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Abstract
Neurons are excitable cells that require large amounts of energy to support their survival and functions
and are therefore prone to excitotoxicity, which involves energy depletion. By examining
bioenergetic changes induced by glutamate, we found that the cellular nicotinamide adenine
dinucleotide (NAD+) level is a critical determinant of neuronal survival. The bioenergetic effects of
mitochondrial uncoupling and caloric restriction were also examined in cultured neurons and rodent
brain. 2, 4-dinitrophenol (DNP) is a chemical mitochondrial uncoupler that stimulates glucose uptake
and oxygen consumption on cultured neurons, which accelerates oxidation of NAD(P)H to NAD+

in mitochondria. The NAD+-dependent histone deacetylase sirtulin 1 (SIRT1) and glucose
transporter 1 (GLUT1) mRNA are upregulated mouse brain under caloric restriction. To examine
whether NAD+ mediates neuroprotective effects, nicotinamide, a precursor of NAD+ and inhibitor
of SIRT1 and poly (ADP-ribose) polymerase 1 (PARP1) (two NAD+-dependent enzymes), was
employed. Nicotinamide attenuated excitotoxic death and preserved cellular NAD+ levels to support
SIRT1 and PARP 1 activities. Our findings suggest that mild mitochondrial uncoupling and caloric
restriction exert hormetic effects by stimulating bioenergetics in neurons thereby increasing tolerance
of neurons to metabolic stress.
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Excitotoxicity and Neuronal Energy Deficits
Compromised brain energy metabolism plays a critical role in the pathogenesis of neurological
diseases, such as stroke and Alzheimer's disease. Neurons are excitable cells that require large
amounts of energy to support their multiple ion-motive enzymes to maintain ion homeostasis,
electrochemical membrane potential, and signaling functions.1 The energy demand of neurons
in the brain is increased when brain neurons are stimulated by glutamate, an excitatory
neurotransmitter critical for cognition, motor function, and other behaviors.2 Abnormally high
concentrations of synaptic glutamate or prolonged stimulation of glutamate receptors,
particularly N-methyl-D-aspartate (NMDA) receptors in pathological conditions, could result
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in perturbed ion homeostasis, energy depletion, and the degeneration and death of neurons in
a process called excitotoxicity.3,4 Excitotoxicity is implicated in the degeneration of neurons
that occurs in a range of neurological disorders, including epilepsy, stroke, and Alzheimer's
disease.3,5,6

Cellular energy stores are depleted during excitotoxicity with decreases in levels of ATP and
nicotinamide adenine dinucleotide (NAD+). NAD+ is an important energy substrate and
cofactor involved in multiple metabolic reactions,7 including glycolysis, DNA repair
processes, and the function of several NAD+-dependent enzymes, such as the histondeacetylase
SIRT1 and poly (ADP-ribose) polymerase 1 (PARP1). In cultured rat hippocampal or cortical
neurons, transient or chronic exposure to glutamate/NMDA induces an immediate influx of
Ca2+ and Na+ and increased cytosolic and mitochondrial calcium accumulation (Fig. 1A).
Cellular NAD(P)H levels rise transiently and then decline with increased oxygen consumption
(data not show) and reactive oxygen species (ROS) production (Fig. 1B, C). Although a
decrease in the ATP level could be detected within minutes following excitotoxic insults in
neuronal cultures,8 a significant decrease of total cellular NAD+ levels occurred within 4 h
(Fig. 1D), just prior to significant neuronal death (not shown). Increased percentages of
propidium iodide (PI) positive cells and TUNEL positive cells were observed (Fig. 1E), and
decreased levels of full-length SIRT1 and PARP1 (see Fig. 4A, B) associated with increased
PAR accumulation (data not shown) were detected. The degradation of full-length PARP1 and
SIRT1 could be the result of caspases activated during excitotoxic apoptosis and NAD+

depletion from DNA damage and PARP1 activation, which could further reduce SIRT1
activity. Our studies suggest that neuronal death is closely related to the cellular NAD+ levels
because the depletion of NAD+ indicates the failure of glycolysis to restore ATP levels,
dysfunction of the DNA repair process involving PARP1 activation, and failure of NAD+-
dependent signaling pathway.

