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Abstract 
The aim of this study was to investigate if the effective in-situ permeability (Peff) of a new 
growth hormone-releasing peptide, hexarelin, along rat intestine was enhanced by a lipid 
matrix drug-delivery system comprising a mixture of soybean phosphatidyl choline and 
medium-chain monoacylglycerol (PC-MG). The study was performed with and without a 
protease inhibitor, Pefabloc SC. To enable better understanding of the mechanism of action 
of this delivery system we also studied the uptake of a small hydrophilic molecule, 
atenolol . 

PC-MG at a concentration of 15mmolL-' increased the jejunal P,ff of hexarelin 
approximately 20-fold, both in the presence and absence of Pefabloc SC, whereas Peff 
was not increased in the ileum and colon. PC-MG had no effect on the jejunal, ileal and 
colonic Peff of atenolol. Complete recovery of the non-absorbable molecule PEG 4000 
showed that functional intestinal viability was maintained in all experiments. 

Although the results obtained in this study are promising, pharmacokinetic and 
toxicological studies are required to investigate if this delivery system is a suitable and 
safe candidate for improving the oral bioavailability of hexarelin. 

Although many peptides and proteins are potent 
drugs, when administered orally their bioavail- 
ability, and hence their pharmacological activity, is 
often.very low (Lee & Yamamoto 1990; Drewe et 
al iW3; Titki et itl €995) .  This might be because of 
metabolism in the intestinal lumen and wall, poor 
membrane permeability or extensive liver extrac- 
tion, or a combination of these (Lee 1995; Bai et a1 
1995; Taki et a1 1995). Various attempts have been 
made to overcome these barriers, for example, 
synthesis of more stable and lipophilic analogues, 
and the use of absorption enhancers and peptidase 
and protease inhibitors (Tomita et al 1988; Aungst 
et a1 1991; Drewe et a1 1993; Muranishi & 
Yamamoto 1994; Yodoya et a1 1994; Lee 1995; 
Taki et a1 1995; Bouras et a1 1996). Chemical 
modification might reduce the molecular size, 
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increase the lipophilicity and also reduce the scn- 
sitivity to enzymatic degradation (Yodoya et a1 
1994; Stewart & Taylor 1995). Such strategies of 
drug design include identification of a minimum 
fragment with maintained pharmacological activ- 
ity, substitution of ~ a a m i n o  acids with unnatural 
(i.e. D) amino acids, substitution of hydrogen- 
bonding groups, cyclization and targeting for car- 
rier-mediated transport across the intestinal mucosa 
(Stewart & Taylor 1995). 

Among additives reported to enhance the intest- 
inal permeability and oral bioavailability of both 
hydrophilic and lipophilic compounds is biosomes, 
a mixture of soybean phosphatidyl choline and 
medium-chain monoacylglycerol (PC-MG), which 
in excess water spontaneously forms lipid particles 
(liposomes) (Bruce 1994; Bohlinder et a1 1994; 
Lohikangas et a1 1994a, b). On the basis of in-vitro 
data it has been suggested that the lipid components 
of PC-MG interact with intestinal cell membranes 
(Betageri et a1 1993; Lohikangas et a1 1994a, b; 
Aungst et a1 1996). One hypothesis is that MG, 
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which is believed to be responsible for the perme- 
ability enhancer effect, extracts cholesterol from 
cell membranes, with increased membrane perme- 
ability as a consequence (Lohikangas et a1 1994a; 
Kararli 1995). The enhancing effect of PC-MG 
seems to be dose-dependent and, at con- 
centrations > 6 mmol L-', is also correlated with 
in-vitro epithelial morphological changes observed 
by microscopy in Caco-2 cell monolayers (Lohi- 
kangas et a1 1994a). However, it is suggested that 
compared with many other products this delivery 
system promotes clinically safe absorption 
enhancement (Muranishi 1990; Aungst et a1 1996). 

