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Abstract

The cnzymatically labile peptides LHRH and TRH were conjugated to various lipidic peptides. The conjugates
and frce peptides were incubated with Caco-2 cell homogenates and their respective degradation profiles were
studicd following incubation. Conjugation to lipidic peptides incrcascd the half-life of LHRH and TRH. The Caco-2
cell homogenates were capable of cleaving the conjugated lipidic peptide, to release the parent LHRH or TRH. The
rcleased LHRH or TRH subsequently demonstrated a longer half-life than when present alone in the incubation
mixture, suggesting that the cleaved lipidic peptide is capable of inhibiting enzymes.
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1. Introduction

Since the commercial introduction of insulin in
1923, attention has been focused on the possibil-
ity of administration of therapeutic proteins and
peptides by the oral route. Despite considerable
research and effort in this area, the oral dosage
of peptides and proteins has thus far remained an
elusive goal. The gut epithelium presents a num-

* Corresponding author.
' PyGlu was replaced by Glu.

ber of physical barriers to oral absorption, includ-
ing hydrophobic membranes and transport pro-
cesses (Baker et al., 1991), cell junctions (Nellans,
1991), mucus (Lehr et al., 1991), gastric acidity
and peristalsis. Proteolytic activity (from epithe-
lial, pancreatic and bacterial sources) in the Gl
tract is also a formidable barrier to oral uptake,
as shown by the following observations: (i) an
inverse relationship exists between the amount of
peptide transported across the intestine and its
rate of hydrolysis (Saidel and Edelstein, 1974); (ii)
in neonates, the GI tract is relatively permeable
to macromolecules, a phenomenon partly ac-
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counted for by the decreased intestinal proteoly-
sis that exists in the neonatal state (Westrom ct
al., 1985); and (iii) peptide and protein formula-
tions that contain appropriate enzyme inhibitors
generally demonstrate some (albeit quite small)
absorption, whereas unprotected formulations do
not show any absorption (Lee, 1988).

The decapeptide, LHRH. a hypothalamic hor-
mone that regulates the secretion of luteinizing
hormone (LH) and follicle-stimulating hormone
(FSH), is used in medicine for the treatment of
infertility. The molccule is too large (Mol. Wt
1182) and too hydrophillic (partition coefficient
0.0451; Banks and Cession, 1985) to cross the GI
tract mucosa; the peptide is also highly suscepti-
ble to enzyme degradation. Degradation proceeds
by a variety of routes, of particular importance is
the degradation mediated by endopeptidases on
the Tyr®-Gly® bond, in combination with en-
zymes that hydrolyse the pyroGlu' or cleave on
the carboxyl side of Pro (Sandow ct al., 1981).
Duc to the physical and chemical barriers af-
forded by the GI tract, the oral administration of
LHRH required a dosc 3000-times higher than
that of the parenteral route (Sandow and Petri,
1985). The half-life for LHRH in the circulation
is extremely rapid (3—6 min) (Handeclsman and
Swerdloft, 1986) and involves the mixing of the
peptide throughout the vascular and extracellular
fluid spaces.

The tripeptide, thyrotropin releasing hormone
(TRH). is a hypothalamic hormonc that stimu-
lates the release of thyrotropin, prolactin and
growth hormone from the pituitary and is admin-
istered parenterally because of low brain levels
following oral administration. Since TRH is rela-
tively resistant to proteolytic degradation in the
Gl tract, its poor oral activity is probably due to
poor absorption and rapid clearance in the blood-
stream (Yokohama et al., 1984). TRH is rapidly
degraded following first-order kinetics, with a
half-lifec in humans of approx. 5 min following i.v.
administration (Leppaluoto, et al., 1972). Two
different enzymes are responsible for the catab-
olism of TRH (Brewster and Waltham, 198]):
prolyl endopeptidasc (generating deamino-TRH)
and pyroglutamyl aminopeptidase (generating the
products pGlu and His-Pro-NH ).

