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Abstract

Current medicinal treatments for diseases comprise largely of two categories: small molecule 

(chemical) drugs (e.g., aspirin) and larger molecules (peptides/proteins, e.g., insulin). Whilst both 

types of therapeutics can effectively treat different diseases, ranging from well-understood (in 

view of pathogenesis and treatment) examples (e.g., flu), to less-understood chronic diseases (e.g., 

diabetes), classical small molecule drugs often possess significant side-effects (a major cause of 

drug withdrawal from market) due to their low- or non-specific targeting. By contrast, therapeutic 

peptides, which comprise short sequences from naturally occurring peptides/proteins, commonly 

demonstrate high target specificity, well-characterized modes-of-action, and low or non-toxicity 

in vivo. Unfortunately, due to their small size, linear permutation and lack of tertiary structure, 

peptidic drugs are easily subject to rapid degradation or loss in vivo through chemical and physical 

routines, thus resulting in a short half-life and reduced therapeutic efficacy, a major drawback 

that can reduce therapeutic efficiency. However, recent studies demonstrate that the short half-life 

of peptidic drugs can be significantly extended by various means, including use of enantiomeric 

or non-natural amino acids (AAs) (e.g., L-AAs replacement with D-AAs), chemical conjugation 

[e.g., with polyethylene glycol], and encapsulation (e.g., in exosomes). In this context, we provide 

an overview of the major in vivo degradation forms of small therapeutic peptides in the plasma 

and anti-degradation strategies. We also update on the progress of small peptide therapeutics that 

are either currently in clinical trials or are being successfully used in clinical therapies for patients 

with non-infectious diseases, such as diabetes, multiple sclerosis, and cancer.
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1. Introduction

Whilst most common diseases pose no risk to life and manifest only temporary symptoms, 

a significant fraction of individuals suffer chronic and life-altering pathologies (Vos et al., 

2015). For example, diabetes is one of the most prevalent lifelong diseases, affecting 26.9 

million adult Americans in 2018, with 1.5 million new cases appearing every year [Centers 

for Disease Control and Prevention, CDC (CDC, 2020)]. In 2017, the total costs ascribed 

to diabetes reached $327 billion in the USA (Petersen, 2018). Over 90–95% of these 

cases are type 2 diabetes (also known as insulin-resistant diabetes), which is traditionally 

managed by limiting ingestion of carbohydrates, introducing exercise into daily routine, and 

taking anti-diabetic medications to reduce blood glucose levels (Chatterjee et al., 2017). 

Although relatively effective in mitigating disease, symptom management does not represent 

a permanent cure (Genovese et al., 2017). On the other hand, type 1 diabetes (also known 

as “juvenile diabetes” or “insulin-dependent diabetes”) afflicts over 1.4 million Americans 

(CDC, 2020). Peptidic insulin peptide is the most well-developed treatment for type 1 

diabetes (Atkinson et al., 2014); however, it still poses a risk of inconvenience and economic 

burden for most patients, as insulin has to be injected daily to control blood glucose levels.

Autoimmune disorders represent another example of major, life-altering diseases - 

producing a significant economic, physical, and emotional burden to millions of people 

worldwide (Kirsch-Volders et al., 2020). Multiple sclerosis (MS) (Picard et al., 2015) is one 

of the more common auto-immune disorders afflicting over 2.3 million people worldwide 

and over 1 million adults in the USA (McGinley et al., 2021; Wallin et al., 2019). Current 

treatment is to slow down disease progression and manage symptoms with corticosteroids, 

physical therapy, and other medications (McGinley et al., 2021); however, no curative 

treatment is available for MS.

Cardiovascular disease (CVDs) is the number one cause of death worldwide, affecting 

over 100 million people in the US annually. In 2018 alone, 121.5 million Americans 

were living with one form of cardiovascular disease or another (Benjamin et al., 2019). 

Each year, 1.5 million Americans suffer from heart attacks and strokes, accounting for 

$320 billion in healthcare costs and lost productivity (Giedrimiene and King, 2017). By 

2030, it is expected that the costs for CVDs will rise to $818 billion (Giedrimiene and 

King, 2017). Unfortunately, treatments available for CVDs are mainly to prevent or delay 

disease progression before it becomes life threatening and no permanent curative options are 

accessible for treatment of CVD (Aguilar-Ballester et al., 2021; Wintrich et al., 2020).

Small therapeutic peptides are emerging as promising therapy avenues for chronic diseases, 

with potential to address shortcomings of current standard of care (Lau and Dunn, 2018) 

(also see Fig. 1). Traditionally, therapeutics can be classified into two groups based on 

their molecular weights: a). Small chemical molecules [<500 dalton (Da)] that are typically 

given via oral administration, and b) Peptide and protein-based biologics (>5,000 Da) that 
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are usually administrated intravenously. However, in recent years, a large number of new 

peptidic therapeutics with a wide range of molecular sizes from 500 to 5,000 Da have also 

been reported (Craik et al., 2013). These peptides are usually simple linear amino acids 

(AAs) chains with some secondary, but no tertiary structures (Marqus et al., 2017; Sato 

et al., 2006). Typically, therapeutic peptides are designed and synthesized as mimetics of 

amino acid (AA) sequences found in naturally occurring polypeptides that correspond to 

specific binding sites for enzymes, receptors and other protein domains. These sequences 

often show highly target specificity and tend to have reduced potential for immunogenicity 

if sufficiently short (<6 AAs) (Marqus et al., 2017; McGregor, 2008). Even if a specific 

functional sequence is not known, peptides with sequence overlapping the putative target 

site can be readily designed and produced for further screening to identify peptides with 

optimized targeting affinity (Marqus et al., 2017). By specifically and efficiently disrupting 

protein-protein interactions, peptides have emerged as promising candidate molecules for 

clinical therapy (Lau and Dunn, 2018; McGregor, 2008).

