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Subcutaneous administration of insulin is associated with several limitations

such as discomfort, local pain, irritation, infections, immune reactions and lip-

oatrophy as well as lipohypertrophy manifestations at the injection site. To

overcome these drawbacks, enormous research is currently going on world-

wide for designing of an alternative noninvasive route of administration. Pul-

monary and oral route seem to be the most promising ones, with respect to

the market value. However, after the letdown by pulmonary delivery of insu-

lin, oral colon targeted delivery of insulin has gained tremendous interest

among researchers. Although bioavailability remains a challenge for oral

colon specific delivery of insulin, the employment of protease inhibitors, per-

meation enhancers and polymeric delivery systems have proved to be advan-

tageous to overcome the said problem. This Editorial article is not intended to

offer a comprehensive review on drug delivery, but shall familiarize the read-

ers with the strategies employed for attaining non-erratic bioavailability of

insulin, and to highlight some of the formulation technologies that have

been developed for attaining oral colon-specific delivery of insulin.

Keywords: colon targeting, Eudragit, insulin, particulate drug delivery, permeation enhancers,

protease inhibitors
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1. Introduction

Diabetes mellitus, a major endocrine disorder, is characterized by chronic hypergly-
cemia with disturbances in carbohydrate, fat and protein metabolism that result in
defects in insulin secretion, insulin action or both. Diabetes mellitus is the sixth
most common cause of death in the world. In 2012, more than 371 million people
had diabetes, out of which 4.8 million people died due to the disease. More than
471 billion USD were spent on health care for diabetes, yet half of the people
with diabetes were undiagnosed [1]. People with type 1 diabetes mellitus do not pro-
duce enough insulin to sustain life and become dependent on exogenous insulin for
survival. By contrast, people with type 2 diabetes are not dependent on exogenous
insulin for survival. Over time, many of these individuals will show decreased insu-
lin production, thereby requiring exogenous insulin for adequate blood glucose con-
trol, especially during times of stress or illness. Governments and various health care
providers around the world are investing in health education, diagnosis and treat-
ments for this chronic disorder. Consequently, it is one of the largest sectors in
the global health care industry in terms of market value.

Since the discovery of insulin, it is delivered to diabetic patients exclusively
through the subcutaneous route. The usual duration of action is relatively short
(i.e., 4 to 8 h) and therefore, two to four daily injections are required for proper con-
trol of severe diabetic conditions. Although the parenteral route is satisfactory in
terms of efficacy, frequent administration leads to discomfort, local pain, irritation,
infections, immune reactions and lipoatrophy as well as lipohypertrophy manifesta-
tions at the injection site. Further, subcutaneous insulin results in fluctuating blood
glucose levels, which is a major risk factor for development of long term micro- and
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macrovascular complications that are the leading cause of
morbidity and mortality [2].
Oral route is regarded as the most preferred route of

administration because of its well-established acceptability,
cost-effectiveness benefits and certain advantages such as
higher compliance, greater convenience, and reduced risk of
cross infection and needlestick injuries. Due to these reasons,
oral drug delivery systems continue to dominate majority of
the market. Furthermore, it holds the biggest presence in
the overall drug delivery market, with about 52% share. It is
expected to reach 92 billion USD by 2016 [3]. Although
advantageous, the oral route is not suitable for the administra-
tion of protein and polypeptide drugs popular today. This is
because they are highly susceptible to digestive enzymes pres-
ent in the gastrointestinal tract (GIT), and thus they are
poorly absorbed and possess limited ability to be transported
across the intestinal epithelial barrier. Even though oral deliv-
ery involves severe stability and permeability issues, it has
recently gained tremendous interest, especially after the letdown
by pulmonary delivery of insulin.
Moreover, oral delivery seems to replicate the physiological

fate of insulin more closely as compared to other routes of
administration. Before reaching colonic region for systemic
absorption (circulation), insulin has to travel intact through
stomach and small intestine, without losing its integrity and
conformation (Figure 1A). After the absorption of insulin
from the colon, it is transported to the liver vial portal circu-
lation, where it could largely be extracted as occurring on
incretion by b-cells from the pancreas (Figure 1A). There
are very few drugs that have beneficial effect after hepatic
first-pass metabolism, insulin being one of them [4]. In case
of parenteral administration, there occurs initial hyperinsuli-
nemia, which is associated with risk of hypoglycemia, athero-
genesis, lipogenesis, weight gain and possible development of
insulin resistance. However, due to hepatic first-pass metabo-
lism in case of oral administration, there might be absence of
peripheral hyperinsulinemia, and insulin directly reaches the
liver and regulates carbohydrate metabolism. In addition to
this, other benefits include improved dosing convenience,
which increases patient compliance and thereby high intensive
insulin regimens can be given [2].

