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ABSTRACT

Diabetes mellitus is a serious pathological condition that is responsible for major healthcare problems
worldwide. Insulin is a proteinaceous hormone produced in the islets of Langerhans in the pancreas and used as
a treatment in diabetes mellitus. The present mode of insulin administration is by subcutaneous route through
which insulin is presented to the body in non-physiological manner having many challenges. Hence novel
approaches for insulin delivery are being explored. Oral insulin is one of the most exciting areas of development
in the treatment of diabetes because of its potential benefit in patient convenience, rapid insulinization of liver,
adequate insulin delivery avoiding peripheral hyperinsulinaemia while potentially avoiding adverse effects of
weight gain and hypoglycaemia. Challenges to oral route of in administration are: rapid enzymatic degradation
in the stomach, inactivation and digest by proteolytic enzyme in the intestinal lumen and poor permeability
across intestinal epithelium because of its high molecular weight and lack of lipophilicity. Successful oral
insulin delivery involves overcoming the enzymatic and physical barriers and taking steps to conserve
bioactivity during formulation processing. There is still a need to prepare newer delivery systems, which can
produce dose-dependent and reproducible effects, in addition to increase bioavailability.
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INTRODUCTION

Both type 1 diabetes mellitus (T1IDM) and type 2
diabetes mellitus (T2DM) are characterized by
progressive  decrease in  p-cell  function.
Pathologically, in TIDM, autoimmune destruction
results in rapid loss of g-cell function, whereas, in
early T2DM, the course of disease is characterized
by a diminished first-phase insulin release,
accompanied by the lack of prandial suppression of
hepatic glucose production, subsequent increased
postprandial glucose (PPG) excursions and late
insulin hypersecretion. In late stage T2DM, there is
a significant loss of pancreatic S-cell mass leading
to very little endogenous insulin secretion. [1]

The therapy for a subject with TIDM starts with
insulin, management of subjects with T2DM
typically begins with the introduction of medical
nutrition therapy, life style modifications and
metformin. Once metformin therapy fails to
provide glycemic control, a combination therapy
with additional oral hypoglycemic agents (OHAS)
or basal insulin is initiated. As endogenous insulin
production diminishes further, multiple injections
of short-acting and long-acting insulin are added to

control PPG excursions. [2] Of the available
therapies for management of diabetes, insulins have
the advantage of being highly effective in
achieving treatment goals and almost infinitely
titratable with an established safety profile over
years of use. [2] Among adults with diagnosed
diabetes (T1DM or T2DM) 14% takes only insulin
and 13% takes both insulin and oral medications.
[3] However, besides control of severe
hyperglycaemia, benefits of insulin therapy include
improvement in insulin sensitivity [4], reduction of
glucotoxicity [5] and lipotoxicity. [6, 7] There is
also mounting evidence that earlier initiation of
intensive insulin is desirable as it produces
sustained tight glycaemic control. [8-11]

While it is clear that traditional insulin treatment
can provide significant morbidity and mortality
benefits in patients, in practice, a significant
number of patients with diabetes fail to attain
lasting glycaemic control. [12] This is because of a
variety of reasons including poor compliance
associated with the method of delivery (injection),
late stage at which insulins are prescribed
currently, the inherent complexity of initiating and
managing an insulin treatment regimen by patients
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and their healthcare providers [13], hypoglycaemia
and weight gain. In the Action to Control
Cardiovascular Risk in Diabetes trial (ACCORD)
study, there was a statistically significant difference
(p < 0.001) in hypoglycaemia and weight gain
between the two studied groups: intensive therapy
vs. standard therapy. A significantly larger number
of patients receiving intensive insulin therapy in the
ACCORD study also required medical intervention
because of hypoglycaemia. [14]

To overcome these limitations and hence to
facilitate early initiation of insulin therapy, several
alternative methods with a more patient-friendly
way of insulin administration are in various stages
of development. Some of these alternate methods
other than the per-oral route target peripheral
tissues (muscle and fat) rather than the liver and
hence, do not replicate the normal dynamics of
endogenous insulin release. Per-oral delivery of
insulin appears to be most desirable alternate form
of insulin delivery because it targets the liver.

