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Oral Insulin: A Promising Frontier in Diabetes Therapy
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Diabetes mellitus remains a global health crisis, affecting over 500 million individuals, with insulin therapy being essential for
type 1 and advanced type 2 diabetes patients. Traditional subcutaneous insulin injections, though effective, pose challenges such
as pain, needle anxiety, and poor adherence, driving the need for non-invasive alternatives. Oral insulin has been proposed as
a potential alternative to subcutaneous injections, with theoretical advantages in mimicking the physiological path of insulin
secretion. By mimicking the physiological path of pancreatic insulin, oral insulin is expected to have a distinct effect on hepatic
insulin resistance, while reducing hyperinsulinemia and hypoglycemia risk compared to subcutaneous delivery. However,
the gastrointestinal tract (GIT) presents significant barriers, including enzymatic degradation, poor intestinal permeability,
and patient-specific physiological variability. Among currently investigated strategies, nanoparticle-based systems such
as polymeric PLGA nanoparticles and liposomes have demonstrated promising preclinical results, but clinical translation
remains limited. Permeation enhancers like bile salts and glucose-responsive “smart” systems also show strong translational
potential, though long-term safety data remains under investigation. Mucoadhesive polymers (e.g., chitosan) and protease
inhibitors face greater challenges due to variability in patient absorption and potential gastrointestinal side effects. While
nanoparticle platforms lead to clinical progress, their scalability and cost-effectiveness require further optimization. Successful
development of oral insulin could revolutionize diabetes care, offering a patient-friendly, physiologically aligned treatment
that improves adherence, reduces complications, and lowers healthcare costs. This review highlights the current advance-
ments, persistent hurdles, and future directions in oral insulin research, underscoring its transformative potential in diabetes therapy.
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Introduction

Diabetes remains one of the most pressing global health chal-
lenges, affecting over 500 million people worldwide. This
chronic metabolic disorder is characterized by impaired blood
glucose regulation, with two primary forms: Type 1 diabetes, an
autoimmune condition requiring lifelong insulin therapy due to
the destruction of insulin-producing pancreatic beta cells, and
Type 2 diabetes, which involves progressive insulin resistance
and beta-cell dysfunction, often necessitating insulin therapy in
advanced stages.

Insulin, a peptide hormone secreted by pancreatic beta cells,
is central to glucose homeostasis — it promotes cellular glu-
cose uptake, inhibits hepatic glucose production, and facilitates
glycogen storage. Without proper insulin function, chronic
hyperglycemia leads to devastating complications including neu-
ropathy (nerve damage causing pain and disability), retinopathy
(vision loss from retinal damage), and cardiovascular disease
(heart attacks and strokes), which collectively account for sig-
nificant patient morbidity and over $300 billion in annual global
healthcare costs. For individuals with type 1 diabetes and many
with advanced type 2 diabetes, insulin therapy is essential to

regulate blood glucose levels and prevent these complications.
However, the current standard of insulin delivery — subcu-
taneous injections — poses significant challenges. Frequent
injections can cause pain, needle anxiety, and psychological
distress, leading to poor adherence and suboptimal glycemic
control. Alternative non-invasive insulin options include inhal-
able insulin (e.g., Afrezza), which was shown in clinical studies
to achieve non-inferior HbAlc reductions compared with in-
jectable insulin while offering patient preference for ease of
use'l. Additionally, non-insulin agents like GLP 1 receptor ag-
onists and SGLT?2 inhibitors have dramatically changed type
2 diabetes care, reducing cardiovascular and kidney outcomes
— with SGLT2 inhibitors lowering major adverse cardiovascu-
lar events by about 20% and GLP 1 agonists offering further
cardiorenal protection,

The development of oral insulin has long been a goal in di-
abetes research, given its potential to provide a non-invasive,
convenient alternative. Despite its promise, creating an effective
oral insulin formulation has proven to be a formidable challenge
due to the harsh environment of the GIT. Enzymatic degrada-
tion, poor permeability across the intestinal lining, and patient-
specific variability have hindered progress. More recent clinical

© The National High School Journal of Science 2025

NHSJS Reports |1



advances, such as the oral insulin candidate ORMD-0801 (devel-
oped by Oramed Pharmaceuticals) demonstrated modest HbAlc
reductions ( 0.5%) in Phase II trials, but its Phase III study did
not meet primary efficacy endpoints, underscoring persistent
challenges for oral insulin translation, suggesting incremental
progress towards a viable oral insulin therapy~. While ORMD-
0801 uses a proprietary enteric coating to protect insulin from
gastric degradation, the exact polymer composition has not been
fully disclosed in peer-reviewed literature, highlighting a com-
mon challenge in industrial transparency for oral peptide deliv-
ery systems. Similarly, preclinical studies of Hepatic-Directed
Vesicle Insulin (HDV-I) show that it can stimulate hepatic glu-
cose uptake at doses less than 1% of the regular insulin dose
required for liver stimulation and can normalize blood glucose
curves during oral glucose tolerance tests in pancreatectomized
dogs®, indicating the potential for improved physiological test-
ing. However, recent advancements in nanotechnology, enzyme
inhibitors, and innovative delivery systems may contribute to
the future development of oral insulin therapy, though further
clinical validation.

