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Abstract
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Dietary protocols that increase serum levels of ketones, such as calorie restriction and the ketogenic
diet, offer robust protection against a multitude of acute and chronic neurological diseases. The
underlying mechanisms, however, remain unclear. Previous studies have suggested that the ketogenic
diet may reduce free radical levels in the brain. Thus, one possibility is that ketones may mediate
neuroprotection through antioxidant activity. In the present study, we examined the effects of the
ketones β-hydroxybutyrate and acetoacetate on acutely dissociated rat neocortical neurons subjected
to glutamate excitotoxicity using cellular electrophysiological and single-cell fluorescence imaging
techniques. Further, we explored the effects of ketones on acutely isolated mitochondria exposed to
high levels of calcium. A combination of β-hydroxybutyrate and acetoacetate (1 mM each) decreased
neuronal death and prevented changes in neuronal membrane properties induced by 10 μM glutamate.
Ketones also significantly decreased mitochondrial production of reactive oxygen species and the
associated excitotoxic changes by increasing NADH oxidation in the mitochondrial respiratory chain,
but did not affect levels of the endogenous antioxidant glutathione. In conclusion, we demonstrate
that ketones reduce glutamate-induced free radical formation by increasing the NAD+/NADH ratio
and enhancing mitochondrial respiration in neocortical neurons. This mechanism may, in part,
contribute to the neuroprotective activity of ketones by restoring normal bioenergetic function in the
face of oxidative stress.
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Calorie restriction can decrease the risk of neurodegenerative disease and protect the brain
against acute insults such as stroke (Mattson et al, 2002). Similarly, the ketogenic diet, a highfat, low-carbohydrate diet created to mimic the effects of calorie restriction, is an extremely
efficacious treatment for medically intractable epilepsy (Freeman et al, 1998; Vining et al,
1998). Several metabolic changes occur during calorie restriction and the ketogenic diet,
notably an increase in serum concentrations of the ketones β-hydroxybutyrate (BHB) and
acetoacetate (ACA) (Gilbert et al, 2000; Koubova & Guarente, 2003; Denny et al, 2006;
Mahoney et al., 2006).
Recent work has shown that ketones exert a protective effect on brain. For example, BHB
prevents the death of hippocampal neurons exposed to Aβ1–42, protects cultured mesencephalic
dopaminergic neurons from the toxic effects of 1-methyl-4-phenylpyridinium (MPP+, an
inhibitor of NADH dehydrogenase that increases oxygen radical formation) and reduces brain
injury in rodents subjected to glycolysis inhibition and focal or generalized ischemia
(Kashiwaya et al, 2000; Suzuki et al, 2001 & 2002). Furthermore, ACA protects hippocampal
neurons against glycolysis inhibition in vivo and in vitro (Massieu et al, 2003). In parallel,
clinical data suggest that seizure control in epileptic patients treated with the ketogenic diet
correlates with the serum concentration of ketones (Gilbert et al, 2000). The mechanisms
underlying the therapeutic effects of ketones remain, however, largely unknown.
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Studies in cardiac tissue have suggested that ketones might reduce oxidative stress (Veech et
al, 2001), a pathogenic process implicated in many disorders ranging from atherosclerosis and
traumatic injuries to diseases more specific to the nervous system (Droge, 2002; Keller et al,
2005). To investigate the antioxidant activity of ketones in neurons, we used a glutamate
excitotoxicity model because of its equally important relevance to several neurological diseases
(including stroke, epilepsy, trauma and Alzheimer’s disease) and because of the well-known
fact that glutamate excitotoxicity is associated with higher cellular levels of reactive oxygen
species (ROS) (Nicholls, 2004; Sullivan et al, 2005). The antioxidant effects of BHB and ACA
were therefore assessed in acutely dissociated neocortical neurons subjected to glutamate
excitotoxicity and in isolated neocortical mitochondria exposed to high concentrations of
calcium. Our results show that excitotoxic injury is associated with increased mitochondrial
production of ROS and that ketones inhibit these deleterious effects by enhancing NADH
oxidation in the mitochondrial respiratory chain.

EXPERIMENTAL PROCEDURES
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All protocols were approved by the Barrow Neurological Institute and the University of
Kentucky Institutional Animal Care and Use Committees. Chemical products were obtained
from Sigma-Aldrich (St. Louis, MO) unless otherwise stated. Fluorescent indicators were
purchased from Molecular Probes (Eugene, OR). Of note, the physiological isomer of βhydroxybutyrate - i.e., R(-)BHB or D(-)BHB - was used in all experiments.
