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Abstract

The intent of this paper is to update the reader on various strategies which have been utilized to increase the paracellular
permeability of protein and polypeptide drugs across the intestinal epithelium. Structural features of protein and polypeptide
drugs, together with the natural anatomical and physiological features of the gastrointestinal (GI) tract, have made oral delivery
of this class of compounds extremely challenging. Interest in the paracellular route for the transport of therapeutic proteins and
polypeptides following oral administration has recently intensified and continues to be explored. The assumption that molecules
with a large molecular weight are not able to diffuse through the tight junctions of the intestinal membrane has been challenged
by current research, along with an increased understanding of tight junction physiology.
© 2005 Elsevier B.V. All rights reserved.
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. Introduction

Obstacles associated with the absorption of thera-
eutic proteins and polypeptides following oral admin-

stration are intriguing challenges for pharmaceutical
cientists. Oral administration of therapeutic polypep-
ides is notoriously difficult due to their high molecular
eight, hydrophilicity, and susceptibility to enzymatic

nactivation in the GI tract. The latter property, which
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is the natural function of the GI tract so that nutrie
may be absorbed, has made the oral delivery of pr
and polypeptide drugs extremely difficult.

An excellent review of the mechanisms for the p
cellular intestinal absorption of protein and polypep
drugs was provided byNellans (1991). Pauletti et al
(1996a)reviewed the structural requirements for
testinal absorption of peptide drugs. Progress in
oral delivery of therapeutic proteins, such as insu
calcitonin, human growth factor, and interferons,
recently been reviewed byShah et al. (2002). One in-
teresting feature of intestinal paracellular absorp
of polypeptides is the role of the Na+-glucose cotrans
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porter on its regulation. This topic, which will also be
addressed in this paper, has previously been reviewed
by Turner (2000).

Tight junction physiology and its influence on the
paracellular permeability of protein and polypeptide
drugs is currently the subject of intense research.
Examples of macromolecules that have been stud-
ied with regard to their paracellular transport across
either the intestinal epithelium or a monolayer of
Caco-2 cells include intact proteins (Gardner, 1984)
and high-molecular-weight probes, such as polyethy-
lene glycol (PEG) 4000, inulin (5500 Da), and dextran
4000 (Tanaka et al., 1995; Lane et al., 1996). Addi-
tionally, the paracellular diffusion of high-molecular-
weight proteolytic enzymes across Caco-2 cell mono-
layers (Bock et al., 1998), the highly regulated pas-
sage of leukocytes through tight junctions (Burns
et al., 2001), and the permeation of poly-d-glutamate
(PDGlu) across both a Caco-2 monolayer and rat in-
testinal membrane (Salamat-Miller et al., 2005), are
all examples which serve to support the premise that
the intestinal epithelium is indeed permeable to large
proteins and polypeptides. Therefore, it would appear
that the name ‘tight junction’ is not entirely appropri-
ate terminology, since, in some epithelia, tight junc-
tions are rather ‘leaky’. It is currently known that many
endogenous compounds regularly diffuse through the
paracellular pathway of the tight junctions (Anderson
and Cereijido, 2001).

An update on the strategies used to increase the para-
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Fig. 1. Aqueous pores in the paracellular pathway (Reuss, 2001),
with permission from CRC Press.

claudins (Cld-1, Cld-2, and Cld-3) in the tight junction
strands result in the formation of heterogeneous pores
with a range of diameters and charges (Reuss, 2001),
although the tight junction is generally accepted as be-
ing negatively charged overall and therefore selective
for positively charged permeants (‘cation selective’).
The presence of aqueous pores that can vary between an
open and closed state was postulated byClaude (1978).
Madara et al. (1986)also postulated the time-dependent
opening and closing of tight junction pores during the
paracellular transport of molecules. Thus, paracellu-
lar permeation of different compounds is based on the
overall dimensions of the permeant and the particular
population of tight junctions the permeant happens to
encounter during its random diffusion down a concen-
tration gradient. It should be mentioned that the tight
junctions of Caco-2 cells are not affected by physio-
logical processes such as villous tip ‘sloughing off’ of
cells. Hence, there exists the potential for pore radii to
be considerably different and paracellular permeation
to vary along the crypt to villous axis; properties that
cannot be accounted for using a Caco-2 cell monolayer
model. For this reason, as well as the desire to incor-
porate mucus-secreting intestinal goblet cells, HT-29
cells, either alone or co-cultured with Caco-2 cells,
have been used to study intestinal paracellular drug
absorption (Collett et al., 1996; Walter et al., 1996).
ellular transport of protein and polypeptide drugs
ins with a discussion of tight junctions in the inte
al epithelium. A correlation between the structur

hezonula occludensand the passive electrical perm
bility of several simple epithelia was demonstra
y Claude and Goodenough (1973). Claude (1978)de-
eloped a model that related transepithelial elect
esistance to the number of strands in the tight ju
ion (Fig. 1). It should be mentioned that although t
odel replicated the characteristics of many tiss

ome cell types, such as Type I and II MDCK ce
o not obey this hypothesis (Stevenson et al., 1988).
evertheless, Claud’s hypothesis has proved to m

he behavior of many tissues.
The molecular nature of the proteins that line

ight junctional channels were ultimately identified
ccludins (Furuse et al., 1993) and claudins (Furuse
t al., 1998). The presence of different isoforms of
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Fig. 2. The intercellular junctions between two human colon Caco-2
cells in culture: D, desmosomes; LS, lateral space; mv, microvilli;
ZA, zonula adherens; ZO, zonula occludensor tight junction. Bar
equals 200 nm. Reprinted from Adson et al., with permission from
John Wiley & Sons.

The tight junction is the most apical portion of
the junctional complex in the paracellular route. This
thin network forms a continuous belt around the cell
and seals the intercellular space (Gonźalez-Mariscal
et al., 2001). It has a depth of 100–800 nm (Gonźalez-
Mariscal et al., 2001). The functions of tight junc-
tions can be summarized as (1) a fence-function, which
maintains the apical/basolateral polarity in cell layers
and inhibits the diffusion of lipid molecules from one
cell to another, and (2) a gate-function that regulates
the passage of ions and molecules through the paracel-
lular pathway. In the tight junction region, the lateral
membrane appears to fuse at certain points, informally
known as ‘kisses’ (Fig. 1). The multiple layer of tight
junctional strands presents a rate-limiting barrier for
the free diffusion of hydrophilic molecules (Fig. 1).
Fig. 2shows the convoluted paracellular pathway dis-
tal to thezonula occludensor tight junction that a drug
molecule must follow during paracellular transport.

