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Diet and cognition: interplay between cell metabolism and
neuronal plasticity

Fernando Gomez-Pinilla and Ethika Tyagi
Dept. Integrative Biology and Physiology, and Dept. Neurosurgery, University of California, Los
Angeles, CA 90095 USA

Abstract

Purpose of Study—To discuss studies in humans and animals revealing the ability of foods to
benefit the brain: new information with regards to mechanisms of action and the treatment of
neurological and psychiatric disorders.

Recent Findings—Dietary factors exert their effects on the brain by affecting molecular events
related to the management of energy metabolism and synaptic plasticity. Energy metabolism
influences neuronal function, neuronal signaling, and synaptic plasticity, ultimately affecting
mental health. Epigenetic regulation of neuronal plasticity appears as an important mechanism by
which foods can prolong their effects on long term neuronal plasticity.

Summary—The prime focus of the discussion is to emphasize the role of cell metabolism as a
mediator for the action of foods on the brain. Oxidative stress promotes damage to phospholipids
present in the plasma membrane such as the omega-3 fatty acid DHA, disrupting neuronal
signaling. Thus, dietary DHA seems crucial for supporting plasma membrane function,
interneuronal signaling, and cognition. The dual action of brain-derived neurotrophic factor
(BDNF) in neuronal metabolism and synaptic plasticity is crucial for activating signaling cascades
under the action of diet and other environmental factors, using mechanisms of epigenetic
regulation.
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Introduction

Poor dietary habits are likely contributors to the surge of neurological and psychiatric
disorders in the last decade. In particular, the consumption of high-calorie diets is garnering
special recognition as risk factor for impaired cognitive function and emotional health
(reviewed in Ref. [1]. Understanding of the molecular basis for diet action on brain function
will help to develop cost-effective therapeutic strategies for the protection against
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Metabolic

deleterious consequences of multiple neurological and psychiatric disorders. Energy
efficiency has been a primordial factor for biological adaptation, and new studies show that
this property is operational for supporting cellular events involved in cognitive function [2].
As discussed below, dietary factors like omega-3 fatty acids and polyphenols act as
important energy modulators during cognitive operations. Environmental factors may
contribute to build a long-term reserve to support brain function and cognition during
challenging situations such as aging or disease (Figure 1).

profiling and Neuropsychiatric disorders

An increasing body of information indicates an association between metabolic abnormalities
and the incidence of neurological and psychiatric disorders (reviewed in [3-6]). The brain
has an extraordinary high metabolic rate, as it consumes about 20% of oxygen inspired at
rest, while accounting for only 2% of the body weight. This immense metabolic demand is
because neurons need large amounts of ATP for maintenance of ionic gradients across the
cell membranes to support neurotransmission. Since most neuronal ATP is generated by
oxidative metabolism, neurons critically depend on mitochondrial function and oxygen
supply. Neuronal function and survival are very sensitive to mitochondrial dysfunction [7]
such that mitochondrial dysfunction is a factor in the pathology of acute insults like
ischemia-reperfusion injury and in chronic neurodegenerative disorders like Alzheimer’s
and Parkinson’s disease [8]. The interplay between mitochondrial function, energy
metabolism, and neuronal activity is of critical importance for understanding the
pathophysiology of various neurological diseases.

How metabolic aberrations harm the brain

The metabolic syndrome (MetS), defined as a cluster of disorders including obesity and
diabetes, is reaching epidemic levels in the American population, and the prospect that it can
reduce neurological function is alarming. The weaknesses imposed by the MetS are
particularly alarming if we consider that the pathology of most brain disorders has some
failure in the capacity of neurons to metabolize energy [9,10]. Dietary factors such as
increasing consumption of fructose is considered as an important contributor to the MetS in
humans [11], and rodents treated with high fructose diet display signs of MetS such as
increased hepatic lipid and triglyceride level [12], and peripheral insulin resistance [13].
Fructose-induced MetS reduces synaptic plasticity and learning and memory performance in
animals [14] (Figure 2), and alter molecules which play important roles in mitochondrial
bioenergetics [15]. MetS disrupts signaling through insulin receptors which are strategically
localized to brain areas involved in cognitive processing such as the hippocampus [16].
Deficiency of dietary omega-3-fatty acids has been shown to predispose the brain to
disturbances in insulin signaling that may be considered a risk factor for diabetes [14]. It has
also been shown that omega-3 dietary deficiency during brain formation and maturity
exacerbates the effects of metabolic disorders on the adult brain [17]. These studies suggest
that maternal diet can program offspring growth and metabolic pathways, which can further
alter lifelong susceptibility to metabolic disorders.
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Oxidative damage to plasma membrane, neuronal signaling, and cognition