The enzymatic activity profile of the gastro- 
intestinal tract suggests that delivery of peptide and 
protein drugs to the colon and rectum would be 
attractive (Bai 1993; Krishnamoorthy & Mitra 
1995; Bai et a1 1995; Rubinstein 1995). These 
regions have also been shown to be most promising 
with regard to enhancement of absorption (Mur- 
anishi 1990). However, it must be taken into 
account that the colonic microflora, which has a 
broad spectrum of metabolic reactions, might 
extensively degrade peptides and proteins (Bai et al 
1995). Furthermore, the colonic and rectal perme- 
abilities of several compounds have been reported 
to be lower than in the small intestine (Chadwick et 
a1 1977; Schultz & Winne 1987; Lennernas et al 
1995; Fagerholm et a1 1997). 

Hexarelin (His-D-2-methyl-Trp-Ala-Trp-D-Phe- 
Lys-NH2) is a synthetic peptide that substantially 
increases plasma levels of growth hormone after 
intravenous administration in man (Ghigo et a1 
1994; Imbimbo et a1 1994). However, when 
delivered orally the growth hormone-releasing 
activity is only 0-3 f 0.1 % of that measured after 
intravenous administration (Ghigo et a1 1994). 
Plausible reasons for this low bioavailability might 
be low intestinal permeability, metabolism in the 
gastrointestinal tract and/or extensive extraction in 
the liver. 

The main aim of this study was to investigate 
whether a soybean phosphatidyl choline-medium- 
chain monoacylglycerol matrix (PC-MG) for- 
mulated with hexarelin in two different ways is an 
effective means of enhancing the effective in-situ 
permeability (Peff) of hexarelin along the rat 
intestine. The study was performed with and 
without a protease inhibitor, Pefabloc SC. To 
enable better understanding of the mechanism of 
action of PC-MG, the uptake of a small hydrophilic 
compound, atenolol, was also studied. Local effects 
of these additives on the intestinal mucosa were 
assessed by monitoring the uptake of a non- 
absorbable marker, PEG 4000, and the release of 
lactate dehydrogenase into the lumen. 

Materials and Methods 

Drugs 
Hexarelin is a hexapeptide, MW 887 Da, with three 
pK, values, 5-2, 7.2 and 10.1 at ionic strength 
0.15 mmol L-'. The log D (octanol-water) at pH 
6-5 and 7.4 were estimated to be -2.3 and -0.9, 
respectively (Sokolowski, personal communica- 
tion). In its un-ionized form hexarelin has a parti- 
tion coefficient (log P) of 2.2. The log D and log P 
values were assessed by use of a PCA 101 auto- 
matic titrator (Sirius Analytical Instruments, Forest 
Row, UK). Atenolol is a small (MW 266) hydro- 
philic drug (log D -1.8 octanol-water at pH 7.4) 
with a pK, value of 9.6 (Fagerholm et al 1996). 

Study design and composition of p e ~ s i o n  
solutions 
We used a previously validated intestinal in-situ rat 
single-pass perfusion approach to determine the 
effective intestinal permeability (Peff) of hexarelin 
and atenolol in the absence and presence of 
15 mmol L-' PC-MG (30 : 70, %w/w) (Fagerholm 
et al 1996, 1997). The study was divided into three 
parts. In part I the Peff of hexarelin (0.15 mmol L-' 
hexarelin acetate) and atenolol (0.83 mmol L-') in 
the rat jejunum (n = 6), ileum (n = 5) and proximal 
colon (n = 5) were estimated in the absence (Ia) and 
presence (Ib) of PC-MG. Hexarelin was mixed with 
the lipid matrix before addition of excess perfusion 
solution containing atenolol (a detailed description 
of the preparation of the lipid hexarelin mixture is 
given below). Part I1 was identical to part I (IIa, 
without PC-MG; IIb, with PC-MG) except that the 
protease inhibitor Pefabloc SC (0.3 g L-') was 
added to both perfusion solutions (IIa and IIb) 
and jejunal experiments were performed with five 
animals. 