In a focal permanent cerebral ischemia model (MCAO) in rodents, we detected prominent
TUNEL positive cells at 6 h post stroke and a further increase in TUNEL positive cells up to
24 and 48 h poststroke in the ipsilateral cortex (Fig. 1F).9,10 A decrease of ATP levels occurred
within 1 h after cerebral ischemia.11 The time gap between initiation of ischemia and
significant neuronal death suggests a therapeutic time window to rescue neurons, which might
be accomplished by restoring cellular NAD+ levels to maintain ATP production, prevent
NAD+ depletion from DNA damage-induced PARP1 activation, and support NAD+-dependent
signaling pathways, such as SIRT1 and several mitochondrial sirtuins.12

Bioenergetic Effects of Mitochondrial Uncoupling and Caloric Restriction
Glucose is the main source of energy for neurons to generate ATP during mitochondrial
oxidative phosphorylation, a process which also generates harmful free radicals. Alternatively,
neurons can generate ATP by glycolysis, a pathway that may be particularly important as an
energy compensatory mechanism when mitochondrial function is compromised.13

Mitochondrial uncoupling is increasingly recognized as a mechanism by which cells modulate
their energy metabolism and redox state in response to environmental demands.14,15 The
chemical mitochondrial uncoupler 2, 4-dinitrophenol (DNP) has been used as an anti-obesity
therapy because of its energy dissipating effects, which mimic the actions of caloric restriction.
An unanswered question is how mild mitochondrial uncoupling and caloric restriction are able
to maintain sufficient energy to support the function of the various enzymes critical for neuronal
survival, particularly in pathological conditions such as excitotoxicity.

The possible bioenergetic effects of mild mitochondrial uncoupling and caloric restriction were
studied in neuronal cultures and rodents. Using DNP at a noncytotoxic concentration, we found
that mitochondrial uncoupling could stimulate energy metabolism through a mechanism
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involving mild metabolic stress responses. [14C] 2-deoxyglucose (DG) uptake and oxygen
consumption are greatly stimulated and oxidation of NADH to NAD+ in mitochondrial is
accelerated in cortical neurons treated with DNP (Fig. 2A-B) as the mitochondrial electron
transport chain is one of the primary sites of NADH oxidation during respiration.16,17 Through
stimulating energy metabolism and modulating cellular NAD+ levels and/or NAD+: NADH
ratio, mitochondrial uncoupling could regulate SIRT1 activity, a NAD+-dependent histone
deacetylase and, hence, the sirtuin signaling pathway. Indeed, carbonyl cyanide p-
(trifluomethoxy) phenyl hydrazone, another commonly used chemical mitochondrial
uncoupler, has been reported to induce a compensatory cellular energy homeostasis through
peroxisome proliferators-activated receptor (PPAR) gamma coactivator-1alpha (PGC-1α), a
downstream component of the sirtuin pathway.18

Compensatory changes in energy metabolism associated with mild metabolic stress have also
been observed in the brain in response to caloric restriction. We detected significant increases
of glucose transporter 1 (GLUT1) expression in the brains of caloric restricted mice (Fig. 2C,
D). The NAD+-dependent deacetylase SIRT1, the sensor of energy and redox states, was
increased in the brain and other tissues in response to caloric restriction.19 Our studies suggest
that mild metabolic stress, such as mild mitochondrial uncoupling and caloric restriction,
stimulates glucose utilization and modulates NAD+/NADH redox state through respiration.
The possible bioenergetic effects of mild mitochondrial uncoupling are shown in Figure 3. The
cellular metabolic stress response induced by mitochondrial uncoupling and caloric restriction
may prevent energy deficits through a compensatory mechanism, such as stimulating glucose
uptake, enhancing ATP production from glycolysis,13 modulating NAD+/NADH redox state
to activate sirtuin pathway, or increasing mitochondrial biogenesis.20 The uncoupling activity
and function of various mitochondrial uncoupling proteins expressed in brain cells needs
further study. In this regard, we recently showed that UCP4, a brain mitochondrial protein,
modifies neuronal energy metabolism and ROS production.13 In pheochromocytoma (PC12)
cells overexpressing human UCP4, the total ATP level was maintained even though there was
increased ATP production from glycolysis, suggesting a shift in energy metabolism.13