In 2015, there were over 140 therapeutic peptides under clinical trials and with over 500 

in preclinical studies (Fosgerau and Hoffmann, 2015). Therapeutic peptides have been 

used in clinic to treat various diseases, including type 1 and 2 diabetes, cancer, and MS 

(Craik et al., 2013; Genovese et al., 2017; Han and Youn, 2019). For example, Exenatide 

(i.e., Bydureon® or Byetta®) [a glucagon-like-peptide-1 (GLP-1) agonist] (Genovese et al., 

2017) and lixisenatide (i.e., Adlyxin® or Lyxumia®) [an analogue of the human GLP-1] 

(Nauck et al., 2021; Trujillo et al., 2021) are currently used for patients with type 2 diabetes; 

while Abarelix (i.e., Plenaxis®) [a gonadotropin-releasing hormone antagonist composed of 

10 synthetic AAs that inhibit testosterone production in males] is applied to prostate cancer 

patients (Garnick and Mottet, 2012; Moul, 2014). Interestingly, Bortezomib (i.e., Velcade®) 

peptide, which contains only 2 AAs, is the first proteasome inhibitor that has been approved 

for treatment of multiple myeloma and mantle cell lymphoma (Chen et al., 2011). In the 

field of cardiovascular diseases, Nesiritide (i.e., Natrecor®) [a recombinant 32-AA peptide 

of human B-type natriuretic peptide]) is probably the first peptide used for patients with 

heart failure (Elkayam et al., 2002) (also see Table 2).

The above being said, short therapeutic peptides also come with drawbacks (Fig. 1), 

including susceptibility to breakdown by degradative enzymes such as endogenous proteases 

and phosphatases in vivo (McGregor, 2008). Even though peptides can be chemically 

modified to include stable building blocks, several chemical reactions that occur in 
vivo are still able to rapidly degrade peptides: hydrolysis, deamidation, isomerization, 

diketopiperazine formation, oxidation and disulfide exchange being among such reactions 

(Furman et al., 2015; Xu et al., 2017). Furthermore, when introduced into the circulatory 

system, small peptides are subject to renal clearance and thus rapidly cleared from the 

bloodstream through the glomeruli with minimal retention (Di, 2015; Wu and Huang, 2018). 

Via chemical degradation and physical elimination, only a small percentage of peptides 

typically remains bioavailable following intravenous injection, and thus the level of peptidic 

drug administrated may not be high enough to be effective against the disease process 

targeted.

Tasdemiroglu et al. Page 3

Eur J Pharmacol. Author manuscript; available in PMC 2022 November 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Regardless of these barriers, small therapeutic peptides have demonstrated promise in basic 

research studies using animals and in the human clinical trials. In this review, we provide 

an overview of the major forms of in vivo degradation of small therapeutic peptides in the 

plasma, and anti-degradation strategies. We also address the progress of small therapeutic 

peptides that are either undergoing clinical testing, or have been successfully used as clinical 

therapies, for patients with non-infectious diseases, such as diabetes, multiple sclerosis, 

and cancer. Whilst therapeutic peptides based on viral sequences have also been tested as 

treatments for infectious diseases, including human immunodeficiency virus (HIV)-induced 

acquired immunodeficiency (AIDS) and hepatitis, these are not addressed in this review. For 

readers interested in this area the following references provide further information (Caillat et 

al., 2020; McKinnell and Saag, 2009; Skwarecki et al., 2021).

2. Half-life and therapeutic efficacy of small therapeutic peptides

Half-life (i.e., elimination half-life) in pharmacokinetics refers to the time elapsed for the 

concentration of a given substance to decrease to half of its starting concentration in the 

plasma or blood (Toutain and Bousquet-Melou, 2004); while the therapeutic efficacy denotes 

the ability of a given drug to produce desired beneficial effects (Adkins and Noble, 1998). 

Both are critical parameters and often used in basic research and clinical studies, as well as 

by the pharmaceutical industry to determine dosage and dosage intervals to achieve efficacy, 

whilst avoiding potential toxicity and unwanted accumulation of agent in human organs 

and tissues (Grover and Benet, 2011; Sahin and Benet, 2008). Generally speaking, for a 

drug with a short half-life, a maximum therapeutic efficiency may not be reached even with 

frequent administration; while for a drug with a very long half-life, undesired accumulation 

of the drug in the body may occur and lead to toxicity (Smith et al., 2018).

In the case of therapeutic peptides, most of them have half-lives of only a few minutes 

due to rapid in vivo degradation, renal clearance, and low (membrane) permeability (Werle 

and Bernkop-Schnurch, 2006). Chronic diseases, such as cancer, cardiovascular disorders, 

and MS noted above, typically need a long or lifelong therapy duration. In such contexts, 

peptides with very short half-lives tend not to be beneficial, showing reduced potential 

for efficacy over longer treatment regimens (Marqus et al., 2017). In addition, peptides 

normally have low oral bioavailability (i.e., unsuitable for oral administration) owing to acid 

hydrolysis and digestive enzymes in the stomach, as well as showing low absorption in 

the gastrointestinal track (Bruno et al., 2013; Lau and Dunn, 2018). Although other routes, 

such as intravenous or subcutaneous injection, may overcome delivery issues (Craig et al., 

2018), the short half-lives of most peptides in the plasma and other body fluids as a result 

of multiple degradation forms, also places limits on the potential for therapeutic benefit. To 

this end, successful development of new methods that can increase half-life of therapeutic 

peptides in vivo to levels comparable to small molecule drugs will be critical for making 

peptidic drugs more effective and thus promoting their widespread use as clinical treatments.

3. In vivo forms of chemical degradation of small therapeutic peptides

Chemically-associated degradations are denoted as alternation of peptide structure and/or its 

molecular composition, which in turn lead to changes in peptide properties (Furman et al., 
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2015). Seven primary types of chemically-associated degradation have been found to alter 

peptide structure, each of which are directly or indirectly associated with shorter half-life in 
vivo, peptide degradation, and reduction of the final concentration of peptide. These include: 

1) disulfide bond formation, 2) hydrolysis, 3) diketopiperazine formation, 4) isomerization, 

5) deamidation, 6) oxidation, and 7) proteases/phosphatase enzyme-associated catalytic 

degradations (Furman et al., 2015; Vickers et al., 2002; Xu et al., 2017) (Fig. 2).