Pefabloc SC (Pentapharm, Basel, Switzerland) 
has been shown to inhibit enzymatic degradation of 
hexarelin in luminal fluids (data not shown) and 
was chosen because it has been shown to be safer 
and more effective than other serine protease 
inhibitors. In part 111, atenolol (0.028 mmol L-') 
was mixed with the lipid matrix before addition of 
excess perfusion solution containing hexarelin. 
These experiments were performed in the jejunum 
of five rats and without Pefabloc SC. Basal esti- 
mates of the Peff of atenolol have previously been 
determined in the rat (Fagerholm et a1 1996, 1997). 
The perfusion solution (pH 6.5, 290 mOsm L-') 
contained 48 mmol L-' NaCl, 5.4 mmol L-' KCl, 
28 mmol L-' Na2HP04, 43 mmol L-' NaH2P04, 
35 mmol L-' mannitol, 1 g L-' polyethylene glycol 
4000 (PEG 4000), 2.5 ,uCi L-' [14C] PEG 4000 (a 
marker for fluid flux and intestinal functional via- 
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bility) (Amersham, Buckinghamshire, UK) and 
10 mmol L-' D-glucose. 

Preparation of the hexarelin formulations 
In parts I and 11, hexarelin acetate was dissolved in 
sterile water at a concentration of 26% (w/w) (pure 
peptide 22.1% w/w). The solution was subse- 
quently blended with a mixture of soybean phos- 
phatidyl choline and medium-chain monoacyl- 
glycerol (30 : 70, % w/w) (Scotia LipidTeknik 
AB, Stockholm, Sweden). The amount of hexarelin 
solution in the lipid mixture was 11.8% (w/w). The 
tube containing the mixture was filled with nitro- 
gen, sealed, and then shaken moderately until the 
mixture appeared to be homogenous and clear 
(1.5 h at 37°C). The hexarelin-lipid mixture was 
then stored at -20°C until the perfusion study. In 
part 111, the same procedure was followed for ate- 
nolol. The amount of atenolol solution in the lipid 
mixture was 11.9% (w/w). On starting the perfu- 
sion experiments isotonic saline solution was added 
to allow for swelling of the lipid matrix for 10 min 
at room temperature. Before the start of the per- 
fusion experiment the perfusion solution was added 
to the lipid mixture. 

Intestinal single-pass perjlusion experiments 
Fasted male Sprague-Dawley rats, 200-280 g, were 
anaesthetized by intraperitoneal injection of inac- 
tin-byk (thiobutabarbital sodium; 120 mg kg-') 
before surgery, which is described elsewhere 
(Fagerholm et a1 1996). This class of anaesthetic 
agents has been shown to have little or no influence 
on Peff in rats (Yuasa et a1 1993). After surgery the 
experiment was immediately started with adminis- 
tration of a bolus dose of 4 mL via the plastic inlet 
tube. Each regional segment (jejunum, ileum, 
colon) was single-pass perfused at 0.2 mL min-' 
(Harvard Apparatus 22) for 180 (parts I and 11) or 
90min (part 111). Perfusions in parts I and I1 were 
divided into two separate experimental periods of 
90 min each: 0-90 min without PC-MG (Ia and IIa) 
and 90-180 min with PC-MG (Ib and IIb). Period b 
was also initiated with a bolus of 4 m L  so that 
equilibrium in the perfusion system would be 
reached more rapidly. During each period perfusate 
was quantitatively collected from 045 ,  45-60, 
60-75 and 75-90min into test tubes kept on ice. 
To recover the amounts of substances remaining in 
the perfusion system, at the end of perfusion the 
segments of intestine were rinsed for 2-5min 
with approximately 15 mL saline. All perfusion 
syringes and perfusate samples were weighed and 
the samples were frozen immediately and stored 
at -70°C until analysis. 

Approval for these animal studies was given by 
the Uppsala Animal Research Ethics Committee 
(application number C246/95). 

Functional viability tests 
The effects of PC-MG and Pefabloc SC on intest- 
inal tissue was assessed by monitoring the recovery 
of a non-absorbable marker molecule, PEG 4000, 
and the release of lactate dehydrogenase into the 
intestinal lumen (Swenson et a1 1994; Aungst et a1 
1996; Fagerholm et a1 1996). Lactate dehydro- 
genase analyses were not performed in the initial 
jejunal perfusion experiments in parts I and 11. 