Established strategies for improving the oral
absorption of peptide and protcin drugs take into
consideration the physiological and physicochem-
ical factors discussed and can be divided into two
broad categories, chemical and physical. Chemi-
cal methods involve a chemical modification of
the compound to be absorbed. The modification
may be: (1) irreversible, ie., the newly modificd
compound is intcnded to be active in its own
right: as in peptide analogs containing unnatural
amino acids (p-amino acids) for L-amino acids in
the primary structure; or (ii) reversible, i.c.. the
active principle is intended to be regenerated in
vivo after absorption. i.c., a prodrug. Physical
methods involve the favourable pharmaccutical
presentation of the drug, although the medicinal
species is not altered chemically. Such methods
include association with colloidal carriers, entrap-
ment of the active species in polymeric matrices.
liposomes or micelles and the use of absorption
and solubility enhancers.

The transepithelial transport of TRH and its
prodrug ( N-octyloxycarbonyl) derivative (Lundin
ct al., 1991) was studied in Caco-2 cells and no
intact TRH prodrug was transported across the
cells. It was concluded that the increased
lipophilicity of the TRH prodrug had no effect on
its transport characteristics.

In this study, the chemical approach to oral
absorption enhancement was sclected for the
peptides LHRH and TRH. The peptides were
chemically modified by conjugating them to a
novel class of compounds: the lipidic amino acids
and their homo-oligomers the lipidic peptides.
The lipidic amino acids and peptides represent «
class of compounds which combine structural fea-
tures of lipids with those of amino acids (Gibbons
et al., 1990) and have potential as a drug delivery
system (Toth ct al., 1991). Because of their bi-
functional nature, the lipidic amino acids and
peptides have the capacity to be chemically con-
jugated to or incorporated into peptides. The
resulting conjugates possess a high degree of
membrane-like character: the permeability coetfi-
cicnt of the conjugated drug moicty may be in-
creased to such an extent that its passage across
the hydrophobic membrane of the GI tract is
facilitated. The long alkyl side chains may also
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have the additional effect of affording protection
to a labile peptide drug from enzymatic degrada-
tion.

In order to determine whether the lipidic
amino acids were capable of conferring enhanced
metabolic stability on the peptides, their respec-
tive degradation profiles were studied following
incubation with Caco-2 cell homogenates. The
Caco-2 ccll culture model is a widely used cell
line in drug and peptide absorption studies. This
cell line forms confluent monolayers and differ-
entiates to cells with an enterocyte-like morphol-
ogy under standard cell culture conditions
(Chantret et al., 1988). The Caco-2 cell ho-
mogenates possess the brush border enzymes typ-
ical of the small intestinal enterocyte (Artursson,
1990), providing a viable indication of metabolic
stability in the GI tract.

2. Materials and methods

'H-NMR spectra were obtained on Varian
XL-300 and Bruker AMS00 instruments operat-
ing at fields of 300 and 500 MHz, respectively;
chemical shifts are reported in ppm downfield
from internal TMS. Mass spectra were run on a
VG Analytical ZAB-SE instrument, using fast
atom bombardment (FAB) ionisation.

2-tert-Butoxycarbonylaminododecanoic acid
was synthesised from 1-bromodecane (Gibbons et
al., 1990). The synthesis of peptides 1 and 2 was
accomplished automatically by a stepwise solid-
phase procedure (Merrifield, 1963) on MBHA
Novabiochem resin (substitution 0.48 mmol/g
resin) and their primary structure verified by MS
and NMR. The lipidic amino acids were coupled
to the resin peptides manually. The synthesis of
the first and every subsequent level of the pep-
tide construction was achieved using a 4 M excess
of preformed symmetrical anhydride of N-Boc
amino acids in dichloromethane (20 ml) /N-meth-
ylpyrrolidone (5 ml). The protecting groups for
the synthesis of the peptides were Boc groups for
the a-amino-termini, Br-Z for the Tyr, Tos for
the Arg, CHO for the Trp, DNP for the His, OBz
for Glu and Bzl for the Ser. For all residues the
first coupling was carried out with the preformed

