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Recent advances in retrometabolic drug design and targeting approaches

N. Bodor

A number of representative, recent advances achieved within the field of retrometabolic drug design are briefly sum-
marized. For the soft drug approach, some of the results of recent in vivo studies of loteprednol etabonate, a soft
corticosteroid approved by the FDA in 1998, are reviewed. For the chemical delivery system (CDS) approach, the latest
advances achieved in the brain targeting of peptides such as kyotorphin and TRH analogues are described.

1. Introduction

The general principles of retrometabolic drug design ap-
proaches were recently reviewed [1±3]; here, we are present-
ing some of the more important advances, both in the chemi-
cal delivery systems (CDS) and the soft drug (SD) fields.

2. Soft drug design

The field of anti-inflammatory corticosteroids provided a
good example for a soft drug approach [4±18]. We have
previously reported various aspects of the inactive meta-
bolite-based soft corticosteroids, specifically loteprednol
etabonate (1), which was designed starting from the inac-
tive metabolite of prednisolone, D1-cortienic acid (Fig. 1).
Loteprednol etabonate (chloromethyl 17a-ethoxycarbo-
nyloxy-11b-hydroxy-3-oxoandrosta-1,4-diene, 17b-carbox-
ylate), an active corticosteroid that lacks the usual steroi-
dal systemic side effects and, uniquely, the specific
ophthalmic side effects, such as elevation of intraocular
pressure and formation of cataract, received FDA approval
in 1998 as the active ingredient of two ophthalmic pre-
parations, LotemaxTM and AlrexTM [19±33]. Thus, lote-
prednol etabonate became the only corticosteroid that re-
ceived FDA approval for use in all inflammatory and
allergy-related ophthalmic disorders, including inflamma-
tion following post-cataract surgery, uveitis, allergic con-
junctivitis, and giant papillary conjunctivitis.

Recent studies [34, 35] demonstrated, that loteprednol eta-
bonate (LE, 1) can advantageously be used in many other
inflammatory conditions, where separation of activity and
side effects is very important. Thus, it was demonstrated
that is equipotent with the highly used beclomethasone
dipropionate (BD) in various experimental models of al-
lergic diseases, such as ovalbumin (OA) induced rhinor-
rhea and OA-induced lung eosinophilia in actively sensi-
tized Brown-Norway (BN) rats (Figs. 2, 3). For example,
in experiments of OA-induced airway eosinophilia in ac-
tively sensitized BN rats, compounds were given 2 h prior
to OA challenge intratracheally as a dry powder. The ani-
mals were challenged by inhalating OA-aerosol. The num-
ber of eosinophils in bronchoalveolar lavage fluid (BALF)
were counted for 48 h post challenge. Eosinophilia in
BALF was reduced dose dependently by LE (IC50 about
10 mg/kg) and BD (IC50 � 10 mg/kg). In similar studies
involving late phase allergic eosinophilia in guinea pigs,
eosinophilia in BALF was reduced dose dependently by
LE (IC50 � 43 mg/kg), by dexamethasone (IC50 � 134 mg/
kg), and by BD (IC50 � 19 mg/kg). In this set of experi-
ments where the OA challenge was applied 2 h after the dose
with steroids, fluticasone propionate (FP), a highly potent
steroid, showed the highest activity (IC50 � 0.89 mg/kg). It
was found, however, that when LE and FP were compared
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Fig. 1: Loteprednol etabonate (1) and its primary inactive metabolite, D1-
cortienic acid 17a-ethylcarbonate (2)

Fig. 2: Effect of loteprednol etabonate LE (0.1±20 mg/kg) on allergen-in-
duced eosinophilia in BALF (bronchoalveolar lavage fluid) 48 h
after allergen-challenge in actively sensitized Brown-Norway rats
by single intrapulmonar dry powder administration 2 h prior to
challenge. SC � lactose treated/saline challenged control group;
OVAC � lactose treated/OVA (ovalbumin) challenged control
group; ��� p < 0.001 compared to animals sham-challenged
with saline (SC); ** p < 0.01 and *** p < 0.001 compared to
vehicle-treated, allergen challenged animals (OVAC). Data are
mean � SEM



in a study with longer separation (6 h) between adminis-
tration of steroids and OA challenge, LE still showed a
strong activity with IC50 � 77 mg/kg, but FP showed very
weak and not dose-dependent effect. These data indicate
that LE produced a strong anti-inflammatory effect in vivo
after intranasal and intrapulmonary administration. In com-
parison to FP, LE showed significantly longer lasting ac-
tion. Accordingly, LE is being now developed for the treat-
ment of allergic conditions, such as rhinitis and asthma.

