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Summary

The feasibility of improving the poor oral bioavailability of the tripeptide TRH (pGlu-His-Pro-NH;) was examined using the pro-
drug approach. The prodrugs studied were various N-alkoxycarbonyl derivatives formed by reacting TRH with the appropriate
chloroformates at its imidazole moiety. In vitro metabolism studies with rabbit and rat intestinal homogenates showed that TRH and
the prodrugs were rapidly degraded in the rabbit homogenate by virtue of prolyl endopeptidase which cleaves the C-terminal proline
amide moiety. Whereas TRH showed a high stability in rat gut homogenates, the prodrug derivatives were readily degraded, partly
due to prolyl endopeptidase and partly due to non-specific esterases. In vitro penetration studies using the modified Ussing chamber
showed that the prodrugs did not improve the penetration of TRH across the jejunal, ileal and colonic segments of the rat. It is con-
cluded that although the prodrugs are much more lipophilic than TRH in terms of octanol-buffer partition coefficients, the greater
susceptibility of the derivatives to undergo enzymatic degradation more than offsets the improved lipophilicity characteristics. Pro-
drugs suitable for improving the oral absorption of TRH should not only possess a certain lipophilicity, but should also be resistant
towards the prolyl endopeptidase enzyme.

Introduction However, the clinical utility of TRH is hampered

by its rapid enzymatic inactivation in the blood

In recent years, thyrotropin-releasing hormone
(TRH) (pGlu-L-His-L-Pro-NH,) has attracted
much attention as a potential drug for the manage-
ment of various neurologic and neuropsychiatric
disorders including depression, brain injury, acute
spinal trauma, schizophrenia and Alzheimers dis-
ease (for reviews see Jackson, 1982; Metcalf,
1982; Griffiths, 1985, 1986, 1987; Horita et al.,
1986; Loosen, 1988; Metcalf and Jackson, 1989).

Correspondence: H. Bundgaard, The Royal Danish School of
Pharmacy, Department of Pharmaceutical Chemistry, 2 Uni-
versitetsparken, DK-2100 Copenhagen, Denmark.

and clearance as well as by its poor access to the
brain (Metcalf, 1982; Hichens, 1983; Griffiths,
1987; Loosen, 1988). The lipophilicity of TRH is
very low (Bundgaard and Mgss, 1990) and this
may be a primary reason for the limited ability of
the peptide to penetrate the blood-brain barrier
(Nagai et al., 1980; Banks and Kastin, 1985; Zlo-
kovic et al., 1988).

We have recently reported that these problems
of rapid enzymatic inactivation and poor lipophili-
city of TRH may be overcome by bioreversible de-
rivatization of the peptide (Bundgaard and Mgss,
1990). The derivatives developed are N-alkoxy-
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carbonyl derivatives of TRH formed by N-acylat-
ing the imidazole group of the histidine residue
with various chloroformates. These derivatives
are totally resistant to cleavage by the TRH-inacti-
vating pyroglutamyl aminopeptidase serum en-
zyme, but are readily bioreversible as the parent
TRH is formed quantitatively from the derivatives
by spontaneous hydrolysis or by plasma esterase-
catalyzed hydrolysis (Scheme 1). Besides by pro-
tecting the parent TRH against inactivation in
plasma and hence being potentially useful to pro-
long the duration of action of TRH in vivo, the N-
alkoxycarbonyl prodrug derivatives possess great-
ly increased lipophilicity relative to TRH as asses-
sed by octanol-buffer partition experiments
(Bundgaard and Mgss, 1990). This property may
render the prodrug forms more capable of pen-
etrating the blood-brain barrier or various other
biomembranes than the parent peptide. Thus, we
have recently reported that while TRH does not
penetrate human skin in vitro to any measurable
extent, the lipophilic N-octyloxycarbonyl deriva-
tive (VI) of TRH shows a high penetrating ca-
pacity (Mgss and Bundgaard, 1990b). The favour-
able skin penetration properties of this derivative
along with its ready conversion to the parent TRH
during or following skin penetration suggested the
utility of the prodrug for transdermal delivery of
TRH.

