of MyR-c(MyD 4-4) (26) was
shown to be effective in vivo for the treatment of EAE, the
mouse model of multiple sclerosis.[161]
4.2.8. Endomorphin-1 Analogue
The linear opioid peptide endomorphin-1 consists of four
natural amino acids, is clearly prone to rapid enzymatic
degradation, and has poor bioavailability with a short duration of action of under 0.5 h in animal models after direct
application into the central nervous system.[166, 189] Oral
administration under these conditions does not seem very
reasonable; however, the bioavailability of endomorphine1 is drastically enhanced by glycosylation, which results in oral
absorption and is reported to promote metabolic stability as
well as permeability by active or facilitated transport.[164, 166, 190]
Notably, these improvements, including the 700-fold increase
in membrane permeability and a duration of action of up to
2 h, are observed only in the endomorphin-1 analogue (27)
modified with lactose and a succinamic acid spacer. The
glucose succinamic acid unit considerable reduces the binding
affinity at m-opioid receptors (MORs).[191] Even though the
binding affinity and agonist activity at MORs of the
endomorphin-1 analogue (27) are also adversely affected, it
still shows a nanomolar binding affinity, which is satisfactory
in light of the otherwise enhanced bioavailability data, and it
produces dose-dependent pain relief after oral administration
in rats.[166] This example demonstrated that, in certain cases,
glycosylation is useful to enhance the bioavailability while
preserving receptor-binding affinity and enables the creation
of orally active peptides when the proper position and
saccharide unit is selected and evaluated.[192]

5. Strategies To Improve Oral Activity: Summary
and Outlook
A critical issue related to the oral activity of peptides is
permeability through the epithelial membrane. As discussed
in Figure 4, there are several possible mechanisms for uptake
across this biological barrier, and the preferred pathway of
Angew. Chem. Int. Ed. 2018, 57, 14414 – 14438
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a particular drug depends on its overall molecular and
physiochemical properties. Any modification, for example,
to improve uptake by a distinct pathway, may alter not only
the desired uptake route but also all other pathways of
permeation as well as the biological activity of the peptide.
However, it should be noted that the use of a prodrug
approach enables maintenance of the “drug” properties in the
systemic circulation while enhancing the intestinal permeability. In addition, when an efficient pharmaceutical formulation is used, the physicochemical properties of a drug are
also unaffected. Sometimes it is indeed possible to improve
the intestinal permeability of a given peptide by using one of
the chemical modifications mentioned above. However, such
a modification has the potential to also affect all the other
properties of the peptide. Hence, it is evident that there is no
simple strategy or ideal solution (“magic bullet”) for improvement of oral activity. This Review clarifies why there is
currently no general strategy for improving bioavailability by
showing that the issue of oral bioavailability of peptides is
multifactorial and includes the physicochemical properties of
the molecule and its interaction with the surrounding
environment, including different biological fluids, membrane
properties, and a number of barriers that must be overcome
for passage of the molecule from the gut lumen to the
systemic circulation. This Review summarizes a variety of
common chemical modifications that have the potential to
improve bioavailability. The success of such variations
depends on the most efficient uptake mechanisms and the
effect of the modification on all other pathways. There is
plenty of space for further discovery in this rapidly expanding
field.
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I. V#vra, A. Machov#, I. Krejč&, J. Pharmacol. Exp. Ther. 1974,
188, 241 – 247.
J. Chatterjee, F. Rechenmacher, H. Kessler, Angew. Chem. Int.
Ed. 2013, 52, 254 – 269; Angew. Chem. 2013, 125, 268 – 283.
U. K. Marelli, J. BezenÅon, E. Puig, B. Ernst, H. Kessler, Chem.
Eur. J. 2015, 21, 8023 – 8027.
A. Rgegger, M. Kuhn, H. Lichti, H.-R. Loosli, R. Huguenin, C.
Quiquerez, A. von Wartburg, Helv. Chim. Acta 1976, 59, 1075 –
1092.
A. T. Bockus, J. A. Schwochert, C. R. Pye, C. E. Townsend, V.
Sok, M. A. Bednarek, R. S. Lokey, J. Med. Chem. 2015, 58,
7409 – 7418.
A. Kling, P. Lukat, D. V. Almeida, A. Bauer, E. Fontaine, S.
Sordello, N. Zaburannyi, J. Herrmann, S. C. Wenzel, C. Kçnig,
N. C. Ammerman, M. B. Barrio, K. Borchers, F. Bordon-Pallier,
M. Brçnstrup, G. Courtemanche, M. Gerlitz, M. Geslin, P.
Hammann, D. W. Heinz, H. Hoffmann, S. Klieber, M. Kohlmann, M. Kurz, C. Lair, H. Matter, E. Nuermberger, S. Tyagi, L.
Fraisse, J. H. Grosset, S. Lagrange, R. Mgller, Science 2015, 348,
1106.
J. Niggemann, P. Bozko, N. Bruns, A. Wodtke, M. T. Gieseler,
K. Thomas, C. Jahns, M. Nimtz, I. Reupke, T. Brgser, G. Auling,
N. Malek, M. Kalesse, ChemBioChem 2014, 15, 1021 – 1029.
I. Toth, J. Drug Targeting 1994, 2, 217 – 239.
G. A. Heavner, D. J. Kroon, T. Audhya, G. Goldstein, Peptides
1986, 7, 1015 – 1019.

