NEURAL REGENERATION RESEARCH
December 2016, Volume 11, Issue 12

,

www.nrronline.org

@ PERSPECTIVE

Pre-B-cell colony-enhancing factor
as a target for protecting against
apoptotic neuronal death and
mitochondrial damage in ischemia

Focal ischemic stroke (FIS) results from the lack of blood flow in
a particular region of the brain and accounts for about 80% of all
human strokes. Although tremendous efforts have been made in
translational research, the treatment strategies are still limited.
Tissue plasminogen activator is the only FDA-approved drug cur-
rently available for acute stroke treatment, but it is only effective
within a narrow therapeutic window that is within a few hours af-
ter the onset of a stroke. Thus exploring novel molecular pathways
that can reduce neuronal death and improve stroke outcomes will
allow us to identify potential targets for stroke therapy. Neurons
are highly metabolically active cells and especially susceptible to
an ischemic insult. Energy depletion triggers rapid necrotic neu-
ronal death in the ischemic core as well as more delayed apoptosis
in the penumbral region after an FIS. Thus it is conceivable that
rescue or compensation for energy metabolism in the neurons is
an important neuronal and brain protective strategy in FIS.

Recently, we found that pre-B-cell colony-enhancing factor
(PBEF), also known as nicotinamide phosphoribosyltransferase
(NAMPT), the rate-limiting enzyme in the salvage pathway of
mammalian nicotinamide adenine dinucleotide (NAD") biosyn-
thesis through converting nicotinamide (NAM) to nicotinamide
mononucleotide (NMN) (Canto et al., 2015) (Figure 1A, B), is
mainly expressed in neurons in the mouse brain under physio-
logical conditions (Figure 1C, D) (Zhang et al., 2010). NAD" is
an essential coenzyme in the tricarboxylic acid (TCA) cycle and
oxidative phosphorylation in the mitochondria and glycolysis in
the cytoplasm. The major cellular functions of NAD" and its re-
duced form NADH include modulating cellular energy homeo-
stasis. NAD" is also a substrate of some NAD"-consuming en-
zymes such as sirtuins (Sirt1-7), poly(ADP-Ribose) polymerases
(PARP) and CD38 (Canto et al., 2015). We also found for the
first time that heterozygous knockout of PBEF increases brain
infarction in a mouse model of photothrombosis (PT)-induced
FIS (Zhang et al., 2010). Furthermore, we demonstrated that the
enzymatic activity of NAD" synthesis is required for the neu-
roprotective effect of PBEF after glutamate and oxygen-glucose
deprivation (OGD) in primary cultured cortical neurons since
the overexpression of wide-type (WT) PBEFE, but not mutants
lacking enzymatic activity, can reduce neuronal death (Bi et al.,
2012). Ischemia causes the depletion of NAD" levels and the
supplementation of NAD" can protect against neuronal death in
ischemia (Wang et al., 2014; Zhang et al., 2010; Bi et al., 2012).
NAD" is also highly correlated with mitochondrial biogenesis
(Wang et al., 2014). To further study the mechanism of PBEF in
the neuronal protection in ischemia, we focused our investiga-
tion on whether the neuroprotective effect of PBEF is through
regulating mitochondrial function and biogenesis.

We initially overexpressed WT and PBEF mutants H247A and
H247E by DNA transfection and determined their effect on mito-
chondrial membrane potential (MMP) depolarization after excito-
toxic glutamate stimulation using live cell fluorescent imaging (Bi
et al., 2012). We found that neurons transfected with WT PBEF
exhibited a much slower fluorescence decrease than non-transfect-
ed neurons or neurons transfected with EGFP alone; furthermore,
neurons transfected with H247A and H247E mutants had the
comparable rates of MMP depolarization with neurons express-
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ing EGFP alone or non-transfected neurons (Bi et al,, 2012). The
results indicate that the overexpression of PBEF renders neurons
more resistant to excitotoxicity-induced MMP collapse.

Ischemic stroke leads to translocation of arterial input func-
tion (AIF) from mitochondria to the nucleus. AIF release from
mitochondria induces peripheral chromatin condensation,
large-scale DNA fragmentation and eventually caspase-inde-
pendent intrinsic apoptotic cell death (Hong et al., 2004). Next,
we tested whether PBEF could inhibit AIF translocation after
glutamate stimulation. We found that neurons overexpressing
WT PBEF exhibited a dramatic reduction of AIF transloca-
tion rate as compared with neurons overexpressing the mutant
H247A PBEF after glutamate excitotoxicity (Wang et al., 2016).
Thus the enzymatic activity of PBEF for NAD" synthesis is re-
quired to inhibit glutamate-induced AIF translocation. Ischemia
triggers intrinsic apoptosis of both caspase-3 independent path-
way associated with AIF translocation and caspase-3 dependent
pathway with cytochrome C release from the mitochondria.
Using viral transduction approach, we found that the over-
expression of PBEF can reduce cleaved caspase-3 levels after
OGD, indicating that in addition to AIF translocation-involved
caspase-3 independent pathway, a caspase-dependent apoptotic
signaling pathway also contributes to the neuroprotective effect
of PBEF in ischemia (Wang et al., 2016). Mitochondrial mor-
phology including length, size and shape is controlled by bal-
anced fission and fusion processes in the neurons. Under nor-
mal conditions, new mitochondria are produced through the
orchestrated action of transcriptional factors and co-activators.
The balance is disrupted in injured neurons, thus causing mor-
phological damage associated with mitochondrial dysfunction.
Mitochondrial fragmentation is an early event that occurs be-
fore the release of mitochondria-dependent apoptotic proteins
and is the key mechanism in glutamate excitotoxicity and AIF
translocation-mediated cell death. We investigated the effect
of PBEF on glutamate-induced mitochondrial fragmentation,
which has been widely detected during excitotoxicity-induced
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Figure 1 Salvage pathway for NAD" biosynthesis and PBEF expression in
neurons.

