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Fig. 6 Efficacy of combination therapy. In combination therapy, PTD-
FNK (0.25 mg/kg, i.v.; 1h,n=6;2h,n=5;3h,n=6;45h,n=5)
and FK506 (1 mg/kg, i.v.) were injected at the indicated time points
(with a 30-min lag period) after initiating ischemia. The combination of
PTD-Bcl-x_ (0.5 mg/kg, i.v. at 1 h after ischemia) and FK506 (1 mg/kg,
iv. at 1.5 h after initiating ischemia) [PTD-Bcl-x_ (1 h) + FK506
(1.5 h); n = 6] and the combination of PTD-FNK (0.25 mg/kg, i.v.) and
FK506 (1 mg/kg, i.v.) at 1.5 h after initiating ischemia without a lag
period [PTD-FNK (1.5 h) + FK506 (1.5 h); n = 3] were also adminis-
tered for comparison. Vehicle data from Fig. 5 are re-presented for
comparison. Values for individual rats and the average are shown as
circles and bars, respectively, as presented in Fig. 5. “*p < 0.01
against vehicle; §p < 0.05 against the combination of PTD-Bcl-x_ and
FK508, by one-way Anova.

possibility, we examined whether the protective effects of
combination therapy continued for long periods. The
protective effects did last for a longer period, for at least
| week, and resulted in a quite significant reduction of infarct
volumes: the infarct volumes fell to 43% (total), 47%
(cortex), and 31% (striatum) (Fig. 7). Thus, a single com-
bination treatment markedly improved the infarction. More-
over, it is noteworthy that combination therapy caused a
significant reduction of infarct volume even in the striatum
(p < 0.01), as well as the cortex.

© 2008 The Authors
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Fig. 7 Time-lag combination therapy reduced the infarct volume even
after 1 week. (a) Representative photographs of HE-stained coronal
sections of the brain prepared from a rat-treated PTD-FNK (0.25 mg/
kg) at 1 h after ischemia and FK506 (1 mg/kg) at 1.5 h after ischemia,
at 1 week after 1.5 h of focal ischemia. (b) Effect of combination
therapy on total, cortex, and stratum infarct volume. **p < 0.01 against
vehicle. Six rats in each group.

Effect of treatments on edema volume

An increase in edema volume is a hallmark of ischemic
infarction. The results of total edema volumes are
summarized in Fig. 8. The trend toward a reduction of
edema volume was similar to that for total infarct volume.
Pre-treatment with PTD-FNK resulted in the lowest edema
volume [lane 2: PTD-FNK-0.25 in Fig. 8]. Post-treatment
with FNK also had a significant effect until 3 h after
ischemia [lane 7. PTD-FNK (3 h) in Fig. 8]. Notably,
combination therapy had a significant effect even at 4.5 h
after ischemia [lane 14: PTD-FNK (4.5 h) + FK506 (5 h)
in Fig. 8]. In this experiment, PTD-Bcl-x; again showed
an insignificant reduction ([lane 4: PTD-Bcl-xL-0.5 in
Fig. 8]. .

Effect of treatments on neurological symptom
At 24 h after ischemia, a neurological examination was
performed to test actual improvements. Neurological deficits

Journal Compilation © 2008 [ntemational Society for Neurochemistry, J. Neurochem. (2008) 106, 258270

258



100F

80 T—L‘

60

20

Total edema volume (mm?®)

H
o =)
PTD-FNK-0.5 l" .
PTD-Bcl-xL-0.5 I 4

% ﬁ = —
s 9 c e e
s X ¥ T ¥ <
2 2 ¥ Z2 X
4 Lz u Zz
= S Ed
a a B a P
a a
Pre-treatment Post-treatment Combination therapy
(3 h before)

Fig. 8 Effect of therapies on total edema volume after ischemia. Pre-
treatment: the vehicle (n = 8), PTD-FNK (0.25 or 0.5 mg/kg) (PTD-
FNK-0.25; n=8, PTD-FNK-0.5; n=8), or PTD-Bcl-x_ (0.5 mg/kg)
(PTD-Bcl-xL-0.5; n=6) was injected 3 h before ischemia. Post-
treatment: PTD-FNK (0.25 mg/kg) was injected 1 h [PTD-FNK (1 h);
n=8],1.5h [PTD-FNK (1.5 h); n = 6], 3 h [PTD-FNK (3 h); n = 5], or
4.5 h [PTD-FNK (4.5 h); n = 5] after initiating ischemia. FK506 was
injected 1.5 h after initiating ischemia [FK506 (1.5 h); n = 5]. In com-
bination therapy, PTD-Bcl-x, (0.5 mg/kg) was injected 1 h after initi-
ating ischemia, followed by the injection of FK506 (1 mg/kg) with a
0.5 h time-lag [PTD-Bcl-x_ (1 h) + FK506 (1.5 h); n =6]. PTD-FNK
(0.25 mg/kg; 1h,n=6;2h, n=5;3h, n=6; 45 h, n=5) was in-
jected at the indicated times after ischemia, followed by the injection of
FKS506 (1 mg/kg) with a 0.5 h time-lag. “p < 0.05; **p < 0.01 against
vehicle by one-way anova.

were scored as described in Materials and methods. The
neurological deficit scores were significantly lower in rats
pre-treated with PTD-FNK (lane 2: PTD-FNK) than the
vehicle (lane 1: Vehicle) or PTD-Bel-x. (lane 3: PTD-Bel-
xL) (Fig. 9), showing that a good effect of PTDFNK against
ischemic stroke in the reduction of infarct volume accom-
panied the improvement of neurological symptoms. The
improvements in neurological scores with various treatments
were in good agreement with the reduction of infarct
volumes. Notably, the combination of PTD-FNK at | h after
ischemia followed by FK506 gave the lowest score in all rats
examined [lane 10: PTD-FNK (1 h) + FK506 (1.5 h) in
Fig. 9]. All rats were able to walk reasonably smoothly in
spite of being unable to fully extend the right forepaw;
therefore, the combination therapy was effective not only in
reducing infarct volumes but also in improving neurological
symptoms. PTD-FNK alone significantly improved scores
until 3 h after ischemia [lane 6: PTD-FNK (3 h) in Fig. 9].
Combined therapy also significantly reduced scores until 3 h
after ischemia [lane 12: PTD-FNK (3 h) + FK506 (3.5 h) in
Fig. 9]. At 45h after ischemia [lane 13: PTD-FNK
(4.5 h) + FK506 (5 h) in Fig. 9], the Mann-Whitney test

© 2008 The Authors
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Fig. 9 Effect of therapies on neurological symptoms after ischemia.
Pre-treatment: the vehicle (n = 8), PTD-FNK (0.25 mg/kg; n = 8), or
PTD-Bel-x_ (0.5 mg/kg; n = 6) was injected 3 h before ischemia. Post-
treatment: PTD-FNK (0.25 mg/kg) was injected 1 h [PTD-FNK (1 h);
n=28), 1.5 h [PTD-FNK (1.5 h); n = 6], 3 h [PTD-FNK (3 h); n = 5], or
4.5 h [PTD-FNK (4.5 h); n = 5] after initiating ischemia. FK506 was
injected 1.5 h after initiating ischemia [FK506 (1.5 h); n = 5]. In com-
bination therapy, PTD-Bcl-x_ (0.5 mg/kg) was injected 1 h after initi-
ating ischemia, followed by FKS506 injection (1 mg/kg) with a 0.5 h
time-lag [PTD-Bcl-x. (1 h) + FK506 (1.5h); n=6]). PTD-FNK
(0.25 mg/kg; 1h,n=6;2h, n=5;3h, n=6; 45h, n=5) was in-
jected at the indicated times after ischemia, followed by FK506
injection (1 mg/kg) with a 0.5 h time-lag. *p < 0.05; **p < 0.01 against
vehicle by the Steel-Dwass method.

revealed a marginally significant improvement compared to
the control (p < 0.05).

Effects on physiological variables

Finally, we examined physiological parameters before and
during ischemia and after reperfusion (data not shown).
Values were considered normal for rectal and head temper-
ature, blood pressure, pCO,, pO,, pH and blood glucose in
control animals. Although rats in four groups [post-
treatment with PTD-FNK: PTD-FNK (1 h) and (1.5 h),
PTD-FNK (1 h) + FK506 (1.5h) and PTD-Bel-x
(1 h) + FK506 (1.5 h)] showed slightly higher pCO, values
(42.8-48.1 mmHg) during ischemia compared with the
vehicle group (40.2 mmHg), these differences were not
statistically significant. The slight increase in pCO, was not
the result of PTD-FNK, because pre-and post-administration
(1.5h, 3 h and 4.5'h) of PTD-FNK did not increase pCO,
values. When arterial pCO, rose over 60 mmHg in the
MCA occlusion model rat, CBF appeared to be modulated
by arterial pCO, in an exponential fashion and markedly
increased (Jones ef al. 1989). These small differences in
arterial pCO; should have little influence on CBF, as shown
in Fig. 3. Thus, there were no significant side effects of
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PTD-FNK ceither by itself or in combination with FK506 for
physiological parameters.

These results strongly suggest that the neuroprotective
effects were not the result of secondary effects such as
lowering temperature, but indeed because of PTD-FNK itself
and/or the combination with FK506.