The plasma membrane is highly susceptible to metabolic aberrations [18], and its
malfunction can compromise neuronal signaling, lowering the threshold for many diseases.
Particularly, neuronal membranes are composed of a lipid bilayer, in which,
docosahexaenoic acid (DHA) is the most abundant phospholipid in the brain [1]. Due to the
high susceptibility of phospholipid to be oxidized, the plasma membrane can be easily
affected my alteration of mitochondrial activity. For example, 4-Hydroxy-2-nonenal (4-
HNE), a major aldehydic lipid peroxidation product of omega-6 polyunsaturated fatty acids
is considered as a key mediator of oxidative damage-induced mitochondrial failure. 4-HNE
binds a number of brain mitochondrial proteins during the initial hours after injury
conditions [19, 20]. Studies have shown that low, basal levels of the 4HNE, present in cells,
may act as a signaling molecule [21]. However, under conditions of oxidative stress,
uncontrolled production of the lipid aldehyde may saturate metabolic pathways, yielding
neuronal dysfunction or death. High fructose consumption disrupts membrane homeostasis,
as evidenced by an increase in the levels of 4-hydroxynonenal (4-HNE). However, dietary
n-3 fatty acids have the potential to counteract MetS effects on brain by promoting
membrane homeostasis [14].

The ability of the plasma membrane to transmit interneuronal signals relies on its fluidity,
which is determined by its level of saturation and cholesterol content, among other factors
[22]. Omega-3 polyunsaturated fatty acids (PUFA) such as DHA and eicosapentaenoic acid
(EPA) significantly increase the unsaturation index and fluidity of membranes, while
monounsaturated and saturated fatty acids do the opposite [23]. Additionally, omega-3 fatty
acids can moderate cholesterol-induced reductions in membrane fluidity by displacing
cholesterol from the membrane [22]. Lipid rafts are specialized glycolipoprotein domains
along the membrane with the capacity to modulate cell communication through embedded
protein receptors [24]. Studies demonstrate that PUFA like DHA augment the packing of
protein receptors in these microdomains [25,26], thus portraying DHA as a critical element
for modulating interneuronal communication. It is noteworthy that the metabolism of
omega-6- fatty acids such as arachidonic acid (AA) is coordinated with that of DHA, and
this interaction is critical for the regulation of membrane function, such that an elevation in
the ratio of omega-6/omega-3 fatty acids poses a risk for chronic diseases [27]. Dietary
DHA supplementation for eight weeks in rodents has been shown to attenuate an age-related
decline in cognitive function, in conjunction with reducing AA-containing species and
normalizing the unsaturation index in the brain [28].

Diet as a strategy to counteract the effects of MetS

It is difficult to treat Mets with confined strategies since its pathology is a cluster of
disorders, such that approaches that would target several aspects of the pathology are
intuitively more efficacious. The various positive actions of DHA in the body and brain [1]
suggest that DHA is particularly suitable to defend against the broad pathology of MetS.
Due to the facts that DHA is a structural component of plasma membranes in the brain and
highly susceptible to oxidative damage, proper DHA function is crucial to maintain neuronal
signaling. As discussed above, oxidative damage to the plasma membrane can be extremely
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devastating as most receptors are embedded in the membrane, with the capacity to disrupt all
forms of neuronal communication. There is large disparity with regards to the recommended
levels of DHA in humans based on the many actions of DHA and different formulations. A
number of studies have shown a varied range of n-3 intake to be beneficial for mental health
(29), however it depends on the length of supplementation and likely affected by the
baseline levels.

Polyphenols are a large family of compounds produced by plants to protect themselves
against pathogen attacks and ultraviolet radiation. Curcuminoids and flavonoids are the main
polyphenol subtypes with demonstrated actions on the brain. Polyphenols possess the
capacity to attenuate cognitive deficits and support several neuronal processes such as
synaptic plasticity [30]. Current trends point to the possibility that the powerful actions of
polyphenols as antioxidants and anti-inflammatory molecules stem from their ability to
support energy homeostasis (reviewed in Ref. [30,31]. Curcumin, the active component of
the plant turmeric, has a long culinary and medicinal tradition in India [32] and has lately
received ample attention because of its beneficial effects counteracting neurodegeneration in
models of brain trauma [33] and Alzheimer’s disease [34]. There is substantial evidence
indicating that curcumin has strong antioxidant capacity exerted by increasing free radical
scavengers and reducing lipid peroxidation [35]. Recent studies indicate that curcumin
affects molecular systems involved with the metabolism of cell energy, and that its
therapeutic effects on animal models of brain trauma may be exerted by restoring energy
homeostasis [33,36,37]. Resveratrol is another polyphenolic component that is abundant in
berries, grapes, and red wine, and has been found to protect neurons against Abeta-induced
toxicity and attenuate behavioral impairment in rats [38]. The action of resveratrol in
neurons has been compared to effects of energy restriction as resveratrol acts on the
molecular machinery that control energy homeostasis [39]. Based on recommendations by
the dietary supplement industry, the advised consumption of some major polyphenols such
as isoflavones, quercetin, resveratrol and grape seed extracts (rich in proanthocyanidins) are
50 mg/day, 300 mg/day, 20 mg/day and 100-300 mg/day respectively (40) however these
recommendations are not specific for brain functions. Consequently, future research about
clinical applications of dietary polyphenols in neurodegenerative disorders is required.

