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Preface

Modern societies have recently experienced several transitions in dietary habits. 
The last few centuries have emerged from famine by increasing the consumption of
cereals. Also, food production has been industrialized, which enhances the diversity
of food products. However, food industrialization also induces a rise in saturated 
fats and sugars in the diet, paralleled by a reduction in physical activity. More devel-
oped countries are now in a new transition phase fueled by the desire for healthier
and less processed food. With these dietary transitions, human health has evolved, 
following the famous adage “We are what we eat.” The most obvious example is the
important escalation in diabetes occurrence over the last 30 years or so. Therefore, 
nutrition is a critical environmental factor modulating health throughout life. 

Over the past decades, scientific interest has been focused on the impact of nutri-
tion specifically on brain function. Several years of research have established that
nutrients such as polyunsaturated fatty acids, vitamins, polyphenols, essential 
amino acids, and sugar are the basis for brain function and their imbalance can
cause or precipitate brain dysfunction. 

Most nutrients can cross the blood–brain barrier to impact brain physiology. 
Nutrients in the brain can either fuel brain cells, contribute to tissue architecture, or
initiate signaling pathways through their derivatives. Nutrients ultimately partici-
pate in brain development, cognitive and emotional behaviors, and can influence
the susceptibility to develop brain pathologies. Despite the huge amount of knowl-
edge brought about by the scientific community, a lot still needs to be unraveled.

Beyond dietary habits, nutrients can also be isolated and formulated to serve as
therapeutic agents. Indeed, they are less prone to develop secondary effects than
pharmaceuticals since the organism has the machinery to metabolize them. In
addition, they can enter the brain more easily than synthetic molecules, which is
essential to reach therapeutic efficacy for brain-related disorders. 

More recently, the field of brain nutrition has been enlarged by considering bidi-
rectional interactions between the brain and the periphery, including microbiota
and the enteric system. For example, some microbiota species release derivatives
following digestion and can have a direct effect on brain function. In the other
direction, it is now clear that the brain can control digestion and metabolism, not
only through the hypothalamus, but also through mechanisms and circuits that are
highly sophisticated, which delay their precise understanding. In addition, these
bidirectional interactions between the brain and the periphery for nutrition are
interdependent, which further complicates the picture.

Feed Your Mind: How Does Nutrition Modulate Brain Function throughout Life? is a
selection of current research on the impact of diet on brain function. The book is
organized into five chapters, opening with the editor’s Introductory chapter. 

Chapter 2 is dedicated to the role of lipids in the brain. In particular, polyunsatu-
rated fatty acids are highly enriched in the brain and brain cells. This chapter
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focuses on these polyunsaturated fatty acids and their derivatives, involved in the 
resolution of neuroinflammation.

Chapter 3 focuses on the role of glucose in fueling the brain, and how some hypo-
thalamic neurons are sensitive to glycemia, to participate in its regulation. Indeed, 
the brain represents approximately 2% of body weight but consumes approximately 
20% of its total energy. Therefore, blood glucose is essential for brain function. 
This chapter also discusses the role of fructose in brain function, since the current 
industrialized diet contains abnormally high levels of fructose. 

Chapter 4 presents the concept of autophagy and how nutrition can modulate it. 
Autophagy is a process of protein degradation in cells that allow control of cell 
integrity. Autophagy is stimulated by caloric restriction; however, the global trend 
in industrialized countries is toward calories over consumption. Therefore, this 
chapter presents how modern dietary habits can favor neuropathologies associated 
with autophagy defects, such as in Alzheimer’s disease.

Finally, Chapter 5 concentrates on brain–gut interactions in the context of enteral 
feeding. Some chronic pathologies require non-oral feeding, which basically 
bypasses the brain in the control of feeding. This particular situation highlights 
the role of the brain in different steps of feeding, from appetite to digestion. This 
chapter also points out strategies to improve digestion in enteral feeding.

We would like to thank all the authors for their valuable contributions and for their 
constructive interplay throughout the editorial process.

Clémentine Bosch-Bouju, Sophie Layé and Véronique Pallet
NutriNeuro Lab UMR1286,

INRA/Bordeaux University/Bordeaux INP,
France
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Chapter 1

Introductory Chapter: Feed Your 
Mind - How Does Nutrition 
Modulate Brain Function 
throughout Life?
Clémentine Bosch-Bouju

1. Introduction

Nutrition is a transdisciplinary science that aims at studying the role of food 
and physical exercise on health and diseases. It includes notably biochemistry, 
metabolism, behavioural and social studies. Nutrition science is highly diverse and 
constantly evolving for several reasons:

• The control of energy balance is a primary need for humans and for all ani-
mals, which implies it is of high importance.

• A high diversity of dietary models throughout the world exists, which is closely 
related to the diversity of culture, even in one single country.

• In human societies, alimentation participates to social behaviour.

• Modern societies have been hugely transformed since food industrialization.

The last point has critically changed the way of life for people in industrialised 
countries. Food industrialisation was originally designed to ease life and feed the 
growing population following the First and Second World Wars. Unexpectedly, 
industrialisation has engendered a profound dietary imbalance.

For the first time in history, people with industrialised diet are facing food with 
high quantities of sugar and saturated fats. This diet can also lead to deficiency in 
essential nutrients, such as vitamins, minerals and polyunsaturated fatty acids. This 
change in diet has been paralleled by an increase in sedentariness, which contributes 
to energy imbalance. This change in the last 70 years leads to global epidemics as 
obesity, cardiovascular disorders and depressive disorders.

In this context, the brain appears as a structure highly sensitive to dietary 
imbalance [1]. In addition, the brain can participate to dietary imbalance by con-
trolling feeding behaviours and through its interaction with peripheral organs and 
hormones involved in the control of energy balance. Thus, the impact of nutrition 
on brain function is a specific field of research that has gain interest in the recent 
years, and the role of the brain appears central in nutrition. Nutrition will impact 
the brain from early-developmental stages to adolescence, when the brain tissue is 
built and modelled. Nutrition also appears critical at adult age, to maintain optimal 
brain function. Finally, nutrition appears as an important environmental factor that 
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should be controlled through ageing, to prevent neurodegenerative processes. In 
this introductory chapter, we will take the example of vitamin A, which is a nutrient 
that has been demonstrated as critical for brain function throughout life [2–5].

2. Vitamin A and its active metabolite: retinoic acid

Vitamin A is a lipophilic vitamin that cannot be synthesised de novo by organ-
ism. Food sources are animal products for the preformed vitamin A and vegetables 
for provitamin A. Preformed vitamin A and provitamin A are found in sufficient 
quantities in most diets, but strong deficiency may occur in undernourished popu-
lations, mainly in sub-Saharan Africa. Vitamin A deficiency in children can cause 
blindness and growth retardation and can ultimately lead to death. Besides, vitamin 
A deficiency may occur with ageing, since its bioavailability can be reduced. In both 
cases, vitamin A supplementation can reverse this deficiency, which emphasises the 
need to study the impact of vitamin A supplementation for pregnant women and 
children, as well as for elderly.

The active metabolite of vitamin A in the brain is the all-trans retinoic acid 
(atRA), synthesised from vitamin A (retinol) by aldehyde dehydrogenase enzymes 
[6, 7]. Retinoic acid and its derivatives bind to nuclear receptors, namely, RAR and 
RXR. These receptors act as homo- or heterodimers to control gene transcription 
[3, 6]. Therefore, retinoic acid is a powerful morphogen factor, highly involved in 
embryonic development and growth [8].

3. The role of vitamin A during brain development

During brain development, retinoic acid synthesised from dietary vitamin A 
binds to nuclear receptors to drive transcription of hundreds of genes. Retinoic 
acid is a morphogen that acts through a concentration gradient [8]. To carry out 
the precision of retinoic acid gradient during embryonic development, metabo-
lism and signalling pathways for retinoic acid are multiple and highly robust [8]. 
Remarkably, retinoic acid is the only morphogen that comes from dietary sources, 
which highlights the importance of vitamin A intake during pregnancy. Through its 
action on nuclear receptors, retinoic acid is implicated in the patterning of neural 
axis along the dorsoventral and anteroposterior axes [2].

In addition to development and growth, retinoic acid in the brain is critical for 
neuronal differentiation and neurite outgrowth. This is particularly true in the basal 
ganglia network, which is a group of brain structures involved in the control of 
action. Indeed, retinoic acid is key in the differentiation of specific subpopulations 
of neurons, such as the medium size spiny neurons in the striatum, or the dopami-
nergic neurons from the substantia nigra pars compacta [9–13].