3. Chemical delivery systems

Significant advances in brain targeting of peptides using
the molecular package [36] approach were recently
achieved. First, brain targeting of kyotorphin was reported

using a modified version of the molecular packaging ap-
proach [37]. The target compound was the kyotorphin
analogue (Tyr-Lys, YK). The brain targeted compound
contains the active peptide in a packaged, disguised form,
flanked between the lipophilic cholesteryl ester on the C
terminus, and the 1,4-dihydrotrigonellyl redox targetor, at-
tached to the N-terminus through a strategically selected
L-amino acid(s) spacer. However, it was found that for
successful brain targeting the e-amine of Lys also needs to
be converted to a lipophilic function. The e-amine func-
tion was made lipophilic by coupling to a Boc moiety. It
was assumed, and confirmed, that Boc is biodegradable if
the corresponding precursor is locked-in the brain. Ac-
cordingly, the structure of the packaged kyotorphin analo-
gue (3) is shown on Fig. 4. For the final release, the pro-
line endopeptidase was the target enzyme, and accordingly
the spacer used was either proline or alanine, or a combi-
nation of these two amino acids. The best results were
obtained when two prolines were used as spacer.
A basically different strategy was also tested. Recognizing
that highly basic amino acids, such as arginine and lysine,
are essentially protonated all the time at biological pHs, it
was considered that isoelectronic-isosteric replacement of
amino acids could accomplish dual roles. As shown on
Fig. 5, a ªredox amino acidº pair [38] mimics the protona-
tion process. Accordingly, the oxidized, quaternary pyridi-
nium form might produce an active dipeptide, while the
corresponding 1,4-dihydro form could replace the targetor
moiety of CDS. In this construct, the use of spacer is not
needed, but we assume that the free amino acid of tyro-
sine needs to be made lipophilic in a similar way by Boc.
Thus, replacing Lys by the Nys$Nys� redox system, as
shown in Figs. 4 and 5, could be an effective way to pro-
duce centrally mediated analgesic activity. Fig. 6 provides
a composite summary of the two alternate approaches.
After administration to the general circulatory system,
both the CDS and brain targeted redox analogue (4,
BTRA), respectively, will penetrate the blood-brain-barrier
by passive transport, followed by oxidation of the dihydro-
trigonellyl function in the CDS or that of Nys in BTRA.
Tail-flick latency, an index of spinal cord mediated analge-
sia, was used to evaluate the analgesic effects in rats of
both types of kyotorphin analogues. Significant and pro-
longed analgesic activity was found with both approaches
at about 5 mg/kg dose, which represents a dramatic en-
hancement in activity, as kyotorphin requires a dose of
200 mg/kg to provide brief analgesia. The central media-
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Scheme

Preparation of the CDS for [Leu2, Pip3]-TRH

Fig. 3: Effect of beclomethasone dipropionate BD (0.01±1 mg/kg) on aller-
gen-induced eosinophilia in BALF 48 h after allergen-challenge in
actively sensitized Brown-Norway rats by single intrapulmonar dry
powder administration 2 h prior to challenge. See notation for Fig. 2



tion of the observed analgesia was demonstrated in both
cases, by administering naloxone at 30 min after adminis-
tration of BTRA and CDS-PP, respectively, as shown on
Fig. 7.
In conclusion, a modified molecular packaging allows ba-
sic amino acid containing peptides to be targeted to the
brain by converting them into a lipophilic, bioreversible
function. On the other hand, it was found that novel ªre-
dox amino acidsº accomplish both brain targeting and ac-

tivity functions. This novel approach could be standard for
a variety of other basic amino acids containing peptides.
Another recent development in brain targeting of peptides
involves a chemical targeting system for TRH analogues,
Pyr-Leu-Pip-OH. We have previously reported brain tar-
geting of the Leu2 analogue of TRH by extending the C-
terminal with glycine in order to end up with the C-ter-
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Fig. 4: The chemical delivery system (3, CDS) and the brain-targeted redox analog (4, BTRA) used for the delivery of the kyotorphine analogue Tyr-Lys
(YK) (Spacer: Pro, Pro-Pro, or Pro-Ala)

