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Summary

In this second part of a two-part review, the absorption and delivery of peptide and protein drugs via non-parenteral routes are
discussed. Approaches considered include the absorption enhancers, iontophoretic methods, the use of absorption inhibitors and

prodrugs.

Introduction

Possible non-parenteral administration routes
for delivery of peptide and protein drugs include
the nasal, buccal, rectal, vaginal, transdermal,
ocular and oral routes. In the absence of an
absorption enhancer, these routes are generally
much less efficacious than parenteral administra-
tion. For example, the oral administration of
LHRH required a dose 3000-times higher than
that of the parenteral route. The effective doses
of LHRH via the other routes, relative to the
parenteral route, were 100-times (nasal), 400-

Correspondence: A. Li Wan Po, Drug Delivery Research
Group, The School of Pharmacy, The Queen’s University of
Belfast, 97 Lisburn Road, Belfast BT9 7BL, UK.

times (rectal) and 600-times (vaginal), higher
(Sandow and Petri, 1985).

Oral Delivery
Bioauvailability

The oral route is by far the most popular route
of drug administration and a number of studies
have been carried out in attempts to deliver pep-
tide and protein drugs effectively into the circula-
tion. Four problems mentioned earlier must be
overcome for efficient delivery of the drugs:

(i) acid-catalyzed degradation in the stomach;
{ii) proteolytic breakdown in the gastrointestinal
tract;

(iii) poor permeability across the gastrointestinal
mucosa; and
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(iv) first-pass metabolism during transfer across
the absorption barriers and in the liver.

Table 1 shows the absorption of orally admin-
istered peptide and protein drugs and their
molecular weights.

Captopril and enalapril have relatively higher
bioavailabilities (Table 1) due to their low molec-
ular weights and their ability to inhibit tissue
carboxylpeptidase. Cyclosporin is a cyclic peptide
with a number of methylated amino acid residues
and is resistant to enzymic hydrolysis, hence its
good bioavailability.

TABLE 1

Gastrointestinal absorption of peptides and protein drugs

Some protease inhibitors and absorption en-
hancers have been co-administered with peptide
drugs to enhance their oral absorption. A good
example is oral arginine-vasopressin. To produce
a 50% reduction in urine flow, in the rat, an oral
dose of about 3500 pmol was required. When the
drug was co-administered with aprotinin, a pro-
tease inhibitor, the oral dose was reduced to 1000
pmol (Saffran et al., 1988). For most peptide and
protein drugs, despite the use of many kinds of
enhancers, bioavailability is still inadequate. For
instance, the bioavailability of human recombi-

Compound Route % Absorbed MW, Animal model Reference
Bovine IgG oral 2 150000 rat Hemmings and Williams (1978)
Bovine serum

albumin oral <2 67000 rat Warshaw et al. (1974)
Human

haemoglobin oral 1.2 64 000 rat Seifert et al. (1984)
Interferons oral <1 25000 rat Paulesu et al. (1988)
Insulin oral <2 5700 rat Peters and Sibbons (1984)
Lutiberin

{decapeptide) oral <2 1362 rat Amoss et al. (1972), Humphrey et al. (1973)
Empedopeptin oral nil 1250 mouse Konishi et al. (1984)
Leuproline oral <2 1208 rat Okada et al. (1982)
Cyclosporin oral 34 1203 human Wood et al. (1983)
1-Deamino-8

p-arginine-

vasopressin oral <2 1007 dog Lundin and Vilhardt (1986)
Cyclo-(Pro-

Phe-p-Trp-

Lys-Thr-Phe) oral 1.5 806 rat Bell et al. (1984)
Pepstatinyl

glycine oral <2 740 rat Grant et al. (1982)
Tetragastrin oral nil 483 dog Jennewein et al. (1974)
Talampicillin

{pro-drug) oral > 50 482 human Jones et al. (1978)
Lisinopril 25-50 405 human Ulm et al. (1982)
TRH analogs oral 12 400 dog Yokohama et al, (1984)
TRH oral 12 400 dog Yokohama et al. (1984)
Dietary tetra-

peptides oral 5 400 human Adibi and Morse (1977)
Enalapril

{pro-drug) oral > 50 377 human Ulm et al. (1982)
Ampicillin oral 25-50 349 human Jones et al, (1978)
Captopril oral > 50 217 human Ulm et al. (1982)
Alafosfalin oral 25-50 196 human Allen et al. (1979)

25-50

rat




nant interferon-2 was found to be less than 1%
and was increased to only 2% by the absorption
enhancers investigated (Paulesu et al., 1988).

Barriers

Proteolytic activity

Ingested peptides and proteins undergo attack
by pepsin in the stomach, followed by hydrolysis
mainly by the action of brush border peptidases.
The small peptides (dipeptide or tripeptide) pro-
duced undergo further hydrolysis by cytoplasmic
or brush border intestinal enzymes. Peptidases
found in the intestinal mucosa include leucine
aminopeptidase (EC 3.4.11.1), aminopeptidase
(aminopolypeptidases, EC 3.4.11.2), aminotripep-
tidase (EC 3.4.11.4), angiotensinase (EC 3.4.99.3),
glycylglycinedipeptidase, deaminopeptidase (EC
3.4.14), serine carboxypeptidase (EC 3.4.16),
dipeptidase (with lower specificity), tripeptidase,
prolidase (Ganapathy et al, 1984) and car-
boxypeptidase A (Appel, 1974). Besides pepti-
dases, there are also some proteinases in the
intestine.

Pore radius of intestinal mucosa

The pore radius of the intestinal mucosa is a
limiting factor for peptide transport. The equiva-
lent pore radius of the intestional mucosa in the
rat was found to be about 4 A (Lindemann and
Solomon, 1962), a value confirmed by Smyth and
Wright (1966). Amino acids, dipeptides, and
tripeptides are therefore able to penetrate the
intestinal wall but large peptides are hindered.
The pore radius of the mucosa was found to be
reversibly enlarged by absorption enhancers such
as sodium cholate (Hirai et al., 1981a; Ziv et al.,
1987).

Active transport of peptides

A number of studies have demonstrated that
peptides are absorbed by active transport via
specific peptide-mediated carrier systems (Rubino
et al.,, 1971; Addison et al., 1972, 1975; Sigrist-
Nelson, 1975; Berteloot et al., 1981, 1982; Ganap-
athy et al., 1981a,b, 1984; Cheeseman and John-
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ston, 1982). Peptides absorbed by carrier-media-
ted transport systems are obviously subject to
competition by structurally similar peptides. A
proton gradient is generated and maintained by
an Na*-H™* exchanger in the brush-border mem-
brane in response to an inward Na™* gradient
(Ganapathy and Radhakrishan, 1980). An Na*-
K*-ATPase system actively pumps Na* out of
the cell. This process lowers the intracellular
concentration of Na* and consequently results in
an inward proton gradient across the brush-border
membrane (Ganapathy and Leibach, 1985). More
recently, the intestinal transport of the ACE in-
hibitor, captopril, has been shown to be mediated
by an active carrier system (Hu and Amidon,
1988). Transport of captopril was shown to be
sodium-dependent and two structurally similar
peptides, glycylproline and acetylproline, were
shown to interfere with its absorption. Harma-
line, a specific inhibitor of ATPase, reduced the
uptake of captopril by the intestinal route (Zhou
and Li Wan Po, 1991a). The antihypertensive
peptide agent, lisinopril, has also been found to
be transported by an active absorption mecha-
nism (Friedman et al., 1989). Similar active car-
rier-mediated systems do not appear to have been
identified in other tissues such as the rectal,
buccal, nasal and ocular tissues.