4. The role of vitamin A in the adult brain

At adult age, vitamin A-derived retinoic acid has two remarkable roles; it is 
involved in homeostatic plasticity and in neurogenesis [3, 5, 14, 15]. First, retinoic 
acid induces molecular and morphological changes in neuronal network, to main-
tain overall synaptic activity constant, despite synaptic plasticity, a process named 
homeostatic synaptic plasticity [16]. For this, retinoic acid binds to nuclear RAR 
and RXR receptors, but evidence suggests that non-genomic mechanisms are also 
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involved [17–19]. Changes induced by retinoic acid to produce homeostatic plastic-
ity include transcription of synaptic proteins, such as AMPA receptors, but also 
modulation of neuronal morphology, through outgrowth or retraction of synapse 
boutons and dendrites.

Second, retinoic acid controls neurogenesis. In rodent deficient for vitamin A, 
neurogenesis in the hippocampus is strongly dampened and can be restored by 
replenishment with vitamin A or derivatives [20–23]. However, in physiological 
conditions, retinoic acid applied exogenously can inhibit neurogenesis in the hip-
pocampus and facilitate cell differentiation [3]. The apparent discrepancy between 
physiological and deficient states may be explained by the finely tuned concentra-
tion and timing of retinoic acid that is needed for its control of neurogenesis. In the 
hypothalamus, neurogenesis is highly dynamic to orchestrate circadian rhythms that 
govern several hypothalamic functions. In this structure, a similar role has been dem-
onstrated for retinoic acid, inhibiting proliferation of cells and thus neurogenesis [5].

5. The role of vitamin A in the ageing brain

Ageing process is a physiological and unavoidable phenomenon involving 
the whole body. Related to brain function, ageing is characterised by a cognitive 
decline, which comprises all molecular and cellular alterations that lead ultimately 
to decreased performance in cognitive and executive functions [24]. Evidence 
suggests that bioavailability of retinoic acid in the brain reduces with ageing, likely 
due to peripheral alterations [4]. Yet several studies have highlighted the parallel 
between ageing, decrease in brain retinoid signalling and cognitive decline [4, 
25–27]. Mechanisms linking retinoid metabolism and cognitive decline are not yet 
completely unravelled, but evidence suggests the involvement of glucocorticoids 
[20] and morphological changes of neuronal trees (unpublished data).

Beyond normal ageing, decreased retinoid signalling in the brain with age-
ing may be involved in neurodegenerative processes, such as in Alzheimer’s and 
Parkinson’s diseases. For Alzheimer’s disease, accumulating evidence suggests that 
the lack of retinoic acid in the hippocampus is a risk factor that precipitates the 
deposition of β-amyloid plaques, a histological landmark of the disease [28–31]. 
Therefore, vitamin A and retinoids appear as potential therapeutics [30, 32]. 
However, mechanisms are not yet sufficiently understood to elaborate such thera-
peutics. Additionally, retinoids are lipophilic molecules that oxidise rapidly, which 
render their pharmacological use challenging.

In the context of Parkinson’s disease, a similar process has been proposed. 
Reduced signalling of retinoids in the brain, and particularly in the substantia nigra 
compacta, may be a risk factor that accelerates the degeneration of dopaminergic 
neurons [33, 34]. This hypothesis is supported by the fact that rodents deficient for 
vitamin A or for retinoid receptors display motor impairments close to Parkinson’s 
models [35, 36]. Some studies revealed encouraging results with retinoid supple-
mentation to prevent neurodegeneration in cell culture or in vivo [37, 38], but 
research is still to preliminary to envisage soon vitamin A-based treatments for this 
disease.

6. Conclusion

Through the solely example of vitamin A, we can appreciate the importance of 
nutrition for brain physiology, from development to adult age. Remarkably, a same 
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[20] and morphological changes of neuronal trees (unpublished data).

Beyond normal ageing, decreased retinoid signalling in the brain with age-
ing may be involved in neurodegenerative processes, such as in Alzheimer’s and 
Parkinson’s diseases. For Alzheimer’s disease, accumulating evidence suggests that 
the lack of retinoic acid in the hippocampus is a risk factor that precipitates the 
deposition of β-amyloid plaques, a histological landmark of the disease [28–31]. 
Therefore, vitamin A and retinoids appear as potential therapeutics [30, 32]. 
However, mechanisms are not yet sufficiently understood to elaborate such thera-
peutics. Additionally, retinoids are lipophilic molecules that oxidise rapidly, which 
render their pharmacological use challenging.

In the context of Parkinson’s disease, a similar process has been proposed. 
Reduced signalling of retinoids in the brain, and particularly in the substantia nigra 
compacta, may be a risk factor that accelerates the degeneration of dopaminergic 
neurons [33, 34]. This hypothesis is supported by the fact that rodents deficient for 
vitamin A or for retinoid receptors display motor impairments close to Parkinson’s 
models [35, 36]. Some studies revealed encouraging results with retinoid supple-
mentation to prevent neurodegeneration in cell culture or in vivo [37, 38], but 
research is still to preliminary to envisage soon vitamin A-based treatments for this 
disease.

6. Conclusion

Through the solely example of vitamin A, we can appreciate the importance of 
nutrition for brain physiology, from development to adult age. Remarkably, a same 



Feed Your Mind - How Does Nutrition Modulate Brain Function throughout Life?

6

Author details

Clémentine Bosch-Bouju
INRA, Bordeaux INP, NutriNeuro, University of Bordeaux, Bordeaux, France

*Address all correspondence to: clementine.bosch-bouju@inra.fr

nutrient can have different roles depending on the timing, the brain structure and 
even the cell type. The field of research on nutrition applied to neurosciences is 
growing, to better encompass the impact of industrialised diet on brain function 
and also to consider nutrients and their derivatives as potential therapeutic strate-
gies. In this way, it is to expect that nutritional approaches will give rise in the future 
to new therapeutics to prevent, and in some case cure, neurological disorders.

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

7

Introductory Chapter: Feed Your Mind - How Does Nutrition Modulate Brain Function…
DOI: http://dx.doi.org/10.5772/intechopen.89349

References

[1] Gómez-Pinilla F. Brain foods: The 
effects of nutrients on brain function. 
Nature Reviews. Neuroscience. 
2008;9(7):568-578

[2] Maden M. Retinoic acid in the 
development, regeneration and 
maintenance of the nervous system. 
Nature Reviews. Neuroscience. 
2007;8(10):755-765

[3] McCaffery P, Zhang J, Crandall JE. 
Retinoic acid signaling and function 
in the adult hippocampus. Journal of 
Neurobiology. 2006;66(7):780-791

[4] Sauvant P,Feart C, Sauvant J,  
Pallet V. Vitamin A and cognitive 
impairment. In: Diet and Nutrition 
in Dementia and Cognitive Decline. 
Advances in Clinical Neuroscience 
and Rehabilitation; 2015. pp. 623-
635. Available from: https://
linkinghub.elsevier.com/retrieve/pii/
B9780124078246000586

[5] Shearer KD, Stoney PN, Morgan PJ, 
McCaffery PJ. A vitamin for the 
brain. Trends in Neurosciences. 
2012;35(12):733-741

[6] Blomhoff R, Blomhoff HK. Overview 
of retinoid metabolism and 
function. Journal of Neurobiology. 
2006;66(7):606-630

[7] Koppaka V, Thompson DC, 
Chen Y, Ellermann M, Nicolaou KC, 
Juvonen RO, et al. Aldehyde 
dehydrogenase inhibitors: A 
comprehensive review of the 
pharmacology, mechanism of action, 
substrate specificity, and clinical 
application. The American Society 
for Pharmacology and Experimental 
Therapeutics. Pharmacological Reviews. 
2012;64(3):520-539

[8] Schilling TF, Nie Q , Lander AD. 
Dynamics and precision in retinoic 
acid morphogen gradients. Current 

Opinion in Genetics and Development. 
2012;22(6):562-569

[9] Chatzi C, Brade T, Duester G. 
Retinoic acid functions as a key 
GABAergic differentiation signal 
in the basal ganglia. PLoS Biology. 
2011;9(4):e1000609

[10] Occhi G, Regazzo D, Albiger NM, 
Ceccato F, Ferasin S, Scanarini M, et al. 
Activation of the dopamine receptor 
Type-2 (DRD2) promoter by 9-cis 
retinoic acid in a cellular model 
of Cushing’s disease mediates the 
inhibition of cell proliferation and 
ACTH secretion without a complete 
corticotroph-to-melanotroph 
transdifferentiation. Endocrinology. 
2014;155(9):3538-3549