3.1. Disulfide bond formation

The formation of disulfide bond is known to regulate multiple biological functions. It not 

only stabilizes 3 dimensional (3D) structure of proteins, but also participates in enzymatic 

catalysis, protects proteins from oxidative damage, promotes protein aggregation, and 

reduces target binding affinity (Chandrasekhar et al., 2014; Chiu and Hogg, 2019), acting 

like a “double-edged sword” in modulating the stability of peptide and proteins. Although 

disulfide bond formation is mainly associated with enhanced stability of peptides and 

proteins (Yeo and Rabenstein, 1993), molecular modification by disulfide bond formation 

can also lead to changes in chemical and physical properties, leading to decreased solubility 

(and concentration) of peptides and proteins because of aggregation induced by disulfide 

bonds (Chandrasekhar et al., 2014; Chiu and Hogg, 2019). For instance, double cystine 

peptides (2 AAs) connected by a disulfide bond have much lower solubilities than those 

with a single cystine in the human plasma (Bannai, 1984). In a case where the solubility 

of a peptide containing cystine is required for therapeutic purposes, cystine connection by 

disulfide bonds can reduce the solubility of peptide in the plasma. Interestingly, in large 

proteins, disulfide bonds are critical for stabilization of 3D structure; whilst in small peptides 

of less than 50 AAs, they appear to have less structural significance (Chiu and Hogg, 2019; 

Cook and Hogg, 2013).

3.2. Hydrolysis

Hydrolysis is defined as a chemical cleavage involving addition of water molecules 

(Korhonen et al., 2006). The plasma is mainly composed of water; thus, hydrolysis is one of 

the major reactions in the circulatory system that contributes to peptide degradation (Powell 

et al., 1993). In addition, the plasma contains various types of enzymes, such as proteases 

and phosphatases, which are directly responsible for enzymatically-associated peptide 

degradation (see 3.7 Proteases and phosphatases-associated degradation section below). 

For example, human angiotensin-converting enzyme-related carboxypeptidase (ACE2) can 

break down biologically active peptides by removing their carboxyl-terminus (C-terminus), 

through catalyzing hydrolysis between proline and a hydrophobic AA (Vickers et al., 2002). 

In another example, asparagine residues in peptide chains can catalyze hydrolysis reactions 

at C-terminus of a peptide by acting as a proton donor and attacking the peptide bond 

between asparagine and other AAs under acidic conditions (Furman et al., 2015).

3.3. Diketopiperazine formation

Diketopiperazine is a 6-member ring structure linked by 2 amides (Mieczkowski et al., 

2021). It originates from the amino-terminus (N-terminus or NH2-terminus) residues of a 

peptide chain and introduces issues for synthesis and storage of peptides (Capasso et al., 

1998). The reaction occurs when the nitrogen atom of the N-terminal deprotonated amino 
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group attacks the carbonyl carbon atom of the second AA residue, resulting in breakdown 

of the polypeptide chain and formation of a ring (Capasso et al., 1998). The significant 

change in chemical structure can alter stability, biological compatibility, and target affinity 

of peptides (Marsden et al., 1993). It should be noted that all reported studies regarding 

diketopiperazine formation appeared to be conducted in bacteria and in test tubes. Although 

its formation in mammalian cells, or in the plasma remains unknown, gut microbiota-derived 

diketopiperazine (Correa et al., 2019) may directly or indirectly affect the stability of plasma 

peptides once it is absorbed in the blood stream?

3.4. Isomerization

Isomerization refers to transformation of a molecule into its optical or geometric isoform 

(Morgenstern, 2009). It occurs through chemical reactions, such as deamidation (Robinson, 

2002). Additionally, the isomerization enzymes in mammalian cells can catalyze such 

reactions and thus, are capable of altering structure and function of proteins and peptides 

(Zhang et al., 2021). In the case of proteins and peptides, it takes place by altering 

secondary structure; while in AAs, all naturally occurring AAs exist in two isomeric 

forms, i.e., dextrorotatory (D) and levorotatory (L), with the exception of glycine (Young 

et al., 1994). Proteins and peptides in the human body are all composed of L-AAs; 

whereas D-AAs are not typically found in naturally occurring proteins or peptides, 

and consequently sequences comprising these enantiomeric AAs tend to be resistant to 

endogenous degradation mechanisms (Young et al., 1994), thus isomerization can also be 

used as an anti-degradation strategy (see 5.1.2 Chemical Isomerization section below). 

Although this type of anti-degradation approach is beneficial, the resulting peptides with 

D-AAs usually come with altered stability, solubility, permeability, and binding affinities 

than those with L-AAs, which can lead to decreases in activity and thus efficacy of the 

therapeutic peptide (Baker et al., 1993). For instance, Acyclovir, an antiviral drug used in the 

treatment of herpes simplex virus-1 (HSV-1) induced corneal keratitis, has a higher corneal 

permeability in L-aspartate form than in D-aspartate form of Acyclovir (Majumdar et al., 

2009).

3.5. Deamidation

Deamidation is a chemical reaction in which the amide functional group of AAs is removed 

through non-enzymatic or enzymatic processes (Stamnaes et al., 2008; Wright, 1991). 

AAs, such as glutamine and asparagine, are the main residues that are subjected to non-

enzymatic deamidation in vivo (Furman et al., 2015; Robinson, 2002; Xu et al., 2017). The 

deamidation rate of AAs are determined by various properties, including neighboring AAs, 

3D structure, potential hydrogen (pH), temperature, and buffer ionic strength (Robinson, 

2002). For example, at physiological pH, deamidation generates negatively charged residues 

that can affect the properties (such as binding affinity) of proteins in biologically significant 

ways (Robinson, 2002). Asparagine deamidation, for example, is probably one of the most 

common deamidations that is associated with protein degradation (Yang and Zubarev, 

2010). Deamidation of asparagine occurs through a five membered succinimide ring 

intermediate that can form various products, including L-isoasparagine, D-isoasparagine, 

and D-asparagine (Yang and Zubarev, 2010). Introducing different conformations or 

isoforms of asparagine that can alter binding affinity, solubility, and permeability; thus, 
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affecting half-life and therapeutic efficacy. As described above, deamidation can also result 

in isomerization, which in turn can change the properties of therapeutic peptides.