The objective of the present study was to deter-
mine whether these prodrugs (I-IX) could be utili-
zed to improve the oral bioavailability of TRH.
Although orally administered TRH has been re-
ported to enhance thyroid stimulating hormone
release in man (Haigler et al., 1972; Rabello et al.,
1974; Schurr et al., 1985), the bioavailability is
only about 1-2% (Yokohama et al., 1984a; Dun-
tas et al., 1988). In rats a similarly low oral bio-
availability (0.2-1.5%) has been found whereas a
somewhat higher extent of absorption (4-13%,
depending on the dose) is seen in dogs (Yoko-
hama et al., 1984a). Evidence has been provided
for the implication of a carrier-mediated transport
system in the absorption of TRH in rats and dogs
(Yokohama et al., 1984b).

The very low lipophilicity of TRH may be a
main reason for its poor passive transport across
the intestinal membrane. The logarithmic value of
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its partition coefficient (P) between octano! and
pH 7.4 buffer solution is only —2.46 (Bundgaard
and Mgss, 1990) and this value is far from being
favourable for gastrointestinal absorption (Yal-
kowski and Morozowich, 1980; Dressman et al.,
1985). Enzymatic degradation of the peptide at
the absorption site may also contribute to the poor
bioavailability although Yokohama et al. (1984b)
have reported that TRH is stable in the presence
of gastrointestinal proteolytic enzymes and in rat
intestinal homogenates.

Since the N-alkoxycarbonyl prodrug derlvatlves
of TRH are much more lipophilic than the parent
peptide in terms of octanol-buffer partition coef-
ficients (Fig. 1), it was thought that such prodrugs
may be capable of improving the gastrointestinal
absorption of TRH. To assess this possibility we
have examined the in vitro penetration character-
istics of TRH and some of the prodrugs across isol-
ated intestinal segments of the rabbit and rat using
the Ussing chamber technique. Furthermore, the
stability of the compounds in intestinal homogen-
ates has been determined.
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Fig. 1. Structures and logarithmic partition coefficients (P) of

TRH and its prodrug derivatives. P is the partition coefficient

between octanol and aqueous buffer of pH 7.4. The log P val-

ues for TRH and compounds I-VII are experimental values

(Bundgaard and Mgss, 1990) whereas the values for the com-

pounds VIII and IX are calculated on basis of the w substituent
values (Hansch and Leo, 1979).

Materials and Methods

Chemicals

TRH was obtained from Carlbiotech A/S, Co-
penhagen. TRH-OH (pGlu-His-Pro) and bacitra-
cin were purchased from Sigma, St. Louis, U.S.A.
The N-alkoxycarbonyl-TRH derivatives I-X were
prepared by reacting TRH with the appropriate
chloroformate as previously described (Bund-
gaard and Mgss, 1990). N-Benzyloxycarbonyl-
glycyl-L-prolyl-L-alanine (Z-Gly-Pro-Ala) and N-
benzyloxycarbonyl-glycyl-L-proline  (Z-Gly-Pro)
were purchased from Bachem, Switzerland.
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Intestinal penetration studies

Male Sprague-Dawley rats, weighing 300-350 g,
were killed and segments of the jejunum, ileum
and colon were excised and freed of the underly-
ing serosal tissues. The isolated segments were
mounted in a modified Ussing chamber exposing a
surface area of 0.50 cm?. Then 5.0 ml of a gluta-
thione bicarbonate Ringer’s (GBR) solution (Hull
etal., 1974), pre-adjusted to pH 7.4 and having an
osmolality of 300 = 15 mosM, was added to the res-
ervoir bathing the serosal side. An equal volume
of GBR solution (pH 7.4) containing TRH or pro-
drug in a concentration of 3 mM was thereafter
added to the mucosal side. Mixing in each cham-
ber was achieved by bubbling a mixture of 95%
0,/5% CO; at a rate of two to four bubbles per s.
The temperature was maintained at 37°C. At pre-
determined times, 200 pl samples were taken from
the serosal side and immediately replaced by an
equal volume of GBR solution. In order to stabil-
ize the prodrugs against degradation, 200 pl of a
0.15 M zinc sulphate solution (pH 5.0) was added
and the samples were analyzed by HPLC as de-
scribed below..