Review Methodology

This review was conducted using a targeted literature search
of the PubMed database, focusing on peer reviewed articles
published between 2000 and 2024. Search terms included “oral
insulin,” “diabetes therapy,” “nanoparticle insulin delivery,” and
“insulin permeation enhancers.” Studies were selected based
on their direct relevance to advances in oral insulin formula-
tions, with an emphasis on clinical trials, preclinical studies, and
regulatory guidance documents. Exclusion criteria comprised
review articles lacking primary data, case studies, and papers
unrelated to insulin delivery or its associated barriers. While
this review was not conducted as a formal systematic review
following PRISMA guidelines, it aimed to provide a compre-
hensive and balanced assessment of the literature, highlighting
key advances and ongoing challenges in the development and
clinical translation of oral insulin formulations.

The Rationale of Oral Insulin

Diabetes mellitus, a chronic metabolic disorder, requires ef-
fective and patient-friendly treatment options. Traditional sub-
cutaneous insulin therapy, while effective, is associated with
challenges such as patient discomfort, needle phobia, and the
risk of injection site infections. Oral insulin has emerged as a
promising alternative, offering a non-invasive and physiologi-
cally aligned approach to diabetes management.

The primary rationale for oral insulin lies in its ability to
mimic the natural pathway of insulin secretion®. In non-diabetic
individuals, insulin is released by pancreatic beta cells into the
portal vein, which carries blood directly from the intestines

to the liver. This first-pass hepatic delivery is critical because
the liver — the body’s primary glucose storage and production
site — requires higher insulin concentrations than peripheral
tissues to properly regulate postprandial glucose metabolism.
Subcutaneous insulin bypasses this pathway, often leading to
peripheral hyperinsulinemia and hypoglycemia. Oral insulin, if
successfully delivered, could restore this physiological process,
improving glucose control and reducing side effects (Figure[T).
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Fig. 1 Comparison of insulin delivery pathways. (1) Physiological
insulin secretion (normal pathway): Pancreatic 3-cells release insulin
into the portal circulation, enabling direct hepatic glucose regulation.
(2) Oral insulin delivery: Absorbed through the intestinal epithelium,
enters the portal circulation, and mimics the natural pathway. (3)
Subcutaneous insulin injection: Bypasses the portal system, leading to
peripheral hyperinsulinemia and non-physiological glucose control©.

Additionally, oral insulin addresses practical challenges as-
sociated with injections, particularly for pediatric and geriatric
populations. Its non-invasive nature could enhance patient adher-
ence, simplify diabetes management, and improve quality of life.
By aligning with the principles of patient-centered care, oral
insulin represents a significant step forward in diabetes therapy,
combining scientific innovation with patient convenience.

The Challenges of Developing Oral Insulin

One of the primary obstacles to oral insulin delivery is the harsh
environment of the GIT, which is designed to break down com-
plex molecules like proteins. Insulin, a peptide hormone com-
posed of 51 amino acids, is particularly vulnerable to enzymatic
degradation” that dramatically reduces its bioavailability to less
than 2% when administered orally®. Proteolytic enzymes such
as pepsin in the stomach and trypsin and chymotrypsin in the
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intestines target insulins peptide bonds, breaking it into smaller,
inactive fragments. For example, pepsin, which is active in the
highly acidic environment of the stomach (pH 2 — 3)>, cleaves
insulin at specific aromatic amino acid residues, rendering it
biologically inactive. Similarly, trypsin and chymotrypsin in the
small intestine further degrade insulin by hydrolyzing peptide
bonds at lysine and arginine residues. In vitro studies indicate
that insulin is nearly completely degraded by these pancreatic
enzymes within one hour”.

