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Abstract
Understanding the role of nicotinamide (NIC) in different cell systems represents a significant
challenge in several respects. Recently, NIC has been reported to have diverse roles during cell
biology. In the absence of NIC, sirtuin protein activity is enhanced and pyrazinamidase/
nicotinamidase 1 (PNC1) expression, an enzyme that deaminates NIC to convert NIC into nicotinic
acid, is increased to lead to lifespan extension during calorie restriction, at least in yeast. Yet, NIC
may be critical for cell survival as well as the modulation of inflammatory injury during both
experimental models as well as in clinical studies. We therefore investigated some of the underlying
signal transduction pathways that could be critical for the determination of the neuroprotective
properties of NIC. We examined neuronal injury by trypan blue exclusion, DNA fragmentation,
phosphatidylserine (PS) exposure, Akt1 phosphorylation, Bad phosphorylation, mitochondrial
membrane potential, caspase activity, cleavage of poly(ADP-ribose) polymerase (PARP), and
mitogen-activated protein kinases (MAPKs) phosphorylation. Application of NIC (12.5 mM)
significantly increased neuronal survival from 38 ± 3% of anoxia treated alone to 68 ± 3%, decreased
DNA fragmentation and membrane PS exposure from 67 ± 4% and 61 ± 5% of anoxia treated alone
to 30 ± 4% and 26 ± 4% respectively. We further demonstrate that NIC functions through Akt1
activation, Bad phosphorylation, and the downstream modulation of mitochrondrial membrane
potential, cytochrome c release, caspase 1, 3, and 8 - like activities, and PARP integrity to prevent
genomic DNA degradation and PS externalization during anoxia. Yet, NIC does not alter the activity
of either the MAPKs p38 or JNK, suggesting that protection by NIC during anoxia is independent
of the p38 and JNK pathways. Additional investigations targeted to elucidate the cellular pathways
responsible for the ability of NIC to modulate both lifespan extension and cytoprotection may offer
critical insight for the development of new therapies for nervous system disorders.
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INTRODUCTION
Nicotinamide (NIC) is the precursor for the coenzyme ß-nicotinamide adenine dinucleotide
(NAD+) (Li, F et al., 2004,Maiese, K and Chong, ZZ, 2003) and is utilized by the body for
cellular metabolism through the generation of adenosine triphosphate in the mitochondrial
electron transport chain (Ishaque, A and Al-Rubeai, M, 2002). Recently, NIC has been reported
to have diverse roles during cell biology that involve potential lifespan reduction as well as
enhanced cell survival during acute cellular injury (Li, F et al., 2004,Porcu, M and Chiarugi,
A, 2005). In regards to cellular lifespan, increased longevity in yeast has been shown to be
dependent upon sirtuin 2 (Sir2) protein expression and is associated with NIC and
pyrazinamidase/nicotinamidase 1 (PNC1), an enzyme that deaminates NIC to convert NIC into
nicotinic acid. Without NIC, Sir2 is activated and PNC1 expression is increased to lead to yeast
lifespan extension during calorie restriction.

Yet, NIC may be critical for cell survival as well as the modulation of inflammatory injury
(Chong, ZZ et al., 2005, Chong, ZZ et al., 2002, Chong, ZZ et al., 2004, Lin, SH et al.,
2001,Lin, SH et al., 2000). For example, in pancreatic islet cells, NIC prevents cellular injury
during free radical exposure (Kallmann, B et al., 1992) and blocks hydrogen peroxide induced
necrosis in human β-cells (O’Brien, BA et al., 2000). Administration of NIC in non-obese
diabetic mice also prevents apoptosis in β-cells during cyclophosphamide injections and delays
the development of diabetes (O’Brien, BA et al., 2000). In neuronal and vascular cells, NIC
has been demonstrated to protect cells against apoptosis induced by deoxycholate (Crowley,
CL et al., 2000), free radical nitric oxide (NO) exposure (Chong, ZZ et al., 2002,Lin, SH et
al., 2001,Lin, SH et al., 2000), and oxygen-glucose deprivation (Chong, ZZ et al., 2004).
Clinical studies also support a role for NIC in the treatment of a variety of disorders, such as
the resolution of lactic acidemia in the MELAS syndrome (Majamaa, K et al., 1997) with
NADH:ubiquinone oxidoreductase (Smeitink, J et al., 2004).

Given the possible detrimental effects of NIC observed in the lifespan of yeast and adult
metazoans (Porcu, M et al., 2005) that contrasts with the robust capacity of NIC to enhance
cell survival in higher eukaryotic cells, we elected to elucidate some of the cellular pathways
that would promote cytoprotection by NIC. In this regard, the serine/threonine protein kinase
B (also known as Akt), a key target of phosphatidylinositide-3-kinase (PI 3-K) and the
modulation of anti-apoptotic pathways (Chong, ZZ et al., 2005, Chong, ZZ et al., 2005), may
be central to the cytoprotection by NIC, since activation of Akt occurs in the brain following
either focal or global cerebral ischemia (Friguls, B et al., 2001,Yano, S et al., 2001), hypoxic
preconditioning may be mediated by the activation of Akt (Wick, A et al., 2002), and loss of
Akt activity leads to cell injury during oxidative stress (Chong, ZZ et al., 2004, Kang, JQ et
al., 2003, Kang, JQ et al., 2003).

Akt may block neuronal apoptosis through the phosphorylation of Bad, modulation of
mitochondrial permeability, and prevention of mitogen-activated protein kinases (MAPKs)
and caspases. During periods of hypoxia, activation of platelet-derived growth factor β in the
dorsocaudal brain stem also has been shown to block apoptosis through Akt activation and the
subsequent phosphorylation of Bad (Simakajornboon, N et al., 2001). In the vascular system,
the protection of cells during growth factor deprivation or oxidative stress can be fostered by
activation of Akt and the direct inactivation of Bad (Chen, JH et al., 2004,Chong, ZZ et al.,
2003). Furthermore, Akt may control mitochondrial permeability to block apoptosis
(Yamaguchi, A et al., 2001), prevent the release of cytochrome c (Chong, ZZ et al., 2003,
Kang, JQ et al., 2003), and inhibit the activation of MAPKs and caspases (Zhuang, S et al.,
2000). Potentially closely linked to caspase activity and the protective ability of NIC is the
maintenance of poly(ADP-ribose) polymerase (PARP) integrity and the preservation of
cellular energy reserves, since NIC has been shown to prevent PARP degradation and allow
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for DNA repair through the direct inhibition of caspase 3 - like activity (Chong, ZZ et al.,
2002,Lin, SH et al., 2000). We demonstrate that NIC protects against anoxic neuronal DNA
degradation and membrane PS exposure through a series of pathways that require activation
of Akt1, phosphorylation of Bad that is Akt dependent, prevention of mitochondrial
permeability and subsequent cytochrome c release, and maintenance of PARP integrity. Yet,
protection against anoxia injury is independent of MAPK p38 and JNK activity.