[11] Pedrini S, Bogush A, Ehrlich ME. 
Phosphatidylinositide 3-kinase and 
protein kinase C zeta mediate retinoic 
acid induction of DARPP-32 in medium 
size spiny neurons in vitro. Journal of 
Neurochemistry. 2008;106(2):917-924

[12] Podleśny-Drabiniok A, Sobska J, de 
Lera AR, Gołembiowska K, Kamińska K, 
Dollé P, et al. Distinct retinoic acid 
receptor (RAR) isotypes control 
differentiation of embryonal carcinoma 
cells to dopaminergic or striatopallidal 
medium spiny neurons. Scientific 
Reports. 2017;7(1):13671

[13] Rataj-Baniowska M, Niewiadomska- 
Cimicka A, Paschaki M, Szyszka- 
Niagolov M, Carramolino L, Torres M, 
et al. Retinoic acid receptor β controls 
development of Striatonigral projection 
neurons through FGF-dependent 
and Meis1-dependent mechanisms. 
Journal of Neuroscience: The Official 
Journal of the Society for Neuroscience. 
2015;35(43):14467-14475

[14] Lane MA, Bailey SJ. Role of retinoid 
signalling in the adult brain. Progress in 
Neurobiology. 2005;75(4):275-293



Feed Your Mind - How Does Nutrition Modulate Brain Function throughout Life?

6

Author details

Clémentine Bosch-Bouju
INRA, Bordeaux INP, NutriNeuro, University of Bordeaux, Bordeaux, France

*Address all correspondence to: clementine.bosch-bouju@inra.fr

nutrient can have different roles depending on the timing, the brain structure and 
even the cell type. The field of research on nutrition applied to neurosciences is 
growing, to better encompass the impact of industrialised diet on brain function 
and also to consider nutrients and their derivatives as potential therapeutic strate-
gies. In this way, it is to expect that nutritional approaches will give rise in the future 
to new therapeutics to prevent, and in some case cure, neurological disorders.

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

7

Introductory Chapter: Feed Your Mind - How Does Nutrition Modulate Brain Function…
DOI: http://dx.doi.org/10.5772/intechopen.89349

References

[1] Gómez-Pinilla F. Brain foods: The 
effects of nutrients on brain function. 
Nature Reviews. Neuroscience. 
2008;9(7):568-578

[2] Maden M. Retinoic acid in the 
development, regeneration and 
maintenance of the nervous system. 
Nature Reviews. Neuroscience. 
2007;8(10):755-765

[3] McCaffery P, Zhang J, Crandall JE. 
Retinoic acid signaling and function 
in the adult hippocampus. Journal of 
Neurobiology. 2006;66(7):780-791

[4] Sauvant P,Feart C, Sauvant J,  
Pallet V. Vitamin A and cognitive 
impairment. In: Diet and Nutrition 
in Dementia and Cognitive Decline. 
Advances in Clinical Neuroscience 
and Rehabilitation; 2015. pp. 623-
635. Available from: https://
linkinghub.elsevier.com/retrieve/pii/
B9780124078246000586

[5] Shearer KD, Stoney PN, Morgan PJ, 
McCaffery PJ. A vitamin for the 
brain. Trends in Neurosciences. 
2012;35(12):733-741

[6] Blomhoff R, Blomhoff HK. Overview 
of retinoid metabolism and 
function. Journal of Neurobiology. 
2006;66(7):606-630

[7] Koppaka V, Thompson DC, 
Chen Y, Ellermann M, Nicolaou KC, 
Juvonen RO, et al. Aldehyde 
dehydrogenase inhibitors: A 
comprehensive review of the 
pharmacology, mechanism of action, 
substrate specificity, and clinical 
application. The American Society 
for Pharmacology and Experimental 
Therapeutics. Pharmacological Reviews. 
2012;64(3):520-539

[8] Schilling TF, Nie Q , Lander AD. 
Dynamics and precision in retinoic 
acid morphogen gradients. Current 

Opinion in Genetics and Development. 
2012;22(6):562-569

[9] Chatzi C, Brade T, Duester G. 
Retinoic acid functions as a key 
GABAergic differentiation signal 
in the basal ganglia. PLoS Biology. 
2011;9(4):e1000609

[10] Occhi G, Regazzo D, Albiger NM, 
Ceccato F, Ferasin S, Scanarini M, et al. 
Activation of the dopamine receptor 
Type-2 (DRD2) promoter by 9-cis 
retinoic acid in a cellular model 
of Cushing’s disease mediates the 
inhibition of cell proliferation and 
ACTH secretion without a complete 
corticotroph-to-melanotroph 
transdifferentiation. Endocrinology. 
2014;155(9):3538-3549

[11] Pedrini S, Bogush A, Ehrlich ME. 
Phosphatidylinositide 3-kinase and 
protein kinase C zeta mediate retinoic 
acid induction of DARPP-32 in medium 
size spiny neurons in vitro. Journal of 
Neurochemistry. 2008;106(2):917-924

[12] Podleśny-Drabiniok A, Sobska J, de 
Lera AR, Gołembiowska K, Kamińska K, 
Dollé P, et al. Distinct retinoic acid 
receptor (RAR) isotypes control 
differentiation of embryonal carcinoma 
cells to dopaminergic or striatopallidal 
medium spiny neurons. Scientific 
Reports. 2017;7(1):13671

[13] Rataj-Baniowska M, Niewiadomska- 
Cimicka A, Paschaki M, Szyszka- 
Niagolov M, Carramolino L, Torres M, 
et al. Retinoic acid receptor β controls 
development of Striatonigral projection 
neurons through FGF-dependent 
and Meis1-dependent mechanisms. 
Journal of Neuroscience: The Official 
Journal of the Society for Neuroscience. 
2015;35(43):14467-14475

[14] Lane MA, Bailey SJ. Role of retinoid 
signalling in the adult brain. Progress in 
Neurobiology. 2005;75(4):275-293



Feed Your Mind - How Does Nutrition Modulate Brain Function throughout Life?

8

[15] Olson CR, Mello CV. Significance of 
vitamin A to brain function, behavior 
and learning. Molecular Nutrition and 
Food Research. 2010;54(4):489-495

[16] Turrigiano GG, Nelson SB. 
Homeostatic plasticity in the developing 
nervous system. Nature Reviews. 
Neuroscience. 2004;5(2):97-107

[17] Aoto J, Nam CI, Poon MM, Ting P, 
Chen L. Synaptic signaling by all-
trans retinoic acid in homeostatic 
synaptic plasticity. Neuron. 
2008;60(2):308-320

[18] Arendt KL, Zhang Y, 
Jurado S, Malenka RC, Südhof TC, 
Chen L. Retinoic acid and LTP recruit 
postsynaptic AMPA receptors using 
distinct SNARE-dependent mechanisms. 
Neuron. 2015;86(2):442-456

[19] Chen L, Lau AG, Sarti F. Synaptic 
retinoic acid signaling and homeostatic 
synaptic plasticity. Neuropharmacology. 
2014;78:3-12

[20] Bonhomme D, Minni AM, 
Alfos S, Roux P, Richard E, 
Higueret P, et al. Vitamin A status 
regulates glucocorticoid availability 
in Wistar rats: Consequences on 
cognitive functions and hippocampal 
neurogenesis? Frontiers in Behavioral 
Neuroscience. 2014;20:1-13

[21] Bonnet E, Touyarot K, Alfos S, 
Pallet V, Higueret P, Abrous DN. 
Retinoic acid restores adult hippocampal 
neurogenesis and reverses spatial 
memory deficit in vitamin A deprived 
rats. In: McCabe BD, editor. PLoS One. 
2008;3(10):e3487

[22] Jacobs S, Lie DC, DeCicco KL, 
Shi Y, DeLuca LM, Gage FH, et al. 
Retinoic acid is required early during 
adult neurogenesis in the dentate gyrus. 
Proceedings of the National Academy 
of Sciences of the United States of 
America. 2006;103(10):3902-3907

[23] Touyarot K, Bonhomme D, Roux P, 
Alfos S, Lafenêtre P, Richard E, et al. 
A mid-life vitamin A supplementation 
prevents age-related spatial memory 
deficits and hippocampal neurogenesis 
alterations through CRABP-I. PLoS One. 
2013;8(8):e72101

[24] Hedden T, Gabrieli JDE. Insights 
into the ageing mind: A view from 
cognitive neuroscience. Nature Reviews. 
Neuroscience. 2004;5(2):87-96