Even if insulin survives enzymatic degradation, its absorption
is hindered by the intestinal epithelium, a tightly packed layer
of cells that acts as a barrier to large molecules. Insulins large
molecular size (approximately 5808 Da) and hydrophilic nature
make it difficult to cross this barrier'”. Clinical data from a
crossover study showed that oral insulin formulations achieved
maximum fraction absorbed (Fa) of only ~3%, compared to
~19% with subcutaneous insulin; the effective permeability co-
efficient (Peff) for oral insulin was approximately 0.084 x 10~
cm/sec versus 0.179 x 10~* cm/sec for subcutaneous reference
1 U/kg formulations, illustrating quantitatively poorer intestinal
absorption. Moreover, broad analyses estimate that clinically
tested oral peptide/protein drugs generally exhibit bioavailabil-
ities of <1%, underscoring the physical barriers posed by the
intestinal epithelium and mucus layer!'?. The intestinal epithe-
lium is composed of enterocytes joined by tight junctions, which
restrict the paracellular transport of large molecules like insulin.
Additionally, the mucus layer coating the intestinal lining fur-
ther traps insulin, preventing its absorption. This mucus layer,
which is composed of glycoproteins and water, acts as a phys-
ical barrier that limits the diffusion of insulin to the epithelial
surface.

Unlike small molecules, which can passively diffuse through
the intestinal lining, insulin lacks efficient transport mechanisms
in the GIT. These foundational barriers are further magnified
by physiological variability: differences in gastric pH and gas-
trointestinal transit times significantly influence oral peptide
dissolution and absorption kinetics®. Moreover, the gut micro-
biome also plays a critical role — its composition varies widely
between individuals and can markedly alter drug metabolism
and bioavailability through microbial enzymes that deactivate or
transform drugs and by modulating intestinal epithelial function
(e.g., drug transporters or barrier integrity)!#. From a regu-
latory perspective, all included studies report that, as of their
publication dates, no oral insulin product has received approval
from the Food and Drug Administration (FDA) or European
Medicines Agency (EMA). Maher and Brayden (2021) is the
only study to mention recent FDA approvals for oral peptide
drugs (semaglutide and octreotide), but these do not include
insulin'l?. Across the studies, low and variable bioavailability,
along with physiological and structural barriers, are consistently
identified as major obstacles to regulatory approval and market
entry for oral insulin.

The effectiveness of oral insulin is also influenced by patient-
specific factors, such as gastric emptying time, intestinal motil-
ity, and pH levels1®. For example, delayed gastric emptying,
a potential issue in patients with diabetes, can alter insulin ab-
sorption kinetics. Gastric emptying time can vary significantly
between individuals, ranging from 1 to 4h, and is influenced
by factors such as meal composition and blood glucose levels.
High-fat meals, for instance, can delay gastric emptying, leading
to unpredictable insulin absorption and therapeutic outcomes.
Additionally, variations in gut microbiota composition can im-
pact insulin absorption and metabolism. The gut microbiota,
which consists of trillions of microorganisms, plays a critical
role in modulating the intestinal environment. For example, cer-
tain bacterial species can produce enzymes that degrade insulin,
while others can alter the permeability of the intestinal epithe-
lium. These factors underscore the need for delivery systems
that can adapt to individual physiological differences and ensure
consistent insulin absorption.

Moreover, the acidic pH of the stomach not only destabilizes
insulins molecular structure but also makes it more susceptible
to enzymatic degredation. The complicated pH environments
in the GIT tract could lead to conformational alterations of
insulin that expose its peptide bonds to proteolytic enzymes, fur-
ther reducing its efficacy”. In vitro studies using pH-responsive
poly(acrylic acid)-based hydrogel nanocomposites demonstrated
over 26% relative bioavailability compared to subcutaneous in-
sulin and approximately 96% controlled insulin release over
24h, reflecting significant protection from acidic degradation'”.
In vivo, diabetic rodents treated orally with these hydrogel sys-
tems showed up to a 52.6% drop in blood glucose and ~26%
relative bioavailability, indicating effective gastric protection
and sustained release’’”. This harsh environment necessitates
the use of protective strategies, such as pH-sensitive coatings or
encapsulation, to ensure that insulin remains stable and intact
until it reaches the small intestine, where absorption can occur.

Innovative Strategies to Overcome Barriers

Nanoparticle-Based Delivery Systems

Nanoparticles have emerged as a promising solution to protect
insulin from enzymatic degradation and enhance its stability
in the GIT!®, Polymeric nanoparticles, such as those made
from poly (lactic-co-glycolic acid) (PLGA), provide a protective
barrier against proteolytic enzymes®. Oral and intravenous
administration have lessened success as a result of proteolytic
degradation. To overcome these issues, attempts have been made
to administer greater concentrations to overwhelm proteolysis
rates. However, even if enzymes manage to survive till systemic
circulation, 100% of large therapeutic molecules fail to traverse
the blood brain barrier (BBB)2. These results emphasize the
use of PLGA nanoparticles as drug delivery vehicles. Moreover,

© The National High School Journal of Science 2025

NHSJS Reports | 3



in vivo studies in diabetic rats showed that pH-sensitive PLGA
Hp55 nanoparticles achieved a relative bioavailability of 6.27 £
0.42% compared to subcutaneous insulin, with a sustained blood
glucose reduction lasting up to 8h post-oral dosing, whereas
standard PLGA NPs achieved only ~3.7% bioavailabilityY.

