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bstract

Exenatide is a 39-amino acid peptide incretin mimetic approved for adjunctive treatment of type 2 diabetes. It shares several glucoregula-
ory activities with the mammalian hormone, glucagon-like peptide-1 (GLP-1). In clinical use, subcutaneous exenatide injections demonstrate
lucoregulatory and weight loss effects with sustained plasma concentrations in the 50–100 pM range. We investigated the pharmacokinetics of
xenatide in normoglycemic rats and biological activity in diabetic db/db mice after delivery to various epithelial surfaces of the intestinal and
espiratory tracts. In rats, elimination kinetics were similar for all routes of administration (median ke 0.017 min−1). Bioavailability (versus intra-
enous administration) and Cmax per unit dose differed markedly. For gastrointestinal administration, sublingual administration invoked the highest
ioavailability (0.37%); in db/db mice, potentially therapeutic concentrations were obtainable. In contrast, intraduodenal bioavailability was low
0.0053%). In regard to respiratory surfaces, bioavailability of intratracheal exenatide was up to 13.6%, and for nasal administration, 1.68%. Both
outes of administration produced therapeutic plasma concentrations and glucose-lowering in db/db mice. At high doses, aerosolized exenatide
lso achieved effective concentrations and glucose-lowering. In summary, the intestinal tract seems to have limited potential as a route of exenatide

dministration, with sublingual being most promising. In contrast, the respiratory tract appears to be more viable, comparing favorably with the
linically approved subcutaneous route. Despite little optimization of the delivery formulation, exenatide bioavailability compared favorable to
hat of several commercially available bioactive peptides.

2008 Elsevier B.V. All rights reserved.
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. Introduction

Exenatide (exendin-4) is a 39-amino acid amidated peptide
ncretin mimetic that shares several glucoregulatory activities
ith the mammalian incretin hormone, glucagon-like peptide-
(GLP-1) (Buse et al., 2004; Nauck, 2004; Nielsen, 2005;

endall et al., 2005; Heine et al., 2005; DeFronzo et al., 2005).
hese include: glucose-dependent enhancement of insulin secre-
ion, glucose-dependent suppression of inappropriately high
lucagon secretion, slowing of gastric emptying to modulate
utrient absorption, reduction of food intake and body weight,
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nd increase of �-cell mass (animal studies) and markers of �-
ell function (Young et al., 1999; Buse et al., 2004; Nielsen,
005; Kendall et al., 2005; Heine et al., 2005; DeFronzo et al.,
005; Gedulin et al., 2005; Mari et al., 2006; Nielsen et al.,
004). Exenatide is a poor substrate for degradation by dipep-
idyl peptidase-IV (DPP-IV) in vitro, the major route of GLP-1
egradation (Mentlein et al., 1993), so the peptide circulates pre-
ominantly as the parent molecule, with filtration at the kidneys
eing the predominant route of elimination (Parkes et al., 2001a;
opley et al., 2006; Linnebjerg et al., 2007). Exenatide displays
rolonged pharmacokinetics relative to GLP-1, and an in vivo
otency up to 3000-fold higher (Young et al., 1999; Parkes et

l., 2001a, 2001b).

Exenatide is approved as adjunctive therapy for patients
ith type 2 diabetes failing to achieve glycemic control with
ral antidiabetic agents (metformin, sulfonylureas, thiazolidine-

mailto:lnielsen@amylin.com
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iones) when administered twice daily before meals in the
orning and evening by subcutaneous injection in the abdomen,

high, or arm (Buse et al., 2004; Calara et al., 2005; Heine et al.,
005; DeFronzo et al., 2005; Zinman et al., 2007).

Because injection may impose barriers to acceptance of
herapy, we investigated in rodents the pharmacokinetics and
iological activity of exenatide when it was delivered via
on-injected routes. Potential benefits of alternate delivery
outes include favorable drug absorption, lower pre-systemic
etabolism and higher patient convenience and compliance.
everal routes were identified that could present a feasible alter-
ative to injection.