MATERIALS AND METHODS
Primary Hippocampal Neuronal Cultures

The hippocampi were obtained from E-19 Sprague-Dawley rat pups and incubated in
dissociation medium (90 mM Na2SO4, 30 mM K2SO4, 5.8 mM MgCl2, 0.25 mM CaCl2, 10
mM kynurenic acid, and 1 mM HEPES with the pH adjusted to 7.4) containing papain (10 U/
ml) and cysteine (3 mM) for two 20-minute periods. The hippocampi were then rinsed in
dissociation medium and incubated in dissociation medium containing trypsin inhibitor (10-20
U/ml) for three 5-minute periods. The cells were washed in growth medium (Leibovitz’s L-15
medium, Invitrogen, Carlsbad, CA) containing 6% sterile rat serum (ICN, Aurora, OH), 150
mM NaHCO3, 2.25 mg/ml of transferrin, 2.5 μg/ml of insulin, 10 nM progesterone, 90 μM
putrescine, 15 nM selenium, 35 mM glucose, 1 mM L-glutamine, penicillin and streptomycin
(50 μg/ml), and vitamins. The dissociated cells were plated at a density of ∼1.5 ×103 cells/
mm2 in 35 mm polylysine/laminin-coated plates (Falcon Labware, Lincoln Park, NJ). Neurons
were maintained in growth medium at 37 °C in a humidified atmosphere of 5% CO2 and 95%
room air for 2 weeks. Non-neuronal cells were negligible.

Experimental Treatments
To induce anoxia, neuronal cultures were deprived of oxygen by placing them into an anoxic
chamber system (Sheldon Manufacturing, Cornelius, OR). The cultures were maintained in an
anaerobic environment (95% N2, 5% CO2) at 37 °C per the experimental paradigms. In both
pre- and postparadigm applications, NIC exposure was continuous.

To inhibit Akt activation (phosphorylation), PI3K inhibitor wortmannin or LY 294002
(Calbiochem, La Jolla, CA) and Akt selective inhibitor D-3-deoxy-2-O-methyl-myo inositol
1-(R)-2-methoxy-3-(octadecyloxy) propyl hydrogen phosphate (SH-5) or D-2,3-dieoxy-myo
inositol 1-(R)-2-methoxy-3-(octadecyloxy) propyl hydrogen phosphate (SH-6) (Alexis, San
Diego, CA) were applied to neuronal cultures 1 h (hour) prior to anoxia. To inhibit caspase
activity, the irreversible and cell permeable caspase inhibitors Z-IETD-FMK, Z-YVAD-FMK,
and Z-DEVD-FMK (all from Pharmingen Inc, Livermore, CA) were used. Inhibitors were
added directly to the culture media 1 h prior to anoxic exposure.

Assessment of Neuronal Survival
Hippocampal neuronal injury was determined by bright field microscopy using a 0.4% trypan
blue dye exclusion method 24 h following anoxia exposure per our previous protocols (Lin,
SH et al., 2000). Neurons were identified by morphology and the mean survival was determined
by counting eight randomly selected non-overlapping fields with each containing
approximately 10-20 neurons (viable + non-viable) in each 35 mm Petri dish.

Assessment of DNA Fragmentation
Genomic DNA fragmentation was determined by the terminal deoxynucleotidyl transferase
nick end labeling (TUNEL) assay (Lin, SH et al., 2000,Maiese, K and Vincent, AM, 2000).
Briefly, neurons were fixed in 4% para-formaldehyde/0.2% picric acid/0.05% glutaraldehyde
and the 3′-hydroxy ends of cut DNA were labeled with biotinylated dUTP using the enzyme
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terminal deoxytransferase (Promega, Madison, WI) followed by streptavidin-peroxidase and
visualized with 3,3′-diaminobenzidine (Vector Laboratories, Burlingame, CA).

Assessment of Membrane Phosphatidylserine (PS) Residue Externalization
Per our prior protocols (Vincent, AM and Maiese, K, 1999), a 30 μg/ml stock solution of
annexin V conjugated to phycoerythrin (PE) (R&D Systems, Minneapolis, MN) was diluted
to 3 μg/ml in warmed calcium containing binding buffer (10 mM Hepes, pH 7.5, 150 mM
NaCl, 5 mM KCl, 1 mM MgCl2, 1.8 mMCaCl2). Plates were incubated with 500 μl of diluted
annexin V for 10 min. Images were acquired with “blinded” assessment with a Leitz DMIRB
microscope (Leica, McHenry, IL) and a Fuji/Nikon Super CCD (6.1 megapixels) using
transmitted light and fluorescent single excitation light at 490 nm and detected emission at 585
nm.

Assessment of Mitochondrial Membrane Potential
The fluorescent probe JC-1 (Molecular Probes, Eugene, OR), a cationic membrane potential
indicator, was used to assess the mitochondrial membrane potential. Neurons in 35 mm dishes
were incubated with 2 μg/ml JC-1 in growth medium at 37 °C for 30 min. The cultures were
washed three times using fresh growth medium. Neurons were then analyzed immediately
under a Leitz DMIRB microscope (Leica, McHenry, IL, USA) with a dual emission
fluorescence filter with 515-545 nm for green fluorescence and emission at 585-615 nm for
red fluorescence.