2. Strategies employed for attaining
non-erratic bioavailability of insulin

Oral administration of insulin depicts low bioavailability due
to its large size, hydrophilicity, susceptibility to enzymatic
degradation and poor absorption characteristics. The use of
permeation enhancers, protease inhibitors and polymeric
delivery systems are some of the recent strategies being inves-
tigated for orally delivered proteins. Although most of these
strategies lead to encouraging results, low bioavailability
remains a problem. Combination of these strategies could
overcome the above-mentioned problem [5].

2.1 Protease inhibitors (Biochemical factor)
Similar to upper GIT, the colonic region also possess bio-
chemical barriers that include residual soluble proteases of
pancreatic origin and enzymes produced by the resident
micro-organisms and derived from sloughed enterocytes.
A variety of exo- and endopeptidases are present at the brush
border membrane, among which exopeptidases are more
prominent in terms of N-terminal cleavage activity [2]. Cyto-
solic and lysosomal enzymes are responsible for attack in
intracellular compartment. The type of protease inhibitor to
be used depends on the target enzyme required to be inacti-
vated, for example, for inactivation of trypsin and chymotryp-
sin, aprotinin has been effectively used since long; all
pancreatic endopeptidases (though not exopeptidases) were
inhibited by Bowman--Birk inhibitors and soybean trypsin [6].
Proteases may also be inhibited indirectly by shifting the pH
value out of the optimum range for the enzyme activity by
using pH modifiers [7].

2.2 Permeation enhancers (Biophysical factor)
The semisolid content of the colonic lumen is the most com-
mon biophysical factor that prevents the direct contact
between the drug and absorptive mucosa. Mucus and glycoca-
lyx act as the subsequent physical barrier that hinders the
diffusion of macromolecules toward intestinal wall due to
interactions with mucin and cell-bound components or due
to inherent solubility and/or diffusivity constraints. At the
apical mucosal surface, the macromolecules neither get per-
meated through transcellular route (because of their hydro-
philic nature and high molecular weight) nor by paracellular
route (diffusion of molecules with > 200 Da mass is unlikely).
The other viable modes of transport left over are carrier-
mediated transport and endocytosis. The absorbed molecule
gets released into the basolateral compartment by transcytosis
process [2].

Permeation enhancers are the key tools employed to over-
come the biophysical barriers. They are generally amphiphilic
compounds, viz., glycerides, acylcarnitines, alkyl-saccharides,
chelating agents, surfactants, bile salts, salicylates and fatty
acids. Figure 1B represents some of the common mechanisms
through which permeation enhancers increase the absorption
of macromolecules. The permeation enhancers should pro-
duce prompt, transient and fully reversible effects, regardless
of the mechanism involved in enhancement of absorption.
On the contrary, issues such as permanent mucosal damage
and increased permeability to pathogens or potentially toxic
substances, lack of prompt and full recovery and risks arising
from intensified repair processes need to be addressed [8,9].

2.3 Particulate drug delivery systems
As discussed earlier, for a successful delivery of macromole-
cules to the systemic circulation, the systems should provide
protection against enzymatic degradation and should provide
high transfer of drugs across the epithelium mucosa. As partic-
ulate drug delivery systems fulfill these requirements;
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nanoparticles, lipid-based drug delivery systems (e.g., microe-
mulsions, liposomes and solid lipid nanoparticles) and hydro-
gels and microspheres have been evaluated for oral delivery of
macromolecules [10].