Penetration studies using intestinal segments of
the albino rabbit were performed in a similar way.

Stability of TRH and its prodrugs in gut homogen-
ates

The intestinal segments isolated from rats or
rabbits as described above and comprising jejun-
um, ileum and colon were homogenized in a 0.05
M phosphate buffer solution (pH 7.4) containing
0.15 M sodium chloride to provide a 1:5 dilution
(w/v). An Ultra-torrax TP-18/10 homogenisator
was used while maintaining the temperature at 2-
5°C. The homogenates were centrifuged at 1000
rpm at 5°C for 10 min and the supernatants ob-
tained used for the hydrolysis studies.

TRH and its prodrugs were incubated at 37°C in
the gut homogenates at an initial concentration of
107* M. At various intervals samples of 250 pl
were withdrawn and added to 250 pl of 2a 0.1 M
solution of zinc sulphate in order to deproteinize
the samples. After immediate mixing and centrifu-
gation at 13000 rpm for 3 min, 20 wl of the clear
supernatant was analyzed by HPLC as described
below.
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HPLC assays

TRH and its derivatives were determined by re-
versed-phase HPLC procedures. In the stability
studies the HPLC system used consisted of a Kon-
tron 420 HPLC pump, a Kontron 432 LC detector
operated at 215 nm and a Rheodyne 7125 injection
valve with a 20-pl loop. A reversed-phase Supel-
cosil LC-8-DB column (33 X 4.6 mm) containing 3
pm particles and protected with a Supelguard LC-
8-DB precolumn (both from Supelco Inc.,
U.S.A.) was used for the assay of the TRH pro-
drugs. The column was eluted at 1.0 ml min~! with
mixtures of acetonitrile and 0.1% v/v phosphoric
acid, the concentration of acetonitrile (10-40%
v/v) being adjusted for each compound to give an
appropriate retention time (3-8 min). For the
analysis of TRH as well as TRH-OH a ChromSep
column (100 X 4.6 mm) packed with Microspher C-
18 (3-pm particles) and supplied with a Chrom-
pack guard column (both from Chrompack) was
eluted at ambient temperature with a mobile
phase consisting of methanol-0.1% phosphoric
acid (2:98 v/v), the flow rate being 1 ml min™!. It
was ensured that the various degradation products
of TRH (Mgss and Bundgaard, 1990a) did not in-
terfere with the determination of TRH using this
HPLC procedure. Quantitation of the compounds
was done by measuring the peak heights in re-
lation to those of standards chromatographed
under the same conditions.

In the intestinal penetration studies the HPLC
system used consisted of a Merck Hitachi appar-
atus comprising a pump model L-6200, a variable
UV-detector L-4200 operated at 220 nm and an
autosampler model 655A-40 thermostated at 5°C.
Data acquisition and processing was performed
with a Merck Hitachi HPLC-Manager model D-
6000. The column used was a ChromSep column
as specified above and it was eluted using a gradi-
ent procedure with a mixture of acetonitrile and
0.1% phosphoric acid containing 5 x 1073 M trie-
thylamine. From O to 9 min the concentration of
acetonitrile was increased linearly from 2 to 50%;
from 9 to 13 min the concentration was decreased
from 50 to 2%, the latter concentration being
maintained for additional 10 min. Quantitation of
the compounds was done by measuring peak areas
in relation to those of standards chromatographed

under the same conditions. The sensitivity of the
assay was about 0.5 pg ml~! of TRH and its pro-
drugs.