Tissue Preparation
One to 3 week-old Wistar rats (Charles River Laboratories; Wilmington, MA), deeply
anesthetized with halothane, were sacrificed and their brains quickly transferred to ice-cold,
oxygenated PIPES buffer (120 mM NaCl, 5 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 25 mM
glucose, 20 mM PIPES, pH adjusted to 7.0 with Trizma base, 320–330 mOsm). Slices (500
μm) from somatosensory cortex were cut on a vibratome (The Vibratome Company, St. Louis,
MO), treated with Pronase (protease, Streptomyces griseus; Calbiochem; San Diego, CA) 0.61
PUK/ml for 20 min at 37°C and then allowed to recover in oxygenated PIPES buffer at room
temperature for 1 hour. Small areas (1 mm in diameter) were dissected and mechanically
dissociated with fire-polished Pasteur pipettes of progressively decreasing diameter in 35 mm
Petri dishes (Becton Dickinson; Franklin Lanes, NJ) containing HEPES buffer (145 mM NaCl,
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4.0 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM glucose, 10 mM HEPES, pH adjusted to 7.4
with Trizma base, 320–330 mOsm).
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Electrophysiology
Borosilicate microelectrodes (1.5 mm external diameter, 0.75 mm internal diameter; WPI;
Sarasota, FL) were prepared with a Narishige PP-830 puller (Narishige International USA;
East Meadow, NY) and filled with an internal solution (150 mM K-gluconate, 8 mM MgCl2,
10 mM HEPES, pH adjusted to 7.2 with Trizma base) containing 240 μg/ml amphotericin B
(from streptomyces, ≈ 80%; Rae et al., 1991). Electrode impedances ranged from 5 to 9 MΩ.
Acutely dissociated neurons in Petri dishes were placed under a Zeiss Axiovert 200 microscope
(Zeiss, Germany). Electrodes were attached to a Sutter MP-225 micromanipulator (Sutter
Instrument Company, Novato, CA) and connected to an Axon Multiclamp 700B controlled by
Multiclamp Commander (Axon Instruments; Union City, CA). Electrical signals were digitized
with an Axon Digidata 1322A and pClamp 9.2 (Axon Instruments; Union City, CA).
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Once a gigaohm seal was achieved, membrane (Rm) and access (Ra) resistances were
continuously monitored using the Membrane Test function of pClamp for 10 to 40 min until
the access resistance fell below 100 MΩ. Membrane potential (Vm) was recorded for 5 min
and if the range did not fluctuate by more than 10 mV, the neuron was selected for further study
with glutamate (L-glutamic acid monosodium salt, 99–100%), BHB (R-3-hydroxybutyric acid,
≥ 98%), ACA (lithium acetoacetate, 90–95%) or catalase (from mouse liver). Rm was
monitored again at the end of each protocol. In some experiments, cells were imaged under
phase contrast to look for morphological changes. Pharmacological substances were applied
with an ALA-VM8 pressure-controlled pump (ALA Scientific Instruments; Westbury, NY).
Electrophysiological data were analyzed with Clampfit 9.2 (Axon Instruments; Union City,
CA).
Fluorescence Imaging
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Neurons were dissociated in HEPES buffer containing either 50 μg/ml propidium iodide (PI),
1 μM dihydroethidium (DHE), 50 μM monochlorobimane (MCB) or 5 μM Rhod-2 (Macklis
and Madison, 1990; Keelan et al., 2001; Vergun et al., 2001). Intracellular labeling was
observed at 64X under the Zeiss Axiovert 200 equipped with an EXFO X-Cite 120 fluorescence
system (Photonics Solutions Inc, Canada) and Zeiss filter set 15 (excitation 546 nm, emission
590 nm; Zeiss, Germany) for PI and Rhod-2, Zeiss filter set 10 (excitation 450 to 490 nm,
emission 515 to 565 nm; Zeiss, Germany) for DHE or Zeiss filter set 49 (excitation 365 nm,
emission 545–550 nm; Zeiss, Germany) for MCB. Images were acquired and analyzed with
Axiovision 4.3 (Zeiss, Germany). Neurons exposed to PI and DHE were studied immediately
following dissociation whereas those treated with MCB and Rhod-2 were incubated with the
dye for 30 and 60 min, respectively, prior to recording. For NAD(P)H fluorescence, neurons
were dissociated in customized Petri dishes. The bottoms of the dishes were cut out and
replaced with thin cover slides to allow imaging with a 40X oil-immersion objective (PlanNEOFLUAR 40X / 1.3 oil DIC; Zeiss; Germany). Neuronal fluorescence in all protocols was
normalized to background (i.e., cell-free area) fluorescence.