. Methods

.1. Animals

Male Harlan–Sprague–Dawley rats (HSD) were used to study
harmacokinetics of exenatide. Rats (Indianapolis IN) weighing
15–350 g were housed at 22.8 ± 0.8 ◦C in a 12:12 h light:dark
ycle (all experiments are performed during the light cycle)
nd were fed and watered ad libitum (diet LM-485 Teklad,
adison, Wisconsin, USA). The rats were fasted overnight

approximately 18 h) before each experiment, unless otherwise
pecified.

For some routes of administration, changes in plasma glu-
ose in mice were used to indicate the appearance of bioactive
mounts of exenatide. Male diabetic db/db mice weighing
5–60 g were fasted for 2 h. All animals remained anesthetized
hroughout blood collection.

.2. Intraduodenal delivery

Rats were anesthetized with 5% halothane, maintained at
% halothane during surgery, and then 1% halothane there-
fter. Tracheotomy and cannulation of the right femoral artery
ere performed and body temperature was controlled with a

hermoregulator (YSI model 73A, Yellow Springs, OH, USA)
n a heated operating table. Thereafter, a midline laparo-
omy was done to expose the stomach and duodenum, and
he pylorus region of the stomach was ligated. The bile duct
as cannulated and flow was directed outside the abdomi-
al cavity. Exenatide (1 mg/250 �L saline) was administered
.5 h after completion of surgery using a 0.5 mL syringe
ith a 28 gauge needle that was inserted into the duode-
um, parallel to the intestinal wall, about 3.0 cm from the
igated pylorus and about 1.5 cm distal to the sphincter of
ddi.

.3. Sublingual delivery

Rats were anesthetized with halothane (5% induction, 2%

uring surgery, 0.7% maintenance dose), then tracheotomized
nd the femoral artery cannulated. Five microliters of saline con-
aining 210 �g exenatide (N = 4) was administered sublingually
t t = 0.

r
a
m
(
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Diabetic mice were anesthetized with methoxyflurane and
ither saline or 100 �g exenatide in 3 �L saline was adminis-
ered sublingually via a Hamilton syringe. Blood samples were
ollected from the orbital sinus at 0 and 60 min for determination
f plasma exenatide and glucose concentrations.

.4. Intranasal delivery

Fed rats were restrained by hand, then 100 �g exenatide in
�L saline (N = 4) was administered into one nostril. Blood sam-
les from anesthetized tail tips were collected for determination
f exenatide plasma concentrations.

.5. Intratracheal delivery

Rats were anesthetized with halothane (5% in O2 for induc-
ion, 2% for surgery, 0.7% for maintenance). Each animal was
annulated in the trachea and femoral artery under anesthesia. At
= 0 min, each rat received 30 �L saline vehicle with or without
xenatide into the trachea. Plasma samples were collected from
he femoral artery and blood pressure was recorded manually at
ach time of blood sampling.

Diabetic db/db mice were intubated through the trachea under
nesthesia. Each animal received 20 �L saline with or without
�g exenatide into the trachea. Plasma samples were collected

rom the orbital sinus for glucose (baseline and 1.5 h) and exe-
atide (baseline and 4.5 h).

.6. Pulmonary aerosol delivery

Rats were placed in a 4.5 L chamber and exposed to
erosolized exenatide for 10 min. Exenatide (2 mg in 2 mL) was
ebulized at a rate of 0.2 mg/min in an air flow of 5 L/min.
he concentration of aerosolized exenatide was estimated from
amples of chamber atmosphere drawn during the course of the
xperiment.

Diabetic mice were fasted for 2 h, then placed in a 4.5 L cham-
er and exposed to aerosolized exenatide (2 mg) for 10 min as
escribed above. Plasma samples were collected at −15 and
0 min after commencement of aerosol administration.

