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Abstract—Novel, metabolically stable and centrally acting TRH analogues with substituted pyridinium moieties replacing the [His?]
residue of the endogenous peptide were prepared by solid-phase Zincke reaction. The 1,4-dihydropyridine prodrugs of these ana-
logues obtained after reducing the pyridinium moiety were able to reach the brain and maintain a sustained concentration of the
charged, degradation-resistant analogues formed after enzymatic oxidation of the prodrug, as manifested by the analeptic action
measured in mice. Among the four analogues reported, compound 2a showed the highest potency and longest duration of action in
reducing the pentobarbital-induced sleeping time compared to the parent TRH. No binding to the endocrine TRH-receptor was
measured for 2a; thus, this compound emerged as a potent, centrally acting TRH analogue. © 2002 Elsevier Science Ltd. All rights

reserved.

TRH (pGlu-His-Pro-NH,, 1) is the first hypothalamic
releasing factor characterized, establishing the funda-
mental proof for the existence of a neuroendocrine reg-
ulation of pituitary functions by hypothalamic
structures."> TRH induces a wide range of behavioral
effects by either peripherally or centrally.> One of the
best-known central nervous system (CNS) effects of 1 is
the analeptic action; the reduction of barbiturate nar-
cosis or haloperidol-induced catalepsy as a measure of
dopaminergic stimulation.* A large number of TRH
analogues have been synthesized to separate the end-
rocrine and CNS effects.” Analogues where [His?] is
replaced by residues having alkyl side chain are char-
acteristic representatives of TRH analogues having
increased CNS activity but decreased or absent hormo-
nal activity.® This feature is desired concerning potential
treatment of CNS disorders such as Alzheimer’s disease,
brain or spinal cord trauma and motorneuron disease.

TRH and its analogues, however, have poor access to
the CNS due to their insufficient lipid solubility and the
absence of specific transport systems present in the
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endothelial cells forming the blood-brain barrier
(BBB).” Previously, we have reported a novel, but rather
complex method for improving brain-targeting of
[Leu’]TRH.® In this approach, a progenitor sequence
was embedded in a chemical targeting system that
penetrated the BBB, retained and liberated the target
TRH analogue in the CNS through multiple enzymatic
transformations. For a simplification of this method, we
reasoned that the design of analogues having specific
moieties with ability to furnish CNS targeting could be
explored. This approach may result in a much less
complex system (synthetically and ‘enzymatically’), as
well as an enhanced CNS bioavailability due to reduc-
tion in molecular size. We also expected that metabolic
stability compared to TRH could be greatly improved
by our design. Therefore, we replaced the central basic
His, believed to be an essential structural element to the
full thyrotropin-releasing activity but not to CNS
effects,” with pyridinium derivatives that, thereby, pro-
vide a permanent positive charge to the resulting tri-
peptide analogues (2a-d). The pyridinium moiety
enabled us to make transient chemical modification
(reduction of pyridinium to dihydropyridine)'® to
obtain prodrugs 3a—d that, as neutral compounds, were
expected to show an increased lipophilicity compared to
that of 2a—d; hence, CNS targeting could be achieved.
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Essentially, the transport of 3a—d into the CNS should
be followed by an enzymatic oxidation to 2a—d that
cannot leave the CNS due their permanent positive
charge and highly hydrophilic nature. While the pre-
viously reported® brain-targeting systems for [Leu?]TRH
required very time-consuming and cumbersome syn-
thetic procedures, 2a—d reported here were prepared by
semi-automated solid-phase peptide synthesis (SPPS)
utilizing Fmoc chemistry. Introduction of the pyr-
idinium moiety was also carried out by solid-phase
reaction; the Zincke reaction'! was done on the resin-
bound tripeptide containing central residue having side
chain amino group (Scheme 1). Briefly, the pre-loaded
Fmoc-Pro-Rink Amide-MBHA resin was deprotected
with 20% (v/v) piperidine in DMF, followed by cou-
pling with Fmoc-diaminopropionic/butyric acid, Fmoc-
ornithine or Fmoc-lysine, respectively, protected with 1-
(4,4-dimethyl-2,6-dioxocyclohex-1-ylidene)ethyl (Dde)'?
in their side chain amino group. Once the pyroglutamic
acid had been attached, the Dde group was removed by
two 5-min treatments of the resin with 2% hydrazine
hydrate in DMF unmasking the side chain amino group
for the Zincke-reaction. To the resin suspended in
DMF, 5 equiv of Zincke-type salt'® [N-(2,4-dinitro-
phenyl)nicotinamide chloride] was added in the presence

of catalytic amount of pyridine and the mixture was
kept at 60 °C. The reaction was usually complete within
4-5h. Then, the peptide analogues 2a—d were cleaved
from the resin using TFA/water (98:2, v/v) and purified
by semi-preparative gradient HPLC on octadecylsilica
reversed phase. To obtain the prodrugs 3a—d, 2a—d were
reduced with Na,S,0,4.1%!# The reaction was monitored
by HPLC with UV detection at 254 nm (for 2a—d) and
355nm (for 3a-d).