Results and Discussion

Stability of TRH and its prodrugs in gut homogen-
ates

The stability of TRH and the N-alkoxycarbonyl
derivatives I-IX was determined in 20% rabbit
and rat intestinal homogenates. Under the exper-
imental conditions used the disappearance of the
compounds followed first-order kinetics as il-
lustrated by the plots in Fig. 2. The observed half-
lives for the degradation are listed in Table 1 along
with half-lives in pure buffer solution of pH 7.4.

Considerable differences are seen between the
stability of the compounds in rabbit and rat gut
homogenates, the rabbit tissue being most degrad-
ative. The species variation is in particular appar-
ent for TRH in that the compound showed less
than 5% degradation after incubation for 6 h in the
rat gut homogenate whereas a half-life of only 10
min was observed for the gut homogenate of the
rabbit. The high stability of TRH in the rat gut
homogenate is in agreement with similar findings
by Yokohama et al. (1984b) and Safran et al.
(1982), but in disagreement with those by Brews-
ter et al. (1981). The latter authors reported a half-
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Fig. 2. Plots showing the first-order kinetics of degradation of
TRH in 20% rabbit gut homogenate with (®) or without (m)
addition of 1 mM bacitracin (37°C). .
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TABLE 1
Half-lives (t;,) for the degradation of TRH and its prodrugs in 0.02 M phosphate buffer solution (pH 7.4) and in gut homogenates at
37ce
Compound iz
Buffer pH 7.4° 20% rabbit gut 20% rabbit gut homogenate 20% rat gut homogenate
homogenate containing bacitracin (1 mM)
TRH Stable 10 min 63 min >10h
1 35.8h 25 min 109 min
II 19.0h 14 min 81 min 65 min
I 19.0h 6 min 79 min
v 17.9h 8 min 18 min
v 36.8h 5 min 38 min 38 min
VI 17.5h 4 min 102 min
vl 20.4h 64 min
vl 78 min
IX 133 h 45 min

“The homogenates were derived from a mixture of the jejunum, ileum and colon.
"The stability data for TRH and the derivatives I-VII are from a previous study (Bundgaard and Mgss, 1990).
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life of degradation of TRH of 4 h in a 10% rat gut
homogenate at 37°C.

The enzymatic degradation of TRH in the rab-
bit intestinal homogenate was found to be due
mainly to prolyl endopeptidase cleaving the C-
terminal proline amide residue to yield the acid
TRH-OH (pGlu-His-Pro) (Scheme 2). As seen
from Fig. 3 the degradation of TRH was ac-
companied by an almost quantitative formation of
deamidated TRH, i.e. TRH-OH. Further evi-
dence for the involvement of this enzyme, also cal-
led post-proline cleaving enzyme, was provided by
performing the stability study in the presence of
bacitracin which is a fairly specific inhibitor of pro-
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Fig. 3. Time courses for TRH (@) and TRH-OH (©) during
degradation of TRH in a 20% rabbit intestinal homogenate at
37°C.
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lyl endopeptidase (Tate, 1981; Browne and
O’Cuinn, 1983). As seen from the data in Table 1,
the presence of bacitracin in a concentration of 1
mM considerably slowed the rate of TRH degra-
dation. The cleavage of TRH by prolyl endopepti-
dase has previously been reported (Knisatschek
and Bauer, 1979; Safran et al., 1982; Wilk, 1983).
In the study by Safran and co-workers on the
degradation of TRH in various rat organ homo-
genates the greatest TRH deamidase activity (i.e.
prolyl endopeptidase) was seen in liver, lung and
kidney whereas homogenates of ileum, pancreas
and skeletal muscle only showed little activity. In
contrast, the prolyl endopeptidase activity in the
rabbit small intestine has been reported to be high
compared with that of other organs of the rabbit
(Orlowski et al., 1979).