T 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2018, 57, 14414 – 14438

Reviews
[133] J. A. Bergeon, I. Toth, Bioorg. Med. Chem. 2007, 15, 7048 –
7057.
[134] G. Mgller, M. Gurrath, M. Kurz, H. Kessler, Proteins 1993, 15,
235 – 251.
[135] M. M. Shemyakin, E. I. Vinogradova, M. Y. Feigina, N. A.
Aldanova, Tetrahedron Lett. 1963, 6, 351 – 356.
[136] S. Um, T. J. Choi, H. Kim, B. Y. Kim, S.-H. Kim, S. K. Lee, K.-B.
Oh, J. Shin, D.-C. Oh, J. Org. Chem. 2013, 78, 12321 – 12329.
[137] A. T. Bockus, C. M. McEwen, R. S. Lokey, Curr. Top. Med.
Chem. 2013, 13, 821 – 836.
[138] J. Schwochert, C. Pye, C. Ahlbach, Y. Abdollahian, K. Farley, B.
Khunte, C. Limberakis, A. S. Kalgutkar, H. Eng, M. J. Shapiro,
A. M. Mathiowetz, D. A. Price, S. Liras, R. S. Lokey, Org. Lett.
2014, 16, 6088 – 6091.
[139] S. M. Miller, R. J. Simon, S. Ng, R. N. Zuckermann, J. M. Kerr,
W. H. Moos, Drug Dev. Res. 1995, 35, 20 – 32.
[140] a) R. J. Simon, R. S. Kania, R. N. Zuckermann, V. D. Huebner,
D. A. Jewell, S. Banville, S. Ng, L. Wang, S. Rosenberg, C. K.
Marlowe, D. C. Spellmeyer, R. Tan, A. D. Frankel, D. V. Santi,
F. E. Cohen, P. A. Bartlett, Proc. Natl. Acad. Sci. USA 1992, 89,
9367 – 9371; b) H. Kessler, Angew. Chem. Int. Ed. Engl. 1993,
32, 543 – 544; Angew. Chem. 1993, 105, 572 – 573.
[141] Y.-U. Kwon, T. Kodadek, J. Am. Chem. Soc. 2007, 129, 1508 –
1509.
[142] S. J. Kaldas, A. K. Yudin, Chem. Eur. J. 2018, 24, 7074 – 7082.
[143] K. Oh, Z. Guan, Chem. Commun. 2006, 3069 – 3071.
[144] J. R. Frost, C. C. G. Scully, A. K. Yudin, Nat. Chem. 2016, 8,
1105 – 1111.
[145] a) R. A. Turner, A. G. Oliver, R. S. Lokey, Org. Lett. 2007, 9,
5011 – 5014; b) W. S. Horne, C. Olsen, A. J. Beierle, M. A.
Montero, M. R. Ghadiri, Angew. Chem. Int. Ed. 2009, 48, 4718 –
4724; Angew. Chem. 2009, 121, 4812 – 4818; c) Ahsanullah, J.
