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REVIEW

IGF-1 derived small neuropeptides and analogues:
a novel strategy for the development of
pharmaceuticals for neurological conditions

Jian Guan and Peter D Gluckman

Liggins Institute, The University of Auckland, New Zealand

Insulin-like growth factor-1 (IGF-1) is neuroprotective and improves long-term function after brain injury. However, its clinical
application to neurological disorders is limited by its large molecular size, poor central uptake and mitogenic potential.
Glycine-proline-glutamate (GPE) is naturally cleaved from the IGF-1 N-terminal and it is also neuroprotective after ischemic
injury, which provided a novel strategy of drug discovery for neurological disorders. GPE is not enzymatically stable, thus
intravenous infusion of GPE becomes necessary for stable and potent neuroprotection. The broad effective dose range and
treatment window of 3-7 h after the lesion suggest its potential for treating acute brain injuries. G-2meth-PE, a GPE analogue
designed to be more enzymatic resistant, has a prolonged plasma half-life and is more potent in neuroprotection. Neuropro-
tection by GPE and its analogue may involve modulation of inflammation, promotion of astrocytosis, inhibition of apoptosis
and vascular remodelling. Acute administration of GPE also prevents 6-OHDA-induced nigrostrial dopamine depletion. Delayed
treatment with GPE does not prevent dopamine loss, but improves long-term function. Cyclo-glycyl-proline (cyclic Gly-Pro) is
an endogenous DKP that may be derived from GPE. Cyclic Gly-Pro and its analogue cyclo-L-glycyl-L-2-allylproline (NNZ 2591)
are both neuroprotective after ischaemic injury. NNZ2591 is highly enzymatic resistant and centrally accessible. Its peripheral
administration improves somatosensory-motor function and long-term histological outcome after brain injury. Our research
suggests that small neuropeptides have advantages over growth factors in the treatment of brain injury, and that modified
neuropeptides designed to overcome the limitations of their endogenous counterparts represent a novel strategy of pharma-
ceutical discovery for neurological disorders.
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Introduction

Endogenous response of insulin-like growth factor-1 (IGF-1) to
brain injury suggests a role for IGF-1 in neuroprotection

In the days following hypoxia-ischaemia (HI) injury in the
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of infarction and IGF-1 protein can be immunohistochemi-
cally shown to be associated with reactive glia (Gluckman
and Ambler, 1992; Beilharz etal., 1995). Similar findings
have also been reported by Lee and Bondy in immature (Lee
etal.,, 1993; 1996) and adult (Yamaguchi et al., 1991) rats.
These data raised the possibility that IGF-1 may play an
important role as a neurotrophic peptide following brain
injury.

IGF-1 is neuroprotective after HI injury. Central administration
of IGF-1 prevents neuronal and white matter injury after HI
brain injury in the adult rat (Guan etal., 1993) as well as
ischaemia in the fetal sheep (Johnston et al., 1996; Guan et al.,
2001a). The treatment effects are dose dependent, with a clear
bell-shaped dose dependency of neuronal survival following a
30 min period of cerebral ischaemia in fetal sheep (Guan
etal., 1993; Johnston et al., 1996). However, a continuous
infusion of IGF-1 (1 or 3 pug) for 24 h in addition to the
initial short infusion of IGF-1 (3 ug) did not improve neu-
roprotection compared with a short infusion alone (Guan
etal.,, 2001a). Treatment with IGF-1 improves long-term
somatomotor-sensory function examined using the bilateral
tactile test and long-term histological outcome examined 3
weeks after the injury (Guan et al., 2001b). Whereas 50 ug of
IGF-1 is protective when given 2 h after HI injury, it is not
protective when administered 6 h after HI (Guan etal.,
2000b). This relatively short window of opportunity is now
understood to be related to the rapid evolution of post-
ischaemic neuronal injury. However, this window of oppor-
tunity can be significantly prolonged to 6 h if rats are in a
cooled environment during the first 2 h of recovery. Thus,
injury-induced brief cerebral cooling may prolong the
window of opportunity for other therapies.

Limitations to the clinical application of IGF-1. Although the
central uptake of IGF-1 has been reported to be poor (Par-
dridge, 1997), neuroprotection by IGF-1 after peripheral
administration has been reported on several occasions
(Saatman et al., 1997; Liu et al., 2001). The potential meta-
bolic and mitogenic effects of IGF-1 are the major concerns
for its use in the treatment of neurological disorders.

N-terminal tripeptide of IGF-1, GPE

Discovery of GPE. Following the discovery of des-(1-3)-IGF-1,
a truncated form of IGF-1 isolated from brain tissue, most
scientific interest focused on establishing the difference
between the native form of IGF-1 and its truncated analogue,
des-IGF-1. The other product of IGF-1 cleavage, its N-terminal
tripeptide (GPE), was until the late 1980s generally believed to
be a non-bioactive by-product of IGF-1 metabolism. The bio-
activity of this tripeptide in cell culture was first reported in
1989 (Sara etal.,, 1989). Synthetic GPE stimulates both
dopamine and acetylcholine release in brain slice culture
without interacting with IGF-1 receptors (Nilsson-Hakansson
et al., 1993). A novel ion-channel-associated receptor was sug-
gested to be involved in the mode of action, since GPE shows
only partial displacement by an NMDA receptor antagonist in
cell culture (Nilsson-Hakansson et al., 1993). The discovery of
an acid protease in both plasma and brain tissues provided
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further evidence for the existence of GPE as an endogenous
neurobioactive peptide (Yamamoto and Murphy, 1995a,b;
Yamamoto efal.,, 1999). This endogenous cleavage can be
enhanced in an acidic environment.