Table 1 Comparative efficacy of oral insulin delivery systems. Key
parameters include formulation strategy, bioavailability improvement,
glucose-lowering effects, safety considerations, and references.

Safety Observations Ref

Delivery
System

Key Formulation Encapsulation

Efficiency /

Efficacy (Glucose
Reduction)

Bioavailability
PLGA pH-sensitive PLGA 6.27% relative Sustained reduction for _ Biocompatible: batch _ (Cui, 2007)
Nanoparticles  Hps5 bioavailability variability concerns
PEG-capped. 2x hypoglycemic effect  Effects lasting 24h Potential inflammatory  (Malathi, 2015)
TPGS-emulsified vs. free insulin degradation products
PLGA
Tiposomes Sodium 12% bioavailability Significant glucose Stability issues in GIT; _ (Zhang, 2014)
glycocholate-stabilized reduction immune responses
Sodium Increased Hypoglycemic effect  Off-target binding risks ~ (Degim, 2004)
taurocholate-modified  transepithelial confirmed
permeability
Chitosan Alginate/chitosan 68% (30 1U/Kg), 3.4% _ >40% glucose Mucoadhesive; allergen  (Sarmento, 2007)
Nanoparticles (100 TU/kg) reduction, 18h concerns
Dextran 5.6% bioavailability ~35% glucose Long-term stability (Sarmento, 2007)
sulfate/chitosan reduction, 24h challenges
Glucose- pH-responsive 26% relative 52.6% glucose drop No observed GI toxicity ~ (Shabir, 2022)
Responsive poly(acrylic acid) bioavailability
Hydrogels
Bacterial 7.45x bioavailability vs.  Enhanced No histological toxicity ~ (Ahmad, 2016)
cellulose/poly(acrylic  solution hypoglycemic effect
acid)
Protease Chitosan/y-PGA + ~20% relative Sustained Allergenicity concerns (Su, 2012)

Inhibitors chelator hypoglycemia (4h) (e.g.. aprotinin)

In another study, in vivo studies in diabetic rats showed that
TPGS-emulsified, PEG-capped PLGA nanoparticles produced
about a twofold reduction in serum glucose compared with free
insulin, whereas an insulin-loaded PLGA (70/30) formulation
produced about a threefold reduction; the hypoglycaemic effect
persisted for ~24h“l. PLGA nanoparticles are particularly effec-
tive because they are biodegradable and biocompatible, making
them safe for use in drug delivery systems'®. However, chal-
lenges such as batch-to-batch variability in polymer synthesis
and potential inflammatory responses to degradation products
must be considered. These nanoparticles can encapsulate insulin
within their core, shielding it from the acidic environment of
the stomach and proteolytic enzymes in the intestines, though
premature drug release in the stomach remains a limitation for
some formulations.

Recent clinical trials of oral insulin candidates provide criti-
cal insights into translational potential. In a 12-week Phase II
trial, ORMD-0801 was safe, well tolerated, and not associated
with weight gain or hypoglycemia. The 8 mg twice-daily dose
at bedtime demonstrated a statistically significant reduction in
HbA 1c compared with placebo3. In contrast, Oral HDV-I, eval-
uated in a single-blind, placebo-controlled dose-escalation study
in type 2 diabetes patients, significantly lowered postprandial
plasma glucose and incremental postprandial glucose area under
the curve at all tested doses (0.05-0.4 U/kg), with 0.05 U/kg
identified as the minimum effective dose. Oral HDV-I was safe
and well tolerated .

Liposomes, which are lipid-based nanoparticles, are another
promising delivery system'®. Liposomes are composed of phos-
pholipid bilayers that mimic cell membranes, allowing them to
fuse with intestinal epithelial cells and deliver insulin directly

(A)

Nano

Ao~ microcapsule

Linear homopolymer

Nano

AN TSN &
microsphere

Branched Polymer

% AT G
Liposome
! o | Branched Polymer —
E-Pl‘ ;‘ Solid lipid
Insulin nanoparticles
Dendrimer
(] Micelle
Inorganic component
Nanogel
Inorganic/organic
nanohybrid
a ¢ . '3
v
Insulin ., -] [ 4 ., .L“::Zu':x;mm
b -
Digestive [ c
enzymes . . N Firmly adherent
Pepsin - S a0, e mucus layor
v a W i
pH 12 Tight junetion—— .
Enterocyta —

Stomach

Fig. 2 (A) Schematic representation of materials and nanostructures

used in oral insulin delivery systems. (B) Key physiological barriers to
oral insulin absorption: (a) degradation by gastric acid, (b) enzymatic
breakdown by digestive enzymes, (c) obstruction by the mucus layer,
and (d) limited permeability across the intestinal epithelial cell layer22.