Rademann, Angew. Chem. Int. Ed. 2010, 49, 5378 – 5382;
Angew. Chem. 2010, 122, 5506 – 5510.
[146] a) S. Schwenk, C. Ronco, A. Oberheide, H.-D. Arndt, Eur. J.
Org. Chem. 2016, 4795 – 4799; b) L. R. Malins, J. N. deGruyter,
K. J. Robbins, P. M. Scola, M. D. Eastgate, M. R. Ghadiri, P. S.
Baran, J. Am. Chem. Soc. 2017, 139, 5233 – 5241.
[147] a) A. K. Yudin, Chem. Sci. 2015, 6, 30 – 49; b) H. S. Soor, S. D.
Appavoo, A. K. Yudin, Bioorg. Med. Chem. 2017, 26, 2774 –
2779.
[148] R. M. Freidinger, D. F. Veber, D. S. Perlow, J. R. Brooks, R.
Saperstein, Science 1980, 210, 656.
[149] H. Wu, G. Mousseau, S. Mediouni, S. T. Valente, T. Kodadek,
Angew. Chem. Int. Ed. 2016, 55, 12637 – 12642; Angew. Chem.
2016, 128, 12827 – 12832.
[150] P. Thansandote, R. M. Harris, H. L. Dexter, G. L. Simpson, S.
Pal, R. J. Upton, K. Valko, Bioorg. Med. Chem. 2015, 23, 322 –
327.
[151] D. J. Edmonds, D. A. Price, in Annu. Rep. Med. Chem. Vol. 48
(Ed.: M. C. Desai), Academic Press, San Diego, 2013, Chapter
Nine—Oral GLP-1 Modulators for the Treatment of Diabetes,
pp. 119 – 130.
[152] K. Matsui, Y. Kido, R. Watari, Y. Kashima, Y. Yoshida, S.
Shuto, Chem. Eur. J. 2017, 23, 3034 – 3041.
[153] M. Tsukimoto, M. Nagaoka, Y. Shishido, J. Fujimoto, F.
Nishisaka, S. Matsumoto, E. Harunari, C. Imada, T. Matsuzaki,
J. Nat. Prod. 2011, 74, 2329 – 2331.
[154] A. T. Bockus, K. W. Lexa, C. R. Pye, A. S. Kalgutkar, J. W.
Gardner, K. C. R. Hund, W. M. Hewitt, J. A. Schwochert, E.
Glassey, D. A. Price, A. M. Mathiowetz, S. Liras, M. P. Jacobson, R. S. Lokey, J. Med. Chem. 2015, 58, 4581 – 4589.
[155] S. B. Rafi, B. R. Hearn, P. Vedantham, M. P. Jacobson, A. R.
Renslo, J. Med. Chem. 2012, 55, 3163 – 3169.
[156] G. M. Pauletti, S. Gangwar, T. J. Siahaan, J. Aub8, R. T.
Borchardt, Adv. Drug Delivery Rev. 1997, 27, 235 – 256.
Angew. Chem. Int. Ed. 2018, 57, 14414 – 14438