Current routes for Insulin delivery and their
problems: The present mode of insulin
administration is by subcutaneous route by which
insulin is presented to the body in non-
physiological manner. The  subcutaneous
administration of insulin has many challenges.
Insulin injected subcutaneously at least twice a day
as having many inherent disadvantages include
local pain, inconvenience of multiple injections and
occasionally hypoglycemia as a result of overdose,
itching, allergy, hyperinsulinemia and insulin
lipodystrophy around the injection site. In study
clinical trials have shown that even on injectable
insulin treatment, a significant percentage of
patients fail to attain lasting glycemic control due
to non-compliance. [15]

The introduction of insulin therapy was hailed as
one of the therapeutic miracles of modern times,
saving lives and preserving the health of millions
of people worldwide. In the years since insulin was
introduced, research on many fronts has resulted in
significant ~ developments in production,
purification, and pharmaceutical formulation and in
refinements in devices for parenteral insulin
administration. Despite these advances, realizing
the dream of administering insulin orally, and
hence replicating physiological patterns of insulin
secretion with the accompanying advantages,
remains an elusive goal. Recent advances in
science and technology have brought about
methods to [16] overcome the barriers to
absorption presented in the gastrointestinal tract
and [17] protect the insulin while in transit in the
harsh adverse environment of the gastrointestinal
tract. This review addresses the physiological
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advantages that may be derived from oral insulin
administration and examines the various
technologies at the forefront of oral insulin
delivery.

Why oral delivery of insulin?

The oral route is considered to be the most
acceptable and convenient route of drug
administration for chronic therapy. Insulin if

administered via the oral route will help eliminate
the pain caused by injection, psychological barriers
associated with multiple daily injections such as
needle anxiety [18] and possible infections. [19] In
addition oral insulin has advantageous because it is
delivered directly to the liver, its primary site of
action, via the portal circulation, a mechanism very
similar to endogenous insulin, subcutaneous insulin
treatment however does not replicate the normal
dynamic of endogenous insulin release, resulting in
a failure to achieve a lasting glycemic control in
patient. [20, 21]

CHALLENGES
DELIVERY
Insulin degrades very quickly by the stomach’s
acidic environment and proteolytic enzymes.
Insulin molecule is too large to be absorbed from
gastrointestinal tract and is broken down before it
is absorbed.

TO ORAL INSULIN

The possibility of delivering insulin orally is
attractive, but is often limited by poor
bioavailability. The poor bioavailability of orally
administered insulin is attributed to its degradation
or inactivation by presystemic metabolism due to
highly acidic gastric fluid, gastrointestinal
pancreatic enzymes and intestinal proteolytic
enzymes. [22, 23]

Generally, peptide and proteins such as insulin
cannot administered via the oral route due to rapid
enzymatic degradation in the stomach, inactivation
and digestion by proteolytic enzymes in the
intestinal lumen and poor permeability across
intestinal epithelium because of its high molecular
weight and lack of lipophilicity. [24-26] The oral
bioavailability of most peptides and proteins
therefore is less than 1%. The challenge here is to
improve the bioavailability to anywhere between
30-50%. [27]

Enzymatic Barrier: The harsh environment of
gastrointestinal tract (GIT) causes insulin to
undergo degradation. This is because digestive
processes are designed to breakdown proteins and
peptides without discrimination. [28] Insulin
therefore undergoes enzymatic degradation by
pepsin and pancreatic proteolytic enzymes such as
trypsin and a-chymotrypsin. [21, 29] Overall
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insulin is subjected to acid-catalyzed degradation in
the stomach, luminal degradation in the intestine
and intracellular degradation. The cytosolic enzyme
that degrades insulin is insulin-degrading enzyme
(IDE). [30] Insulin can be presented for absorption
only if the enzyme attack is either reduced or
defeated.

Intestinal absorption of Insulin: Major barrier to
the absorption of hydrophilic macromolecules like
insulin is that they cannot diffuse across epithelial
cells through lipid-bilayer cell membranes to the
blood stream. [31] In other words, insulin has low
permeability through intestinal mucosa. [32] It has
been found however that insulin delivery to the
mid-jejunum protects insulin from gastric and
pancreatic enzymes and release from the dosage
form is enhanced by intestinal microflora. [33, 34]
Various strategies has been tried out to enhance the
absorption of insulin in the intestinal mucosa and in
some cases, they have proven successful in
overcoming this barrier.