Prolyl endopeptidase is a serine protease con-
taining a thiol group at the active site (Wilk, 1983).
It is activated and stabilized in the presence of so-
dium edetate (EDTA) and dithiothreitol (Knisats-
chek and Bauer, 1979; Walter et al., 1980). When
EDTA (5 mM) and dithiothreitol (2 mM) were
added to the gut homogenates, the half-lives
shown in Table 2 were not changed, but the rate
of degradation adhered often more strictly to first-
order kinetics over longer reaction times.

That the greatly varying stability of TRH in the
rabbit and rat gut homogenates can be ascribed to
difference in prolyl endopeptidase activity was
further supported from stability experiments with
Z-Gly-Pro-Ala. When this known substrate for
prolyl endopeptidase (Walter and Yoshimoto,
1978; Walter et al., 1980) was incubated in the rab-
bit gut homogenate, it degraded with a first-order
half-life of 7 min to yield Z-Gly-Pro as revealed by
HPLC. In the rat gut homogenate, on the other

TABLE 2

hand, Z-Gly-Pro-Ala was only slowly hydrolyzed,
the half-life observed being 65 h.

Considering the stability of the TRH derivatives
I-IX (cf. Table 2), it was rather unexpectedly
found that these compounds were more unstable
than the parent TRH, especially in the gut homo-
genate of the rat. Only compounds I and II were
more stable than TRH (in rabbit gut homogena-
te).

There are two possible degradation pathways
for these N-alkoxycarbonyl derivatives: cleavage
of the terminal proline amide moiety by prolyl en-
dopeptidase to give the corresponding N-alkoxy-
carbonyl derivative of TRH-OH and cleavage of
the carbamate bond by unspecific esterases as in
plasma (Bundgaard and Mgss, 1990) to yield TRH
(Scheme 3). HPLC analysis of the reaction sol-
utions showed that both of these routes are invol-
ved.

In the rabbit gut homogenate the major route of
degradation was found to be cleavage by prolyl en-
dopeptidase. A peak emerged on the chromatog-
rams and subsequently disappeared, the disap-
pearance being accompanied by the formation of
a peak with the same retention time as TRH-OH.
The intermediate was most likely the correspond-
ing N-alkoxycarbonyl derivative of TRH-OH,
since it showed the same retention time as the
compound formed by treating TRH-OH with the
appropriate chloroformate in acetonitrile (cf.
Bundgaard and Mgss (1990)).

In the rat gut homogenate esterase-catalyzed
cleavage of the N-alkoxycarbonyl bond resulting
in TRH formation appeared to be a dominating
degradation pathway. However, an appreciable
fotmation of the corresponding N-alkoxycarbonyl
derivative of TRH-OH and hence TRH-OH was

Permeability coefficients of TRH and some prodrugs (VI, VIII and IX) across various rat intestinal segments

Region Permeability coefficients (x 10°cms™1)?

TRH VI VI IX
Jejunum 89+1.1(4) 43+0.8(2) 1.5+0.3(2) 1.7x0.7(2)
Ileum 7.4+0.7(5) 5.7+1.0(2) 0.6+0.1(2) 2.7+0.3(2)
Colon 5.8%+0.8(6) 28+0.4(2) 1.8+0.1(2) 1.4(1)

“Mean * SE; figures in parentheses represent number of determinations.



also observed, indicating a higher susceptibility of
the prodrugs to prolyl endopeptidase than under-
ivatized TRH. The specificity of this enzyme is
rather broad in terms of groups attached to the
proline amide core, and hydrophobic substituents
in the moiety increase the substrate reactivity
(Walter et al., 1980; Wilk, 1983). Thus, the B-
naphthylamide of TRH-OH is a far better sub-
strate than the unsubstituted amide (i.e. TRH)
(Andrews et al., 1980). Interestingly, the intro-
duction of a benzyl group in the imidazole moiety
of this naphthylamide further enhances the reac-
tivity (Andrews et al., 1980). Accordingly, it ap-
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pears not unlikely that the introduction of lipo-
philic N-alkoxycarbonyl groups in the imidazole
moiety of TRH may make its proline amide resi-
due more susceptible towards prolyl endopeptida-
se.