In vitro experiments explaining the time-lag effect

The main mechanism underlying neuronal death in stroke
and anoxic and traumatic brain damage is excitotoxicity,
which is triggered by the excessive activation of ionotropic
glutamate receptors, leading to a rapid influx of Ca®" that
triggers cell death (Dimagl et al. 1999). Thus, we focused on
the movement of calcium ions. To explore the mechanism by
which time-lag treatment causes an enhanced effect, we used
a human neuroblastoma cell line, SH-SYSY, in in vitro
experiments because the protective effect by FK506 was
confirmed in SH-SYSY (Muramoto et al. 2003). When cells
were treated with TG, which is a potent inhibitor of Ca**-
ATPase (Ca’"-pump), the concentration of cytosolic Ca®*
increased. Thus, we monitored cytosolic Ca®" ions using the
fluorescence of Fluo-3AM (Fig. 10a—g). Pre-treatment with
PTD-FNK suppressed the increase of Ca®" induced by TG,
whereas pre-treatment with FK506 did not; however, FK506
inhibited cell death induced by TG (Fig. 10h). Pre-treatment
with FK506 and PTD-FNK at the same time increased the
Ca’" level and did not suppress cell death (Fig. 10g and h).
In contrast, when FK506 was added with a 30-min lag time,
the elevation in the Ca®™ level was suppressed, and the
cytoprotective effect of the combination on cell death was
marked. A time-lag of 30 min was sufficient (Fig. 10h,
insert); thus, the time-lag effect was evident in this in vitro
experiment.

Since FK506 has been reported to block endocytosis in
cultured cells (Lai et al. 2000; Kumashiro et al. 2005),
FK506 may inhibit the translocation of PTD-FNK into cells
when it is administered simultaneously, or before PTD-FNK
administration. Indeed, the simultaneous addition of FK506
significantly inhibited the incorporation of PTD-FNK, com-
pared with the addition of PTD-FNK alone (Fig. 10i-m).
FK506 did not exhibit a significant inhibitory effect on the
incorporation of PTD-FNK when FK506 was added 30 min
later (Fig. 10l and m). These findings reasonably explain
why a time lag is essential for the administration of FK506 to
have a synergistic effect.

Discussion

[n this study, we found significant protective effects of PTD-
FNK against rat brain focal ischemia, even if it was
administrated 3 h after ischemia. More importantly, the
combination of PTD-FNK and FK306 showed a striking

protective effect when those drugs were given with a 30-min
time lag.

© 2008 The Authors

To date, the reduction in cortical infarct volume achieved
by post-treatment with FK506 has been 50% (Sharkey and
Butcher 1994). A marked reduction was achieved in total and
cortical infarct volume to 50% and 25%, respectively, by
perturbing the interaction between the NMDA receptor and
PSD-95 using the protein transduction method at 1h after the
onset of ischemia (Aarts et al. 2002). The method used in our
present study is much more effective and has a longer
therapeutic time-window than previous methods. We attained
maximum reduction at 1 h after ischemia in the total and
cortical infarct volume to 27% and 14%, respectively.
Intracerebroventricular administration of a peptide inhibitor
of c-Jun N-terminal kinase with the PTD peptide showed
strong neuroprotection in a mild ischemia mouse model |
(Borsello et al. 2003). Since the authors obtained the infarct
mice by 30-min ischemia and intraventricularly injected the
PTD peptide, direct comparison with our results (by 90-min
ischemia) may be difficult. |

Compared with previous studies using wild-type Bcl-xy, ‘
PTD-FNK alone was more effective at a very low dose, one-
thirty-sixth of the dose of PTD-Bcl-x; used by Cao et al.
(2002), or one-fourth of the dose of PTD-Bel-x; used by |
Kilic et al. (2002). Actually, PTD-Bcl-x, failed to reduce the
infarct volume and edema volumes, and neurological deficit
scores as much as PTD-FNK (Figs 2, 6, 8 and 9). In addition,
the mole dose used in this study (8 nmole/kg) was signif-
icantly lower than that for peptide transduction by Aarts
et al. 2002 (20 mmole/kg) or by Borsello et al. 2003
(~11 mg/kg, or ~4 pmole/kg). The lower dose is reasonably
expected to reduce the possibility of side effects of the
protein transduction peptide.

When treatment with PTD-FNK was followed by an
injection of FK506 with a 30-min lag time, the cytoprotective
effects were markedly enhanced in terms of the decrease of
infarct volume and extension of the time window. It is
essential for clinical treatments to extend the time window of
treatment after the onset of ischemia because it takes
considerable time to initiate clinical treatments. In this study,
we succeeded in extending the period to 4.5 h after ischemia,
which could be sufficient to begin to treat emergency cases of
cerebral infarction in a hospital. It was reported that FK506
and Bel-x; suppress the activation of matrix metalloprotein-
ase-9 (Oliver et al. 2000; Migita et al. 2006), which
enhances cerebral edema by blood—brain barrier disruption
(Gasche et al. 2001). Therefore, the possibility remains that
the combination with PTD-FNK and FK506 showed a
significant reduction of brain edema through protection of the
blood brain barrier.

The improvement obtained by combination therapy is
because of a protective effect but not due to a delay in the
progression of injury (Fig. 7). Our own previoué study (Arii
et al. 2001) and Sharkey and Butcher (Sharkey and Butcher
1994) failed to show a protective effect on the striatum by
FK506 in the same filament MCA occlusion model. Inter-
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Fig. 10 Time-lag treatment of PTD-FNK with FK506 in cultured cells.
(a-f) Two hours before stimulation with thapsigargin (TG) (1 pM),
SH-SY5Y neuroblastoma cells were pre-treated with PTD-FNK
(300 pM) and/or FK506 (100 nM). Representative images with con-
focal scanning microscopy are shown (a—f). (a): control, (b): TG, (c):
PTD-FNK + TG, (d): FK506 + TG, (e): PTD-FNK + FK506 (simuita-
neously) + TG, (f): PTD-FNK + FK506 (30-min time lag) + TG. (g) For
each experimental group, 20 cells were analyzed with the NiH IMAGE
program to quantify Fluo-3 signals. Data are % intensity of Fluo-3 AM
in the normal group (no exposure to PTD-FNK, FK506 and TG), and
expressed as the mean with SEM. #, 30 min after pre-treatment with
PTD-FNK, FK506 was added. *p < 0.05 against the normal group
using post hoc multiple comparisons with the Student-Neuman-Keuls
test. (h) Protective effects of PTD-FNK and FK506 against TG-in-
duced SH-SYS5Y cell death. Two hours before stimulation with TG
(1 uM), cells were pre-treated with PTD-FNK (300 pM) and/or FK506
(100 nM), as described above. After incubation for 1 day, viable cells
(five fields in each well, four wells in each experimental group) were
counted. Cells not stimulated with TG were used as a control (100%).

estingly, we found a reduction of infarct volume in the
striatum after | week (68%, Fig. 7). This protective effect on
the striatum must be due to the combination of the two drugs
and the timing of administration. Thus, this combination
could be a practical treatment for cerebral infarction. The

© 2008 The Authors
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Data are expressed as the mean with SEM. #, 30 min after pre-
treatment with PTD-FNK, FK506 was added. “p < 0.05 against cells
treated only with TG using post hoc muitiple comparisons with the
Student-Neuman—-Keuls test. The insert shows the protective effects
against TG when FK506 was added at the indicated time after pre-
treatment with PTD-FNK. (i-m) Inhibitory effect of FKS06 on inter-
nalization of PTD-FNK. SH-SY5Y cells were treated with PTD-FNK
(350 nM) and/or FK506 (100 nM) for 2 h, as described above. After
incubation, the cells were subjected to immunostaining using anti-Bcl-
x antibody (primary antibody) and secondary antibody (BODIPY FL).
The cells were co-stained with propidium iodide. Representative
images with confocal scanning microscopy are shown (i-l). (i): FK506,
(j): PTD-FNK, (k): PTD-FNK + FK506 (simultaneous), (I) PTD-
FNK + FK506 (30-min time lag). (m) After imaging by confocal laser
scanning microscopy, 40 cells from each experimental group were
analyzed with the NIH IMAGE program to obtain BODIPY FL fluo-
rescence intensity. Data are expressed as the mean with SEM.
#, 30 min after pre-treatment with PTD-FNK, FK506 was added.
“p < 0.001 by anova.

procedure also significantly improved the neurological
symptoms accompanied by a reduction of infarct volume.
It was reported that FK506 blocks endocytosis (Lai et al.
2000; Kumashiro et al. 2005). We indeed showed inhibition
of the transduction of PTD-FNK by FK506, which explained
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why a lag time is essential for the administration of FK506 in
combination therapy.

Moreover, to explore the mechanisms of how PTD-FNK
synergistically protects with FK506, we performed an in vitro
study measuring the cytosolic calcium concentration. The
combination of PTD-FNK with FK506 provided a cytopro-
tective effect against an increase in cytosolic Ca®” only when
cells were treated with PTD-FNK followed by FK506 with a
30-min lag time. An important cellular target of FK506 is the
ubiquitous FK506-binding protein, FKBP12, a 12-kDa
member of the immunophilin family (Marks 1996). FKBP12
is physiologically associated with the ryanodine receptor
(RyR) and 1,4,5-triphosphate receptor (IP;R), which release
Ca®" into cytosol (Jayaraman et al. 1992; Cameron et al.
1995). Whereas FK506 stimulates the binding of FKBP12 to
calcineurin, it causes a dissociation of FKBP12 from RyR, or
[P; receptors. When FKBP12 is stripped from those recep-
tors, the calcium channel becomes ‘leaky’, leading to
enhanced calcium release upon stimulation (Marks 1997).
Thus, a high dose of FK506 exerts multiple effects on
intracellular Ca®>" homeostasis (Bultynck et al. 2003), and
inhibits the sarcoplasmic/endoplasmic reticulum Ca®"-Mg*™-
ATPase, Ca®" pump, leading to an increase in the cytosolic
Ca®" concentration (Bultynck et al. 2000).