[25] Bonhomme D, Pallet V, Dominguez  
G, Servant L, Henkous N, Lafenêtre P,  
et al. Retinoic acid modulates 
intrahippocampal levels of 
corticosterone in middle-aged mice: 
Consequences on hippocampal plasticity 
and contextual memory. Frontiers in 
Aging Neuroscience. 2014;6:6

[26] Etchamendy N, Enderlin V, 
Marighetto A, Pallet V, Higueret P, 
Jaffard R. Vitamin A deficiency and 
relational memory deficit in adult mice: 
Relationships with changes in brain 
retinoid signalling. Behavioural Brain 
Research. 2003;145(1-2):37-49

[27] Mingaud F, Mormede C, 
Etchamendy N, Mons N, 
Niedergang B, Wietrzych M, et al. 
Retinoid hyposignaling contributes to 
aging-related decline in hippocampal 
function in short-term/working 
memory organization and long-term 
declarative memory encoding in mice. 
Journal of Neuroscience: The Official 
Journal of the Society for Neuroscience. 
2008;28(1):279-291

[28] Corcoran JPT, So PL, Maden M. 
Disruption of the retinoid signalling 
pathway causes a deposition of 
amyloid beta in the adult rat brain. The 
European Journal of Neuroscience. 
2004;20(4):896-902

[29] Goncalves MB, Clarke E, Hobbs C, 
Malmqvist T, Deacon R, Jack J, et al. 
Amyloid β inhibits retinoic acid 

9

Introductory Chapter: Feed Your Mind - How Does Nutrition Modulate Brain Function…
DOI: http://dx.doi.org/10.5772/intechopen.89349

synthesis exacerbating Alzheimer 
disease pathology which can be 
attenuated by an retinoic acid receptor 
α agonist. The European Journal of 
Neuroscience. 2013;37(7):1182-1192

[30] Goodman AB. Retinoid receptors, 
transporters, and metabolizers as 
therapeutic targets in late onset 
Alzheimer disease. Journal of Cellular 
Physiology. 2006;209(3):598-603

[31] Goodman AB, Pardee AB. Evidence 
for defective retinoid transport and 
function in late onset Alzheimer’s 
disease. Proceedings of the 
National Academy of Sciences 
of the United States of America. 
2003;100(5):2901-2905

[32] Sodhi RK, Singh N. Retinoids 
as potential targets for Alzheimer’s 
disease. Pharmacology, Biochemistry, 
and Behavior. 2014;120:117-123

[33] Cai H, Liu G, Sun L, Ding J. 
Aldehyde dehydrogenase 1 making 
molecular inroads into the differential 
vulnerability of nigrostriatal 
dopaminergic neuron subtypes in 
Parkinson’s disease. Translational 
Neurodegeneration. 2014;3:27

[34] Liu G, Yu J, Ding J, Xie C,  
Sun L, Rudenko I, et al. Aldehyde 
dehydrogenase 1 defines and protects 
a nigrostriatal dopaminergic neuron 
subpopulation. The Journal of Clinical 
Investigation. 2014;124(7):3032-3046

[35] Carta M, Stancampiano R, Tronci E, 
Collu M, Usiello A, Morelli M, et al. 
Vitamin A deficiency induces motor 
impairments and striatal cholinergic 
dysfunction in rats. Neuroscience. 
2006;139(4):1163-1172

[36] Krezel W, Ghyselinck N, Samad TA, 
Dupé V, Kastner P, Borrelli E, et al. 
Impaired locomotion and dopamine 
signaling in retinoid receptor mutant 
mice. Science. 1998;279(5352):863-867

[37] Esteves M, Cristóvão AC, Saraiva T, 
Rocha SM, Baltazar G, Ferreira L, et al. 
Retinoic acid-loaded polymeric 
nanoparticles induce neuroprotection in 
a mouse model for Parkinson’s disease. 
Frontiers in Aging Neuroscience. 
2015;7:20

[38] Reiner DJ, Yu S-J, Shen H, 
He Y, Bae E, Wang Y. 9-cis retinoic acid 
protects against methamphetamine-
induced neurotoxicity in nigrostriatal 
dopamine neurons. Neurotoxicity 
Research. 2014;25(3):248-261



Feed Your Mind - How Does Nutrition Modulate Brain Function throughout Life?

8

[15] Olson CR, Mello CV. Significance of 
vitamin A to brain function, behavior 
and learning. Molecular Nutrition and 
Food Research. 2010;54(4):489-495

[16] Turrigiano GG, Nelson SB. 
Homeostatic plasticity in the developing 
nervous system. Nature Reviews. 
Neuroscience. 2004;5(2):97-107

[17] Aoto J, Nam CI, Poon MM, Ting P, 
Chen L. Synaptic signaling by all-
trans retinoic acid in homeostatic 
synaptic plasticity. Neuron. 
2008;60(2):308-320

[18] Arendt KL, Zhang Y, 
Jurado S, Malenka RC, Südhof TC, 
Chen L. Retinoic acid and LTP recruit 
postsynaptic AMPA receptors using 
distinct SNARE-dependent mechanisms. 
Neuron. 2015;86(2):442-456

[19] Chen L, Lau AG, Sarti F. Synaptic 
retinoic acid signaling and homeostatic 
synaptic plasticity. Neuropharmacology. 
2014;78:3-12

[20] Bonhomme D, Minni AM, 
Alfos S, Roux P, Richard E, 
Higueret P, et al. Vitamin A status 
regulates glucocorticoid availability 
in Wistar rats: Consequences on 
cognitive functions and hippocampal 
neurogenesis? Frontiers in Behavioral 
Neuroscience. 2014;20:1-13

[21] Bonnet E, Touyarot K, Alfos S, 
Pallet V, Higueret P, Abrous DN. 
Retinoic acid restores adult hippocampal 
neurogenesis and reverses spatial 
memory deficit in vitamin A deprived 
rats. In: McCabe BD, editor. PLoS One. 
2008;3(10):e3487

[22] Jacobs S, Lie DC, DeCicco KL, 
Shi Y, DeLuca LM, Gage FH, et al. 
Retinoic acid is required early during 
adult neurogenesis in the dentate gyrus. 
Proceedings of the National Academy 
of Sciences of the United States of 
America. 2006;103(10):3902-3907

[23] Touyarot K, Bonhomme D, Roux P, 
Alfos S, Lafenêtre P, Richard E, et al. 
A mid-life vitamin A supplementation 
prevents age-related spatial memory 
deficits and hippocampal neurogenesis 
alterations through CRABP-I. PLoS One. 
2013;8(8):e72101

[24] Hedden T, Gabrieli JDE. Insights 
into the ageing mind: A view from 
cognitive neuroscience. Nature Reviews. 
Neuroscience. 2004;5(2):87-96

[25] Bonhomme D, Pallet V, Dominguez  
G, Servant L, Henkous N, Lafenêtre P,  
et al. Retinoic acid modulates 
intrahippocampal levels of 
corticosterone in middle-aged mice: 
Consequences on hippocampal plasticity 
and contextual memory. Frontiers in 
Aging Neuroscience. 2014;6:6

[26] Etchamendy N, Enderlin V, 
Marighetto A, Pallet V, Higueret P, 
Jaffard R. Vitamin A deficiency and 
relational memory deficit in adult mice: 
Relationships with changes in brain 
retinoid signalling. Behavioural Brain 
Research. 2003;145(1-2):37-49

[27] Mingaud F, Mormede C, 
Etchamendy N, Mons N, 
Niedergang B, Wietrzych M, et al. 
Retinoid hyposignaling contributes to 
aging-related decline in hippocampal 
function in short-term/working 
memory organization and long-term 
declarative memory encoding in mice. 
Journal of Neuroscience: The Official 
Journal of the Society for Neuroscience. 
2008;28(1):279-291

[28] Corcoran JPT, So PL, Maden M. 
Disruption of the retinoid signalling 
pathway causes a deposition of 
amyloid beta in the adult rat brain. The 
European Journal of Neuroscience. 
2004;20(4):896-902

[29] Goncalves MB, Clarke E, Hobbs C, 
Malmqvist T, Deacon R, Jack J, et al. 
Amyloid β inhibits retinoic acid 

9

Introductory Chapter: Feed Your Mind - How Does Nutrition Modulate Brain Function…
DOI: http://dx.doi.org/10.5772/intechopen.89349

synthesis exacerbating Alzheimer 
disease pathology which can be 
attenuated by an retinoic acid receptor 
α agonist. The European Journal of 
Neuroscience. 2013;37(7):1182-1192