Angewandte

Chemie

[157] N. H. Hauel, H. Nar, H. Priepke, U. Ries, J.-M. Stassen, W.
Wienen, J. Med. Chem. 2002, 45, 1757 – 1766.
[158] S. Frokjaer, D. E. Otzen, Nat. Rev. Drug Discovery 2005, 4, 298.
[159] K. C. Lee, P. A. Carlson, A. S. Goldstein, P. Yager, M. H. Gelb,
Langmuir 1999, 15, 5500 – 5508.
[160] L. Zhang, C. R. Robertson, B. R. Green, T. H. Pruess, H. S.
White, G. Bulaj, J. Med. Chem. 2009, 52, 1310 – 1316.
[161] S. Dishon, A. Schumacher, C. Gilon, A. Hoffman, G. Nussbaum, 2018, unpublished results.
[162] L. Zhang, G. Bulaj, Curr. Med. Chem. 2012, 19, 1602 – 1618.
[163] A. H. Andreotti, D. Kahne, J. Am. Chem. Soc. 1993, 115, 3352 –
3353.
[164] S. V. Moradi, W. M. Hussein, P. Varamini, P. Simerska, I. Toth,
Chem. Sci. 2016, 7, 2492 – 2500.
[165] R. Albert, P. Marbach, W. Bauer, U. Briner, G. Fricker, C.
Brums, J. Pless, Life Sci. 1993, 53, 517 – 525.
[166] P. Varamini, F. M. Mansfeld, J. T. Blanchfield, B. D. Wyse, M. T.
Smith, I. Toth, J. Med. Chem. 2012, 55, 5859 – 5867.
[167] O. Ovadia, S. Greenberg, J. Chatterjee, B. Laufer, F. Opperer,
H. Kessler, C. Gilon, A. Hoffman, Mol. Pharm. 2011, 8, 479 –
487.
[168] D. E. Yocum, S. Allard, S. B. Cohen, P. Emery, R. M. Flipo, J.
Goobar, S. Jayawardena, C. Job-Deslandre, R. W. Jubb, K.
Krgger, A. Lopes Vaz, B. Manger, E. Mur, H. Nygaard, S. M.
Weiner, F. Rainer, M. R. Sack, M. H. Schiff, T. J. Schnitzer,
L. B. Trigg, I. Whatmough, A. G. Schmidt, Rheumatology 2000,
39, 156 – 164.
[169] J. F. Borel, C. Feurer, H. U. Gubler, H. St-helin, Agents Actions
1976, 6, 468 – 475.
[170] “Designing Orally Bioavailable Peptide and Peptoid Macrocycles”: D. A. Price, A. M. Mathiowetz, S. Liras, in Practical
Medicinal Chemistry with Macrocycles (Eds.: E. Marsault,
M. L. Peterson), Wiley, Hoboken, New Jersey, 2017.
[171] A. Rembratt, C. Graugaard-Jensen, T. Senderovitz, J. P.
Norgaard, J. C. Djurhuus, Eur. J. Clin. Pharmacol. 2004, 60,
397 – 402.
[172] A. Fjellestad-Paulsen, P. Hçglund, S. Lundin, O. Paulsen, Clin.
Endocrinol. 1993, 38, 177 – 182.
[173] H. Vilhardt, S. Lundin, Gen. Pharmacol. 1986, 17, 481 – 483.
[174] A. Johnston, D. W. Holt, Cyclosporine, in Applied Pharmacokinetics & Pharmacodynamics (Eds.: M. E. Burton, L. M. Shaw,
J. J. Schentag), Lippincott Raven, Baltimore, Philadelphia,
2006, pp. 512 – 528.
[175] M. A. Navia, P. R. Chaturvedi, Drug Discovery Today 1996, 1,
179 – 189.
[176] a) S. W. Fesik, R. T. Gampe, T. F. Holzman, D. A. Egan, R.
Edalji, J. R. Luly, R. Simmer, R. Helfrich, V. Kishore, D. H.
Rich, Science 1990, 250, 1406 – 1409; b) C. Weber, G. Wider, B.
von Freyberg, R. Traber, W. Braun, H. Widmer, K. Wgthrich,
Biochemistry 1991, 30, 6563 – 6574; c) S. W. Fesik, R. T. Gampe,
H. L. Eaton, G. Gemmecker, E. T. Olejniczak, P. Neri, T. F.
Holzman, D. A. Egan, R. Edalji, R. Simmer, R. Helfrich, J.
Hochlowski, M. Jackson, Biochemistry 1991, 30, 6574 – 6583;
d) J. Kallen, C. Spitzfaden, M. G. M. Zurini, G. Wider, H.
Widmer, K. Wgthrich, M. D. Walkinshaw, Nature 1991, 353,
276 – 279; e) K. Wgthrich, B. von Freyberg, C. Weber, G. Wider,
R. Traber, H. Widmer, W. Braun, Science 1991, 254, 953 – 954;
f) K. Wgthrich, C. Spitzfaden, K. Memmert, H. Widmer, G.
Wider, FEBS Lett. 1991, 285, 237 – 247; g) S. W. Fesik, P. Neri,
R. Meadows, E. T. Olejniczak, G. Gemmecker, J. Am. Chem.
Soc. 1992, 114, 3165 – 3166; h) C. Spitzfaden, H.-P. Weber, W.
Braun, J. Kallen, G. Wider, H. Widmer, M. D. Walkinshaw, K.
Wgthrich, FEBS Lett. 1992, 300, 291 – 300; i) N. El Tayar, A. E.
Mark, P. Vallat, R. M. Brunne, B. Testa, W. F. van Gunsteren, J.
Med. Chem. 1993, 36, 3757 – 3764.
[177] J. L. Kofron, P. Kuzmic, V. Kishore, G. Gemmecker, S. W. Fesik,
D. H. Rich, J. Am. Chem. Soc. 1992, 114, 2670 – 2675.