In this study, we showed an increase in the cytosolic Ca®~
concentration after FK506 treatment with TG. Since a higher
cytosolic Ca?" concentration should be toxic to cells
(Paschen and Doutheil 1999), the protective effect of
FK506 could involve other mechanisms independent of
Ca®. In contrast, Bcl-2, or probably Bcl-xy, can inhibit the
release of calcium from endoplasmic reticulum (Nutt et al.
2002; Breckenridge et al. 2003). In fact, we showed that
PTD-FNK decreased the fluorescent intensity of Fluo-3AM
after exposure to TG. When PTD-FNK was added with
FK506 with no time-lag, the effect of FK506 to increase the
cytosolic Ca®™ level overcame that of PTD-FNK. When
PTD-FNK was followed by FK506 with a lag-time, the effect
of PTD-FNK to decrease the cytosolic Ca®” level overcame
that of FKS506. Thus, combined treatment may evoke
independent cytoprotective activities of FK506 and PTD-
FNK without inducing a toxic effect by FK506. PTD-FNK
treatment may have two major protective effects if combined
with FK506 treatment; its own protective effect and a
reduction of various adverse effects of FK506 treatment,
such as an increase in the cytosolic Ca®” level.

Understanding the molecular mechanism of the combined
effects may help us to develop more effective therapies for
cerebral infarction; however, our procedure improves neuro-
logical symptoms and reduces the infarct volume in stroke
rats to the maximum level even 4.5 h after ischemia.
Furthermore, if FK506, which is now under clinical trials
in the USA for stroke therapy, is combined with PTD-FNK,
the protective effect is significantly increased and the adverse
effect of FK3506 could be reduced. Further studies are

© 2008 The Authors

necessary to show clinical usefulness; however, this combi-

nation therapy could become a promising method of tackling
cerebral infarction.
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Abstract

Many anticancer drugs attack rapidly dividing cells, including not only malignant cells but also hair follicle cells, and induce alopecia.
Chemotherapy-induced alopecia (CIA) is an emotionally distressing side effect of cancer chemotherapy. There is currently no useful preventive
therapy for CIA. We have previously constructed anti-death rFNK protein from rat Bel-xp by site-directed mutagenesis to strengthen
cytoprotective activity. When fused to the protein transduction domain (PTD) of HIV/Tat, the fusion protein PTD (TAT)-rfFNK successfully
entered cells from the outside in vitro and in vivo to exhibit anti-death activity against apoptosis and necrosis. Here, we show that topical
application of FNK protected against CIA in a newborn rat model. The protective activity against hair-loss was observed in 30-1000 nM TAT-
rFNK administrative groups in a dose-dependent manner. Furthermore, a human version of FNK (hFNK) fused to other PTD peptides exhibited a
protective ability. These results suggest that PTD-FNK possesses protective activity against CIA and is not restricted to a sequence of PTD

peptides or species of FNK. Thus, PTD-FNK represents potential to develop a useful method for preventing CIA in cancer patients.
© 2007 Elsevier Inc. All rights reserved.

Keywords: Alopecia; Hair loss; Cell death; Bel-xy; Protein therapy; Protein transduction domain

Introduction effect on CIA in various rodent models, including 1, 25-
dihydroxyvitamin D3 (Jimenez and Yunis, 1992b), a bacteria-

Chemotherapy-induced alopecia (CIA) is one of the most  derived biologic response modifier ImuVert (Hussein et al.,
common and psychologically distressing side effects of cancer 1990), an anti-oxidant N-acetylcysteine (D’Agostini et al.,
chemotherapy. Although many methods have been proposed for 1998), a combination of ImuVert and N-acetylcysteine (Jimenez
decades, progress has been insufficient for the prevention or et al., 1992a), a cytokine interleukin | (Hussein, 1991; Jimenez
treatment. Many anti-cancer drugs induce apoptosis in hair et al., 1992b), an immunosuppressant cyclosporine A (Paus et
follicles and cause hair loss (Schilli et al., 1998; Botchkarev al., 1994; Hussein ct al., 1995), a hypertrichotic agent minoxidil
et al., 2000; Selleri et al., 2004; Hendrix et al., 2005; Kim et al., (Hussein, 1995), a monoclonal antibody against doxorubicin
2006). Although the underlying molecular mechanism(s) of the ~ (Balsari et al., 1994), a soybean-derived immunostimulating
hair follicle apoptosis induced by chemotherapy is poorly  peptide soymetide-4 (Tsuruki et al.. 2005), an a-lactalbumin-
understood, the p53, Fas and c-kit signaling pathways were  derived immunostimulating peptide Gly-Leu-Phe (Tsuruki and
recently shown to be involved in apoptosis (Botchkarev et al., Yoshikawa, 2005), an immunomodulator AS101 (Sredni et al.,
2000; Sharov et al., 2003, 2004). On the other hand, a wide 1996), a FPRLI receptor agonist peptide MMK-1 (Tsuruki and
variety of agents have been reported to exhibit a protective  Yoshikawa, 2006), an apoptosis inhibitor M50054 (2,2’-
methylenebis) (Tsuda et al., 2001), prostaglandins (Malkinson
ct al., 1993), epidermal, fibroblast and keratinocyte growth
* Corre:ponding author. Tel.: +81 44 733 9267; fax: +31 44 733 9268. factors (Jimenez and Yunis, 1992a: Braun et al.,, 2006), and a
E-mail address: ohta'wnms ac jp (S. Ohta). segment polarity gene product sonic hedgehog (Sato et al.,

0024-3205/S - see front matter © 2007 Elsevier Inc. All rights reserved.
doi:10.1016:4.165.2007 11,011
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2001), although not all are reported to have anti-apoptotic
activity. It is likely that hair loss is caused by not only apoptosis
but also other mechanism(s).

Green et al. and Frankel et al. found that the
transcriptional activator of transcription (TAT) protein from
human immunodeficiency virus-1 (HIV-1) possesses a
unique ability to enter cells from the extracellular environ-
ment (Green and Loewenstein, 1988; Frankel and Pabo,
1988). The domain that mediates the translocation of the
protein was identified 11 amino acid residues, and termed
protein transduction domain (PTD) or cell-penetrating
peptide (CPP). We have previously made anti-death rFNK
protein, which was constructed from rat Bcl-x; by site-
directed mutagenesis (Y22F/Q26N/R165K) to strengthen
cytoprotective activity (Asoh et al., 2000), and fused to
the protein transduction domain (PTD) of HIV-1/Tat protein
(Asoh et al., 2002; Snyder and' Dowdy, 2005), and showed
that PTD (TAT)FNK rapidly entered cultured cells or
reached chondrocytes in slice cultures of cartilage when
added into culture media (Asoh et al., 2000, 2002; Ozaki et
al., 2004; Asoh et al., 2005) and was delivered into the liver
and brain when injected i.p. into mice (Asoh et al., 2002,
2005). In our previous studies, TAT-rFNK successfully
protected chondrocytes from death induced by NO and
anti-Fas antibody (Ozaki et al, 2004), reduced ischemic
injury (Asoh et al., 2002; Nagai et al., 2007, Arakawa et al.,
2007), mitigated carbon tetrachloride-induced liver injury
(Asoh et al., 2005), protected cells from death induced by
freezing and thawing (Sudo et al., 2005) and aminoglyco-
side toxicity (Kashio et al, 2007), and improved the
transplantation efficiency of bone marrow mononuclear
cells (Tara et al, 2007). Lately we found that TAT-rFNK
prevented necrosis and acute hepatic injury with zonal death
induced by carbon tetrachloride. It suggests that TAT-rFNK
protects against cell death from both apoptosis and necrosis,
and has great potential for clinical applications to prevent
cell death (Asoh et al.,, 2005).

Here, we show that the topical application of rFNK
significantly protected hair follicle cells from CIA in a newborn
rat model. The protective activity against hair loss was observed in
TAT-rFNK administrative groups in a dose-dependent manner.
Furthermore, a human version of FNK (hFNK) was also
examined, where hFNK was fused with various peptides carrying
protein-transduction activity (TAT, R9, K2R7, and R7G6). All
these proteins exhibited protection activity against CIA.

Materials and methods
CIA model

Wistar rats (10 day-old) were purchased from Nippon SLC
(Hamamatsu, Shizuoka, Japan). Rats were fed ad libitum and
housed under a 12-hour light cycle. Alopecia was induced by
intraperitoneal injection of ectoposide (3 mg/kg, a single
treatment) on rat pups (13 day-old). Animal protocols were

approved by the Animal Care and Use Committee of Nippon
Medical School.
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Chemicals

Etoposide was purchased from Sigma (Sigma-Aldrich Japan,
Tokyo, Japan) and dissolved in dimethyl sulfoxide (DMSO) at
the concentration of 20 mg/ml and further diluted with saline
(Otsuka Normal Saline, Otsuka Pharmaceutical Co.-Ltd.,
Tokyo, Japan) at use.