Assessment of Cysteine Protease Activity
At specific times following anoxia, cysteine protease activities were determined as previously
described (Chong, ZZ et al., 2003,Chong, ZZ et al., 2003). Cell suspensions were prepared
and an aliquot of supernatant containing 30 μg protein was incubated with a 250 μM
colorimetric substrate for caspase 8 (Ac-IETD-pNA), caspase 1 (Ac-YVAD-pNA), or for
caspase 3 (Ac-DEVD-pNA) (Calbiochem, San Diego, CA). Absorbance was measured at 405
nm and substrate cleavage reported in micromoles per minute per gram protein (μmol/min/g)
against standard p-nitroaniline solutions.

Western Blot Analysis
Akt1, Bad phosphorylation, Cytochrome c Release, p38, p-p38, JNK, and p-JNK
—Cells were homogenized and following protein determination, each sample (50 μg/lane) was
then subjected to SDS-polyacrylamide gel electrophoresis. The membranes were incubated
with a mouse monoclonal antibody against the active form of Akt1 (phospho-Akt1, Ser 473,
1:1000) (Active-Motif, Carlsbad, CA), cytochrome c (1:2000) (Pharmingen, San Diego, CA),
a goat polyclonal antibody against phosphorylated Bad (p-Bad, Ser 136, 1:100) (Santa Cruz
Biotechnologies, Santa Cruz, CA), primary rabbit polyclonal antibody against p38 or phospho-
(p)-p38(1: 2000) (Santa Cruz Biotechnologies, Santa Cruz, CA), rabbit ployclonal antibody
against active forms of JNK or phospho(p)-JNK (1: 2000) (Santa Cruz Biotechnologies, Santa
Cruz, CA). After washing, the membranes were incubated with a horseradish peroxidase
conjugated secondary antibody (goat anti-mouse IgG, 1:2000) (Pierce, Rockford, IL), rabbit
anti-goat IgG (1:5000) (Santa Cruz Biotechnologies, Santa Cruz, CA) or goat anti-rabbit IgG
(1:15000, Pierce, Rockford, IL). The antibody-reactive bands were revealed by
chemiluminescence (Amersham Pharmacia Biotech).

Preparation of Mitochondria for the Analysis of Cytochrome c Release—Per our
prior protocols (Chong, ZZ et al., 2002), after washing once with ice-cold PBS, cells were
harvested and resuspended in buffer A (20 mM HEPES, pH 7.5, 10 mM KCl, 1.5 mM MgCl2,
1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol, 0.1 phenylmethylsulfonylfluoride)
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containing 250 mM sucrose. The cells were homogenized and then centrifuged twice at 750 g
for 10 min at 4 °C. The harvested supernatants were centrifuged at 10,000 g for 10 min and
the cytosolic fraction was centrifuged at 50,000 g for 60 min at 4 °C.

PARP Cleavage—Following protein determination, equal protein concentration of cell
extracts were added to a 2x sample buffer (62.5 mM Tris-HCl, pH 6.8; 6 M urea, 10% glycerol,
2% SDS, 0.00125% bromophenol blue, 5% β-mercaptoethanol) and incubated at 65 °C for 15
min. Each sample (50 μg/lane) was then subjected to 7.5% SDS-polyacrylamide gel
electrophoresis followed by a transfer onto a nitrocellulose membrane with plate electrodes
(BioRad, Hercules, CA). The membranes were blocked overnight at 4 °C in 5% nonfat dry
milk in Tris-buffered saline (50 mM Tris-HCl pH 7.4, 150 mM NaCl) with 0.1% Tween 20
(TBST) and incubated with rabbit anti-PARP polyclonal antibody (1:1000) for 2.5 h at room
temperature. The membranes were incubated with goat anti-rabbit IgG (1:15000, Pierce,
Rockford, IL) coupled to horseradish peroxidase. The antibody-reactive bands were revealed
by enhanced chemiluminescence (Amersham Pharmacia Biotech).

Statistical Analysis
For each experiment involving assessment of neuronal cell survival, DNA degradation,
membrane PS exposure, mitochondrial membrane potential, and caspase activity, the mean
and standard error were determined from 4 to 6 replicate experiments. Statistical differences
between groups were assessed by means of analysis of variance (ANOVA) with the post-hoc
Student’s t-test. Results are expressed as the mean ± the standard error. Statistical significance
was considered at P< 0.05.

RESULTS
NIC Protects Neurons Against Anoxia-Induced Neuronal Injury

In order to examine the effect of anoxia on neuronal viability, we determined neuronal survival
following different time periods of anoxia. Hippocampal neurons were exposed in an oxygen-
free environment for a 2 h, 4 h, and 8 h period and neuronal survival was examined 24 h later
following anoxia (Fig. 1A). A significant decrease in neuronal survival was observed in
cultures following anoxia for the duration of 2 h (61 ± 4%), 4 h (39 ± 2%), and 8 h (21 ± 3%)
when compared to untreated control cultures (86 ± 3%) over a 24 h period following anoxia.

To examine the effect of NIC on neuronal viability during anoxia, NIC (1-50 mM) was applied
directly to hippocampal cultures 1 h prior to a 4 h period of anoxia and cell survival was
examined 24 h following anoxia. As shown in Fig. 1B, anoxic exposure directly decreased
neuronal survival from 85 ± 3% in untreated control to 38 ± 3% in cultures exposed to anoxia.
Treatment with NIC at concentrations of 5 mM and 12.5 mM significantly increased neuronal
survival to 53 ± 2% and 68 ± 3% respectively. Treatment with NIC at concentrations of 1 mM,
25 mM, and 50 mM did not significantly protect neurons from anoxic insult.

To further examine whether NIC can rescue neurons from anoxic injury, cells were treated
with 12.5 mM NIC at 2 h, 4 h, 6 h, and 12 h post anoxia, and cell survival was determined 24
h later. As shown in Fig. 1C, post-treatment of NIC at 2, 4, 6 h significantly increased neuronal
survival from 34 ± 4% (anoxia only) to 63 ± 4%, 60 ± 4%, and 56 ± 3% respectively. Yet, post-
treatment with NIC at 12 h following anoxia did not increase neuronal survival.