2. The paracellular pathway of drug absorption

The paracellular route of drug transport has received
much attention in recent years. Not only is it deficient
in proteolytic activity, but it is also an aqueous-filled
channel through which polypeptide drugs prefer to dif-
fuse. The total area of the paracellular pathway, rel-
ative to the transcellular route, has been reported to

range from 0.01% (Pappenheimer and Reiss, 1987) to
0.1% (Nellans, 1991). Considering that the intestinal
epithelium has more than 2× 106 cm2 of surface area
(Fasano, 1998a), the corresponding values of the para-
cellular surface area ranges from 200 to 2000 cm2. This
surface area should not be underestimated, since even
the absorption of minute quantities (pM–nM range) of
a protein or a polypeptide drug may be sufficient to
exert their required biological effect.

As mentioned above, it has been shown that most
protein and polypeptide drugs diffuse through the
aqueous-filled tight junctional pathway due to their
hydrophilic nature. General examples of paracellular
permeability for this class of compounds have been
cited byKobayashi et al. (1995), He et al. (1996), Lang
et al. (1997), and Pauletti et al. (1997). Some ex-
amples of peptide drugs that have been shown
to permeate the intestinal mucosa via the para-
cellular route include octreotide (Drewe et al.,
1993; Jaehde et al., 1994), potent analogs of vaso-
pressin (Lundin and Artursson, 1990), thyrotropin-
releasing hormone (TRH) (Thwaites et al., 1993), pep-
tidomimetic renin inhibitors (Walter et al., 1995), and
salmon calcitonin (Lee and Sinko, 2000).

New strategies to increase the paracellular perme-
ability of protein and polypeptide drugs across the
GI tract continue to be explored. Generally, these
strategies may be classified into two major categories;
namely, (1) physicochemical modification of the per-
meant, and (2) modulating the tight junctions associ-
a sion
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ted with the paracellular pathway. Prior to a discus
f deliberately altering the physicochemical proper
f a permeant to increase its paracellular transport,
ral physicochemical properties of the permeant, e
ially as it relates to polypeptides, will be consider

. Physicochemical properties of the permeant

A survey of the literature on parameters affec
he paracellular transport of proteins and polypept
emonstrates the critical role of overall ionic cha
nd molecular weight for this route of transport (Adson
t al., 1994; Horibe et al., 1997; Pauletti et
997). The effect of molecular weight on the pa
ellular transport of various drug molecules has b
emonstrated by many authors (Horibe et al., 1997
atsukawa et al., 1997; Dodoo et al., 2000). In our
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laboratory, we have focused on just one of the physico-
chemical properties associated with a polypeptide. We
have investigated whether the secondary structure of
various model homopolypeptides (synthesized using
the same amino acid), which are incapable of forming
tertiary structure, influences their paracellular trans-
port. Normally, formation of tertiary structure involves
many different amino acids that are capable of form-
ing mostly non-covalent bonds, such as electrostatic
interactions, hydrogen bonds, and hydrophobic inter-
actions, as well as covalent bonds, such as disulfide
bridges and isopeptide linkages.

Among the physicochemical properties of polypep-
tides, little or no emphasis has been placed on the over-
all molecular dimensions or the “shape” of the perme-
ant, primarily because small molecules have typically
been used in this type of research. However, the three-
dimensional structure of larger polypeptides has tradi-
tionally been assumed to correlate with their molecular
weight, without paying much attention to the particular
shape of these molecules. For instance, spherical, pro-
late ellipsoid, oblate ellipsoid, elongated, extended rod-
shaped, linear, coiled, and star-like are all examples of
three-dimensional shapes that have been described for
a variety of macromolecules. The flexibility or rigid-
ity of a molecule is yet another factor that cannot be
described by molecular weight alone.

Based on a review of the literature, peptides with no
more than six amino acids have been utilized to conduct
diffusion studies to address issues such as the effect of
m of
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t
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ing permanent tertiary structure, influenced their para-
cellular transport across both a Caco-2 cell monolayer
and rat intestinal membrane in situ (Salamat-Miller
et al., 2005). One investigation which did evaluate the
effect of secondary structure of a small peptide on
its transport across a Caco-2 monolayer demonstrated
that introduction of a�-turn motif into the molecule
resulted in an increase in lipophilicity (Knipp et al.,
1997). With an increase in the peptide’s lipophilicity,
the primary route for its transport across the Caco-2 cell
monolayer changed from paracellular to transcellular
(Knipp et al., 1997).

It is well established that polypeptides exhibit dif-
ferent secondary structures depending on both their so-
lution microenvironment and primary amino acid se-
quence. Hence, they are able to exhibit different sec-
ondary structures, such as a random coil (RC),�-helix,
and�-sheets and�-turns. A change in secondary struc-
ture normally causes a polypeptide to adopt a different
overall three-dimensional structure. Using a series of
water-soluble probe molecules with different overall
geometries, one study demonstrated a non-linear re-
lationship between molecular weight and paracellular
permeability (Hollander et al., 1988). These authors
suggested that there was not necessarily a positive cor-
relation between the probe’s molecular weight and its
overall molecular dimensions. Other authors have sug-
gested that molecular volume of a polypeptide is a more
important factor with regard to paracellular permeabil-
ity than molecular weight (Hamilton et al., 1984). Us-
i
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olecular weight, overall ionic charge, introduction
�-turn, etc. on restricted versus unrestricted para

ular diffusion. Therefore, the paracellular diffusion
arger polypeptides across Caco-2 cell monolayers
he intestinal epithelium is still largely unexplored.