3.6. Oxidation

Oxidation-reduction reactions occur in all cells and are critical for homeostasis, cell 

signaling, gene expression, energy metabolism, aerobic respiration, cell growth, and 

apoptosis (Zhao et al., 2014). A molecule is oxidized when it loses an electron due to 

an oxidative agent (Whayne et al., 2016). An oxidative agent is usually another molecule 

that can be reduced by taking up electrons lost by the oxidized species (Koppenol and Hider, 

2019; Whayne et al., 2016). For instance, L-methionine oxidation results in formation of 

L-methionine sulfoxide and L-methionine sulfone, both of which have different structures - 

with additional oxygen atoms binding to the sulfur atom than in L-methionine (Furman et 

al., 2015). In addition, certain oxidation-reduction reactions can also lead to the formation 

of reactive oxygen species (ROS). ROS can be both beneficial (as intracellular messengers, 

biological activity modulators) (Mitra et al., 2019) and harmful [by damaging proteins, 

lipids, and deoxyribonucleic acid (DNA) through oxidation reactions] (Mrakic-Sposta et 

al., 2014). Even though ROS activity mainly takes place intracellularly, reactions at the 

cell membrane can release ROS into the extracellular matrix and bloodstream, where these 

highly reactive species can act on, and alter the structure polypeptides in the external 

milieu (Barelli et al., 2008; Mrakic-Sposta et al., 2014). Chemical oxidation of proline, 

threonine, histidine, arginine and/or lysine produces carbonyl derivatives of peptide/proteins 

(Butterfield et al., 1998; Phaniendra et al., 2015); while carbonylation of peptides/proteins 

is an irreversible process that often leads to loss of function of the oxidized molecules 

(Akagawa, 2021).

3.7. Proteases and phosphatases-associated degradation

Another major category of chemically-associated in vivo degradation is catalyzed by 

proteases and phosphatases, two major enzymes related with peptide degradation in the 

plasma. These enzymes are significantly responsible for hydrolysis of peptide bonds as 

exemplified in Fig. 2 [also see (Vickers et al., 2002)]. The major functions of the plasma 

enzymes involve regulation of protein activities and protein-protein interactions, as well 

as participation in intercellular and intracellular signaling via breakdown of proteins and 

peptide chains (Lopez-Otin and Bond, 2008).

Proteases are traditionally classified into two groups based on their action sites: a) 

Endogenous proteases that act on internal peptide bonds; and b) Exogenous proteases that 

act, near or on, the C- or N-termini of peptide chains or proteins (Bond, 2019; Lopez-Otin 

and Bond, 2008). Endogenous proteases can be further divided into subcategories according 

to the AA residue that they act upon, such as aspartic, cysteine, glutamic, metallo, serine, 

and threonine proteases (Bond, 2019). Aspartic, glutamic, and metalloproteases act on 

the peptide bond by using a water molecule as an electron donor while cysteine, serine 

and threonine proteases cleave peptide bonds by using an AA residue (cysteine, serine or 

threonine) as an electron donor (Lopez-Otin and Bond, 2008). Glutamic proteases are not 

found in mammals; however, their mechanism of action is believed to be similar to aspartic 

and metalloproteases occurring in humans (Lopez-Otin and Bond, 2008).
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Up to date, over 550 proteases and protease homologues have been identified in the human 

body (Puente et al., 2003), which also include those only discovered in the gastrointestinal 

tract and tissues, as well as others found in the blood plasma (Bottger et al., 2017). For 

example, the plasma thrombin and factor Xa are two key proteases that regulate blood 

coagulation (Posma et al., 2019); while Kallikrein is a prominent plasma protease that 

selectively cleaves arginine- and lysine-bonds of proteins and peptides (Kishibe, 2019). 

Another important type of plasma protease is a complement molecule in the complement 

system, which play essential roles in the innate immune response (Sim and Tsiftsoglou, 

2004). The complement system is composed of different types of enzymes that interact 

with one another to promote opsonization and the inflammatory response (Dunkelberger 

and Song, 2010; Lu and Kishore, 2017; Tomlinson and Thurman, 2018). In the intestines 

and intestinal lumen, aminopeptidases (P, W, N) and dipeptidyl peptidase-IV, chymotrypsin, 

trypsin, and carboxypeptidases are examples of many known key proteases (Gentilucci et al., 

2010). Protease inhibitor-based anti-degradation approaches may lead to the development 

of new methods to protect therapeutic peptide or enhance their half-lives (De Leuw and 

Stephan, 2018; Festa et al., 2021).

Protein phosphatases are broadly categorized into two main groups, i.e., serine/threonine 

phosphatases and tyrosine phosphatases, based on the AA residues from which they remove 

the phosphate group (Otsubo et al., 2018). Phosphorylation of phosphatases by kinases 

trigger catalytical reactions resulting in the removal of phosphate groups, which in turn 

results in either activation or inhibition of the targeted protein and the downstream cascades 

within which it participates (Reddy et al., 2017; Swingle and Honkanen, 2019). Such 

activation or inhibition can lead to processes such as protease enzyme activation, which 

promotes peptide degradation. For instance, protein phosphatase 1 is a serine/threonine 

phosphatase that is known to remove a phosphate group from retinoblastoma susceptibility 

(Rb) protein in humans (Morana et al., 1996), while Rb kinase plays an opposite role, adding 

a phosphate group to the Rb protein. Understanding the dual effects of phosphatase and 

kinases on therapeutic peptides/proteins may promote clinical applications of existing and 

future therapeutic biologics (Morana et al., 1996).

3.8. Cytochrome P450 (CYP or P450)-associated drug degradation

CYP is a superfamily member of hemeproteins that are critical in natural (chemical 

substances produced by living organisms) and synthetic (chemical substances synthesized 

in laboratory or pharmaceutical industry) drug metabolism (McDonnell and Dang, 2013; 

Tornio and Backman, 2018). In humans, there are 18 gene families and 44 gene subfamilies 

encoding numerous CYP enzymes (Tornio and Backman, 2018). Almost all CYP gene 

subfamilies are expressed in the liver, where the majority of the drug metabolism occurs, 

while some members of the CYP subfamilies are also expressed in other organs, such as 

brain, lungs, and intestines (McDonnell and Dang, 2013; Tornio and Backman, 2018).

Each CYP subfamily protein (enzyme) is known to play a different role in drug 

metabolism. For example, the CYP2C subfamily (accounting for 20–25% in the hepatic 

CYP contents) metabolize about 15–20% of all drugs [e.g., nonsteroidal anti-inflammatory 

drugs (NSAIDs), hypoglycemics, anticonvulsant drugs, and angiotensin II blockers] (Isvoran 
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et al., 2017; Tornio and Backman, 2018); while the CYP2D6 subfamilies are responsible 

for metabolism of more than 160 drugs (or about 25% of currently prescribed drugs, like 

antidepressants, beta-blockers, and opioids) (He et al., 2015; Rutman et al., 2021). For the 

metabolism of endogenous compounds such as cholesterol, bile-acid, steroids, fatty acids, 

and vitamin D, other CYP families (e.g., CYP7, CYP17, CYP27) seem to be involved 

(Chiang and Ferrell, 2020; Nebert and Russell, 2002). Although their critical roles in 

metabolizing a wide-range drugs are well characterized, the CYP superfamily appear not 

to contribute to the metabolism of biological agents (Serra Lopez-Matencio et al., 2018). 