NIC Prevents Apoptotic Genomic DNA Fragmentation and Membrane Phosphatidylserine
(PS) Externalization During Anoxia

Neurons were exposed to anoxia and either cellular genomic DNA fragmentation was assessed
with TUNEL or cell membrane PS exposure was determined by annexin V labeling 24 h later.
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In Fig. 2A, representative pictures demonstrated that anoxia resulted in both DNA
fragmentation and membrane PS externalization in neurons. In cells exposed to anoxia, cell
injury is evident by chromatin condensation and significant induction of annexin V labeling.
In contrast, pretreatment with NIC (12.5 mM) 1 h prior to anoxia significantly reduced nuclear
condensation and membrane PS externalization.

To quantitatively determine the ability of NIC to prevent anoxia induced DNA fragmentation
and membrane PS externalization, NIC (12.5 mM) was administered 1 h prior to anoxia and
assessment was performed 24 h later. As shown in Fig. 2B, anoxia alone resulted in a significant
increase in percent DNA fragmentation (67 ± 4%) in neurons when compared to untreated
control cultures (16 ± 3%). DNA fragmentation was reduced to 30 ± 4% in cells treated with
NIC following anoxia. An increase in annexin V label was observed in neurons 24 h following
anoxia that reached a level of 61 ± 5%) when compared to untreated control cultures of 11 ±
3% (Fig. 2B). Cells treated with NIC displayed a significant reduction in annexin V label to
26 ± 4% 24 h following anoxia.

NIC Requires Enhanced Activity of Akt1 to Foster Neuronal Protection
Western blot analysis was performed for phospho-Akt1 (activated form of Akt1, p-Akt1) 12
h following anoxia. In Fig. 3A, NIC and anoxia independently increased the expression of p-
Akt1. This increased expression of p-Akt1 was blocked by agents wortmannin (W, 500 nM)
and LY294002 (LY, 10 μM), inhibitors of Akt phosphorylation. In combination with anoxia
exposure, NIC continued to enhance the expression of p-Akt1. The increased expression of p-
Akt1 by NIC was blocked by W and LY.

In Fig. 3B, application of NIC (12.5 mM) 1 h prior to anoxia significantly increased neuronal
survival to 67 ± 4%. Yet, co-application of wortmannin (W, 500 nM) or LY294002 (LY, 10
μM) at a concentration that blocks activation of p-Akt1 during anoxia (Fig. 3A) with NIC (12.5
mM) significantly reduced the ability of NIC to protect neurons against anoxia, suggesting that
NIC required some level of Akt1 activation to offer neuroprotection. Application of
wortmannin (500 nM) or LY294002 (10 μM) without anoxia was not toxic to neurons (data
not shown), suggesting that endogenous Akt1 activation provides some level of protection
during toxic insults.

To further define the contribution of Akt1 to neuroprotection of NIC during anoxia, Akt1
activation selective inhibitors SH-5 or SH-6 was applied to neuronal cultures 1 h prior to a 4
h period of anoxia. Representative Western blot result, as shown in Fig. 3C, indicated that
application of SH-5 (10∼20 μM) or SH-6 (10∼20 μM) attenuated or eliminated the p-Akt1
expression during NIC treatment with anoxia. Co-application of SH-5 or SH-6 at a
concentration that blocks activation of p-Akt1 during anoxia (Fig. 3C) with NIC (12.5 mM)
also significantly reduced the ability of NIC to protect neurons against anoxia, further
convincing that NIC required some level of Akt1 activation to offer neuroprotection (Fig.
3D).

NIC Induces Phosphorylation of Bad and Prevents Mitochondrial Membrane Depolarization
and the Release of Cytochrome c During Anoxia

As phosphorylation of Bad, a downstream of Akt1, has been associated with initiation of
apoptosis through its influence on the function of Bcl-2/Bcl-xL and mitochondria (Kennedy,
SG et al., 1999), we investigated Bad phosphorylation following anoxia and NIC treatment.
Western blot analysis was performed for p-Bad (phosphorylated Bad) 1-24 h following anoxia.
In Fig. 4A, anoxic insult significantly increased the phosphorylation of Bad at 2, 3, and 6 h
following a 4 h period of anoxia. In combination with anoxia, NIC (12.5 mM) 1 h pre-treatment
further enhanced the expression of p-Bad over a 24 h period (Fig. 4B). Furthermore, application
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of wortmannin (W, 500 nM) and LY294002 (LY, 10 μM) to inhibit Akt activation (Fig. 3A)
prevented Bad phosphorylation induced by NIC during anoxia (Fig. 4C).

Exposure to anoxia produced a significant decrease in the red/green fluorescence intensity ratio
when cells were labeled by a cationic membrane potential indicator JC-1 within 3 h when
compared with untreated control cultures (Figs. 5A and Fig. 5B), suggesting that anoxia results
in mitochondrial membrane depolarization. Application of NIC (12.5 mM) 1 h prior to anoxia
significantly increased the red/green fluorescence intensity of the neurons, indicating that
mitochondrial permeability transition pore membrane potential was restored to baseline (Figs.
5A and 5B). Administration of NIC (12.5 mM) 1 h prior to anoxia maintained mitochondrial
permeability transition pore membrane function and prevented mitochondrial cytochrome c
release as demonstrated by Western analysis (Fig. 5C).

NIC Protects Neurons Through the Inhibition of Caspases 8, 1, and 3-Like Activities During
Anoxia

As shown in Fig. 6A, NIC (12.5 mM) was applied to neuronal cultures 1 h prior to a 4 h period
of anoxia and data for caspase 8, caspase 1, and caspase 3 activities were obtained 12 h post
injury since this time period represented the peak activities for these cysteine proteases (Chong,
ZZ et al., 2003,Lin, S and Maiese, K, 2001). NIC pre-treatment significantly decreased caspase
8 - like activity from 0.25 ± 0.04 μmol/min/g of anoxia treated alone to 0.08 ± 0.04 μmol/min/
g (P<0.01). Similarly, NIC pre-treatment significantly reduced the activity of caspase 1 - like
activity (0.09 ± 0.02 μmol/min/g) and caspase 3 - like activity (0.11 ± 0.03 μmol/min/g) when
compared to cultures treated with anoxia alone (0.18 ± 0.04 μmol/min/g and 0.28 ± 0.04 μmol
min/g, respectively).

During a post-treatment paradigm, NIC (12.5 mM) was administered into cultures 4 h following
a 4 h period of anoxia and caspase activity was determined at 12 h after anoxia (Fig. 6B). Post-
treatment with NIC significantly decreased caspases 1, and 3-like activities. Yet, NIC post-
treatment did not alter anoxia-induced caspase 8 activation.