. Effect of overall molecular flexibility on
aracellular drug transport

The flexibility or rigidity of a polypeptide plays a
mportant role in defining the overall geometry of

olecule. There have been no in-depth investiga
f the effect of a polypeptide’s overall molecular
metry/shape on its paracellular diffusion, both in v
nd in vivo. As mentioned above, our laboratory

nvestigated how the secondary structure of var
odel homopolypeptides, which are incapable of fo
ng rat intestinal membrane,Lane et al. (1996)have
emonstrated a positive correlation between the p
ellular permeability of large hydrophilic probes a
heir molecular cross-sectional diameter. One inte
ng study reported that the permeability of various
rophilic molecular markers across both rat intest
embrane and Caco-2 cell monolayers was no

ersely related to their molecular weight (Artursson
t al., 1993). In other words, a molecule with a high
olecular weight (PEG 194–502 g/mol) demonstra
6- to 28-fold greater paracellular permeability tha

ompound such as mannitol (182 g/mol). These au
uggested that molecular flexibility of PEG could h
layed a role in this finding (Artursson et al., 1993).
ased on the above investigations, it appears tha

ameters other than molecular weight may be more
ictive of a molecule’s potential to undergo paracell

ransport.



N. Salamat-Miller, T.P. Johnston / International Journal of Pharmaceutics 294 (2005) 201–216 205

The influence of overall molecular geometry on the
diffusion behavior of polymers has also been demon-
strated in the chemical engineering literature. The ef-
fect of overall molecular dimensions and geometry of
synthetic polymers on their passage across glomeru-
lar capillary walls has been investigated using ficoll (a
highly branched copolymer of sucrose and epichloro-
hydrin) and dextran (a flexible coiled polymer of 1,6-
glucopyranose) as model polymers. These two poly-
mers were selected to represent a rigid sphere and a
deformable random coil, respectively (Bohrer et al.,
1979). The greater permeation observed for dextran
across both a porous synthetic membrane and the
glomerular capillary wall was attributed to a decreased
resistance towards diffusion due to molecular deforma-
tion and flexibility inherent in the RC structure (Bohrer
et al., 1979, 1984).

Another recent investigation with polymeric drug
carriers compared poly(amidoamine) (PAMAM)
dendrimers to PEG molecules for their ability to cross
microvascular endothelium and enter the interstitial
tissue of a hamster cremaster muscle preparation
(El-Sayed et al., 2001). Although the PAMAM den-
drimers had comparable molecular weights to PEG,
the authors concluded that the molecular geometry
and charge of the PAMAM dendrimers resulted in
a faster rate of transport across the endothelium
(El-Sayed et al., 2001). While the studies mentioned
above describe the effect of molecular dimensions
on the permeation of synthetic or natural polymers
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fected its rate and extent of paracellular trans-
port/absorption.

In our studies mentioned above, 26.6 kDa poly-d-
glutamic acid (PDGlu) was used as a model polypep-
tide that exhibited a random coil structure and which
possessed an overall negative charge at neutral pH. This
same molecule at pH 4.7 was used as a model polypep-
tide in which the majority (∼70%) of the residues adopt
an �-helix secondary structure (Johnson and Tinoco,
1972). At pH 4.7, a smaller fraction of the carboxylic
acid groups exist as the carboxylate anion (COO−).
Thus, PDGlu at pH 4.7 carries less negative charges
overall than does PDGlu at pH 7.4.Fig. 3A depicts the
cumulative amount of the randomly coiled conformer
of PDGlu which diffused across a Caco-2 cell mono-
layer versus time (Salamat-Miller et al., 2005). No
paracellular transport across the Caco-2 cell monolayer
was observed for the�-helix conformer of PDGlu.
Fig. 3B shows the plasma concentration of each sec-
ondary structure of PDGlu in the plasma of rats ver-
sus time following placement of an equimolar dose in
an isolated segment of rat duodenum. The values of
the apparent permeability (Papp) of PDGlu in the ran-
dom coil conformation across a Caco-2 monolayer and
rat intestinal membrane were (7.0± 1.2)× 10−7 and
(4.8± 0.2)× 10−6 cm/s, respectively (Salamat-Miller
et al., 2005).

Our experiments which investigated the paracellu-
lar transport/diffusion of two different secondary struc-
tures of the same polypeptide (PDGlu) demonstrated
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cross various biological membranes, there ar
imilar reports of the importance of overall molecu
imensions/geometry on the diffusion of exten
olypeptide chains across biological membranes.

Our laboratory has recently demonstrated a p
ive correlation between the overall molecular flexi
ty associated with randomly coiled poly-d-glutamic
cid and its enhanced paracellular transport

ive to the �-helix conformer of the same polype
ide (Salamat-Miller et al., 2005). This study in
estigated hindered (restricted) paracellular d
ion of both secondary structures of poly-d-glutamic
cid across Caco-2 cell monolayers and rat

estinal epithelium in situ (Salamat-Miller et al.
005). Poly-d-glutamic acid provided an ideal mod

o evaluate how changes in the secondary s
ure of a polypeptide (with its associated chan
n overall molecular dimensions or geometry)
nequivocally that: (1) transport was by the paracel
athway only (use of colchicine and sodium azide r
ut adsorptive endocytosis and active transport, res

ively, and pretreatment of Caco-2 cells with EG
esulted in a 3.3-fold increase in the amount of
olypeptide transported), (2) Caco-2 cell monola

ntegrity was not compromised by a reduction in
o 4.7 (simultaneous mannitol and diazepam trans
tudies, in which PDGlu was included in the donor
ution, demonstrated no change in either the rat
xtent of these two marker molecules of paracel
nd transcellular transport, respectively), (3) no t
f either secondary structure of PDGlu was detect

n either the cytosol or cell membrane following
iffusion studies across a Caco-2 cell monola
4) paracellular transport of PDGlu was second
tructure-dependent (the randomly coiled conform
DGlu demonstrated a significantly (p< 0.01) greate
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Fig. 3. (A) The cumulative amount of PDGlu in the RC conforma-
tion that was transported across Caco-2 monolayers. No paracellular
transport was detected for the�-helix secondary structure of PDGlu.
Symbols represent the values for five different experiments. The
dashed line represents the ‘best-fit’ of the data from 30 min onward
using linear regression (r = 0.9865; slope = 682 ng/h with an apparent
lag-time of 30 min). (B) The plasma concentration-time profiles for
the random coil (�) and�-helix (�) secondary structures of PDGlu
following placement of an equimolar dose in a 6–8 cm length of rat
duodenum. Symbols represent the mean value± standard deviation.

value of Papp for paracellular transport when com-
pared to the�-helix secondary structure of the same
molecule), and (5) the rate and extent of paracellu-
lar transport of both secondary structures of PDGlu
was much greater across rat intestinal membrane than
through the tight junctions of a Caco-2 cell mono-
layer (Salamat-Miller et al., 2005). Interpretation of
several of our key experimental findings is presented
below.