Oral protein delivery systems investigated in-
clude spheres coated with cross-linked polymeric
coatings and biodegradable microspheres. Saffran
and his group (1987), for example, reported
promising results using cross-linked coatings for
administering insulin and other peptides orally.
Peptide drugs were coated with polymers cross-
linked with azoaromatic groups to form an imper-
vious protective film resistant against enzymatic
hydrolysis in the upper gastrointestinal tract.
When the coated drug reaches the large intestine,
the endogenous microflora degrades the polymer
film and the drug is released into the lumen of
the colon for absorption. In their study, a signifi-
cant drop in blood glucose level was observed.

The coated particles may take the form of
nanocapsules. Such nanocapsules have been used
for delivering cytostatic drugs. In in vivo cancer
models, the nanocapsules have been shown to
prolong the absorption of lipophilic drugs through
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the intestinal mucosa. Recently, polyalkylcyano-
acrylate nanocapsules were used as potential in-
sulin carriers, and a significant and prolonged
hypoglycaemia was observed (Demge et al., 1986,
1987). After subcutaneous administration of
nanocapsules, a 60% decrease in blood glucose
level was induced. This low glucose level was
maintained for 20 h. The same drop in glucose
level was observed on subcutancous administra-
tion of the control formulation but this effect
completely disappeared 8 h after the injection.
After intragastric administration of encapsulated
insulin, a 50% decrease in glucose level was found
from the second to the ninth day and control
values were reached from the 13th day. In their
more recent work (Demge et al., 1988), a 50-60%
decrease in glycemia was observed by the second
day after oral administration of insulin nanocap-
sules (12.5, 25, and 50 IU/kg). This effect was
maintained for 6 and 20 days with 12.5 and 50
1U /kg, respectively. In normal rats, hypergly-
caemia induced by an oral glucose load was re-
duced by 50% with the same dose of oral insulin
nanocapsules (Demge et al., 1988).

TABLE 2

Nasal Delivery

The nasal delivery of peptides and proteins
has been reviewed by several authors (Sandow
and Patri, 1985; Harris, 1986; Su, 1986).

Bioavailability

Systemic delivery of protein and peptide drugs
by the nasal route appears to be efficient when
compared to other routes. Administration of
LHRH and its agonists via the nasal route may
require a 100-fold increase in dose to achieve a
comparable level to that of the parenteral route,
Nevertheless, this is about 4—6-times more effi-
cient than the rectal and vaginal routes. Oral
bioavailability of LHRH is extremely low, requir-
ing a 30-times higher dose than that required by
the nasal route (Sandow and Petri, 1985). Some
polypeptide drugs, such as oxytocin (Patocon®,
Sytocinon®, a nine-amino-acid peptide), vaso-
pressin (Postacton®), desmopressin (Minirin®,
DDAVP or 1-deamino-8-p-arginine-vasopressin)

Nasal bioavailability and molecular weights of some peptide and protein drugs

Drugs Bioavail- Relative absorption Number of Reference
ability (%) with enhancer (%) amino acids

TRH 45 - 3 Mitsuma and Nogimori (1984)
Enkephalin

analogues 59 94 (glycocholate) 5 Su et al. (1985)
Somatostatin

analogue 73 - 6 Davies et al. (1983)
Oxytocin 1 - 9 Stander et al. (1963), Su et al. (1986)
Vasopressin

analogues 5-10 - 9 Harris (1986)
LHRH agonists 1-5 40-50 (glycocholate) 9-10 Sandow and Petrie (1985), Anik (1984b)
ACTH(1-18) 12 - 18 Sandow and Petrie (1985)
Secretin 10 - 27 Ohwaki et al. (1985)
Glucagon <1 70-90 (glycocholate) 29 Su et al. (1985), Pontiroli et al. (1983, 1985)
GHRH <1 2-20 (vehicle ®) 40-44 Su et al. (1985), Evans et al. (1985)
Calcitonin <1 15-20 (glycocholate) 32 Hanson et al. (1986)
Insulin <1 10-30 (glycocholate) 51 Su et al. (1985)
Met-hGH <1 7- 8 (glycocholate) 191 Daugherty et al, (1988)

2 The vehicle for GHRH was 1 mM hydrochloric acid, 1 mM ascorbic acid, and 154 mM bacteriostatic sodium chloride containing

10% mannitol and 25% human serum albumin.



and LHRH analogue (Buserelin) are now rou-
tinely given by the nasal route (Harris, 1986).

Table 2 lists the reported bioavailabilities and
molecular weights of peptide or protein drugs
following nasal administration.

Intranasal delivery of insulin has been exten-
sively studied (Hirai et al., 1981a,b; Moses et al.,
1983; Mishima et al., 1987; Aungst and Rogers,
1988; Aungst et al., 1988). Its transnasal perme-
ability and intranasal absorption were found to
be significantly enhanced by different types of
enhancers, including bile acids (Yokosuka et al.,
1977, Hirai et al., 1981a,b; Moses et al., 1983,
1984; Mishima et al., 1987; Aungst and Rogers,
1988; Aungst et al., 1988), fatty acids (Mishima et
al., 1987), esters (Hirai et al., 1981a), ethers (Hirai
et al., 1981a), glycosides (Hirai et al., 1981a) and
lipopeptides (Hirai et al., 1981a). These en-
hancers have also been used to promote the
uptake of other peptide or protein drugs by the
intranasal route, for example, laureth-9 for hGH
{Daugherty et al., 1988), glycocholate for glucagon
(Pontiroli et al., 1983, 1985) and sodium lauryl
sulphate for calcitonin (Hanson et al., 1986) (Ta-
ble 2). Another enhancer used for insulin is
STDHF (sodium taurodihydrofusidate), which has
a relatively low membrane lytic activity (Long-
enecker et al., 1987; Deurloo et al., 1989).

Intranasal delivery of interferon for a localised
effect is another area of investigation. For exam-
ple, a number of studies have demonstrated the
prophylactic antiviral efficacy of recombinant hu-
man IFN-B. The incidence and severity of respi-
ratory virus infections including those causing the
common cold were significantly reduced by in-
tranasal administration of interferon-g (Higgins
et al., 1983; Turner et al., 1986). Recombinant
IFN-B also has intranasal prophylactic efficacy in
protecting volunteers from infection after in-
tranasal challenge with the rhinovirus (Higgins et
al., 1986).

Intranasal delivery has also been investigated
for the administration of vaccines (Table 3).

Intranasal delivery of peptide or protein drugs
is attractive for several reasons; the nasal mucosa
appears to have less proteolytic activity than the
gastrointestinal tract (Parr, 1983; Zhou and Li
Wan Po, 1990), first-pass hepatic metabolism is
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TABLE 3

Vaccines administered by intranasal route

Reference

Beare et al. (1968),
Waldman et al. (1969)

Vaccines

Influenza Virus
Vaccine

Parainfluenza
Virus Vaccine

Measles Vaccine

Wigley et al. (1970)
Sabin et al. (1983)

Poliovaccine Ogra and Karzon (1969)
Rhinovirus Type 13
Vaccine Kumlien et al. (1985)

Respiratory Syncytial

Virus Vaccine Wright et al. (1976)

by-passed and absorption into the systemic circu-
lation can occur relatively rapidly. Intranasal ad-
ministration may result in more consistent ab-
sorption for drugs, such as propranolol, which
have a variable oral bioavailability (Hussain et al.,
1979). The surface area of the highly vascularized
nasal mucosa is extensive due to subdivisions of
the nasal passages into turbinates, sinuses, and
numerous microvilli on mucosal cells (Parr, 1983).
Proposed mechanisms by which drugs are ab-
sorbed through the nasal mucosa include passive
diffusion, facilitated and active transport (Parr,
1983) and paracellular transport through intracel-
lular channels with water influx (Morimoto et al.,
1985). Possible routes of absorption through the
nose have been reviewed by Chien and Chang
(1987). For example, aminoe acids, including argi-
nine, glutamic acid, glycine, proline, serine and
y-aminobutyric acid, have been shown to be ab-
sorbed from the nasal mucosa to blood vessels via
active transport systems. The absorption route for
peptide drugs, such as penicillins, has been found
to be across the nasal mucosa into the blood-
stream. Proteins including egg albumin and serum
albumin, however, were transported from the
nasal mucosa to the lymphatic system (Chien and
Chang, 1987).