Mitochondrial Isolation
The following procedures were modified from previously described protocols (Sullivan et al.,
2000; Sullivan et al., 2003; Brown et al., 2004). Adult male Sprague-Dawley rats (~250g) were
anesthetized with carbon dioxide in a sealed chamber and subsequently decapitated. The brains
were quickly removed and the cortices dissected off. Cortical tissue was placed in cold isolation
buffer with 1 mM EGTA (75 mM sucrose, 215 mM mannitol, 0.1% BSA, 1 mM EGTA, 20
mM HEPES with a pH adjusted to 7.2 using KOH) and all tissues were kept on ice at all times
throughout the isolation.
Neuroscience. Author manuscript; available in PMC 2007 May 5.
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Dissected cortical tissue was put into an all-glass dounce homogenizer with 3 mL of isolation
buffer with EGTA, homogenized, split into four 2 mL tubes, topped off with isolation buffer
with EGTA, and spun at 1,300 x g for 5 minutes at 4ºC. The supernatant was taken off and
saved in separate tubes. The pellet was resuspended in isolation buffer with EGTA and spun
at 1,300 x g for 5 min at 4ºC. The supernatant was again taken off and saved in separate tubes.
The saved supernatant was topped off with isolation buffer with EGTA and spun at 13,000 x
g for 10 min at 4ºC. Supernatant was then discarded (by slinging off) and the pellets were
resuspended and combined in 500 μL of isolation buffer with EGTA. The sample was placed
in a cold nitrogen cell disruptor for 10 min at 1000 psi to burst synaptoneurosomes formed by
homogenization (Brown et al, 2004).
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After nitrogen disruption of synaptoneurosomes, the sample was spun on a Percoll gradient,
with fresh stocks of 30%, 24%, and 40% Percoll made prior to spin with isolation buffer with
EGTA. The gradient was made by first adding 3.5 mL of the 24% stock to the ultracentrifuge
tube and then, using a 5 mL syringe, injecting 3.5 mL of the 40% stock to the bottom of the
tube. Using equal amounts of 30% Percoll stock and sample a 15% Percoll solution was made
and 3 mLs were added to the top of the gradient. The gradient was then spun in a high-speed
Sorval centrifuge for 10 min at 30,400 x g. The third fraction containing the purified
mitochondria was removed, put into clean tubes, and topped off with isolation buffer without
EGTA. The samples were spun in the same centrifuge at 16,700 x g for 15 min. The supernatant
was removed and the pellet was resuspended in isolation buffer without EGTA and spun at
13,000 x g in the high-speed Sorval centrifuge for 10 min. After the supernatant was removed
and discarded the pellet was resuspended in 1 mM isolation buffer without EGTA and
transferred to a microcentrifuge tube, which was then spun at 10,000 x g for 10 min. The
supernatant was removed and the pellet was resuspended in enough isolation buffer without
EGTA to obtain a concentration of 10–15 μg/μl. A BCA protein assay kit was used to determine
protein concentration by measuring absorbance at 560 nm with a BioTek Synergy HT plate
reader (Winooskin, VT).
Mitochondrial ROS and NADH Assay
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ROS and NADH were measured using a Synergy HTTR com1 plate reader and analyzed using
KC4 software program (Bio-Tek Instruments Winooski, VT). A KCl stock respiration buffer
(as described above) which also contained 5 mM pyruvate, 2.5 mM malate, 10 μM DCF, and
100 μM horseradish peroxidase (HRP) was used to measure fluorescence. A final concentration
of 1 mM calcium was added to one aliquot of stock buffer. Ketones (BHB and ACA, 1 mM
each) were added to the stock buffer with and without 1 mM calcium. 25 μg of protein was
added to each well containing 50 μL total volume of one of the previously described buffers.
ROS production was measured at 37 C at 485nm/528nm and NADH was measured at 360nm/
460nm for 15 min at intervals of 1:24 min. Values from blank wells containing only buffer
were subtracted from values obtained from sample wells. Values were expressed as % control
(mitochondria with calcium-free and ketone-free buffer).