With regard to secondary structure-dependent trans-
port, both across a Caco-2 cell monolayer and rat in-
testinal membrane, the authors have suggested that the

enhanced paracellular transport we observed with ran-
domly coiled PDGlu may have resulted from molecular
flexibility and subsequent deformation during its en-
trance and passage through the tight junction (Salamat-
Miller et al., 2005). Indeed, the influence of structural
flexibility of a polypeptide on its paracellular trans-
port was previously predicted byPauletti et al. (1996a)
in which the authors stated, “for peptide drugs pos-
sessing a high degree of conformational flexibility, it
might be possible that even larger molecules can per-
meate the tight junctions”. Our findings, which evalu-
ated the paracellular transport of each secondary struc-
ture of PDGlu across a Caco-2 cell monolayer and in-
tact rat intestinal membrane, would tend to support
the premise that structural flexibility, as it relates to
a macromolecule’s capacity to flex or deform dur-
ing restricted diffusion, is more important than ei-
ther the polypeptide’s overall ionic charge, molecu-
lar weight, or relatively large hydrodynamic radius
(RH) (Salamat-Miller et al., 2005). The paracellular
transport of a 26.6 kDa, negatively charged polypep-
tide through negatively charged tight junctions, with-
out the aid of tight junction expanders, is proof of this
concept.

In our experiments with PDGlu, we suggested that
the observed differences in the rate and extent of
paracellular transport for both secondary structures of
PDGlu across a Caco-2 cell monolayer versus rat in-
testinal membrane may be explained by the “leaky”
nature of tight junctions in rat duodenum (Salamat-
M his
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1 -
t ing
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j sur-
f nc-
t e),
a ayer
a ay
h
c d to
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c t
h abil-
iller et al., 2005). TEER values associated with t
issue are classified as “leaky” (TEER values rang
rom 30 to 100� cm2) compared to Caco-2 cell mon
ayer tight junctions, which are categorized as “in

ediate to tight” (TEER values ranging from 230
000� cm2) (Ward et al., 2000). An intact small in

estine which is fully innervated, actively exchang
xygen and carbon dioxide between the blood and

acent tissue, has a significantly greater absorptive
ace area, contains physiologically active tight ju
ions (tight junctions opening and closing over tim
nd has a smaller unstirred aqueous diffusion l
djacent to the microvilli, are all factors which m
ave contributed to different values ofPapp for para-
ellular transport across intestinal tissue compare
orresponding measurements obtained using Ca
ell monolayers (Lennern̈as et al., 1997). Indeed, i
as already been demonstrated that drug perme
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ities across Caco-2 cell monolayers are lower com-
pared to the intestinal epithelium of various species
and more similar to colon permeability (Stewart et al.,
1995; Rubas et al., 1993; Artursson et al., 1993).

5. Effect of overall ionic charge on paracellular
drug transport

Another important molecular property to consider
with regard to paracellular transport of polypeptides is
the polypeptide’s overall ionic charge. The effect of
charge on the passive paracellular diffusion of pep-
tides across Caco-2 monolayers has been previously
described (Pauletti et al., 1997). These authors reported
that the paracellular diffusion of charged, small pep-
tides across a Caco-2 cell monolayer adhered to the
following order; neutral≥ positive > negative (Pauletti
et al., 1997). There is a report using a series of cyclic
arginine–glycine–aspartic acid (RGD) peptides which
demonstrated that peptides with a net charge of−1 to
−2 exhibit optimum permeability by the paracellular
route when evaluated for their transport across a Caco-
2 monolayer (Rubas et al., 1994). Another study using
small anionic, neutral, and cationic non-peptide mark-
ers demonstrated a higher paracellular permeability for
the cationic species when evaluated for their transport
across a Caco-2 cell monolayer (Adson et al., 1994).
Still other research reports demonstrate no selectiv-
ity based on net charge for the flux of several model
p
e

for
s rge
o er-
m oll
a vely
c rated
n ves
i
e for
m bil-
i lar
c
e ith
n dex-
t ng
c oly-

mer (Bray and Robinson, 1984). Bolton et al. (1998)
attributes this particular sieving behavior to the fact
that there are not enough fixed negative charges in
the glomerular basement membrane to produce appre-
ciable charge selectivity. In other words, the “charge
density is insufficient to be functionally important”.
The question, however, is whether the same conclusion
may be extended to the tight junctions of the intestinal
epithelium.

Our previous work with negatively charged PDGlu
may serve to shed light on the effect of overall ionic
charge of a polypeptide and its paracellular diffu-
sion (Salamat-Miller et al., 2005). Assuming that each
side chain of each amino acid in PDGlu contributes a
charge of−1, the total charge of our model polypeptide
was approximately−176 (Salamat-Miller et al., 2005).
Pappenheimer and Reiss (1987)studied the paracel-
lular permeation of negatively charged ferrocyanide
ion (−4) across rat small intestine and did not ob-
serve any appreciable transport of this molecule de-
spite its small molecular weight (212 Da). Our find-
ings with highly negatively charged PDGlu (−176)
suggest that either the charge-to-mass ratio or the den-
sity of the fixed negative charges on the intestinal ep-
ithelium may be playing a role in its overall para-
cellular transport. Either or both of these two fac-
tors can potentially affect the paracellular transport of
a polypeptide. If the ratio of charge to mass is low
or the concentration of the fixed negative charges on
the intestinal membrane is not great enough to cause
a uld
b rged
t f the
n with
t ible
e gh
t
e u-
s
t ly,
t ns-
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n

e on
t ules
m in-
c ra-
t ible
olypeptides across a Caco-2 cell monolayer (Knipp
t al., 1995; Okumu et al., 1995).