[30] Goodman AB. Retinoid receptors, 
transporters, and metabolizers as 
therapeutic targets in late onset 
Alzheimer disease. Journal of Cellular 
Physiology. 2006;209(3):598-603

[31] Goodman AB, Pardee AB. Evidence 
for defective retinoid transport and 
function in late onset Alzheimer’s 
disease. Proceedings of the 
National Academy of Sciences 
of the United States of America. 
2003;100(5):2901-2905

[32] Sodhi RK, Singh N. Retinoids 
as potential targets for Alzheimer’s 
disease. Pharmacology, Biochemistry, 
and Behavior. 2014;120:117-123

[33] Cai H, Liu G, Sun L, Ding J. 
Aldehyde dehydrogenase 1 making 
molecular inroads into the differential 
vulnerability of nigrostriatal 
dopaminergic neuron subtypes in 
Parkinson’s disease. Translational 
Neurodegeneration. 2014;3:27

[34] Liu G, Yu J, Ding J, Xie C,  
Sun L, Rudenko I, et al. Aldehyde 
dehydrogenase 1 defines and protects 
a nigrostriatal dopaminergic neuron 
subpopulation. The Journal of Clinical 
Investigation. 2014;124(7):3032-3046

[35] Carta M, Stancampiano R, Tronci E, 
Collu M, Usiello A, Morelli M, et al. 
Vitamin A deficiency induces motor 
impairments and striatal cholinergic 
dysfunction in rats. Neuroscience. 
2006;139(4):1163-1172

[36] Krezel W, Ghyselinck N, Samad TA, 
Dupé V, Kastner P, Borrelli E, et al. 
Impaired locomotion and dopamine 
signaling in retinoid receptor mutant 
mice. Science. 1998;279(5352):863-867

[37] Esteves M, Cristóvão AC, Saraiva T, 
Rocha SM, Baltazar G, Ferreira L, et al. 
Retinoic acid-loaded polymeric 
nanoparticles induce neuroprotection in 
a mouse model for Parkinson’s disease. 
Frontiers in Aging Neuroscience. 
2015;7:20

[38] Reiner DJ, Yu S-J, Shen H, 
He Y, Bae E, Wang Y. 9-cis retinoic acid 
protects against methamphetamine-
induced neurotoxicity in nigrostriatal 
dopamine neurons. Neurotoxicity 
Research. 2014;25(3):248-261



11

Section 2

PUFA Metabolism  
in the Brain



11

Section 2

PUFA Metabolism  
in the Brain



13

Chapter 2

Polyunsaturated Fatty Acid 
Metabolism in the Brain and  
Brain Cells
Corinne Joffre

Abstract

Dietary polyunsaturated fatty acids (PUFAs) have gained more importance 
these last decades since they regulate the level of long-chain PUFAs (LC-PUFAs) in 
all cells and especially in brain cells. Because LC-PUFAs, especially those of the n-3 
family, display both anti-inflammatory and pro-resolution properties, they play an 
essential role in neuroinflammation. Neuroinflammation is a hallmark of neuro-
logical disorders and requires to be tightly controlled or at least limited otherwise 
it can have functional consequences and negatively impact the quality of life and 
well-being of patients. LC-PUFAs exert these beneficial properties in part through 
the synthesis of specialized pro-resolving mediators (SPMs) that are involved in the 
resolution of inflammation and to the return of homeostasis. SPMs are promising 
relevant candidates to resolve brain inflammation and to contribute to neuroprotec-
tive functions and lead to novel therapeutics for brain inflammatory diseases. Here 
we present an overview of the origin and accumulation of PUFAs in the brain and 
brain cells and their conversion into SPMs that are involved in neuroinflammation 
and how nutrition induces variations in LC-PUFA and SPM levels in the brain and 
in brain cells.

Keywords: long-chain polyunsaturated fatty acids (LC-PUFAs), docosahexaenoic 
acid (DHA), eicosapentaenoic acid (EPA), specialized pro-resolving mediators 
(SPMs), nutrition, neuroinflammation, brain, brain cells

1. Introduction

Polyunsaturated fatty acids (PUFA) are essential fatty acids including precur-
sors and long-chain PUFAs (LC-PUFAs). Precursors have to be provided by the 
diet because they cannot be produced by mammals [1]. They can be converted into 
LC-PUFAs. However, as the conversion rate is very low in human [2, 3], it is recom-
mended to consume also LC-PUFAs that modulate LC-PUFA composition of brain 
and brain cells. Altered dietary intake and/or PUFA metabolism has been reported 
to be involved in a number of neurological disorders via sustained neuroinflam-
matory processes [4]. Indeed, LC-PUFAs are key regulators of inflammation [5]. 
LC-PUFAs can be metabolized into specific derivatives such as specialized pro-
resolving mediators (SPMs) that have anti-inflammatory and pro-resolving proper-
ties [6–9], giving the LC-PUFAs and their biological derivatives a growing interest 
to treat inflammation and more specifically neuroinflammation. Hence, they may 
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1. Introduction

Polyunsaturated fatty acids (PUFA) are essential fatty acids including precur-
sors and long-chain PUFAs (LC-PUFAs). Precursors have to be provided by the 
diet because they cannot be produced by mammals [1]. They can be converted into 
LC-PUFAs. However, as the conversion rate is very low in human [2, 3], it is recom-
mended to consume also LC-PUFAs that modulate LC-PUFA composition of brain 
and brain cells. Altered dietary intake and/or PUFA metabolism has been reported 
to be involved in a number of neurological disorders via sustained neuroinflam-
matory processes [4]. Indeed, LC-PUFAs are key regulators of inflammation [5]. 
LC-PUFAs can be metabolized into specific derivatives such as specialized pro-
resolving mediators (SPMs) that have anti-inflammatory and pro-resolving proper-
ties [6–9], giving the LC-PUFAs and their biological derivatives a growing interest 
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represent a relevant alternative or complementary strategy to treat pathologies 
involving neuroinflammation. Here, we will review the literature on PUFAs and 
their bioactive lipid derivatives in the brain and brain cells. The book chapter will 
be divided in two main sections: in the first one, we will report data on the origin of 
PUFAs in the brain and on PUFA content in brain and brain cells and in the second 
one, we will review recent data on the bioactive lipid derivatives and their role in 
neuroinflammation. We will discuss how nutrition, an environmental factor to 
which individuals are exposed throughout their life, is a factor of variation of PUFA 
and their mediator contents in both sections. We will focus on total brain but also 
on brain cells since brain cells are differently affected by dietary supply.

2. PUFAs in the brain and brain cells

2.1 Origin of PUFAs in the brain

2.1.1 Metabolism of PUFAs

PUFAs are fatty acids containing more than one double bond on their carbon 
chain. They are classified into two main series, the n-6 PUFAs and the n-3 PUFAs 
depending on the position of the first double bond from the methyl terminal end. 
N-6 PUFAs have the first double bond at the 6th carbon and n-3 PUFAs at the 
3rd. Of these two series, linoleic acid (LA) and alpha-linolenic acid (ALA) are 
the precursors and are essential fatty acids because mammals cannot synthesize 
them. In vivo, these precursors can be elongated, desaturated and beta-oxidized 
into fatty acids with additional double bonds and carbon atoms leading to long-
chain PUFAs (LC-PUFAs, ≥20 carbon atoms) (Figure 1). This metabolic pathway 
requires specific Δ6 and Δ5 desaturases and elongases that are common to both n-6 
and n-3 PUFAs, meaning that these pathways are in competition [10]. LC-PUFA 

Figure 1. 
Synthesis pathways of n-6 and n-3 LC-PUFA and main dietary sources of PUFAs. LA: linoleic acid; LNA: 
linolenic acid; AA: arachidonic acid; EPA: eicosapentaenoic acid; DHA: docosahexaenoic acid.

15

Polyunsaturated Fatty Acid Metabolism in the Brain and Brain Cells
DOI: http://dx.doi.org/10.5772/intechopen.88232

biosynthesis takes place mainly in the liver, especially in both microsomes and 
peroxisomes [11]. However, the brain also possesses the enzymatic equipment and 
can synthesize LC-PUFAs. The main LC-PUFAs for the n-6 and n-3 series, due to 
their role as precursors of bioactive derivatives and due to their level in the brain, 
are arachidonic acid (AA, 20:4 n-6) and docosahexaenoic acid (DHA, 22:6 n-3) 
[12, 13]. Eicosapentaenoic acid (EPA, 20:5 n-3) is also an important n-3 LC-PUFA 
as it is also a precursor of bioactive derivatives despite its low level in the brain 
because of its rapid β-oxidation [14]. Docosapentaenoic acid (DPA, 22:5 n-6) for 
the n-6 family is also relevant because it replaces DHA in the membranes in case 
of dietary n-3 PUFA deficiency. LC-PUFAs are mainly esterified in phospholipids. 
They are also present as free LC-PUFA in very low amount: 1 nmole/g tissue versus 
10 μmoles/g [15].