In vitro stability studies in rat brain homogenate (20%,
w/v) and plasma revealed that prodrugs 3 converted to 2
generating thereby the central [pyridinium?] residue.
The half-lives (¢,,) were around 6 and 20 min in brain
homogenate and plasma, respectively. On the other
hand, the novel analogues (2a—d) were very stable in
biological media (less than 10% degradation in 2h),
while TRH itself had ¢, around 16 min in brain homo-
genate and 11 min in plasma. The replacement of His
also abolished the endocrine activity of 2a—d, based on
the diminished binding affinity to the receptor labeled by
[*H][3-Me-His?]TRH in pellets obtained from rat brain.

A pharmacological paradigm was used to assess the
potency of the new analogues as CNS agents adminis-
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Scheme 1. Synthesis of TRH analogues 2a—d and their prodrugs (3a—d): (i) 20% (v/v) piperidine in DMF, 10 min; (ii) PyBOP/HOBt: Fmoc-NH-
CH[(CH,),—NH-Dde]COOH/DiPEA (1:1:1:2); (iii) PyBOP/HOBt/pyroglutamic acid/DiPEA (1:1:1:2); (iv) 2% (w/v) hydrazine in DMF, 2 x Smin;
(v) N-(2,4-dinitrophenyl)nicotinamide (5 equiv), 60°C, 5h; (vi) TFA/H,0 (98:2, v/v); (vii) Na,S,0, in water, pH 7.
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tered to the animals in their prodrug forms in vivo. The
antagonism on the barbiturate-induced anesthesia was
explored to survey the extent of the activation of choli-
nergic neurons by the test compounds. Ten to 16 Swiss-
Webster mice (30+2g) were used in each group. Test
compounds were dissolved in degassed DMSO. The
vehicle alone (1.5mL/kg body weight) or equimolar
doses of 1 as control and prodrugs 3a—3d (15 pmol/kg
body weight) were injected through the tail vein (iv).
After 10min, each animal received an intraperitoneal
(ip) injection of sodium pentobarbital at a dose of
60 mg/kg bodyweight. The sleeping time was recorded
as the time elapsed from the onset of the loss of righting
reflex until the reflex was regained.

As shown in Figure 1, a significant decrease in the
sleeping time was obtained by analysis of variance
(ANOVA) followed by post hoc Dunnett’s test (p
<0.05) against the control group (animals injected with
the vehicle; sleeping time 69.4+13.5min) for all of the
test compounds except 3c. TRH (1) and 3a produced
essentially the same sleeping times (26.0+10.3 and

H*

vehicle 1 3a 3b 3c 3d

Figure 1. Analeptic effects of 2a—d injected iv in their prodrug forms
(3a-d) and TRH at equimolar dose of 15umol/kg body weight when
pentobarbital (ip, 60 mg/kg body weight) was administered 10 min
after the injection of the vehicle, 1 or 3a—d. Asterisks indicate statisti-
cally significant differences (p <0.05) from the control group (vehicle).
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Figure 2. Pharmacological comparison of the duration of analeptic
action at equimolar dose (15 umol/kg body weight, iv) of 1 () and 3a
() upon varying the time for pentobarbital post-administration (ip,
60 mg/kg body weight). Asterisks indicate statistically significant dif-
ferences (ANOVA followed by Dunnett’s test, p <0.05) compared to
the experiment when cholinergic challenge was made 10 min after the
injection of 1.

19.3+ 5.9 min, respectively), while the increase of the
side chain length had negative impact on the potency of
the test compounds.

The most potent prodrug (3a) was further studied and
compared to 1 for the duration of the analeptic action
by increasing the time after which the cholinergic chal-
lenge was made in the animals injected with 1 or 3a (Fig.
2). The analeptic activity of 1 showed a decrease (in
overall trend), when the time between injections was
increased. A loss over 50% of CNS activity was
observed at 60min, compared to when pentobarbital
injection was made after 10 min. Compound 3a actually
reached its highest analeptic activity 20-30min after
administration and still remained comparable even
60 min post-administration to the maximum effect
reached by 1 in our experiment. We reasoned that the
CNS-effect of 1 dissipated due to its metabolic instabil-
ity and depletion from the site of action as time elapsed,
while 2a remained trapped in the brain and its enzy-
matic degradation was slow. The great difference in
biological half-lives between 1 and 2a we obtained in the
biological tissues convincingly supports this explana-
tion. The longer half-life of 3a in plasma compared to
that in brain could also have contributed to a CNS
sequestration of 2a after systemic administration.

In conclusion, 2a has emerged among the metabolically
stable, non-endocrine TRH analogues as a new lead
compound for the potential treatment of CNS dis-
orders. Additional studies to assess neuropharmaco-
dynamic properties of this compound, as well as
development of novel analogues based on 2a as a tem-
plate are in progress.
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