symmetrical anhydride in CH,Cl,, and a second
coupling in dichloromethane /N-methylpyrroli-
done. The sccond coupling of Boc-substituted-
Asn was mediated by the preformed 1-hydroxy-
benzotriazole ester in dichloromethane /N-meth-
ylpyrrolidone. In all the couplings the coupling
efficiency was more than 99.8% as indicated by
quantitative ninhydrin testing. After the second
coupling deprotection of the N-termini was per-
formed in 65% TFA in dichloromethane (20 ml
for 1 min, then another 20 ml for 10 min). The
deprotected resin peptide was neutralized with
10% diisopropylethylamine in dichloromethane.
The resin peptide was carefully washed between
and after the deprotection and neutralisation
steps. The DNP protecting group from the His
was removed with 20% mercaptoethanol /5% di-
isopropylethylamine in DMF, and the CHO group
from the Trp with 10% piperidine in DMF. The
peptide was removed from the resin support with
high HF method (1.5 ml cresol, 1.5 ml thiocresol,
20 ml HF) to vield the crude peptide, which was
precipitated with ether and redissolved in 6 M
guanidine HCI-0.1 M Tris solution (20 ml).

Peptide purification: Analytical HPLC separa-
tion was carried out on a Vydac C,; 5 RAC
column. HPLC grade acetonitrile (Aldrich) and
water were filtered through a 23 wm membrane
filter and degassed with helium flow prior to use.
Analytical separation was achieved with a solvent
gradient beginning with 0% acetonitrile, increas-
ing constantly to 60% acetonitrile at 30 min,
staying at this concentration for 20 min and de-
creasing steadily to 0% acetonitrile for 10 min at
a constant flow of 0.7 ml min~!. For preparative
separation a TSK gel preparative C,¢ column was
used. Separation was achieved with a solvent
gradient beginning with 0% acetonitrile, increas-
ing constantly to 60% acetonitrile at 180 min,
staying at this concentration for 60 min and de-
creasing steadily to 0% acetonitrile for 30 min at
a constant flow of 7 ml min~'. The gradient was
effected by two microprocessor-controlled Gilson
302 single-piston pumps. Compounds were de-
tected with a Holochrome UV-Vis detector at
214 nm (analytical) and 230 nm (preparative).
Chromatographs were recorded with an LKB 2210
single-channel chart recorder.
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Table 1
Retention time and MS of LHRH-lipidic amino acid conju-
gate diasteromers

Compound Fraction no. Retention MS [M+H]’
time (min)
la 12.36 1200
b, ¢ fraction 1 17.34 1 398
fraction 2 18.13 1398
1d-1g tfraction 1 21.25 1396
fraction 2 21.83 1396
fraction 3 23.73 1596
fraction 4 23.86 1596
2a 6.60 380
2b. 2¢ 15.56. 15.97 577
2d-2g 21.77.22.12. 22,66, 776

23.71

The cxperimental data are summarized in
Table 1.

2.1. Preparation of Caco-2 cell homogenates

Caco-2 cells were obtained from the American
Type Culture Collection, Rockville, MD. The cclls
were cultured in Dulbecco’s modified Eagle's
medium containing 109% fetal calf serum, 1%
nonessential amino acids, benzylpenicillin (10
IU/ml) and streptomycin (10 wg/ml) in tissue
culture flasks for 14 days (Artursson, 1990). Cell
culture media and tissue culture flasks were from
Costar, Badhoevedorp. The Netherlands. Cells of
passage 97 were used. After washing the mono-
layers with ice-cold isotonic 0.01 M phosphate-
buffered saline (PBS, pH 7.4), cells were scraped
with a rubber policeman, placed in 50 ml cen-
trifuge tubes and resuspended and lysed in hypo-
tonic 0.01 M PBS, pH 7.4 at 4°C. Aliquots of the
cell lysates (3 X 10° cells/ml) were stored at
—70°C.

