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Summary

The feasibility of providing transdermal delivery of the tripeptide TRH (pGlu-His-Pro-NH,) was examined using the prodrug
approach. The prodrugs studied were the N-isobutyloxycarbonyl and N-octyloxycarbonyl derivatives formed by reacting TRH with
the appropriate chloroformates at its imidazole moiety. These derivatives are quantitatively converted to TRH by spontaneous or
non-specific esterase-catalyzed hydrolysis, but are resistant towards degradation by the TRH-specific pyroglutamyl aminopeptidase
serum enzyme. Diffusion experiments in vitro using human skin samples showed that, whereas TRH and N-isobutyloxycarbonyl-
TRH did not penetrate the skin to any measurable extent, the N-octyloxycarbonyl derivative showed a high penetrating capacity. By
applying this prodrug derivative in an aqueous solution (pH 6.0) at a concentration of 5%, a steady-state flux of 16 pg TRH/h per
cm® was observed while a 5% solution in propylene glycol gave a flux of 3.6 pg TRH/h per cm?. Essentially all of the prodrug pen-
etrated was present in the receptor phase as TRH. The study demonstrates the feasibility of achieving transdermal delivery of TRH
based on the favourable skin penetration properties of the N-octyloxycarbonyl-TRH prodrug which in turn are attributed to its com-

bination of high water solubility and lipophilicity.

Introduction

Thyrotropin-releasing hormone (TRH, pGlu-L-
His-L-Pro-NH>) is the hypothalamic peptide that
regulates the synthesis and secretion of thyrotrop-
in from the anterior pituitary gland. Since its dis-
covery in 1969, TRH has been shown to have not
only a variety of endocrine and central nervous
system-related biological activity, but also poten-
tial as a drug in the management of various neurol-
ogic and neuropsychiatric disorders including de-
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pression, brain injury, acute spinal trauma and
schizophrenia (for reviews, see Jackson, 1982;
Metcalf, 1982; Griffiths, 1985, 1986, 1987; Horita
et al., 1986; Loosen, 1988; Metcalf and Jackson,
1989).

The clinical utilization of the neuropharmacolo-
gical properties of TRH is, however, greatly ham-
pered by its rapid metabolism and clearance as
well as by its poor access to the CNS (Metcalf,
1982; Hichens, 1983; Griffiths, 1987; Loosen,
1988). Following parenteral administration in man
TRH shows a plasma half-life of only 6-8 min
(Bassiri and Utiger, 1973; Morley et al., 1979;
Duntas et al., 1988; Iversen, 1988) which mainly is
due to rapid enzymatic degradation of the peptide

0378-5173/90/$03.50 © 1990 Elsevier Science Publishers B.V. (Biomedical Division)



40

in the blood, in particular by the so-called TRH-
specific pyroglutamyl aminopeptidase serum en-
zyme (PAPase II) (Bauer, 1988; Emerson, 1989;
Magss and Bundgaard, 1990). This enzyme catalyz-
es the hydrolysis of TRH at the pGlu-His bond
yielding pyroglutamic acid and His-Pro-NH; (Fig.
1). The same degradation can also be effected by
virtue of the less specific pyroglutamyl aminopep-
tidase PAPase I which occurs in many different tis-
sues such as liver, kidney and brain but not in the
blood (Abraham and Podell, 1981; Bauer, 1988;
Wilk, 1989). The lipophilicity of TRH is very low
(Bundgaard and Mgss, 1990) and this may be a
primary reason for the limited ability of the pep-
tide to penetrate the blood-brain barrier (Nagai et
al., 1980; Banks and Kastin, 1985).

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,
1989, 1990). The derivatives developed are N-al-
koxycarbonyl derivatives of TRH formed by N-
acylating the imidazole group of the histidine resi-
due with various chloroformates. These deriva-
tives are totally resistant to cleavage by the TRH-
inactivating serum enzyme, but are readily biorev-
ersible as the parent TRH is formed quantitatively
from the derivatives by spontaneous hydrolysis or
by plasma esterase-catalyzed hydrolysis (Scheme
1). Besides protecting the parent TRH against in-
activation in plasma and hence being potentially
useful to prolong the duration of action of TRH in
vivo, the N-alkoxycarbonyl prodrug derivatives
possess greatly increased lipophilicity relative to
TRH as assessed by octanol-buffer partition ex-
periments (Bundgaard and Mgss, 1990). This
property may render the prodrug forms more ca-
pable of penetrating the blood-brain barrier or va-
rious other biomembranes than the parent pep-
tide.