Although tight junctions appear cation-selective
mall molecules, the effect of overall ionic cha
f a protein or polypeptide on its paracellular p
eation is not known. An investigation with fic
nd ficoll sulfate, representing neutral and negati
harged spherical probes, respectively, demonst
o significant difference between their sieving cur

n an isolated glomerular basement membrane (Bolton
t al., 1998). The importance of sieving curves
olecules of varying size and charge lies in their a

ty to indicate the mechanism by which glomeru
apillary walls selectively filter plasma solutes (Bolton
t al., 1998). Similar results were also observed w
egatively charged dextran sulfate and neutral

ran, in which only a slight reduction in the sievi
urve was detected for the negatively charged p
significant repulsion of PDGlu, then PDGlu wo
e able to permeate through the negatively cha

ight junctions. We suggested that the influence o
egatively charged carboxylate groups associated

he RC conformation of PDGlu exerted a neglig
ffect with regard to paracellular diffusion throu

he negatively charged tight junctions (Salamat-Miller
t al., 2005). This result is similar to the concl
ion advanced byPauletti et al. (1997)with regard
o the charge selectivity of tight junctions; name
hat the contribution of net charge to overall tra
ort at the level of a hexapeptide or greater is virtu
egligible.

As stated above, the effect of overall ionic charg
he paracellular transport of charged macromolec
ay be related to the charge-to-mass ratio. With

reasing molecular weight, the charge-to-mass
io of a molecule decreases to such a neglig
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value that additional physicochemical factors, other
than charge alone, govern the diffusion process.
The charge-to-mass ratio for ferrocyanide is−0.019
(=−4/212), whereas, this ratio substantially decreases
to −6.6× 10−3 (=−176/26,600) for PDGlu. Based on
our findings with PDGlu, we suggested that the paracel-
lular transport we observed across both a Caco-2 cell
monolayer and rat intestinal membrane was primar-
ily dependent on the polypeptide’s capacity to undergo
molecular deformation during its diffusion into and
through the negatively charged tight junction (Salamat-
Miller et al., 2005). That is, molecular flexibility in-
herent in the RC conformer of PDGlu, combined with
a steep concentration gradient, appeared to ‘override’
any charge repulsion that might occur between the fixed
negative charges of the tight junction and the rather in-
significant negative value of the charge-to-mass ratio
associated with PDGlu. Moreover, based on the overall
dimensions of PDGlu, as reflected by a hydrodynamic
radius that was much larger than the pore radius of a
tight junction, we also suggested that molecular flex-
ibility overcame the constraints of restricted diffusion
as described by the Renkin molecular sieving function
(Salamat-Miller et al., 2005).

6. Methods to increase paracellular drug
permeation

6.1. Physicochemical modification of the permeant
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Effort to make peptides/polypeptides more
lipophilic is another approach to manipulate the
physicochemical properties of a molecule. Using this
approach, the chemical properties of the peptide are
intentionally altered so that the molecule can be made
to undergo passive diffusion by the transcellular route
(Pauletti et al., 1996b; Knipp et al., 1997; Okumu et
al., 1997; Bak et al., 1999a, 1999b; Gudmundsson et
al., 1999a; Wang et al., 1999). This approach typically
involves the attachment of lipophilic functional groups
to the molecule of interest. Since this strategy is aimed
at facilitating the absorption of drug substances by the
transcellular pathway, it will not be further discussed.

A more recent approach to altering the physico-
chemical properties of protein and polypeptide drugs
is the use of delivery agents. These agents are low-
molecular-weight, peptide-like compounds that either
covalently or non-covalently form a complex with the
protein or polypeptide drug in order to increase its
oral bioavailability. This would appear to be a very
promising approach for the oral delivery of protein and
polypeptide drugs. Examples include the successful
oral delivery of salmon calcitonin (sCT) and interferon-
� in rats and primates with the aid of low-molecular-
weight acylated amino acids (Leone-Bay et al., 1995).
In this investigation, a positive correlation was demon-
strated between logP of the delivery agents and the
extent of oral absorption of sCT in rats. However, this
relationship was less well-defined for the intestinal ab-
sorption of interferon-�. The more complex tertiary
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This approach takes advantage of chemical an
hysical modifications of the drug molecule. The p

ial or total substitution of thel-isomer form of amino
cids with thed-isomer form has been used to ov
ome enzymatic degradation by gastrointestinal lu
al enzymes (Pappenheimer et al., 1994, 1997;
t al., 1996; Tamura et al., 1996, 1997). Several peptide
ynthesized with thed-isomer have been shown to
otent substitutes for naturally occurring peptide
ones or antibiotics of clinical interest. For instan
ooley et al. (1994)has demonstrated the central an
esic activity of an alld-amino acid opioid peptid
ther successful examples of this approach inc

hed-isomers of naturally occurring antibiotics (Wade
t al., 1990; Merrifield et al., 1995) and a�-endorphin
nalog containing onlyd-amino acids in its C-terminu
Blanc and Kaiser, 1984).
tructure of interferon-� was suggested to contribu
o the ambiguous relationship between logPof the de-
ivery agent and the oral bioavailability of interferon�
Leone-Bay et al., 1995). Other delivery agents, su
sN-acylated, non-�-amino acids, have been used

mprove the oral absorption of recombinant hum
rowth hormone (rhGH) in rats and primates (Leone-
ay et al., 1996). In that study, a direct relationship w
emonstrated between the lipophilicity of the agent

he fraction of rhGH absorbed following an oral d
Leone-Bay et al., 1996).