Dosage from stability: During dosage form
development, protein might be subject to physical
and chemical degradation. Physical degradation
involves modification of the native structure to a
higher order structure while chemical degradation
involving bond cleavage results in the formation of
a new product. [21] Protein must be characterized
for change in confirmation, size, shape, surface
properties and bioactivity upon formulation
processing. Changes in confirmation, size and
shape can be observed by use of
spectrophotometric techniques, X-ray diffraction,
differential scanning calorimetry, light scattering,
electrophoresis, and gel filtration. [35]

STRATEGIES TO SOLVE THE PROBLEMS
In the last several decades, various strategies have
been employed to overcome the formidable barrier
of enzymatic digestion and poor absorption to
improve permeability and to facilitate absorption
by concurrent administration with protease
inhibitors and entrapping insulin within Micro
particles, Liposomes, Ethosomes and Nanoparticles
etc. Trotta et al., reported that solid lipid
microparticles [36] also appear to have interesting
possibilities as delivery system for oral
administration of insulin. Moufti et al., were able to
produce a 50% reduction in blood glucose levels in
normal rats by an insulin-containing Liposomes.
[37] Dobre et al., also illustrated a lowering of
blood glucose levels in normal rats following the
oral administration of insulin entrapped in
phosphatidylcholine/cholesterol liposomes. [38]

The insulin release from the resultant dry emulsion
responded to the change in external environment
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simulated by gastrointestinal conditions, suggesting
that the new enteric-coated dry emulsion
formulation is potentially applicable for the oral
delivery of peptide and protein drugs. [32]

It is evident from these studies that the inclusion of
enhancers/promoters and/or enzymes inhibitors and
other advancements do experdite the diffusion of
insulin molecule across the epithelial membrane,
but achieving the higher oral bioavailability still
remains an unmet need.

GENERAL APPROACHES FOR
DEVELOPMENT OF ORAL INSULIN
Insulin that survives intact in the digestive tract has
to be absorbed systemically. The gastrointestinal
tract (GIT) walls are made up of single layer of
tightly bound columnar cells, which form a barrier
to absorption. The cells are tightly bound to one
another because of the presence of hydrophobic
proteins called occludins. In addition, there is a
layer of mucin, a highly glycated protein, which
acts like a gel filtration membrane and prevents
absorption of larger molecules. [39, 40] The
epithelial layer also consists of non-specific
digestive protease enzyme which can also degrade
proteins. [41]

THE

Several approaches have been tried in the literature
to overcome these barriers and have been well
summarized in reviews by Carino and Mathiowitz
[40] and in several other publications (table 1). The
most common approach which has been followed is
encapsulation of insulin. Nanoparticle formulations
using muco-adhesive polymers such as chitosan,
poly (lactic-co-glycolic acid) (PLGA), alginate
have been studied extensively. The insulin
encapsulated in these polymers is physically
protected from enzymatic degradation and it is
shown clearly that such nanoparticles cross the
epithelial layer through Peyer’s patches. [42] While
such encapsulated insulin has been shown to cause
lowering of glucose successfully in animal models,
further development has not been reported. One
critical disadvantage of this ‘site specific’ delivery
and ‘colonic absorption’ could be the inability to
correct the loss of first-phase insulin secretion.

A second approach to prevent the enzymatic
degradation has been to deliver insulin along with a
protease inhibitor. In one study, five different
protease inhibitors were tested individually along
with insulin. [54] It was found that bacitracin,
sodium glycocholate and camostat mesilate
promoted the absorption of insulin while soya bean
trypsin inhibitor has very little effect on the
absorption. The study concluded that co-
administration of protease inhibitor is one possible
approach to improve insulin absorption from GIT.
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A third approach at the molecular level has been
the derivatization of the peptide by using
polyethylene glycol (PEG). This interesting
approach has helped to protect the molecule from
enzymatic degradation and has been shown to
increase absorption. [55] This approach has been
taken into the clinic and has provided multiple drug
candidates.