Proteolytic barrier
Enzymes within the nasal tissues acting as bar-

riers to peptide absorption include leucine ami-
nopeptidase which can significantly reduce the
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bioavailability of peptide/protein drugs (Chien
and Chang, 1987). Methionine enkephalin (Dodda
Kashi and Lee, 1986b), leucine enkephalin
(Dodda Kashi and Lee, 1986b), substance P (Lee,
1988), insulin and proinsulin (Lee, 1988) are
among the peptide or protein drugs which have
been found to be hydrolyzed by nasal proteases.
Polypeptide drugs such as methionine enkephalin
and substance P have been found to be more
readily hydrolysed by nasal homogenates than
drugs such as insulin and proinsulin (Table 4).
Because insulin was found to be mainly degraded
by leucine aminopeptidase (Smith et al., 1958),
this would suggest that a number of as yet
unidentified proteolytic enzymes other than
leucine aminopeptidase are involved in the hydro-
lysis of methionine enkephalin and substance P.

The data listed in Table 4 summarise the sus-
ceptibilities of different peptide and protein drugs
to nasal proteases. The relative resistance of
leucine enkephalin to nasal proteases is worth
noting. Chemical modification for peptide drugs
is therefore likely to be a useful approach to
enhance their absorption. It may also explain why
some larger peptide drugs such as secretin have
higher bioavailabilities than smaller peptide drugs
like oxytocin and LHRH agonists (Table 2).

Although the nasal proteolytic barrier can sig-
nificantly reduce the bioavailability of peptide
and protein drugs, the level of aminopeptidase
present may be much lower in nasal tissues than
in gastrointestinal tissues (Zhou and Li Wan Po,
1990, 1991b).

Microspheres present a potential controlied
release system for nasal peptide’ drug delivery
(Illum, 1986). The microspheres are drug-loaded
degradable starch microspheres (DSM) with a
diameter of 45 um. In a more recent study by

TABLE 4

Bjork and Edman (1988), insulin (0.75 and 1.7
1U /kg)-DSM preparations administered nasally
as a dry powder resulted in a dose-dependent
decrease in blood glucose in rats. The bioavail-
ability of the nasal insulin was found to be 30%,
whereas the effect of DSM alone or soluble in-
sulin on its own produced no effect. Degradable
starch microspheres therefore offer a possible
avenue for further investigation on the nasal ad-
ministration of peptide or protein drugs.

Rectal Delivery
Bioavailability

Rectal delivery of peptide and protein drugs is
another very active area of research. Rectal deliv-
ery offers many advantages including:

(a) Avoidance of drug dilution prior to reaching
the systemic circulation and of drug contact with
digestive fluids and consequential degradation.
(b) The rate of drug absorption via the rectum
is not influenced by ingestion of food or the rate
of gastric emptying.

{¢) Reduction in first-pass metabolism.

(d) Rapid systemic absorption by administering
the drug rectally in a suitable solution form.

(e) Safe and convenient, especially for infants
and children.

(f) Possibility of administering a large dose vol-
ume. ’

(g) Drug absorption can be interrupted in case
of accidental overdose or drug reaction.

The extent of breakdown of polypeptides is
low in the lower digestive tract relative to the
small intestine and the stomach, due to low enzy-
matic activity and neutral pH. However, the nor-

Sensitivity of some peptide or protein drugs to nasal proteolytic activity

Peptide /protein drug Half-life (min) Reference
Methionine enkephalin 163+ 14 Dodda Kashi and Lee (1986b)
Leucine enkephalin 162.0 + 26.9 Dodda Kashi and Lee (1986b)
Substance P 11.6 + 0.9 Lee (1988)
Insulin 292+ 29 Lee (1988)
Proinsulin 862+ 5.6 Lee (1988)
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TABLE 5

Bioavailability of some peptide and protein drugs administered by the rectal route

Drug Bioavaila- Relative absorption Number of Reference
bility (%) with enhancer (%) amino acids

Tetragastrin 5-16 - 4 Jennewein et al. (1974)
Pentagastrin 2-10 18 (5-methoxy SA ?) 5 Yoshioka et al. (1982)
Gastrin 11-15 33 (5-methoxy SA #) 17 Yoshioka et al. (1982)
Calcitonin 0.8 26 (POE 9 laury ®) 32 Morimoto et al. (1985)
Insulin <1 27.5 (enamine derivative ©) 51 Yagi et al. (1983)
Epidermal

growth factor 0 68.2 (caprate in CMC Na ¢) 55 Murakami et al. (1988)
Growth hormone 0.2 7-9.5 (salicylate) 191 Moore et al. (1986)
2 Salicylate.

b Polyoxyethylene 9-lauryl ether.
¢ pr-Phenylalanine ethyl acetoacetate.
4 Sodium carboxylmethylceliulose.

mal adult’s lower intestine has been shown to be arin and other protein drugs with high molecular
relatively impermeable to the uptake of macro- weights.

molecules (Warshaw et al., 1974, 1977; Taniguchi Reports on peptide and protein drugs deliv-
et al., 1980) such as bovine serum albumin, hep- ered by the rectal route include insulin (Ziv et al,,
TABLE 6

Proteolytic activities in different experimental animal tissues using peptides and proteins as substrate

Substrate Tissue Reference

Duo ? Ileal Rectal Vaginal Buccal Nasal Dermal

Met-enkephalin ©

(t1,2, min) 15.1 11.3 222 12.0 16.3 Dodda Kashi and Lee (1986b)
Leu-enkephalin ¢
(t; /5, min) 226.5 114.3 183.7 153.2 162.0 Dodda Kashi and Lee (1986b)
Substance P ¢
{ty /5, min) 58 59 10.9 87 11.6 Lee (1988)
Insulin ©
(t, 20 min) 98.1 71.6 106.0 3184 29.2 Lee (1988)
Proinsulin ©
{1, 52, min) 557 1220 163.2 5283 86.2 Lee (1988)
dDAVP b
(ty 2, min) 9.0 Lundin et al. (1989)
AVP €
(ty 5, min) 3.1 Lundin et al. (1989}
LNA 9
(% hydrolysis) 100.0 53.0 50.2 60.4 59.7 Zhou and Li Wan Po (1990)

2 Duodenal tissue homogenate.

® [Mercaptopropionic acid 1, p-arginine 8}-vasopressin.

¢ Nonapeptide vasopressin.

¢ 1-Leucine-B-naphthylamine hydrochloride. Unit used for this substrate is expressed as hydrolysis percentage by the proteolytic
activities in the homogenates and the enzymic activity of intestinal tissue homogenate is taken as 100%.

¢ Tissue homogenates used from rabbits.

f Tissue homogenates used from rats.
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1981; Kim et al., 1983; Morimoto et al., 1983;
Aungst and Rogers, 1988; Aungst et al., 1988),
calcitonin (Morimoto et al., 1984, 1985), gastrin,
pentagastrin (Yoshioka et al., 1982), human
growth hormone (Moore et al., 1986) and vaso-
pressin (Saffran et al., 1988). Table 5 shows the
rectal bioavailability of some peptide or protein
drugs.