From Metabolism to neuronal plasticity -- BDNF

Brain-derived neurotrophic factor (BDNF) is very susceptible to the effects of dietary
manipulations such that diets rich in omega-3 fatty acids upregulate BDNF while high
energy diets do the opposite [41]. BDNF deserves special consideration based on its newly
discovered roles as a molecule that works at the interface of metabolism and synaptic
plasticity [42]. An increasing body of research indicates that BDNF may serve in the process
by which energy metabolism exerts a strong impact on synaptic plasticity and cognitive
function [43]. BDNF is well recognized for its ability to facilitate the transmission of
information across the synapse [44]. It may act as a mediator in the process by which the
management of energy by the hypothalamus impacts cognitive centers such as the
hippocampus [45]. BDNF can stimulate the mitochondrial activator PGC-1a in neurons, and
PGC-1a plays a pivotal role in the formation and maintenance of synapses [46]. The
capacity of metabolic signals to modulate synaptic plasticity and higher order processing
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harmonizes well with the several roles of BDNF on cognition and emotions. For example,
deletion of the Bdnf allele has been shown to increase anxiety-like behavior and promote
cognitive deficits in mice [47] while the absence of the BDNF receptor TrkB was found to
increase anxiety-like behavior in children and adults [48]. A separate line of studies has
documented the importance of BDNF in human cognition, as to a polymorphism in the Bdnf
gene is associated with an increased risk of cognitive impairment progression [49].

Metabolism and Epigenetics

Epidemiological studies suggest the capacity of dietary habits to influence the risk of
metabolic diseases such as diabetes across generations (reviewed in Ref. [50]. A new line of
studies indicates that the pathobiology of several psychiatric disorders such as depression
may reside in epigenetic modifications of the genome [51,52]. Epigenetic phenomena are
heritable and modifiable marks that regulate gene transcription without altering the
underlying DNA sequence [53]. Epigenetic modifications include chromatin remodeling,
histone tail modifications, DNA methylation and, more recently, have expanded to include
non-coding RNA and microRNA gene regulation [54]. These are critical from embryonic
development through the aging process, while aberrations in epigenetic patterns are
emerging as etiological mechanisms in many age-related diseases such as cancer,
cardiovascular diseases (CVD) and neurodegenerative disorders. Dietary factors can affect
epigenetic mechanisms at multiple levels [53]. First, nutrients act as a source of methyl
groups or as co-enzymes for one-carbon metabolism that regulates methyl transfer [55].
Second, nutrients and bioactive food components can directly affect enzymes that catalyse
DNA methylation and histone modifications [53]. Third, diet is the ultimate input
determining systemic metabolism which modifies cellular milieu leading to alterations in
epigenetic patterns [56]. Modifications of the chromatin, involving DNA methylation and
histone acetylation may be a vehicle by which the environment affects cognitive function
and emotions by acting on the epigenome. For example, chronic administration of a diet rich
in saturated fats and sugar has been shown to increase DNA methylation of the opioid
receptor in the context of reward-related behavior [57]. Unlike genetic mutations, epigenetic
marks are potentially reversible. Therefore, epigenetic approaches for prevention and
treatment, such as nutritional supplementation and/or pharmaceutical therapies, may be
developed to counteract negative epigenomic profiles.

Emerging evidence suggests that epigenetic reprogramming of BDNF by chronic cocaine
intake may not only alter neuronal and behavioral phenotype in the cocaine-addicted male
rats but also could be transmitted to their next generation [58]. While adverse environmental
conditions may reduce BDNF expression through repressive histone H3 methylation at the
BDNF promoters in rodent brains [52,59,60]. In contrast, environmental enrichment has
been shown to produce opposite changes, significantly increasing hippocampal BDNF
expression through complex histone remodeling at its promoters [61]. In turn, an exercise
regimen known for its capacity to enhance learning and memory has recently been shown to
promote remodeling of chromatin containing the Bdnf gene, in conjunction with elevation of
levels of p-Ca2*/calmodulin-dependent protein kinases Il (CaMKII) and p- CAMP response
element-binding protein (CREB) molecules intimately involved in the pathways by which
neural activity engage mechanisms of epigenetic regulation to stimulate Bdnf transcription
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[62]. The results of these studies emphasize the influence of metabolic signals on the
epigenome and their capacity to alter feeding behavior. The fact that exercise and BDNF
have been associated with reducing depression and promoting cognitive enhancement
implies the fascinating possibility that epigenetic regulation of the Bdnf gene can be a
biological mechanism by which exercise can promote mental health and build resistance to
neurological disorders. The original concept of epigenetics implies the idea that
modifications in DNA expression and function can contribute to inheritance of information.
Some of these ideas have lately received partial support such as the negative impact of early
stress on behavioral responses across generations and on the regulation of DNA methylation
in the germline [63]. Similarly, a recent study has shown that early-life adversity can leave
lasting epigenetic marks at the BDNF gene in the central nervous system [64].