To overcome the problem of absorption at the gut
wall, several permeation enhancers (PEs) have
been studied for oral insulin delivery. The most
commonly tried PEs is bile salts or fatty acids for
increasing the permeability across the intestinal cell
walls. Salts of fatty acids like caprate, caprylate,
laurate and palmitate have been tried for oral
delivery of insulin and other peptides and other
macromolecules. [56] A novel PE, zonula
occludens toxin (ZOT), is being studied as PE for
insulin and has been shown to be effective in
reducing the plasma glucose Levels. [57]

CONCLUSION

Alternative routes to insulin injections are on the
horizon. By replicating the physiological route of
insulin secretion and absorption, oral insulin may
have definite advantages not attained by systemic
insulin administration, yet it may raise new
concerns inherent to oral drug products that will
need to be addressed. Attempts have been made to
achieve oral insulin delivery using various systems.
It has been proved that insulin is subjected to acid
catalyzed degradation in stomach, luminal
degradation in intestine, and intracellular
degradation. Scientists have been able to protect
the insulin  delivery system from acidic
environment and target it to the intestine. The
maximum bioavailability of the insulin has been
reported to be very low because of the poor
absorption of insulin from the intestine. Limitation
to the delivery of insulin have not resulted fruitful
results to the date and there is still a need to prepare
never delivery system, which can produce dose-
dependent and reproducible effects in addition to

increased bioavailability.

Approach

Example

Encapsulation
Microparticles

and nanoparticles [43-48]

Chitosan,
poly(lactic-co-glycolic acid),
alginate, cyanoacrylate
particles, S-cyclodextrin,
liposomes

Permeation

Enhancers [49, 50]

Zonula occludens toxin (ZOT),
fatty acid salts and esters

Protection against
Enzymes [51-53]

Pegylation, enteric coated particles, pH
responsive gels, protease inhibitors

Table 1. General approaches to oral delivery of insulin

Research group Product Formulation Technology Development phase | Action Action
name onset duration

Short-acting oral

insulin products

Emisphere Technologies | EligenTM Tablet Permeation 1 20 min 1.5-2h

(58, 59) enhancer (PE)

Nobex Technologies | HIM-2 Liquid Pegylation plus | Abandoned 10 min 1.5-2h

(60) PE

Biocon (61) IN-105 Tablet Pegylation plus | Il 10 min 1.5-2h
PE

Intermediate-acting Product Formulation Technology Development phase | Action Action

oral insulin products name onset duration

Coremed (62, 63) Intesulin Capsule Nanoparticle Preclinical 15 min 3h
Encapsulation

887




Aarti, World J Pharm Sci 2015; 3(5): 884-889

Oramed (64) NA Capsule Enteric coating I 2h 56 h
plus PE
Diasome Hepatic- Tablet Liposomal 1/ 30 min 12-14 h
Pharmaceuticals (65) directed insulin
vesicles-
insulin
(HDV-I)
Diabetology (66, 67) Capsulin Capsule PE I 30 min 4-6h

Table 2: Oral insulin products that have been tested in the clinic

REFERENCES

1. Mahler RJ, Adler ML. Type 2 diabetes mellitus: update on diagnosis, pathophysiology and treatment. J Clin Endocrinol Metab
1999; 84:1165-71.

2. Nathan DM, Buse JB, Davidson MB et al. Medical management of hyperglycemia in type 2 diabetes: a consensus algorithm for
the initiation and adjustment of therapy. Diabetes Care 2009; 32:1-11.

3. Centers for Disease Control and Prevention. National Diabetes Fact Sheet: General Information and National Estimates on
Diabetes in the United States, 2007. Atlanta: US Department of Health and Human Services, Centers for Disease Control and
Prevention, 2008.

4.  Scarlett JA, Gray RS, Griffin J, Olefsky JM, Kolterman OG. Insulin treatment reverses the insulin resistance of type Il diabetes
mellitus. Diabetes Care 1982; 5:353-63.

5. Zhao L, Sun D, Cao F, Yin T, Wang H. Can insulin resistance be reversed by insulin therapy? Med Hypotheses 2009; 72:34-35
[Epub 2008].

6. Romano G, Patti L, Innelli F et al. Insulin and sulfonylurea therapy in NIDDM patients. Are the effects on lipoprotein
metabolism different even with similar blood glucose control? Diabetes 1997; 46:1601-6.