Construction of human FNK

Five amino acid residues are different between human and
rat Bel-xg, proteins, as follows: Gly (human) and Glu (rat) at
residues 40, Ser (human) and Pro (rat) at residues 43, Met
(human) and Arg (rat) at residues 45, Ala (human) and Ser
(rat) at residues 168, and Glu (human) and Asp (rat) at
residues 193 (GeneBank Accession No. L20121 for human
Bel-x, and Accession No. U72350 for rat Bcl-x;). To
construct a human FNK version, pEF1BOS ratFNK (Asoh et
al., 2000), in which ratFNK was inserted at the Xba I site of
pEF1BOS, was used as a template for PCR-based site-directed
mutagenesis. PCR was independently performed to obtain four
PCR products using following four primer pairs: the first is a
pair of 5’-primer EFla-2 (5°-GGGGTTTTATGCGATG-
GAGT-3’; the nucleotide sequence of the vector upstream of
the FNK coding region) and 3’-primer 3970 (5’-TTCcGaTT-
CAGTgcCTTCTGGGGCTTCAGTC-3"; the codons under-
lined produce P43S and E40G substitutions) to produce
fragment 1, the second is a pair of 5 -primer 3971 (5’-
GgcACTGAAtCgGAAAtGGAGACCCCCAGTGC: the
codons underlined produce E40G, P43S, and R45M substitu-
tions and the 5’-end half is complementary to the 5’-end half
of the primer 3970) and 3’-primer 3974 (5’-GATCCAggcTG-
CAATCTTACTCACCAA-3’; the codon underlined produces
S168A substitution) to produce fragment 2, the third is a pair
of 5’-primer 3973 (5’-GATTGCAgccTGGATGGCCACC-
TACCTG-3"; the codon underlined produces S168A substitu-
tion, and the 5’-end half is complementary to the 5’-end half
of primer 3974) and 3’-end primer 3975 (5’-CCCGTA-
GAGtTCCACAAAAGTGTCCCAG-3’; the codon underlined
produces D193E substitution) to produce fragment 3, and the
fourth is a pair of 5’-primer 3976 (5’-GTGGAaCTCTACGG-
GAACAATGCA-3’; the codon underlined produces D193E
substitution, and the 5’-end half is complementary to the 5’-
end half of primer 3975) and 3’-primer 3932 (5’-GATGGG-
GAACACTGCTGTTTA-3’; the nucleotide sequence of the
vector downstream of the FNK coding region) to produce
fragment 4. Fragments | and 2 were mixed and annealed to
synthesize the complementary strand, followed by amplifica-
tion using 5’-primer EFla-2 and 3’-primer 3974 to produce
fragment 1/2. Fragments 3 and 4 were also mixed and
annealed to synthesize the complementary strand, followed by
amplification using 5’-primer 3973 and 3’-primer 3032 to
produce fragment 3/4. Fragments 1/2 and 3/4 were mixed and
annealed to synthesize the complementary strand, followed by
amplification using 5’-primer EFla-2 and 3’-primer 3032 to
produce a full length of the human FNK coding sequence.
After the final PCR product was cloned into the Xba I site of
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the vector pEFIBOS, the human FNK coding region was
confirmed by DNA sequencing.

Construction of TAT, R9, K2R7, and R7G6-fused hFNK

A DNA sequence encoding TAT-fused hFNK (Table 1)
was constructed by the exactly same method for constructing
that of TAT-rFNK DNA (Asoh et al., 2002) and cloned
between the Nde I and Hind III sites of E. coli expression
vector pET-21a (Novagen, Madison, WI) to obtain pET-21a-
TAT-hFNK. To construct R9, K2R7, and R7G6-fused hFNK
(Table 1), oligonucleotides encoding R9, K2R7, and R7G6
peptides were ligated at the 5’-end of the coding region of
FNK by the one-step PCR method described by Imai et al.
(1991), using pET-21a-TAT-hFNK as a template. In brief,
primers are designed in inverted tail-to-tail directions to
amplify the whole plasmid. PCR was carried out using
PfuTurbo DNA polymerase (Stratagene, Garden Grove, CA).
The blunt-ended PCR fragment obtained was phosphorylated,
self-ligated and used to transform E. coli-competent cells.
Plasmid DNAs were sequenced to confirm the desired plasmids.
The primers were designed as follows: (the nucleotide sequences
encoding PTD are underlined). A pair of primers, 5’-
GTCGTCGTCGTCGTTCTCAGAGCAACCGGGAGCTG-3’
and 5’-GACGACGACGACGCATATGTATATCTCCTTCT-
TAAAGTT-3" was used for R9-hFNK. A pair of primers, 5'-
TAAACGTAGACGCTCTCAGAGCAACCGGGAGCTG-3’
and 5’-CGACGTTTACGACGCATATGTATATCTCCTTCT-
TAAAGTTA-3’ was used for K2R7-hFNK. A pair of primers,
5’>-AGGTCGTGGACGTGGTCGTTCTCAGAGCAACCGG-
GAGCTG-3" and 5’-CTACCACGTCCACGACCACGCA-
TATGTATATCTCCTTCTTAAAGTTA-3’ was used for R7G6-
hFNK.

Preparation of PTD-FNKs

PTD-FNK proteins were prepared as described previously
(Asoh et al., 2002). In brief, the proteins overexpressed in E.
coli cells were recovered as inclusion bodies. After solubiliza-
tion in a buffer containing urea and SDS, the proteins were
subjected to SDS-PAGE to remove endotoxin and contaminated
proteins. After a band containing PTD-FNK was cut out, PTD-
FNK proteins were electrophoretically extracted from the gel
slice in extraction buffer (25 mM Tris/0.2 M glycine/0.1%
SDS). The extracted protein was used for injection into animals.
The extraction buffer was used as a control (vehicle).

Table |

Sequences of PTD used in this study

Name Sequence

TAT-rENK MGYGRKKRRQRRRGMSQSNRE. ..
TAT-hFNK MGYGRKKRRQRRRGMSQSNRE.....
R9-hFNK MRRRRRRRRRSQSNRE.....
K2R7-hFNK MRRKRRKRRRSQSNRE.....
R7G6-hFNK MRGRGRGRGRGRGRSQSNRE.....

The amino acid sequences of the N-terminus part of PTD-FNK used in this study
are indicated. PTD sequences are underlined.
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Fig. 1. TAT-rFNK prevents alopecia in a neonatal rat model in a dose-dependent
manner. Rat pups (13 days old) were pre-treated by subcutaneous injection of
TAT-rFNK (100 pl) at a concentration of O (vehicle), 30, 100, 300, and 1000 nM
(n=4 each group) into the posterior neck (indicated by arrow) 1 h before
intraperitoneal injection of etoposide (3 mg/kg). Alopecia was assessed after
8 days. (A) Representative pups of each group are shown with alopecia score.
(B) Alopecia scores of individual pups in each group are shown. *, P<0.05; **,
P<0.005, compared with 0 nM by one-way ANOVA.

Topical application of PTD-FNK

PTD-FNK (100 ul at a concentration of 30 to 1000 nM) or
vehicle (25 mM Tris/0.2 M glycine/0.1% SDS buffer used for the
PTD-FNK extraction) was subcutaneously (s.c.) injected into
the posterior neck before and/or after etoposide injection. Eight
days after etoposide injection, the effects of PTD-FNK on
alopecia were assessed by examining the degree of hair loss in
the area where PTD-FNK was injected, and were scored
according to the following scale (Alopecia Score) (Hussein et
al., 1995): 0, no detectable alopecia; 1, mild alopecia with less
than 50% hair loss; 2, moderately severe alopecia with more than
50% hair loss; 3, severe and total alopecia (see Figs. | and 2).

H&E staining

Skin sections (around 5 mm wide x 10 mm along the long
axis of the body) where PTD-FNK was injected were removed
and fixed with 4% paraformaldehyde in PBS at room
temperature. The tissues were dehydrated, embedded in
paraffin, longitudinally sectioned with 4 um in thickness, and
stained with hematoxylin and eosin (H&E) for histopathologi-
cal analysis.

Image analysis of hair follicles

Quantification was performed on H&E-stained skin sections.
Images were acquired as digitized tagged-image format files to
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Fig. 2. Human version of FNK fused with various PTD prevented alopecia. Rat
pups (13 days old) were pre-treated by subcutaneous injection of vehicle (V) or
various PTD-FNK (TAT-rFNK, TAT-hFNK, R9-hFNK, K2R7-hFNK and R7G6-
hFNK: 100 pl at 300 nM) into the posterior neck 1 h before intraperitoneal
injection of etoposide (3 mg/kg). Alopecia was assessed after 8 days. Note that
data of vehicle and TAT-rFNK groups consist of the results of all experiments with
the same dose performed in this study. (A) Representative pups of each group are
shown with alopecia score. (B) Alopecia scores of individual pups in each group
are shown. *, P<0.05; **, P<0.005, and ¥, P<0.005, compared with Vehicle and
TAT-rFNK, respectively, by one-way ANOVA.

retain maximum resolution using an Olympus BX60 micro-
scope with an attached digital camera system (DP-70, Olympus,
Tokyo, Japan), and digital images were routed into a Windows
PC for quantitative analyses using SimplePCI software
(Compix, Inc. Imaging Systems, Cranberry Township, PA).
All images (610,200 pixels per field) were captured via an
objective lens (x10) and were manually edited to eliminate
artifacts. Hair follicle-area is presented as the percentage of
manually traced hair follicle pixels divided by the full skin area
pixels. Each analysis was performed in a blinded manner by a
single investigator.

Results

TAT-rFNK prevents alopecia in a dose-dependent manner

It is well known that etoposide (three times treatments of
1.5 mg/kg/day) induce whole body alopecia in | week after the
first treatment in a neonatal rat and the model is widely used in
CIA studies (Wang et al., 2006). We first examined whether a
single treatment of etoposide induces alopecia in order to
establish a single-etoposide-treatment protocol to analyze the
timing, dose and frequency of TAT-rFNK administration against
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each ctoposide-treatment. We examined the effect of a single
treatment of etoposide at a dose of 0.38, 0.75, 1.5, 3 or 6 mg/kg.
Rat pups treated with etoposide at a dose of 3 or 6 mg/kg had
severe alopecia, starting over the head backwards to the upper
half of the back (Fig. 1) or to the entire back (data not shown),
respectively, 8 days after etoposide injection. It took 4 weeks for
the pups to totally recover from alopecia. On the other hand, rat
pups treated with etoposide at a dose of 1.5, 0.75 or 0.38 mg/kg
had mild or no detectable alopecia (data not shown). Although
we failed to make whole body alopecia, the partial alopecia was
useful for our study since our application was topical. We decided
to use etoposide at a dose of 3 mg/kg to induce alopecia in further
studies.