Collaborative effects of diet and exercise

Feeding and exercise comprise part of the spectrum through which the environment has been
instrumental in shaping the modern brain over thousands of years of evolution. Experimental
studies in rodents have shown that exercise works in complementation with a DHA-rich diet
to influence molecular systems underlying cognitive function [65]. A possible mechanism
for this complementary action of exercise is exerted via restoring membrane homeostasis
after traumatic brain injury (TBI), which is necessary for supporting synaptic plasticity and
cognition [66]. The combined effects of a flavonoid-enriched diet and exercise potentiate the
elevation of genes that are generally benevolent for neuronal plasticity and health while
decreasing genes involved with deleterious processes such as inflammation and cell death
[67]. Exercise has also proven to be effective in reducing the effects of unhealthy diets, i.e.,
counteracting the decline in hippocampal BDNF-mediated synaptic plasticity and in spatial
learning skills of rats exposed to saturated fats [68]. Exercise, similar to diet, activates
multiple hippocampal proteins associated with energy metabolism and synaptic plasticity
[69], such as BDNF [70,71] in conjunction with other factors such as insulin growth factor-1
(IGF-1). Exercise enhances learning and memory under a variety of conditions, such that in
humans, it can attenuate the mental decline associated with aging [72] and enhance the
mental capacity of juveniles [73]. Blocking the action of BDNF during voluntary exercise
decreases the effects of exercise on energy metabolic molecules such as adenosine
monophosphate-activated protein kinase (AMPK), suggesting that cellular energy
metabolism interacts with BDNF-mediated plasticity [71].

Conclusion and Future Directions

Dietary factors have the capacity to affect molecular and cellular processes that are
fundamental for the transmission and processing of information in the brain. “Brain foods”
such as omega-3 fatty acids provide structural material for plasma membranes, and other
dietary components such as polyphenols provide support to selected energy metabolic events
that assists specific aspects of synaptic functions (Figure 3). The homeostatic effects of diet
in combination with exercise, on energy metabolism, lipid composition of neuronal
membranes, etc, are crucial to maintain mental health and counteract the effects of neuronal
vulnerability during times of disease or injury. Because the causes of most neurological
disorders are characterized by multiple components and cannot be isolated to a single cause,
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the diffuse range of actions induced by diet and exercise are suitable to target cognitive and
mental illnesses.. This implies that dietary management may become a natural, non-invasive,
and cost-effective therapeutic solution to maintaining a healthy brain and a strong defense
system against some of the most common disorders in the world. In addition, based on
current developments in the epigenetic field, it is likely that the effects of lifestyle on the
brain have the capacity to influence neurological health of future generations.

Acknowledgments

This work was supported by National Institutes of Health Grants NS50465 and NS56413 (to F.G.-P.).

References

Papers of particular interest, published within the annual period of review, have been
highlighted as:

* of special interest
** of outstanding interest

1. Gomez-Pinilla F. Brain foods: The effects of nutrients on brain function. Nat Rev Neurosci. 2008;
9:568-578. [PubMed: 18568016]
2**.Yin F, Boveris A, Cadenas E. Mitochondrial energy metabolism and redox signaling in brain
aging and neurodegeneration. Antioxid Redox Signal. 2012 Epub ahead of print This article
describes mitochondrial functions regulating cellular energy levels during aging.
3. Shao L, Martin MV, Watson SJ, et al. Mitochondrial involvement in psychiatric disorders. Ann
Med. 2008; 40:281-295. [PubMed: 18428021]
4. Knott AB, Perkins G, Schwarzenbacher R, et al. Mitochondrial fragmentation in neurodegeneration.
Nat Rev Neurosci. 2008; 9:505-518. [PubMed: 18568013]

5. Cataldo AM, McPhie DL, Lange NT, et al. Abnormalities in mitochondrial structure in cells from
patients with bipolar disorder. Am J Pathol. 2010; 177:575-585. [PubMed: 20566748]

6. Quiroz JA, Gray NA, Kato T, et al. Mitochondrially mediated plasticity in the pathophysiology and
treatment of bipolar disorder. Neuropsychopharmacology. 2008; 33:2551-2565. [PubMed:
18235426]

7. Mattson MP, Gleichmann M, Cheng A. Mitochondria in neuroplasticity and neurological disorders.
Neuron. 2008; 60:748-766. [PubMed: 19081372]

8. Chinopoulos C, Adam-Vizi V. Calcium, mitochondria and oxidative stress in neuronal pathology.
Novel aspects of an enduring theme. FEBS J. 2006; 273:433-450. [PubMed: 16420469]