In the past decade, micro/nano-particulate systems for oral
insulin delivery have gained tremendous interest among
researchers. Both biodegradable and nonbiodegradable poly-
mers have been investigated. As such, nonbiodegradable poly-
mers are toxic and are difficult to remove from the body; they
are not much employed for the oral delivery of insulin. On
the contrary, a biodegradable polymer (or polymeric particles)
forms a shield that encapsulates and protects the drug from
the severe external conditions and further enables their uptake
by enterocytes. Once absorbed, the polymeric particles will
get degraded slowly (the degradation of polymeric system
solely depends on its nature), hence providing a prolonged
release of drug. The uptake of polymeric particles by the

intestinal wall depends on the nature of the polymer, its surface
charge and particle size. Further, the physicochemical properties,
drug release characteristics and biological behavior of polymeric
particles are some of the factors that can be tailored easily. Table 1
represents some of the ideal characteristics that a polymeric
carrier must meet for successful delivery of insulin [5].

3. Oral colon delivery of insulin

After the failure of pulmonary delivery of insulin, the colon
has become one of the potential sites for systemic delivery of
therapeutic proteins and peptides. The advantages offered by
colon as a site for insulin delivery are represented in Figure 2.
The technologies that have been developed for colonic delivery
of insulin are summarized in Table 2 (to understand the execu-
tion of developed systems of insulin for colon targeting, the read-
ers are requested to have thorough knowledge pertaining to
different approaches used for colon targeting [11-13]).

4. Expert opinion

Currently, enormous research is going on worldwide for
designing of oral insulin formulation. A large amount
of time and money have been invested in this field.
Some achievements obtained from this research include in-
depth knowledge and understanding of the challenges and
constraints and suggestive measures to be taken to overcome
them. Although tremendous research is being conducted at
academic as well as industrial level for oral insulin delivery,
the following are certain major constraints that still exist:

i) The developed oral insulin systems have not shown
sufficient bioavailability.

Enlarges the aqueous
intercellular pores by

inducing shrinkage of the
enterocytes as a result of

dehydration

Systemic
circulation

Liver (Hepatic
portal vein)

Mucus layer
membrane transport

Colon
Small intestine

(Enzymes)
Stomach (pH
and Enzymes)

Insulin

C-peptide

-COOH

S S

S
S

S

S
A-chain

B-chain

NH2

Leads to increase in
inherent fluidity

Carries out rearrangement
or disruption of the
phospholipid bilayer

Carries out opening of the
tight junctions

Promotes vesiculation of
the apical membrane

A.

B.

Figure 1. Pathway depicting delivery of insulin to the systemic circulation from oral colon-specific delivery system (A) and

mechanism of permeation enhancers (B).

Table 1. Ideal characteristics of insulin carrier.

Should deliver an accurate amount of insulin with reproducible
results
The polymeric particle should remain intact and should
provide protection against the harsh external conditions of GIT
(GI enzymes and pH gradients)
Should not interfere in the absorption or uptake of insulin by
the intestinal wall
Should be safe for oral administration
The encapsulation process should not affect physicochemical and
biological characteristics of insulin
Should retain the physiological activity during the encapsulation
process and release of insulin
Should provide prolonged intestinal residence time to enhance
the absorption of drug
Should contribute in increasing the permeability of insulin
through the intestinal membrane

Colon targeting: an emerging frontier for oral insulin delivery
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ii) The methods employed for the development of oral
formulation are not productive commercially and
scalability remains a challenge.

iii) The pharmacological evaluations do not involve
long-term study or continuous administration of insu-
lin; rather, a single dose study with pharmacokinetic

parameters estimation is reported in majority of the
research papers.

iv) Glycated hemoglobin levels (HbA1c), which is a
better marker for glucose control, is not reported.

v) Also very few publications report data pertaining to
clinical trials.

Longer
retention of
insulin in the
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proximity of

epithelial
surface
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time and
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metabolic

activity
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compact
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Other
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Figure 2. Advantages offered by colon as a potential site for insulin delivery.
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su
lin
,
p
.o
.
in
su
lin

m
ic
ro
e
m
u
ls
io
n
a
n
d

co
lo
n
ic

re
le
a
se

ca
p
su
le

d
o
sa
g
e
fo
rm

w
it
h
o
u
t
in
su
lin

(C
R
C
),
w
e
re

u
se
d
a
s
co
n
tr
o
ls
,
a
co
lo
n
ic
re
le
a
se

ca
p
su
le

d
o
sa
g
e
fo
rm

w
it
h
in
su
lin

S
o
d
iu
m

la
u
ry
ls
u
lf
a
te

A
p
ro
ti
n
in

[2
0
]

Colon targeting: an emerging frontier for oral insulin delivery
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T
a
b
le

2
.
S
y
st
e
m
s
d
e
v
e
lo
p
e
d
fo
r
a
ch

ie
v
in
g
co

lo
n
-t
a
rg
e
te
d
d
e
li
v
e
ry

o
f
in
su

li
n
(c
o
n
ti
n
u
e
d
).