Oral delivery of biologically active parathyroid ho
one (PTH) has also been reported with the ai
elivery agents (Leone-Bay et al., 2001). In this study
PTH/delivery agent complex was orally administe

n a rat model of osteoporosis and demonstrated c
arable efficacy to parenteral administration of the
one (Leone-Bay et al., 2001). Although non-covalen
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interactions between specific delivery agents and a pro-
tein/polypeptide drug clearly occur and cause confor-
mational changes in the native structure of the pro-
tein, the nature of the conformational change(s) (fold-
ing versus unfolding versus misfolding) is not known
(Leone-Bay et al., 2001). These authors demonstrated
that the enhanced oral bioavailability observed with
the PTH/delivery agent complex was not due to ei-
ther inhibition of intestinal enzymes by the complex
or damage to the membrane (Leone-Bay et al., 1995).
Because the delivery agents contained in these com-
plexes are lipophilic, it is entirely possible that the tran-
scellular pathway was involved in the permeation pro-
cess due to exposure of the protein’s hydrophobic side
chains (Milstein et al., 1998). However, paracellular
transport of the PTH/delivery agent complex cannot be
conclusively ruled out as a mechanism for the enhanced
oral absorption of the complex (Sood and Panchagnula,
2001). Regardless of the nature of the conformational
changes that occur in the protein by the delivery agents,
the resulting complexes demonstrated an enhanced per-
meation across the GI tract and are clearly worthy of
further investigation.

In addition to non-covalently bound protein-
delivery agent complexes, a strategy based on co-
valent interactions has been reported to increase the
oral delivery of proteins. In this approach, the struc-
ture of a protein is chemically modified by attach-
ing amphiphilic oligomers to specific sites on the
molecule (Still, 2002). These oligomers are composed
o y-
l ro-
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6.2. Modulating the tight junctions associated
with the paracellular pathway

An alternative to physicochemical modification of
the permeant is manipulation of the structure of tight
junctions to expand the pore diameter and increase the
amount of the candidate macromolecule that under-
goes paracellular absorption. Compounds that modu-
late tight junctions, such as calcium chelating agents,
surfactants, medium-chain fatty acids, bile salts, phos-
phate esters, and some cationic polymers, have been ex-
tensively described in the literature (Ward et al., 2000;
Sood and Panchagnula, 2001). These compounds act
through three major mechanisms to modulate the para-
cellular pathway; namely, their effect(s) on the (1) mu-
cous layer, (2) membrane components, and/or (3) tight
junctions (Junginger and Verhoef, 1998). It should be
mentioned that many of the perturbants used to mod-
ulate (reversibly expand) the tight junctions, including
EDTA and EGTA, have been suggested to function by
altering protein kinase-C (PKC) signaling (Citi, 1992;
Tomita et al., 1996). These studies demonstrated that
removal of extracellular calcium by calcium chelators
activates PKC. It is thought that PKC activation is me-
diated by the calcium-dependent, cell adhesion pro-
tein, cadherin. Specifically,Noach et al. (1993)sug-
gested that depletion of extracellular calcium by vari-
ous chelators caused uvomorulin (a member of the cad-
herin family) to be internalized. Internalization of uvo-
morulin triggers a cascade of cellular signaling, which
d ents,
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j ted
f lipophilic alkyl chains and hydrophilic polyeth
ene units. One specific example of this type of p
ein modification is conjugated hexyl insulin (HIM2
n this complex, a single oligomer consisting of 7
nits of PEG and a hexyl alkyl chain is covalen
ttached to lysine residue 29 on the�-chain of re-
ombinant human insulin (Still, 2002). Using conju
ated insulin,Still (2002)demonstrated greater stab

ty against enzymatic degradation (2–10 times m
table), improved solubility (2–8 times more solub
nd a prolonged circulation half-life. Receptor bind
f monoconjugated hexyl-insulin was approxima
0% of the native insulin and its glucose-lowering

ect in both normal volunteers and Type-1 and Typ
iabetic patients was significant (Still, 2002). The ef-

ect of HIM2 has now been investigated in limited cl
cal studies involving both Type-1 and Type-2 diab
atients (Kipnes et al., 2003; Clement et al., 2004).
isassembles all cytoskeleton/junctional compon
ncluding perijunctional actin rings, ZO-1, and, pos
ly desmosomes (Citi, 1992; Cereijido et al., 1993).

These exogenously added compounds are us
on-specific, toxic, and damaging to the mucosal

ng of the intestinal membrane (Ward et al., 2000).
owever, new permeation enhancers for protein
olypeptide drugs which act through different mec
isms and without the side-effects of conventional
eation enhancers have been introduced. Among

ecently introduced penetration enhancers, zonul
luden toxin (ZOT) has proven to be the most attrac
lternative (Fasano and Uzzau, 1997; Fasano, 19;
alama et al., 2003). ZOT is neither cytotoxic no
amaging to intestinal epithelial cells ex vivo (Fasano
998b). It increases the paracellular permeability
variety of compounds by reversibly expanding t

unctions. ZOT interacts with specific receptors loca
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primarily within the small intestine. It is believed that
ZOT expands tight junctions through PKC-induced
effects on the actin cytoskeleton of the cell (Fasano
et al., 1995). The specific binding of ZOT to intestinal
receptors also prevents colonic microflora from enter-
ing the systemic circulation (Fasano, 1998b). Although
using ZOT is very attractive for preventing the possi-
ble entrance of toxins into the systemic circulation, the
possibility of an immunogenic compound reaching the
circulation cannot be excluded. This concern brings
into question the safety of using ZOT to modulate tight
junctions for the oral delivery of therapeutic proteins
and polypeptides.