The objective of the present study was to deter-
mine whether these prodrugs could be utilized to
develop a transdermal delivery system of TRH.
This route of administration would seem attractive
from various pharmacotherapeutical points of
view. Thus, intravenous injection of TRH which is
the commonly used mode of administration is
often associated with unpleasant side-effects such

as flushing, nausea and cardiovascular reactions
due to the initial high plasma concentrations (An-
ders and Merkle, 1983; Schifgen et al., 1983;
Schurr et al., 1985). By transdermal delivery such
plasma peaks may be avoided and systemic TRH
levels be maintained within the therapeutic range
over a prolonged period of time. A prerequisite
for the development of a transdermal delivery
system of TRH is, however, that the peptide is ca-
pable of penetrating the skin at a sufficiently high
rate and is not degraded during the percutaneous
absorption. Burnette and Marrero (1986) have
previously shown that TRH does not penetrate ex-
cised mouse skin to any measurable extent, but
that the transdermal transport can be enhanced by
iontophoresis. The poor skin permeability of TRH
can most likely be ascribed to its very low lipophil-
icity. TRH is weakly basic with a pK, value of 6.25
(Grant et al., 1972) but although it is almost fully
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Fig. 1. Hydrolysis of TRH by virtue of pyroglutamyl amino-
peptidases to pyroglutamic acid and L-histidyl-L-prolineamide.



ﬂ@—NH—CH—@—N .
7N |
H CH,
| ¢=0
-
NH
HN—l ?

+ R—OH + CO,
Scheme 1.

unionized at pH 7.4, its log P value is only —2.46
(P represents the partition coefficient between oc-
tanol and aqueous buffer of pH 7.4) (Bundgaard
and Mgss, 1990).

In the present study, the feasibility of achieving
transdermal delivery of TRH via the prodrug ap-
proach was evaluated by diffusion experiments in
vitro using human skin samples. The prodrugs
studied were the N-isobutyloxycarbonyl (I) and N-
octyloxycarbonyl (IT) derivatives of TRH. These
derivatives show greatly increased lipophilicities
relative to TRH, their log P values being —0.44 (I)
and 1.88 (II), respectively (Bundgaard and Mdss,
1990).

Materials and Methods

Chemicals

TRH was obtained from Carlbiotech A/S, Co-
penhagen. The N-alkoxycarbonyl-TRH deriva-
tives I and II were prepared as previously de-
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scribed (Bundgaard and Mgss, 1990). The melting
points were 98-101°C (I) and 83-85°C (II).

Permeability-metabolism  studies using excised
human skin

Whole abdominal human skin obtained under
autopsy was used. The skin was stored at —18°C
and was allowed to thaw gradually at room tem-
perature before use. All subcutaneous fat was re-
moved and the skin cut into pieces. The excised
skin was mounted in open diffusion cells of the
same type as those used by Franz (1975); they
have an available diffusion area of 0.70 cm?. The
dermal side of the skin was exposed to the recep-
tor medium (5 mi of 0.05 M isotonic phosphate
buffer solution of pH 7.2) which was stirred mag-
netically and kept at a constant temperature of
37°C with a circulating water bath.

The compounds were applied as 5% w/v sol-
utions in 0.05 M phosphate buffer (final pH being
6.0) or propylene glycol (100 or 200 ul). At appro-
priate intervals samples of 1 ml were removed
from the receptor phase and replaced with fresh
buffer. The samples were immediately analyzed
for TRH and prodrug content by HPLC as de-
scribed below. The permeation studies of each
compound in each vehicle were done in triplicate.
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Stability studies

The stability of TRH and the N-octyloxycarbon-
yl derivative (II) was examined in the presence of
whole human skin. Pieces of the skin were slightly
macerated in 0.05 M phosphate buffer of pH 7.40,
the ‘homogenate’ concentration being 20%. The
compounds were incubated at 37°C in this mixture
ataninitial concentration of 2 X 10~*M. At various
intervals samples of 500 pl were withdrawn and
added to 500 pl of a 2% solution of zinc sulphate
in 50% v/v methanol in order to deproteinize the
samples. After immediate mixing and centrifuga-
tion at 13000 rpm for 3 min, 20 pl of the clear
supernatant was analyzed by HPLC as described
below.