In vitro penetration studies

Penetration studies using the isolated jejunal,
ileal and colonic segments of the albino rabbit and
rat were performed with TRH and its most lipo-
philic prodrug (VI) as well as (for the rat study)
with the prodrugs VIII and IX containing a bran-
ched alkyl side chain. With the rabbit intestinal

Z N ]
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HN——II

Scheme 3.
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Fig. 4. Time course of penetration of TRH (®) and the pro-
drug VI (@) across the jejunum of the rat. Error bars represent
standard errors in the mean values for n = 2-4.

segments neither TRH nor compound VI was
found to penetrate across the intestinal segments
to any measurable extent. The concentrations in
the receptor cell were at all sampling times below
the detection limit (0.5 pwg ml~'). This lack of sig-
nificant penetration can most likely be ascribed to
the facile enzymatic degradation of the com-
pounds as described above.

When rat intestinal segments were used measur-
able amounts of the compounds were detected in
the receptor phase. An example of the time course
of drug penetration is shown in Fig. 4. From the
slope of such plots, the permeability coefficients of
TRH and its prodrugs were calculated (Table 2).
No intact prodrug was seen in the receptor phase.

The results obtained show that the poor pen-
etration of TRH across the jejunal, ileal and co-
lonic segments is not improved by the prodrugs
but rather is reduced. Although the higher lipo-
philicities of the prodrugs should lead to enhanced
permeability, the greater susceptibility of the pro-
drugs to undergo enzymatic degradation than
TRH (cf. Table 1) apparently more than offsets
the improved lipophilicity characteristics. This
degradation may predominantly occur intracellu-
larly. Analysis of the donor cell solutions showed
that about 50% of the prodrugs were degraded
after 4 h.

A remark should be given on the lipophilicity.
Although the N-octyloxycarbonyl derivative VI
shows a log P value of 1.88 which normally is con-
sidered to be very favourable for oral absorption

(Yalkowski and Morozowich, 1980) partition co-
efficients in the octanol-water system may not be a
good predictor of biomembrane penetration of
peptides. Ho et al. (1990) have recently shown
that although the uncharged model peptides, N-
acetyl(Phe),NH, and N-acetyl(Phe);NH, possess
log P values of 1.3 and 2.8, respectively, their in-
testinal and buccal permeability are very, low (< 5
x 10~%cms™!). Octanol s a hydrogen bonding sol-
vent, and it may not be modeling the transfer into
a biomembrane of peptides like TRH and the
TRH prodrugs which contain several amide bonds
capable of functioning as both acceptor and donor
for hydrogen bonding. A better predictor of bio-
membrane transport of such molecules may be the
partition parameter Alog P, defined as log
P(octanol/water) —log P(cyclohexane/water),
which takes the overall hydrogen bonding ability
of a compound into account (Young et al., 1988).
Studies are in progress to assess this aspect for the
TRH prodrugs and other peptides.

Acknowledgements

This work was supported by PharmaBiotec Re-
search Centre and the Lundbeck Foundation.

References

Andrews, P.C., Hines, C.M. and Dixon, J.E., Characteriza-
tion of proline endopeptidase from rat brain. Biochemistry,
19 (1980) 5494-5500.

Banks, W.A. and Kastin, A.J., Peptides and the blood-brain
barrier: Lipophilicity as a predictor of permeability. Brain
Res. Bull., 15 (1985) 287-292.