Proteolytic barrier

Rectal tissues are known to contain a number
of proteolytic enzymes, including enkephalinase
(Grimaud et al., 1989), protease (Burtin et al.,
1984), cathepsin B, cathepsin H, collagenase-like
peptidase (Durdey et al, 1985), protease-like
peptidase (Gelister et al.,, 1986a), plasminogen
activators (Gelister et al., 1986b; Harvey et al.,
1988) and urokinase (Gelister et al., 1987). The
data in Table 6 show that the activity of prote-
olytic enzymes in rectal tissue is similar to that in
nasal tissue.

Buccal Delivery
Bioauvailability

The bioavailability of peptide drugs such as
insulin (Ishida et al., 1981; Nagai, 1985, 1986;
Nagai and Machida, 1985), protirelin (TRH ana-
logue) and buserelin (LHRH analogue) (Merkle
et al., 1985) by the buccal route is generally poor.
Aungst and his co-workers (1988) compared the
efficacy of insulin administered by the nasal, rec-
tal, buccal, sublingual and intramuscular routes
and the effects of a bile salt absorption promoter.
It was found that the rank order of extent of
absorption was nasal > rectal > buccal > sub-
lingual. With sodium glycocholate co-administra-
tion, rectal and nasal insulin were approximately
equipotent, and buccal insulin was slightly less
effective. However, it was demonstrated by
Robinson (1988) that the buccal route can be
used successfully for the delivery of small pep-
tides with a probe tripeptide with a molecular
mass of 670 Da. Another peptide drug success-
fully administered by the sublingual route was

captopril for the treatment of acute hypertension
(Hauger-Klevene, 1986; Del Castillo et al., 1988).

Proteolytic barrier

Buccal tissue has been found to contain many
enzymes including proteolytic enzymes. Table 6
lists the proteolytic activity of buccal tissues rela-
tive to others. It can be seen that methionine
enkephalin and substance P are highly suscepti-
ble to the enzymes while insulin and proinsulin
are much less affected.

Ocular Delivery

Ocular delivery of drugs is typically for the
treatment of ocular inflammation, corneal wounds
and glaucoma. This route has also been investi-
gated for the systemic delivery of peptide and
protein drugs.

Bioavailability

Christie and Hanzal (1931) demonstrated that
topical ocular administration of insulin produces
a sustained lowering of blood glucose in propor-
tion to the dose instilled. The effectiveness of the
ocular dose was comparable to that of a dose
administered subcutaneously. Since then, many
attempts have been made to improve the
bioavailability of topical ocular drugs (Lee et al.,
1986a). To date only minor improvements have
been achieved. Recently, it has been claimed that
a painless, simple and practical method has been
designed for the systemic delivery of insulin
through the ocular route (Chiou and Chuang,
1989) although long-term efficacy and safety have
yet to be defined. Saponin (a glycoside) was found
to be the best enhancer of insulin absorption via
this route, while Tween 20 was the least effective.
The efficacy order of seven compounds studied
was as follows: saponin > fusidic acid > BL-9
(polyoxyethylene 9-lauryl ether) = EDTA > gly-
cocholate = decamethonium > Tween 20. Bioen-
hancers are therefore likely to be increasingly
important for ocular administration of peptide
and protein drugs.



Proteolytic barrier

Topical ocular drug delivery using conven-
tional dosage forms such as solutions, suspen-
sions, and ointments is relatively inefficient with
less than 10% of an applied dose being delivered
across the cornea into the eye (Lee, 1987). This
low absorption is caused by the lipophilicity of
the corneal epithelium, dilution of drugs by tears,
and binding of drugs to proteins in tears with
subsequent loss through the nasal passages (Lee
et al., 1986b).

Besides the diffusion barriers, the enzymic
barrier also plays a very important role. Many
enzymes have been found in ocular tissues (Hard-
ing and Crabbe, 1984; Maurice, 1984). The trans-
port of administered peptide and protein drugs
across ocular barriers is mainly limited by pro-
teinases such as neutral protease and aminopep-
tidase. For example, within 5 min of instillation
of solutions, over 90% of leucine and methionine
enkephalins were found to be hydrolyzed in the
corneal epithelium of the rabbit (Lee et al,
1986b). The proteolytic activity in corneal tissues
was found to be highest among seven tissues
tested using methionine enkephalin as substrate
(Table 7) (Dodda Kashi and Lee, 1986a,b).

Therefore, despite the possibility of achieving
systemic absorption of peptides from topically

TABLE 7

Resistance of methionine enkephalin to enzymic hydrolysis by
different tissue homogenates

Tissues Half-life Reference
of hydrolysis
(min)
Corneal 10.6 Dodda Kashi
and Lee (1986a)
Conjunctival 419 Dodda Kashi
and Lee (1986a)
Nasal 16.3 Dodda Kashi
and Lee (1986b)
Buccal 12.0 Dodda Kashi
and Lee (1986b)
Rectal 11.3 Dodda Kashi
and Lee (1986b)
Ileal 15.1 Dodda Kashi

and Lee (1986b)
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applied ophthalmic solutions, much further work
is still required to make it a practical reality. The
enzymic activity of the ocular tissues will have to
be controlled and any absorption enhancers will
have to be carefully selected due to the high
sensitivity of the eye to irritation by externally
applied substances.

Transdermal Delivery of Peptide and Protein
Drugs

There are several advantages to the transder-
mal route provided the drug is absorbed in suffi-
cient quantity to exert a systemic effect. Using
this route it is possible:

(i) To avoid hepatic first-pass metabolism and
gastrointestinal breakdown of drugs;

(i) To provide controlled administration;

(iii) To reduce frequency of dosing;

(iv) To improve patient compliance; and

(v) To permit relatively abrupt termination of
drug effect by removal of the delivery system
from the skin surface.

In fact, most polypeptide and protein drugs
are polar compounds with high molecular weights,
and therefore diffuse poorly across the stratum
corneum. However, more recently, a potent neu-
ropeptide, des-enkephalin-g-endorphin (DEBE)
was reported to have been successfully delivered
transdermally across both intact human skin and
cultured human skin cells (Boddé et al., 1988).
Skin adhesive hydrogel films appear to provide an
effective method for delivery of some peptides
(Boddé et al., 1988).

With techniques such as iontophoresis (Sid-
diqui et al., 1987), however, large hydrophilic
peptides may be administered by the dermal
route. With iontophoresis, ions and charged
molecules are transported across the skin using
an electric current. Many studies have reported
encouraging results on transdermal transport of
insulin using this technique (Rolf, 1987; Siddiqui
et al.,, 1987; Liu et al.,, 1988; Srinivasan et al.,
1989). Thyrotropin-releasing hormone has also
been reported as being partially delivered by this
technique (Burnette and Marrero, 1986). Some
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TABLE 8

Peptide and protein drugs investigated as candidates for ion-
tophoretic delivery

Protein or Reference

peptide drugs

Stephen et al. (1984)
Siddiqui and Chien (1987)
Chien et al. (1987)
Thyrotropin releasing hormone Burnette and Marrero (1986)
Vasopressin Marchand and Hagino (1982)

Insulin

Alamethicin Jung et al. (1983)
Suzukacillin Jung et al. (1983)
Trichotoxin Jung et al. (1983)

candidates for iontophoretic delivery are listed in
Table 8.

The rate of transdermal iontophoretic delivery
of peptide or protein drugs has been reported to
be dependent on the pH, ionic strength and elec-
trolyte concentration of the formulation as well
as on the applied voltage.

The skin has a very low proteolytic activity and
a low content of soluble protein (Zhou and Li
Wan Po, 1990, 1991b). By using r-leucine-g-naph-
thylamide as a substrate, the activity of leucine
aminopeptidase was found to be lowest in rat
skin from among the five tissue homogenates
used (intestinal, buccal, nasal, rectal and dermal
tissues). Low skin permeability is likely to be the
main limiting factor for peptide and protein drug
absorption by the transdermal route.