Mitochondrial Respiration
Respiration experiments were performed using a standard Clark-type oxygen electrode that
was sealed, constantly stirred, and temperature controlled with Oxygraph software to measure
oxygen consumption within the chamber (Hansatech Instruments, Norfolk, England). Based
on the BCA protein assay, ~50 μg of protein (mitochondria) was loaded into the oxytherm
chamber containing respiration buffer (125 mM KCl, 2 mM MgCl2, 2.5 mM KH2PO4, 0.1%
BSA, 20 mM HEPES at pH 7.2) and the oxygen consumption within the chamber in response
to substrates was measured. Substrate concentrations were optimized to the following final
concentrations: state II respiration was induced by the addition of pyruvate (5 mM), malate
(2.5 mM), state III respiration was induced by sequential additions of ADP (150 μM; the second
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addition of ADP was made when a return to state IV respiration indicated that all the ADP
added to the chamber had be phosphorylated to ATP or when after 2 min if no change in
respiration was noted), state IV respiration was induced by the addition of oligomycin (1 μM)
to inhibit the ATP synthase, complex-I driven, maximum respiration Va was induced by the
addition of FCCP (1 μM), complex I respiration was then inhibited completely by the addition
of rotenone (0.8 μM), and complex-II driven, maximum respiration Vb was induced by the
addition of succinate (10 mM) (Sullivan et al., 2003; Brown et al., 2004) To determine the
ability of ketones to recover respiration after calcium addition, KCl respiration buffer was used
containing 0.5 mM calcium. Ketones (BHB and ACA, 1 mM each) were added to KCl
respiration buffer containing 0.5 mM calcium immediately prior to adding mitochondria and
the start of the trace to measure ketone-induced mitochondrial respiration in the presence of
calcium. Rates of oxygen consumption during state III respiration (following the second
addition of ADP), Va respiration (in the presence of FCCP, prior to the addition of rotenone
and succinate), and Vb (following the addition of succinate and in the presence of rotenone)
were expressed as % control (calcium-free buffer) run on the same day.
Statistical Analyses
Treatment groups were compared at the beginning and end of experiments with non-parametric
tests. Significance was set at p < 0.05. All analyses were performed with SigmaStat (SPSS Inc,
Chicago, IL).
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RESULTS
Ketones Reduce Neuronal Swelling and Death
The acutely isolated cell preparation was chosen to allow for detailed recording and imaging
experiments while obviating the confounding metabolic and technical variables associated with
primary cell culture and brain slice paradigms. Neurons were initially incubated with
propidium iodide (PI), a fluorescent marker of neuronal death, and then immediately exposed
to 10 μM glutamate for 45 min. Out of 12 cells, 6 displayed evidence of injury associated with
a sharp increase in PI signal at 20.83 ± 2.91 min (mean ± S.E.M.) following the beginning of
glutamate application (Fig. 1). When BHB and ACA (1 mM each) were simultaneously applied,
10 of 10 neurons with similar baseline characteristics survived (Chi-square test, p < 0.01).
Ketones Prevent Glutamate-induced Changes in Neuronal Membrane Properties
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To better understand how ketones protect neurons against glutamate excitotoxicity, we initially
tested the hypothesis that BHB and ACA might reduce glutamate-mediated excitability. We
chose to investigate the early electrophysiological changes induced by glutamate without the
confound of morphological changes that might precede neuronal injury, and as such, glutamate
exposure in subsequent experiments was limited to 10 min and PI was removed. Using
amphotericin B perforated patch-clamp recordings, we initially demonstrated that individual
neurons could be monitored in current-clamp mode with stable membrane potentials (Vm) and
membrane resistances (Rm) for over an hour in most cases, provided that a gigaohm seal with
an access resistance (Ra) below 100 MΩ was achieved and that Vm remained stable during a
5 min. baseline recording period.
Application of 10 μM glutamate for 10 min resulted in an initial, small depolarizing response
(averaging 11.2 ± 0.9 mV) followed, a few minutes later, by a much larger depolarization in
11/13 experiments (Fig. 2A). Vm did not return to baseline after a 10 min washout period and
a significant decrease in Rm (Fig. 2B; ANOVA on ranks with Dunn’s post-hoc analyses, p =
0.01) occurred when compared to control, despite a stable morphological appearance under
phase contrast (Fig. 2C) (Coulter et al., 1992).
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When both BHB and ACA (1 mM each) were added 5 min prior to glutamate application and
maintained throughout the experiment, a stable depolarizing response was elicited during
exposure to glutamate (Fig. 2A). The amplitude of the depolarization induced by glutamate
(averaging 11.6 ± 0.7 mV) was not affected by pre-treatment with ketones. After a 10 min.
washout period, Vm returned to baseline and Rm remained unchanged in 11/13 cells (Fig. 2B).
This phenomenon was replicated in 5/6 neurons treated with catalase (250 U/ml), an enzyme
that breaks down hydrogen peroxide (H2O2) to oxygen and water, suggesting that ketonemediated protection was through an antioxidant mechanism.
