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Challenges and Breakthroughs in the Pharmacokinetic 

Research of Peptide Drugs 

In the landscape of innovative drug development, peptide therapeutics 

are occupying an increasingly vital position. Their precise targeting 

capabilities and favorable safety profiles have enabled them to shine in 

fields such as oncology, metabolic disorders, and infectious diseases. 

However, whether a meticulously designed peptide molecule in vitro can 

successfully reach the target site and exert therapeutic effects within the 

complex human body entirely depends on its “journey” in vivo—namely, 

its pharmacokinetic behavior. Compared to established small-molecule 

chemotherapeutics, pharmacokinetic research on peptide drugs faces a 

series of unique and formidable challenges. The core objectives are to 

address three major hurdles: poor stability, short half-life, and difficulty in 

oral absorption. This article systematically examines the dynamic fate of 

peptide drugs within the body and how scientists are ingeniously 

engineering this fate through sophisticated design. 

I. The Unique Characteristics of Peptide Drugs: A “Skirmish” with the 

Body's Internal Environment 
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Traditional small-molecule drugs typically exhibit good lipophilicity 

and chemical stability, enabling them to relatively easily cross cell 

membranes and maintain effective concentrations in the body for hours or 

even days. Peptide drugs, however, are fundamentally different. As 

biological macromolecules composed of amino acids linked by peptide 

bonds, they inevitably encounter a series of “barriers” within the body: 

1. The ubiquitous “scissors”: Protease hydrolysis Numerous proteases 

exist within the body (such as pepsin, trypsin, enteropeptidase, and non-

specific proteases in plasma and tissues). These enzymes rapidly recognize 

and cleave peptide bonds, degrading peptides into inactive amino acid 

fragments. 

2. The Impenetrable “Walls”: The Biomembrane Barrier Peptides 

typically possess large molecular weights (500–5000 Da), high 

hydrophilicity, and electrical charges. These characteristics make passive 

diffusion through lipid bilayers—such as those in gastrointestinal mucosal 

epithelial cells or renal tubular cells—extremely difficult. Consequently, 

oral absorption is extremely poor (generally below 1%), and peptides are 

rapidly cleared via glomerular filtration. 

3. Powerful “Cleaning System”: Renal and Immune Clearance The 

kidneys serve as the primary organ for clearing small-to-medium molecular 

weight peptides. Additionally, the immune system may recognize 

exogenous peptides as antigens, accelerating their clearance through 
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antibody binding and phagocytosis by the reticuloendothelial system. 

Therefore, the pharmacokinetic study of peptide drugs represents a 

scientific challenge aimed at systematically understanding and 

successfully regulating their behavior throughout the processes of 

absorption, distribution, metabolism, and excretion. 

II. The In Vivo Journey of Peptide Drugs (ADME) Overview 

Absorption: Seeking Pathways into the Systemic Circulation 

Oral administration remains the ideal target due to its convenience, 

but the vast majority of peptides are rapidly inactivated by gastric acid and 

intestinal enzymes and struggle to penetrate the intestinal wall. Currently, 

clinical success stories are extremely rare (e.g., cyclosporine, which is 

actually a cyclic peptide with unique lipophilic properties). Subcutaneous 

or intramuscular injection remains the primary and most reliable route of 

administration, with absorption rates dependent on peptide molecular size 

and local blood flow at the injection site. Mucosal delivery via nasal 

passages, lungs, and other routes is also a research focus, offering 

avoidance of first-pass metabolism and suitability for localized or systemic 

administration. 

Distribution: Can it reach the target site? 

The distribution volume of peptide drugs is typically small, primarily 

confined to plasma and extracellular fluids. Its distribution is influenced by 

molecular size, charge, lipophilicity, and binding capacity to plasma 
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proteins such as albumin. Enhancing lipophilicity through modifications or 

conjugating targeting ligands (e.g., folate, specific antibody fragments) can 

promote distribution to specific tissues or cells, improving targeting and 

reducing systemic exposure-related side effects. 

Metabolism: A Race Against Time 

Peptide metabolism (degradation) is the core limiting factor in their 

pharmacokinetics. Degradation occurs throughout the body: in blood, 

interstitial fluid, on cell surfaces, and within cells. Beyond the 

aforementioned protease hydrolysis, some peptides may also undergo 

oxidation or reduction. The rate of metabolism directly determines a drug's 

half-life; many natural peptides have half-lives of only a few minutes, 

rendering them unsuitable for therapeutic applications. 

Excretion: Primary Clearance Pathway 

Renal filtration serves as the primary clearance mechanism for 

polypeptide molecules smaller than 60 kDa. Consequently, increasing 

molecular weight—such as through albumin binding or polyethylene 

glycol modification—effectively reduces renal clearance and prolongs the 

half-life. Certain polypeptide fragments may also be excreted via bile. 

