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Nasal absorption of tetracosactide (ACTH,_,,; Synacthen) was
evaluated in anesthetized rats and compared to intravenous and
intramuscular (i.m.) administration. The effect of formulation addi-
tives on tetracosactide bioavailability was studied following modifi-
cation of nasal saline solution. Poloxamer 407 (Pluronic F-127) was
used as a vehicle for drug sustained release, whereas sodium glyco-
cholate and bacitracin were used as enhancers. Tetracosactide
plasma levels were monitored with radioimmunoassay. Nasal bio-
availability was low (4.4%) compared to i.m. (24%). Poloxamer 407
addition did not improve drug kinetics profiles and showed a non-
significant decrease in bioavailability (4%). On the other hand, both
enhancers effectively increased tetracosactide nasal absorption. The
sodium glycocholate effect was very fast (7., = 5 min), but did not
last long. Moreover, absorption was increased threefold compared
to the simple formulation. On the other hand, maximum tetracosac-
tide levels in plasma were reached after 15 min for the formulation
containing bacitracin as enhancer, and tetracosactide bioavailability
was strongly increased, to 24%), i.e., as much as after an i.m. injec-
tion.

KEY WORDS: nasal absorption; peptide drug; tetracosactide; Syn-
acthen; absorption enhancers; bacitracin; sodium glycocholate,
poloxamer 407.

INTRODUCTION

Recombinant DNA technology and the development of
new peptide synthesis techniques have led to a number of
new therapeutic drug candidates available for the clinic (1).
However, a major drawback of these compounds is their oral
ineffectiveness, mainly because of the digestive proteinase
activity of the gut.

If the parenteral route currently represents the most ef-
fective way to administer peptide drugs, there are, nonethe-
less, some problems associated with this administration site,
e.g., the short half-life of most peptides requiring frequent
injections, the risk of thrombophlebitis, the need for trained
health care professionals to administer these compounds to
children or elderly people, and the need to have a sterile and
pyrogen-free formulation.

Among the alternative routes to parenteral administra-
tion of peptide compounds, e.g., rectal, vaginal, and buccal
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mucosa, the nasal mucosa certainly represents a convenient
and reliable route. A highly vascularized mucosa comprising
very permeable capillaries, the presence of numerous mi-
crovilli creating a large surface area for drug absorption, the
absence of an hepatic first-pass effect (2), and the ease of
administration are some of the factors that can explain the
interest for this administration route.

Moreover, successful nasal delivery of peptide com-
pounds has led to a number of peptide drugs marketed for
systemic absorption, such as buserelin (Suprefact, Hoechst),
gonadorelin (Kryptocur, Hoechst), protirelin (Relefact TRH
nasal, Hoechst), calcitonin (Miacalcic, Sandoz), nafarelin
(Synarel, Syntex), and desmopressin (Minirin, Ferring) (3,4).

Although effectively absorbed through the nasal mu-
cosa, the bioavailability of most peptides is low (5). Im-
proved systemic uptake of peptide drugs may be achieved by
three strategies: modifications affecting the chemical struc-
ture of the peptide candidate to make it more resistant to
enzymatic degradation and/or more absorbable, alteration of
the absorbtive membrane to increase its permeability coef-
ficient, and addition of suitable additives to protect the pep-
tide against peptidases and/or increase its retention time at
the absorption site, thus possibly increasing the bioavailabil-
ity.

The aim of this work was to study the transnasal trans-
port of a peptide drug, tetracosactide (ACTH, _,,), after ad-
ministration to rats and to evaluate the effects of different
additives upon its bioavailability, namely, poloxamer 407,
sodium glycocholate, and bacitracin. Tetracosactide (Synac-
then, Ciba-Geigy) is a linear synthetic polypeptide of molec-
ular weight of 2934 Da. It contains the first 24 amino acids of
the natural adrenocorticotropic hormone ACTH (39 amino
acids) and possesses the same physiological properties with
less antigenicity (6). Nasal bioavailability of tetracosactide
was compared to other administration routes, namely, intra-
venous (i.v.) and intramuscular (i.m.). Poloxamer 407, a
block copolymer of polyoxyethylene and polyoxypropylene,
was evaluated as a vehicle for drug sustained release. This
compound possesses interesting reversible thermogelling
properties and has shown bioadhesive properties (7). So-
dium glycocholate has been extensively studied as a pene-
tration enhancer for nasal delivery of peptide drugs such as
insulin (8) or nafarelin (9). Bacitracin permeation enhancing
properties have been demonstrated for luteinizing hormone
releasing hormone (LHRH) and buserelin, thus making it an
attractive candidate for the enhancement of peptide drugs
(10).