Ketones Decrease Free Radical Levels
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Since ketones did not influence responsiveness to glutamate, we investigated whether their
neuroprotective effect might be mediated by a reduction in oxidative stress, as suggested by
the catalase experiments. The effects of BHB and ACA on free radical levels were examined
with the fluorescent indicator dihydroethidium (DHE), which reflects superoxide (and likely
peroxynitrite) levels (Budd et al, 1997; Vergun et al, 2001). Exposure of neurons to DHE over
a 25 min period without glutamate or ketones resulted in a slow, modest, and progressive
increase in DHE fluorescence over time (Fig. 3A). When neurons were exposed to 10 μM
glutamate following a 5 min baseline, a faster and more significant increase in DHE
fluorescence occurred and continued during the 10 min washout period. This increase was
prevented by the addition of BHB and ACA (1 mM each). Despite similar DHE signals and
two-dimensional surface areas at baseline, the group exposed to glutamate alone exhibited
significantly higher levels of DHE fluorescence (ANOVA on ranks, p = 0.01). BHB and ACA
applied without glutamate also decreased baseline levels of DHE fluorescence. Twodimensional areas did not change significantly for any experimental condition.
Ketones Decrease Production of Reactive Oxygen Species Rather Than Increase Glutathione
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Our data indicated that ketones blocked the increase in DHE signal induced by glutamate.
However, a change in DHE fluorescence does not necessarily imply a change in free radical
production but rather reflects changes in the steady-state concentrations of ROS (Nicholls,
2004). Consequently, an increase in DHE signal could be secondary to a decrease in
endogenous antioxidants such as glutathione. To evaluate this possibility, acutely dissociated
neurons were incubated with monochlorobimane (MCB), a fluorescent marker specific for
reduced glutathione, the active form of that antioxidant (Keelan et al, 2001). Exposure to 10
μM glutamate for 10 min resulted in a significant decrease of MCB fluorescence that persisted
after glutamate washout (Fig. 4A). Ketones reversed the decrease in MCB fluorescence induced
by glutamate but not by diamide, a thiol-specific oxidizing agent (Zago et al, 2000; Ault &
Lawrence, 2003). Moreover, ketones did not increase MCB fluorescence above baseline. Based
on these results, we hypothesized that ketones affected MCB fluorescence in glutamate-treated
cells by reducing ROS production rather than by increasing glutathione levels.
To extend these findings and determine the mechanism and site of ketone action, NADH
autofluorescence was studied in the same preparation. Free radical production is associated
with increases in NADH whereas enhanced NADH oxidation results in a reduction of ROS
production (Duchen, 1992; Kudin et al, 2004; Sullivan et al, 2004). NADH is produced in
mitochondria by the Krebs cycle, and when excited in the ultraviolet range, emits an
autofluorescent signal in the blue range. Fluorescence is lost following oxidation by the
mitochondrial respiratory chain. NADPH, which is involved in the reduction of glutathione,
exhibits a fluorescence profile that is indistinguisable from that of NADH. Fluorescence signals
are therefore typically referred to as NAD(P)H transients, although NADH is the predominant
source of the autofluorescence due to significantly higher mitochondrial concentrations.
Exposing acutely dissociated neurons to 10 μM glutamate for 10 min significantly increased
the NAD(P)H signal relative to the control condition of buffer only (Fig. 4B). The addition of
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ketones reversed the effects of glutamate. This combination of results is in fact the opposite of
what would be expected if ketones exerted significant effects on glutathione levels. In order
to better assess the magnitude of changes in NAD(P)H levels, we also ran control experiments
with the respiratory chain inhibitor potassium cyanide (KCN). Exposure to 1 mM KCN for 10
min led to a significant increase in NAD(P)H fluorescence in isolated neurons to almost
pretreatment levels (Fig. 4B).
Ketones Decrease NADH Levels
The effects of ketones on ROS and NAD(P)H levels were further confirmed in isolated
mitochondria exposed to high doses of calcium to simulate glutamate excitotoxicity. It is well
established that glutamate excitotoxicity increases intracellular calcium concentration and that
calcium entry into the mitochondria stimulates ROS production (Hasselbalch et al, 1995;
Brookes et al, 2004). Our data clearly demonstrated that exposure to 10 μM glutamate for 10
min led to a significant increase in fluorescence emitted by Rhod-2, an indicator of
mitochondrial calcium content. These results suggested that glutamate excitotoxicity increased
mitochondrial production of ROS in neocortical neurons (ANOVA on ranks, p < 0.05; Fig.
5A). Importantly, ketones did not reduce calcium entry into the mitochondria.