2.2. Enzyvme assay

The respective peptides and peptide conju-
gates (0.1 wmol) were dissolved in 100 mM phos-
phate buffer (1 ml, pH 7, containing EDTA and
DTT) and incubated at 37°C with the Caco-2 cell
homogenate solution (I mi). Samples (100 wl)
werc taken at various time intervals and the cnzy-
matic degradation reaction terminated by the ad-
dition of TFA (5 ul). The amount of peptide or

(9]
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peptide conjugate was determined by HPLC. The
peptide or peptide conjugate degradation prod-
ucts werce isolated by semipreparative HPLC and
their structures determined by 'H-NMR and
FAB-MS.

3. Results and discussion

The decapeptide LHRH (1a) and the tripep-
tide TRH (2a) were extended on the N-terminus
with one or two 2-aminododecanoic acid groups
(3), resulting in compounds 1b-1g and 2b-2g.
The peptides 1 and 2 were synthesized by the
solid-phase technique of Merifield (1963) and
their primary structure verified by MS and NMR.
2-tert-Butoxycarbonylaminododecanoic acid was
synthesised from 1-bromodecane (Gibbons ct al.,
1990).

Because the lipidic amino acid was racemic.
coupling it to LHRH to form a *‘monomer’ conju-

O

H-—(NH—CH—C),— Glu-His-Pro—NH ,

()

(=]
~

Configuration

1-3-TRH
»-3-TRH
1-3-1-3-TRH
»-3-n-3-TRH
1-3-0-3-TRH
1>-3-1-3-TRH

-t o o

PO LD L — =

bl




I Toth et al. / International Journal of Pharmaceutics 105 (1994) 241-247 245

100

80

60

40 v

Concentration (%)

20

T T T
(o} 50 100 150 200 250

Time {min)

Fig. 1. CaCo-2 enzyme degradation: () LHRH; (a) fraction
1 of 1b, 1¢; (¥v) released LHRH.

gate resulted in a diastereomeric mixture: com-
pounds 1b and lc¢. These monomer conjugates
were separated by HPLC (fractions 1 and 2, Table
1), but the absolute configurations were not de-
termined. Similarly, the ‘dimer’ conjugate, ob-
tained by coupling two lipidic amino acids to
LHRH, resulted in four compounds (1d-1g),
which were separated by HPLC (fractions 1-4,
Table 1). The monomer conjugate of TRH (con-
jugation of a single lipidic amino acid to TRH)
resulted in a diastereomeric mixture, compounds
2b and 2c¢. This diastercomeric mixture was used
without HPLC separation; the TRH dimer conju-
gates 2d—2g were also used as a diastereomeric
mixture.

LHRH (1a) incubated with Caco-2 cell ho-
mogenates degraded rapidly, the half-life of the
peptide being about 5 min. The monomer conju-
gates of LHRH showed an increased half-life of
43 min (Fig. 1). Interestingly, fraction 1 of the
monomer conjugate released the parent LHRH.
The released LHRH showed a substantially en-
hanced stability, being present in the cell ho-
mogenate mixture even after 4 h (Fig. 1). The
enzyme degradation of fraction 2 of the monomer
conjugate showed a similar pattern, but LHRH
release was not observed. Conjugation of LHRH
with two lipidic amino acids yielded compounds
1d-1g (fractions 1-4). The rate of enzyme degra-
dation of the four compounds was different.

100
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40 H
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¥
0 50 100 150 200 250
Time (min)

Fig. 2. CaCo-2 enzyme degradation: (W) LHRH; (4 ) fraction
2 of 1d-1g; (¥ ) released 1b or 1¢; (¢) released LHRH.