TAT-rFNK was pre-injected into the posterior neck to assess
protective activity against etoposide-induced alopecia (Fig. 1).
TAT-rFNK at 30 nM reduced hair loss in the injected area to
some extent, and the protective effect on alopecia increased in a
dose-dependent manner. There was no difference in the
protective effect between the injection of TAT-rFNK at a
concentration of 300 nM and 1000 nM.

Various constructs of PTD-FNK prevent alopecia

We compared the alopecia-protective effect between rat and
human versions of FNK. rFNK was constructed from rat Bel-xp.
based on the fine 3-dimensional structure (Aritomi et al., 1997;
Asoh et al., 2000), where 3 amino acid substitutions (Y22F,
Q26N, and R 165K) were introduced to abolish 3 hydrogen bonds
which stabilize the putative pore-forming domain (a5-a6).
These 3 amino acid residues, Y22, Q26, and R165, are conserved
in human Bcl-x;, but 5 amino acid residues at positions 40, 43,
45, 168, and 193 are different between human (Boise et al., 1993)
and rat (Shiraiwa et al., 1996) Bcl-x;. amino acid sequences. To
examine whether the human version of FNK, hFNK, also
exhibited protective activity against etoposide-induced alopecia,
we constructed TAT-hFNK as described in Materials and
methods. In the TAT-rFNK-injection group, three quarters of
pups (Scores 0 and 1, 26 out of 34) were significantly protected
from alopecia (Fig. 2). In contrast, most pups in the TAT-hFNK-
injection group were significantly protected from alopecia,
compared with those in the vehicle (PTD-FNK extraction buffer;
25 mM Tris/0.2 M glycine/0.1% SDS)-injection group, but to a
significantly lesser extent, compared with those in the TAT-
rFNK-injection group. The rat version of FNK seems to have
stronger activity to protect pups from hair loss than the human
version.

In the experiments shown above, we used TAT as PTD to
deliver FNK into cells. To exclude the possibility that TAT
peptide itself has protective activity against etoposide-induced
alopecia, hFNK was fused with other peptides which are known
or expected to have protein transduction activity. Many studies
showed that polyarginine is efficient at entering cells (Wender
et al., 2000; Mitchell et al., 2000; Futaki et al., 2001; Suzuki et
al., 2002; Park et al., 2002b). hFNK was fused with a 9-mer of
arginine (R9), or its modified peptides K2R7 and R7G6 (Table
1), and examined for activity to protect pups from etoposide-
induced alopecia (Fig. 2). K2R7-hFNK and R7G6-hFNK
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exhibited protective activity to the same extent as TAT-hFNK.
Interestingly, two out of 6 pups in the R9-hFNK-injection group
obtained the lowest score, Score 1, suggesting that R9-hFNK
exhibits stronger activity than TAT-, K2R7- or R7G6-hFNK. R9
peptide appears to more efficiently deliver hFNK into cells than
TAT peptide. These results indicate that FNK, irrespective of the
human or rat version, itself protects pups from hair loss induced
by etoposide.

Pre-injection of TAT-rFNK is most effective to prevent alopecia

To examine the timing and frequency of TAT-rFNK
administration for effective protection, the protein was multiply
injected at various timings (Fig. 3). In pre-injection groups (Fig.
3, ato f), pups were significantly protected from hair loss to the
same extent, irrespective of injection frequency (P<0.05 by
one-way ANOVA, when the pre-injection group combined with
groups a to f was compared with the vehicle group and the
simultaneous/post-injection group was combined with groups g
to i). Simultaneous injection of TAT-rFNK with etoposide,
followed by 3 consecutive daily injections, also protected a
single pup from hair loss, but was obviously less effective
compared with the pre-injection groups (Fig. 3, g). The pups of
post-injection groups (Fig. 3, h and i) were not protected from
hair loss. Taken together, TAT-rFNK injection, prior to etopo-
side administration, is important to exhibit protective activity
but the injection frequency is not.

TAT-rENK prevents hair follicle regression and increases
dermal thickness and anagen duration

Effects of TAT-rFNK on alopecia were histopathologically
analyzed by H&E staining. Etoposide injection caused
shortened hair follicles and decreased number of hair follicles

Etoposide .

(single treatment) Alopecia
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3l 9 gerze gt o203
Vehicle i 4 o ' Q

TAT-rFNK (single or multi treatment)
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Fig. 3. Effects of TAT-rFNK on alopecia in various regimens. Rat pups (13 days
old) received a single or multiple subcutaneous injection of TAT-rENK (100 ! at
300 nM/shot) into the posterior neck at times indicated by arrowheads.
Etoposide (3 mg/kg) was injected at time 0. Alopecia was assessed after 8 days.
Alopecia scores of individual pups in each group are shown. Vehicle: n=3, (a),
(b), (c), (g), (h) and (i): n=2, (d), (¢) and (f): n=3.
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Fig. 4. TAT-rFNK protects follicle cells. 13-day-old rats were pre-treated by s.c.
injection of 300 nM TAT-rFNK or vehicle 1 h before etoposide or vehicle i.p.
injection (3 mg/kg). (A-L) Representative skin sections stained with H&E on
days 2, 3, 4 and 8 after etoposide- and TAT-rFNK-treatments. Scale bars;
100 pum. (M—-0O) Magnified figures of H&E-stained skin sections on day 4 after
etoposide- and TAT-rFNK-treatments. Scale bars; 100 pm. (P) The percentage of
hair follicles in TAT-rFNK- and etoposide-treated group (closed bars), in vehicle
and etoposide-treated group (open bars) and in vehicle-treated group (semi-
closed bars) was analyzed as described in Materials and methods section. Data
are expressed as mean=SEM (vertical bars). Statistical analysis was performed
using one-way ANOVA. *, P<0.01, **, P<0.001,***, P<0.0001.

in the dermis on days 3 and 4, compared with no injection of
etoposide (saline containing 2.7% DMSO was injected) (Fig. 4E
versus F, H versus I). In contrast, numerous and active hair
follicles (the anagen phase of hair cycle) are observed in the
dermis on days 3 and 4 in the TAT-tFNK-treated group, which is
similar to group with no etoposide, showing the protective
effect on chemotherapy-induced alopecia (Fig. 4D versus F and
G versus I). On day 4 after treatment with etoposide, some
atypical hair shafts caused by the abnormal keratinization were
observed in the superficial dermis (Fig. 4H and N). The
concentric layer structure composed of outer and inner root
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sheaths was disrupted in etoposide-treated group (Fig. 4N),
whereas the structure in the TAT-rFNK-treated group was
retained like the structure in non-etoposide-treated group (Fig.
4M and O). Many hair follicles were consisted of larger hair
bulbs, internal root sheaths (cuticle, Huxley’s layer, and Henle’s
layer), and thicker outer root sheaths, indicating that TAT-TFNK
protects hair follicle structure. Next, we quantified the
percentage of hair follicle in the skin as described in Materials
and methods section. On days 3 and 4, the percentage of hair
follicle decreased significantly in etoposide-treatment group but
not in TAT-rFNK-treated group (Fig. 4P). In addition,
termination of the active phase of hair growth during the first
postnatal hair cycle (reflected by the decrease in hair follicles
and skin thickness) was detected in the non-etoposide-treated
group on day 8 but not in TAT-rFNK-treated group, indicating a
delay of termination of anagen phase of hair cycle by TAT-
rFNK-treatment (Fig. 4] versus L and P). These data suggest
that TAT-rFNK protects hair follicle cells from cell death even at
the time hair follicle starts to die to proceed its hair cycle to
catagen.

Discussion

In this study, we demonstrated that topical administration of
PTD-FNK prevents hair follicle dystrophy induced by etopo-
side, resulting in very good local protection against alopecia,
using the neonatal rat model (Hussein, 1993; Wang et al., 2006).
This CIA model was first introduced by Hussein et al. (Hussein
etal., 1990; Hussein, 1993). CIA occurs when hair follicles are
in the anagen phase (Hussein, 1993) and about 90-95% of hair
follicles in the human scalp are in the anagen (Jankovic and
Jankovic, 1998). On the other hand, only 10% of hair follicles in
adult mice or rats are in the anagen (Chase, 1954). Hussein et al.
showed that neonatal rats were useful to mimic the human
situation because they have spontaneous anagen hair growth
(Hussein et al., 1990; Hussein, 1993). It is therefore easy to
assess the effects of CIA and they are commonly used in CIA
studies (Wang et al., 2006). We modified this protocol and
performed a single-etoposide treatment instead of multi (three
times)-etoposide treatments to analyze the timing of TAT-rFNK
administration against the etoposide treatment. In our model, we
found that PTD-FNK significantly protected hair follicle cells
from CIA. The dose of TAT-rFNK was quite low and 100 pl at
300 nM (around 50 pg/kg) was enough to obtain the maximum
effect. The human version of FNK also exhibited protective
activity against CIA, although the activity was apparently lower
than that of the rat version of FNK.