Fig. 5: Isoelectronic/isosteric analogy of Lys and Nys

Fig. 6: Sequential metabolism of brain-targeted chemical delivery system
of Tyr-Lys and brain targeted redox analogue (Tyr-Nys)

Table: Comparison of the pentobarbital-induced sleeping time
in mice after the administration of vehicle and test com-
pounds

Compound Sleeping time (min)

Vehicle 100.5 � 6.3
Pyr-Leu-Pro-NH2 78.2 � 4.7*
DHT-Pro-Pro-Gln-Leu-Pip-O-Chol 58.2 � 3.4*
DHT-Pro-Pro-Gln-Leu-Pro-Gly-O-Chol 62.0 � 3.9*

Ten minutes after i.v. injection of the compound (10 mmol/kg)1, pentobarbital, 60 mg/kg,
was i.p. injected in the animal. The sleeping time was recorded as the time elapsed
from the onset of loss to regain of the righting reflex.2, 3 Table entries are mean �SE.
1 TRH, 10 mmol � 3.7 mg
2 Mixture of propylene glycol and dimethyl sulfoxide (2:1) was used as vehicle
3 Six to seven Swiss Webster mice (30 � 3 g) were used in each group
* p < 0.05 when compared to vehicle control using Student's t-test

Fig. 7: Reversal of the analgesia produced by YK-CDS and BTRA admi-
nistered i.v. by naloxone administered 30 min later. Data represents
mean � SE of 6 rats for each group
Ð̂Ð BTRA; Ð&Ð CDS(PP); ���^��� BTRA � N;
���&��� CDS(PP) � N



minal proline amide necessary for the activity [39]. Thus,
the targeting construct is constituted of DHT-Pro-Pro-Gln-
Leu-Pro-Gly-OChol. After delivery to the brain, this com-
pound underwent sequential biotransformation: first, lock-
in by oxidation of the dihydrotrigonellyl (DHT) to the
corresponding pyridinium salt, then removal of cholesterol
(Chol), oxidation of glycine by peptidyl glycine a-amidat-
ing monoxegenase to prolineamide, cleavage of the targe-
tor-spacer combination, and, finally, cyclization of gluta-
mine by glutaminyl cyclase to pyroglutamate. It was
found, however, that the amide precursor was susceptible
to deamination by TRH-deaminase, a side reaction process
competitive with the ªdesigned-inº cleavage of the spacer-
Gln peptide bond. Therefore, we have selected an analo-
gue of TRH, where proline was replaced by pipocolic acid
(Pip), which derivative is active as such having the car-
boxy C-terminal, thus, there was no need to insert a lysine
to produce the amide [40]. The CDS was prepared by a
5 � 1 segment coupling approach, as shown in the
Scheme. The cholesteryl ester of pipecolic acid was pre-
pared using either Fmoc or Boc as protection.
The antagonism of barbiturate-induced sleeping time in
mice was used to assess the activation effect on mice CNS
cholinergic neurons by the previously published [39] and
the current TRH analogues. As the Table indicates, this
approach is at least equally effective with the previous
packaging; actually, the brain-targeted pipecolic acid analo-
gue of TRH appears to be even somewhat more effective.

4. Computer aided design

Complex computer programs were developed to be able to
predict full libraries of soft drugs and chemical delivery
systems, starting from various drugs as lead compounds
[41, 42]. In addition, most importantly, methods were de-
veloped to rank the compounds designed in order of iso-
steric-isoelectronic closeness to the lead compound and
others to predict various physical and chemical properties
of the analogues. Most recently, a novel general approach
to predict the important hydrolysis rates by human plasma
esterases was also developed [43].

5. Conclusions

Significant advancements in retrometabolic drug design
approaches were reported from our laboratories, but also a
large number of other research groups are using these no-
vel design approaches in a variety of therapeutic classes.

This research paper was presented during the 2nd Conference on Retro-
metabolism based Drug Design and Targeting, May 11±14, 1999, Amelia
Island, Florida, USA
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