III. Core Challenges and Optimization Strategies: Rewriting the “Life 

Curve” of Peptides 

To address these challenges, medicinal chemists and pharmacists have 

developed a systematic “toolkit” for modification, aimed at optimizing the 
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pharmacokinetic properties of peptides. 

1. Structural Modification: Enhancing Stability at the Source 

Cyclization: Connecting the head-to-tail or side chains of linear 

peptides to form a ring structure (e.g., via disulfide bonds or lactam bonds). 

Cyclization restricts conformational flexibility, significantly reduces 

susceptibility to proteolytic degradation, and may enhance receptor 

binding affinity. For example, octreotide is a cyclic somatostatin analog. 

D-Amino Acid Substitution: Incorporating D-amino acids or specially 

designed amino acids. Proteases typically cleave L-amino acids with high 

specificity, making D-amino acid incorporation a potent anti-protease 

strategy. Novo Nordisk's somatropin employs this approach. 

Terminal modifications: N-terminal acetylation or C-terminal 

amidation can eliminate terminal charges, reduce susceptibility to 

exopeptidase attack, and potentially improve membrane permeability. 

2. Long-acting carrier conjugation: Significantly extends half-life 

Pegylation: Covalently links inert, hydrophilic polyethylene glycol 

chains to peptides. This substantially increases molecular volume, reducing 

renal filtration while creating steric hindrance that shields peptides from 

protease attack. Long-acting interferon-alpha is a classic example. 

Albumin Binding: Through fatty acid chain modification or designing 

specific binding sequences, peptides reversibly bind to endogenous 

albumin in vivo. Albumin's half-life of up to 19 days serves as a “ride-
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along” to substantially prolong peptide circulation time. Liraglutide and 

degludec insulin utilize fatty acid chain modification to achieve albumin 

binding. 

Fusion protein technology: Therapeutic peptides are fused with 

immunoglobulin Fc fragments or human serum albumin genes for co-

expression. This strategy leverages Fc receptor-mediated recycling 

mechanisms to extend half-lives to several days or even weeks. 

3. Formulation and Delivery System Innovations: Overcoming 

Absorption Barriers 

Sustained-Release Microspheres/Implants: Peptides encapsulated in 

biodegradable materials like polylactic-co-glycolic acid (PLGA) are 

slowly released over weeks to months via injection or implantation, 

enabling “once-monthly” or even longer dosing intervals. Sustained-

release microspheres for leuprolide and exenatide have been successfully 

commercialized. 

Oral/Mucosal Delivery Enhancers: Combining permeation enhancers, 

protease inhibitors, or pH modulators temporarily reversibly alters mucosal 

barrier properties to boost peptide absorption. The recent success of 

somatropin oral tablets relies on the synergistic effects of acylation 

modifications for stability and a permeation enhancer called SNAC. 

IV. Future Outlook: Advancing Toward Intelligence and Precision 

Research on the pharmacokinetics of peptide drugs is transitioning 
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from “empirical modification” to a new phase of “rational design” and 

“intelligent response.” 

1. Computationally Driven Rational Design: Utilizing molecular 

dynamics simulations and artificial intelligence to predict peptide cleavage 

sites, interactions with targets and plasma proteins, thereby virtually 

screening candidate molecules with ideal pharmacokinetic properties prior 

to synthesis. 

2. Prodrug and Conditional Activation Strategies: Designing stable, 

inactive “prodrugs” in the bloodstream that release active peptides only 

upon reaching target tissues—such as when cleaved by specific enzymes 

highly expressed in tumor microenvironments—achieving maximum 

targeting specificity and minimal systemic toxicity. 

3. Breakthroughs in novel delivery systems: Oral delivery systems 

based on nanoparticles, exosomes, or engineered bacteria offer new hope 

for fully realizing convenient oral administration of peptide therapeutics. 

4. Deepening translational research: Establishing more precise in vitro 

models (e.g., organ-on-a-chip) and interspecies extrapolation methods to 

better predict peptide behavior in humans, thereby reducing clinical 

development failures caused by pharmacokinetic issues. 

V. Conclusion 

The pharmacokinetic research of peptide drugs is a precise science 

that continually seeks the optimal balance between molecular stability, 
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retention time in the body, and biological activity. Every minor structural 

modification and every innovation in delivery technology reshapes the fate 

of peptides within the body, transforming them from transient signaling 

molecules into enduring therapeutic warriors. As our understanding of 

peptide-organism interactions deepens and interdisciplinary technologies 

continue to empower us, we will gain greater freedom to “program” the in 

vivo behavior of peptide drugs. This will enable the development of novel 

peptide therapeutics offering extended efficacy, enhanced convenience, 

and more precise targeting—ultimately allowing these sophisticated 

molecular machines to better serve human health. 
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