Etoposide is an efficient inducer of apoptosis (Sordet et al.,
2003) and causes severe alopecia (Hesketh et al., 2004).
Etoposide targets topoisomerase II (topo II), which is a nuclear
enzyme to control DNA topology and plays a crucial role in the
separation of catenated daughter chromatids produced by DNA
replication (Holm, 1994). Recently, etoposide, as well as arsenic
trioxide and staurosporine, was proposed to cause topo I-
mediated DNA damage by inducing the generation of reactive
oxygen species (ROS) from mitochondria (Sordet et al., 2004).
[n the previous study, we have shown that overexpression of
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FNK protects cells from apoptosis induced by various cell cycle
inhibitors, camptothecin (TN-16, hydroxyurea, and trichostatin
A), oxidative stress (hydrogen peroxide and paraquat), and
staurosporine, more potently than Bel-xp (Asoh et al., 2000). In
cells, FNK localizes to mitochondria (Asoh et al., 2002) and
functions to maintain intracellular calcium homeostasis (Asoh
etal., 2002) and mitochondrial membrane potential (Asoh et al.,
2005). Tt is very likely that FNK prevents etoposide-induced
apoptosis, resulting in the protection of hair follicles from
alopecia.

A wide variety of agents have been reported to exhibit a
protective effect on CIA, but the mechanism(s) of how various
agents protect hair follicles from alopecia induced by
chemotherapy is poorly characterized. ImuVert (Hussein et al.,
1990), interleukin | (Hussein, 1991), and 1,25-dihydroxyvita-
min D3 (Jimenez and Yunis, 1992b) could inhibit alopecia
induced by cytosine arabinoside and doxorubicin, cytosine
arabinoside, and cytoxan, etoposide and adriamycin, respec-
tively, but could not inhibit alopecia induced by cyclopho-
sphamide (Hussein et al., 1990; Hussein, 1991; Paus et al.,
1996). On the other hand, cyclosporin A inhibited alopecia
induced by cyclophosphamide, etoposide and cytosine arabino-
side (Hussein et al., 1995). Similarly, N-acetylcysteine inhibited
alopecia induced by cyclophosphamide (Jimenez et al., 1992a)
and doxorubicin (D'Agostini et al., 1998). These studies clearly
indicate a distinction among the agents, regarding the ability to
inhibit alopecia. It is very likely that the protection mechanisms
are probably different as are the mechanisms of alopecia
induced by chemotherapy (Hussein et al., 1995). As discussed
above, TAT-rFNK retains the mitochondrial membrane potential
(Asoh etal., 2005) and protects cells from cell death induced by
a variety of death stimuli in vitro and in vivo (Asoh et al., 2000,
2002; Ozaki et al., 2004; Asoh et al., 2005; Sudo et al., 2005;
Nagai et al., 2007; Tara et al., 2007), suggesting that TAT-rFNK
protects against chemotherapy-induced alopecia by other anti-
cancer drugs. TAT-rFNK reduced other side effects caused by 5-
fluorouarcil, cisplatin, and irinotecan (Watanabe, K. et al.,
manuscript in preparation).

It has been known for a long time that polybasic peptides like
poly-lysine facilitate transduction of proteins into cells in vitro
(Ryser, 1968). A number of the other basic peptides, virus- or
homeodomain-derived peptides have also been shown for their
ability of transduction and known as protein transduction
domain (PTD), although the mechanism of their transduction is
still unclear (Dietz and Bahr, 2004; Chauhan et al., 2007). Using
these PTDs, various kinds of physiologically active proteins
have successfully delivered into cells in vitro. The efficient
delivery of PTD-fusion proteins in vivo has also been reported.
Itis considered that PTD-fusion proteins have great potential for
therapeutic applications. However, it still remains a challenge to
deliver the PTD-fusion proteins to desired targets in vivo
because of low protein transduction efficiency and lack of target
specific delivery. We have made TAT-fusion rFNK and showed
that it reached chondrocytes in slice cultures of cartilage when
added into culture media (Ozaki et al., 2004) and was delivered
into the liver and brain when injected i.p. into mice (Asoh et al.,
2002, 2005). Furthermore, Park et al. showed the penetration of
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TAT-SOD (superoxide dismutase) and 9Lys-SOD into the
epidermis and the dermis by immunohistochemistry and
specific enzyme activities when sprayed on shaved mice skin
(Park et al., 2002a). These results suggest that PTD-FNK could
penetrate the dermis and epidermis and enter cells. In fact, PTD-
FNK protected alopecia and retained hair follicle structure,
suggesting that PTD-FNK penetrates epidermis and reaches
dermis hair follicle.

Alopecia caused by chemotherapy is imreversible and hair
regrowth after chemotherapy can take 3~6 months, although a
small percentage of patients fail to completely recover (Veach
and Schein, 1997). In CIA, “protein therapy” has advantages
over “gene therapy”, which inserts a gene into the body and
keeps making protein. As PTD-FNK s.c. injected is expected to
enter cells located just around the injection point, it provides
PTD-FNK at the right time in the right place, thus, PTD-FNK is
expected to provide useful technology for protein therapeutics
against CIA.
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Abstract

Millions of unnecessary cells are removed from our body everyday by apoptosis to ensure our survivals. Apoptosis is a highly coordinated
process. Failure in apoptotic regulation results in disease. A large number of studies have demonstrated that accelerated apoptosis is involved in
degenerative diseases, ischemic injuries, immunodeficiency and infertility. These studies have also revealed the molecular mechanisms of
apoptosis signal transduction to provide therapeutic targets. On the other hand, protein transduction technology has been developed to deliver full-
length proteins to various tissues including the brain. So far, many studies have shown that in vivo delivery of therapeutic proteins/peptides,
including anti-apoptotic proteins, an anti-oxidant enzyme, a neuroprotectant, enzymes involved in purine or tyrosine metabolism, caspase

inhibitors, c-Jun N-terminal kinase inhibitors and an NF-«B inhibitor, by protein transduction technology mitigates various diseases in animal
models.

© 2007 Elsevier B.V. All rights reserved.

Keywords: Apoptosis; Bcl-2 family; Enzyme replacement; Ischemia/reperfusion injury; Necrosis; Neurodegenerative diseases; Peptide inhibitors; Protein therapy

Contents

Lo Introduction. . . . o Lo, 500
2. Regulation of apoptosis; molecular mechanisms and components . . . . . . . ... ... 501
2.1.  Apoptosis signaling pathways . . . . . .. .. 501

22 Mitochondria . . . ..., 501
2.2.1.  Mitochondrial apoptogenic factors . . . . . . .. . ... 501

2.2.2. Ca’ and mitochondrial permeability transition . . . . . . .. ... .. ... 501

23, Bel-2family. . . ... 502
23.1.  Heterodimerization of anti-apoptotic and pro-apoptotic family members. . . . . . . . . . ... ... ... . ... 502

2320 Bel-2and Bel-xp. . . . oL 502

23.3. Three-dimensional structure of Bel-x. and ion channel activity . . . . . . . . . ... ... ... ... ... . 502

3. Protein transduction. . . . . ... ... S 502
4. Delivery of anti-cell death proteins and therapeutic enzymes . . . . . . . . . . .. ... ... 503

" This review is part of the Advanced Drug Delivery Reviews theme issue on “Membrane Permeable Peptide Vectors: Chemistry and Functional Design for the
Therapeutic Applications”.

* Corresponding author. Tel.: +81 44 733 1859;.fax: =81 44 733-9268.
E-mail address: sada‘wnms.ac jp (S. Asoh).

0169-409X/S - see front matter © 2007 Elsevier B.V. All rights reserved.
doi: 101016 j.addr. 2007 09 (11

273



500 S. Asoh, S. Ohta / Advanced Drug Delivery Reviews 60 (2008) 499-516

4.1. Anti-apoptotic Bcl-x, protein

................................................. 503
4.1.1. Ischemia/reperfusion injury of the brain . . . . . . . .. ... oo 503

4.1.2. Remograde neurode@ENEration. . . . . . . . . . ...l 506

4.1.3. Islets for transplantation. . . . . . . . ... 506

42. FNK, genefically engineered Bcel-x; with a gain-of-function phenotype. . . . . .. .. ... 506
42.1. Construction of super anti-apoptotic protein FNK . . . . ... ... ... ... 506

42.2. I[schemia/reperfusion injuries of the brain, liver and heart . . . . . . . .. .. ... ................ 506

4.2.3. Liver necrosis induced by carbon tetrachloride . . . . . . . . . .. ... 506

4.2.4. Delivery to the inner ear and the cartilage . . . . . . . .. ... ... 507

4.2.5. Bone marrow transplantation . . . . . . . .. ..o e 507

42.6. CIYOPIESEIVALOM . . . « o o o o o v v vt o o ot 507

43. Caspase inhibitor, X-linked inhibitor of apoptosis protein (XIAP). . . . . ... ... ............... ... 508
43.1. Thestructure of XIAP . . . . . . . e e 508

43.2. Brainischemia . . . . . . . . .. 508

44. Glial cell-line-derived neurotrophic factor (GDNF) . . . . . . . . ... ... 508
4.4.1. GDNF as a neuroproteCtant . . . . . . .« . . vt v 508

4472, Brainischemiad . . . . . . . o o e 508

443, Parkinson’s disease model . . . . . ... 508

4.5. Tyrosine hydroxylase (TH) and Parkinson’s disease model . . . . . . . .. ... . ... ... ....... 508
4.6. CwZn-superoxide dismutase (SOD); a native or denatured form for transduction. . . . . . .. .. ... ... 509
4.6.1. Anti-oxidant enzyme, SOD . . . . . . . . ... 509

462. TAT-SOD; a denatured form with lower activity for delivery to the pancreas and brain . . . . . . . ... ... .. 509

4.6.3. PEP-1-SOD; a native form with higher activity for delivery to the brain. . . . . . . .. . ... ... ... ... 509

4.7. Purine nucleoside phosphorylase (PNP): delivery and sheltering from neutralization . . . . .. ............. .. 509
5. Delivery of anti-cell death peptides . . . . . . . . . . ... 510
5.1. BH4 domain of Bel-2 and Bel-Xp . . . . . . . e 510
5.1.1.  X-ray and heart ischemic injury. . . . . . . .. 510

