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Summary

Uncoupling proteins (UCP) translocate protons from the mitochondrial intermembrane space to
the matrix, thereby “uncoupling” electron transport from the production of ATP. It has been
shown that these proteins are highly expressed in animals maintained on the ketogenic diet (KD).
Although the exact mechanism remains unclear, it is known that these proteins are activated
within a protective anti-ROS mechanism by free fatty acids (FFA). In our current studies,
mitochondrial samples were probed for the presence of UCP2, which is the most ubiquitously
expressed UCP isoform. We found that both traumatic brain injury and fasting up-regulated the
expression of UCP2, with a synergistic up-regulation in fasted injured animals. We then used
mitochondria from fasted naive animals to screen a number of FFA for their activation of
uncoupling as well as their ability to reduce ROS. We found that arachidonic acid (AA),
docosahexaenoic acid (DHA), eicosapentaenoic acid (EPA), palmitoleic acid, myristic acid, and
butyric acid increased mitochondrial uncoupling when added after oligomycin. These FFA, along
with oleic acid, also reduced ROS in mitochondria incubated with oligomycin. In order to
correlate our data to KD and fasting, both of which have been shown to be neuroprotective after
neurologic insult, we determined the serum levels of FFA in KD and fasted animals using gas
chromatography/mass spectroscopy. We also determined brain and CSF FFA levels from fasted
animals.
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Perhaps one of the most important evolutionary occurrences was the development of
mitochondrial function. It was at this point that the cell was able to produce enough energy,
in the form of ATP, to form highly complex, interconnected networks that developed into
the organ systems present in all organisms (Lane 2006). The phosphorylation of ATP is
catalyzed by complex V (ATP synthase), which is the final multimeric complex of a series
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of protein complexes comprising the electron transport chain (ETC). The vast majority of
the components of the ETC are located within the inner membrane where electrons are
accepted from mitochondrial energy substrates. In response to electron flow, these proteins
pump protons from the mitochondrial matrix to the intermembrane space (IMS). This creates
a difference in proton concentration between the IMS and the matrix, thereby resulting in an
electrochemical gradient, also termed the mitochondrial membrane potential (A¥). Complex
V utilizes AY by allowing the protons to catalyze phosphorylation as they flow back across
the inner membrane to the matrix and down their concentration gradient. It is vital to the
function of mitochondria that the AY remains within a specific range, and deviations in AW
can induce mitochondrial dysfunction and cell death pathways (Nicholls and Ferguson
2002).

As the formation of harmful reactive oxygen species (ROS) is a normal byproduct of
mitochondrial function, mitochondria are equipped with endogenous anti-oxidative
mechanisms (glutathione/catalase/manganese superoxide dismutase, MnSOD). However,
under pathological conditions, the A¥ can increase above the optimal range, which results in
excessive ROS formation due to the escape of electrons from ETC intermediates (Nicholls
and Budd 2000; Nicholls and Ferguson 2002). These dangerous molecules have been
implicated in the pathological development of epilepsy, indicated by studies showing the
susceptibility of MnSOD knockout animals to status epilepticus (SE). These animals show
increased hippocampal damage and oxidative damage markers in response to kainate-
induced seizures, whereas animals overexpressing MnSOD showed up to 2-fold seizure
attenuation (Liang and Patel 2004; Patel and Li 2003; Sleven et al. 2006). It has become
increasingly clear that oxidative damage and, in turn, mitochondrial damage is linked to the
development and propagation of SE (Liang and Patel 2004). Therefore, to decrease seizure
susceptibility, it is necessary to develop therapies to attenuate the cellular pathology that
leads to the excessive ROS production.

An intriguing therapeutic target may be uncoupling proteins (UCPs), endogenously
regulated mitochondrial proteins which can attenuate increases in A¥ by independently
translocating protons from the IMS to the matrix, effectively bypassing complex V (Echtay
et al. 2005). The expression of UCPs is regulated by the peroxisome proliferator activating
receptor (PPAR), which is activated by specific free fatty acid (FFA) ligands (Debril et al.
2001; Kiec-Wilk et al. 2005). Free fatty acids are produced within the liver from triglyceride
breakdown during fat mobilization (during fasting), or from high dietary fat, such as the
ketogenic diet (KD) (Sullivan et al. 2004). Indeed studies have shown an increase in UCP
expression in response to the KD, and increased neuroprotection from kainate-induced
seizures (Sullivan et al. 2003; Sullivan et al. 2004). The KD, which was originally designed
to mimic fasting physiology, can be used as an effective therapy for epilepsy; however the
underlying mechanism of this dietary modulation remains unclear.

Recent studies in our laboratory have shown that fasting animals for 24 hrs after traumatic
brain injury (TBI) is neuroprotective and decreases mitochondrial oxidative damage (Davis
et al. 2008). This neuroprotection is partially due to mitochondrial ketone utilization, which
suggests a potential role for UCPs and FFAs in the neuroprotective mechanism of fasting
after trauma and perhaps of the KD in epilepsy. Unfortunately, there is limited knowledge of
which FFAs activate UCPs. Therefore, our current work has attempted to determine which
FFAs are up-regulated in response to fasting, as well as the correlation between their up-
regulation and their ability to activate UCPs within mitochondria isolated from fasted
animals.

We screened FFA of a wide range of chain lengths and saturation states. We found that
palmitoleic acid (C16), myristic acid (C14) and butyric (C4) acid were able to increase

Epilepsia. Author manuscript; available in PMC 2012 January 20.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Davis et al.

Page 3

respiration in mitochondria via UCP activation. Arachidonic acid (AA), docosahexaenoic
acid (DHA), and eicosapentaenoic acid (EPA), which are all polyunsaturated fatty acids
(PUFA), also increased the activation of UCP-mediated respiration in isolated mitochondria.
As the overall goal of mitochondrial uncoupling is the reduction of ROS, we investigated the
ability of our screened FFAS to decrease ROS production in isolated mitochondria. Results
indicated that DHA, EPA, AA, myristic acid, butyric acid, and palmitoleic acid all showed
significant decreases in ROS production, which indicates that they are functioning as
activators of the endogenous UCP system. Interestingly, while oleic acid only increased
respiration to a small degree, it was able to significantly reduce ROS production, which
suggests that its ability to attenuate ROS production could either be through a limited
activation of UCPs or an alternative mechanism. Valproic acid did not activate UCP-
mediated respiration or decrease ROS production.

To correlate the activity of these FFAs with the mechanism of fasting-induced
neuroprotection, we measured serum levels of FFAs after 24 hrs of fasting. Compared to 0
hr baseline serum levels of oleic acid, EPA and AA were significantly increased after a 24 hr
fast. Linoleic acid was also increased at this time point; however, it did not increase
uncoupling or reduce ROS, which may indicate its role in UCP upregulation by the PPAR
system. Although not significant, serum DHA trended toward increased levels after 24hrs.
Similar to our serum samples, brain tissue linoleic acid and oleic acid were increased in
cortical tissue; linoleic acid and AA were also increased in hippocampal tissue.

Interestingly, EPA and DHA levels were unchanged in either brain region after 24hrs of
fasting. None of the FFAs assayed had increased CSF concentrations.

In light of the importance of FFAs within the KD, and the ability of this diet to increase
UCP expression, these findings are an important step to further elucidating the
neuroprotective mechanism of both fasting and the KD. The identification of dietary FFAs
with the ability to decrease oxidative damage could allow therapeutic supplementation for
an increased efficacy of treatment.
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