MATERIALS AND METHODS

Solution Preparation

The solutions for parenteral administration, i.v. and
i.m., were prepared after appropriate dilution (v/v) of Syn-
acthen bottles, 0.25 mg/mL (Ciba-Geigy, Basel, Switzer-
land), with a 0.9% saline solution.

The solutions for intranasal (i.n.) administration con-
sisted of (i) a saline solution used as a control; (ii) tetracos-
actide acetate (Ciba-Geigy) solution, 0.62 mg/mL (w/v), in
saline; (iii) tetracosactide acetate solution, 0.61 mg/mL (w/
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v), in saline with 20% (w/v) poloxamer 407 (Pluronic F-127,
BASF Schweiz, Wadenswill-Switzerland); (iv) tetracosac-
tide acetate solution, 0.39 mg/mL (w/v), in saline with 1 %
(w/v) sodium glycocholate (Sigma, St. Louis, MO); and (v)
tetracosactide acetate solution, 0.63 mg/mL (w/v), in saline
with 0.01 M bacitracin (Fluka, Buchs, Switzerland).

Animal Preparation

Male rats Zur:SIV f(SPF) weighing 290-390 g were used
after 1 week of acclimation to animal husbandry conditions.
Three hours prior to anesthesia, the animals received a sub-
cutaneous injection of a dexamethasone sodium phosphate
solution (Decadron phosphate ophthalmic drops, MSD, Zii-
rich, Switzerland) at 1 mg/kg calculated as dexamethasone
base. The aim of this procedure was to block endogenous
ACTH secretion to prevent ACTH from interfering during
the analytical procedure of tetracosactide (6,11). The ani-
mals were then anesthetized with an injection of sodium pen-
tobarbital i.p. 50 mg/kg (Vetanarcol, Veterinaria, Ziirich,
Switzerland) and prepared for nasal administration using a
surgical procedure adapted from Hirai et al. (12). To prevent
the instilled solution from being eliminated through the
esophagus, the latter was tied off with a suture. During the
course of the experiments, the animals were kept under a
heat lamp to maintain a normal body temperature.

The doses administered were chosen according to the
literature to achieve drug levels in the plasma sufficiently
high to be determined with our analytical method; i.v., 6.66
png/kg in the jugular vein; i.m., 8.33 pg/kg in the thigh mus-
cle; and i.n., 100 pg/kg into one nostril for the preparations
without additive as well as those containing poloxamer 407
and bacitracin. For the preparation containing sodium gly-
cocholate, the dose was 67 pg/kg. The injection volume for
the parenteral administrations was 200 nL/300 g.

The nasal administration was performed with polypro-
pylene tubing (PP-20, Portex, G.-B.) connected to an 100-pl
Hamilton syringe (Bonaduz, Bonaduz, Switzerland). The
volume instilled was 50 nL/300 g into one nostril.

One hundred microliters of blood was sampled through
a catheter (Silastic, Dow Corning, Detroit, MI) inserted into
the jugular vein. A syringe filled with saline was connected
to the catheter to prevent clot formation and it was used for
injecting saline to maintain the volume of body fluid approx-
imately constant. Blood was collected into tubes chilled in
ice and containing a preserving mixture of EDTA (Merck,
Darmstadt, Germany), aprotinine (Trasylol, Fluka), and mer-
captoethanol (Fluka). Under these conditions tetracosactide
degradation was kept minimal (13,14).

The blood was immediately centrifuged at 4°C, and the
plasma separated and kept frozen at — 18°C until subsequent
analysis.

Analytical Procedure

The drug levels in the plasma were monitored with ra-
dioimmunoassay (RIA) (ACTH RIA-100, Medgenix, Fleu-
rus, Belgium) on 50-pL plasma samples. Scintillation count-
ing was performed on an LKB 261 (LKB, Bromma, Sweden)
Multigamma counter.
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Calculations

The area under the curve of plasmatic concentrations
between 0 and 120 min (AUC,_,,,) was calculated with the
trapezoidal rule. Bioavailability () was calculated according
to the following formula:

(AUC), X d;.
— X 100

F%) = ——
(AUC)lV X dx

where (AUC) represents the mean value of individual data
calculated and d represents the mean value of individual
administered doses. The subscript i.v. is for the intravenous
injection and x for the tested route. The values for plasma
concentrations after i.v. administration at time 0 were ex-
trapolated by logarithmic linear regression.