5.1.2. Comparison between TAT-BH4 and TAT-Bel-xp . . . . . . ... .. ..o 510

5.2. Caspase inhibitor peptide BIR3/RING derived from XIAP; brain ischemia and seizures induced by kainate . . . . .. . .. 510
5.3. Peptide inhibitors of c-Jun N-terminal kinase (JNK). . . . . . . .. .. .. . 511
5.3.1. JNK signal signaling pathway as a therapeutic target. . . . . . . . . . .. ... ... 511

5.3.2. D- and L-forms of JNK inhibitor; brain and heart injuries . . . . . . . . . ... ... ..o 511

5.3.3. Otoprotection by topical application to the innerear . . . . . . . .. . ... ... ..o 511

5.3.4. Smaller INK inhibitor; cerebral ventricular injection for brain ischemia . . . . . . . . ... .. ... .. ... 511

5.4. Glutamate receptor sub-unit 6 (GluR6) C-terminus derived peptide . . . . . . . . . .. ... .. .......... ... 512
5.4.1. :GluR6 as a therapeutic target for seizures. . . . . . . .. . . ... 512

5.42. Cerebral ventricular injection for ischemia- and kainate-induced brain injuries. . . . . . ... ... ..... ... 512

5.5. Peptide inhibitor of NF-«B: [«kB kinase inhibitor NEMO-binding domain peptide . . . . .. ................ 512
5.5.1. NF-sB as atherapeutic target. . . . . . . . . . . . . ... 512

5.5.2. Islets for transplantation. . . . . . . . . . .. 512

6. CONCIUSIONS . . . . .« o e e e e e e 512
REEIBNCES . . . . o o o o o e e e 513

1. Introduction

Apoptosis is a biological process of immense importance and
is physiologically essential for normal development and tissue
homeostasis in adults to regulate the balance between prolifera-
tion and cell death; therefore, dysregulation of apoptosis can lead
to disease. Apoptosis is known or suspected to contribute to
acute diseases, such as stroke, heart attack and liver failure,
through inducing massive cell death in tissues or organs, and to
certain slow-progressing diseases, such as Parkinson’s disease.
As apoptosis machinery is equipped in almost all cells of our
body, it is an attractive target of therapeutic intervention. It is
known that a wide range of stimuli, regardless of intra-cellular or
extra-cellular stimuli, can induce apoptosis, which is regulated in
different ways from cell to cell, and is carried out in a stimulus-
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and cell type-dependent manner. The common components of
the apoptosis mechanism are finally activated in the execution of
apoptosis.

For successful systemic drug delivery, it is important to pass
through difficult barriers, such as the cellular membrane or
specialized cellular barriers, for example, the blood—brain barrier.
After several observations that HIV-1 Tat protein [ 1,2] and home-
odomain protein Antennapedia [3,4] can enter cells, many peptide
sequences, the protein transduction domain (PTD) or cell-
penetrating peptide (CPP), have been identified to be responsible
for membrane translocation. The finding that systemically
administered TAT-fused PB-galactosidase is delivered into the
brain [ 5] has encouraged studies in delivering therapeutic proteins/
peptides. This article is intended to review studies on systemic
delivery of anti-cell death proteins/peptides intervening in apoptosis
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regulation and therapeutic enzymes serving to replace the function
of inactive enzymes, to mitigate various diseases in animal models.

2. Regulation of apoptosis; molecular mechanisms and
components

2.1. Apoptosis signaling pathways

Various stimuli from outside or inside of a cell can induce the
cell to undergo apoptosis through extrinsic or intrinsic apoptosis
pathways, respectively. Extrinsic death signals, such as Fas ligand
and tumor necrosis factor o, are mediated by ligation of their
cognate cell-surface receptors. On the other hand, intrinsic death
signals, such as DNA damage, oxidative stress, treatment with
cytotoxic drugs, deficiency of survival factors, and contradictory
cell cycle signaling, are communicated through mitochondria. It is
stressed that death signals of different origin finally lead to a
common proteolytic execution, activation of caspases.

In extrinsic apoptosis pathways, ligation of pro-death cytokines
to their cognate receptors promotes the formation of the death-
inducing signaling complex (DISC) consisting of the death
receptors, adaptor proteins (such as FADD, TRADD, and Daxx),
and initiator caspases, procaspase-8 and -10, resulting in activation
of initiator caspases [6]. Activated caspase-8 leads to the activation
of effector caspases including procaspase-3. Meanwhile, intrinsic
apoptosis pathways involve procaspase-9 as an initiator caspase.
Cytochrome ¢ (cyt. ¢) released from mitochondria to the cytosol
forms the apoptosome by interacting with Apaf-1 in the presence
of dATP or ATP, where the apoptosome recruits and activates
procaspase-9 [7]. Activated caspase-9 results in activation of
effector caspases, including procaspase-3.

There is crosstalk between extrinsic and intrinsic apoptosis
pathways [8]. In some cells, activation of caspase-8 by DISC is
not sufficiently strong to directly activate effector caspases. In
this case, a Bcl-2 family member, Bid, mediates the death signal
from DISC to mitochondria. Activated caspase-8 cleaves Bid to
generate its truncated form, tBid, which in turn translocates to
mitochondria to activate the intrinsic apoptosis pathway
through the release of cyt. c.

The mitogen-activated protein kinase (MAPK) cascade has
also been reported to participate in apoptosis regulation [9,10].
Activation of signal-regulating kinase (ASKI) initiates the
MAPK cascade, leading to activation of stress kinases, c-Jun N-
terminal kinase (JNK) and p38 MAPK [11]. ASK1 is one of the
MAPKKKs and is ubiquitously expressed in cells. Various
stimuli, including ROS, endoplasmic reticulum stress, TNFe,
lipopolysaccharide, and Ca** influx, can activate ASKI. The
mechanisms by which activation of JNK and p38 MAPK lead to
apoptosis are poorly understood. It is implied that activated stress
kinases may, directly [12] or indirectly [13], affect mitochondria
to promote the mitochondria-dependent death pathway.

2.2. Mitochondria

2.2.1. Mitochondrial apoptogenic factors
Mitochondria are currently attracting much attention as the
etiology of a wide range of human diseases with accompanying
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unwanted cell death, such as heart failure, diabetes, obesity, stroke,
neurodegenerative diseases, and aging, in which disturbances of
mitochondrial Ca*" homeostasis, energy metabolism and/or redox
metabolism are commonly observed, leading to apoptosis [14].
Mitochondria can give rise to lethal signals for apoptosis and may
further switch between the apoptotic and necrotic cell death
pathways [15]. It is now widely realized that the mitochondrion is
the powerhouse of disease [16]; it is, therefore, important to
develop therapies to intervene in the mitochondrial regulation of
apoptosis to prevent unwanted cell death.

Mitochondria are double-membrane organelles, where most
cellular respiration takes place through the electron transport
system to produce ATP. It is a striking finding that cyt. ¢, a
component of the electron transport system, can induce apoptosis
when released from mitochondria into the cytosol [17]. Thereafter,
other apoptogenic factors, Smac/DIABLO, Omi/HTRA2, apop-
tosis-inducing factor (AIF), EndoG, and Arts were found to be
sequestered in mitochondria [18,19]. Smac/DIABLO and Omi/
HTRA2 can interact with endogenous inhibitor of apoptosis
proteins (IAPs) to prevent IAPs from inhibiting activated
caspases. In addition, Omi/HTRAZ2 seems to be a serine protease,
whose function is independent of caspases. AIF shares similarity
with bacterial, plant, and fungal oxidoreductases. In response to
apoptotic stimuli, AIF translocates to the nucleus and participates
in peripheral chromatin condensation and high-molecular weight
(50kb) DNA fragmentation in a caspase-independent manner,
although AIF has no intrinsic nuclease activity. The oxidoreduc-
tase activity of AIF is not involved in its apoptogenic function.
EndoG is a non-specific nuclease. During apoptosis, EndoG also
translocates to the nucleus to degrade nuclear DNA in a caspase-
independent manner. Arts is a septin-like mitochondrial protein
and was recently shown to bind an inhibitor of apoptosis protein,
XIAP, like Smac/DIABLO and Omi/HTRA2, when released to
cytosol [20].

2.2.2. Ca’" and mitochondrial permeability transition
Mitochondria are important for intra-cellular Ca®* homeostasis
as well as energy production and cell death. It is suggested that the
physiological significance of mitochondrial Ca** uptake is to
control the rate of oxidative phosphorylation, to modulate cyto-
solic Ca** transients, and to induce the mitochondrial permeability
transition (MPT) [21]. MPT is a sudden increase in inner
membrane permeability to solutes of molecular mass less than
around 1500Da, resulting in mitochondrial swelling, loss of
mitochondrial membrane potential (A Wm), and Ca®* release. It is
generally assumed that MPT is due to the opening of a putative
channel(s), which is referred to as the mitochondrial permeability
transition pore (PT pore). The exact molecular composition of the
PT pore has not been completely elucidated, although there is