GPE is neuroprotective in vitro. Given that GPE is neuroactive
and possibly interacts with NMDA receptors, the neuropro-
tective effect of GPE in vitro was first examined after
NMDA-induced neuronal injury (Saura et al., 1999). Using
organotypic culture, Saura etal. showed that GPE dose-
dependently protects hippocampal neurons from NMDA-
induced neuronal toxicity. Neuroprotection by GPE was
similar to that by MK801, a non-competitive NMDA receptor
antagonist. Despite the consistent NMDA effects of GPE pre-
viously reported by Bourguignon'’s group (Bourguignon et al.,
1993; Bourguignon and Gerard, 1999), the authors ruled out
the possibility of NMDA-receptor mediated neuroprotection
by GPE because of the weak binding of tritiated GPE in the
dentate gyrus, where NMDA receptors are strongly expressed
(Saura et al., 1999).

Neuroprotection of GPE after central administration. Following
the demonstration that GPE is neuroprotective in cell culture,
its possible neuroprotective effects in vivo were initially exam-
ined in the HI model, the same model used for examining the
neuroprotective effects of IGF-1. Following central adminis-
tration of GPE at 2 h after HI injury, at a dose equimolar to the
effective dose of IGF-1, there was a reduction in the extent of
cortical infarction (Guan et al., 1999). As with IGF-1, the treat-
ment effects were seen in most brain regions examined, par-
ticularly in the lateral cortex, striatum and some sub-regions
of the hippocampus. Interestingly, a profound treatment
effect of GPE was found in the CA1-2 sub-regions of the
hippocampus, where IGF-1 has never been seen to be neuro-
protective (Guan et al., 1996; 1999). The most obvious expla-
nation for the lack of effect in this particular brain region
would be a relatively lower density of IGF-1 receptors. This
spatial difference between IGF-1 and GPE also suggests a
unique mode of action for GPE in neuroprotection.

The striatum consists of multiple neuronal phenotypes and
each of them is involved in different forms of neurotransmis-
sion. The majority of neurons in the striatum are GABAergic
projection neurons, which express calbindin, while others
express several different neuronal peptides associated with
either cholinergic or GABAergic interneurons (Kawaguchi,
1997). Inspired by its ability to promote acetylcholine release,
the authors also examined the possibility of selective neuro-
protection by GPE in different neuronal phenotypes (Guan
etal., 1999).

HI brain injury resulted in a significant loss of several phe-
notypes of striatal neurons, including ChAT-containing cho-
linergic neurons and GABAergic projection neurons
(calbindin+) and various subgroups of GABA interneurons,
which can be distinguished by neuronal markers such as
GAD, neuronal NOS, somatostatin and parvalbumin. A single
dose of GPE (3 ng) given centrally 2 h after HI injury selec-
tively prevented the loss of ChAT+ cholinergic neurons and
GAD- and SMT-immunopositive GABA interneurons, but not
of those containing parvalbumin and neuronal NOS, in the
striatum compared with the vehicle-treated control.



As it appears that the activity of GPE is somewhat lower in
the developing brain, its neuroprotective effects were exam-
ined in infant rats. Using a modified Levine rat model in
21-day-old animals, a 10-fold higher dose of GPE (30 pg) was
required for infant rats to achieve neuroprotective effects
compared to the dose used in adult rats (3 ug) after central
administration (Sizonenko et al., 2001).

With no interactions with the IGF-1 receptor and a small
molecular size, GPE appeared to overcome the disadvantages
that have prevented the clinical application of IGF-1 for CNS
disorders; however, as an endogenous peptide, GPE is not
enzymatically stable.

Pharmacokinetics of GPE. As determined with a locally devel-
oped radioimmunoassay and by HPLC mass spectrometry, the
half-life of GPE in plasma is extremely short after single-bolus
i.v. (<2 min) or i.p. (<4 min) administration to normal Wistar
rats (Batchelor et al., 2003; Baker et al., 2005). Endogenous
proteases appear to have a role in GPE metabolism, as Besta-
tin, a protease inhibitor, can depress GPE metabolism in both
plasma and brain tissues (Baker et al., 2005). Protease activity
in the CNS ex vivo appears to be lower than in plasma, which
may provide an explanation for the longer half-life of GPE
(>30 min) in CSF and brain tissues (Batchelor et al., 2003;
Baker et al., 2005). Thus, to maintain efficacious plasma levels
of GPE, continuous intravenous administration would be nec-
essary to achieve consistent neuroprotection after ischaemic
brain injury.