9*. Cheng G, Kong RH, Zhang LM, et al. Mitochondria in traumatic brain injury and mitochondrial-
targeted multipotential therapeutic strategies. Br J Pharmacol. 2012; 167:699-719. This article
suggests Mitochondria-targeted therapeutic strategies for the treatment of TBI. [PubMed:
23003569]

10*. Du J, Ma M, Zhao Q, et al. Mitochondrial bioenergetic deficits in the hippocampi of rats with
chronic ischemia-induced vascular dementia. Neuroscience. 2013; 231:345-352. The study
provides evidence for the involvement of mitochondrial oxidative metabolism deficits in chronic
ischemia-induced Vascular dementia. [PubMed: 23232258]

11. Ha V, Jayalath VH, Cozma Al et al. Fructose-containing sugars, blood pressure, and
cardiometabolic risk: a critical review. Curr Hypertens Rep. 2013; 15:281-297. [PubMed:
23793849]

12. Volynets V, Spruss A, Kanuri G, et al. Protective effect of bile acids on the onset of fructose-
induced hepatic steatosis in mice. J Lipid Res. 2010; 51:3414-3424. [PubMed: 20847296]

Curr Opin Clin Nutr Metab Care. Author manuscript; available in PMC 2014 November 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Gomez-Pinilla and Tyagi

13.

Page 8

Dekker MJ, Su Q, Baker C, et al. Fructose: A highly lipogenic nutrient implicated in insulin
resistance, hepatic steatosis, and the metabolic syndrome. Am J Physiol Endocrinol Metab. 2010;
299:E685-694. [PubMed: 20823452]

14**_ Agrawal R, Gomez-Pinilla F. ‘Metabolic syndrome’ in the brain: Deficiency in omega-3 fatty

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

acid exacerbates dysfunctions in insulin receptor signalling and cognition. J Physiol. 2012;
590:2485-2499. This article suggests dietary omega- 3 fatty acids as an effective strategy to
counteract the influence of fructose induced metabolic syndrome in brain. [PubMed: 22473784]
Caton PW, Nayuni NK, Khan NQ, et al. Fructose induces gluconeogenesis and lipogenesis through
a sirtl-dependent mechanism. J Endocrinol. 2011; 208:273-283. [PubMed: 21212096]
Agrawal R, Tyagi E, Shukla R, et al. A study of brain insulin receptors, ache activity and oxidative
stress in rat model of icv stz induced dementia. Neuropharmacology. 2009; 56:779-787. [PubMed:
19705549]
Bhatia HS, Agrawal R, Sharma S, et al. Omega-3 fatty acid deficiency during brain maturation
reduces neuronal and behavioral plasticity in adulthood. PLoS One. 2011; 6:28451. [PubMed:
22163304]
Catala A. Lipid peroxidation of membrane phospholipids generates hydroxy-alkenals and oxidized
phospholipids active in physiological and/or pathological conditions. Chem Phys Lipids. 2009;
157:1-11. [PubMed: 18977338]
Vaishnav RA, Singh IN, Miller DM, et al. Lipid peroxidation-derived reactive aldehydes directly
and differentially impair spinal cord and brain mitochondrial function. J Neurotrauma. 2010;
27:1311-1320. [PubMed: 20392143]
Hall ED, Vaishnav RA, Mustafa AG. Antioxidant therapies for traumatic brain injury.
Neurotherapeutics. 2010; 7:51-61. [PubMed: 20129497]
Chen ZH, Niki E. 4-hydroxynonenal (4-HNE) has been widely accepted as an inducer of oxidative
stress. Is this the whole truth about it or can 4-HNE also exert protective effects? IUBMB Life.
2006; 58:372-373. [PubMed: 16754333]
Yehuda S, Rabinovitz S, Mostofsky DI. Modulation of learning and neuronal membrane
composition in the rat by essential fatty acid preparation: Time-course analysis. Neurochem Res.
1998; 23:627-634. [PubMed: 9566600]
Yang X, Sheng W, Sun GY, et al. Effects of fatty acid unsaturation numbers on membrane fluidity
and a-secretase-dependent amyloid precursor protein processing. Neurochem Int. 2011; 58:321—
329. [PubMed: 21184792]
Yaqoob P. The nutritional significance of lipid rafts. Annu Rev Nutr. 2009; 29:257-282. [PubMed:
19400697]
Eckert GP, Chang S, Eckmann J, et al. Liposome-incorporated dha increases neuronal survival by
enhancing non-amyloidogenic app processing. Biochim Biophys Acta. 2011; 1808:236-243.
[PubMed: 21036142]
Chapkin RS, Wang N, Fan Y'Y, et al. Docosahexaenoic acid alters the size and distribution of cell
surface microdomains. Biochim Biophys Acta. 2008; 1778:466-471. [PubMed: 18068112]
Simopoulos AP. The omega-6/omega-3 fatty acid ratio, genetic variation, and cardiovascular
disease. Asia Pac J Clin Nutr. 2008; 17 (Suppl 1):131-134. [PubMed: 18296320]
Little SJ, Lynch MA, Manku M, et al. Docosahexaenoic acid-induced changes in phospholipids in
cortex of young and aged rats: A lipidomic analysis. Prostaglandins Leukot Essent Fatty Acids.
2007; 77:155-162. [PubMed: 17928211]
Sinn N, Milte C, Howe PRC. Oiling the Brain: A Review of Randomized Controlled Trials of
Omega-3 Fatty Acids in Psychopathology across the Lifespan. Nutrients. 2010; 2:128-170.
[PubMed: 22254013]
Gomez-Pinilla F, Nguyen TT. Natural mood foods: The actions of polyphenols against psychiatric
and cognitive disorders. Nutr Neurosci. 2012; 15:127-133. [PubMed: 22334236]
Sun AY, Wang Q, Simonyi A, et al. Botanical phenolics and brain health. Neuromolecular Med.
2008; 10:259-274. [PubMed: 19191039]
Aggarwal BB, Sundaram C, Malani N, et al. Curcumin: The indian solid gold. Adv Exp Med Biol.
2007; 595:1-75. [PubMed: 17569205]