We next examined whether the induction of caspase 8, caspase 1, and caspase 3 - like activities
was required for anoxia induced cell injury. IETD, YVAD, and DEVD were applied to neuronal
cultures to inhibit caspase 8, caspase 1, and caspase 3 - like activities, neuronal survival, DNA
fragmentation, and membrane PS exposure were determined 24 h following anoxia. As shown
in Fig. 6C, IETD (50 μM), YVAD (50 μM), and DEVD (50 μM) significantly increased
neuronal survival 24 h following a 4 h period of anoxia. Pretreatment of neurons with 50 μM
IETD, YVAD, and DEVD significantly decreased DNA fragmentation to 25 ± 3%, 30 ± 4%,
and 27 ± 2%, respectively (Fig. 6D). In addition, inhibition of caspase 1 (YVAD) or caspase
8 (IETD), not of caspase 3 (DEVD), activity maintained cellular membrane asymmetry and
significantly prevented PS externalization (Fig. 6E).

NIC Inhibits PARP Cleavage Induced by Anoxia
Since increased caspase activity such as caspase 3 leads to the specific cleavage of cellular
protein substrates including PARP and preserving PARP integrity contributes to repair of
damaged DNA during injury, we next characterized the ability of NIC to modulate neuronal
PARP cleavage following anoxic exposure. Fig. 7 illustrates that the intact form of PARP (116
kDa) is detectable in neuronal extracts from untreated cultures (lane 3). Extracts from the
human HL60 leukemia cells were analyzed as a positive control to compare migration of the
intact form of PARP (lane 1) and its 85 kDa proteolytic fragment (lane 2) from cells treated
with apoptotic inducer etoposide. Anoxic exposure (4 h) dramatically decreased the intact form
of the PARP 12 h following anoxia (lane 4). However, this decrease in the amount of the 116
kDa of PARP protein was attenuated by pretreatment with NIC (12.5 mM) 1 h prior to anoxia)
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(lane 5). Although anoxia exposure significantly induced the degradation of intact form of
PARP protein, the 85 kDa proteolytic fragment of PARP was not detected from extracts of
hippocampal neurons.

NIC does not Prevent p38 and JNK Phosphorylation During Anoxia
Since activation of p38 and JNK could be one of the mediators during anoxic insults, we
monitored the effects of NIC on anoxia-induced activation of p38 and JNK. Cell extracts were
analyzed at 1 h following a 4 h period anoxia. As shown in Fig. 8A, anoxic exposure resulted
in a dramatic increase in the level of active form of p38. Pretreatment of neurons with NIC
(12.5 mM) 1 h prior to anoxia did not prevent p38 activation induced by anoxia. The level of
total p38 remained unchanged in each group. In a similar manner, anoxic exposure resulted in
a significant increased expression of active form of JNK 1 h following anoxic exposure. Yet,
pretreatment with NIC (12.5 mM) did not alter anoxia-induced phosphorylation of JNK in
hippocampal neurons (Fig. 8B). The total level of cellular JNK remains unchanged in each
group of untreated control, anoxia only, and NIC/anoxia. Treatment with NIC (12.5 mM) alone
did not induce activation of p38 and JNK (data not shown).

DISCUSSION
Dissecting the role and biological effects of NIC in different cell systems represents a
significant challenge in several respects. Since PNC1 deaminates NIC to convert it into
nicotinic acid and reduce intracellular NIC concentrations, Sir2 can become activated and
PNC1 expression is increased to lead to lifespan extension during calorie extension, at least in
experimental models of yeast (Li, F et al., 2004,Porcu, M et al., 2005). Furthermore, NIC can
function as an inhibitor of sirtuins in concentrations that range from 50-100 μM (Porcu, M et
al., 2005). On the converse side, NIC offers protection in millimole concentrations against NO
(Lin, SH et al., 2000), anoxia (Lin, SH et al., 2001), and oxygen glucose deprivation (Chong,
ZZ et al., 2004) in primary cultures rat hippocampal neurons. In cortical neurons, NIC
antagonizes cell injury during free radical generating toxins such as tertiary butylhydroperoxide
(Sonee, M et al., 2003). NIC also can protect both rod and cone photoreceptor cells against N-
methyl-N-nitrosourea toxicity (Kiuchi, K et al., 2003,Kiuchi, K et al., 2002) as well as against
glycation end products in all layers of the retina (Reber, F et al., 2003). In animal studies, NIC
prevents neuronal degeneration against trauma (Wallis, RA et al., 1996), oxidative stress
(Chong, ZZ et al., 2004, Chong, ZZ et al., 2002,Crowley, CL et al., 2000,Lin, SH et al.,
2001,Lin, SH et al., 2000), cerebral ischemia (Gupta, S et al., 2004,Yang, J et al., 2002), and
spinal cord injury (Brewer, KL and Hardin, JS, 2004,Isbir, CS et al., 2003). NIC can directly
protect against both neuronal necrosis and apoptosis mechanisms of injury and prevent brain
damage through reducing DNA fragmentation during ischemic reperfusion injury (Chong, ZZ
et al., 2004, Chong, ZZ et al., 2002,Lin, SH et al., 2001,Lin, SH et al., 2000,Maiese, K et al.,
2003,Maiese, K et al., 2001).

We demonstrate that NIC can reduce anoxia-induced neuronal injury and increase cell viability
in a concentration-specific manner in concentration ranges similar to prior studies involving
cell protection. Treatment with NIC in a range of 5.0 -12.5 mM significantly protected neurons
during anoxia. This concentration range is similar to cellular protection with NIC in cerebral
microvascular endothelial cells (ECs) and neurons during nitric oxide exposure (Chong, ZZ
et al., 2002,Lin, SH et al., 2001,Lin, SH et al., 2000) and in neurons with oxygen glucose
deprivation (Chong, ZZ et al., 2004). Post-treatment strategies with NIC also illustrate that
neuronal injury is reversible by NIC. Consistent with the results in ECs during NO exposure,
our current results suggest that application of NIC, within a 6 h period post the onset of anoxia,
can increase neuronal survival. The results may also suggest that NIC can modulate critical
cellular pathways prior to the induction of cellular mechanisms that can destine a cell to die.