HPLC analysis of TRH and its prodrugs

TRH and its prodrugs I and II were determined
by HPLC using a system consisting of a Kontron
420 HPLC pump, a Kontron 432 LC detector op-
erated at 215 nm and a Rheodyne 7125 injection
valve with a 20-pl loop. A reversed-phase column
(33 x 4.6 mm) packed with Supelcosil LC-8-DB (3-
pm particles) and protected with a Supelguard
LC-8-DB column (from Supelco Inc., U.S.A.)
was used for the determination of the prodrugs I
and IL. The solvent systems used were acetonitrile-
0.1% v/v phosphoric acid (20:80 v/v) (compound
I) or (40:60 v/v) (compound II), the flow rate
being 1 ml min~!. For the analysis of TRH a
ChromSep column (100 X 4.6 mm) packed with
Microspher C-18 (3-pm particles) and supplied
with a Chrompack guard column was eluted at am-
bient temperature with a mobile phase consisting
of methanol-0.1% v/v 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, 1990) did not interfere with the
determination of TRH using this HPLC pro-
cedure. Quantitation of the compounds was done
by measuring the peak heights in relation to those
of standards chromatographed under the same
conditions.

Results and Discussion

Excised human skin was used to examine the

percutaneous absorption of TRH and the two N-
alkoxycarbonyl-TRH prodrug derivatives I and II.
The compounds were applied in the form of 5%
w/v aqueous solutions (pH 6.0) or propylene gly-
col solutions. The value of pH 6 was chosen since
the N-alkoxycarbonyl derivatives show maximal
stability at this pH (Bundgaard and Mgss, 1990).
The pK. value for the derivatives is 2.7
(Bundgaard and Mgss, 1990) and therefore, the
compounds are totally unionized at pH 6. The
solubility of the compounds in both the pH 6 buf-
fer and propylene glycol was so high (> 20% w/v)
that it was not practically possible (due to the lim-
ited supply of compounds) to use suspensions
which generally is to be preferred in order to keep
a constant driving force for diffusion and to provide
the maximum flux attainable.

In the case of both TRH and the N-isobutyloxy-
carbonyl derivative (I) no measurable amounts of
TRH or intact prodrug could be detected in the re-
ceptor phase during diffusion experiments lasting
up to 200 h. The limit of detection of TRH and the
prodrug was about 0.5 ug ml~!. The failure of
TRH to penetrate human skin is in accordance
with the results obtained by Burnette and Marrero
(1986) using excised nude mouse skin.

In contrast, the more lipophilic N-octyloxycar-
bonyl derivative (II) readily penetrated human
skin. The results obtained with this prodrug are
shown in Fig. 2 in which the cumulative amounts
(in wmol) of TRH measured in the receptor phase
divided by the surface area of the diffusion cell are
plotted against the time of sampling. Essentially
all of the prodrug penetrated through the skin was
present as TRH in the receptor phase. Thus, at
sampling times of 50-70 h, 5-8% was present in
the form of intact prodrug whereas this figure
dropped to 2-3% at sampling times of 100-140 h.
The half-life of hydrolysis of compound Il to TRH
in the phosphate buffer used as the receptor phase
was determined to be 20 h at 37°C. Therefore, it
can be calculated that part of the prodrug conver-
sion might have taken place after penetration by
spontaneous hydrolysis.

The steady-state fluxes obtained from the slopes
of the linear portions of the plots in Fig. 2 were
0.045 + 0.006 pmol TRH/h per cm? for the 5%
aqueous buffer solution and 0.010 = 0.002 pmol
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Fig. 2. Permeability of the N-octyloxycarbonyl derivative of

TRH (II) through human skin as amount of TRH appearing in

the receptor phase as a function of time from 5% solutions of

ILin 0.05 M phosphate buffer of pH 6.0 (®) and propylene gly-

col (A). The data represent the mean values obtained from 3
diffusion cell studies.

TRH/h per cm? for the 5% solution in propylene
glycol. These figures correspond to 16 ng TRH/h
per cm? and 3.6 pg TRH/h per cm?, respectively.