A
p
p
ro
a
ch

T
y
p
e
o
f
d
o
sa
g
e
fo
rm

D
e
sc
ri
p
ti
o
n

S
tr
a
te
g
y
a
p
p
li
e
d

(p
ro
te
a
se

in
h
ib
it
o
r
a
n
d
/o
r

p
e
rm

e
a
ti
o
n
e
n
h
a
n
ce
r)

R
e
fs
.

(C
R
I)
a
n
d
a
d
d
it
io
n
a
lly

w
it
h
so
d
iu
m

la
u
ry
l
su
lf
a
te

(C
R
IL
)
o
r
a
p
ro
ti
n
in

(C
R
IA
)
a
s
so
rp
ti
o
n
p
ro
m
o
te
r
a
n
d
e
n
zy
m
e
in
h
ib
it
o
r,
re
sp
e
ct
iv
e
ly
.
T
h
e

p
h
a
rm

a
co
lo
g
ic
a
l
a
va
ila
b
ili
ty

(P
A
)
fo
r
th
e
p
.o
.
m
ic
ro
e
m
u
ls
io
n
,
C
R
C
,

C
R
I,
C
R
IL
a
n
d
C
R
IA

w
e
re

2
.1
,
0
.4
,
5
.0
,
2
.7

a
n
d
6
.2
%

,
re
sp
e
ct
iv
e
ly
.

In
su
lin

re
le
a
se

o
cc
u
rr
e
d
th
ro
u
g
h
o
u
t
th
e
G
I
tr
a
ct
,
w
it
h
th
e
e
xc
e
p
ti
o
n

o
f
th
e
st
o
m
a
ch
.
T
m
a
x
o
cc
u
rr
e
d
a
t
6
.4

h
fo
r
C
R
IA
;
th
e
m
a
jo
ri
ty

o
f

in
su
lin

is
ta
k
e
n
u
p
a
ft
e
r
th
e
co
lo
n
ic
a
rr
iv
a
l
ti
m
e
is
re
a
ch
e
d
in

th
e

d
o
g
(4

--
6
h
).
D
u
ra
ti
o
n
o
f
th
e
re
d
u
ct
io
n
in

b
lo
o
d
g
lu
co
se

le
ve
ls

o
cc
u
rr
e
d
fo
r
1
4
h
w
it
h
th
e
C
R
IA

d
o
sa
g
e
fo
rm

.
E
n
te
ri
c
co
a
te
d
ca
p
su
le

T
h
e
sy
st
e
m

w
a
s
d
e
si
g
n
e
d
b
y
im

p
a
rt
in
g
a
ti
m
e
-r
e
le
a
se

fu
n
ct
io
n
a
n
d

a
p
H
-s
e
n
si
n
g
fu
n
ct
io
n
to

a
h
a
rd

g
e
la
ti
n
ca
p
su
le
.
T
h
e
te
ch
n
ic
a
l

ch
a
ra
ct
e
ri
st
ic
s
o
f
th
e
sy
st
e
m

a
re

to
co
n
ta
in

a
n
o
rg
a
n
ic

a
ci
d
to
g
e
th
e
r

w
it
h
a
n
a
ct
iv
e
in
g
re
d
ie
n
t
in

a
ca
p
su
le

co
a
te
d
w
it
h
a
th
re
e
-

la
ye
re
d
fi
lm

co
n
si
st
in
g
o
f
a
n
a
ci
d
-s
o
lu
b
le

p
o
ly
m
e
r,
a
w
a
te
r-

so
lu
b
le

p
o
ly
m
e
r,
a
n
d
a
n
e
n
te
ri
c
p
o
ly
m
e
r.