Other ‘relatively safe’ permeation enhancers, such
as anionic polyacrylate derivatives and cationic chi-
tosan derivatives, have been shown to have no acute tox-
icity and cell damaging effects to Caco-2 cell monolay-
ers (Junginger and Verhoef, 1998). It is suggested that
upon exposure of intestinal epithelial cells to anionic
polyacrylate derivatives, a complex between endoge-
nous calcium from the intestinal cells and poly(acrylic
acid) is formed. By removing endogenous calcium
from the intestinal epithelial cells, tight junctions ex-
pand. This effect has been demonstrated using Caco-
2 cell monolayers (Lueßen et al., 1994). Poly(acrylic
acid) can also absorb water from the cells. Water ab-
sorption by a dry and swellable polymer results in cell
dehydration and subsequent cell shrinking, which ulti-
mately results in expansion of the spaces between the
cells (Haas and Lehr, 2002).
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(Kast and Bernkop-Schnürch, 2001; Marschutz and
Bernkop-Schn̈urch, 2002). Recently, a new enhancer
consisting of a thiolated polymer [poly(acrylic acid)-
cysteine, chitosan-4-thio-butylamidine] and reduced
glutathione (GSH) has been shown to increase the para-
cellular transport of sCT, insulin, and heparin across rat
intestinal epithelium in vivo and freshly excised guinea
pig intestinal mucosa in vitro (Bernkop-Schn̈urch et al.,
2003). The permeation-enhancing effect of this sys-
tem has been attributed to inhibition of protein tyro-
sine phosphatase (PTP). This enzyme dephosphory-
lates the tyrosine residues on occludins located in the
tight junctions and serves to close the junctions. In-
hibition of PTP by the thiomer/GSH system causes
the tight junctions to expand, which ultimately leads
to enhanced paracellular transport of hydrophilic com-
pounds through the tight junctions (Bernkop-Schn̈urch
et al., 2003).

A proline-containing, hydrophilic, and collagenase-
labile pentapeptide, known as Pz-peptide (4-phenylaz-
obenzyloxycarbonyl-l-Pro-l-Leu-Gly-l - Pro-d-Arg),
has demonstrated transient and reversible open-
ing of tight junctions in Caco-2 cell monolayers,
as well as rabbit intestinal membranes (Yen and
Lee, 1995a). In a concentration-dependent manner,
Pz-peptide demonstrated an ability to not only increase
its own paracellular transport, but also increased the
transport of several paracellular markers (Yen and
Lee, 1994). When Pz-peptide was compared with
more common penetration enhancers, such as EDTA
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Chitosan derivatives, such asN-trimethyl chitosan
hloride, increase the paracellular transport of d
ompounds by a different mechanism. The interac
etween the positive charges of cationic chitosan
nionic glycoproteins on the surface of the epithe
ells can displace specific cations necessary for th
rdinated closing of tight junctions (Kotze et al., 1999).

t has also been shown that chitosan derivatives
edistribute actin filaments and reorganize the pro
tructure of tight junctions, thus enhancing the para
ular transport of various paracellular marker molec
Dodane et al., 1999).

Thiolated polymers, or thiomers, are another
ently introduced category of permeation enhan
hat may potentially increase the paracellular trans
f a variety of drug compounds. Thiomers have pro
ffective in the transmucosal delivery of protein a
olypeptides; specifically, across the buccal epithe
nd cytochalasin B, there was a 300-fold reduc
n the expansion of tight junctions (Yen and Lee
995a). The authors interpreted this finding as me

ng that Pz-peptide was less perturbing to the t
unctions compared to more conventional permea
nhancers (Yen and Lee, 1995a). Additionally, this
eptide exhibited a site-specific permeation pat
ith similar paracellular transport properties in
uodenum and jejunum and higher permeation

he colon and rectum (Yen and Lee, 1994). The
entapeptide studied byYen and Lee (1995b)has
een found to stimulate transepithelial Na+ flux across
olonic segments at amiloride-sensitive Na+ channels
nd triggers tight junction opening through unkno
ellular mechanisms. The particular chemical struc
nd the unusual mechanism of action of Pz-pep
ould possibly be utilized in designing therape
eptides that would exhibit both enhanced paracel
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transport and reduced susceptibility to enzymatic
inactivation.

Glucose solutions have also been shown to expand
tight junctions. The effect of glucose on the transmu-
cosal absorption of both fluid and cationic drugs was re-
ported byOschenfahrt and Winne (1973)andKitazawa
et al. (1975). Kitazawa et al. (1975, 1978)found that
luminal concentrations ofd-glucose (between 150 and
300 mM) perfused at 5.0 ml/min through the small
intestine of rats enhanced the transmucosal absorp-
tion of various model drugs. In 1987, Pappenheimer,
Madara, and Reiss proposed a mechanism for the Na+-
cotransported-nutrient effect that caused the expansion
of tight junctions (Madara and Pappenheimer, 1987;
Pappenheimer, 1987; Pappenheimer and Reiss, 1987).
This theory suggested that the active transcellular trans-
port of nutrients after a meal initiates the opening of
tight junctions via osmotic force, which stimulates the
flow of water through the paracellular pathway. The sig-
nificance of bulk water movement lies in its capacity to
carry dissolved solutes in the convective stream. An in-
crease in bulk water flow and the paracellular transport
of markers across tight junctions is known as ‘solvent
drag’, in which the absorption of water across the in-
testinal epithelium is increased by either hypotonicity
or Na+-glucose cotransport of nutrients.

The concept of ‘solvent drag’ should be recognized
as a specific driving force for the paracellular trans-
port of hydrophilic polypeptides and macromolecules.
A high nutrient content in the gut lumen activates the
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as yet, undefined forces and resistances related to con-
vective water flow through the paracellular pathway,
have all contributed to different experimental results
from various laboratories.

Another recent approach which has been used to
modulate tight junctions (i.e. expand the aqueous-filled
pores of the paracellular pathway) is the use of syn-
thetic peptides derived from either the sequence of
contact (bulge and groove) regions in the extracellu-
lar domain of E-cadherin or the second putative ex-
tracellular domain of occludin (Wong and Gumbiner,
1997; Makagiansar et al., 2001; Sinaga et al., 2002).
In these experiments, a conserved sequence of amino
acids in the extracellular domain of either E-cadherin
or occludin was selected and peptides with similar
amino acid sequences were synthesized. The objec-
tive in these studies was to either inhibit the in-
teraction between E-cadherin proteins (Makagiansar
et al., 2001; Sinaga et al., 2002) or prevent polymeriza-
tion of occludin contained in the transmembrane fib-
rils (Wong and Gumbiner, 1997), respectively, so as
to impede cell-to-cell adhesion and increase the para-
cellular porosity of the tight junction. Several of the
synthetic peptides were able to expand the tight junc-
tions, which was subsequently confirmed by decreased
TEER values and increased permeation of a paracellu-
lar marker across a monolayer of either MDCK cells
(Makagiansar et al., 2001; Sinaga et al., 2002) orXeno-
puskidney epithelial A6 cells (Wong and Gumbiner,
1997). Therefore, targeting a specific synthetic peptide
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a+-glucose cotransporter, which is followed by c
welling and an intercellular phosphorylation casc
his, in turn, results in perijunctional cytoskeleton c
ensation and a subsequent expansion of tight junc
Karlsson et al., 1999; Turner and Madara, 2001). Al-
hough the theory of tight junction regulation media
y Na+-glucose cotransport has been demonstrat
e valid for increasing the paracellular transpor
ydrophilic markers in humans (Turner et al., 2000),
aco-2 cell monolayers (Karlsson et al., 1999), and