The good skin penetration behaviour observed
for the N-octyloxycarbonyl prodrug derivative can
most likely be attributed to its combination of high
water solubility and lipophilicity which combi-
nation is an important determinant of flux across
skin (Roy and Flynn, 1989; Sloan, 1989). Both
TRH and the N-isobutyloxycarbonyl derivative
are also highly water soluble, but their lipophili-
city in terms of octanol-buffer partition coef-
ficients is much lower than that of compound II
(Bundgaard and Mgss, 1990).

Stability studies with TRH and the prodrug Il in
a 20% human skin homogenate revealed a fairly
high rate of degradation. Under the experimental
conditions used both compounds degraded ac-
cording to first-order kinetics. The N-octyloxycar-
bonyl derivative was found to be degraded with
half-lives of 4-6 h at 37°C depending on the skin
samples used. The reaction taking place was en-
tirely hydrolysis at the N-alkoxycarbonyl moiety
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to yield TRH. With various skin samples half-lives
of 7-15 h were observed for the degradation of
TRH. Although being appreciable, these rates of
degradation are much lower than those in human
plasma solutions. Thus, the half-life for hydrolysis
of compound ITto TRH is 24 min in human plasma
at 37°C whereas TRH is degraded with a half-life
of 9.4 min (Bundgaard and Mgss, 1990). The sig-
nificance of the breakdown of TRH observed
under these incubation conditions in relation to
the penetration studies is difficult to access. In the
iontophoretic transport studies of TRH across ex-
cised nude mouse skin no degradation of TRH
during the diffusion was observed (Burnette and
Marrero, 1986).

The feasibility of obtaining transdermal delivery
of TRH via the prodrug approach can be assessed
by comparing the daily doses of TRH usually used
via parenteral administration with those obtain-
able by transdermal delivery or by taking the phar-
macokinetic approach based on the clearance rate
of the drug and its therapeutic plasma concentra-
tion (Knepp et al., 1987). If the area of the patch
for transdermal delivery is 20 cm? and if a flux of
16 pg/h per cm? is used, it would be possible to de-
liver 320 pg TRH/h or 7.6 mg over 24 h. This am-
ount is in the same range (0.5-10 mg) as that often
given by infusion or injection of TRH during 24 h
(see, e.g., Sawin et al., 1977; Ogashiwa and Take-
uchi, 1979; Mitsuma and Nogimori, 1984; Lampe
et al., 1989). It should be recognized that this flux
does not represent the maximally obtainable value
since the prodrug was not applied in the form of a
saturated solution, and no optimization studies
concerning the type of vehicle, use of penetration
enhancers etc. were done.

In conclusion, this study demonstrates, appar-
ently for the first time, that the prodrug approach
may be useful for enhancing the delivery of a pep-
tide across human skin. As discussed elsewhere
(Barry, 1986; Meyer et al., 1988; Bodde et al.,
1989) transdermal administration of highly potent
peptides offers a number of potential advantages.
The prodrug approach used in the present study
and based on transforming a hydrophilic peptide
to a bioreversible derivative with a higher biphasic
solubility may probably be applicable to various
other small peptides besides TRH.



44

Acknowledgements

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

References

Abraham, G.N. and Podell, D.N., Pyroglutamic acid. Non-
metabolic formation, function in proteins and peptides, and
characteristics of the enzymes effecting its removal. Mol.
Cell. Biol., 38 (1981) 181-190.

Anders, R. and Merkle, H.P., Buccal absorption of protirelin:
An effective way to stimulate thyrotropin and prolactin. J.
Pharm. Sci., 72 (1983) 1481-1483.

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.

Barry, B.W., The transdermal route for the delivery of peptides
and proteins. In S.S. Davis, L. Illum and E. Tomlinson
(Eds.), Delivery Systems for Peptide Drugs, Plenum, New
York, 1986, pp. 265-275.

Bassiri, R.M. and Utiger, R.D., Metabolism and excretion of
exogenous thyrotropin-releasing hormone in humans. J.
Clin. Invest., 52 (1973) 1616-1619.

Bauer, K., Degradation and biological inactivation of thyro-
tropin-releasing hormone (TRH): regulation of the mem-
brane-bound TRH-degrading enzyme from rat anterior pit-
uitary by estrogens and thyroid hormones. Biochimie, 70
(1988) 69-74.