--
[2
1
]

M
ic
ro
fl
o
ra

a
ct
iv
a
te
d

sy
st
e
m
s

M
u
lt
ip
a
rt
ic
u
la
te

sy
st
e
m

(p
e
lle
ts
)

P
e
p
ti
d
e
d
ru
g
s
w
e
re

co
a
te
d
w
it
h
p
o
ly
m
e
rs

cr
o
ss
-l
in
k
e
d
w
it
h

a
zo
a
ro
m
a
ti
c
g
ro
u
p
s
to

fo
rm

a
n
im

p
e
rv
io
u
s
fi
lm

to
p
ro
te
ct

o
ra
lly

a
d
m
in
is
te
re
d
d
ru
g
s
fr
o
m

d
ig
e
st
io
n
in

th
e
st
o
m
a
ch

a
n
d
sm

a
ll

in
te
st
in
e
.

--
[2
2
]

A
zo
p
o
ly
m
e
r-
co
a
te
d

g
e
la
ti
n
ca
p
su
le

B
o
vi
n
e
cr
ys
ta
lli
n
e
in
su
lin
,
m
ix
e
d
w
it
h
a
n
a
b
so
rp
ti
o
n
e
n
h
a
n
ce
r,
w
a
s

lo
a
d
e
d
in
to

g
e
la
ti
n
ca
p
su
le
s,

w
h
ic
h
w
e
re

th
e
n
co
a
te
d
w
it
h
a
n

a
zo
p
o
ly
m
e
r
d
e
si
g
n
e
d
to

d
e
liv
e
r
th
e
in
su
lin

in
th
e
u
p
p
e
r
co
lo
n
.
A
n

in
vi
vo

st
u
d
y
w
a
s
ca
rr
ie
d
o
u
t
u
si
n
g
p
a
n
cr
e
a
te
ct
o
m
iz
e
d
m
o
n
g
re
l

d
o
g
s.

T
h
e
co
a
te
d
ca
p
su
le
s
w
e
re

a
d
m
in
is
te
re
d
o
ra
lly

a
ft
e
r
a
p
re
-

d
o
se

p
e
ri
o
d
o
f
1
h
.
R
e
sp
o
n
se
s
m
e
a
su
re
d
w
e
re

p
la
sm

a
g
lu
co
se
,

p
la
sm

a
in
su
lin
,
h
e
p
a
ti
c
g
lu
co
se

p
ro
d
u
ct
io
n
ra
te
,
h
e
p
a
ti
c
p
la
sm

a
fl
o
w

ra
te

a
n
d
p
la
sm

a
g
lu
ca
g
o
n
-l
ik
e
im

m
u
n
o
a
ct
iv
it
y
(G
LI
).
C
o
n
tr
o
l

e
xp
e
ri
m
e
n
ts
,
w
it
h
ca
p
su
le
s
w
it
h
o
u
t
in
su
lin
,
p
ro
d
u
ce
d
sm

a
ll
ch
a
n
g
e
s

fr
o
m

’p
re
-d
o
se
’
va
lu
e
s.
In
su
lin
-c
o
n
ta
in
in
g
ca
p
su
le
s,

w
it
h
o
u
t
th
e

a
zo
p
o
ly
m
e
r
co
a
ti
n
g
,
re
su
lt
e
d
in

so
m
e
e
a
rl
y
ch
a
n
g
e
s
co
n
si
st
e
n
t
w
it
h

u
p
p
e
r
g
a
st
ro
in
te
st
in
a
l
a
b
so
rp
ti
o
n
.
S
in
g
le

o
ra
l
d
o
se
s
(6
6
to

4
0
0
n
m
o
l/
k
g
)
o
f
in
su
lin

in
co
m
p
le
te
ly
co
a
te
d
ca
p
su
le
s
p
ro
d
u
ce
d

p
e
a
k
s
o
f
p
o
rt
a
l
p
la
sm

a
in
su
lin

a
n
d
tr
a
n
si
e
n
t
d
e
cr
e
a
se
s
in

p
la
sm

a
g
lu
co
se
,
h
e
p
a
ti
c
g
lu
co
se

p
ro
d
u
ct
io
n
,
h
e
p
a
ti
c
p
la
sm

a
fl
o
w

a
n
d

p
la
sm

a
G
LI
.