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Following exposure of isolated mitochondria to calcium, both ROS (evaluated with the
indicator 2',7'-dichlorofluorescein diacetate) and NAD(P)H levels, measured simultaneously,
increased significantly compared to control values (ANOVA on ranks with Dunn’s post-hoc
analysis, p < 0.05; Fig. 5B). Moreover, calcium inhibited mitochondrial respiration in the
presence of ADP and the uncoupler carbonyl cyanide p-[trifluoromethoxy]-phenyl-hydrazone
(FCCP), but not succinate, thereby suggesting that electrons donated by NADH to complex I
of the electron transport chain had an increased probability of slipping from intermediates to
form superoxide rather than be utilized for ATP synthesis (Fig. 5C). Calcium effects were
completely reversed by the addition of BHB and ACA (1 mM each). ROS and NAD(P)H levels
actually decreased below control levels as ketones significantly increased complex I (but not
complex II)-driven mitochondrial respiration.

DISCUSSION
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The principal finding of our study is that ketones, produced by the liver under conditions of
fasting, calorie restriction or treatment with high-fat, low-carbohydrate diets, prevent glutamate
excitotoxicity by reducing ROS levels in both acutely dissociated neocortical neurons and in
isolated neocortical mitochondria. These results are consistent with previous findings showing
that ACA and BHB increase the viability of HT22 hippocampal cell lines and primary
hippocampal neurons following glutamate excitotoxicity (Noh et al, 2005). Increased survival
of HT22 cells was associated with decreased production of ROS and decreased markers for
apoptosis and necrosis. We additionally demonstrate that the reduction in free radical formation
by ketones occurs through enhancement of NADH oxidation (i.e., increased NAD+/NADH
ratios) and mitochondrial respiration in neocortical neurons without alterations in levels of the
endogenous antioxidant glutathione. Our data therefore provide further support for the
neuroprotective properties of ketones and offer insights into their antioxidant activity at the
mitochondrial level.
Glutamate excitotoxicity is a pathogenic process that can lead to calcium-mediated neuronal
injury and death by generating reactive oxygen and nitrogen species, as well as impairing
mitochondrial bioenergetic function (Sun et al, 2001; Nagy et al, 2004; Nicholls, 2004).
Oxidative stress subsequently damages nucleic acids, proteins and lipids and potentially opens
the mitochondrial permeability transition pore which, in turn, can further stimulate ROS
production, worsen energy failure and release pro-apoptotic factors such as cytochrome c into
the cytoplasm (Nicholls, 2004; Kowaltowski et al, 2001). Although it is generally accepted
Neuroscience. Author manuscript; available in PMC 2007 May 5.
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that calcium influx is associated with increased ROS levels and that mitochondria are the main
source of ROS, linking both phenomena in intact neurons has thus far been challenging
(Brookes et al, 2004; Hongpaisan et al., 2004; Balaban et al, 2005). Evidence from isolated
mitochondria indicates that ROS production requires a hyperpolarized mitochondrial
membrane potential, but calcium influx into the mitochondria actually decreases the
mitochondrial membrane potential (Nicholls, 2004). Similarly, cerebellar granule cells
subjected to glutamate excitotoxicity display increased ROS levels despite a decrease in
mitochondrial membrane potential (Ward et al, 2000). These contradictory findings have led
some authors to suggest that cytoplasmic enzymes might be the source of ROS during
glutamate excitotoxicity, whereas others have hypothesized that oxidative stress results from
decreased levels of antioxidants such as glutathione (Atlante et al, 1997; Almeida et al, 1998;
Sanganahallli et al, 2005).
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In the present study, combining data from acutely dissociated neurons and isolated
mitochondria without the use of respiratory inhibitors, glutamate excitotoxicity and calcium
resulted in an inhibition of mitochondrial respiration and an increase of mitochondrial ROS
production that persisted beyond the period of glutamate administration. At both whole cell
and mitochondrial levels, we found increased NAD(P)H fluorescence following glutamate
administration (as well as increased DHE and DCF levels), and a reversal of these effects by
concomitant ketone administration, suggesting that glutamate excitotoxicity increased the
mitochondrial production of ROS and that ketones reduced ROS levels in mitochondria.
Moreover, by using monochlorobimane, a fluorescent marker for reduced glutathione, to
examine the effects of ketone bodies on glutathione levels following exposure to diamide, a
thiol oxidant which is known to inactivate glutathione peroxidase (Armstrong & Jones,
2002), we found that ketones did not significantly affect glutathione depletion or recovery.
Finally, our findings pointed specifically to complex I as the site of electron transfer inhibition.