To determine a possible role for the BBB in central uptake
of GPE, an efficacious dose of GPE was injected intrave-
nously either 2 h after HI injury or to normal control rats.
Elevation of GPE was observed only in HI injured rats, sug-
gesting that central penetration of GPE is injury-dependent
despite its small molecular size (Guan et al., 2004). It is well
known that the BBB can become functionally and morpho-
logically more permeable as a result of brain injury (Preston
etal., 1993; Betz et al., 1994). Ischaemia-induced disruption
of the BBB can be as early as 2 h after the injury due to the
loss of tight junctions of the endothelium. However, the
hydrophilic nature of GPE has been hypothesized to be a
barrier to its central penetration. Elevations of MMP-2 and
-9 can disrupt the tight junction of the BBB because of
digestion of the endothelial basal lamina (Fujimura et al.,
1999; Planas et al., 2001). Therefore, the loss of basal lamina
due to activation of MMP-2 and -9 (Fujimura et al., 1999)
would be associated more with GPE central uptake. Com-
pared to substances with free access to the CNS, injury-
mediated central penetration allows specificity to injured
brain regions while limiting unwanted effects outside these
regions.

Using a micro-autoradiographic technique, tritiated GPE
signals were found to co-localize with morphologically iden-
tified glial cells (Sizonenko et al., 2001) and GFAP-positive
astrocytes (unpublished data) when tritiated GPE was given
centrally to infant rats with mild HI injury. This glial-specific
localization of GPE may support a different mode of action in
neuroprotection by GPE, as the tritiated IGF-1 signal is more
specific to neurons, particularly those with apoptotic
morphology (Guan et al., 2000a).

Clinical application of small neuropeptides
J Guan and PD Gluckman 883

Neuroprotection of GPE after peripheral administration. A neu-
roprotective effect of GPE has been demonstrated after either
an i.p. bolus injection or continuous i.v. infusion. Neuropro-
tection by GPE following a single bolus injection was limited
and not reliable (Guan et al., 2004; Baker et al., 2005), which
is probably a result of its enzymatic instability in plasma
(Batchelor et al., 2003; Baker et al., 2005). To overcome the
extremely short half-life of GPE, continuous intravenous infu-
sion appears to maintain efficacious blood levels and thus
stable central uptake. Intravenous infusion of GPE consis-
tently achieved robust neuroprotection in all the brain
regions examined (Figure 1), with a broad effective dose range
between 0.3 and 30 mg-kg-h™! over a 4 h continuous infusion
(Table 1). Although the rapid plasma clearance of GPE sug-
gests only limited application for chronic neurological condi-
tions, this could be favourable for treating acute neurological
conditions, since adverse effects associated with drug accumu-
lation can be minimized (Guan et al., 2004).

Another key practical issue in drug discovery for acute neu-
rological conditions is that treatment of patients in a timely
manner is a formidable problem (Fisher and Schaebitz, 2000).
For example, despite the proven efficacy of anticoagulants
after acute ischaemic stroke, the great majority of patients
are not enrolled within the 3 h treatment window (Lees,
2002). The majority of compounds demonstrated to be
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Figure 1 The protective effect of glycine-proline-glutamate (GPE)
after hypoxia-ischemia injury in rats. A single i.v. bolus injection of
GPE (3 mg-kg™) followed by a continuous 4 h i.v. infusion of GPE
(3 mg-kg-h™") given 1-5 h after injury. Histology examined after 4
days. The group with GPE treatment significantly reduced the degree
of brain damage compared to the group treated with the vehicle. Cx,
lateral cortex, DG, dentate gyrus. *P < 0.05.
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Table 1 The dose range and the route of administration of IGF-1
and its related peptide after brain injuries

i.C.V. i.v. i.p.

IGF-1 5-50 ug in rats

1-3 ug in sheep
GPE 3 ug in rats 0.3-30 mg-kg-h™ 15 mg-kg™
G-2mPE 1.2 mg-kg™'
Cyclic GP 0.2-2 ug
NNZ 2591 2-20 ng 1 mg-kg™'
Cyclic HP 1 mg-kg™
35b 1 mg-kg™'

GPE, glycine-proline-glutamate; G-2mPE, glycine-2methyl-proline-glutamate;
IGF-1, insulin-like growth factor-1.
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neuroprotective in experimental models have a rather short
window of opportunity of less than 3 h. Few compounds can
be administered later than 6 h after injury, and such delayed
treatment generally has lower efficacy than does early treat-
ment. However, a delayed 4 h infusion of GPE initiated at
either 3 or 7 h after HI injury showed a similar degree of
neuroprotection compared with earlier administration initi-
ated at 1 h after injury (Guan et al., 2004). Treatment was not
effective when the 4 h infusion was initiated at 24 h after HI
injury; no data exist for treatment between 7 and 24 h after
injury. With a broad effective dose range, the extended
window of opportunity that the GPE offers further promise to
its clinical development for treating acute brain injury.

The secondary phase of neuronal loss after brain injury can
continue in a progressive ‘tertiary’ phase over many months
(Hsu et al., 1994; Coimbra et al., 1996; Dirnagl et al., 1999), as
demonstrated in this particular rat model (Guan et al., 2001b;
2004). In reality, although most experimental studies report
histological endpoints exclusively between 24 h and 1 week
after initial injury, early protection by some compounds may
not be maintained over the long term (Fisher and Schaebitz,
2000). Therefore, short-term neuronal outcome cannot be
seen to reflect realistic efficacy of treatment and can be mis-
leading in clinical development. Conversely, i.v. infusion of
GPE initiated 1 h after HI injury improved long-term neu-
ronal outcome examined 21 days later (Guan et al., 2004).