Chong et al. Page 8

Curr Neurovasc Res. Author manuscript; available in PMC 2007 September 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



This fixed time frame for protection by NIC most likely coincides with the progressive
induction of secondary cellular pathways during this 6 h time span, such as cysteine protease
induction in neurons and ECs (Li, F et al., 2004,Li, F et al., 2004,Maiese, K et al., 2005,Maiese,
K et al., 2000).

NIC also protects neurons against apoptotic injury through the prevention of DNA
fragmentation and the maintenance of cellular membrane asymmetry. Apoptosis is an active
process that can lead to a cell’s demise in a variety of tissues and has recently been identified
in organisms as diverse as plants (Hatsugai, N et al., 2004). Apoptosis consists of two
independent processes that involve membrane PS exposure and DNA fragmentation (Maiese,
K et al., 2004). Apoptotic injury is believed to contribute significantly to a variety of disease
states that especially involve the nervous system such as ischemic stroke, AD, PD, and spinal
cord injury (Chong, ZZ and Maiese, K, 2004,Li, F et al., 2004). As an early event in the
dynamics of cellular apoptosis, the biological role of membrane PS externalization tion can
vary in different cell populations. In some cell systems, PS may be required for embryogenesis
(Bose, J et al., 2004). Yet, in mature tissues, membrane PS externalization can become a signal
for the phagocytosis of cells (Hong, JR et al., 2004). In addition, the externalization of
membrane PS residues in ECs can promote the formation of a procoagulant surface (Chong,
ZZ et al., 2004). In contrast to the early externalization of membrane PS residues, the cleavage
of genomic DNA into fragments is considered to be a delayed event that occurs late during
apoptosis (Dombroski, D et al., 2000,Jessel, R et al., 2002, Kang, JQ et al., 2003, Maiese, K
et al., 2000). Administration of NIC during anoxia prevented not only DNA fragmentation but
also the induction of membrane PS inversion over a 24 h period. Immediate protection by NIC
is afforded through the maintenance of genomic DNA integrity. Long-term protection may
result from the inhibition of membrane PS exposure, since membrane PS externalization
functions as a cellular “marker” for removal by microglia (Chong, ZZ et al., 2003,Li, F et al.,
2004).

To further elucidate the mechanisms of NIC neuroprotection, we next focused on Akt. Akt is
a critical survival factor that can modulate cellular pathways in both the central and peripheral
nervous systems (Chong, ZZ et al., 2005). Akt can be both necessary and sufficient for the
survival of neurons, since expression of a dominant-negative Akt or inhibition of PI 3-K yields
apoptotic cell death during trophic factor administration (Crowder, RJ and Freeman, RS,
1998) and precipitates cell death during oxidative stress (Kang, JQ et al., 2003, Kang, JQ et
al., 2003). Increased Akt activity also can foster cell survival during free radical exposure
(Chong, ZZ et al., 2003,Matsuzaki, H et al., 1999), matrix detachment (Rytomaa, M et al.,
2000), neuronal axotomy (Namikawa, K et al., 2000), DNA damage (Chong, ZZ et al., 2002,
Chong, ZZ et al., 2004, Henry, MK et al., 2001, Kang, JQ et al., 2003), anti-Fas antibody
administration (Suhara, T et al., 2001), oxidative stress (Chong, ZZ et al., 2003, Kang, JQ et
al., 2003, Kang, JQ et al., 2003, Yamaguchi, H and Wang, HG, 2001), Aß exposure (Martin,
D et al., 2001), and transforming growth factor-β (TGF-β) application (Conery, AR et al.,
2004). Application of NIC alone or NIC during anoxia increased Akt1 phosphorylation.
Inhibition of Akt1 activation by using PI 3-K inhibitors not only reduced the expression of
phosphorylated Akt1 (pAkt1), but also attenuated the efficacy of NIC on cellular survival
during anoxia. Moreover, application of selective antagonists of Akt, SH-5 and SH-6 to
neuronal cultures during anoxia also attenuated p-Akt1 expression during NIC treatment.
Similar to the PI 3-K inhibitors, SH-5 and SH-6 also attenuated the efficacy of NIC on cell
survival during anoxia. These results suggest that induction of Akt1 activation by NIC is
required, at least to some extent, for NIC to promote neuroprotection.

This protection by NIC may be linked to the phosphorylation of Bad, a downstream substrate
of Akt1. The Bcl-2 family member Bad promotes apoptosis through its interaction with Bcl-2/
Bcl-xL. The phosphorylation of Bad at Ser136 by Akt triggers its interaction with 14-3-3 protein
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and prevents Bad from binding to the anti-apoptotic protein Bcl-2/Bcl-xL (Hsu, SY et al.,
1997). In our studies, anoxia lead to the phosphorylation of Bad (p-Bad) and promoted p-Bad
expression 2-6 h following anoxia. Application of NIC further increased the expression of p-
Bad over a 24 h period following anoxia. The results suggest that NIC can precipitate the
phosphorylation of Bad and therefore prevent its anti-apoptotic function. In addition, the
phosphorylation of Bad by NIC was attenuated by PI 3-K inhibition, suggesting that NIC results
in Bad phosphorylation through the PI 3-K/Akt pathway.

Phosphorylation of Bad by Akt can lead to the binding of Bad with the cytosolic protein 14-3-3
to release Bcl-xL and allows it to block apoptosis (Li, Y et al., 2001). Bcl-2 and Bcl-xL
subsequently prevent Bax translocation to the mitochondria, maintain mitochondrial
membrane potential, and prevent the release of cytochrome c from the mitochondria (Chong,
ZZ et al., 2003,Putcha, GV et al., 1999). Therefore, we next evaluated the effects of NIC on
mitochondria during anoxia. Exposure to anoxia resulted in an early loss of mitochondria
membrane potential within 3 h. Administration of NIC attenuated the loss of membrane
potential and prevented cytochrome c release into the cytosol, suggesting that NIC can preserve
mitochondria membrane integrity in neurons during anoxia similar to other insults (Li, F et
al., 2004,Maiese, K et al., 2003).