Consistent with this result are previous findings suggesting that, in neurons, ROS are generated
at complex I by a self-sustaining cycle that maintains ROS production beyond the original
injury (Kudin et al, 2004; Turrens, 2003).
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Although the neuroprotective properties of ketones have been previously reported, uncertainty
surrounds their antioxidant effects. First, ACA might actually stimulate ROS generation in
brain mitochondria and endothelial cells (Jain et al, 1998; Tieu et al, 2003). Second, prior work
on cardiac myocytes suggested that ketones increased glutathione levels by reducing the
NADP/NADPH couple (Veech et al, 2001; Squires et al, 2003). Third, in rat liver mitochondria,
although ACA decreased NAD(P)H fluorescence, state IV respiration was not affected and the
major consequence was opening of the mitochondrial permeability transition pore, a
phenomenon attributed by the authors to impaired glutathione antioxidant function (Zago et
al, 2000).
The contradictory findings regarding the effects of ketones most probably reflect technical and
tissue-specific differences. First, the source of mitochondrial ROS in neurons (complex I)
differs from that in non-neuronal cells such as cardiac myocytes (complex III) (Turrens,
2003). Second, the use of respiratory inhibitors such as rotenone and oligomycin instead of, or
in addition to, calcium would undoubtedly influence results (Brookes et al, 2004).
Nevertheless, our findings, made in neurons and isolated neuronal mitochondria without added
respiratory inhibitors, indicate that a combination of ACA and BHB (which potentially better
mirrors brain physiological conditions compared to previous studies employing one ketone
body or the other) exert a neuroprotective, antioxidant effect by decreasing ROS production
in neuronal tissues.
A separate protective effect has also been proposed for BHB, mainly in cardiac tissue but also
in the brain, and involves increased ATP production (Suzuki et al, 2001 & 2002; Veech et al,
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2001; Brookes et al, 2004). Our results are consistent with these earlier studies since the
improvement of mitochondrial respiration by ketone bodies would help counteract the
increased bioenergetic demand that characterizes glutamate excitotoxicity (Nicholls, 2004).
Overall, similarities between the neuroprotective effects of ketones and those of calorie
restriction are emerging at the mitochondrial level. Calorie restriction decreases ROS
generation, possibly at complex I, and stimulates mitochondrial respiration along with an
increase in NAD+ (Merry, 2002 & 2004; Bordone & Guarente 2005; Guarente and Picard,
2005). Although these changes might influence a variety of cellular processes, including
modulation of regulatory proteins such as Sirt1 (Chen et al, 2005) or enhancement of ATP
production (Nisoli et al, 2005), we propose an additional mechanism whereby the
neuroprotective effects of calorie restriction might be mediated by the antioxidant effects of
ketones in mitochondria. Ketones may therefore provide a neuroprotective strategy that
naturally targets the mitochondria with the potential not only to reduce oxidative injury and
death but also to maintain bioenergetic processes and preserve cellular function.
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β-hydroxybutyrate
ACA
acetoacetate
MPP+
1-methyl-4-phenylpyridinium
ROS
reactive oxygen species
PI
propidium iodine
DHE
dihydroethidium
KCN
potassium cyanide
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MCB
monochlorobimane
HRP
horse radish peroxidase
H2O2
hydrogen peroxide
FCCP
carbonyl cyanide p-[trifluoromethoxy]-phenyl-hydrazone
KB
ketones
GLU
glutamate
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Figure 1.

Ketones (KB) prevent neuronal injury induced by prolonged exposure to glutamate (GLU).
Continuous exposure to GLU (10 μM) for 45 min resulted in the death of 50% of neurons with
significant increase in propidium iodide fluorescence. A combination of 1 mM BHB and 1 mM
ACA prevented neuronal death. Calibration bar = 10 μm.
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Figure 2.

Changes in neuronal membrane properties following glutamate (GLU) excitotoxicity are
prevented by ketones (KB). KB were administered as a cocktail in a 1:1 concentration ratio of
BHB to ACA (either 0.1 mM or 1.0 mM each). (A) Exposure to GLU (10 μM ) for 10 min
(short horizontal bar) alone resulted in an initial, small depolarization followed by a sharp,
larger increase of the membrane potential (Vm) without return to baseline despite a 10 min
washout period. The same protocol was used in the presence of BHB and ACA (1 mM each;
long horizontal bar) but in this case, GLU induced a stable, depolarizing response with return
of Vm to baseline after discontinuation of the application. (B) GLU (n = 13) significantly
reduced Rm relative to control (CTRL; n = 8; p = 0.02). Following the addition of the 1 mM
KB combination 20 (N = 13) or catalase 250 U/ml (n = 6), but not the 0.1 mM KB combination
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(n = 12), Rm was significantly higher than in cases exposed to GLU alone (p < 0.01). (C) The
electrophysiological changes induced by GLU could not be attributed to morphological
changes or technical difficulties. The two-dimensional surface area of the neuron exposed to
GLU alone (in the absence of any fluorescent dyes) was unchanged by the experimental
protocol and the position of the recording electrode was stable throughout the experiment.