Stability 
The stability of hexarelin (0.15 mmol L-') was 
investigated in perfusion solution and in different 
gastrointestinal fluids from the rat (jejunum, ileum, 
caecum, colon and rectum) for 60 min at 37°C. The 
contents of these sections were taken and placed in 
individual homogenization tubes. The contents 
were diluted with perfusion buffer (pH 6.5, 1 : 5 
w/w) and homogenized using an Ultra-Tun-ax 
homogenizer (model T 25); they were then cen- 
trifuged (Sorvall RC 58) at 35 OOOg and 4°C for 
15 min. The stability of hexarelin in rat ileal con- 
tent was also determined in the presence of Pefa- 
bloc SC (0.025 and 0-05 g L-'). The samples were 
immediately frozen at -70°C until analysis. The 
stability of atenolol has previously been investi- 
gated, and there was no sign of degradation of this 
compound after 180min at 37°C (Lennernas et a1 
1 994). 

Analytical methods 
All chemicals used were of analytical grade. Levels 
of hexarelin in perfusate were assessed by a vali- 
dated high-performance liquid chromatographic 
(HPLC) method at Pharmaceutical Development, 
Pharmacia & Upjohn, Sweden. Separations were 
performed on a 300mmx3-9mm i.d. column 
packed with 10-pm pBondapak C18 (Waters, Mil- 
ford, MA) connected to a 25 mm x 4 mm i.d. guard 
column packed with 5-pm Zorbax SB CI8 (Rock- 
land Technologies, Nuenen, The Netherlands). The 
column temperature was kept at 30°C. The mobile 
phase, 72.2/27.7/0.1 (v/v) water-acetonitrile-tri- 
fluoroacetic acid, was filtered through a 0-45-pm 
type FH membrane filter (Millipore, Bedford, MA) 
before use. The flow rate was l.OmLmin-'. 
Fluorescence detection was performed at 350 nm 
after excitation at 280 nm. 

Perfusion/perfusate solution (100 pL) was dilu- 
ted with aqueous trifluoroacetic acid solution 
(0.5%, 500 pL) and 10 pL was injected directly on 
to the chromatographic column. The precision of 
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the method was 5.2% and the limit of quantification 
(LOQ) 1-2 pg mL-'. The concentrations of atenolol 
were analysed by a previously validated HPLC 
method (Lennernas et a1 1994). 

Levels of [14C]PEG 4000 were determined by 
liquid scintillation counting for 10 min (Beckman 
model 244 instrument) after addition of 8 m L  
Beckman Ready Safe; the concentrations of lactate 
dehydrogenase in perfusate were assessed by use of 
a colorimetric analytical method (LDH kit, Sigma 
Diagnostics). Partition coefficients of hexarelin 
were determined using a PCA 101 automatic 
titrator (Sirius Analytical Instruments, Forest Row, 
UK) . 

Calculations and predictions 
The recovery of [14C]PEG 4000 (PEG,,) was 
estimated from equation 1: 

where C PEGi, and C PEG, are, respectively, 
the accumulated amounts of [14C]PEG 4000 
entering and leaving the intestinal segment during 
equilibrium. The parallel-tube model was used to 
estimate the effective intestinal permeability coef- 
ficients (Pem cms-') of hexarelin and atenolol 
(Komiya et a1 1980; Fagerholm et a1 1996): 

where Cin and C,,, are the inlet and fluid-transport- 
corrected outlet solute concentrations, respectively. 
[PEG],, and [PEG],,, are the inlet and outlet con- 
centrations of the water flux marker [14C] PEG 
4000, respectively. Qin is the perfusion flow rate, 
and A is the mass transfer surface area within the 
intestinal segment and is assumed to be the area of 
a cylinder of length (L) 7-12 cm in the jejunum and 
ileum and 1.5-6 cm in the colon, and of radius (r) 

0.18, 0.18 and 0.25 cm in the jejunum, ileum and 
proximal colon, respectively (Komiya et a1 1980; 
Kararli 1995). 

Student's paired t-test was used to determine the 
significance of differences between Peff values 
measured in different experimental periods. Peff 
coefficients are presented as means f standard 
deviation (s.d.). 