Conclusion

“An increasing number of peptide and protein
drugs are likely to be introduced into therapeu-
tics in the forthcoming years. Their potential use-
fulness will be much enhanced if constraints im-
posed by the parenteral route of delivery used
can be overcome. The studies and results re-
viewed so far suggest that use of absorption en-
hancers, specialised delivery systems and pro-
tease inhibitors may improve delivery of those
agents into the systemic circulation. It is unlikely
that any one of those approaches would by itself
cnable the controlled delivery of the peptide and

protein drugs or that any single system is going to
be universally applicable. Each agent would ben-
efit from its own tailored delivery system. Indeed,
the literature reviewed also suggests that some
portals of entry may be preferable to others for
specific peptides. Molecular modification to in-
troduce resistance to peptidases and proteases
also adds to the methods available for improving
absorption of the peptide and protein drugs. Spe-
cialised drug delivery systems have so far yielded
limited improvement. Only the nasal route ap-
pears to be a useful practical alternative so far.
Despite this, we can confidently predict that
problems in peptide and protein drug delivery are
likely to continue challenging pharmaceutical sci-
entists for many years to come.

References

Addison, .M., Burston, D. and Matthews, D.M., Evidence for
active transport of the dipeptide glycylsarcosine by ham-
ster jejunum in vitro. Clin. Sci., 43 (1972) 907-911.

Addison, J.M., Burston, D., Payne, J.W., Wilkinson, S. and
Matthews, D.M., Evidence for active transport of tripep-
tides by hamster jejunum in vitro. Clin. Sci. Mol. Med., 49
(1975) 305-312.

Adibi, S.A. and Morse, E.L., The number of glycine residues
which limit intact absorption of glycine oligopeptides in
human jejunum. J. Clin. Invest., 60 (1977) 1008-1017.

Allen, J.G., Havas, L., Leicht, E., Lenox-Smith, J. and Nisbet,
L.J., Phosphonopeptides as antibacterial agents: Metabo-
lism and pharmacokinetics of alafosfalin in animals and
humans. Antimicrob. Agents Chemother., 16 (1979) 306~
312.

Amoss, M., Rivier, J. and Guillemin, R., Release of go-
nadotropins by oral administration of synthetic LRF or a
tripeptide fragment of LRF. J. Clin. Endocrinol. Metabol.,
35 (1972) 175-179.

Anik, S.T., McRae, G., Nerenberg, A.W., Foreman, J., Hwang,
J.-Y., Kushinsky, S., Jones, R.E. and Vickery, B., Nasal
absorption of nafarelin acetate, the decapeptide [p-Nal (2)
(6)] LHRH, in rhesus monkeys. 1. J. Pharm. Sci., 73
(1984a) 684-689.

Anik, S.T., Eur. Patent Appl. EP. 0111841, no. 83112369.0,
1984b.

Appel, W., Peptidases. In Bergmeyer, H.U. (Ed.), Methods of
Enzymatic Analysis, Verlag Chemie Weinheim, Academic
Press, New York, 1974, Vol. II, pp. 949-999.

Aungst, B.J., Rogers, N.J. and Shefter, E., Comparison of
nasal, rectal, buccal, sublingual and intramuscular insulin
efficacy and the effects of the a bile salt absorption pro-
moter. J. Pharm. Exp. Ther., 244 (1988) 23-27.



Aungst, B.J. and Rogers, N.J. Site dependence of
absorption-promoting actions of laureth-9, Na salicylate,
NaEDTA, and aprotinin on rectal, nasal and buccal in-
sulin delivery. Pharm. Res., 5 (1988) 305-309.

Beare, A.S., Hobson, D., Reed, S.E. and Tyrrell, D.AJ, A
comparison of live and killed influenza virus vaccine.
Lancet, ii (1968) 418-425.

Bell, J., Peters, G.E., McMartin, C.H., Thomas, N.W. and
Wilson, C.G., Estimation of gut absorption of peptides by
biliary sampling. J. Pharm. Pharmacol., 36 (1984) 88p.

Berteloot, A., Khan, A.H. and Ramaswamy, K., Characteris-
tics of dipeptide transport in normal and papain-treated
brush border membrane vesicles from mouse intestine L.
Uptake of glycyl-L-phenylalanine. Biochim. Biophys. Acta,
649 (1981) 179-188.

Berteloot, A., Khan, A.H. and Ramaswamy, K., Characteris-
tics of dipeptide transport in normal and papain-treated
brush border membrane vesicles from mouse intestine.
Biochim. Biophys. Acta, 686 (1982) 47-54.

Bjork, E. and Edman, P., Degradable starch microspheres as
a nasal delivery system for insulin. Int. J. Pharm., 47 (1988)
233-238.

Boddé, H.E., Ponec, M. and Verhoef, J., Transdermal deliv-
ery of peptides. Pharm. Weekbl., 10 (1988) 46-47.

Burnette, R.R. and Marrero, D., Comparison between the
jontophoretic and passive transport of thyrotropin releas-
ing hormone across excised nude mouse skin. J. Pharm.
Sci., 75 (1986) 738-743.

Burtin, P., Charanel, G. and Fondaneche, M.C., Proteases in
human tumors. Bull. Cancer Paris, 71 (1984) 474-480.
Cheeseman, C.1. and Johnston, G., Glycyl-L-leucine transport
in the rat small intestine. Can. J. Physiol. Pharmacol., 60

(1982) 1177-1184.

Chien, Y.W. and Chang, S.F., Intranasal drug delivery for
systemic medications. CRC Crit. Rev. Ther. Drug Carrier
Syst., 4 (1987) 67-194.

Chiou, G.C.Y. and Chuang, C.Y., Improvement of systemic
absorption of insulin through eyes with absorption en-
hancers. J. Pharm. Sci., 78 (1989) 815-818.

Christie, C.D. and Hanzal, R.F., Insulin absorption by the
conjunctival membranes in rabbits. J. Clin. Invest., 10
(1931) 787-800.

Daugherty, A.L., Liggitt, H.D., McCabe, J.G., Moore, J.A.
and Patton, J.S., Absorption of recombinant methionyl-hu-
man growth hormone (Met-hGH) from rat nasal mucosa.
Int. J. Pharm., 45 (1988) 197-206.

Davies, C.J., Williams, S., Owens, D.R. and Hayes, T.M,,
Metabolic effects of nasally administered somatostatin
analogue 1-363,586 in normal subjects. Diabetologia, 25
(1983) 149-152.

Del Castillo, A.C., Rodriguez, M., Gonzalez, E., Rodriguez,
F. and Estruch, J., Dose-response effect of sublingual
captopril in hypertensive crises. J. Clin. Pharmacol., 28
(1988) 667-670.

Demge, C., Michel, C., Aprahamian, M. and Couvreur, P.,
Advantage of a new colloidal drug delivery system in the
insulin treatment of streptozotocin-induced diabetic rats.
Diabetologia, 29 (1986) 531A.

127

Demge, C., Michel, C., Aprahamian, M. and Couvreur, P,
Polyalkylcyanoacrylate nanocapsules as drug carriers: Ad-
vantage in insulin treatment of streptozotocin-induced dia-
betic rats. Adv. Biomater., 7 (1987) 643-648.

Demge, C., Michel, C., Aprahamian, M. and Couvreur, P,
New approach for oral administration of insulin with
polyalkylcyanoacrylate nanocapsules as drug carrier. Dig-
betes, 37 (1988) 246-251.

Deurloo, M.J.M., Hermens, W.A.J.J., Romeyn, S.G., Verhoef,
J.C. and Merkus, FW.H.M., Absorption enhancement of
intranasally administered insulin by sodium taurodihydro-
fusidate (STDHF) in rabbits. Pharm. Res., 6 (1989) 853—
856.