Curr Opin Clin Nutr Metab Care. Author manuscript; available in PMC 2014 November 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Gomez-Pinilla and Tyagi Page 9

33. Wu A, Ying Z, Gomez-Pinilla F. Dietary curcumin counteracts the outcome of traumatic brain
injury on oxidative stress, synaptic plasticity, and cognition. Exp Neurol. 2006; 197:309-317.
[PubMed: 16364299]

34. Ahmed T, Gilani AH, Hosseinmardi N, et al. Curcuminoids rescue long-term potentiation impaired
by amyloid peptide in rat hippocampal slices. Synapse. 2011; 65:572-582. [PubMed: 20963814]

35. Wei QY, Chen WF, Zhou B, et al. Inhibition of lipid peroxidation and protein oxidation in rat liver
mitochondria by curcumin and its analogues. Biochim Biophys Acta. 2006; 1760:70-77.
[PubMed: 16236451]

36. Sharma S, Zhuang Y, Ying Z, et al. Dietary curcumin supplementation counteracts reduction in
levels of molecules involved in energy homeostasis after brain trauma. Neuroscience. 2009;
161:1037-1044. [PubMed: 19393301]

37. Sharma S, Ying Z, Gomez-Pinilla F. A pyrazole curcumin derivative restores membrane
homeostasis disrupted after brain trauma. Exp Neurol. 2010; 226:191-199. [PubMed: 20816821]

38. Huang TC, Lu KT, Wo YY, et al. Resveratrol protects rats from Ap-induced neurotoxicity by the
reduction of iINOS expression and lipid peroxidation. PLoS One. 2011; 6:€29102. [PubMed:
22220203]

39. Dasgupta B, Milbrandt J. Resveratrol stimulates amp kinase activity in neurons. Proc Natl Acad
Sci U S A. 2007; 104:7217-7222. [PubMed: 17438283]

40. Martin KR, Appel CL. Polyphenols as dietary supplements: A double-edged sword. Nutr Diet
Suppl. 2010; 2:1-12.

41*. Tyagi E, Agrawal R, Zhuang Y, et al. Vulnerability imposed by diet and brain trauma for anxiety-
like phenotype: implications for post-traumatic stress disorders. PLoS One. 2013; 8:e57945.
Influence of dietary habits to determine the vulnerability factors for injury outcomes has been
suggested. [PubMed: 23483949]

42. Gomez-Pinilla F, Vaynman S, Ying Z. Brain-derived neurotrophic factor functions as a
metabotrophin to mediate the effects of exercise on cognition. Eur J Neurosci. 2008; 28:2278—
2287. [PubMed: 19046371]

43. Vaynman S, Ying Z, Wu A, et al. Coupling energy metabolism with a mechanism to support brain-
derived neurotrophic factor-mediated synaptic plasticity. Neuroscience. 2006; 139:1221-1234.
[PubMed: 16580138]

44. Zuccato C, Cattaneo E. Brain-derived neurotrophic factor in neurodegenerative diseases. Nat Rev
Neurol. 2009; 5:311-322. [PubMed: 19498435]

45.Ying Z, Covalin A, Judy J, et al. Hypothalamic stimulation enhances hippocampal bdnf plasticity
in proportion to metabolic rate. Brain Stimul. 2012; 5:642-646. [PubMed: 22441161]

46**. Cheng A, Wan R, Yang JL, et al. Involvement of PGC-1a in the formation and maintenance of
neuronal dendritic spines. Nat Commun. 2012; 3:1250. The article provides evidence for brain-
derived neurotrophic factor mediated mitochondrial biogenesis and its dependence on PGC-1a.
[PubMed: 23212379]