Cytochrome c normally resides exclusively in the intermembrane space of mitochondria, but
once released can lead to caspase activation. Activation of caspases proceeds through extrinsic
and intrinsic pathways. The extrinsic pathway is initiated by death receptor activation at the
cell surface, resulting in the recruitment and activation of the initiator caspase 8 upon apoptotic
stimuli (Ashkenazi, A and Dixit, VM, 1998). Caspase 8 can subsequently activate caspase 3.
The intrinsic caspase pathway involves mitochondrial dysfunction and is more closely
associated with the release of cytochrome c and the activation of caspase 9 (Liu, X et al.,
1996). Caspase 9 can subsequently activate caspase 3 (Li, P et al., 1997) as well as caspase 1
through the intermediary caspase 8 (Takahashi, H et al., 1999). Together, caspase 1 and caspase
3 lead to both DNA fragmentation and membrane PS exposure (Chong, ZZ et al., 2002,Li, P
et al., 1997,Maiese, K et al., 2000). We show that pre-treatment with NIC significantly prevents
caspase 8, 1, and 3-like activities. The ability of NIC to modulate caspase 1, caspase 3, and
caspase 8 - like activities appears to play a critical role in the neuroprotection of NIC. Our post-
treatment paradigm demonstrated that NIC, applied 4 h post anoxia, could not prevent caspase
8 activation, also suggesting that caspase 8 act as an upstream caspase during injury.
Interestingly, NIC prevents membrane PS exposure primarily through the inhibition of caspase
8 and caspase 1 -like activities but not through caspase 3 - like activity. Given that caspase 8
can result in the downstream activation of caspase 1, caspase 1 is believed to be principally
responsible for the externalization of membrane PS residues in several cell systems (Chong,
ZZ et al., 2003, Chong, ZZ et al., 2005, Chong, ZZ et al., 2005).

NIC also may provide cellular protection through the maintenance of PARP integrity and the
preservation of cellular energy reserves. PARP is a nuclear protein that binds to DNA strand
breaks and cleaves NAD+ into NIC and ADP-ribose (Southan, GJ and Szabo, C, 2003). During
DNA repair, ADP-ribose is polymerized onto nuclear proteins that include histones and
transcription factors at DNA strand breaks (Burkle, A, 2001). We show that NIC (12.5 mM)
can prevent the degradation of PARP during anoxia. NIC concentrations of at least 1 mM have
been shown to provide sufficient stores of NAD+ during PARP activation (Smets, LA et al.,
1990) and prevent PARP degradation and allow for DNA repair through the direct inhibition
of caspase 3 - like activity (Chong, ZZ et al., 2002,Lin, SH et al., 2000).