.7. Intravenous delivery

Anesthesia was induced in rats with 5% halothane and
aintained at 2% during surgery and 1–1.5% thereafter. Rats

nderwent tracheotomy and cannulation of the right saphe-
ous vein for intravenous injection, and of the right femoral
rtery for sampling. Heparinized saline (2 U/mL) was infused
ia the arterial line at an infusion rate of 3–4.5 mL/h from
= −1 h. Mean arterial pressure was monitored via the arte-

ial line (Spectramed P23XL transducer, 13-4615-58 Universal
mplifier, Gould, Valley View, Ohio). Colonic temperature was
easured and controlled using a thermistor probe/controller

YSI model 73A, Yellow Springs, OH).
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ig. 1. Exenatide pharmacokinetic profiles in rats. (A) Intraduodenal administra
dministration of 100 �g. N = 4. (D) Pulmonary administration of 2 mg by aeros
dministration. N = 4–6 per group. Symbols are means ± S.E.M. in this and sub

.8. Subcutaneous delivery
Rats prepared as above, for intravenous injection, were
dministered exenatide in saline by subcutaneous injection with
o additional experimental manipulations.

d
S

f 1 mg. N = 6–7. (B) Sublingual administration of 210 �g. N = 4. (C) Intranasal
8. (E) Bolus intravenous administration. N = 3–4 per group. (F) Subcutaneous

nt figures.

.9. Analytical methods
Glucose concentrations were determined by a glucose oxi-
ase method on a YSI 2300 Stat Plus analyzer (YSI, Yellow
prings, OH). Insulin concentrations were determined by
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Fig. 2. Intratracheal administration of exenatide in rats. (A) Pharmacokinetic
profile. N = 3 per group. (B and C) Bioavailability in rats, assessed by AUC and
Cmax, compared to subcutaneous and intravenous administration. (See Fig. 1E
and F for related data).
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adioimmunoassay (LINCO Research, St. Charles, MO). Exe-
atide concentrations were determined by IRMA as previously
escribed (Parkes et al., 2001a).

.10. Statistical analyses

Data were analyzed using one-way ANOVA or Students’ t test
Prism v5, Graphpad Software, Inc., San Diego, CA). Results
re reported as mean ± S.E.M. unless otherwise indicated. The
inetics of plasma concentration decay after intravenous admin-
stration was modeled with a 2-compartment exponential decay.
inetics of all other modes of administration were modelled to

ingle-exponential absorption and decay (Prism v5, Graphpad
oftware, Inc., San Diego, CA), fitted to the equation

oncentration = (F × dose × ka)

V (ke − ka)
(e−kat − e−ket)

here ka and ke are time constants for absorption and elim-
nation, respectively, and t is time. AUC for each mode of
dministration was estimated as the area under the best fitting
urve, integrated for 8 h (Prism v5, Graphpad Software, Inc.,
an Diego, CA). Bioavailability for each mode of exenatide
elivery was related to intravenous route using the equation
AUC/AUCi.v.)/(dose/dosei.v.) (Rowland and Tozer, 1989).

. Results

.1. Plasma concentrations in rats

Exenatide was detectable in rat plasma after intraduodenal
dministration of a large 1 mg bolus (Fig. 1A). However, the
eak concentration was only 115 pM.

Sublingual administration of 210 �g exenatide to rats
Fig. 1B) resulted in a peak plasma concentration of 443 pM, and
t 0.37% [versus i.v.; Fig. 1E], was 18-fold higher in bioavail-
bility than the intraduodenal route.

Intranasal administration of 100 �g exenatide to rats resulted
n a peak plasma concentration of 1606 pM (Fig. 1C), and at
.68%, was a further 4.5-fold more bioavailable than sublingual.

Peak mean plasma concentration was 1427 pM, following
dministration of 2 mg nebulized into a mist (Fig. 1D). The frac-
ion of the aerosolized dose of exenatide that appeared in the
lasma of rats exposed for 10 min was 0.09%. This low fraction
ontrasted with that for exenatide administered by intratracheal
nfusion (below) where bioavailability was the highest of any
on-injected route. With the aerosol system, the actual exenatide
ose delivered to the animal was unknown, but estimable. Air
ampled from the chamber contained ∼8 ng exenatide/mL. Typ-
cal resting (daytime) ventilation rates for adult rats are reported
s ∼600–750 mL/kg min (Seifert et al., 2000). The inspired dose
as thereby calculated to be ∼20 �g, or 1% of that added to the
ebulizer. Adjusting for this 99% “wastage”, the fraction of the
ose actually delivered to the animal that appeared in plasma