7. Nathan DM, Roussell A, Godine JE. Glyburide or insulin for metabolic control in non-insulin-dependent diabetes mellitus: a
randomized double blind study. Ann Intern Med 1988; 108: 334-40.

8. LiY,XuW, Liao Z et al. Induction of long-term glycemic control in newly diagnosed type 2 diabetic patients is associated with
improvement of S-cell function. Diabetes Care 2004; 27: 2597-2602.

9. Ryan EA, Imes S, Wallace C. Short-term intensive insulin therapy in newly diagnosed type 2 diabetes. Diabetes Care 2004;
27:1028-32.

10. llkova H, Glaser B, Tunckale A et al. Induction of long-term glycemic control in newly diagnosed type 2 diabetic patients by
transient intensive insulin treatment. Diabetes Care 1997; 20:1353-56.

11. Weng J, Li Y, Xu W et al. Effect of intensive insulin therapy on beta-cell function and glycemic control in patients with newly
diagnosed type 2 diabetes: a multicentre randomized parallel-group trial. Lancet 2008; 371:1753-60.

12. Saaddinne JB, Cadwell B, Gregg EB et al. Improvements in diabetes processes of care and intermediate outcomes: United States
1988-2002. Ann Intern Med 2006; 144:465-74.

13. Funnell MM. The Diabetes Attitudes, Wishes and Needs (DAWN) study. Clin Diabetes 2006; 24:154-55.

14. The Action to Control Cardiovascular Risk in Diabetes Study Group. Effects of intensive glucose lowering in type 2 diabetes. N
Engl J Med 2008; 358:2545-59.

15. Pamnani D. Reality check on oral insulin. Pharma express, 2008; 16-31.

16. Meier JJ, Holst JJ, Schmidt WE, Nauck MA. Reduction of hepatic insulin clearance after oral glucose ingestion is not mediated
by glucagon-like peptide 1 or gastric inhibitory polypeptide in humans. Am J Physiol Endocrinol Metab 2007; 293(3):849-56.

17. Eaton RP, Allen RC, Schade DS. Hepatic removal of insulin in normal man: dose response to endogenous insulin secretion. J
Clin Endocrinol Metab 1983; 56(6):1294- 300.

18. Korykowski M. When oral agent fail: practical barrier to starting insulin. Int J Obesity2002; 26(3): 18-24,

19. Lin YH, Chen CT, Liang HF, Kulkarni AR, Lee PW, Chen CH. Novel nanoparticles for oral insulin delivery via the paracellular
pathway. Nanotechnology 2007; 18:1-10.

20. Morishita M, Goto T, Nakamura K, Lowman AM, Takayama K, Peppas NA. Novel oral insulin delivery system based on
complexation polymer hydrogels: single and multiple administration studies in type 1 and type 2diabetes rats. J Cont Release
2006; 110:587-94.

21. Agarwal V, Reddy IK, Khan MA. Polyethylacrylate-based microparticulate of insulin for oral delivery: preparation and in vitro
dissolution stability in the presence of enzyme inhibitors. Int J Pharm 2001; 225 (1-2):31-39.

22. Davis SS. Overcoming barriers to the oral administration of peptide drugs. Trend Pharmacol Sci 1990, 11:353-55.

23. Schilling RJ, Mitra AK. Degradation of insulin by trypsin and alpha-chymotrypsin. Pharm Res 1991, 8:721-27.

24. Nakumura K, Murray RJ, Josephdl, Peppas NA, Morishita M, Lowman AM. Oral insulin delivery using P(MAA-g-EG)
hydrogels: Effects of network morphology on insulin delivery characteristics. J Cont Release 2004; 95:589-99.

25. Sajeesh S, Sharma CP. Cyclodextrin insulin complex encapsulated polymethacrylic acid based nanoparticles for oral insulin
delivery. Int J Pharm 2006; 325(1-2):147-54.

26. Jatin D, Panda AK, Majumdar DK. Eudragit S100 entrapped insulin microsphere for oral delivery. AAPS Pharm Sci Tech 2005;
6 (1):1-27.