(A) NAD" is synthesized from NAM through a salvage pathway involving
PBEF and NMN adenylyltransferases (NMNATs). Enzymes such as sirtuins
catalyze various reactions that consume NAD". FK866 is an inhibitor of
PBEF. (B) Structures of NAD", NMN and NAM. (C, D) Immunostaining of
PBEF and NeuN in the cortex (C) and hippocampal CA3 region (D) of the
mouse brain. (E) The proposed mechanism by which PBEF protects against
apoptotic neuronal death and mitochondrial damage. NAD": Nicotinamide
adenine dinucleotide; NAM: nicotinamide; NMN: nicotinamide mononu-
cleotide; PBEF: Pre-B-cell colony-enhancing factor. Figure 1C, D was adapt-
ed from Zhang et al., 2010.
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apoptosis. We found that glutamate increased the number of
fragmented mitochondria with a short length and small area,
but the overexpression of WT PBEF could prevent this effect,
while overexpression of H247A PBEF had no effect on these
parameters (Wang et al., 2016). The density of mitochondria in
dendrites, however, was not affected by the overexpression of
either WT or the mutant PBEF (Wang et al., 2016). Consistent-
ly, the supplementation of NAM and NAD" could also reduce
glutamate-induced mitochondrial fragmentation and AIF trans-
location (Wang et al., 2014, 2016). Thus we conclude that PBEF
prevents glutamate-stimulated mitochondrial fragmentation
through its enzymatic activity of NAD" biosynthesis. It is possi-
ble that PBEF could facilitate the clearance of fragmented mito-
chondria via regulation of mitophagy during ischemia because
PBEEF significantly enhances autophagy (Wang et al., 2012).

To further investigate the mechanism by which PBEF suppress-
es the impairment of mitochondrial biogenesis, we used AAV
transduction to overexpress PBEF in a large number of neurons.
We first determined the effect of PBEF on the relative amount
of mitochondrial DNA (mtDNA) to nuclear DNA (nucDNA),
which represents mitochondrial mass, after glutamate and OGD
stimulations. We found a significant decrease of mtDNA/nucDNA
ratio after glutamate excitotoxicity and OGD in primary cultured
cortical neurons without PBEF overexpression, but the decline of
mtDNA content was inhibited when neurons were overexpressed
with WT PBEE PGC-1 is a master regulator of mitochondrial bio-
genesis; therefore, we subsequently investigated the effect of PBEF
overexpression on PGC-1 and its downstream effector NFR-1 after
OGD. The protein levels of PGC-1 and NRF-1 reduced signifi-
cantly by OGD stimulation, but PBEF overexpression significantly
inhibited their reductions. Thus, PBEF overexpression in neurons
can attenuate ischemia-induced mitochondrial damage and the
impairment of mitochondrial biogenesis.

Mitochondria produce 90% of energy in mammalian cells.
They are considered as the central executioner of both necrosis
and apoptosis and an important therapeutic target for acute and
chronic neurodegenerative diseases. Although we demonstrated
that PBEF could mediate neuronal protection through the sup-
pression of mitochondrial dysfunction and fragmentation and
the impairment of mitochondrial biogenesis, some outstanding
questions remain to be answered. NAD" is highly compart-
mentalized in cytoplasm and mitochondria of mammalian cells
including neurons (Alano et al., 2007) and there is no mito-
chondrial localization sequence in PBEE. Accordingly it will be
important to determine whether neuronal mitochondria have a
distinct functional NAD" salvage pathway used to maintain the
NAD" pool in the organelle. Using the subcompartment-tar-
geted NAD" sensors (Cambronne et al., 2016), we are also able
to determine the different dynamics of NAD" depletion after
an ischemic insult. Using molecular biology to knockdown and
overexpress PBEF in various subcompartments, we can further
investigate whether mitochondrial NAD" pathway plays a pre-
dominant role in reducing neuronal death and brain damage.
Sirt3 is expressed in mitochondria and plays a protective role
in glutamate excitotoxicity (Kim et al., 2011). Since Sirt3 is an
NAD'-consuming enzyme, further study to determine whether
PBEF modulates Sirt3 activity is warranted. Moreover, PBEF
may exert its neuronal and brain protective effects in ischemia
through other mechanisms. A recent study reported that over-
expression of PBEF in neurons in transgenic mice ameliorates
white matter injury after middle cerebral artery occlusion
(MCAO) through promoting extracellular PBEF levels (Jing et
al., 2014), on the other hand, global PBEF overexpression in
transgenic mice improves regenerative neurogenesis to promote
brain recovery after MCAO (Zhao et al., 2015). PBEF also me-
diates the induction of autophagy at the early stage of ischemia,
which also contributes to neuroprotection (Wang et al., 2012).

In summary, we have established that PBEF ameliorates
apoptotic neuronal death after ischemia through inhibiting
caspase-dependent and independent apoptotic signaling path-
ways; PBEF also mitigates the loss of mitochondrial mass and
the impairment of mitochondrial biogenesis by inhibiting mito-
chondrial fragmentation and rescuing the key molecules involv-
ing mitochondrial biogenesis (Figure 1E). Our study revealed a
previously unknown mechanism for the neuroprotective effect
of PBEF in ischemia and indicates that inhibiting mitochondri-
al damage through enhancing the NAD" salvage pathway is a
valuable strategy for ischemic stroke therapy.
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