47. 1to W, Chehab M, Thakur S, et al. Bdnf-restricted knockout mice as an animal model for

aggression. Genes Brain Behav. 2011; 10:365-374. [PubMed: 21255268]

48. Ernst C, Wanner B, Brezo J, et al. A deletion in tropomyosin-related kinase b and the development
of human anxiety. Biol Psychiatry. 2011; 69:604-607. [PubMed: 21126736]

49. Forlenza OV, Diniz BS, Teixeira AL, et al. Effect of brain-derived neurotrophic factor val66met
polymorphism and serum levels on the progression of mild cognitive impairment. World J Biol
Psychiatry. 2010; 11:774-780. [PubMed: 20491609]

50**. Wang J, Wu Z, Li D, et al. Nutrition, epigenetics, and metabolic syndrome. Antioxid Redox

Signal. 2012; 17:282-301. This review article suggests the capacity of dietary habits to influence
the risk of metabolic diseases such as diabetes across generations. [PubMed: 22044276]

51. Kumar A, Choi KH, Renthal W, et al. Chromatin remodeling is a key mechanism underlying
cocaine-induced plasticity in striatum. Neuron. 2005; 48:303-314. [PubMed: 16242410]

52. Tsankova NM, Berton O, Renthal W, et al. Sustained hippocampal chromatin regulation in a
mouse model of depression and antidepressant action. Nat Neurosci. 2006; 9:519-525. [PubMed:
16501568]

Curr Opin Clin Nutr Metab Care. Author manuscript; available in PMC 2014 November 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Gomez-Pinilla and Tyagi Page 10

53. Choi SW, Friso S. Epigenetics: A new bridge between nutrition and health. Adv Nutr. 2010; 1:8—
16. [PubMed: 22043447]

54. Zhou H, Hu H, Lai M. Non-coding RNAs and their epigenetic regulatory mechanisms. Biol Cell.
2010; 102:645-55. [PubMed: 21077844]

55. Kim KC, Friso S, Choi SW. DNA methylation, an epigenetic mechanism connecting folate to
healthy embryonic development and aging. J Nutr Biochem. 2009; 20:917-926. [PubMed:
19733471]

56. Cyr AR, Domann FE. The redox basis of epigenetic modifications: From mechanisms to functional
consequences. Antioxid Redox Signal. 2011; 15:551-589. [PubMed: 20919933]

57. Vucetic Z, Kimmel J, Reyes TM. Chronic high-fat diet drives postnatal epigenetic regulation of p-
opioid receptor in the brain. Neuropsychopharmacology. 2011; 36:1199-1206. [PubMed:
21326195]

58. Vassoler FM, White SL, Schmidt HD, et al. Epigenetic inheritance of a cocaine-resistance
phenotype. Nat Neurosci. 2013; 16:42-47. [PubMed: 23242310]

59. Onishchenko N, Karpova N, Sabri F, et al. Long-lasting depression-like behavior and epigenetic
changes of bdnf gene expression induced by perinatal exposure to methylmercury. J Neurochem.
2008; 106:1378-1387. [PubMed: 18485098]

60. Karpova NN, Rantaméki T, Di Lieto A, et al. Darkness reduces bdnf expression in the visual
cortex and induces repressive chromatin remodeling at the bdnf gene in both hippocampus and
visual cortex. Cell Mol Neurobiol. 2010; 30:1117-1123. [PubMed: 20614233]

61. Kuzumaki N, Ikegami D, Tamura R, et al. Hippocampal epigenetic modification at the brain-
derived neurotrophic factor gene induced by an enriched environment. Hippocampus. 2011;
21:127-132. [PubMed: 20232397]

62. Gomez-Pinilla F, Zhuang Y, Feng J, et al. Exercise impacts brain-derived neurotrophic factor
plasticity by engaging mechanisms of epigenetic regulation. Eur J Neurosci. 2011; 33:383-390.
[PubMed: 21198979]

63. Franklin TB, Russig H, Weiss IC, et al. Epigenetic transmission of the impact of early stress across
generations. Biol Psychiatry. 2010; 68:408-415. [PubMed: 20673872]

64. Roth TL, Lubin FD, Funk AJ, et al. Lasting epigenetic influence of early-life adversity on the bdnf
gene. Biol Psychiatry. 2009; 65:760-769. [PubMed: 19150054]

65. Chytrova G, Ying Z, Gomez-Pinilla F. Exercise contributes to the effects of dha dietary
supplementation by acting on membrane-related synaptic systems. Brain Res. 2010; 1341:32-40.
[PubMed: 19446534]

66*. Wu A, Ying Z, Gomez-Pinilla F. Exercise facilitates the action of dietary dha on functional
recovery after brain trauma. Neuroscience. 2013 Epub ahead of print. The present article
provides evidence for the complementary action of exercise and diet as an effective strategy for
TBI treatment via regulating membrane homeostasis.