Bodde, H.E., Verhoef, J.C. and Ponec, M., Transdermal pep-
tide delivery. Biochem. Soc. Trans., 17 (1989) 943-945.
Bundgaard, H. and Mgss, J., Prodrug derivatives of thyrotrop-
in-releasing hormone and other peptides. Biochem. Soc.

Trans., 17 (1989) 947-949.

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.

Burnette, R.R. and Marrero, D., Comparison between the
iontophoretic and passive transport of thyrotropin-releas-
ing hormone across excised nude mouse skin. J. Pharm.
Sci., 75 (1986) 738-743.

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

Emerson, C.H., Primary thyrotropin-releasing hormone-de-
grading enzymes. Methods Enzymol., 168 (1989) 365-371.

Franz, T.J., Percutaneous absorption. On the relevance of in
vitro data. J. Invest. Dermatol., 64 (1975) 190-195.

Grant, G., Ling, N., Rivier, J. and Vale, W., Orientation re-
strictions of the peptide hormone, thyrotropin-releasing
factor, due to intramolecular hydrogen bonding. Biochem-
istry, 11 (1972) 3070-3073.

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.

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

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

Iversen, E., Intra- and extravascular turn over of thyrotropin-
releasing hormone in normal man. J. Endocrinol., 118
(1988) 511-516.

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

Knepp, V.M., Hadgraft, J. and Guy, R.H., Transdermal drug
delivery: Problems and possibilities. CRC Crit. Rev. Ther.
Drug Carr. Syst., 4 (1987) 13-37.

Lampe, T.H., Veith, R.C., Plymate, S.R., Risse, S.C., Kopei-
kin, H., Cubberley, L. and Raskind, M. A., Pressor, norep-
inephrine, and pituitary responses to two TRH doses in
Alzheimer’s disease and normal older men. Psychoneuro-
endocrinology, 14 (1989) 311-320.

Loosen, P.T., TRH: Behavioral and endocrine effects in man.
Progr. Neuro-Psychopharmacol. Biol. Psychiarr., 12 (1988)
$87-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. (Eds), Thyrotropin-releasing
hormone. Biomedical significance. Ann. N.Y. Acad. Sci.,
553 (1989) 1-631.

Meyer, B.R., Kreis, W., Eschbach, J., O’'Mara, V., Rosen, S.
and Sibalis, D., Successful transdermal administration of
therapeutic doses of a polypeptide to normal human volun-
teers. Clin. Pharmacol. Ther., 44 (1988) 607-612.

Mitsuma, T. and Nogimori, T., Changes in plasma thyrotropin-
releasing hormone, thyrotrophin, prolactin and thyroid
hormone levels after intravenous, intranasal or rectal admi-
nistration of synthetic thyrotropin-releasing hormone in
man. Acta Endocrinol., 107 (1984) 207-212.

Morley et al. (1979)

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

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

Ogashiwa, M. and Takeuchi, K., Clinical studies of thyrotropin-
releasing hormone tartrate (TRH-T) as a direct stimulant to
the central nervous system. Int. J. Clin. Pharmacol. Bi-
opharm., 17 (1979) 145-151.

Roy, 8.D. and Flynn, G.L., Transdermal delivery of narcotic



analgesics: Comparative permeabilities of narcotic anal-
gesics through human cadaver skin. Pharm. Res., 6 (1989)
825-832.

Sawin. C.T., Hershman, J.M. and Chopra, I.J., The compara-
tive effect of T4 and Ts on the TSH response to TRH in
young adult men. J. Clin. Endocrinol. Metab., 44 (1977)
273-278.

Schafgen, W., Grebe, S.F. and Schatz, H., Pernasal versus in-
travenous administration of TRH: Effects on thyrotropin,
prolactin, trilodothyronine, thyroxine and thyroglobulin in
healthy subjects. Horm. Metab. Res., 15 (1983) 52-53.

45

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.

Sloan, K.B., Prodrugs for dermal delivery. Adv. Drug Delivery
Rev., 3 (1989) 67-101.

Wilk, S., Inhibitors of TRH-degrading enzymes. Ann. N.Y.
Acad. Sci., 553 (1989) 252-264.