as estimated at ∼9–10%.
Fig. 2A shows exenatide pharmacokinetic profiles for three

oses of exenatide (2, 21, 210 �g) given intratracheally to rats.
eak plasma concentrations (58 pM, 667 pM, and 25 nM for 2,
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Fig. 3. Plasma concentrations of exenatide (A, C and E), and change in plasma glucose (B, D and F) in diabetic db/db mice. (A and B) Sublingual administration
of 100 �g exenatide. N = 3–4 per group. (C and D) Pulmonary delivery via aerosol. N = 10–11 per group. (E and F) Intratracheal administration of 1 �g exenatide.
Exenatide was measured at 4.5 h, glucose at 1.5 h. N = 3–4 per group. Glycemic response was otherwise shown as glucose after 1 h as a percent of the baseline value.
Bars are means ± S.E.M.



236 B.R. Gedulin et al. / International Journal of Pharmaceutics 356 (2008) 231–238

Table 1
AUC (0–6 h) for each route, derived from each best-fit curve, is normalized per unit dose, and then per the intravenous result, to obtain the tabulated relative
bioavailability

ka (min−1) ke (min−1) AUC480 Dose (�g) AUC/dose (pM min/�g) Rel BA (%) Cmax (pM/�g)

Intraduodenal 0.49 0.045 2895 1000 2.89 0.0053 0.115
Sublingual 0.21 0.011 42737 210 203.5 0.37 2.11
Intranasal 0.15 0.017 92100 100 921 1.68 16.06
Aerosol 0.41 0.017 100285 2000 50.1 0.092 0.71
Intravenous 0.091 0.017 11482000 210 54600 100 3757
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ubcutaneous 0.099 0.0035 7080240
ntratracheal 0.12 0.014 1556000

1, and 210 �g, respectively) were dose-dependent, with half-
ives ranging from 50 to 90 min. Sixty-one to 74% of peak plasma
xenatide concentrations were observed within 5 min post-dose.
max occurred between 20 and 30 min post-dose. The mean EC50
or the species-specific pressor effect of exenatide was 28 pM.
he bioavailability of intratracheal, compared to intravenous

Fig. 1A) or subcutaneous (Fig. 1F), exenatide administration
anged from 7.3% to almost 15%, with corresponding Cmax
alues of 1.2–1.9% (Fig. 2B and C).

The plasma concentration profiles following different routes
f administration were modeled to single-component absorption
nd decay, represented as the gray lines in Figs. 1 and 2. Pharma-
okinetic parameters ka and ke, and derived estimates of bioavail-
bility versus intravenous administration are shown in Table 1.

.2. Effects in db/db mice

Diabetic mice administered 100 �g exenatide sublingually
ad a mean exenatide plasma concentration of 1740 pM 1 h post-
ose (Fig. 3A) accompanied by significant reductions in plasma
lucose concentrations (Fig. 3B).

Aerosolized exenatide was detectable in the plasma of
iabetic mice 1 h after 10 min exposure (Fig. 3C), and was
ccompanied by significant suppression of plasma glucose con-
entration (P < 0.0001; Fig. 3D) and a 4-fold elevation of plasma
nsulin concentration (P = 0.011; data not shown) without evi-
ence of respiratory distress.

In diabetic mice, 1 �g intratracheal exenatide resulted in a
ean plasma exenatide concentration of 186 pM 4.5 h after dos-

ng (Fig. 3E) and was associated with significant reduction in
lasma glucose concentration (P = 0.019; Fig. 3F).