ats (Zhang and Castro, 1992), several other studies
umans (Fagerholm et al., 1999), and dogs (Lane et al.
999) have not demonstrated this effect. It would
ear that the experimental method, the infusion rate

ength and the corresponding absorptive surface
f the isolated intestinal segment, the presence of s
ient water to produce convective bulk flow, the siz
he permeant(s), the differences between species
o a complementary amino acid sequence contain
he extracellular domain of either E-cadherin or
ludin represents an innovative approach to increa
rug absorption by reversible expansion of tight ju

ions.
Intestinal tight junctions may also be modula

ithout the influence of exogenous compounds,
nstead, by innate cell signaling events. Physiolog
actors have been shown to regulate signaling ev
n the cell by affecting two major pathways. The
vents affect either the cytoskeleton-mediated r

ation of tight junctions or tight junction proteins
oth (Hecht, 2001). Additional evidence has demo
trated ‘cross-talk’ between these two regulatory p
ays, where specific tight junction proteins inter
ith various microfilaments within the perijunction
ctomyosin (Madara, 1987). Concentration of cycli
MP (Duffey et al., 1981), intercellular calcium con
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centrations (Guo et al., 2003), small GTPases such as
RhoandRac(Ridley and Hall, 1992; Ridley et al., 1992;
Jou et al., 1998), and phosphorylation of myosin’s light-
chain (Turner et al., 1997) are some of the physiologi-
cal factors that exert a regulatory effect on either tight
junction proteins or actin.

The strategy of reversibly expanding tight junctions
to increase the paracellular transport of drug molecules
is not without safety concerns. Because the expan-
sion of tight junctions introduces the potential for ab-
sorption of unwanted toxins/bacteria/immunogens into
the systemic circulation, the application and safety of
all the approaches described above is still question-
able. Thus, the importance of modifying the physic-
ochemical properties of the permeant may represent
a more practical and safer strategy for increasing the
paracellular absorption of therapeutic proteins and
polypeptides.

7. Concluding remarks

The influence of overall geometry of a therapeu-
tic protein or polypeptide on its passive, hindered (re-
stricted) paracellular diffusion is very complex. The
importance of a molecule’s overall shape or geome-
try on its diffusion through a porous barrier has long
been recognized in the chemical engineering liter-
ature. However, in the pharmaceutical sciences, the
importance of molecular geometry on hindered and
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coil structure in the native state to a�-sheet confor-
mation. The�-sheet secondary structure of A� precip-
itates and forms the neuritic plaques observed in the
brain of these patients (Otvos et al., 1993; El-Agnaf
et al., 1998). Depending on the solvent, A� can change
from either an unordered or�-helix structure to a paral-
lel or antiparallel�-sheet structure in fibrils (Tjernberg
et al., 2002). Another example of a protein conforma-
tional disease is the formation of cataracts (Crabbe,
1998).

Currently, the rational design of protein drugs uti-
lizes specific structure modifications in order to op-
timize pharmacokinetic and physicochemical proper-
ties. Extensive research conducted byLeone-Bay et al.,
(1995, 1996, 2001)has demonstrated the importance
of the overall geometry of a therapeutic protein on its
oral absorption. By inducing conformational changes,
this research group has demonstrated enhanced oral ab-
sorption for various protein and polypeptide drugs, al-
though the mechanism(s) responsible for improved ab-
sorption are still unknown. It may be that, upon binding
to specific delivery agents, the protein drug undergoes
a conformational change to a molten globule state with
increased flexibility, which, in turn, increases both the
rate and extent of paracellular transport across the in-
testinal epithelium. However, it should be emphasized
that this proposed mechanism is only a suggestion by
the present authors.

Investigation of the underlying mechanism(s) re-
sponsible for enhanced paracellular transport that may
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on-hindered aqueous diffusion has not been em
ized, particularly for macromolecules such as
eins and extended polypeptides. This may result
he fact that most traditional/conventional drug s
tances fall within a molecular weight range of
roximately 100–750 g/mol. Considering the fact
rotein drugs represented about one-third of all F
pproved drugs in 2002 (Szymkowski, 2004), much
ore research is required to completely elucidate
ffect that a polypeptide’s shape or molecular dim
ions has on its paracellular absorption from the
estine. It is now becoming increasingly importan
ecognize how a therapeutic polypeptide’s struct
ncluding its three-dimensional spatial orientation c
erred from its secondary structure, relates to its bio
cal activity. For example, aggregation of the polyp
ide associated with Alzheimer’s disease,�-amyloid
eptide (A�), results from the transition of a rando
e achieved by intentionally inducing a change in
onformation of a polypeptide drug will require mu
dditional research by scientists in a variety of di
lines. To meet this goal, we propose that researc

orts be directed toward investigating the effect of s
actors as the overall geometry and spatial orienta
f a therapeutic polypeptide (conferred from its s
ndary structure) as it approaches the entrance t

ight junction, the potential for deformation while u
ergoing paracellular transport, and even the pos

ty of exploiting membrane transporters to recogn
nd selectively bind polypeptides possessing a spe

hree-dimensional shape/geometry so as to incr
heir intestinal absorption. Work in our laboratory
onclusively shown that the secondary structure a
iated with a model polypeptide did indeed influen
oth the rate and extent of its paracellular trans

hrough tight junctions (Salamat-Miller et al., 2005)
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and opens up the exciting field of secondary structure-
dependent paracellular transport of polypeptide
drugs.
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