The mean control plasma concentration—time curve
was chosen as the baseline describing endogenous ACTH
secretion during the course of the experiment. Any individ-
ual value for i.v., i.m., and i.n. administration found below
the baseline was discarded and then replaced with the mean
value of the baseline.

RESULTS

Route of Administration

Figure 1 shows the mean tetracosactide concentrations
in the plasma after i.v., i.m., and i.n. administration. The
nasal administration of a saline solution used as a control
resulted in very low plasma ACTH levels, thus indicating an
effective blockade of the endogenous ACTH secretion by the
steroid given prior to the tetracosactide administration.

Tetracosactide kinetics in the plasma after i.v. injection
show a biphasic decay. One can calculate an elimination
half-life (¢,,,) of 3.7 min for the first phase (0—20 min) and 45
min for the second phase (20—120 min). Intramuscular ad-
ministration led to much lower drug levels, even though the
doses injected were similar to those of the i.v. injection. The
drug concentration in plasma (C,,,,) reached maximum after
4 min (T,,,,)-

Tetracosactide was absorbed through nasal mucosa fol-
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Fig. 1. Tetracosactide levels in the plasma after administration by
different routes in rats. Tetracosactide: ((J) 2.43 pg/rat i.v.; (V) 2.96

ng/rat i.m.; (A) 33.47 pg/rat i.n. (O) Saline solution i.n. Each point
represents the mean x SD for three animals.
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lowing the instillation of a simple saline solution of the pep-
tide. The T,,, occurred at 10-15 min, substantially later
than after i.m. administration.

Table I presents the AUC obtained after the administra-
tion of the drug to different routes. The nasal bioavailability,
as shown in Fig. 2, is low compared to that with the i.v.
injection (4.4%). This result is not surprising considering the
size and the nature of the drug. The bioavailability after i.m.
injection reached 24%.

Effect of Poloxamer

To modify the drug release and consequently the phar-
macokinetic parameters, poloxamer 407 was incorporated
into a nasal formulation. As shown in Fig. 3., plasma con-
centrations of tetracosactide were only marginally lower
than without additive (not significant). The T, also oc-
curred at 10 min and the bioavailability (Fig. 2) was similar to
that of tetracosactide alone.

Effect of the Enhancers

Two penetration enhancers added to the nasal formula-
tion both dramatically increased tetracosactide plasma levels
(Fig. 4). Sodium glycocholate promoted a rapid penetration
of the peptide into the bloodstream, as evidenced by a T,
of only 5 min. This value was similar to that obtained after
i.m. injection. In addition, plasma drug levels returned to the
baseline after 30 min. In comparison, the 7, ., of the formu-
lation containing bacitracin was delayed and appeared 10
min later. Moreover, a broader plasma curve was observed,
with drug levels returning to the baseline after 90 min. Table
I summarizes the AUC obtained with the two enhancers
used during this study. Bacitracin increases the bioavailabil-
ity of the drug to 24%, whereas with sodium glycocholate a
value of 12% was reached (Fig. 2).

DISCUSSION

As early as 1952, according to McKendry et al. (15),
Paulson et al. demonstrated that ACTH could be absorbed
through the nasal mucosa. Jeffcoate ez al. (16) compared the
efficacy of two ACTH analogues, namely, ACTH,_,, and
ACTH, _,s, given to human volunteers.

In our study, nasal administration of tetracosactide re-
sulted in a low bioavailability but remained in the range of
values found for peptides of the same molecular weight. For
example, secretin, a linear peptide of molecular weight 3052
Da, was found to be absorbed to the extent of 4% (17).

To modify the transnasal kinetic profiles of tetracosac-
tide, poloxamer 407 was evaluated as an excipient because

Table I. Mean Area Under the Curve (AUC) Between 0 and 120 min
Following Different Administration Routes

Administration
route Dose = SD (ng) AUC;_;50 = SD (ng - min/mL)
Control — 173 = 6.9
v, 2.43 £ 0.21 288.9 + 81.2
im. 2.96 = 0.14 96.1 = 30.7
i.n. 33.47 = 5.40 180.9 = 53.5
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Fig. 2. Effect of administration route and formulation additives on
tetracosactide bioavailability in rats. The numbers above each col-
umn represent the bioavailability in relation to i.v. administration.