An alternate pathway that may mediate protection by NIC may involve the MAPKs that include
the p38 kinases and the c-Jun N-terminal kinases (JNKs). These proteins are activated by
phosphorylation and play a significant function during cell differentiation, growth, and death
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(Chong, ZZ et al., 2003). Significant activation of p38 and JNK is present in both neurons and
ECs during oxidative stress (Lin, SH et al., 2001,Lin, SH et al., 2000,Maiese, K et al.,
2003,Maiese, K et al., 2001). In addition, JNK can promote Bax translocation through
phosphorylation of 14-3-3 proteins and lead to cytochrome c release (Tsuruta, F et al., 2004).
Furthermore, during cellular injury such as with cyanideinduced apoptosis, p38 can modulate
Bax translocation from the cytosol to the mitochondria and result in both cytochrome c release
and caspase activation (Shou, Y et al., 2003). Yet, similar to prior work (Lin, SH et al.,
2001,Lin, SH et al., 2000,Maiese, K et al., 2003,Maiese, K et al., 2001), NIC does not alter
the activity of either p38 or JNK, suggesting that protection by NIC is independent of p38 and
JNK.
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Fig (1). Nicotinamide (NIC) increases neuronal survival during anoxia
(A) To examine neuronal injury during anoxia, hippocampal neurons were exposed to anoxia
for a period of 2, 4, and 8 h and neuronal survival was determined at 24 h following anoxia
using a 0.4% trypan blue assay. Neuronal survival was progressively decreased over a 8 h
period (*p<0.01 vs. untreated control). (B) NIC was applied directly to culture media 1 h prior
to a 4 h period of anoxia at different concentrations from 1.0 to 50.0 mM. A significant increase
in neuronal survival was seen in cultures pretreated with 5.0 mM and 12.5 mM of NIC when
compared to cultures without NIC application during anoxic exposure (*p<0.01 vs anoxia
only). (C) NIC (12.5 mM) was applied to neuronal cultures at 2, 4, 6, and 12 h following a 4
h period of anoxia. Post-treatment with NIC 2, 4, and 6 h following anoxia significantly
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increased neuronal survival (* p<0.01 vs. anoxia treated only). In A, B, and C, data represent
the mean and SEM from 4 to 6 experimental preparations.
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Fig (2). Nicotinamide (NIC) prevents DNA fragmentation and membrane PS externalization during
anoxia
(A), Representative pictures for DNA fragmentation and PS exposure that were determined
using the TUNEL assay and annexin V labeling respectively were demonstrated in neurons 24
h following a 4 h period of anoxia. (B) Pretreatment with NIC (12.5 mM) decreased DNA
fragmentation and membrane PS externalization significantly during anoxia (*p<0.01 vs.
anoxia). In B, data represent the mean and SEM from 4 to 6 experimental preparations. In all
cases, control = untreated neurons.
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Fig (3). Nicotinamide (NIC) protects neurons through Akt1 mediated pathways
In (A), equal amounts of neuronal protein extracts (50 μg/lane) were immunoblotted with anti
- phospho-Akt1 (p-Akt1, active Akt1) antibody. Exposure to NIC (12.5 mM) or anoxia
significantly increased p-Akt1 expression and NIC application during anoxia further increased
p-Akt1 expression. Application of the Akt1 phosphorylation inhibitor wortmannin (W, 500
nM) or LY294002 (LY, 10 μM) was sufficient to block the expression of p-Akt1 in the presence
of NIC during anoxia. (B) At a concentration that blocks activation of p-Akt1 during anoxia,
W (500 nM) or LY (10 μM) applied 1 h prior to anoxia significantly reduced the protective
capacity of NIC (12.5 mM) during anoxia (*p<0.01 vs. anoxia; †p<0.01 vs. NIC/anoxia).
(C) Application of the Akt1 phosphorylation selective Akt inhibitor SH-5 or SH-6 (10-20
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μM) significantly attenuated p-Akt1 expression during NIC treatment following anoxia. (D)
Application of SH-5 or SH-6 to block Akt1 activation 1 h prior to anoxia significantly reduced
the protective capacity of NIC (12.5 mM) during anoxia (*p<0.01 vs. anoxia; †p<0.01 vs. NIC/
anoxia). In B and D, data represent the mean and SEM from 4 to 6 experimental preparations.
Control = untreated neurons.
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Fig (4). Nicotinamide (NIC) induces phosphorylation of Bad during anoxia exposure
Equal amounts of neuronal protein extracts (50 μg/lane) were immunoblotted with anti -
phospho-Bad (p-Bad, Ser136) antibody. The expression of p-Bad was increased 2-6 h
following the exposure to a 4 h period of anoxia (A). NIC (12.5 mM) applied 1 h prior to anoxia
further increased the phosphorylation of Bad during anoxia over a 24 h period (B). Application
of the Akt1 phosphorylation inhibitor wortmannin (W, 500 nM) or LY294002 (LY, 10 μM) 1
h prior to anoxia was sufficient to block the expression of p-Bad in the presence of NIC 3 h
later (C). Con=Control.
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Fig (5). Nicotinamide (NIC) inhibits mitochondrial membrane depolarization and cytochrome c
release during anoxia exposure
(A) Exposure to anoxia produced a significant decrease in the red/green fluorescence intensity
ratio using a cationic membrane potential indicator JC-1 within 3 h when compared with
untreated control cultures, suggesting that anoxia results in mitochondrial membrane
depolarization. Application of NIC (12.5 mM) 1 h prior to anoxia exposure significantly
increased the red/green fluorescence intensity of neurons, indicating that membrane potential
was restored. (B) The relative ratio of red/green fluorescent intensity of mitochondrial staining
in both untreated (control) neurons and neurons exposed to anoxia or NIC (12.5 mM) and
anoxia 3 h following anoxia was measured in 4 independent experiments with analysis
performed using the public domain NIH Image program (developed at the U.S. National
Institutes of Health and available on the Internet at http://rsb.info.nih.gov/nih-image/) (Control
vs. anoxia, *p<0.01; Anoxia vs. NIC/Anoxia, †p<0.01). (C) A representative Western blot
with equal amounts of mitochondrial or cytosol protein extracts (50 μg/lane) were
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immunoblotted demonstrating that application of NIC (12.5 mM) significantly prevented
cytochrome c release from mitochondria during anoxia.
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Fig (6). Nicotinamide (NIC) prevents neuronal injury through the inhibition of anoxia-induced
caspases 8, 1, and 3-like activities
(A) NIC (12.5 mM) was administered directly into culture media 1 h prior to anoxia, and
caspases activity were determined at 12 h following a 4 h period of anoxia by measuring the
cleavage of substrate Ac-IETD-pNA (for caspase 8), Ac-YVAD-pNA (for caspase 1), and Ac-
DEVD-pNA (for caspase 3). Caspases 8, 1, and 3-like activities increased significantly
following anoxia when compared to untreated control groups. Pretreatment with NIC
significantly prevented the induction of caspases 8, 1, and 3-like activities induced by anoxia
(*p < 0.01 vs. anoxia treated only). (B) To examine the effects of post-treatment with NIC on
caspase activity following anoxic exposure, NIC (12.5 mM) was added directly to culture
media at 4 h after anoxic exposure. The caspases 8, 1, and 3-like activities were determined at
12 h after anoxia. Posttreatment with NIC significantly attenuated the increase in caspases 1,
and 3, but not caspase 8-like activity during anoxia. (*p < 0.01 vs. anoxia treated only). (C, D,
and E) Neurons were pretreated with an inhibitor of caspase 8 (IETD, 50 μM), caspase 1
(YVAD, 50 μM), or caspase 3 (DEVD, 50 μM) 1 h prior to anoxia and neuronal survival (C),
DNA fragmentation (D), and membrane PS exposure (E) were determined 24 h following
anoxia (*p<0.01 vs. anoxia treated alone). In all cases, data represent the mean and SEM from
4 experimental preparations, control = untreated neurons.
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Fig (7). Nicotinamide (NIC) inhibits anoxia-induced poly(ADP-ribose) polymerase (PARP)
cleavage
To examine the effect of NIC on PARP expression, total protein extracts were prepared from
either untreated control cultures or from extracts prepared 12 h after a 4 h period of anoxia
with or without pretreatment of NIC (12.5 mM). For a positive control, lanes 1 and 2 employed
20 μl of protein extract from human HL60 leukemia cells uninduced (lane 1) or induced (lane
2) to undergo apoptosis by the agent etoposide. In lanes 3, 4, and 5, equal amounts of neuronal
protein extracts (25 μg/lane) were separated by 7.5% SDS-PAGE and were then immunoblotted
with polyclonal anti-PARP antibody. Detection was by enhanced chemiluminescence. In lanes
1 and 2, extracts of the human HL60 cells were analyzed to compare migration of PARP and
its 85 kDa proteolytic fragment. Lane 3 contained an extract from untreated rat hippocampal
cultures. A decrease in the amount of 116 kDa PARP occurred within 12 h following anoxia
exposure (lane 4). In lane 5, pretreatment with NIC (12.5 mM) 1 h prior to anoxic exposure
inhibited PARP cleavage.
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Fig (8). Nicotinamide (NIC) does not alter anoxia-induced p38 and JNK activation
The effect of NIC on anoxia-induced phosphorylation of p38 (A) and JNK (B) was determined.
Total protein extracts were prepared from either untreated control cultures or from cultures 1
h after a 4 h period of anoxia with or without pretreatment with NIC (12.5 mM). The cellular
level of total p38 (A) and JNK (B) remained unchanged in each group. A significant expression
of active form of p38 (p-p38) and JNK (p-JNK) was detected from cultures exposed to anoxia.
Pretreatment with NIC 1 h prior to anoxia did not prevent anoxia-induced the activation of p38
(A) and JNK (B). Data presented are taken from one individual experiment of three giving
similar results.
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