. Discussion

To circumvent their enteric degradation, therapeutic peptides
re generally delivered parenterally, typically via subcutaneous
njection or continuous infusion. However, even with microfine
essentially painless] needles, there appear to be barriers to the
nitiation or acceptance of injection as a mode of delivery. This
ituation may adversely affect patient compliance. The peptide
ncretin mimetic, exenatide, is currently administered by twice

aily subcutaneous injection as adjunctive therapy for type 2
iabetes. Because many patients may prefer alternate routes of
elivering exenatide, the feasibility of this was evaluated for
wo epithelial surfaces, the intestinal tract and the respiratory

3
A
(
s

33715 61.7 134.3
7410 13.6 327.1

ract. Systemic absorption of exenatide was assessed in rats and
ice via pharmacokinetic modeling of plasma concentration

rofiles. The pharmacodynamic capacity to deliver an effec-
ive antidiabetic dose was assessed from fall in plasma glucose
oncentration in diabetic db/db mice.

A growing number of bioactive peptides administered by
ontraditional routes are commercially available or are under
tudy for therapeutic efficacy. These include calcitonin, insulin,
rowth hormone, parathyroid hormone (PTH), somatostatin,
ollicle-stimulating hormone (FSH), thyroid-stimulating hor-
one (TSH), vasopressin, detrirelix and cetrorelix (luteinizing

ormone-releasing hormone antagonists) (Agu et al., 2001;
wens et al., 2003; Munoz-Torres et al., 2004; Ugwoke

t al., 2005; Thompson PDR Electronic LibraryTM, 2006).
ioavailability of these peptide agents range from 0.3% to 45%
ompared to parenteral administration in preclinical models.
ioavailability is highly dependent on formulation excipients,
echanical delivery device, and physical state (e.g., powder)

o facilitate membrane transduction. However, it has generally
een in the lower part of this range in human clinical trials (Agu
t al., 2001; Owens et al., 2003; Munoz-Torres et al., 2004;
ahesh Kumar and Misra, 2004).
Previous studies in patients with type 2 diabetes have demon-

trated glucoregulatory effects from subcutaneous exenatide
reatment when plasma concentrations reach 50–100 pM for
ustained periods (Taylor et al., 2005). Although intraduo-
enal administration of a large bolus dose of exenatide to
ormoglycemic rats produced a spike in plasma exenatide
oncentration of this magnitude [115 pM] within 10 min, lev-
ls became undetectable within an hour, and no physiologic
ffects were detected. We consider the opportunity for enteral
intraduodenal] delivery exenatide to be low relative to other
outes.

Sublingual administration of 210 �g exenatide to normo-
lycemic rats resulted in a 443 pM spike in plasma concentration
ithin 5 min, followed by a 30 min plateau and an exponential

ype decay. Calculated bioavailability was 0.65% (versus sub-
utaneous) in the absence of permeability-enhancing excipients.
iven the potency of exenatide, bioavailability in this range may
ot be limiting. Sublingual administration of 100 �g to db/db
ice resulted in therapeutic concentrations (1740 pM at 1 h) and
4% reduction in plasma glucose relative to vehicle controls.
lthough sublingual bioavailability of insulin is reportedly low

Aungst et al., 1988), a buccal spray formulation (Ora-Lyn®) is
old in some countries.
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Clinically used intranasal salmon calcitonin formulations
ave pharmacological bioequivalences up to 40% compared to
arenteral delivery (Munoz-Torres et al., 2004). Marketed ver-
ions of intranasal calcitonin have a wide range of bioavailability
0.3–30%; mean 3%] compared to intramuscular injection
Thompson PDR Electronic LibraryTM, 2006), but part of this
ange may be attributable to varied assay quantitation. Intranasal
almon calcitonin bioavailability was 1.6% in healthy human
olunteers in one report (Lee et al., 1994), while an oral for-
ulation of calcitonin containing a caprylic acid derivative as
carrier had a bioavailability range of 0.5–1.4% depending on
ose (Buclin et al., 2002). In addition to assay variability, vehicle
xcipients such as dimethyl �-cyclodextrin have a direct effect
n the nasal membrane and may enhance drug absorption by
inding with the membrane components that serve as a barrier
o calcitonin transport (Mahesh Kumar and Misra, 2004). This

olecule transiently opens epithelial tight junctions via extrac-
ion of membrane cholesterol. Furthermore, it protects calcitonin
rom enzymatic degradation by molecular encapsulation and by
ausing the release of membrane-bound proteins resulting in
nactivation of the proteolytic enzymes (Marttin et al., 1998).