_general agreement that the PT pore is a supramolecular complex

localized at contact sites of the inner and outer membranes, and
that the core of the complex consists of the voltage-dependent
anion channel (VDAC) (a major protein of the mitochondrial outer
membrane, also called porin), the adenine nucleotide translocator
(ANT) (inner membrane), and the cis—trans peptidyl-prolyl
isomerase Cyclophilin D (CypD) (matrix) [22]. Other mitochon-
drial proteins, such as VDAC-associated hexokinase (cytoplasm),
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the peripheral benzodiazepine receptor (outer membrane), and
creatine kinase (inter-membrane space), seem to participate in the
complex [22]. Dysregulation of the opening and closing of PT
pores is attracting renewed interest, because many studies have
proposed that apoptogenic factors are released from mitochondria
via PT pores in apoptotic conditions {23], although other mech-
anisms, such as mitochondrial apoptosis-inducing channel (MAC)
and Bax/Bak-mediated channel, are also proposed [24,25] In
normal physiological conditions, the PT pore is regulated by
adenine nucleotide pools, matrix pH, A Wm and the redox state. In
some pathological conditions, including Ca”* overload [26,27],
oxidative stress such as reactive oxygen species (ROS) [26,28],
chemotherapy [29] and ischemia/reperfusion injury (30,31], the
PT pore is forced to open, releasing apoptogenic factors [18,23]. It
is predicted that prolonged opening of the PT pore can cause ATP
depletion. Marked loss of ATP leads to necrosis instead of
apoptosis, because apoptosis depends on energy [15,32]. Very
recently, mammalian VDACs have been reported to be dis-
pensable for cell death by both MPT and pro-apoptotic Bcl-2
family members that will be mentioned below [33]. Mammals
have 3 Vdac genes. The authors concluded that none of the three
Vdac isoforms disrupts MPT function and provides no protection
from necrotic or apoptotic cell death, suggesting that alternative
proteins and/or mechanisms must be involved in mitochondrial-

dependent cell death through PT pores [33].
2.3. Bcl-2 family

2.3.1. Heterodimerization of anti-apoptotic and pro-apoptotic
Sfamily members

The Bcl-2 protein family plays a central role in apoptotic
regulation. The family is structurally defined by the presence of
conserved regions known as four Bcl-2 homology domains, BHI
to BH4, and consists of more than 25 family members [34].
Although they share homology domains, the family is functionally
divided into two groups. Anti-apoptotic members, such as Bcl-2
and Bcl-xy, inhibit apoptosis, whereas pro-apoptotic members,
such as Bax, Bak and Bid, accelerate or induce apoptosis.
Interestingly, they can interact with each other to form homo-
dimers and heterodimers, via the BH domains [34]. The formation
of a heterodimer between anti-apoptotic and pro-apoptotic
members of the family is expected to abolish their partners’
activity, which causes difficulty in evaluating the original func-
tions of family members. The ratio between anti-apoptotic and
pro-apoptotic members of the Bcl-2 family is suggested to
determine survival or death following an apoptotic stimulus [35].

2.3.2. Bcl-2 and Bcl-x;

Bcl-2 resides in mitochondria, endoplasmic reticulum (ER) and
the nuclear envelop [36]. Bel-x is localized in mitochondria as
well as the nuclear envelope and cytosol [37,38]. It is worth
mentioning that Bcl-2 and Bcl-x can protect cells from necrosis
as well as apoptosis [39-41]. Bcl-2 and Bel-xp inhibit AW¥m
disruption induced by various apoptotic or necrotic death stimuli,
including anti-cancer drugs, respiration inhibitors and calcium
ionophore [42,43]. In addition, Bcl-2 and Bcl-x; prevent the
release of apoptogenic factors, cyt. ¢ [17,44], Smac/DIABLO

[45], Omi/HTRA2 [46], AIF [47], and EndoG [48] from
mitochondria. Bcel-2 family members seem to regulate the PT
pore by interacting with VDAC, whereas Bcl-x.. closes VDAC,
and the pro-apoptotic members, Bax and Bak, accelerate the
opening of VDAC [49]. Itis proposed that the BH4 domain of Bcl-
2 and Bcl-xy is essential to inhibit VDAC activity and apoptotic
AW¥m loss, although the BH4 domain is not important for binding
[50]. The binding region of Bel-x; seems to include helices 4 to 7,
but not the BH4 domain [51]. A recent report that VDAC is not
essential to induce MPT and release of cyt. ¢ from mitochondria
[33] may force reconsideration of the physiological and
pathological significance of the interaction between VDAC and
Bcl-2 family members.

2.3.3. Three-dimensional structure of Bcl-x; and ion channel
activity

The three-dimensional structure of Bel-x; was first revealed by
X-ray crystallography and NMR spectroscopy [52,53]. The
striking feature of the tertiary structure of the protein is that Bel-
X resembles the membrane insertion (that is, pore- or channel-
forming) domain of bacterial toxins, diphtheria toxin, insecticidal
d-endotoxin, and colicins A, El and Ia [52], although there is no
significant sequence similarity among them. By analogy, it was
suggested that Bcl-2 family proteins may form pores [52]. This
hypothesis was proven by subsequent studies; Bcl-x;, Bcl-2, Bax
and Bid can form ion-conducting channels in synthetic lipid
membranes [54,55]. The tertiary structure of Bcl-x; determined
with a higher resolution revealed that the putative pore-forming
domain, helix a5-loop-helix a6, is stabilized by nine intra-
molecular hydrogen bonds [53]. Although several mutagenesis
experiments have been performed to clarify the relationship
between channel activity and the apoptosis-regulating function
[56-59], it is still unclear how the channel activity detected
in vitro is associated with apoptosis regulation in vivo. It is also
unknown how the channel activity is associated with their
opposing functions in apoptosis regulation.

An unexpected role of Bcl-2 and Bel-x; has emerged from
current studies. Bcl-2 and Bcl-x; can interact with inositol 1, 4, 5-
trisphosphate (InsP;) receptors (InsP3Rs) [60]. InsP;Rs are ligand-
gated calcium channels of the ER, where InsP; induces the
channels to open, resulting in the release of calcium from the ER
lumen into the cytosol. Although there are conflicting results
regarding the effect of Bcl-2 proteins on InsP;R-mediated calcium
release [60.61], it seems that Bcl-2 proteins control ER calcium
dynamics. As ER is located upstream of mitochondria in intra-
cellular calcium signaling pathways, it is important to understand
Bcl-2-associated ER calcium regulation and to reveal how this
regulation is linked to mitochondrial calcium loading and/or
associated with apoptosis regulation.

3. Protein transduction

In 1999, Schwarze et al. showed that large proteins (up to
120kDa) are easily delivered into cells of most tissues, when fused
with the TAT peptide. TAT peptide consists of Il amino acid
residues, which is the protein transduction domain (PTD) of HIV
Tat protein [5]. A great feature of TAT is to deliver cargo proteins
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into the brain [5}. The blood-brain barrier blocks all molecules
except those that cross cell membranes by means oflipid solubility
and those that are allowed in by specific transport systems. This
has caused many difficulties in brain drug delivery. Recently, we
have shown that TAT can cross another barrier, the blood-
labyrinth (inner ear) barrier, which appears to be less tight than the
blood—brain barrier [62].

Until now, many PTDs have been identified from viral (such as
HIV/Tat and HSV-VP-22) and cellular proteins (such as
Antennapedia, histones and Kaposi fibroblast growth factor),
bacterial toxins (such as diphtheria toxin and anthrax toxin) or
antibacterial peptides (such as protegrins) [63-66]. PTD peptides
are also referred to as cell-penetrating peptides (CPPs). Based on
the cationic feature of TAT, synthetic PTDs such as (Arg)y
oligomer have been designed [63—66]. Numerous proteins have
been successfully introduced into cells using various PTD
peptides [63]. It is strongly suggested that endocytosis is involved
in the cellular uptake of PTD-fused proteins, while some studies
support that PTD-fused proteins directly translocate across cellular
membranes [63-66]. Characterization of the intra-cellular
mechanism of the delivery of protein conjugates with TAT has
shown that uptake occurs through lipid raft-dependent endocy-
tosis involving either macropinocytosis or a caveolae pathway
(65], although a full-length Tat protein is reported to enter T cells
essentially like diphtheria toxin, using clathrin-mediated mechan-
isms [67]. Cells possibly exhibit distinct uptake mechanisms for
different PTDs [66]. Internalization of PTDs is not dependent on
specific cell-surface receptors, indicating that PTD cargo can be
introduced into any type of cell. In addition, denaturation by urea
enhances the ability of TAT-fusion proteins to transduce into cells
[68], whereas this denaturation step causes difficulties in TAT-
mediated transduction of metal-containing enzymes, such as Cw/
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Zn superoxide dismutase, as discussed in a later section. Cell-
surface heparan sulfate proteoglycans likely participate in the
internalization of cation-rich PTDs such as TAT and (Arg)-
oligomer [63]. Interestingly, it has been reported that the chirality
of cationic PTDs is not required for internalization, where D-
isomers of TAT and (Arg)-oligomer effectively enter cells [63]. In
addition, the mechanisms of endosomal release of transduced
proteins into the cytosol remain to be addressed. Fischer et al.
recently suggested that cationic PTDs use the retrograde transport
system, where they indicated a sequence similarity of Tat and Antp
peptides to a highly conserved arginine-rich motif of 8—10 amino
acids in the A sub-units of several toxins, including Shiga toxin,
which are reported to be transported by means of retrograde
transport [69].

These PTDs have been used to deliver biologically active
proteins/peptides to intervene in cell death signaling pathways.
The target sites and therapeutic proteins/peptides to treat various
animal disease models, which will be discussed in the following
sections, are described in Fig. | and summarized in Table 1.

4. Delivery of anti-cell death proteins and therapeutic
enzymes

4.1. Anti-apoptotic Bcl-x;, protein

4.1.1. Ischemia/reperfusion injury of the brain

Bcl-x; and its derivative, FNK, both of which consist of 233
amino acid residues, were the first proteins to be delivered as
therapy for neurodegenerative diseases, including brain
ischemic injury, using experimental animal models; FNK is
described in a later section. Bcl-xg, unlike Bcl-2, has been
shown to be expressed in both embryonic and adult neurons,
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Fig. 1. Schematic illustration of key elements and therapeutic targets involved in cell death signaling pathways described in the text.
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