Neurons in all treatment groups displayed similar surface areas at the beginning and at the end
of the experiments.

NIH-PA Author Manuscript
NIH-PA Author Manuscript
Neuroscience. Author manuscript; available in PMC 2007 May 5.

Maalouf et al.

Page 16

NIH-PA Author Manuscript
NIH-PA Author Manuscript

Figure 3.

Ketones (KB) block glutamate-induced increases in superoxide radicals. (A) Exposure of
neurons to glutamate (GLU; 10 μM) for 10 min led to a time-dependent increase in the
fluorescence of DHE, a marker for the free radical superoxide (n = 15). In the presence of both
GLU and KB (D-β-hydroxybutyrate and acetoacetate, 1 mM each), the increase in DHE
fluorescence was smaller (GLU + KB; n = 16). (B) GLU (horizontal bar) provoked a timedependent increase in DHE fluorescence that persisted after discontinuation of GLU but that
was significantly reduced (p = 0.01) by KB, down to levels similar to the control group (CTRL;
n = 11). The application of KB alone (KB; n = 8) significantly decreased the DHE signal below
that of control experiments (p = 0.04). ** p < 0.01.
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Figure 4.

The antioxidant effects of ketones (KB) are mediated by NADH oxidation and not by an
increase in reduced glutathione. (A) Acutely dissociated neurons were incubated with
monochlorobimane (MCB), a fluorescent marker of reduced glutathione. The decrease in MCB
fluorescence induced by 10 μM glutamate alone (GLU; n = 7) for 10 min was prevented by
ketones (GLU + KB; n = 8; p < 0.01). The administration of 10 mM diamide, a specific thiol
oxidant, for 10 min temporarily decreased MCB fluorescence as well (diamide; n = 10 mM; p
= 0.01) but ketones did not have any effect under these conditions (diamide + KB; n = 5).
Moreover, ketones did not affect baseline levels of MCB (KB; n = 5). (B) Glutamate (n = 7)
increased the NAD(P)H signal relative to controls (n = 6), suggesting that the observed decrease
in glutathione levels was secondary to increased production of reactive oxygen species (ROS).
Ketones blocked the effect of glutamate on NAD(P)H, confirming that they decrease ROS
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rather an increase glutathione (n = 6). Differences were statistically significant (p = 0.01 at 20
min and 0.04 at 25 min). The effects of 1 mM potassium cyanide (KCN) are also presented for
comparative purposes. Exposure to KCN for 10 min significantly increased NAD(P)H
fluorescence almost to baseline levels. Horizontal bars indicate 10 min treatment periods. * p
< 0.05; ** p < 0.01; *** p < 0.001.
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Figure 5.

Ketones (KB) reduce calcium-induced alterations in mitochondrial bioenergetics, ROS
production and NAD+/NADH cycling. (A) Glutamate-mediated influx of calcium into
mitochondria was not affected by ketones. Acutely dissociated neurons were incubated with
the fluorescent mitochondrial calcium indicator Rhod-2. Exposure to 10 μM glutamate for 10
min (n = 5) increased mitochondrial calcium levels significantly relative to controls (n = 4).
The same findings were observed when 1 mM BHB and 1 mM ACA were added (n = 4;
ANOVA on ranks with Dunn’s post-hoc analyses; p < 0.05). (B) 0.5 mM calcium significantly
increased mitochondrial ROS production and NADH concentrations. The addition of BHB and
ACA (1 mM each) reduced both mitochondrial ROS production and NADH levels to baseline.
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(C) Mitochondrial respiration was assessed using a Clark-type electrode and demonstrated that
calcium significantly impaired complex-I (NADH-linked) driven oxygen consumption both in
response to the addition of ADP (state III respiration) or carbonyl cyanide p[trifluoromethoxy]-phenyl-hydrazone [FCCP] (maximum electron transport system capacity;
state Va) but did not significantly alter complex-II (FADH-linked) driven maximum electron
transport system capacity (state Vb). The inclusion of 1 mM BHB and 1 mM ACA partially
reversed this inhibition of respiration. * p < 0.05; ** p < 0.01.
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