Intranasal administration of exenatide (100 �g) into normo-
lycemic rats produced a rapid increase in plasma exenatide
oncentrations to 1606 pM within 10 min and maintenance for
t least 60 min, indicating the potential of intranasal adminis-
ration. Although bioavailability of intranasal insulin between
% and 15% has been attained with permeation enhancers in
umans (Pontiroli et al., 1987; Drejer et al., 1992; Jacobs et al.,
993), these are irritants, and the variation in bioavailability is
n issue with insulin, where the therapeutic index demands dos-
ng precision (Harris, 1993). Given the glucose-dependence of
ts effects, its wide therapeutic index, and its potency, the 1.7%
ioavailability of exenatide [observed here without permeation
nhancers], if attained in the clinic, may not be limiting.

Alternatives to injected insulin have received widespread
crutiny. Bioavailability of intratracheally-administered insulin
as reported to be 13% in Sprague–Dawley rats (Okumura et al.,
992). Insulin bioavailability in rats was dependent on the pH
f the insulin solution and was ∼42% relative to subcutaneous
nsulin injection. The bioavailability of aerosolized insulin has
pproached that of subcutaneous insulin, and in one rabbit study
as ∼50% (Sakr, 1992). In 17 healthy human volunteers (Rave

t al., 2005), relative bioefficacy over an entire glucose clamp
eriod of 10 h was 10% for inhaled regular human insulin, and
as 11% versus 18 U subcutaneously injected insulin lispro.

n the first hour after administration, relative bioefficacy was
5%, and bioavailability 18% versus regular human insulin; total
ioavailability over 10 h was 9%. In patients with type 1 dia-
etes, the same inhaled formulation was estimated to be 5–6%
ioavailable versus subcutaneously injected insulin (Owens et
l., 2003). Low acceptance of the device necessary for powdered
nhalation has led to its market withdrawal. Other ultra-low den-
ity dry insulin formulations, where the drug penetrates deeper

nto the lung, have bioavailability of ∼77% (Rave et al., 2007)
nd may not be subject to the necessity for such a device.

The present dose-ranging study of intratracheal exenatide
n rats demonstrated a rapid increase in plasma concentrations

D

f Pharmaceutics 356 (2008) 231–238 237

ollowed by decay with plasma half-lives typical of injected
eptide. Intratracheal exenatide had up to ∼15% bioavailabil-
ty compared to injection, and in diabetic db/db mice, reduced
lasma glucose by 30% (1.5 h post-dose). At 186 pM, mean
lasma concentration was well above the bioactive range (Taylor
t al., 2005) 4.5 h after administration. The mode of delivery
f aerosolized exenatide to normoglycemic rats was calculably
nefficient, with 99% of drug being wasted. Nonetheless, expo-
ure for 10 min resulted in a peak in plasma concentration within
min with no apparent respiratory distress, and was accompa-
ied in diabetic db/db mice by reduction in plasma glucose.
hese data collectively identify the intra-pulmonary route of
xenatide administration as a possible alternate to injection. If,
or example, observed bioavailabilities prevailed in the clinic,
ntidiabetic efficacy could be attained without need for titration
ith fixed daily doses of less than 0.15 mg, comparing favorably
ith the ∼10–15 mg of inhaled insulin recommended for a sim-

lar antidiabetic effect (NDA 21-868/EXUBERA® US Package
nsert, 2006).

In summary, the intestinal tract may have limited potential
s a route of exenatide administration, with sublingual being the
ost promising. In contrast, the respiratory tract, represented by

asal and intra-pulmonary routes, appears to be more viable for
xenatide treatment, comparing favorably in animal models with
he clinically approved subcutaneous route. Despite the lack of
ny optimization of exenatide-delivery formulation, exenatide
ioavailability was comparable to the bioavailability of several
ommercially available bioactive peptides.
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