2.1.2 Dietary origin

The precursors LA and ALA are found mainly in vegetables, oils, and seeds 
(60% of LA in sunflower oil and 10% of ALA in rapeseed oil, for example) (Figure 1) 
[16, 17]. Although human can synthesize LC-PUFAs from these precursors, the 
conversion efficiency is very low (<5%) even in healthy adults [2, 3]. Hence, the main 
part of LC-PUFAs comes from the diet. AA is found in meats (5–10%) and eggs (15%) 
[18, 19] and DHA and EPA are found in fatty fishes (18.7% EPA + DHA in salmon, 
32.9% EPA + DHA in tuna, for example) (Figure 1) [20]. However, lean fishes 
(sole, codfish, etc.) contain also appreciable amounts of DHA and EPA. Therefore, 
LC-PUFAs dietary intakes are crucial to maintain adequate levels of LC-PUFAs in 
membranes. That is why there are dietary recommendations for PUFAs. Dietary 
intakes recommend ~500 mg/day in EPA and DHA (2 portions of fish/week) and 
a ratio LA/ALA close to 4–5 to meet all the needs of the body into DHA and to 
protect against cardiovascular disease risk [21, 22]. Preclinical and clinical studies 
indicate that increasing dietary ALA and reducing LA are beneficial in increasing 
n-3 LC-PUFA bioavailability [23, 24]. Despite these recommendations, dietary n-3 
PUFA intake is insufficient, both for the precursor ALA and the LC-PUFAs DHA and 
EPA. Indeed, in the western diet, there is an imbalance between n-6 and n-3 PUFAs 
leading to an n-3 PUFA consumption 12–20 times lower than n-6 PUFA consump-
tion [10, 25]. This is due to the increased industrialization in the developed nations 
accompanied by changes in dietary habits. It is particularly characterized by an 
increase in LA and AA together with a decrease in ALA and DHA. A high intake of LA 
associated with a low intake of ALA leads to the accumulation of n-6 PUFAs, includ-
ing AA. In case of severe n-3 PUFA deficiency, the expression of desaturases and 
elongases are upregulated in the liver in order to compensate and provide DHA to the 
brain [26, 27]. In addition, under dietary n-3 PUFA deficiency, the half-life of brain 
DHA is increased by twofold as under balanced diet [28]. Dietary lipids, representing 
35–40% of total energy intake, are essentially found (90–95%) in the form of triglyc-
erides (a glycerol backbone with three fatty acids). They are also found in the form of 
phospholipids (in which the 3-position on the glycerol is replaced by a phosphorylated 
alcohol function). There is still a debate concerning the better form to enhance EPA/
DHA bioavailability, krill oil as a source of phospholipids or fish oil as a source of 
triglycerides [29, 30]. More studies have to be performed.

2.2 PUFA content in the brain

The brain contains high levels of PUFAs (25–30%) that are mainly DHA (n-3 
PUFA) (12–14% of total fatty acids) and AA (n-6 PUFA) (8–10% of total fatty 
acids) [12, 31–35]. Most LC-PUFAs accumulate during brain development, especially 
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[12, 13]. Eicosapentaenoic acid (EPA, 20:5 n-3) is also an important n-3 LC-PUFA 
as it is also a precursor of bioactive derivatives despite its low level in the brain 
because of its rapid β-oxidation [14]. Docosapentaenoic acid (DPA, 22:5 n-6) for 
the n-6 family is also relevant because it replaces DHA in the membranes in case 
of dietary n-3 PUFA deficiency. LC-PUFAs are mainly esterified in phospholipids. 
They are also present as free LC-PUFA in very low amount: 1 nmole/g tissue versus 
10 μmoles/g [15].

2.1.2 Dietary origin

The precursors LA and ALA are found mainly in vegetables, oils, and seeds 
(60% of LA in sunflower oil and 10% of ALA in rapeseed oil, for example) (Figure 1) 
[16, 17]. Although human can synthesize LC-PUFAs from these precursors, the 
conversion efficiency is very low (<5%) even in healthy adults [2, 3]. Hence, the main 
part of LC-PUFAs comes from the diet. AA is found in meats (5–10%) and eggs (15%) 
[18, 19] and DHA and EPA are found in fatty fishes (18.7% EPA + DHA in salmon, 
32.9% EPA + DHA in tuna, for example) (Figure 1) [20]. However, lean fishes 
(sole, codfish, etc.) contain also appreciable amounts of DHA and EPA. Therefore, 
LC-PUFAs dietary intakes are crucial to maintain adequate levels of LC-PUFAs in 
membranes. That is why there are dietary recommendations for PUFAs. Dietary 
intakes recommend ~500 mg/day in EPA and DHA (2 portions of fish/week) and 
a ratio LA/ALA close to 4–5 to meet all the needs of the body into DHA and to 
protect against cardiovascular disease risk [21, 22]. Preclinical and clinical studies 
indicate that increasing dietary ALA and reducing LA are beneficial in increasing 
n-3 LC-PUFA bioavailability [23, 24]. Despite these recommendations, dietary n-3 
PUFA intake is insufficient, both for the precursor ALA and the LC-PUFAs DHA and 
EPA. Indeed, in the western diet, there is an imbalance between n-6 and n-3 PUFAs 
leading to an n-3 PUFA consumption 12–20 times lower than n-6 PUFA consump-
tion [10, 25]. This is due to the increased industrialization in the developed nations 
accompanied by changes in dietary habits. It is particularly characterized by an 
increase in LA and AA together with a decrease in ALA and DHA. A high intake of LA 
associated with a low intake of ALA leads to the accumulation of n-6 PUFAs, includ-
ing AA. In case of severe n-3 PUFA deficiency, the expression of desaturases and 
elongases are upregulated in the liver in order to compensate and provide DHA to the 
brain [26, 27]. In addition, under dietary n-3 PUFA deficiency, the half-life of brain 
DHA is increased by twofold as under balanced diet [28]. Dietary lipids, representing 
35–40% of total energy intake, are essentially found (90–95%) in the form of triglyc-
erides (a glycerol backbone with three fatty acids). They are also found in the form of 
phospholipids (in which the 3-position on the glycerol is replaced by a phosphorylated 
alcohol function). There is still a debate concerning the better form to enhance EPA/
DHA bioavailability, krill oil as a source of phospholipids or fish oil as a source of 
triglycerides [29, 30]. More studies have to be performed.

2.2 PUFA content in the brain

The brain contains high levels of PUFAs (25–30%) that are mainly DHA (n-3 
PUFA) (12–14% of total fatty acids) and AA (n-6 PUFA) (8–10% of total fatty 
acids) [12, 31–35]. Most LC-PUFAs accumulate during brain development, especially 
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during the perinatal period: in humans between the beginning of the third trimester 
of gestation and 2 years and in rodents between the 7th and the 21st postnatal day 
[36–38]. These periods correspond to the rapid neuronal maturation, synaptogen-
esis, and gray matter expansion [39, 40]. The brain LC-PUFA content differs in 
brain structures [12, 31, 35, 41, 42], for example, in the adult C57Bl6/J mice, AA 
is higher in hippocampus (10.2%), followed by the prefrontal cortex (9.7%), the 
hypothalamus (8.5%), the cortex (7.7%), the cerebellum (6.5%), and the brain stem 
(5.5%) [12]. DHA is higher in the prefrontal cortex (14.3%) and in the hippocam-
pus (13.7%), followed by cerebellum (12.2%) and cortex (11.9%), hypothalamus 
(10.1%), and brain stem (8.2%) [12]. Then the AA/DHA ratio varies from 0.75 
to 0.85 in the hypothalamus and hippocampus to 0.54 in the cerebellum. These 
variations may be due to different LC-PUFA entry mechanisms into the brain or to 
different incorporation into membranes of cells composing the structure considered. 
These levels are comparable in human: prefrontal cortex contains between 12.3 and 
15.9% of DHA in rats and mice and between 14.1 and 15.9% [12, 35, 43, 44].