Brewster, D., Humphrey, M.J. and Wareing, M. V., Metab-
olism and pharmacokinetics of TRH and an analogue with
enhanced neuropharmacological potency. Neuropeptides, 1
(1981) 153-165.

Browne, P. and O’Cuinn, G., An evaluation of the role of a py-
roglutamyl peptidase, a post-proline cleaving enzyme and a
post-proline dipeptidyl amino peptidase, each purified
from the soluble fraction of guinea-pig brain, in the degra-
dation of thyroliberin in vitro. Eur. J. Biochem., 137 (1983)
75-87.

Bundgaard, H. and Mgss, J., Prodrugs of peptides. 6. Biorev-
ersible derivatives of thyrotropin-releasing hormone
(TRH) with increased lipophilicity and resistance to cleav-
age by the TRH-specific serum enzyme. Pharm. Res., 7
(1990) 885-892.



Dressman, J.B., Amidon, G.L. and Fleisher, D., Absorption
potential: estimating the fraction absorbed for orally admi-
nistered compounds. J. Pharm. Sci., 74 (1985) 588-589.

Duntas, L., Keck, F.S. and Pfeiffer, E.F., Pharmakokinetik
und Pharmakodynamik von Protirelin (TRH) beim
Menschen. Disch. Med. Wschr., 113 (1988) 1354-1357.

Griffiths, E.C., Thyrotropin-releasing hormone: endocrine
and central effects. Psychoneuroendocrinology, 10 (1985)
225-235.

Griffiths, E.C., Thyrotropin-releasing hormone: new appli-
cations in the clinic. Nature, 322 (1986) 212-213.

Griffiths, E.C., Clinical applications of thyrotropin-releasing
hormone. Clin. Sci., 73 (1987) 449-457.

Haigler, E.D., Hershman, J.M. and Pittman, J.A., Response
to orally administered synthetic thyrotropin-releasing hor-
mone in man. J. Clin. Endocrinol. Metab., 35 (1972) 631~
635.

Hansch, C. and Leo, A., Substituent Constants for Correlation
Analysis in Chemistry and Biology, Wiley, New York,
1979.

Hichens, M., A comparison of thyrotropin-releasing hormone
with analogs: Influence of disposition upon pharmacology.
Drug Metab. Rev., 14 (1983) 77-98.

Ho, N.F.H., Day, J.S., Barsuhn, C.L., Burton, P.S. and
Raub, T.J., Biophysical model approaches to mechanistic
transepithelial studies of peptides. J. Control. Release, 11
(1990) 3-24.

Horita, A., Carino, M.A. and Lai, H., Pharmacology of thyro-
tropin-releasing hormone. Annu. Rev. Pharmacol. Toxic-
ol., 26 (1986) 311-332.

Hull, D.S., Hine, J.E., Edelhauser, H.F. and Hyndiuk, B.A |
Permeability of the isolated rabbit cornea to corticostero-
ids. Invest. Ophthalmol., 13 (1974) 457-459.

Jackson, I.M.D., Thyrotropin-releasing hormone. N. Engl. J.
Med., 306 (1982) 145--155.

Knisatschek, H. and Bauer, K., Characterization of ‘Thyrolib-
erin-deamidating Enzyme’ as a post-proline cleaving en-
zyme. Partial purification and enzyme-chemical analysis of
the enzyme from anterior pituitary tissue. J. Biol. Chem.,
254 (1979) 10936-10943.

Loosen, P.T., TRH: Behavioral and endocrine effects in man.
Progr. Neuro-Psychopharmacol. Biol. Psychiat., 12 (1988)
S87-S117.

Metcalf, G., Regulatory peptides as a source of new drugs — the
clinical prospects for analogues of TRH which are resistant
to metabolic degradation. Brain Res. Rev., 4 (1982) 389-
408.

Metcalf, G. and Jackson, I.M.D. Thyrotropin-releasing hor-
mone. Biomedical significance. Ann. NY. Acad. Sci., 553
(1989) 1-631.