T 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.org

14437

Angewandte

Reviews
[178] a) N. A. Clipstone, G. R. Crabtree, Nature 1992, 357, 695; b) Q.
Huai, H.-Y. Kim, Y. Liu, Y. Zhao, A. Mondragon, J. O. Liu, H.
Ke, Proc. Natl. Acad. Sci. USA 2002, 99, 12037.
[179] T. Bekerman, J. Golenser, A. Domb, J. Pharm. Sci. 2004, 93,
1264 – 1270.
[180] H. Kessler, M. Bernd, H. Kogler, J. Zarbock, O. W. Sørensen,
G. Bodenhausen, R. R. Ernst, J. Am. Chem. Soc. 1983, 105,
6944 – 6952.
[181] O. Østerberg, R. M. Savic, M. O. Karlsson, U. S. H. Simonsson,
J. P. Nørgaard, J. V. Walle, H. Agersø, J. Clin. Pharmacol. 2006,
46, 1204 – 1211.
[182] M. R. Jain, R. Bahekar, A. Joharapurkar, D. Bandhyopadhyay,
R. Sundar, H. Patel, V. Pawar, ZYOG1, A Novel Orally
Efficacious Peptidomimetic GLP-1 Receptor Agonist, 72nd
Scientific Sessions, Abstract 57-OR, American Diabetes Association, Philadelphia, 2012, https://professional.diabetes.org/
webcast/zyog1-novel-orally-efficacious-peptidomimetic-glp-1receptor-agonist.
[183] R. Bahekar, M. R. Jain, P. R. Patel, WO/2011/048614, 2011.
[184] D. J. Craik, D. P. Fairlie, S. Liras, D. Price, Chem. Biol. Drug
Des. 2013, 81, 136 – 147.
[185] M. Nieberler, U. Reuning, F. Reichart, J. Notni, H.-J. Wester,
M. Schwaiger, M. Weinmgller, A. R-der, K. Steiger, H. Kessler,
Cancers 2017, 9, 116.
[186] A. Elgart, I. Cherniakov, Y. Aldouby, A. J. Domb, A. Hoffman,
Chem. Phys. Lipids 2012, 165, 438 – 453.

14438

www.angewandte.org

Chemie

[187] P.-P. Wong, N. Bodrug, K. M. Hodivala-Dilke, Curr. Biol. 2016,
26, R1161 – R1166.
[188] S. Dishon, A. Schumacher, J. Fanous, A. Talhami, I. Kassis, D.
Karussis, C. Gilon, A. Hoffman, G. Nussbaum, Sci. Rep. 2018, 8,
9476.
[189] a) R. D. Soignier, A. L. Vaccarino, A. M. Brennan, A. J. Kastin,
J. E. Zadina, Life Sci. 2000, 67, 907 – 912; b) I. E. Goldberg,
G. C. Rossi, S. R. Letchworth, J. P. Mathis, J. Ryan-Moro, L.
Leventhal, W. Su, D. Emmel, E. A. Bolan, G. W. Pasternak, J.
Pharmacol. Exp. Ther. 1998, 286, 1007.
[190] a) D. Muthu, P. Robin, Curr. Drug Delivery 2005, 2, 59 – 73;
b) P. Simerska, M. Moyle Peter, I. Toth, Med. Res. Rev. 2011, 31,
520 – 547.
[191] Y. Koda, M. D. Borgo, S. T. Wessling, L. H. Lazarus, Y. Okada,
I. Toth, J. T. Blanchfield, Bioorg. Med. Chem. 2008, 16, 6286 –
6296.
[192] a) J.-P. Bapst, M. Calame, H. Tanner, A. N. Eberle, Bioconjugate Chem. 2009, 20, 984 – 993; b) T. Yamamoto, P. Nair, N. E.
Jacobsen, J. Vagner, V. Kulkarni, P. Davis, S.-w. Ma, E.
Navratilova, H. I. Yamamura, T. W. Vanderah, F. Porreca, J.
Lai, V. J. Hruby, J. Med. Chem. 2009, 52, 5164 – 5175.
Manuscript received: June 25, 2018
Accepted manuscript online: August 24, 2018
Version of record online: October 3, 2018

T 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2018, 57, 14414 – 14438