27. Lee VH. Oral route of peptide and protein drug delivery in peptide and protein drug delivery, Chapter 16. New York: Marcel
Dekker Inc 1991, 691-738.

28. Tuesca A, Lowman A. The oral delivery of insulin using protein conjugates in complexation hydrogels. Poster presentation,
Biomaterials and Drug Delivery Laboratory. Drexel University, 2006.

29. Patki VP, Jagasia SH. Progress made in noninvasive insulin delivery. Ind J Pharmacol 1996; 28:143-51.

30. Chang LL, Stout LE, Wong WD. Immunohistochemical localization of insulin degrading enzyme along the rat intestine, in the

human colon adenocarcinoma cell line (caco-2) and in the human ileum. J Pharm Sci 1999; 86: 116-19.

888




44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.
64.

65.

66.

67.

Aarti, World J Pharm Sci 2015; 3(5): 884-889
Lin YH, Mi FL, Chen CT, Chang WC, Peng SF, Liang HF. Preparation and characterization of nanoparticles shelled with
chitosan for oral insulin delivery. Biomacromolecules, 2007; 8: 146-52.
Toorisaka E, Hashida M, Kamiya M, Ono H, Kokazu Y, Goto M. An enteric coated dry emulsion formulation for oral insulin
delivery. J Cont Release 2005; 107:91-96.
Schilling RJ, Mitra AK. Intestinal mucosal transport of insulin. Int J Pharm 1999; 62:53-64.
Kooshapur H, Chaideh M. Intestinal transport of human insulin in rat. Med J Islamic Academy of sciences 1999; 12(1):5-11.
PearlmanR, Nguyen TH. “Analysis of protein drugs,” in Peptide and Protein drug delivery, Y.H.L. Lee. New York: Marcel
Dekker, 1991.
Trotta M., et al. Solid lipid microparticles carrying insulin formed by solvent-in-water emulsion-diffusion technique. Int J Pharm
2005, 288:281-88.
Moufti A. et al. Hypoglycemia after liposomized insulin in rat. Padiatr Res 1980; 14:174.
Dobre V., et al. The entrapment of biological active substances into liposomes. Il. Effects of oral administration of liposomally
entrapped insulin in normal and alloxanized rats. Endocrinologie 1984, 22:253-60.
Wang W. Oral protein delivery. J Drug Target 1996; 4:195-232.
Carino GP, Mathiowitz E. Oral insulin delivery. Adv Drug Deliv Rev 1999; 35:249-57.
Woodley JF. Enzymatic barriers for G1 peptide and protein delivery. Crit Rev Ther Drug Carrier Syst 1994; 11:61-95.
Pappo J, Ermak TH. Uptake and translocation of fluorescent latex particles by rabbit Peyer’s patch follicle epithelium: a
quantitative model for M cell uptake. Clin Exp Immunol 1989; 76:144-48.
Aspden TJ, Mason JD, Jones NS. Chitosan as a nasal delivery system: the effect of chitosan solutions on in vitro and in vivo
mucociliary transport rates in human turbinates and volunteers. J Pharm Sci 1997; 86:509-13.
Mathiowitz E, Jacob JS, Jong YS et al. Biologically erodible microspheres as potential oral drug delivery systems. Nature 1997;
386:410-14.
Damge C, Michael C, Aprahamian M, Couvreur P. New approach for oral administration of insulin with polyalkylcyanoacrylate
nanocapsules as oral carrier. Diabetes 1988; 37:247-51.
Takka S, Acarturk F. Calcium alginate microparticles for oral administration. |: effect of sodium alginate type on drug release
and drug entrapment efficiency. J Microencapsul Micro Nano Carriers 1999; 16:275-90.
Rowsen Moses L, Dileep KJ, Sharma CP. Beta cyclodextrin-insulin encapsulated chitosan/alginate matrix: oral delivery system. J
Appl Polym Sci 2000; 75:1089-96.
Dapergolas G, Gregoriadis G. Hypoglycaemic effect of liposome-entrapped insulin administered intragastrically into rats. Lancet
1976; 2:824-27.
Fasano A, Fiorentini C, Donelli G et al. Zonula occludens toxin modulates tight junctions through protein kinase C-dependent