5
-M

e
th
o
xy
sa
lic
yl
ic

a
ci
d

[2
3
]

M
u
lt
ip
a
rt
ic
u
la
te

sy
st
e
m

(p
e
lle
ts
)

In
su
lin

a
n
d
(A
su
(1
,7
))
e
e
l-
ca
lc
it
o
n
in

lo
a
d
e
d
p
e
lle
ts

co
a
te
d
w
it
h

a
zo
a
ro
m
a
ti
c
p
o
ly
m
e
r
w
e
re

p
re
p
a
re
d
.
T
h
e
in
te
st
in
a
l
a
b
so
rp
ti
o
n
o
f

in
su
lin

a
n
d
(A
su
(1
,7
))
e
e
l-
ca
lc
it
o
n
in

a
ft
e
r
o
ra
l
a
d
m
in
is
tr
a
ti
o
n
o
f
th
e

a
zo
p
o
ly
m
e
r-
co
a
te
d
p
e
lle
ts

co
n
ta
in
in
g
th
e
se

p
e
p
ti
d
e
s
w
it
h
ca
m
o
st
a
t

m
e
si
la
te

w
a
s
e
va
lu
a
te
d
b
y
m
e
a
su
ri
n
g
th
e
h
yp
o
g
ly
ce
m
ic

a
n
d

C
a
m
o
st
a
t
m
e
si
la
te

[2
4
]

M. M. Patel
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T
a
b
le

2
.
S
y
st
e
m
s
d
e
v
e
lo
p
e
d
fo
r
a
ch

ie
v
in
g
co

lo
n
-t
a
rg
e
te
d
d
e
li
v
e
ry

o
f
in
su

li
n
(c
o
n
ti
n
u
e
d
).

A
p
p
ro
a
ch

T
y
p
e
o
f
d
o
sa
g
e
fo
rm

D
e
sc
ri
p
ti
o
n

S
tr
a
te
g
y
a
p
p
li
e
d

(p
ro
te
a
se

in
h
ib
it
o
r
a
n
d
/o
r

p
e
rm

e
a
ti
o
n
e
n
h
a
n
ce
r)

R
e
fs
.

h
yp
o
ca
lc
e
m
ic

e
ff
e
ct
s,

re
sp
e
ct
iv
e
ly
.
A

sl
ig
h
t
d
e
cr
e
a
se

in
p
la
sm

a
g
lu
co
se

le
ve
ls
w
a
s
o
b
se
rv
e
d
fo
llo
w
in
g
th
e
o
ra
l
a
d
m
in
is
tr
a
ti
o
n
o
f

th
e
se

p
e
lle
ts

co
n
ta
in
in
g
1
2
.5

IU
o
f
in
su
lin

co
m
p
a
re
d
w
it
h
th
e
sa
m
e

d
o
se

o
f
in
su
lin

so
lu
ti
o
n
.

T
a
b
le
ts

C
al
ci
u
m

p
ec
ti
n
at
e
m
at
ri
x
ta
b
le
ts
w
it
h
o
r
w
it
h
o
u
t
ca
lc
iu
m

p
ec
ti
n
at
e

co
m
p
re
ss
io
n
co
at
in
g
w
er
e
p
re
p
ar
ed

.
C
al
ci
u
m

p
ec
ti
n
at
e
co
m
p
re
ss
io
n

co
at
ed

ta
b
le
ts
co
n
ta
in
in
g
in
su
lin

as
a
d
ru
g
m
ar
ke
r
w
er
e
ad

m
in
is
te
re
d

o
ra
lly

to
d
o
g
s.
Th

e
d
el
ay
ed

in
su
lin

ab
so
rp
ti
o
n
w
as

re
la
te
d
to

a
b
re
ak
d
o
w
n
o
f
th
e
d
ru
g
ca
rr
ie
r
in
th
e
d
o
g
s’
la
rg
e
in
te
st
in
e.

S
o
yb
e
a
n
tr
yp
si
n
in
h
ib
it
o
r

S
o
d
iu
m

ch
o
la
te

[2
5
]

N
a
n
o
p
a
rt
ic
u
la
te

d
e
liv
e
ry

sy
st
e
m

In
su
lin
-l
o
a
d
e
d
ca
lc
iu
m

p
e
ct
in
a
te

n
a
n
o
p
a
rt
ic
le
s
w
e
re

p
re
p
a
re
d
b
y

io
n
o
tr
o
p
ic

g
e
la
ti
o
n
w
it
h
ca
lc
iu
m

io
n
s.