Whether this is also the case for small therapeutic peptides remains unknown.

4. Physical elimination and molecular incompatibility of small therapeutic 

peptides

Physical elimination (i.e., physical clearance) refers to bodily activities that simply eliminate 

(e.g., filtered through glomerulus in the kidney) peptides from the bloodstream without 

altering the peptide’s physical or chemical properties (Good et al., 2010). Renal clearance 

from the circulatory system is a major elimination route to reduce drug concentration in the 

plasma, thus decreasing the half-life and therapeutic efficacy of drugs (including peptides) 

that should be considered if and when therapeutic peptides come to be more widely used 

in clinical settings (Zaman et al., 2019). The kidney glomeruli have a pore size of ~8 

nm, so peptides with molecular weights of <25 kDa are readily filtered from blood; and 

unfortunately, peptides that pass through the glomeruli can’t be absorbed through the renal 

tubules, which further aggravate losses of bioavailable peptide (Di, 2015; Wu and Huang, 

2018). Since small therapeutic peptides have molecular weight <5 kDa (Craik et al., 2013), 

they are readily filtered from the blood via the glomeruli.

Another major physical factor that reduces therapeutic efficiency of therapeutic peptides 

is molecular incompatibility between peptides and cell membranes (Dunican and Doherty, 

2001). The cell membrane is composed of a lipid bilayer that is almost impermeable to all 

charged (polar and nonpolar) molecules and uncharged (polar) molecules (Yang and Hinner, 

2015). Mammalian cell membrane has active transporters that utilize energy to transport 

compounds across the membrane, such as ion channels, and passive transporters that do not 

require energy, such as aquaporins (Yang and Hinner, 2015). Unfortunately, transporters or 

channels in the cell membrane that are specific for conveying small therapeutic peptides 

have not been reported. Because most therapeutic peptides are hydrophilic (polar), and thus 

have limited ability to pass through the hydrophobic lipid bilayer composing biological 

membranes (Teixeira et al., 2012), they do not readily pass into the cytoplasm [many 

peptidic drugs have intracellular targets (Jones and Sayers, 2012)] through passive diffusion. 

As a result, peptide not taken up by cells has susceptibility to degradation by eliminative 

routes or clearance by the kidney (Zaman et al., 2019).
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5. Anti-degradation strategies used in small therapeutic peptides

5.1 Current methods

A significant amount of work has been conducted with the intention of increasing the in vivo 
stability and half-life of small therapeutic peptides in animal models and human patients. 

Four approaches that are commonly used in the field are summarized below (also see Table 

1):

5.1.1. Modification of C- or N-terminus—In this approach, the C- or/and N-terminus 

of peptide chain is biochemically modified, thus preventing interactions with proteases 

(Di, 2015). Exogenous proteases typically affect peptide or protein by binding to their C- 

or N-terminus and promote reactions that cleave peptide bonds (Lopez-Otin and Bond, 

2008). Modifications such as acetylation or glycosylation of the N-terminus or amidation 

of the C-terminus can prevent binding of exogenous proteases, protecting the peptide from 

enzymatic degradation (Sato et al., 2006).

In other instances, acetylation of the Werner (WRN) protein is known to increase its 

stability, whereas acetylation of the p53 C-terminus decreases ubiquitination, extending half-

life in vivo (Li et al., 2002). Additionally, amidation of human GLP-1 enhances stability and 

half-life in plasma (Wettergren et al., 1998). In vivo studies demonstrating the effectiveness 

of exogenous N- and C- terminus modifications in preventing degradation have also been 

applied to peptide-based therapies. For example, N-terminal acetylation of GLP-1 was found 

to protect from degradation by dipeptidyl peptidase-IV (DPP-IV), increasing half-life from 

minutes to up to two hours (John et al., 2008).

5.1.2. Chemical isomerization—D-AAs do not exist naturally in vivo and most 

plasma proteases cannot degrade peptide chains that contain one or more D-AAs (Di, 2015); 

thus, chemical replacement of L-AAs with D-AAs prevents or delays peptide degradation 

(Domhan et al., 2019). It is known that D-AAs are structural stereoisomers of natural 

AAs (i.e., L-AAs) and alteration of peptide stereoisomerism can negatively affect protease 

binding and affinity (Gentilucci et al., 2010). Peptides composed of D-AAs have been 

shown to be subjected to less enzymatic degradation in vivo (Asano, 2012; Gentilucci et al., 

2010). Desmopressin is probably the most striking example of how chemical isomerization 

increases peptide half-life, wherein replacement of L-arginine with D-arginine increased 

half-life from 10 min to 3.7 hrs (Agerso et al., 2004; Di, 2015; Wisniewski et al., 2019).

5.1.3. Molecular conjugation—Chemical conjugation of a peptide with another 

macromolecule can provide significant protective effects against degradation (Tartibi et al., 

2016). Polyethylene glycol (PEG) is a polyether that has high water solubility, low toxicity, 

and high mobility in solution (Knop et al., 2010; Sato et al., 2006). PEG is a large molecule, 

on which peptides can be attached via their C- or N-terminus. Because of its large size, PEG 

has a low renal clearance rate; thus, conjugation prevents or decreases conjugated peptides 

from being filtered out by the kidneys (Pasut and Veronese, 2009). Furthermore, being 

attached by peptide termini, PEG-conjugation provides protection from proteolytic activities 

of enzymes that act on C- or N-termini (Caliceti and Veronese, 2003; Knop et al., 2010).
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Peptides can be also conjugated with the plasma proteins, such as albumin, a monomeric 

protein that has a long half-life (Bumbaca et al., 2019). Due to its chemical composition 

and large size, albumin has a low renal clearance, thus prolonging the half-life of the 

conjugated peptide (Bumbaca et al., 2019; Sato et al., 2006). In humans, albumin has a 

half-life of ~21 days because it is protected from catabolic elimination by neonatal fragment 

crystallizable (Fc) receptor-mediated recycling (Muller et al., 2007; Roopenian et al., 2015). 