A well-recognized reason for failure in the transformation
of results from animal models to humans is that preclinical
development is evaluated more by histological outcomes,
whereas clinical trials are generally evaluated by long-term
functional and neurological outcomes (Fisher and Schaebitz,
2000). Our model of HI injury results in unilateral damage
within the territory of the middle cerebral artery (Ginsberg
and Busto, 1989; Guan et al., 2001b), which is associated with
somatosensory function. This particular distribution of neu-
ronal damage in the cerebral cortex results in loss of
somatosensory-motor function, which can be assessed by
measuring the time to contact a patch placed on the forelimb
that has lost function. The rats that showed delayed contact
to the patch also were often observed to miss the patch during
the trial. This delayed response may suggest a deficiency of
motor co-ordination, as loss of multiple phenotypic neurons
in the striatum has been reported after HI injury (Guan et al.,
1999). Like its parent peptide IGF-1, treatment with GPE
improves recovery in somatosensory function (Guan et al.,
2004).

Effect of GPE after 6-OHDA induced dopamine depletion. We
used an animal model of 6-OHDA-induced nigrostriatal
depletion to examine the specific treatment effect of GPE on
dopamine neurons. Injection of 6-OHDA into the MFB leads
to a massive loss of TH-immunopositive neurons and also
severe loss of TH immunoreactivity in both the ipsilateral
substantia nigra pars compacta (SNc) and the striatum 14 days
later (Figure 2, Guan et al., 2000c¢). This animal model is con-
sidered to reflect some of the pathological aspects of human
Parkinson’s disease (Barbosa et al., 1997).

A single dose of GPE (3 ug) given intracerebroventricularly,
a treatment regime known to be effective after ischaemic
brain injury, at 2 h after the lesion prevented the loss of TH
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immunopositive neurons in the substantia nigra compared
with the vehicle-treated group. The neuroprotection by GPE
treatment was more pronounced at the caudal level and less
pronounced at the rostral level. This difference is possibly due
to the caudal neurons being more distal to the lesion, which
may have resulted in a less severe and more reversible lesion
(Figure 2, Guan et al., 2000c).

These results may also suggest a possible role for GPE in
neuronal modulation in the dopaminergic system because of
its ability to wup-regulate TH immunoreactivity. This
up-regulation in TH immunoreactivity appeared to involve
both cytoplasm and the dendritic processes, perhaps related
to enhanced transport of the enzyme. GPE treatment also
may promote distal neurotransmission, as the TH immunore-
activity in the striatum was strongly increased compared with
the vehicle-treated group (Guan et al., 2000c).

Although a single dose of GPE given 3 days after the lesion
failed to prevent loss of dopamine neurons, the treatment
significantly reduced the rotation, the result of unilateral
dopamine oversensitivity and improved motor coordination
at 12 weeks (Krishnamurthi et al., 2004). The delayed treat-
ment was given after the onset of apomorphine-induced
contralateral rotations, which normally occur after approxi-
mately 70-90% loss of nigrostriatal dopamine function
(Schwarting and Huston, 1996). The effects of GPE on
apomorphine-induced rotation appeared to be dose depen-
dent, as either a lower or a higher dose failed to reduce the
rotations. A similar bell-shaped dose-response effect of GPE
has been reported after HI in infant rats (Sizonenko et al.,
2001).

In addition to apomorphine-induced rotations, GPE treat-
ment attenuated long-term forelimb akinesia as examined by
Stepping Tests, a behavioural test for akinesia (Olsson et al.,
1995; Krishnamurthi et al., 2004). In contrast to the effects of
GPE on rotations, which tailed off at the end of experiment,
the effects of GPE on step tests either remained or showed
further improvement at the end of the experiment (Krishna-
murthi etal., 2004). This difference in long-term recovery
between rotation and step tests further suggests that
apomorphine-induced rotations may be more indicative of
nigrostriatal dopamine depletion, while stepping tests likely
represent Parkinsonian motor dysfunction.

Mode of action of GPE. The mode of action of GPE is still not
completely identified. However, a considerable amount of
information for possible mode of action has been reported
during the last two decades. Given that GPE does not interact
with the IGF-1 receptor, hypotheses have mainly focused on
NMDA receptors. With glycine and glutamate at the opposite
ends of the molecule, GPE appears to have the perfect stere-
ochemistry to activate NMDA receptors by binding to both
the glutamate and glycine binding sites of the receptor. Using
a model of NMDA-mediated secretion of GnRH, Bourguignon
et al. examined the antagonistic effects of GPE on the NMDA
receptor both in vivo and in vitro (Bourguignon et al., 1993;
Bourguignon and Gerard, 1999). Potential NMDA antagonis-
tic effects of GPE were examined by comparison with a classic
NMDA receptor antagonist (AP-5), its parent peptide (IGF-1)
and its sibling peptide (des-IGF-1), the product of removal of
GPE from the N-terminus of IGF-1. The results suggested that
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Figure 2 The photos show the distribution (A, C and E) and the morphology (B, D and F) of tyrosine-hydroxylase (TH) neurons of substantia
nigra pars compacta (SNc) in normal control rat (A and B), the rat had 6-OHDA lesion and treated with the vehicle (C and D) and the rat with
lesion and treated with GPE (E and F, left), as well as the effects of 6-OHDA lesion and GPE treatment on striatal TH terminals (right). In
comparison with the vehicle-treated group, the treatment with GPE given 2 h after 6-OHDA lesion significantly prevented the loss of TH
positive neurons (left) and the loss of TH terminals (right), particularly in the caudal level, *P < 0.05.