Dodda Kashi, S. and Lee, V.H.L., Hydrolysis of enkephalins
in anterior segment tissue homogenates of the albino
rabbit eye. Invest. Ophthalmol. Vis. Sci., 27 (1986a) 1300-
1310.

Dodda Kashi, S. and Lee, V.H.L., Enkephalin hydrolysis in
homogenates of various absorptive mucosae in the albino
rabbit: similarities in rates and involvement of aminopepti-
dases. Life Sci., 38 (1986b) 2019-2022.

Durdey, P., Cooper, J.C., Switala, S., King, R.F. and Williams,
N.S., The role of peptidases in cancer of the rectum and
sigmoid colon. Br. J. Surg., 72 (1985) 378-381.

Evans, W.S., Vance, M.L,, Kaiser, D.L., Sellers, R.P., Borges,
J.L., Downs, T.R., Frohman, L.A,, River, J., Vale, W. and
Thorner, M.O., Effects of intravenous, subcutaneous and
intranasal administration of growth hormone (GH) - re-
leasing hormone - 40 on serum GH concentrations in
normal men. J. Clin. Endocrinol. Metabol., 61 (1985) 846—
853.

Friedman, D.1. and Amidon, G.1., Intestinal absorption mech-
anism of dipeptide angiotensin converting enzyme in-
hibitors of the lysyl-proline type: lisinopril and SQ 29,852.
J. Pharm. Sci., 78 (1989) 995-998.

Ganapathy, V. and Leibach, F.H., Is intestinal peptide trans-
port energized by a proton gradient? Am. J. Physiol., 249
(1985) G153-G160.

Ganapathy, V., Burckhardt, G. and Leibach, F.H., Character-
istics of glycylsarcosine transport in rabbit intestinal
brush-border membrane vesicles. J. Biol. Chem., 259 (1984)
8954--8959.

Ganapathy, V., Mendicin, J.F. and Leibach, F.H., Transport
of glycyl-L-proline into intestinal and renal brush border
vesicles from rabbit. J. Biol. Chem., 256 (1981a) 118-124.

Ganapathy, V., Mendicin, J.F. and Leibach, F.H., Effect of
papain treatment of dipeptide transport into rabbit intesti-
nal brush border vesicles. Life Sci., 29 (1981b) 2451-2457.

Ganapathy, V. and Radhakrishan, A.N., Sodium-dependent
inhibition of amino acid and dipeptide transport by harma-
line in monkey small intestine. Biochem. Pharmacol., 29
(1980) 713-716. )

Gelister, J.S., Boulos, P.B., Mahmoud, M. and Gaffney, P.J.,
Proteinase-like peptidase activities in malignant and non-
malignant gastric tissue. Br. J. Surg., 73 (1986a) 84.

Gelister, 1.S., Mahmoud, M., Gaffney, P.J. and Boulos, P.B.
Plasminogen activators in human colorectal neoplasia. Br.
Med. J. Clin. Res., 293 (1986b) 728-731.



128

Gelister, 1.S., Jass, J.R., Mahmoud, M., Gaffney, P.J. and
Boulos, P.B., Role of urokinase in colorectal neoplasia.
Br. J. Surg., 74 (1987) 460463,

Grant, D.A., Ford, T.F.M. and McCulloch, R.J.,, Distribution
of pepstatin and statine following oral and intravenous
administration in rats. Tissue localisation by while body
autoradiography. Biochem. Pharmacol., 31 (1982) 2307-
2315.

Grimaud, J.C., Bouvier, M., Naudy, B. and Salducci, T,
Non-cholinergic neural excitation of the human rectum
induced by acetorphan, an inhibitor of enkephalinase.
Gastroenterol. Clin. Biol., 13 (1989} 799-803.

Hanson, M., Gazdick, G., Cahill, J. and Augustine, M., In-
tranasal delivery of the peptide, salmon calcitonin. In
Davis, S.S., Illum, L. and Tomlinson, E. (Eds.) Delivery
Systems for Peptides, Plenum, New York, 1986, pp. 233—
242,

Harding, JJ. and Crabbe, M.J.C., The lens: development,
proteins, metabolisms and cataract. In Davson, H. (Ed.),
The Eve, Academic Press, London, 1984, Vol. 1b, pp.
207-441.

Harris, A.S. (1986) Biopharmaceutical aspects on the in-
tranasal administration of peptides. In Davis, $.5., Illum,
L. and Tomlinson, E. (Eds.), Delivery Systems for Peptides,
Plenum, New York, 1986, pp. 191-204.

Harvey, S.R., Lawrence, D.D., Madeja, J M., Abbey, S.J. and
Markus, G., Secretion of plasminogen activators by human
colorectal and gastric tumor explants. Clin. Exp. Metasta-
sis, 6 (1988) 431-450.

Hauger-Klevene, LH., Effect of a single dose of sublingual
captopril in hypertensive patients. Eur. J. Clin. Pharmacol.,
30 (1986) 379-380.

Hemmings, W.A. and Williams, E.W., Transport of large
breakdown products of dietary protein through the gut
wall. Gut, 19 (1978) 715-723.

Higgins, P.G., Al-Nakib, W., Willman, J. and Tyrrell, D.A.J,
Interferon-B,,, as prophylaxis against experimental rhi-
novirus infection in volunteers. J. Interferon. Res., 6 (1986)
153-158.

Higgins, P.G., Philipotts, R.J., Scott, G.M., Wallace, J., Bern-
hardt, L.L. and Tyrrell, D.A.J., Intranasal interferon as
protection against experimental respiratory coronavirus in-
fection in volunteers. Antimicrob. Agents Chemother., 24
(1983) 713~718.

Hirai, S., Yashiki, T. and Mina, H., Mechanisms for the
enhancement of the nasal absorption of insulin by surfac-
tants. Int. J. Pharm., 9 (1981a) 173-184,

Hirai, S., Yashiki, T. and Mina, H., Effect of surfactants on
the nasal absorption of insulin in rats. Int. J. Pharm., 9
(1981b) 165-172,

Hu, M. and Amidon, G.L., Passive and carrier-mediated
intestinal absorption components of captopril. J. Pharm.
Sci., 77 (1988) 1007-1011.

Humphrey, R.R., Dermody, W.C., Brink, H.O., Bousley, F.G.,
Schottin, N.H., Sakowski, R., Vaitkus, J.W., Veloso, H.T.
and Reel, J.R., Induction of luteinizing hormone (LH)
release and ovulation in rats, hamsters and rabbits by

synthetic luteinizing hormone-releasing factor (LRF). En-
docrinology, 92 (1973) 1515-1526.

Hussain, A., Hirai, S. and Bawarshi, R., Nasal absorption of
propranolol in rats. J. Pharm. Sci., 68 (1979) 1196-1199.

Illum, L., Microspheres as a potential controlled release nasal
drug delivery system. In Davis, S.S., Iilum, L. and Tomiin-
son, E. (Eds.), Delivery Systems for Peptides, Plenum, New
York, 1986, pp. 205-210.

Ishida, M., Machida, Y., Nambu, N. and Nagai, T., New
Mucosal dosage forms of insulin. Chem. Pharm. Bull., 29
(1981) 810-816.

Jennewein, H.M., Waldeck, F. and Konz, W., The absorption
of tetragastrin from different sites in rats and dogs.
Arzneim. Forsch., 24 (1974) 1225-1234.

Jones, K.H., Langley, P.F. and Lees, L.J., Bioavailability and
metabolism of talampicillin. Chemotherapy, 24 (1978) 217~
227.

Jung, G., Hanke, W. and Wilmsen, H.U,, Melittin and a
chemically modified trichotoxin from alamethicin-type
multistate pores. Biochim. Biophys. Acta, 727 (1983) 108~
114,

Kim, S., Kamada, A., Higuchi, T. and Nishihata, T., Effect of
enamine derivatives on the rectal absorption of insulin in
dogs and rabbits, J. Pharm. Pharmacol., 35 (1983) 100-103.