Results and Discussion 
Hexarelin was stable for 60 min in perfusion solu- 
tion and in fluids from the rat caecum, colon and 
rectum. In fluids from the small intestine, however, 
some degradation occurred. After 60 min approxi- 
mately 80 and 60% of intact hexarelin was found in 
jejunal and ileal fluids, respectively. Hexarelin was 
stable in the incubation studies when Pefabloc SC 
was added. Furthermore, degradation by intralum- 
inal and brush-border peptidases and proteases 
during the perfusion studies seemed to be negli- 
gible, as Pefabloc SC had no effect on measured 
Peff. In addition, the low basal Peff on hexarelin 
throughout the rat intestine, x 0-1 x lop4 cm s-', 
also suggests less pronounced pre-systemic meta- 
bolism in the lumen (Table l ,  Figure l). 

Irrespective of the method used to mix the lipid 
matrix and hexarelin, and whether Pefabloc SC was 
present, the jejunal Peff of hexarelin increased 
approximately 20-fold in the presence of 
15 mmol L-' PC-MG (Table 1, Figure 1). Accord- 
ing to our previous classification, the measured Peff 
values in the absence and presence of PC-MG, 
0 . 1 4 ~  lop4 (pooled jejunal data) and 2.7 x 

cm s-l, correspond to intermediate and high 
intestinal permeability, respectively (Fagerholm 
et al 1996). In contrast, PC-MG had no effect on 
the Peff of hexarelin in the ileum or colon. 

Table 1.  
the rat jejunum, ileum and colon. 

Steady-state effective intestinal permeability (Peff x lop4 cm s-l) of hexarelin and atenolol during in-situ perfusion of 

Hexarelin Atenolol 

Without PC-MG With PC-MG Without PC-MG With PC-MG 

Part I (without Pefabloc SC) 
Jejunum 0.08 f 0.08** 2.80f 0.52** O f 0  0.07 f 0.08 
Ileum 0.10 f 0.1 6 0.83 f 0.93 0.09f0.14 0.12 f 0.14 
Colon 0.13 f 0.12 0.27 f 0.42 0.17 f 0.20 0.02f 0.04 

Part I1 (with Pefabloc SC) 
Jejunum 0.21 f 0.06* 2.70f 0.94* 0.13 f 0.09 0.08 f 0.09 
Ileum 0.09f 0.09 0.5 1 f 0.36 0.08 f 0.07 0.08 f 0.12 
Colon 0.07 f 0.16 0.07 f 0.13 0.04 f 0.08 0.06 f 0.14 

Part I11 (without Pefabloc SC) 
Jejunum 0.03 f 0.03 

Values are meansf s.d. * P < 0.01, ** P < 0.0001, significant difference between results obtained in the presence and absence of 
PC-MG. 
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Figure 1. Effective permeability coefficients (P& of hexar- 
elin in the absence (0) and presence (H) of 15 mmol L-' PC- 
MG, without (A; P<0.0001 in the jejenum) and with (B; 
P < 0.01 in the jejenum) the protease inhibitor Pefabloc SC, in 
the single-pass in-situ perfused rat jejunum, ileum and colon. 
Values are means f s.d. 

The Peff for atenolol was low and unaffected by 
PC-MG in all investigated regions of the rat 
intestine (Table 1). Because the jejunal P,ff of 
hexarelin was enhanced, but not that of atenolol, it 
seems unlikely that PC-MG has affected the para- 
cellular permeability by opening up the tight 
junctions (Lennernas et a1 1994). The mechanism 
of action might instead involve interaction with the 
intestinal membrane, which was suggested by pre- 
vious in-vitro studies with PC-MG and mono- 
glycerides (Betageri et a1 1993; Lohikangas et a1 
1994a; Aungst et a1 1996). It has been proposed 
that monoglycerides cause disordering of the 
interior of cell membranes, and thereby increase 
membrane fluidity and permeability (Muranishi 
1990; Muranishi & Yamamoto 1994). Increased 
permeability might also be because of extraction of 
cholesterol from the cell membranes (Lohikangas 