both IGF-1 and GPE, but not des-IGF-1, have comparable
antagonistic NMDA effects to that of AP-5. The most obvious
explanation for lack of effects following des-IGF-1 treatment
is the removal of GPE. These results suggested that the activity
of GPE may be mediated by effects on the NMDA-mediated
receptor, and that IGF-1 acts as a pro-hormone of GPE (Bour-
guignon et al., 1993; Bourguignon and Gerard, 1999). The
NMDA-mediated effects of GPE and IGF-1 were also age-
dependent, as immature brains appeared to be less responsive
to the treatments (Bourguignon et al., 1993; Bourguignon and
Gerard, 1999).

Ikeda et al. examined whether the two IGF-1 cleavage prod-
ucts, GPE and des-IGF-1, have different modes of action by

measuring glial proliferation in vitro (Ikeda et al., 1995). They
observed that MK801, an NMDA receptor antagonist, blocked
the effects of GPE on glial proliferation and that there was an
additive effect of des-IGF-1 and GPE on glial proliferation,
suggesting that the action of des-IGF-1 is mediated via a
different mechanism, presumably via IGF-1 receptors. The
study provided further evidence that the bioactivity of IGF-1
is mediated via different modes of action through its two
cleavage products (Ikeda et al., 1995). However, the neuropro-
tective effect of GPE appeared not to be comparable with that
of MK801, as an effective dose of MK801 given immediately
after ischaemic injury failed to be effective when given 2 h
after HI injury, contrary to what is seen with GPE. It is
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possible that the NMDA effects observed can be a result of
interfering with a number of signalling pathways that lead to
the activation of NMDA receptors rather than directly interact
with the receptors.

Possible mechanisms of GPE in neuroprotection. Guan et al. sug-
gested that the inhibition of caspase-3-activated and non-
caspase-3-activated apoptotic pathways may be involved in
the neuroprotection by GPE after HI injury (Guan etal.,
2004). HI injury can result both in necrosis, a morphologi-
cally recognized process of rapid neuronal death, and in apo-
ptosis, in which neurons are committed to die via a more
progressive process (Dirnagl et al., 1999). Neither form of neu-
ronal death occurs immediately following the injury, which
provides a window of opportunity for treatment. TUNEL and
caspase-3 immunostaining have been widely used as markers
of cells that undergo apoptosis. The degree of tissue damage
assessed morphologically represents a mixture of neuronal
necrosis and apoptosis, which appeared to be similar across
the CA1-2, CA3 and CA4 sub-regions of the hippocampus in
the group treated with the vehicle (Guan et al., 2004). Inter-
estingly, while the increased TUNEL-positive cells were seen
mainly in the CA3 sub-region of the hippocampus, the major-
ity of caspase-3 positive cells were located in the CA4 sub-
regions in the vehicle-treated group (Guan et al., 2004). Both
TUNEL and caspase-3 positive cells were relatively low in the
CA1-2 sub-regions. It is thought that, as an execution phase
protease, capase-3 activation leads to fragmentation of DNA,
which is detected by TUNEL labelling. This HI injury-induced
spatial difference between caspase-3 activation and TUNEL
labelling indicates that the caspase-3 pathway may not nec-
essarily lead to positive TUNEL labelling. This disassociation
between TUNEL and caspase-3 immunoreactivity has also
been suggested outside of the CNS (Blomgren, 2007). There-
fore, these spatial differences indicated that both caspase-3-
dependent and -independent pathways were involved in
neuronal injury in the hippocampus following HI injury. GPE
treatment 1-5 h after HI injury significantly reduced the
tissue damage, as well as TUNEL and caspase-3 positive cells,
suggesting inhibition of both neuronal necrosis and apoptosis
(Guan et al., 2004).

Furthermore, although controversial, a role for reactive glia
in neuronal damage and recovery has been documented
(Kraig et al., 1995; Maragakis and Rothstein, 2006). Treatment
with GPE strongly suppresses microglial proliferation and
completely prevents the HI-induced loss of astrocytes. A
physiological role for reactive astrocytes has been suggested to
be involved in BBB integrity, cell-to-cell communication,
intracellular iron homeostasis, plasticity of neurons and neu-
rotrophic actions by regulating growth factor metabolism
(Kraig et al., 1995; Persidsky et al., 2006). Under physiological
conditions, excitatory amino acid release from astrocytes is
receptor mediated, whereas injury-induced excitatory amino
acid leakage from astrocytes is due to astrocyte swelling (Kraig
et al., 1995; Ridet et al., 1997; Panickar and Norenberg, 2005),
which can lead to damaged homeostasis and contribute to
further neuronal injury, particularly in neurodegenerative
conditions (Maragakis and Rothstein, 2006). Loss of astro-
cytes following ischaemic injury has also been suggested to
be an important part of the evolution of tissue infarction.
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Therefore, maintaining astrocyte integrity may be critical for
neuroprotection by GPE.