2.3 PUFA content in brain cells

Brain cells comprise neurons and glial cells: 70% astrocytes, 10–15% oligoden-
drocytes, and 10–15% microglial cells [45]. Very few studies reported the fatty acid 
composition of the individual cells. Bourre et al. determined the fatty acid composi-
tion in neurons, astrocytes, and oligodendrocytes in 15- or 60-days rats and con-
firmed previous results obtained in 1973 and 1981 [46–49]. We recently described 
the fatty acid composition of microglial cells in 21-days mice [46, 50].

Neurons cannot synthesize LC-PUFAs but can incorporate them in their mem-
branes. They contain 8.2–8.3% DHA and 2.2–2.8% n-3 DPA (22:5 n-3) for n-3 
LC-PUFAs, 10.3–15.1% AA, 2.2% n-6 DPA, and 1.0–2.1% adrenic acid (22: 4 n-6) for 
n-6 LC-PUFAs [46]. They contain 3.1–6.9% LA. Then the ratio n-3/n-6 is 0.46–0.50.

Astrocytes are supportive glial cells that play many roles including synaptic 
transmission and energy metabolite furniture to different neural elements. They 
respond to all forms of central nervous system (CNS) insults through a process 
referred to as reactive astrogliosis. Dysfunctions of astrocytes result in pathologi-
cal changes in the CNS. Astrocytes contain 10.6–12.1% DHA and 0.7–1.3% of n-3 
DPA for n-3 LC-PUFAs and 10.1–10.3% of AA, 2.5–2.7% of n-6 DPA and 2.4–2.7% 
adrenic acid (22:4 n-6) [46]. They contain few PUFA precursors: only 1.2–1.4% of 
LA and no ALA. The ratio n-3/n-6 is 0.72–0.76.

Oligodendrocytes provide a supporting role for neurons and are involved in the 
formation of myelin sheaths of nerve cell axons. They are highly dynamic and can 
respond to environmental influences and neuronal activity. They can also regener-
ate myelin spontaneously after CNS injury. Any disturbances in their functioning 
are associated with major diseases of the nervous system. They contain mainly 5.1% 
DHA for n-3 LC-PUFAs and 9.3% AA and 3.5% n-6 DPA for n-6 LC-PUFAs [46]. 
They contain not as much as LA: only 2.7%. The ratio n-3/n-6 is 0.33.

Microglial cells are the innate immune cells of the brain. They play a major role in 
synaptogenesis, synapse structure and function, and neuroinflammation. They perpet-
ually scan and control their environment and once activated, they deliver pro-inflam-
matory and pro-regeneration responses. Their fatty acid composition differs from that 
of the other brain cells. In all these cells, DHA is the main fatty acid. Microglial cells are 
characterized by few DHA (<1%) and n-3 DPA (0.1%) but high content of EPA (3.7%) 
[50]. They contain few AA (1.6%). They contain PUFA precursors: 8.0% LA and 1.3% 
ALA. The ratio n-3/n-6 is 0.42. This microglial fatty acid composition also differs from 
the whole brain hippocampus that contains higher DHA than EPA [51]. Then, it seems 
that EPA metabolism is different in microglial cells than in other brain cells and the 
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whole brain structure. It is not highly β-oxidized as in the whole brain [52]. More studies 
have to be performed to elucidate the role of EPA in microglial cells.

2.4 Nutrition as a major factor of variation of brain and brain cell PUFA content

Nutrition is an environmental factor to which individuals are continuously 
exposed throughout life. And it is an environmental factor that changed a lot these 
last decades. Indeed, there was a dramatic reduction in the dietary supply of n-3 
PUFAs in western societies associated with a drastic increase in the n-6 PUFAs, 
leading to an imbalanced n-6/n-3 PUFA ratio estimated at 12–20 in developed 
countries instead of five recommended [10].

This is particularly important considering that brain fatty acid composition var-
ies with the fatty acids of the dietary supply [53]. Indeed, PUFA content is strongly 
impacted by the dietary PUFAs in all brain structures [12, 54]. A diet deficient in 
n-3 PUFA precursor during development and/or adulthood decreases brain DHA 
in all brain structures; the prefrontal cortex and the hippocampus that contain the 
highest DHA content are the most sensitive whereas the hypothalamus that contains 
the lowest DHA, is the least sensitive [12, 31, 55–58]. These differences may be 
attributed to the evolution of brain performance [59, 60]. In such case of n-3 PUFA 
deficiency, changes in metabolism occur: the half-life of DHA increases in the brain 
to reduce its loss [61] and the activity of DHA synthesis enzymes (Δ6 destaurase 
and elongase) is increased in the liver [26, 62, 63]. In contrast to the deficiency, the 
supplementation in n-3 LC-PUFAs increases brain DHA [64–67]. DHA supple-
mentation is more efficient than ALA supplementation to increase brain DHA [68, 
69]. A DHA supplementation is also efficient to reverse brain DHA decrease due to 
an n-3 PUFA deficiency or to aging [33, 70–72]. Also, genetic models of n-3 PUFA 
enrichment such as Fat-1 mice possess higher brain DHA content [12, 73–77].

Brain cells are also impacted by dietary PUFA supply. An n-3 PUFA precursor-
deficient diet decreases DHA in neurons (4.6% versus 8.2% in 15-day old ani-
mals and 2.4 versus 8.3% in 60-day old animals), astrocytes (3.1 versus 10.6% in 
15-day old animals and 5.7 versus 12.1% in 60-day old animals), and oligodendro-
cytes (0.1% versus 5.1% in 60-day old animals) [46]. These changes decrease the 
n-3/n-6 ratio (0.24 versus 0.46–0.50 in neurons, 0.12–0.25 versus 0.72–0.76 in astro-
cytes and 0.02 versus 0.33 in oligodendrocytes). Interestingly, we recently find that 
a maternal n-3 PUFA precursor deficiency increases n-6 DPA but does not affect 
DHA level in microglial cells in 21-day-old animals, suggesting that these cells are 
protected from n-3 PUFA deficiency [50]. However, we also report that a maternal 
n-3 LC-PUFA supplementation increases DHA levels and decreases n-6 DPA levels 
in these animals, confirming results previously obtained in glial cells [78, 79].

All these results suggest that brain DHA levels are highly variables, depending 
on the brain structures or brain cells considered and on the dietary fatty acid intake. 
This may have consequences on inflammatory processes since n-3 LC-PUFAs have 
immunomodulatory properties [80].

3. Bioactive PUFA derivatives

3.1 Bioactive PUFA derivative metabolism

3.1.1 PUFA derivative synthesis pathways

Some of the immunomodulatory properties of LC-PUFAs are attributed to the 
synthesis of bioactive lipid mediators. Different lipid mediators are synthesized: those 
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Some of the immunomodulatory properties of LC-PUFAs are attributed to the 
synthesis of bioactive lipid mediators. Different lipid mediators are synthesized: those 
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involved in the regulation of inflammation such as the eicosanoids (prostaglandins, 
leukotrienes, and thromboxanes) and those implicated in the resolution of inflam-
mation called specialized pro-resolving mediators (SPMs, resolvins, protectins, and 
maresins) (Figure 2). Among the eicosanoids, those synthesized from n-3 PUFAs are 
less potent inflammatory than those synthesized from n-6 PUFAs [81] highlighting 
the interest to increase n-3 PUFA and decrease n-6 PUFA contents in the membranes. 
Then, when co-present, EPA-derived eicosanoids antagonize those synthesized 
from AA. The main EPA-derived mediators include 3-series prostaglandin (PG), 
5-series leukotriene (LT), and 3-series thromboxane (TX), reported to be nonac-
tive (Figure 2). DHA is also converted into 3-series PG (Figure 2). In addition, 
eicosanoids synthesized from AA and EPA act in competition as they share the same 
G-protein-coupled receptors. Moreover, EPA is a competitive inhibitor to AA. Indeed, 
it reduces the production of AA by inhibiting the activity of Δ5 desaturase convert-
ing dihomo-gamma-linolenic acid (dGLA) into AA [81]. EPA also reduces in vitro 
the production of AA-derived eicosanoids by inhibiting the activity of cyclooxy-
genase-2 (COX-2) and 5-lipoxygenase (5-LOX) generating the eicosanoids [82–84]. 
Eicosanoids are synthesized first in the time course of the inflammatory response. 
Then, there is a switch in the bioactive lipid mediator class: SPMs derived from n-3 
LC-PUFAs are synthesized to induce the resolution of inflammation and a return to 
homeostasis (Figure 3). DHA is the precursor of D-series resolvins, neuroprotectin 
D1 (NPD1), and Maresin 1–2 (Mar1–2) and EPA is the precursor of E-series resolvins, 
all these derivatives underlying most of the beneficial effects attributed to their pre-
cursors [1, 85–87]. These derivatives have both anti-inflammatory and pro-resolution 
properties without immune suppression [6, 8, 88, 89]. SPMs actively orchestrate and 
finely tune the inflammatory response. They decrease pro-inflammatory cytokines 
and increase anti-inflammatory cytokines and accelerate the phagocytosis of cellular 
debris and dead cells without immune suppression. They are synthesized via COX-2, 
LOX, and cytochrome P450 monooxygenases (CYP450) once they have been released 
from membrane phospholipids by phospholipase A2 in response to stimulation. These 