into the bloodstream. While generally well-tolerated, liposomes
may face stability issues in the GIT and could trigger immune re-
sponses with repeated administration. Preclinical studies in rats
showed that sodium-glycocholate—containing liposomes (SGC-
liposomes) produced substantially higher oral bioavailability
of insulin—about 11.0% (diabetic rats; ~8.5% in non-diabetic
rats) when referenced to subcutaneous insulin—compared with
conventional liposomes, and elicited significant hypoglycemic
effects after oral dosing, showcasing improved pharmacokinetics
while still falling short of subcutaneous administration“*, In an-
other study using Caco 2 cell monolayers, liposomes containing
sodium taurocholate increased transepithelial permeability (logk
=—1.95 cm/h vs — 2.22 cm/h for insulin solution), and animal
studies confirmed a significant hypoglycemic effect correlating
with in vitro permeability data®”. Additionally, liposomes can
be modified with targeting ligands, such as lectins, to enhance
their specificity for intestinal cells®, though the potential for off-
target binding and lectin-induced gut irritation warrants further
investigation.

Liposomal systems, along with other nanocarriers, can be
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engineered to release insulin in a controlled manner, ensuring
targeted delivery“?. However, inter-patient variability in intesti-
nal pH may affect their consistency. pH-sensitive polymeric
nanoparticles, such as those made from Eudragit or chitosan,
can enhance insulin absorption by improving mucosal adhesion
and controlled release properties2®, though chitosan’s cationic
nature may disrupt tight junctions and increase intestinal per-
meability to harmful substances. When choosing between plat-
forms, key criteria must include biocompatibility (both Eudragit
and chitosan are FDA-approved excipients, though chitosan
derived from crustacean shells carries allergen concerns), cost
and scalability (Eudragits synthetic production ensures lower
batch variability vs. variable chitosan raw material costs), and
long-term stability (Eudragit-coated systems show >12 month
shelf stability under International Council Harmonizatio (ICH)
conditions, while chitosan formulations often require refrigera-
tion and cross-linking to prevent deacetylation)??. Preclinical
in vivo studies provide evidence for their potential efficacy: for
instance, insulin-loaded alginate/chitosan nanoparticles admin-
istered orally in diabetic rats achieved pharmacological bioavail-
ability of approximately 6.8% at 50IU/kg and 3.4% at 100IU/kg
doses, significantly higher than the ~1.6% from insulin solu-
tion, and reduced basal serum glucose by over 40%, sustaining
hypoglycemia for up to 18h in one study=.

Similarly, dextran sulfate/chitosan nanoparticles showed
around 5.6% bioavailability at a 50 IU/kg dose and lowered
glucose levels by approximately 35%, with effects lasting over
24h53L While both polymers have demonstrated promise in
preclinical settings, current clinical trials involving oral insulin
platforms have more frequently focused on synthetic polymer-
based systems. Notably, ORMD-0801, which uses a protective
enteric coating to shield insulin from gastric degradation, has
advanced through Phase II, but the Phase III trial did not meet
its primary endpoint=. In contrast, chitosan-based oral insulin
systems remain largely in preclinical or early Phase I stages.

Despite their therapeutic promise, nanoparticle-based sys-
tems also pose potential immunogenicity risks. PEGylation,
commonly used to improve the stability and circulation time of
nanoparticles, can lead to the development of anti-PEG antibod-
ies, which may reduce treatment efficacy and cause hypersensi-
tivity reactions with repeated exposure®2. Synthetic polymers
like PLGA may generate degradation byproducts that trigger
low-grade inflammatory responses or local immune activation
at the intestinal mucosa=>. Furthermore, repeated oral exposure
to nanoparticulate formulations may lead to the formation of
mucosal immune memory, potentially contributing to long-term
immune reactivity or antigen sensitization"#. Although most
preclinical studies report good biocompatibility in short-term
experiments, long-term studies assessing chronic exposure to
nanocarriers — particularly those involving PEG, polyacrylate
derivatives, or thiolated polymers — are limited.