Fraction 1 was not degraded by Caco-2 enzymes,
even after 6 h incubation. Fraction 2 degraded
rapidly, the half-life of the conjugate being about
5 min, but the monomer conjugate and the parent
LHRH were released (Fig. 2). The released mo-
nomer conjugate and LHRH remained in the cell
homogenate mixture for more than 4 h. Fraction
3 degraded slowly, the half-life of the conjugate
being more than 6 h, with LHRH release begin-
ning after 4 h, so that 5% LHRH was present
after 6 h incubation (Fig. 3). The half-life of
fraction 4 was about 3 h; the compound degraded
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Fig. 3. CaCo-2 enzyme degradation: (B) LHRH; (a) fraction
3 of 1d-1g; ( v) released LHRH.
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Fig. 4. CaCo-2 enzyme degradation: (M) LHRH: (&) fraction
4 of 1d-1g; ( v) released 1b or lc.

to a monomer conjugate 1b or l¢ (Fig. 4), how-
ever, LHRH release was not observed.

Caco-2 cell homogenate degradation of TRH
(2a), monomer conjugates (2b and 2¢) and dimer
conjugates (2d-2g) was studied using the di-
astereomeric mixtures. The TRH (2a) and the
monomeric conjugates (2b and 2¢) showed a simi-
lar degradation profile with Caco-2 enzyme to
that of the corresponding LHRH compounds.
TRH degraded rapidly, the half-life of the com-
pound being about 3 min. The half-life of the
monomeric conjugates 2b and 2¢ was 30 min, and
about 5% of the conjugates was still detectable

Concentration (¥)

0 50 100 150 200 250
Time (min)

Fig. 5. CaCo-2 enzyme degradation: (@) TRH: (a) 2b2¢: (V)
released TRH.
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Fig. 6. CaCo-2 enzyme degradation: (m) TRH: (a) 2d-2g:
(w) released 2b, 2¢: (o) relcased TRH.

after 4 h incubation. Parent TRH was released
from the monomer conjugates, reached a maxi-
mum concentration after 1 h incubation and was
present even after 4 h (Fig. 5). The half-life of the
dimer conjugates 2d-2g with Caco-2 enzymes was
about 2.5 h and although the amount present
gradually decreased, there was still 5% of the
conjugates present even after 4 h incubation.
Parent TRH and monomer conjugates 2b and 2¢
were released from these dimer conjugates and
were detected in increasing amounts during the 4
h incubation (Fig. 6).

4, Conclusion

Conjugation of LHRH (1a) to lipidic amino
acids increased the half-life of the conjugates
during incubation with Caco-2 cell homogenates.
The half-life of unconjugated LHRH was approx.
5 min, which increased to approx. 45 min when
conjugated to a lipidic amino acid (1b and I¢) and
360 min when conjugated to two lipidic amino
acids (2d-2g). Similarly, TRH (2a) showed en-
hanced metabolic stability when conjugated to
lipidic amino acids: the unconjugated peptide 2a
demonstrated a half-life of about 3 min, which
was increased to 30 min when conjugated to a
lipidic amino acid (2b and 2¢) and 150 min when
conjugated to two lipidic amino acids (2d-2g).
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The monomeric conjugate form of LHRH and

i b‘y’
HPLC and MS, during the incubation with the
cell homogenates. Similarly, the dimeric conju-
gate form of the peptides released both the
monomeric form and the parent peptide. The
parent peptide released by enzyme action on the
lipidic peptide conjugate exhibited enhanced sta-
bility over the parent peptide which was present
alone in the incubation mixture, e¢.g., LHRH
showed a half-lifte of 5 min, whereas LHRH re-
leased from the monomer conjugate was present
in the incubation mixture even after 4 h, as was
parent LHRH released from the dimer conjugate.
Similarly, parent TRH had a half-life of 3 min,
but TRH cleaved from the lipidic amino acids
was present in the incubation mixture during the
4 h of incubation. It is possible that the cleaved
lipidic amino acid subsequently inhibited the en-
zyme degradation of the parent peptides. Further
work will investigate the absolute configuration of
the diastereomers and the kinetics of the enzyme
degradation reaction.
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