Konishi, M., Sugawara, K., Hanada, M., Tomita, K. and
Tomatsu, K., Empedopeptin (BMY-28117), a new dep-
sipeptide antibiotic. I. Production, isolation and proper-
ties. II. Structure determination. J. Antibiot., 37 (1984)
949-957.

Kumlien, J.A., Schiratzki, H. and Drettner, B., Blood flow in
the rabbit maxillary sinus mucosa. Acta Otolarvngol., 99
(1985) 144-152.

Lee, V.H.L,, Carson, L.W. and Takemoto, K.A., Macromolec-
ular drug absorption in the albino rabbit eye. int. J
Pharm., 29 (1986a) 43-47.

Lee, V.H., Carson, L.W., Dodda Kashi, S. and Stratford,
R.E., Metabolic and permeation barriers to the ocular
absorption of topically applied enkephalins in albino rab-
bit. J. Ocular. Pharmacol., 2 (1986b) 345-350.

Lee, V.H.L., Ophthalmic delivery of peptides and proteins.
Pharm. Technol., 11 (1987) 26-28.

Lee, V.H.L., Enzymatic barriers to peptide and protein ab-
sorption. CRC Crit. Rev. Ther. Drug Carr. Syst., 5 (1988)
69-97.

Lindemann, B. and Solomon, A.K., Permeability of luminal
surface of intestinal mucosal cells. J. Gen. Physiol, 45
(1962) 801-810.

Liu, J.C., Sun, Y., Siddiqui, O. and Chien, Y.W., Blood
glucose control in diabetic rats by transdermal ion-
tophoretic delivery of insulin. Int. J. Pharm., 44 (1988)
197-204.

Longenecker, I.P., Moses, A.C,, Flier, 1.8, Silve, R.D,, Carey,
M.C. and Dubovi, EJ., Effects of sodium taurodihydro-
fusidate on nasal absorption of insulin in sheep. J. Pharm.
Sci., 76 (1987) 351-355.

Lundin, S., Bengtsson, H.-1., Folksson, H.G. and Westrom,
B.R., Degradation of [mercaptopropionic acid!,p-argi-



nine®)-vasopressin (dDAVP) in pancreatic juice and in-
testinal mucosa homogenate. Pharmacol. Toxicol., 65
(1989) 92-95.

Marchand, J.E. and Hagino, N., Effect of iontophoresis of
vasopressin on lateral septal neurons. Exp. Newrol., 78
(1982) 790-795.

Maurice, D.M., The cornea and sclera. In Davson, H. (Ed.),
The Eye, Academic Press, London, 1984, Vol. 1b, pp.
1-159.

Merkle, H.P., Anders, R., Sandow, J. and Schurr, W., Self
adhesive patches for buccal delivery of peptides. Proc. Int.
Symp. Controlled Rel. Bioact. Mater., 12 (1985) 85.

Mishima, M., Wakita, Y. and Nakano, M., Studies on the
promoting effects of medium chain fatty acid on the nasal
absorption of insulin. J. Pharmacobio-Dyn., 10 (1987) 624-
631.

Mitsuma, T. and Nogimori, T., Changes in plasma thy-
rotropin-releasing hormone, thyrotropin, prilactin and thy-
roid hormone levels after intravenous, intranasal or rectal
administration of synthetic thyrotropin-releasing hormone
in man. Acta Endocrinol., 107 (1984) 207-212.

Moore, J.A., Pletcher, S.A. and Ross, M.J., Absorption en-
hancement of growth hormone from the gastrointestinal
tracts of rats. Int. J. Pharm., 34 (1986) 35-43.

Morimoto, K., Kamiya, E., Takeeda, T., Nakamoto, Y. and
Morisaka, K., Enhancement of rectal absorption of insulin
in polyacrylic acid aqueous gel bases containing long chain
fatty acid in rats. Int. J. Pharm., 14 (1983) 149-157.

Morimoto, K., Akatsuchi, H., Aikawa, R., Morishita, M. and
Morisaka, K., Enhanced rectal absorption of [Asul’}-eel
calcitonin in rats using polyacrylic acid aqueous gel base.
J. Pharm. Sci., 73 (1984) 1366-1368.

Morimoto, K., Akatsuchi, H., Morisaka, K. and Kamada, A.,
Effect of non-ionic surfactants in a polyacrylic acid gel
base on the rectal absorption of [Asu'”’]-eel calcitonin in
rats. J. Pharm. Pharmacol., 37 (1985) 759-760.

Moses, A.C,, Flier, J.S., Gordon, G.S., Silver, R.D. and Carey,
M., Transnasal insulin delivery: structure-function studies
of absorption enhancing adjuvants. Clin. Res., 32 (1984)
245A.

Moses, A.C., Gordon, G.S., Carey, M.C. and Flier, J.S., In-
sulin administered intranasally as an insulin-bile salt
aerosol. Diabetes, 32 (1983) 1040-1047.

Murakami, T., Kawakita, H., Kishimoto, M., Higashi, Y.,
Amagase, H., Hayashi, T., Nojima, N., Fuwa, T. and Yata,
N., Intravenous and subcutaneous pharmacokinetics and
rectal bioavailability of human epidermal growth factor in
the presence of absorption promoter in rats. Int. J. Pharm.,
46 (1988) 121-134.

Nagai, T., Adhesive topical drug delivery system. J. Controlled
Rel., 2 (1985) 121-134.

Nagai, T. and Machida, Y., Mucosal adhesive dosage forms.
Pharm. Int., 6 (1985) 196-200.

Ogra, P.L. and Karzon, D.T., Poliovirus antibody response in
serum and nasal secretions following intranasal inocula-
tion with inactivated poliovaccine. J. Immunol., 102 (1969)
15-22.

129

Ohwaki, T., Ando, H., Watanabe, S. and Miyake, Y., Effects
of dose, pH, and osmolarity on nasal absorption of se-
cretin in rats. J. Pharm. Sci., 74 (1985) 550-554.

Okada, H., Yamazaki, 1., Yashiki, T. and Mima, H., Vaginal
absorption of a potent luteinizing hormone-releasing hor-
mone analog (leuprolide) in rats. I: absorption by virous
routes and absorption enhancement. J. Pharm. Sci, 71
(1982) 1367-1371.

Parr, G.O., Nasal delivery of drugs. Pharm. Int., 4 (1983)
202-204.

Paulesu, L., Corradeschi, F., Nicoletti, C. and Bocci, V., Oral
administration of human recombinant interferon-a, in
rats. Int. J. Pharm., 46 (1988) 199-202.

Peters, G.E. and Sibbons, P.D., Macromolecule absorption in
a vascularly perfused ratgut preparation in vivo. Second
Eur. Congr. Biopharm. Pharmacokinet., 2 (1984) 424-432.

Pontiroli, A.E., Alberetto, M. and Pozza, G., Intranasal
glucagon raises blood glucose concentrations in heaithy
volunteers. Br. Med. J., 287 (1983) 462-468.

Pontiroli, A.E., Alberetto, M. and Pozza, G., Metabolic ef-
fects of intranasally administered glucagon: comparison
with intramuscular and intravenous injection. Acta Dia-
betol. Lat., 22 (1985) 103-109.

Robinson, J.R., Characterization of the buccal route for po-
tential delivery of peptides. Pharm. Weekbl., 10 (1988) 42.

Roif, D., Iontophoresis and promoted drug absorption. Pharm.
Technol., 11 (1987) 47-50.

Rubino, A., Field, M. and Shwachman, H., Intestinal trans-
port of amino acid residues of dipeptides. I. Influx of the
glycine residue of glycyl-L-proline across mucosal border.
J. Biol. Chem., 246 (1971) 3542-3548.