et a1 1994a; Kararli 1995). The lack of an absorp- 
tion-enhancing effect of PC-MG in the lower 
regions of the intestine might therefore be 
explained by reduced depletion of cholesterol from 
ileal and colonic cell membranes. This is in accord 
with the more rigid cell membranes in these 
regions, because of higher cholesterol and saturated 
fat content (Kararli 1995). Another hypothesis for 
the enhanced jejunal Peff of hexarelin is that the P- 
glycoprotein efflux pump (which has been shown to 
limit the absorption of peptides across intestinal 
epithelia) becomes inactivated when the membrane 
characteristics are altered (Karlsson et a1 1993; Bai 
et a1 1995; Saitoh & Aungst 1995; Fricker et a1 
1996; Nerurkar et a1 1996). However, the quanti- 
tative importance of this efflux system for oral drug 
absorption is not yet clear. 

The effects of PC-MG have previously been 
investigated in Caco-2 cell monolayers and in-vivo 
in the rabbit rectum and duodenum (Bohlinder et a1 
1994; Lohikangas et a1 1994a, b). In contrast with 
the lack of effect of PC-MG on the uptake of ate- 
nolol and PEG 4000 (data not shown) in the current 
study, Lohikangas et a1 (1994a,b) measured 
increased permeabilities for two other compounds 
of similar size and hydrophilicity, mannitol (MW 
182) and fragmin (MW 5000), in the Caco-2 model. 
The basal permeabilities of mannitol and fragmin 
in Caco-2 cell monola ers were estimated to be 0.6 
and 0.8 x lo-' cm s , respectively, and during 
exposure of 8 mmol L-' PC-MG these P,ff values 
increased approximately 20- and 8-fold, respect- 
ively (Lohikangas et a1 1994a). Although these 
increases seem large, the permeabilities still lead to 
prediction of low oral absorption (Lennernas et a1 
1996). The discrepancy between the two models 
might, therefore, be the inability of the rat in-situ 
perfusion model to detect such small quantitative 
changes in intestinal absorption. In all, the PC-MG 
experiments suggest that this delivery system might 
be most effective in the upper small intestine for 
larger molecules with peptide structure and physi- 
cochemical properties similar to those of hexarelin. 
Hexarelin is a very flexible molecule that can 
assume many different conformations with various 
physicochemical properties. This dynamic mole- 
cular structure-and therefore properties-might 
explain why this compound was affected by PC- 
MG whereas the smaller and more rigid molecule 
atenolol was not (Palm et al 1996). The in-vivo 
potential of PC-MG and other enhancers is, how- 
ever, difficult to predict. The concentration of the 
enhancer might be too low in-vivo, as a con- 
sequence of intestinal motility and secretion, and 
degradation by lipases (Swenson & Curatolo 1992; 
Ungell 1993). In addition, luminal bile salts and 

-7 
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dietary fats might form mixed micelles with the 
component(s) of the enhancer. 

As indicated by the complete recovery of PEG 
(PEG,,) in all perfusion experiments (data not 
shown), 15 mmol L-' PC-MG and Pefabloc SC 
seemed not to affect functional intestinal viability. 
The implication of the perfusate lactate dehydro- 
genase levels measured is, however, difficult to 
interpret, firstly because no values of lactate 
dehydrogenase activity are available from the 
jejunal perfusions in study parts I and 11, where an 
enhancer effect was observed, and secondly 
because a significant ( P  < 0.05) increase in lactate 
dehydrogenase perfusate concentrations were 
observed in the presence of PC-MG in ileal per- 
fusions in part I of the study (a, 895f854 
units mI-'; b, 1731 f 641 units mL-') but not in 
part 11. In the colonic experiments lactate dehydro- 
genase levels remained unchanged when PC-MG 
was added. 

In summary, these results demonstrate that PC- 
MG might enhance the effective in-situ perme- 
ability in rats of peptide analogues such as hexar- 
elin. However, although promising results were 
obtained, pharmacokinetic and toxicological stu- 
dies are required to investigate whether PC-MG 
drug-delivery systems are suitable candidates for 
optimizing the oral bioavailability of hexarelin. Our 
data also suggest that the apparently low systemic 
bioavailability of hexarelin is partly because of low 
membrane permeability in the intestine. 
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