Permeation Enhancers

Permeation enhancers are compounds that increase the per-
meability of the intestinal epithelium, facilitating insulin ab-
sorption>. Bile salts, such as sodium taurocholate, temporar-
ily disrupt epithelial tight junctions, allowing insulin to pass
through. Sodium taurocholate works by activating protein ki-
nase C, which phosphorylates tight junction proteins and causes
them to contract, creating temporary gaps in the epithelial bar-
rier2®. Surfactants like sodium lauryl sulfate enhance membrane
fluidity, improving insulin uptake. Sodium lauryl sulfate inter-
acts with the lipid bilayer of epithelial cells, increasing mem-
brane permeability and allowing insulin to diffuse more easily=".
However, these enhancers must balance efficacy with safety, as
long-term use may cause mucosal irritation, inflammation, or
systemic toxicity. For example, bile salt concentrations above
0.3% are known to cause mucosal irritation in nasal applica-
tions=® and have detergent-like effects that may damage epithe-
lial membranes. Studies on self-emulsifying systems report
that surfactants like sodium taurocholate can reduce systemic
toxicity compared to harsher surfactants, but gastrointestinal
irritation remains a concern when used chronically=?. Preclin-
ical rat studies show that sodium taurocholate and related bile
salts can cause transient epithelial villi tip damage and increased
lactate dehydrogenase release — though mucosal integrity typ-
ically recovers within 1 — 3 hours®**!. Chronic daily dosing
in mice using sodium caprate (a similar fatty acid enhancer)
over 30 days did not increase baseline intestinal permeability
or histological damage, supporting its safety profile under con-
trolled conditions“?. To address this, researchers are exploring
safer alternatives, such as chitosan-based permeation enhancers,
which have shown similar efficacy with low toxicity and mini-
mal mucosal irritation in preclinical studies®. Preclinical in vivo
data demonstrate that chitosan coated solid lipid nanoparticles
significantly improve oral insulin delivery: oral insulin-loaded
chitosan coated SLN administered to diabetic rats achieved a rel-
ative pharmacological bioavailability of 17%, compared with 8%
for uncoated SLN, and produced a pronounced hypoglycemic
effect lasting up to 24h, highlighting both efficacy and gastroin-
testinal safety of chitosan based enhancers*?. Despite these
advances, the included studies consistently report that neither
the FDA nor the EMA has approved any oral insulin formulation
or permeation enhancer for chronic use**. Regulatory agencies
require robust, reproducible efficacy in well-controlled clini-
cal trials, comprehensive long-term safety data, and excipient
approval for chronic pharmaceutical use®>. Most candidates
have only demonstrated efficacy in preclinical or early clinical
studies, and long-term safety data — especially in humans —
are lacking®®. Additionally, concerns about immunogenicity
and unintended absorption of antigens remain insufficiently ad-
dressed*”. As a result, regulatory barriers and the absence of
large-scale clinical trial data continue to prevent market approval
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of oral insulin candidates“©.

While mucoadhesive polymers like chitosan and thiolated
chitosan provide foundational benefits for oral insulin deliv-
ery, their combination with permeation enhancers represents a
critical advancement. The integration of sodium taurocholate
with chitosan-based nanoparticle systems exemplifies this syn-
ergistic approach, simultaneously enhancing mucosal adhesion
(through chitosan’s electrostatic interactions or thiolated deriva-
tives” disulfide bonds) and epithelial permeability®. Notably,
this combination has demonstrated improved insulin bioavail-
ability, which is crucial given that oral administration typically
suffers from less than 2% bioavailability due to the gastroin-
testinal environment’s harshness®. Moreover, recent studies
indicate that such mucoadhesive-enhanced delivery systems can
significantly increase the residence time of insulin in the GIT,
allowing for better absorption and overall metabolic control“S.
Such combinatorial strategies address both the absorption barrier
and residence time challenges inherent to oral insulin delivery,
offering a more comprehensive solution than mucoadhesion
alone.

Protease Inhibitors

Another strategy involves co-administering protease inhibitors
with insulin to prevent enzymatic degradation. Aprotinin, a
protease inhibitor, has shown promise in protecting insulin from
trypsin and chymotrypsin“*®. Aprotinin works by binding to the
active sites of these enzymes, preventing them from breaking
down insulin. Aprotinin has been shown to enhance the stability
of orally administered insulin by inhibiting proteolytic enzymes
that degrade it°". Soybean trypsin inhibitor (SBTTI) is another
example that has been used in preclinical studies. SBTI inhibits
trypsin and chymotrypsin by forming stable complexes with
these enzymes, rendering them inactive. However, the use of
protease inhibitors may carry potential side effects, including
allergic reactions, interference with normal protein digestion,
and possible pancreatic feedback mechanisms that could alter
enzyme production.

Combining enzyme inhibitors with other strategies, such as
nanoparticle encapsulation, can further enhance insulin stability
and bioavailability>!. Nanoparticles co-loaded with insulin and
protease inhibitors have been shown to enhance insulin bioavail-
ability by protecting it from enzymatic degradation and improv-
ing its absorption, highlighting the potential of this combined
approach for oral insulin delivery?®. Recent studies developed
chitosan/y-PGA nanoparticles functionalized with a chelator
acting as protease inhibitor; in diabetic rats this system achieved
an approximately 20% relative oral bioavailability of insulin, ac-
companied by sustained hypoglycemic responses and confirmed
intestinal uptake of insulin up to 4h post-administration, demon-
strating both efficacy and bioavailability benefits in vivo>2. This
synergistic approach not only protects insulin from degradation

but also enhances its absorption, making it a promising strategy
for oral insulin delivery.