Mgss, J. and Bundgaard, H., Kinetics and pattern of degra-
dation of thyrotropin-releasing hormone (TRH) in human
plasma. Pharm. Res., 7 (1990a) 751-755.

Mgss, J. and Bundgaard, H., Prodrugs of peptides. 7. Trans-
dermal delivery of thyrotropin-releasing hormone (TRH)
via prodrugs. Int. J. Pharm., 66 (1990b) 39-45.

191

Nagai, Y., Yokohama, S., Nagawa, Y., Hirooka, Y. and
Nihei, N., Blood level and brain distribution of
thyrotropin-releasing hormone (TRH) determined by ra-
dicimmunoassay after intravenous administration in rats. J.
Pharm. Dyn., 3 (1980) 500-506.

Orlowski, M., Wilk, E., Pearce, S. and Wilk, S., Purification
and properties of a prolyl endopeptidase from rabbit brain.
J. Neurochem., 33 (1979) 461-469.

Rabello, M.M., Synder, P.J. and Utiger, R.D., Effects of the
pituitary-thyroid axis and prolactin secretion of single and
repetitive oral doses of thyrotropin-releasing hormone
(TRH). J. Clin. Endocrinol. Metab., 39 (1974) 571-578.

Safran, M., Wu, C.-F. and Emerson, C.H., Thyrotropin-re-
leasing hormone metabolism in visceral organ homogenat-
es of the rat. Endocrinology, 110 (1982) 2101~-2106.

Schurr, W., Knoll, B., Ziegler, R., Anders, R. and Merkle,
H.P., Comparative study of intravenous, nasal, oral and
buccal TRH administration among healthy subjects. J. En-
docrinol. Invest., 8 (1985) 41-44.

Tate, S.S., Purification and properties of a bovine brain thyro-
tropin-releasing factor deamidase. A post-proline cleaving
enzyme of limited specificity. Eur. J. Biochem., 118 (1981)
17-23.

Walter, R. and Yoshimoto, T., Postproline cleaving enzyme:
kinetic studies of size and stereospecificity of its active site.
Biochemistry, 17 (1978) 4139-4144.

Walter, R., Simmons, W.H. and Yoshimoto, T., Proline spec-
ific endo- and exopeptidases. Mol. Cell. Biochem., 30
(1980) 111-127.

Wilk, S., Prolyl endopeptidase. Life Sci., 33 (1983) 2149-2157.

Yalkowsky, S.H. and Morozowich, W., A physical chemical
basis for the design of orally active prodrugs. In E.J. Ariéns
(Ed.), Drug Design, Vol. IX, Academic Press, London,
1980, pp. 121-185.

Yokohama, S., Yamashita, K., Toguchi, H., Takeuchi, J. and
Kitamori, N., Absorption of thyrotropin-releasing hor-
mone after oral administration of TRH tartrate monohyd-
rate in the rat, dog and human. J. Pharm. Dyn., 7 (1984a)
101-111.

Yokohama, S., Yoshioka, T., Yamashita, K. and Kitamori,
N., Intestinal absorption mechanisms of thyrotropin-re-
leasing hormone. J. Pharm. Dyn., 7 (1984b) 445-451.

Young, R.C., Mitchell, R.C., Brown, T.H., Ganellin, C.R.,
Griffiths, R., Jones, M., Rana, K.K., Saunders, D., Smith,
I.R., Sore, N.E. and Wilks, T.J., Development of a new
physicochemical model for brain penetration and its appli-
cation to the design of centrally acting H, receptor hista-
mine antagonists. J. Med. Chem., 31 (1988) 656-671.

Zlokovic, B.V., Lipovac, M.N., Begley, D.J., Davson, H. and
Rakic, L., Slow penetration of thyrotropin-releasing hor-
mone across the blood-brain barrier of an in situ perfused
guinea pig brain. J. Neurochem., 51 (1988) 252-257.