--
[2
6
]

N
a
n
o
p
a
rt
ic
u
la
te

d
e
liv
e
ry

sy
st
e
m

In
su
lin

lo
a
d
e
d
n
a
n
o
p
a
rt
ic
u
la
te

sy
st
e
m
s
o
f
ch
it
o
sa
n
,
tr
ie
th
yl
ch
it
o
sa
n

a
n
d
d
im

e
th
yl
-e
th
yl
ch
it
o
sa
n
w
e
re

p
re
p
a
re
d
b
y
p
o
ly
e
le
ct
ro
ly
te

co
m
p
le
xa
ti
o
n
m
e
th
o
d
.
In

vi
vo

st
u
d
ie
s
in

ra
ts

h
a
ve

sh
o
w
e
d
e
n
h
a
n
ce
d

co
lo
n
a
b
so
rp
ti
o
n
o
f
in
su
lin

b
y
u
si
n
g
th
e
se

n
a
n
o
p
a
rt
ic
le
s
co
m
p
a
re
d

to
fr
e
e
in
su
lin

in
d
ia
b
e
ti
c
ra
ts
.
T
h
e
in
su
lin

a
b
so
rp
ti
o
n
fr
o
m

th
e
ra
t’
s

co
lo
n
w
a
s
e
va
lu
a
te
d
b
y
it
s
h
yp
o
g
ly
ce
m
ic

e
ff
e
ct
.

N
o
n
-a
ss
o
ci
a
te
d
ch
it
o
sa
n
,

tr
ie
th
yl

ch
it
o
sa
n
o
r

d
im

e
th
yl
e
th
yl

ch
it
o
sa
n

[2
7
]

p
H

a
n
d

m
ic
ro
fl
o
ra
-a
ct
iv
a
te
d

d
i-
d
e
p
e
n
d
e
n
t
sy
st
e
m
s

E
n
te
ri
c
co
a
te
d
ta
b
le
ts

La
ct
u
lo
se
-c
o
n
ta
in
in
g
in
su
lin

lo
a
d
e
d
ta
b
le
ts

w
it
h
in
n
e
r
E
u
d
ra
g
it
E
,

in
te
rm

e
d
ia
te

H
P
M
C

a
n
d
o
u
te
r
E
u
d
ra
g
it
L
co
a
ti
n
g
s
w
e
re

p
re
p
a
re
d
.

T
h
e
sy
st
e
m

co
n
ta
in
in
g
in
su
lin

a
n
d
so
d
iu
m

g
ly
co
ch
o
la
te

(C
D
S
)
w
a
s

a
d
m
in
is
te
re
d
to

d
o
g
s,

a
n
d
p
la
sm

a
g
lu
co
se

a
n
d
in
su
lin

le
ve
ls
w
e
re

th
e
n
m
e
a
su
re
d
a
t
2
4
h
a
ft
e
r
a
d
m
in
is
tr
a
ti
o
n
.
Fo
r
C
D
S
,
th
e
C
m
a
x
in

p
la
sm

a
g
lu
co
se

le
ve
l
w
a
s
si
g
n
if
ic
a
n
tl
y
h
ig
h
e
r
th
a
n
a
re
fe
re
n
ce

fo
rm

u
la
ti
o
n
w
it
h
o
u
t
so
d
iu
m

g
ly
co
ch
o
la
te
.
T
h
e
p
h
a
rm

a
co
lo
g
ic
a
l

a
va
ila
b
ili
ty

fo
r
C
D
S
w
a
s
n
o
t
si
g
n
if
ic
a
n
tl
y
h
ig
h
e
r
th
a
n
th
e
re
fe
re
n
ce

fo
rm

u
la
ti
o
n
.
In

co
n
tr
a
st
,
C
D
S
w
it
h
p
o
ly
(e
th
yl
e
n
e
o
xi
d
e
)
a
s
a
g
e
lli
n
g

a
g
e
n
t
(C
D
S
P
)
sh
o
w
e
d
p
ro
lo
n
g
e
d
h
yp
o
g
ly
ce
m
ia

e
ff
e
ct
s.