Mucoadhesive Polymers

In addition to these strategies, researchers are exploring the use
of mucoadhesive polymers to prolong insulins contact with the
intestinal mucosa®. Chitosan, a natural polysaccharide derived
from chitin, has been widely studied for its mucoadhesive proper-
ties. Chitosan adheres to the mucosal layer, increasing residence
time and improving bioavailability*®. Thiolated polymers, such
as thiolated chitosan, form disulfide bonds with mucus, further
prolonging contact®?. Thiolated chitosan has been reported to
enhance drug absorption, including insulin, due to its ability
to form disulfide bonds with mucus glycoproteins, thereby im-
proving mucoadhesion and prolonging mucosal contact time>%,
A controlled in vivo study in rats demonstrated that thiolated
chitosan — insulin tablets resulted in a significant hypoglycemic
effect lasting 24h, with a pharmacological efficacy equivalent
to ~1.7% of a subcutaneous dose — levels not achieved by
unmodified chitosan tablets or insulin solution — highlighting
markedly improved residence time and bioavailability attributed

to thiolation and mucoadhesion®2.

Glucose-Responsive Systems

Emerging technologies, such as glucose-responsive systems, are
also being developed to improve oral insulin delivery?%. These
systems mimic the bodys natural insulin release, improving
glycemic control®®. For example, orally administered hydrogels
that swell in response to high glucose levels in the GIT can
release insulin on demand, reducing the risk of hypoglycemia?.
In a comprehensive in vivo study using nanoporous stimuli-
responsive hydrogel microparticles, diabetic rats demonstrated a
7.45-fold increase in oral insulin bioavailability compared to in-
sulin solution, accompanied by enhanced hypoglycemic effects
and no histological toxicity in gastrointestinal tissues>. A study
demonstrated that glucose-responsive hydrogels could release
insulin in a controlled manner, maintaining blood glucose levels
within the normal range for up to 12h>”.

However, despite over a decade of promising preclinical re-
search, glucose-responsive formulations have not entered clini-
cal trials due to several translational hurdles. Common barriers
include slow response kinetics — many platforms undergo hy-
drogel swelling on the scale of tens of minutes to hours, which
fails to match postprandial glucose surges — and inconsistent
performance in complex in vivo environments with variable
pH and interfering metabolites®®. Manufacturing challenges
also persist: ensuring reproducible incorporation of glucose-
sensitive moieties like glucose oxidase or phenylboronic acid
at scale without enzyme denaturation or stability loss remains
problematic®”. Regulatory concerns additionally arise regard-
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ing long-term safety — such as residual HO, generated by
enzyme-based systems, off target swelling triggering hypo-
glycemia, and the absence of rigorous Good manufacturing
Practices-compliant production protocols — all of which must
be addressed before human testing can proceed.

Smart insulin delivery systems represent another groundbreak-
ing approach to oral insulin delivery. pH-sensitive systems, such
as those using Eudragit polymers, are designed to release in-
sulin in response to the alkaline environment of the intestines.
Eudragit L100 and S100, for instance, are methacrylic acid
copolymers that dissolve at pH levels above 6.0 and 7.0, re-
spectively®?. These polymers protect insulin from degrada-
tion in the acidic stomach and ensure targeted release in the
small intestine, where absorption is optimal. In a preclinical
study using Eudragit L30D-coated PLGA microparticles (anal-
ogous to L100/S100 functionality), alloxan-diabetic rats given
a single oral dose (25 IU/kg insulin equivalent) exhibited a
62.7 + 3.8% reduction in blood glucose at 2h — compared
to 37.3 + 11% with uncoated PLGA particles — while main-
taining hypoglycemia for up to 24h, demonstrating markedly
enhanced efficacy and pharmacodynamics of pH-triggered de-
livery®!. Eudragit-based nanoparticles are recognized for their
potential to enhance insulin bioavailability by protecting the
drug from gastric degradation and facilitating targeted intestinal

release28,

Glucose-responsive systems take this concept further by mim-
icking the bodys natural insulin release mechanism. These sys-
tems use hydrogels or nanoparticles that respond to changes in
glucose levels. For example, glucose oxidase (GOx)-loaded hy-
drogels can swell in the presence of high glucose concentrations,
releasing insulin in a controlled manner®. When glucose levels
rise, GOx converts glucose into gluconic acid, lowering the local
pH and causing the hydrogel to swell°®. This swelling triggers
the release of encapsulated insulin, providing a feedback loop
that mimics pancreatic beta cell function. Recent studies have
shown that GOx-based hydrogels could maintain blood glucose
levels within the normal range for up to 10hr in diabetic rats,
significantly reducing the risk of hypoglycemia®Z. In preclinical
models, orally administered pH-responsive bacterial cellulose
g poly(acrylic acid) hydrogel microparticles encapsulating in-
sulin showed a 7.45-fold increase in relative oral bioavailability
compared to insulin solution, with significantly enhanced hy-
poglycemic effects and no observed gastrointestinal toxicity in
diabetic rats®3.