Being an abundant native protein with a long half-life and limited immunogenicity or 

toxicity (Roopenian et al., 2015), albumin has become a useful molecular tool for stabilizing 

therapeutic peptides (Low and Wiles, 2016). As an example, the albumin-conjugated 

therapeutic peptide, Albiglutide (Tanzeum®), is a Food and Drug Administration (FDA, 

USA) approved-drug for treatment of type 2 diabetes (Bronden et al., 2017; Poole and 

Nowlan, 2014). This conjugated peptide has a half-life of 6 to 7 days, which not only 

significantly decreases frequency of drug administration, but also maintains normal blood 

levels of glucose up to a week after each injection (Sato et al., 2006).

5.1.4. Drug delivery devices—Drug delivery devices, which are often manufactured 

from nonbiodegradable materials (e.g., alloys), provide another strategy for protecting and 

delivering small therapeutic peptides (Nahar et al., 2006). For example, DUROS® is a 

tube-shaped drug delivery device that is made from a nonbiodegradable titanium alloy 

containing a drug reservoir chamber and an orifice from which the peptide is released 

(Rohloff et al., 2008). This device uses osmotic pressure through an osmotic engine to 

slowly release a predetermined amount of peptide into the body, thus making the device 

capable of administering therapeutics for 3 to 12 months, depending on the properties of 

the therapeutic molecules (Rohloff et al., 2008). In the case of leuprolide (also known 

as leuprorelin) (Lupron®), a peptide for patients with prostate cancer, the device can 

continuously administer peptide for up to 12 months - with results that appear to show 

clinical promise (Crawford et al., 2015; Fowler et al., 2000; Rohloff et al., 2008).

The insulin pump is a well-known example of a successful drug delivery device that is used 

by diabetic patients worldwide. It was first built in the 1970s with the goal of providing 

a better quality of life for patients with type 1 diabetes (Didangelos and Iliadis, 2011). 

Although there are multiple brands of insulin pumps on the market, the general components 

are similar - comprising an insulin reservoir capable of holding sufficient insulin for a few 

days, a catheter that is inserted subcutaneously for insulin delivery, a battery, and a processor 

that adjusts the frequency and amount of insulin delivered (Didangelos and Iliadis, 2011).

5.2 Emerging tactics

Whilst the methods listed above are presently used in the clinic, new approaches for 

controlled delivery of peptide therapeutics are also attracting interest (also see Table 1):

5.2.1 Nanoparticles—Nanoparticles, which can be made from the organic (e.g., 

dendrimers, polymersomes) or inorganic (e.g., gold, silica) materials, refer to particles with 

a size range between 1–100 nm in diameter (Mirza and Siddiqui, 2014). Due to their 

nanoscale size, high ratio of surface area to volume, high bioavailability and high stability, 

nanoparticles are a promising transport platform for facilitating drug delivery (Mahmoudian 
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et al., 2021; Singh and Lillard, 2009). Following intravenous injection, nanoparticles can 

freely circulate in the blood, appear to readily penetrate tissues, and be taken up by cells 

(Patra et al., 2018). When drugs (e.g., small molecular chemical compounds, peptides, or 

even proteins), especially those with low absorption and poor solubility, are conjugated 

with/within nanoparticles, it has been hypothesized that drug delivery efficiency and efficacy 

in targeted tissues/cells can be dramatically increased (Kalimuthu et al., 2018; Patra et al., 

2018).

To generate nanoparticles, peptides are usually dissolved in an appropriate solvent and drug 

is then entrapped, absorbed, or attached to the nanoparticle. Nanoparticles with different 

properties can also be engineered to have different solubilities, binding affinities, peptide 

release ratios, and desired mechanisms of action, including protection against degradative 

enzymes such as proteases (Singh and Lillard, 2009). By modifying their surface chemistry, 

or construction from biodegradable polymers, nanoparticles can increase drug solubility in 

the plasma or provide sustained release to target tissues over controlled and/or extended 

periods (Singh and Lillard, 2009).

Due to high levels of biocompatibility, tolerance of pH variance and low toxicity gold 

nanoparticles are a preferred drug delivery vehicle (Sani et al., 2021), examples of which 

have been “green-lighted” by the FDA for clinical studies in humans (Dhar et al., 2008; 

Mirza and Siddiqui, 2014). Gold nanoparticles can be synthesized in different sizes and 

coated with different materials for specific purposes that accord with the molecule to 

which they are conjugated (Rana et al., 2012; Ronavari et al., 2021). As an example, 

PEG-coated gold nanoparticles were demonstrated to be able to carry peptides or even 

proteins (Kalimuthu et al., 2018; Rana et al., 2012).

5.2.2 Exosomes—Extracellular vesicles (EVs) are lipid bilayer-bound vesicles that are 

naturally secreted by almost all types of cells into the extracellular space (Doyle and Wang, 

2019). Based on their size, cellular origin, and morphology, EVs can be classified into 

3 groups, apoptotic bodies (1–5 μm, blebbing of apoptotic cells, irregular), microvesicles 

(100–1000 nm, plasma membrane shedding of living cells, irregular), and exosomes (30–

100 nm, endosome of living cells, regular) (Todorova et al., 2017).

Exosomes have attracted particular attention as they are released from living cells via 

exocytosis and contain proteins, lipids, messenger ribonucleic acids (mRNAs), microRNAs 

(miRNAs), as well as specific markers/receptors [e.g., cluster of differentiation 31 (CD31), 

also known as platelet endothelial cell adhesion molecule-1 (PECAM-1), for endothelial 

cells] of cellular origin, which are thought to enable exosomes to recognize and target 

cells, doing so whilst not prompting the immune system (Yuan et al., 2017). Once bound 

to their target, exosomes fuse with the cell membrane, deploying signaling cargo directly 

into the cytoplasm and triggering intracellular signaling pathways (Bunggulawa et al., 2018). 

Furthermore, exosomes have been posited to travel through the bloodstream without being 

subject to unduly rapid degradation or renal clearance prior to uptake in target tissues and 

organs (Saeedi et al., 2019). Since exosomes are mainly secreted into the circulation, they 

can be readily harvested for encapsulating drugs of interest (e.g., small therapeutic peptides) 

before being delivered to diseased tissues and cells (Bunggulawa et al., 2018). Exosomes 
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can also be isolated in abundance from other bodily fluids including milk (Marsh et al., 

2021a). Because of these properties, exosomes have demonstrated superior abilities not only 

to protect drugs from degradation, but also to increase drug delivery efficacy and specificity 

to the target cells (Doyle and Wang, 2019).