67. van Praag H, Lucero MJ, Yeo GW, et al. Plant-derived flavanol (-)epicatechin enhances
angiogenesis and retention of spatial memory in mice. J Neurosci. 2007; 27:5869-5878. [PubMed:
17537957]

68. Molteni R, Wu A, Vaynman S, et al. Exercise reverses the harmful effects of consumption of a
high-fat diet on synaptic and behavioral plasticity associated to the action of brain-derived
neurotrophic factor. Neuroscience. 2004; 123:429-440. [PubMed: 14698750]

69. Ding Q, Vaynman S, Souda P, et al. Exercise affects energy metabolism and neural plasticity-
related proteins in the hippocampus as revealed by proteomic analysis. Eur J Neurosci. 2006;
24:1265-1276. [PubMed: 16987214]

70. Ding Q, Vaynman S, Akhavan M, et al. Insulin-like growth factor i interfaces with brain-derived
neurotrophic factor-mediated synaptic plasticity to modulate aspects of exercise-induced cognitive
function. Neuroscience. 2006; 140:823-833. [PubMed: 16650607]

71. Vaynman S, Ying Z, Gomez-Pinilla F. Hippocampal bdnf mediates the efficacy of exercise on
synaptic plasticity and cognition. Eur J Neurosci. 2004; 20:2580-2590. [PubMed: 15548201]

72. Muscari A, Giannoni C, Pierpaoli L, et al. Chronic endurance exercise training prevents aging-
related cognitive decline in healthy older adults: A randomized controlled trial. Int J Geriatr
Psychiatry. 2010; 25:1055-1064. [PubMed: 20033904]

Curr Opin Clin Nutr Metab Care. Author manuscript; available in PMC 2014 November 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Gomez-Pinilla and Tyagi Page 11

73. Niederer I, Kriemler S, Gut J, et al. Relationship of aerobic fitness and motor skills with memory
and attention in preschoolers (ballabeina): A cross-sectional and longitudinal study. BMC Pediatr.
2011; 11:34. [PubMed: 21569343]

Curr Opin Clin Nutr Metab Care. Author manuscript; available in PMC 2014 November 01.



Gomez-Pinilla and Tyagi Page 12

Curr Opin Clin Nutr Metab Care. Author manuscript; available in PMC 2014 November 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Gomez-Pinilla and Tyagi Page 13

Synaptic
Plasticity

Neuronal
Maintenance
&
Repair

Epigenetic
Modification

Mitochondria

Figurel.
Schematic representation of the actions of diet and exercise on neuronal maintenance and repair. Food and exercise can

influence mitochondrial function with resulting effects on synaptic plasticity, and the neural substrates for cognition. The
interaction of energy metabolism and synaptic functions is pivotal for the regulation of neuronal function and mental health, and
can involve epigenetic modifications. Diet and exercise contributes to build a cognitive reserve for the brain that can be used to
support neuronal function and cognition during homeostatic and challenging situations.
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Figure2.

(A) The metabolic syndrome can also affect the brain, and disturb energy metabolism and synaptic plasticity. The metabolic
syndrome alters the signaling of insulin in nerve cells, which may disturb metabolism and plasticity. Insulin resistance index in
groups subjected to n-3 and n-3 deficient diet with or without fructose water. Correlation analysis revealed a positive correlation
between (B) serum triglyceride levels and latency time (C) insulin resistance index and latency time on Barnes maze. Values are

expressed as mean = SEM. #P<0.01 significant difference from n-3 diet, “P<0.05 significant difference from n-3 def/Fru;
ANOVA (one-way) followed by Newman—Keuls test. Source: Agrawal & Gomez-Pinilla, 2012 (Ref. 14).
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Figure3.

Dietary factors can affect neuronal signaling and energy metabolism. The omega-3 fatty acid docosahexaenoic acid (DHA) can
influence neuronal signaling by altering plasma membrane biodynamic or fluidity at synaptic regions (23, 26). DHA is essential
for maintaining membrane integrity, which can affect neuronal signaling through receptors embedded in the plasma membrane.,
i.e., BDNF receptor TrKB activity influences the co-transcriptional regulator PGC-1a via CREB. Such signals can affect
mitochondrial energy processing, thereby influencing several aspects of cellular energy metabolism and neuronal plasticity
(reviewed in Ref.1). In turn, metabolic activity can also affect membrane homeostasis that supports synaptic plasticity and
cognitive function (43). Excessive metabolic activity due to high caloric intake or overexertion results in production of reactive
oxygen species (ROS), which promote lipid peroxidation in the cell membrane and the release of aldehydes such as 4HNE that
damage cells. The homeostatic interplay between energy management in neurons and its plasticity counterparts appears crucial

for the maintenance of neuronal function and neurological health.
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