Brain-derived neurotrophic factor (BDNF), a neurotrophin which modulates brain energy
metabolism, is increased in brains of calorie-restricted rodents.21 BDNF is involved in the
preconditioning and regulation of brain energy metabolism in response to mild metabolic
stress. We found that BDNF stimulates [14C] 2-DG uptake, increases cellular NAD+ levels,
and protects cultured cortical neurons against excitotoxic insults (Fig. 4D–F). The bioenergetic
effects of BDNF further support the concept that maintaining cellular energy homeostasis,
particularly NAD+ levels, is a principle mechanism for neuronal survival during excitotoxic
and ischemic conditions.

Bioenergetic Intervention in Excitotoxicity
Caloric restriction and mild mitochondrial uncoupling have been reported to be neuroprotective
in models of several neurological disorders.20,22-24 To examine whether their neuroprotective
effects are related to cellular bioenergetics and the NAD+-dependent histone deacetylase
SIRT1 pathway, we employed nicotinamide (vitamin B3), the precursor of NAD+ in
scavenging pathway and also an inhibitor of SIRT1 and PARP1. When glutamate receptors
are over stimulated, particularly under conditions of metabolic or oxidative stress, their ability
to maintain the function of vital ion pumps and NAD+-dependent enzymes is compromised.
We found that total cellular NAD+ level and levels of SIRT1 and PARP1 of cultured neurons
were reduced as early as 4–6 h following chronic exposure to glutamate/NMDA (Fig. 4A, B).
Adding nicotinamide to neuronal cultures preserved the total cellular NAD+ level. Cellular
SIRT1 and PARP1 expression levels were also preserved and excitotoxic neuronal death was
attenuated (Fig. 4A-C).
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Our findings suggest a therapeutic potential for neuroprotective interventions that maintain
cellular NAD+ levels in pathological conditions involving excitotoxicity. In our focal
permanent cerebral ischemia mouse model (MCAO), administration of nicotinamide i.p. after
ischemia (30 min−1 h) significantly reduced infarct size. Importantly, the time window for
infarct development was extended, which could be critical for therapeutic intervention in
stroke. The ability of nicotinamide to restore ATP levels following ischemia–reperfusion has
been reported.25