Microglial cells are generally believed to have a role in brain
inflammation, autoimmune responses and neuronal degen-
eration (Kraig et al., 1995; Panickar and Norenberg, 2005). In
contrast to its parent peptide IGF-1 (Cao et al., 2003), GPE
treatment reduced HI injury-induced isolectin B4 positive
microglial cells. This may have involved the inhibition of cell
proliferation, since PCNA-positive cells also were reduced by
GPE treatment. Several neuroprotective agents have been
identified to have anti-inflammatory properties, such as
TGFB-1 (McNeill et al., 1994), which could be involved in
neuroprotection by GPE after HI injury.

Other possible mechanisms underlying neuroprotection by
GPE also have been suggested by studies examining the treat-
ment effects of GPE on striatal neuronal phenotypes (Guan
et al., 1999). In this study, the authors showed that the loss of
GAD-immunopositive neurons is strongly prevented by GPE
treatment, whereas the loss of parvalbumin-positive neurons
is not; both markers are co-expressed in some populations of
GABA interneurons. Therefore, the complete restoration of
GAD-immunopositive neurons at least partially may be due to
an up-regulation of enzymatic immunoreactivity rather than
due to increased survival of the cellular phenotype. Given
that the accumulation of extracellular glutamate during brain
injury plays a key role in the pathogenesis of ischaemic
neuronal death (Tan efal., 1996; Dirnagl etal., 1999),
up-regulation of GAD may also help protect neurons from
glutamate-induced toxicity. Thus, alleviation of the excito-
toxic effects of glutamate and elevation of GABA after
ischaemia may be another potential mechanism of action of
GPE on neuronal rescue.

GPE also appeared to up-regulate NOS, as there was an
increase in neuronal NOS immunopositivity in the contralat-
eral side of the striatum (Guan et al., 1999). As a neurotrans-
mitter, nitric oxide (NO) plays an important role during the
process of neuronal damage as well as neuronal recovery.
Inhibiting NO synthesis can impair local cerebral blood flow
and exacerbate brain injury (Tanaka et al., 1993). As GPE is an
active moiety of IGF-1, up-regulation of NOS enzymatic activ-
ity and the consequent improvement in cerebral blood flow
may be an important mechanism of the neuroprotective
effects of GPE as well as IGF-1.

Neuroprotective effects of glycine 2-methyl proline glutamate
(G-2mPE). To overcome the instability of GPE in plasma, a
GPE analogue was generated by adding a methyl group to the
proline ring of GPE with the intention of increasing resistance
to enzymatic degradation (Harris et al., 2005). The half-life of
G-2mPE in the plasma was indeed significantly prolonged
compared with that of GPE (Bickerdike et al., 2009). The neu-
roprotective effects of this analogue have been reported sub-
sequently in both adult and neonatal rat models of ischaemic
brain injury (Zhao et al., 2005; Svedin et al., 2007). Zhao et al.
examined the treatment effect of GPE, G-2mPE and their
combination with Caffeinol, a mixture of caffeine and
ethanol, on neurological deficit after middle cerebral artery
occlusion. Continuous iv. infusion of either GPE
(0.3 mg-kg-h™ x4 h) or G-2mPE at a 10-fold lower dose sig-
nificantly reduced the neurological deficit compared with the
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vehicle-treated rats (Zhao et al., 2005). The authors also found
an additive treatment effect between G-2mPE and Caffeinol,
but not between GPE and Caffeinol (Zhao et al., 2005). More
recently, Svedin etal. reported that daily treatment with
G-2mPE given i.p. for 7 days improved neuronal outcome
when examined 7 days after HI injury in post-natal day 7 rats
(Figure 3). However, the treatment effect was less significant
when a single dose was given 2 h after the injury.

Angiogenesis is a major pathway for injury-associated
neovascularization involving endothelial sprouting and divi-
sion of existing vessel lumens to form new vessels (Frontczak-
Baniewicz and Walski, 2002). The formation of new cerebral
vessels is fundamental for providing nutritional and trophic
support to adjacent tissues, maintaining BBB integrity as well
as tissue repair after injury. Astrocytes have an important role
in vascularization (Salhia et al., 2000; Acker etal., 2001;
Frontczak-Baniewicz and Walski, 2002). Ischaemic brain
injury can cause neuro-endothelial damage and provoke
astrocytosis (Brault et al., 2003). The injury-induced increase
in GFAP-reactive astrocytosis has been found to be associated
with neoangiogenesis (Salhia et al., 2000).