Overall, by using approaches discussed above, individually or in combination, the short 

half-lives of small therapeutic peptides could be able to be extended in a clinically 

significant manner. Chronic diseases such as cancer, cardiovascular disorders, and auto-

immune disorders, thus may be more efficiently treated through mechanisms by directly 

targeting intracellular signaling pathways via naturally occurring biological molecules (e.g., 

protein, mRNA, miRNA).

6. Examples of major small therapeutic peptides that are currently used in 

clinical therapy for major non-infection diseases

To date, around 360 clinical trials have tested therapeutic peptides (https://

clinicaltrials.gov/ct2/home; keywords: “therapeutic peptides”). The following sections 

provide examples of several therapeutic peptidic drugs that are being used in the clinic 

or may soon advance to this point (also see Table 2).

6.1. Insulin (i.e., Humulin R®)

Insulin is the first, most well-known, and fully developed therapeutic peptide that has 

been routinely used in the clinic, and at home, to treat patients with diabetes (Jain et 

al., 2020; Kurtzhals et al., 2021). Insulin, a 51-AA peptide, was first discovered in 1910, 

but its initial clinical testing was not carried out until 1922 (Karamitsos, 2011). Prior 

to 1978, therapeutic insulin could be only isolated from animals’ (e.g., pigs and cows) 

pancreatic glands (Johansen, 1983). Although animal-sourced insulins have been used for 

many decades in patients with diabetes, the major drawbacks of these insulins (even highly 

purified) comprise immune reactions and short time of activity following administration in 

the human body (Schernthaner, 1993).

Up until 1978, the first human insulin was successfully produced in Escherichia coli (E. 
coli) by Genentech (San Francisco, CA) (Goeddel et al., 1979) and 4 years later, this 

biosynthetic type of insulin was made available commercially (Johansen, 1983). Meanwhile, 

another type of semisynthetic human insulin, which was derived from animal insulin via 

enzymatic substitution of AA, was also effectively used in clinic to treat diabetic patients 

(Quatraro et al., 1989; Raptis and Dimitriadis, 1985). These significant achievements paved 

the way for mass-production of variants of insulin and insulin delivery devices (pumps) 

for treating diabetes at different levels of severity (Hirsch et al., 2020; Nathan, 2015). The 

advance included rapid-acting, short-acting, intermediate-acting, long-acting, and ultra-long 

acting insulins, as well as mixtures of these, depending on patient need (Hirsch et al., 

2020; Kjeldsen et al., 2021). The administration frequency of pump-based insulin delivery, 

and the amount of insulin, can also be easily adjusted in the personalized treatment of 

diabetes (Nathan, 2015). These synthetic molecules represent a real achievement in human 
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health, signifying a case in point of the outstanding advantages and clinical benefits over the 

original methods used to isolate insulin (King et al., 2016).

The breakthrough of successful insulin therapy also triggered researchers to seek new 

peptides in combating other diseases, such as genetic disorders that have deficiencies of 

certain enzymes or proteins (Sheikh and Yokota, 2021). In the past decades, multiple novel 

therapeutic peptides for type 2 diabetes, myeloma, breast and prostate cancer, MS, and 

cardiovascular diseases have been successfully applied in clinic, as described below.

6.2. Exenatide (i.e., Byetta®) and lixisenatide (i.e., Adlyxin®)

Exenatide, a 39-AA peptide, is the first GLP-1 agonist approved by the FDA for treating 

type 2 diabetes (Genovese et al., 2017). It is administered intravenously as a suspension 

containing the peptide encapsulated in microspheres, which allows for slow release of 

the peptide (Lim et al., 2015). In the human plasma, it has an approximately 2.4-hour 

half-life following release (Hall et al., 2018). With twice-a-day administration, Exenatide 

significantly increased the life quality and productivity of patients with type 2 diabetes 

(McCormack, 2014). Lixisenatide is an analogue of human GLP-1, which is also used 

in type 2 diabetes therapy (Baker and Levien, 2017; Meier, 2012)}. This 44-AA peptide 

functions through binding to and activating the GLP-1 receptor, resulting in secretion of 

GLP-1 and prompting pancreatic beta cells to release insulin in response to elevated levels of 

blood glucose (Nauck et al., 2021; Trujillo et al., 2021). Because lixisenatide C-terminus is 

amidated, with an amide group instead of a carboxyl group, the peptide is protected against 

degradation, especially by the dipeptidyl peptidase-4 enzyme (Meier, 2012; Werner et al., 

2010).

6.3. Glatiramer acetate (i.e., Copaxone®)

One of the most widely used small therapeutic peptides is glatiramer acetate, a 10-AA 

peptide for treatment of MS (Craik et al., 2013; Scotto et al., 2021). This peptidic drug was 

designed as a synthetic analogue of myelin basic protein, the major protein associated with 

MS (Wynn, 2019). Although the underlying mechanism of drug action is not completely 

understood, the FDA approved the peptide in 1996 (Wynn, 2019). Clinical data from 

the European, American, and Canadian trials indicate that Copaxone® is an effective 

therapeutic that can decrease the frequency of MS relapse (Comi et al., 2001; Ford et al., 

2010). Copaxone is injected subcutaneously along with the inactive ingredient mannitol that 

acts as a vehicle (Corominas et al., 2014; Rieckmann et al., 2021).

6.4. Leuprolide (also known as leuprorelin, i.e., Lupron®)

Leuprolide, a 9-AA peptide, is a synthetically modified version of gonadotropin-releasing 

hormone and used for treatment of breast and prostate cancer, as well as central precocious 

puberty (Adjei et al., 1990; Bereket, 2017; Han and Youn, 2019; Mejia-Otero et al., 2021; 

Salazar et al., 2021). Clinical data indicates that prolonged treatment with this peptide 

significantly desensitizes gonadotropin-releasing hormone receptors and decreases plasma 

levels of testosterone in males and estradiol in females, resulting in inhibition of hormone-

dependent tumor growth in breast and prostate cancers (Han and Youn, 2019; Snelder et 

al., 2019; Swayzer and Gerriets, 2021). Like exenatide, leuprolide has a short half-life (~3 
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hours), which makes the drug impractical for continuous administration to patients. As a 

result, leuprolide is encapsulated in biodegradable lipophilic synthetic microspheres, which 

allows slow release between 1 to 4 months, dependent on the polymer type used during 

microsphere synthesis (Periti et al., 2002). An alternative method using a nonbiodegradable 

implant can also sustain slow release of leuprolide (Wright, 2010).