T
h
e

p
h
a
rm

a
co
lo
g
ic
a
l
a
va
ila
b
ili
ty

w
a
s
5
.5
%

a
n
d
si
g
n
if
ic
a
n
tl
y
d
if
fe
re
n
t

fr
o
m

th
e
re
fe
re
n
ce

fo
rm

u
la
ti
o
n
.
T
h
e
a
b
so
lu
te

b
io
a
va
ila
b
ili
ty

fo
r
C
D
S

w
a
s
0
.2
5
%

,
a
n
d
fo
r
C
D
S
P
it
w
a
s
0
.4
2
%

.

C
a
m
o
st
a
t
m
e
si
la
te

N
a
2
E
D
T
A

S
o
d
iu
m

la
u
ry
ls
u
lf
a
te

S
o
d
iu
m

g
ly
co
ch
o
la
te

[2
8
]

E
n
te
ri
c
co
a
te
d

ch
it
o
sa
n
ca
p
su
le
s

In
su
lin

lo
a
d
e
d
ch
it
o
sa
n
ca
p
su
le
s
co
a
te
d
w
it
h
e
n
te
ri
c
p
o
ly
m
e
r
w
e
re

p
re
p
a
re
d
.
T
h
e
in
te
st
in
a
l
a
b
so
rp
ti
o
n
o
f
in
su
lin

w
a
s
e
va
lu
a
te
d
b
y

m
e
a
su
ri
n
g
th
e
p
la
sm

a
in
su
lin

le
ve
ls
a
n
d
it
s
h
yp
o
g
ly
ce
m
ic

e
ff
e
ct
s

a
ft
e
r
o
ra
l
a
d
m
in
is
tr
a
ti
o
n
o
f
th
e
ch
it
o
sa
n
ca
p
su
le
s
co
n
ta
in
in
g
in
su
lin

a
n
d
a
d
d
it
iv
e
s.

A
m
a
rk
e
d
a
b
so
rp
ti
o
n
o
f
in
su
lin

a
n
d
a
co
rr
e
sp
o
n
d
in
g

d
e
cr
e
a
se

in
p
la
sm

a
g
lu
co
se

le
ve
ls
w
a
s
o
b
se
rv
e
d
fo
llo
w
in
g
th
e
o
ra
l

a
d
m
in
is
tr
a
ti
o
n
o
f
th
e
se

ca
p
su
le
s
th
a
t
co
n
ta
in
e
d
2
0
IU

o
f
in
su
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To achieve high oral bioavailability of insulin, one has to
apply strategies like modification of physicochemical property
(lipophilicity and enzyme susceptibility) of the macromole-
cules, addition of novel functionality (e.g., receptor recogni-
tion or cell permeability) to the macromolecules, inhibition
of degradation enzymes, increasing the membrane permeabil-
ity and use of particulate delivery systems [10]. Further, it is
now clear that the basic aim of developing oral insulin should
be to obtain non-erratic bioavailability with oral formulation,
which can then be combined with other dosage regimens.
Besides this, a dose-dependent and reproducible formulation
for successful oral insulin delivery is also required. Therefore,
systematic evaluations of the matrix have to be carried out to
make oral insulin delivery a reality. Further, unlike the case of
small molecules, which can ‘deliver themselves’ with no need
for any sophisticated strategy, only an advanced multifunc-
tional formulation tailored to meet its particular pharmaceuti-
cal, biopharmaceutical and pharmacological requirements
could ultimately be the key to a successful oral delivery of
insulin. In view of the stringent quantitative and temporal

dosing requirements as well as narrow therapeutic range of
insulin, its delivery to the GI tract might fail to completely
overcome the need for subcutaneous administration because
of bioavailability constraints. An effective peroral formula-
tion, however, could serve as a valuable support for parenteral
insulin regimens. The consequent possibility of reducing the
injective dosing frequency would offer major advantages in terms
of limited adverse reactions at the injection site, decreased inci-
dence of systemic hyperinsulinemia, improved patient compli-
ance and more feasible accomplishment of near-normal blood
glucose levels [2]. Last but not the least, one has to carry out an
array of in vivo pharmacological studies to assess the long-
term effects of oral insulin formulation, and thereby overcome
the challenges provided by the oral route.
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