of its low toxicity in topical and oral applications (18, 19).
Poloxamer 407 is a nonionic surfactant and thus may present
some enhancing properties as demonstrated for poxyethyl-
ene 9 lauryl ether. In addition, Juhasz et al. (20) have shown
that the diffusion coefficient of rat 1-28 atrial natriuretic
peptide (ANF; MW 3060 Da) was significantly reduced in
poloxamer 407 gels at 37°C in vitro. However, in our in vivo
model no such slow release was observed, indicating that the
in vitro test does not predict the in vivo outcome where the
gel is spread at an uncontrolled thickness directly on an
aqueous medium. The slight decrease in the plasma concen-
trations might suggest some interaction of the peptide with
poloxamer. It might also suggest that the sustained-release
effect of poloxamer can be detrimental to the absorption of
the peptide; this could be explained by the slow release ki-
netics of the peptide at the absorption site, where it would be
immediately and extensively metabolized by the peptidases.
Such a detrimental effect has been reported for GhRP-6 (six
amino acids growth hormone releasing peptide) formulations
containing methylcellulose as additive; in this case a 50%
decrease in AUC was observed (21).

In the last part of this study, two chemically different
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Fig. 3. Effect of poloxamer 407 addition on nasal absorption of tet-
racosactide in rats. Tetracosactide: (O) 33.47 pug/rat; (¥) 29.59 pg/rat
with 20% poloxamer 407. ((J) Saline solution. Each point represents
the mean = SD for three animals.
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Fig. 4. Effect of enhancer type on nasal absorption of tetracosactide
in rats. Tetracosactide: ((J) 33.47 pg/rat; (V) 20.87 pg/rat with 1%
sodium glycocholate; (O) 34.41 pg/rat with 102 M bacitracin. (@)
Saline solution. Each point represents the mean * SD for three
animals.

enhancers were added to tetracosactide formulations,
namely, sodium glycocholate and bacitracin. The results, as
shown in Fig. 3, clearly demonstrate the efficacy of both
compounds.

Sodium glycocholate causes rapid absorption of tetra-
cosactide through the nasal mucosa. The T, resulting from
the intramuscular administration is equivalent to that of the
intranasal administration with sodium glycocholate. This in-
teresting enhancing effect of sodium glycocholate might be
particularly useful when an immediate pharmacological ef-
fect is desired. Among the mechanism(s) of action of bile
salts (22), their damaging effect upon mucosal membranes
(23) is of concern if such compounds are to be used in the
clinic. Studies on the potential of mucosal membranes to
regenerate following repeated applications of bile salts, such
as sodium glycocholate, are needed before conclusions can
be drawn as to their overall toxicity.

On the other hand, with bacitracin, tetracosactide max-
imum concentration levels in the plasma were reached only
after 15 min, thus suggesting a different mechanism of action
compared to sodium glycocholate. Moreover, bacitracin
caused a sixfold increase in tetracosactide bioavailability
compared to the formulation without additives and a twofold
increase when sodium glycocholate was used (Fig. 2). This
remarkable effect is not yet fully understood, but Raehs et
al. (10) made similar observations following the transnasal

Table II. Effect of Formulation Composition on the Intranasal Mean
Area Under the Curve (AUC) Between 0 and 120 min

Dose = SD AUC,_,50 = SD

Formulation type (ng) (ng - min/mL)
Control — 173 £ 6.9
i.n. without additives 33.47 £ 5.40 180.9 = 53.5
i.n. with poloxamer

407, 20% 29.59 + 0.94 1452 = 12.7
i.n. with sodium

glycocholate, 1% 20.87 = 1.18 206.2 £ 442
i.n. with bacitracin,

0.01 M 34.41 = 1.09 929.1 = 109.1
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absorption of buserelin and LHRH formulations containing
bacitracin as enhancer. Bacitracin’s only known property
that could explain its activity as an enhancer is its aminopep-
tidase inhibiting activity in vitro. Bacitracin is currently used
to inhibit gonadotropin releasing hormone (GnRH) agonist
buserelin degradation in the plasma (24). Raehs (25) studied
bacitracin as an enhancer for nasal delivery of peptide drugs
such as buserelin, calcitonin, and growth releasing factor
(GRF). The authors demonstrated that the potency of baci-
tracin is variable depending on the manufacturer, bacitracin
from Calbiochem (California, USA) being more potent than
bacitracin from Sigma (Minchen, Germany). Further, baci-
tracin A alone, a major component of bacitracin, was not
responsible for the enhancing properties. Finally, it was
shown that the enhancing effect of bacitracin was not due to
an irreversible damage to the mucosa.

Our findings indicate that bacitracin is more potent than
sodium glycocholate for the delivery of tetracosactide.
Therefore bacitracin might be preferred over bile salts and
related compounds as a penetration enhancer for the nasal
delivery of peptides.
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