Summary
Our studies suggest that maintenance of cellular bioenergetic homeostasis and NAD+ levels is
of critical importance to support the NAD+-dependent enzymes, such as SIRT1 and PARP1,
and for protection against excitotoxicity. Preventing cellular energy deficits by preserving
cellular NAD+ levels could be a valuable neuroprotective mechanism applied as therapeutic
interventions for neurodegenerative diseases.26 Mild mitochondrial uncoupling and caloric
restriction exert hormetic effects by enhancing energy metabolism, such as stimulating glucose
uptake, enhancing NADH oxidation to NAD+, and inducing an adaptive shift in energy
metabolism13 to prevent energy depletion. Furthermore, activation of sirtuin-related signaling
pathways and increased levels of neurotrophins, such as BDNF, would increase the tolerance
of neurons to metabolic and oxidative stress during excitotoxic conditions (Fig. 5).
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Figure 1.
Bioenergetic failure in glutamate/ N-methyl-D-aspartate (NMDA)-mediated excitotoxicity.
(A) Primary rat cortical neurons (7–10 days) were loaded with the fluorescence cytosolic
calcium ([Ca2+]c) indicator dye Fluo4 and the mitochondrial calcium ([Ca2+]m) indicator dye
Rhod-2. (B & C) Mitochondrial membrane potential (Δψm) measured using delta Psi m-
sensitive dye tetramethylrhodamine, ethyl ester (TMRE), NAD(P)H autofluorescence and
reactive oxygen species (ROS) measured using MitoSOX were also monitored. Time-lapse
confocal images were acquired following addition of glutamate (100 μmol/L). Fluorescence
intensity data from multiple cells were processed to baseline intensity (ΔF/F0). (D) Total
cellular NAD+ levels decreased within 4 h and continued to be depressed through 20 h after
exposure to excitotoxic insults (100 μmol/L glutamate combined with 80 μmol/L NMDA).
*P < 0.05, compared to the corresponding control value. (E) Significant decrease of cell
survival was evident around 6 h following excitotoxic insults with increased percentages of
propidium iodide (PI; red) positive and TUNEL positive (green) cells. Cells were
counterstained with Hoechst (blue). (F) TUNEL positive cells (brown cells) detected in
penumbra region and eosinphilic “red neuron” in infarct core at 12 h following focal cerebral
ischemia (MCAO) in rodent brain. Scale bar, 25 μmol/L.
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Figure 2.
Bioenergetic effects of mild mitochondrial uncoupling and caloric restriction. (A) [14C]-2-
deoxyglucose uptake was significantly increased in cortical neurons treated with the
mitochondrial uncoupler 2, 4-DNP (20 μmol/L). Values are the mean and SD of measurements
made in 4 cultures. (B) Cultured cortical neurons were loaded with TMRE and time-lapse
confocal images of TMRE fluorescence (gray) and NAD(P)H autofluorescence (black) were
acquired sequentially at 10-s intervals. DNP induced a transient increase of NAD(P)H
autofluorescence followed by a prolonged decrease from enhanced NAD(P)H oxidation. (C,
D)In-creased glucose transporter 1 (GLUT1) mRNA expression (in situ hybridization
with 35S-labeled riboprobes) was detected in caloric restricted (CR) mouse brains (6-month-
old, 3 months under alternate-day fasting) compared to noncaloric restricted control (AL, ad
libitum); n = 5 animals in each group.
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Figure 3.
Proposed model for the bioenergetic effects of mild mitochondrial uncoupling on neurons.
Mitochondrial uncoupling induces mild metabolic stress from dissipation of the hydrogen ion
gradient across the inner mitochondrial membrane. As a stress response, glucose uptake and
NADH oxidation are stimulated with increased respiration, which increases NAD+ level and
the NAD+:NADH ratio in mitochondria. The NAD+-dependent deacetylase sirtulin 1 (SIRT1)
is activated. The increased NAD+:NADH ratio could also reduce mitochondrial ROS
production. UCP, uncoupling protein; BBB, blood-brain barrier; ROS, reactive oxygen species.
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Figure 4.
Preventing NAD+ depletion preserved SIRT1 expression and attenuated excitotoxic neuronal
death. (A & B) Immunoblot showed that SIRT1 and poly (ADP-ribose) polymerase 1 (PARP1)
(full-length) levels were reduced at 6 h following excitotoxic insults (100 μmol/L glutamate
with 80 μmol/L NMDA) in cortical neurons. (C) Cellular total NAD+ content was significantly
decreased. Adding nicotinamide (2 mM), the precursor of NAD+ and an inhibitor of PARP1
and SIRT1, to the cultures preserved cellular NAD+ levels and SIRT1, PARP1 levels in cortical
cells exposed to excitotoxic insults. (D) BDNF (100 nM) enhanced [14C]-2-deoxyglucose
uptake in cortical cells. (E) Cellular NAD+ levels were significantly higher in BDNF-treated
(24 h) cortical neurons in both neurobasal media (NB, higher glucose concentration) and
Locke's media (lower glucose concentration) compared to vehicle-treated neuronal cultures.
(F) BDNF-enhanced neuronal survival in neurons exposed to glutamate/NMDA. Cell survival
was detected by MTT (3-[4, 5-dimethylthhylthiazol-2-yl]-2, 5-diphenyl-tetrazolium bromide)
assay; *P < 0.05; **P < 0.01.
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Figure 5.
Possible neuroprotective mechanisms of mild mitochondrial uncoupling and caloric restriction
in neurodegenerative diseases. (A) Compromised bioenergetics in stroke (ischemia),
Alzheimer's disease (reduced cerebral blood flow perfusion), or hyperglycemia in diabetic
conditions results in an energy defect in neurons. (B) The interventions of mild mitochondrial
uncoupling and caloric restriction cause a mild metabolic stress. Through a compensatory
response, brain energy metabolism is stimulated. Glucose uptake is accelerated with increased
expression of the brain glucose transporter 1 (GLUT1) and BDNF in the brain. NAD(P)H
oxidation in mitochondria is enhanced with increased respiration, which modulates cellular
NAD+ levels and the NAD+/NADH redox state, and activates SIRT1/sirtuin–PGC1α signaling
pathway.
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