actin reorganization, in vitro. J Clin Invest 1995; 96: 710-20.
Mesiha M, Plakogiannis F, VVejosoth S. Enhanced oral absorption of insulin from desolvated fatty acid—sodium glycocholate
emulsions. Int J Pharm 1994; 111:213-16.
Abuchowski A, McCoy JR, Palczuk NC et al. Effect of covalent attachment of polyethylene glycol on immunogenicity and
circulating life of bovine liver catalase. J Biol Chem 1977; 252:3582—86.
Hosny EA, Al-Shora Hla, EImazar MMA. Oral delivery of insulin from enteric-coated capsules containing sodium salicylate:
effect on relative hypoglycemia of diabetic beagle dogs. Int J Pharm 2002; 237:71-76.
Lowman AM, Morishita M, Kajita M, Nagai T, Peppas NA. Oral delivery of insulin using pH-responsive complexation gels. J
Pharm Sci 1999; 88:933-37.
Yamamoto A, Taniguchi T, Rikyuu K et al. Effects of various protease inhibitors on the intestinal absorption and degradation of
insulin in rats. Pharm Res 1994; 11:1496-1500.
Clement S, Still JG, Kosutic G et al. Oral insulin product hexyl-insulin monoconjugate 2 (HIM2) in type 1 diabetes mellitus: the
glucose stabilization effects of HIM2. Diabetes Technol Ther 2002; 4:459-66.
Palin KJ, Phillips AJ, Ning A. The oral absorption of cefoxitin from oil and emulsion vehicles in rats. Int J Pharm 1986; 33:99—
104.
Fasano A, Uzzau S. Modulation of intestinal tight junction’s zona occludens toxin permits enteral administration of insulin and
other macromolecules in an animal model. J Clin Invest 1997; 99:1158-64.
Young LE, Phillips WA, Murlin JR. New results on the absorption of insulin from the alimentary tract. Am J Physiol 1939;
128:81-91.
Heise T, Kapitza C, Nosek L et al. Oral Insulin as First Line Therapy in Type 2 Diabetes: A Randomized-controlled Pilot Study
[late-breaking abstract]. Orlando: American Diabetes Association, 64th Scientific Sessions, 2004.
SOURCE Emisphere Technologies, Inc. Emisphere’s press release (October 6, 2006) on additional clinical data from phase 2 oral
insulin trial. Available from URL.: http://www.emisphere.com. Accessed 15 February 2009.
Wajberg E,Miyazaki Y, Triplitt C, Cersosimo E, Defronzo RA. Dose-response effect of a single administration of oral hexyl-
insulin monoconjugate 2 in healthy non-diabetic subjects. Diabetes Care 2004; 27: 2868-74.
lyer H, Khedkar A, Verma M, Krishnamurthy S, Arun Anand. A dose escalation study of IN-105 (insulin analogue) tablets in
type 2 diabetes mellitus subjects. Poster #442-P, ADA, New Orleans, 2009.
Carino GP, Jacob JS, Mathiowitz E. Nanosphere based oral insulin delivery. J Control Release 2000; 65:261-69.
Leung FK, Jing Li, Song Y, Wong S, Hornig W, Leung E. Improved Efficacy of Intesulin (Oral Insulin) Formulated with
Unmodified Regular Insulin in Normal Rats. San Diego: American Diabetes Association, 65th Scientific Sessions, 2005.
Kidron M, Raz I, Wolfensberger M, Schwob H, Schruefer C. Pharmacokinetics (PK) and Pharmacodynamics (PD) of Oral
Insulin in Healthy Subjects. San Francisco: American Diabetes Association, 68th Scientific Sessions, 2008.
Schwartz S, Geho B, Rosenberg L, Lau J. Single-blind, Placebo-controlled, Dose-ranging Trial of Oral HDV-insulin in Patients
with Type 2 Diabetes Mellitus. San Francisco: American Diabetes Association, 68th Scientific Sessions, 2008.
Whitelaw CD, Kelly CA, Ironmonger W, Cunliffe C, New R, Phillips JN. Absorption of Orally Ingested Insulin in Human Type 1
Diabetic Subjects: Proof of Concept Study. San Diego: American Diabetes Association, 65™ Scientific Sessions, 2005.

889