In this particular study, the authors also examined the
effects of HI injury and treatment with G-2mPE on cerebral
vascular vessels. The total length of blood vessels, measured in
2D profile for vascular density, was found to be reduced in the
ipsilateral hemisphere as part of the pathology of HI injury.
However, the hypoxic insult increased vascular density in the
contralateral cortex and hippocampus, where histological
damage was absent, compared with normal control rats.
G-2mPE treatment increased the capillary density in selective
brain regions. The study did not determine whether the treat-
ment effects on capillary density are due to preservation of
blood vessels following HI or to a higher degree of subsequent
revascularization. However, the increased capillary density
may be a contributing factor for neuroprotection, as the neu-
roprotection and increased capillary density were coherent in
some brain regions (Svedin et al., 2007). In addition, it has
been demonstrated that an increase in the density of blood
vessels is associated with improved blood flow and contrib-
utes to the neuroprotective effects of hypoxic precondition-
ing in neonatal rats (Gustavsson et al., 2007).

The authors also reported clear association of GFAP-positive
staining with vascular morphology (Figure 3). A role for
GFAP-reactive astrocytes in angiogenesis has been well docu-
mented, showing induction of key vascular regulators, includ-

ing vascular endothelial growth factor and angiopoietin-1
and its receptors (Acker et al., 2001). Treatment with G-2mPE
also significantly increases GFAP density and revasculariza-
tion, probably through promoting astrocytic angiogenesis.
IGF-1, the parent peptide of GPE, has been reported to have a
critical role in vascular remodelling by increasing vessel
growth in the perilesional area after injury in adult mice
brains (Lopez-Lopez etal., 2004). The role of G-2mPE in
angiogenesis needs to be further investigated.

In addition, the neuroprotective effects of several other GPE
analogues also have been tested in vitro (Alonso De Diego
et al., 2006). However, the neuroprotective action of both GPE
and its analogues recently has been suggested not to be asso-
ciated with glutamate receptors (Alonso De Diego etal.,
2006).

Diketopiperazine, DKP

The DKPs are a group of modified cyclic di-peptides that can
be derived from endogenous neuropeptides. The most tested
DKPs are cyclic His-Pro and its modified analogues. Cyclic
His-Pro is naturally derived from the tripeptide thyrotropin-
releasing hormone (TRH) (Faden ef al., 1989; 1999). Both TRH
and cyclic His-Pro are neuroprotective after traumatic brain
injury (TBI) and spinal cord injury. Several bioactive ana-
logues of cyclic His-Pro also prevent neuronal injury and
improve motor and cognitive function (Faden efal., 1989;
1999; Takami etal., 1991). Inspired by their findings, we
hypothesized that cyclic-Gly-Pro, another endogenous dike-
topiperazine with nootropic action (Samonina et al., 2002),
may be an additional metabolite of GPE. Such cyclic struc-
tures may render a molecule resistant to enzymatic break-
down and more lipophilic for better central uptake. We have
therefore examined the protective effects of cyclic Gly-Pro
and its analogue, NNZ 2591, which has been modified to
overcome potential disadvantages of the endogenous
compound and to improve its potency.

The data suggest more potent neuroprotection by NNZ
2591 than by cyclic Gly-Pro after central administration, as
the effective doses of NNZ 2591 are lower than those of cyclic
Gly-Pro. The introduction of an allyl substituent at C-8a on
the diketopiperazine skeleton may thus confer lipophilicity,
thereby facilitating the ability of NNZ 2591 to cross the
CSF-brain barrier (Guan et al., 2007) after the compound is
delivered to the CSE.

British Journal of Pharmacology (2009) 157 881-891
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The physiological role of the BBB is to selectively prevent
large and/or hydrophilic substances from accessing the CNS
(Pardridge, 2005). The central uptake of some molecules,
regardless of their molecular size, is largely dependent on
injury-induced BBB breakdown (Pardridge, 1991; Guan et al.,
2004). However, central uptake of NNZ 2591 appears not to be
injury dependent, as in normal control rats, the amounts of
free NNZ 2591 detected in the CSF were similar to those found
in the plasma (Figure 4, Guan et al., 2007).

Although the level of NNZ 2591 in blood fell to half of the
initial value 2 h after a single intravenous dose, the CSF level
remained the same between 0.5 and 2 h after a bolus injec-
tion, suggesting a threshold effect for central uptake (Figure 4;
Guan et al., 2007). The window of CSF turnover, which is
approximately 1 h in rats, is largely responsible for drug elimi-
nation from the CNS due to CSF absorption (Pardridge, 1991;
Guan ef al., 2004). The maintained CSF level to 2 h suggests a
sustained central transfer of NNZ 2591 from plasma and that
central uptake of NNZ 2591 compensates for the drug’s elimi-
nation through CSF absorption. The compound is detectable
6 h after the administration.

Given that the BBB appears to be highly permeable to NNZ
2591, the effective dose range (0.6-3 mg-kg™) used for periph-
eral administration is rather high compared with the dose
range (2-20 ng rat-1) tested by central administration (Guan
etal., 2007). An in vitro albumin binding assay suggests a
potential protein binding-releasing of NNZ 2591 in the
plasma, which may alter the pharmacokinetics of NNZ 2591 by
influencing the level of free compound in the plasma (Guan
et al., 2007). Furthermore, the neuroprotective effects of NNZ
2591 show complex dose dependency after central administra-
tion, with higher doses being ineffective (Guan et al., 2007).
However, this dose dependency of NNZ 2591 is not as promi-
nent after peripheral administration, as the three different
doses tested were all effective. The possible binding-releasing
process discussed previously may serve as a sustained release
depot after the free compound is biotransformed or eliminated
from plasma (Endrenyi, 1998).