Sabin, A.B., Arechiga, A.F., De-Castro, J.F., Sever, J.L., Mad-
den, D.L., Shekarchi, I. and Albrecht, P., Successful im-
munization of children with and without material antibody
by aerosolized measles vaccine. 1. Different results with
undiluted human diploid cell and chick embryo fibroblast
vaccines. J. Am. Med. Assoc., 249 (1983) 2651-2657.

Saffran, M., Bedra, C., Kumar, S. and Neckers, D.C., Vaso-
pressin: A model for the study of effects of additives on
the oral and rectal administration of peptide drugs. J.
Pharm. Sci., 77 (1988) 33-38.

Saffran, M., Kumar, G.S., Savariar, C., Burnham, J.C,
Williams, F. and Neckers, D.C., A new approach to the
oral administration of insulin and other peptide drugs.
Sci., 233 (1987) 1081-1084.

Sandow, J. and Petri, W., Intranasal administration of pep-
tides, biological activity and therapeutic efficacy. In Chien,
Y.M. (Ed.), Transnasal Systemic Medications, Elsevier,
Amsterdam, 1985, pp. 183-199.

Seifert, J., Sass, W. and Dreyer, H.P., Mucosal permeation of
macromolecules and particles. In Skadhange, E. and
Heintze, K. (Eds), Proceedings of an International Confer-
ence on Intestinal Absorption and Secretion (Falk Sympo-
sium 36), MTP Press, 1984, pp. 505-513.

Siddiqui, O. and Chien, Y.W., Nonparenteral administration
of peptide and protein drugs. CRC Crit. Rev. Ther. Drug
Carrier Syst., 3 (1987) 195-208.



130

Siddiqui, O., Sun, Y., Ziu, J.C. and Chien, Y.W., Facilitated
transdermal transport of insulin. J. Pharm. Sci., 76 (1987)
341-345.

Sigrist-Nelson, K., Dipeptide transport in isolated intestinal
brush border membrane. Biochim. Biophys. Acta, 394
(1975) 220-226.

Smith, E.L., Hill, R.L. and Borman, A., Activity of insulin
degradation by leucine aminopeptidase. Biochim. Biophys.
Acta, 29 (1958) 207-208.

Smyth, D.H. and Wright, E.M., Streaming potentials in the
rat small intestine. J. Physiol., 182 (1966) 591-602.

Srinvasan, V., Higuchi, W.I., Sims, S.M., Ghanem, A.H. and
Behl, C.R., Transdermal iontophoretic drug delivery:
Mechanistic analysis and application to polypeptide deliv-
ery. J. Pharm. Sci., 78 (1989) 370--375.

Stander, R.W., Thompson, I.F. and Gibbs, C.P., Evaluation of
intranasal oxytocin by amniotic fluid pressure records.
Am. J. Obstet. Gynecol., 85 (1963) 193-198.

Stephen, R.L., Petelenz, T.J. and Jacobsen, S.C., Potential
novel methods for insulin administration: 1. Iontophoresis.
Biomed. Biochim. Acta, 43 (1984) 553-558.

Su, KS.E., Campanale, K.M., Mendelsohn, L.G., Kerehner,
G.A. and Gries, C.L., Nasal delivery of polypeptides. 1.
Nasal absorption of enkephalins in rats. J. Pharm. Sci., 74
(1985) 394-398.

Su, K.S.E., Intranasal delivery of peptides and proteins.
Pharm. Int., 7 (1986) 8-11.

Taniguchi, K., Muranishi, S. and Sezaki, H., Enhanced intesti-
nal permeability to macromolecules. II. Improvement of
the large intestinal absorption of heparin by lipid-surfac-
tant mixed micelles in rats. Int. J. Pharm., 4 (1980) 219-224.

Turner, R.B., Felton, A., Kosak, K., Kelsey, D.K. and
Meschievitz, C.K., Prevention of experimental coronavirus
colds with intranasal alpha-26 interferon. J. Infect. Dis.,
154 (1986) 443-449.

Ulm, E.H,, Hichens, M., Gomez, H.J,, Till, A.E., Hand, E.,
Vassil, T.C., Biollaz, J., Brunner, H.R. and Schelling, J.L.,
Enalapril maleate and a lysine analogue (MK-521): Dispo-
sition in man. Br. J. Clin. Pharmacol., 14 (1982) 357-366.

Waldman, R.H., Mann, J.J. and Small, P.A., Immunization
against influenza: prevention of iliness in man by
aerosolized inaciivated vaccine. J. Am. Med. Assoc., 207
(1969) 520-525.

Warshaw, A.L., Walker, W.A. and Isselbacher, K.J., Protein
uptake by the intestine: evidence for absorption on intact
macromolecules. Gastroenterology, 66 (1974) 987-992.

Warshaw, A.L,, Bellini, C.A. and Walker, W.A., The intesti-
nal mucosal barrier to intact antigenic protein: difference
between colon and small intestine. Am. J. Surg., 133
(1977) 55-62.

Wigley, F.M., Fruchtman, M.H. and Waldman, R.H., Aerosol
immunization of humans with inactivated para-influenza
type 2 vaccine. N. Engl. J. Med., 283 (1970) 1250.

Wood, A.J., Maurer, G., Niederberger, W. and Beveridge, T,
Cyclosporine: pharmacokinetics, metabolism and drug in-
teractions. Transplant. Proc., 15 (1983) 2409-2417.

Wright, P.F., Shinozaki, T., Fleet, W., Sell, S.H., Thompson,
J. and Karzon, D.T., Evaluation of a live, attenuated
respiratory syncytial virus vaccine in infants. J. Pediatr., 88
(1976) 931-937.

Yagi, T., Hakhi, N., Yamasaki, Y., Kawamori, R., Shichiri,
M., Abe, H.,, Kim, S., Miyake, M., Kamikawa, K., Nishi-
hata, T. and Kamada, A., Insulin suppository: enhanced
rectal absorption of insulin using an enamine derivative as
a new promoter. J. Pharm. Pharmacol., 35 (1983) 177-178.

Yokohama, S., Yoshioka, T. and Kitamori, N., Absorption of
r-butyrolactone-r-carbonyl-L-histidyl-L-prolinamide citrate
(DN-1417), an analog of thyrotrophin-releasing hormone,
in rats and dogs. J. Pharm. Dyn., 7 (1984) 527-536.

Yokosuka, T., Omori, Y., Hirata, Y. and Hirai, S., Nasal and
sublingual administration of insulin in man. J. Jap. Dig-
betic Soc., 20 (1977) 146-152.

Yoshioka, S., Caldwell, L. and Higuchi, T., Enhanced rectal
bioavailability of poly peptides using sodium-5-methoxysa-
licylate as an absorption promoter. J. Pharm. Sci., 71
(1982) 593-594.

Zhou, X.H. and Li Wan Po, A., Comparison of enzymic
activities of tissue lining portals of absorption of drug
using the rat as a model. Int. J. Pharm., 68 (1990) 241-250.

Zhou, X.H. and Li Wan Po, A., Stability and in vitro absorp-
tion of captopril, enalapril and lisinopril across the rat
intestine. (1991a) submitted.

Zhou, X.H. and Li Wan Po, A., Comparison of enzymic
activities of tissue lining portals of absorption of drugs:
Species differences. Int. J. Pharm., 70 (1991b) 271-283.

Ziv, E. Kidron, M., Berry, E.M. and Bar-on, H. Bile salts
promote the absorption of insulin from the rat colon. Life
Sci., 29 (1981) 803-809.

Ziv, E., Lior, O. and Kidron, M., Absorption of protein via
the intestinal wall. A quantitative model. Biochem. Phar-
macol., 36 (1987) 1035-1039.