6.5. Abarelix (i.e., Plenaxis®)

Abarelix is a gonadotropin-releasing hormone antagonist composed of 10 AAs, 5 of which 

are non-natural that prevent the peptide from rapid degradation (Mongiat-Artus and Teillac, 

2004). Abarelix is produced in powder form and then dissolved in sodium chloride to 

make as a depot solution to allow for controlled release following intramuscular injection 

(Mongiat-Artus and Teillac, 2004). Mechanistically, abarelix functions by competitively 

binding to gonadotropin-releasing hormone receptors, inhibiting expression of luteinizing 

hormone and follicle stimulating hormone and thereby preventing production of testosterone 

in males, thus slowing or inhibiting the growth of prostate cancer (Nauck et al., 2021; 

Trujillo et al., 2021). Unfortunately, clinical use of abarelix was discontinued in the US due 

to allergic reaction, though it remains in use in Germany and the Netherlands (Moul, 2014).

6.6. Bortezomib (i.e., Velcade®)

Bortezomib is a striking example of 2-AA proteasome inhibitor. It was the first peptide-

based proteasome inhibitor approved by the FDA for treating patients with newly diagnosed 

and relapsed multiple myeloma and mantle cell lymphoma (Chen et al., 2011). Bortezomib 

is an N-protected (pyrazinoic acid) dipeptide boronic acid derivative (Laforgia et al., 2021). 

It is composed of pyrazinoic acid, L-phenylalanine and L-leucine that have boronic acid 

in its carboxylic acid group (Pyz-Phe-boroLeu) (Chen et al., 2011). By binding to the 

26S proteasome reversibly through its boronic acid group and inhibiting its function, 

bortezomib activates intracellular signaling pathways that leads to death of lymphoma 

cells (Chen et al., 2011; Romancik et al., 2022). Although bortezomib is not exclusively 

constructed from AAs, the peptide backbone-based structure has attracted researchers to 

focus on development of other small peptide-like therapeutics that could have efficacy in the 

treatment of cancer (Mahmoudian et al., 2021).

6.7. Nesiritide (i.e., Natrecor®)

Nesiritide, a 32-AA peptide, is a recombinant version of human B-type natriuretic peptide 

(Elkayam et al., 2002). It is used for patients with decompressed heart failure, in which 

the heart loses its ability to provide adequate amounts of blood and oxygen to the body 

(Mangini et al., 2013). Nesitritide is administered intravenously in hospital settings and acts 

as a vasodilator to increase the cardiac output in patients with heart failure (Gottlieb et al., 

2013). Although its half-life in the plasma is approximately 18 min (Hobbs and Mills, 1999), 

direct intravenous administration allows the peptide concentration to be maintained in an 

adequate range for desired therapeutic effects (Gottlieb et al., 2013).
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6.8. Alpha-carboxyl terminus 1 peptide (αCT1)(i.e., Granexin®)

αCT1 is a 25-AA peptide that is currently in pivotal-stage clinical trials for surgical scar 

reduction and skin radiation injury (DiCarlo et al., 2020; Montgomery et al., 2021). This 

25mer comprises a 16-AA antennapedia cell penetration sequence and the last 9 AAs 

of the gap junction protein connexin 43 (Hunter et al., 2005). In Phase II clinical trials, 

αCT1 was also shown to have beneficial effects in the healing of chronic skin wounds, 

including diabetic foot ulcers and venous leg ulcers (Ghatnekar et al., 2015; Ghatnekar et 

al., 2009). αCT1 is one of a few peptides that is delivered topically to skin instead of 

intravenously, which makes it an interesting example of an alternative delivery approach 

for therapeutics of this type (Montgomery et al., 2018). Formulations of αCT1 tested pre-

clinically have included incorporation into alginate microcapsules (Moore et al., 2013) and 

poly-lactic-co-glycolic acid (PLGA) nanoparticles designed to enable controlled sustained 

release in disease settings (Roberts et al., 2020).

Overall, therapeutic peptides can be manufactured as a slightly altered version of natural 

molecules or exactly mimic sequences endogenous to the body. This unique property 

(naturally derived) offers great therapeutic benefits with high target specificity, high 

bioavailability, and potential low toxicity compared to conventional small molecule drugs 

(Sato et al., 2006). In sum, successful clinical testing and application of therapeutic peptides 

could promote the wider-spread application of these large drug-like molecules in the 

treatment of a range of human pathologies.

7. Conclusion

Small therapeutic peptides are typically linear sequences of less than 50 AAs. As 

such molecules are often synthesized to correspond to native endogenous peptides, 

they inherently tend to exhibit low toxicity, together with high target specificity and 

biocompatibility. Whilst there have been significant advances in preclinical development, 

many small peptide-based therapies face obstacles – most especially related to their 

instability and short half-life once introduced into the body. Due to their small size, 

lack of tertiary structure and hydrophilicity, small peptides are particularly prone to 

chemical (enzymatic) degradation and physical elimination (renal clearance), which leads 

to reductions in therapeutic efficiency. Fortunately, techniques such as peptide conjugation 

with nanoparticles or macromolecules (e.g., PEG), C- or N-terminal modification, and 

replacement of L-AAs with D-AAs have shown promise to address these issues. A novel and 

recent innovation is to protect peptidic drugs, and other fragile biological molecules (e.g., 

miRNAs) by encapsulation in exosome-based drug delivery vehicles. As a consequence 

of new technologies such as exosomal delivery, small therapeutic peptides stand at a 

threshold that may see their increased usage for a variety of unmet clinical needs – most 

especially as urgently needed medications for serious and chronic diseases, including cancer, 

autoimmune, and cardiovascular diseases.
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Fig. 1. 
Advantages and disadvantages of small therapeutic peptides.
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Fig. 2. 
Major forms of chemically-associated in vivo degradations of small peptides. The formulas 

were drawn using the ChemSketch freeware (Version 8.0) developed by Advanced 

Chemistry Development (Toronto, ON, Canada; https://www.acdlabs.com)
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