Although a single treatment resulted in a modest histologi-
cal improvement, repeated treatment with NNZ 2591 resulted
in almost complete long-term protection when histology was
examined 9 weeks later (Guan et al., 2007). Repeated treat-
ment with NNZ 2591 also prevents HI injury-induced
somatosensory-motor deficit (Guan et al., 2007). Faden et al.
have also suggested that another diketopiperazine derived
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from thyrotropin-releasing hormone could improve recovery
of motor and cognitive function following TBI in rats and
mice (Faden et al., 2003; 2005). Given that the single treat-
ment used by those authors presumably only prevented cell
death within the first few hours after injury, repeated treat-
ment may have targeted the more progressive brain injury
which occurred several days after the initial insult. Long-
lasting neuroprotective effects are critical for any treatment
regimen, as the improved neuronal outcomes detected soon
after the treatment may not always be maintained long term
(Fisher and Schaebitz, 2000; Gladsrone et al., 2002). Delayed
neuronal/glial injury can be mediated through necrotic, apo-
ptotic and necroptotic pathways (Degterev etal., 2005);
although the downstream cascades of these cell death path-
ways largely overlap (Yuan ef al., 2003). Cleaved caspase-3 has
been used as a marker for the caspase activation-dependent
apoptotic pathway, whereas AIF is commonly used as a
marker for apoptotic pathways that do not rely on activating
caspases (Yuan et al., 2003). Treatment with NNZ 2591 inhib-
its the protein expression of caspase-3 but not AIF (Guan
etal., 2007), suggesting that the inhibition of the caspase-
mediated apoptotic pathway may mediate the neuroprotec-
tive effect of NNZ 2591.

Even after a broad receptor-binding screening, which
included acetylcholine, GABA, glutamate, opoid, adrenergic
and serotonergic receptors, the mode of action of DKP has not
been identified (Faden etal.,, 2003). The neuroprotective
mechanism of NNZ 2591 also needs further investigation.
However, inhibition of reactive microglia and elevation of
astrocytes may have a role in the protective effect of NNZ
2591 (Guan et al., 2007). Inhibiting both necrotic and apop-
totic neuronal death pathways, without altering cerebral
blood flow, has been suggested to be involved in neuropro-
tection of B35, another modified diketopiperazine, after TBI
(Faden et al., 2003). Moreover, inhibiting glutamate-induced
excitotoxicity, beta-amyloid induced cells death and promo-
tion of survival factors may also mediate the neuroprotective
activity of DKP in vitro (Faden et al., 2005).

The up-regulation of cell cycle proteins occurs in both
mitotic and post-mitotic brain cells after brain injury during
adulthood. The activation of cell cycle proteins induce cell
proliferation in astrocyte and microglia, which are mitotic
cells, and initiate caspase-related apoptosis in neurons,
which are post-mitotic cells (Byrnes and Faden, 2007). The
research from Faden'’s group also suggests that the effects of



B35 on inhibiting neuronal apoptosis and microglial prolif-
eration are mediated by inhibiting the expression of cell
cycle proteins (Faden et al., 2005). Thus, inhibiting cell cycle
protein may also be associated with the effect of NNZ 2591
on inhibiting caspase-3 activation-dependent apoptosis
(Guan et al., 2007).

Conclusion

The induction of endogenous IGF-1 after brain injury suggests
that it plays a role in preventing brain injury. Indeed, treat-
ment with exogenous IGF-1 after brain injury is protective
and leads to improved long-term neurological function.
However, the poor central uptake of IGF-1 and its potential
mitogenic nature prevent its clinical application. Intriguingly,
the naturally cleaved N-terminal tripeptide of IGF-1, GPE,
crosses the BBB and does not interact with IGF receptors.
Intravenous infusion of GPE for 4 h prevents brain injury and
improves long-term functional recovery. GPE has a broad
effective dose range and a 3-7 h window of opportunity for
treatment. Continuous administration is essential for neuro-
protection by GPE because of its enzymatic instability. G-2-
meth-PE, an analogue of GPE modified to improve enzymatic
stability, has a prolonged plasma half-life and is neuroprotec-
tive after ischaemic brain injury in both adult and neonatal
rats. Promotion of astrocytosis while inhibiting apoptosis and
microglial activation may be the underlying mechanisms of
neuroprotection by GPE and its analogue. Cyclic Gly-Pro
(which may be a natural derivative of GPE) and its modified
analogue NNZ 2591 are both neuroprotective after ischaemic
brain injury; cyclization further improved enzymatic stability
and conferred excellent central uptake. The pharmacology of
the NNZ 2591 provides further advances in drug discovery for
treating acute brain injury. Without knowing the mode of
action, the beneficial effects of these IGF-1-related small pep-
tides can be mediated via a panoply of direct and indirect
actions against the diverse injury in neurones and glia.
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