Combining these technologies with advanced nanotechnology
has further enhanced their efficacy. For instance, pH-sensitive
nanoparticles coated with mucoadhesive polymers can provide
dual protection and targeted release. Chitosan-coated PLGA
nanoparticles that released insulin in response to both pH and
glucose levels have been shown in preclinical models to sig-
nificantly enhance pharmacological effectiveness: in diabetic
rats, orally administered N-trimethyl chitosan — coated PLGA

nanoparticles achieved a 2-fold higher relative pharmacolog-
ical availability and produced stronger hypoglycemic effects
compared with uncoated PLGA nanoparticles, underscoring the
functional benefits of mucoadhesive, pH-responsive design®*.

Regulatory Barriers for Oral Insulin Approval

Regulatory agencies impose stringent requirements for oral pep-
tide drugs — oral insulin must satisfy these before gaining
approval. Agencies like the FDA, EMA, and ICH mandate thor-
ough physicochemical and stability characterization, including
demonstration of identity, purity, potency, and degradation pro-
files throughout shelf life®>, Manufacturers must provide data
confirming well-characterized excipients, validated analytical
methods, and maintenance of insulin integrity under storage
conditions.

From a clinical pharmacology standpoint, the FDA’s Decem-
ber 2023 draft guidance on peptide drugs requires robust as-
sessment of pharmacokinetics (PK), drug — drug interactions,
hepatic impairment, and most notably immunogenicity risk as
part of the New Drug Application submission. For instance,
early-stage trials must include anti-drug antibody testing to eval-
uate immunogenicity profiles and monitor potential reductions
in efficacy or safety signals.

Additionally, regulatory bodies expect future oral insulin can-
didates to demonstrate consistent bioavailability and exposure in
diverse populations, with clear mitigation strategies for variabil-
ity linked to gut pH, motility, or microbiota composition — a
known challenge for oral peptides®. Agencies also emphasize
that reproducible long-term safety data, especially regarding mu-
cosal integrity, immune responses, and chronic gastrointestinal
exposure, will be crucial during late-stage, pivotal trials. With-
out such evidence, approval remains unlikely despite promising
preclinical findings.

The Future of Oral Insulin and Its Implications

Oral insulin has the potential to reduce the need for injections?
reducing pain and inconvenience. Patients are more likely to
adhere to a non-invasive treatment regimen, leading to better
glycemic control and improved long-term health outcomes, al-
though long-term data on adherence and outcomes remain lim-
ited. By reducing the risk of complications such as neuropathy
and retinopathy, oral insulin may have the potential to enhance
the quality of life for millions of people with diabetes.

The widespread adoption of oral insulin may offer economic
and social benefits. By improving glycemic control, oral insulin
could reduce healthcare costs associated with diabetes complica-
tions, including hospitalizations for end-organ damage such as
kidney failure, blindness, and amputations, as well as emergency
room visits. Additionally, oral formulations are generally con-
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sidered easier to distribute and administer than injectable insulin,
which may improve accessibility in low-resource settings.

Despite its promise, the development of oral insulin faces sev-
eral challenges. Ensuring the safety and efficacy of new delivery
systems requires rigorous clinical trials and long-term studies to
assess potential side effects. Regulatory hurdles and scalability
for mass production must also be addressed. However, with
continued innovation and collaboration, these challenges can be
overcome, bringing oral insulin closer to reality.

Conclusion

The development of oral insulin has emerged as a promising
area of research in diabetes treatment. By addressing the chal-
lenges of enzymatic degradation, poor permeability, and patient-
specific variability, innovative strategies such as nanoparticle en-
capsulation, permeation enhancers, and smart delivery systems
have shown potential in advancing oral insulin formulations. If
future research continues to yield positive outcomes, oral insulin
has the potential to revolutionize diabetes care, offering a more
patient-friendly and effective treatment option. As research pro-
gresses, the integration of these technologies will be critical in
overcoming current limitations and informing the viability of
oral insulin as a therapeutic option. Continued innovation and
rigorous evaluation will help clarify the role oral insulin may
play in future diabetes care.
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