Figure 2. 
Main bioactive lipid mediators synthesized from n-3 PUFAs. DHA: docosahexaenoic acid; EPA: 
eicosapentaenoic acid; LNA: linolenic acid; LT: leukotriene; NPD1: neuroprotection D1; PG: prostaglandin; 
SPMs: specialized pro-resolving mediators; Tx: thromboxane.
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enzymes are expressed in the brain [90–92]. In response to lipopolysaccharide (LPS) 
that induces inflammation, COX-2 is rapidly expressed in the hippocampus [69, 93] 
and inhibition of COX-2 delays resolution of acute inflammation [94]. 15-LOX and 
5-LOX are the most abundant LOX in the brain [90]. 15-LOX has a dual role since it is 
involved in neurodegeneration and neurotoxicity due to the increased stress it gener-
ates [95–97] and is also involved in neuroprotection [98]. 15-LOX deletion or inhibi-
tion decreases SPM production in the brain and cognitive alterations [90]. CYP450 
generates n-6 derived epoxides that are anti-inflammatory [99–102]. These enzymes 
are also expressed in microglia, astrocytes, oligodendrocytes, and neurons [103–106].

3.1.2 Bioactive lipid mediators

DHA is converted into monohydroxy DHA (17-HDHA) by acetylated COX-2, 
CYP450, and 15-LOX [107, 108] and then into RvD1 by 5-LOX [109, 110]. RvD1 
and its precursors have mostly been described at the periphery but have also been 
detected in the brain. RvD1 was measured in mouse brain following cerebral 
ischemia. Its level is increased following a DHA intravenous injection [111] and 
modulated during inflammation: it decreases at the beginning and then increases 
during the resolution phase [112]. RvD1 acts through the regulation of micro-
RNAs (miRNAs) that modulate the expression of target genes such as inflamma-
tory genes [113–117]. DHA can also be converted into di-hydroxy-DHA termed 
protectin D1 (PD1) or neuroprotectin D1 (NPD1) when produced in the CNS by 
5- and 15-LOX [118–121]. NPD1 was measured in hippocampus. Its level greatly 
is increased following brain ischemia or acute central LPS injection [70, 122] and 
decreased in the hippocampus of Alzheimer’s disease patients [123]. NPD1 acts 
through NFkB and then decreases pro-inflammatory gene expression [122, 124, 
125]. At last, DHA can also be converted into 14-HDHA and then in Mar1–2 by 
12/15-LOX [107, 108, 126]. Mar1 and its precursor 14-HDHA have recently been 
identified in the hippocampus of mice [70]. Its level is decreased in post-mortem 
Alzheimer’s disease patients contributing to the progression of this pathology 
[127]. Mar1 promotes the resolution of inflammation, reducing pro-inflammatory 
cytokines, silencing pro-inflammatory signaling cascades, and enhancing M2 
repair macrophage phenotype after cerebral ischemia or spinal cord injury 
[128–130] (Figure 3).

EPA is converted into resolvins E1, E2, and E3 by acetylated COX-2 or CYP450 
via 18R-HEPE by 5- or 15-LOX [107, 131, 132]. RvE1 and its precursor have been 
detected in hippocampus [70, 133, 134]. RvE1 inhibits NFκB signaling pathway and 
then decreases LPS-induced proinflammatory cytokines (TNF-α, IL-6, and IL-1β) 
gene expression in microglial cells [117].

3.1.3 SPM receptors

SPMs act through specific receptors, some but not all of them have recently been 
identified. RvD1 acts through lipoxin A4 receptor/formyl peptide receptor 2 (ALX/
Fpr2) in rodents and G protein coupling receptor 32 (GPR32) in human [109] at 
picomolar range but induces biological effects at nanomolar range [110, 135]. RvE1 
directly binds to its receptor G protein coupling receptor ChemR23 or chemokine 
like receptor 1 (CMKLR1) [131]. It is also a partial agonist of a leukotriene B4 
receptor (BLT1) [136]. In the CNS, ALX/Fpr2 has been identified in the brainstem, 
spinal cord, hypothalamus, cortex, hippocampus, cerebellum, and striatum [137] 
and ChemR23 in the prefrontal cortex, hippocampus, and brainstem [138]. At the 
cellular levels, these two receptors have been detected in microglial cells [117, 139], 
neurons [137, 140] and astrocytes [96, 113] (Figure 3).
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enzymes are expressed in the brain [90–92]. In response to lipopolysaccharide (LPS) 
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and inhibition of COX-2 delays resolution of acute inflammation [94]. 15-LOX and 
5-LOX are the most abundant LOX in the brain [90]. 15-LOX has a dual role since it is 
involved in neurodegeneration and neurotoxicity due to the increased stress it gener-
ates [95–97] and is also involved in neuroprotection [98]. 15-LOX deletion or inhibi-
tion decreases SPM production in the brain and cognitive alterations [90]. CYP450 
generates n-6 derived epoxides that are anti-inflammatory [99–102]. These enzymes 
are also expressed in microglia, astrocytes, oligodendrocytes, and neurons [103–106].

3.1.2 Bioactive lipid mediators

DHA is converted into monohydroxy DHA (17-HDHA) by acetylated COX-2, 
CYP450, and 15-LOX [107, 108] and then into RvD1 by 5-LOX [109, 110]. RvD1 
and its precursors have mostly been described at the periphery but have also been 
detected in the brain. RvD1 was measured in mouse brain following cerebral 
ischemia. Its level is increased following a DHA intravenous injection [111] and 
modulated during inflammation: it decreases at the beginning and then increases 
during the resolution phase [112]. RvD1 acts through the regulation of micro-
RNAs (miRNAs) that modulate the expression of target genes such as inflamma-
tory genes [113–117]. DHA can also be converted into di-hydroxy-DHA termed 
protectin D1 (PD1) or neuroprotectin D1 (NPD1) when produced in the CNS by 
5- and 15-LOX [118–121]. NPD1 was measured in hippocampus. Its level greatly 
is increased following brain ischemia or acute central LPS injection [70, 122] and 
decreased in the hippocampus of Alzheimer’s disease patients [123]. NPD1 acts 
through NFkB and then decreases pro-inflammatory gene expression [122, 124, 
125]. At last, DHA can also be converted into 14-HDHA and then in Mar1–2 by 
12/15-LOX [107, 108, 126]. Mar1 and its precursor 14-HDHA have recently been 
identified in the hippocampus of mice [70]. Its level is decreased in post-mortem 
Alzheimer’s disease patients contributing to the progression of this pathology 
[127]. Mar1 promotes the resolution of inflammation, reducing pro-inflammatory 
cytokines, silencing pro-inflammatory signaling cascades, and enhancing M2 
repair macrophage phenotype after cerebral ischemia or spinal cord injury 
[128–130] (Figure 3).
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via 18R-HEPE by 5- or 15-LOX [107, 131, 132]. RvE1 and its precursor have been 
detected in hippocampus [70, 133, 134]. RvE1 inhibits NFκB signaling pathway and 
then decreases LPS-induced proinflammatory cytokines (TNF-α, IL-6, and IL-1β) 
gene expression in microglial cells [117].
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Fpr2) in rodents and G protein coupling receptor 32 (GPR32) in human [109] at 
picomolar range but induces biological effects at nanomolar range [110, 135]. RvE1 
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like receptor 1 (CMKLR1) [131]. It is also a partial agonist of a leukotriene B4 
receptor (BLT1) [136]. In the CNS, ALX/Fpr2 has been identified in the brainstem, 
spinal cord, hypothalamus, cortex, hippocampus, cerebellum, and striatum [137] 
and ChemR23 in the prefrontal cortex, hippocampus, and brainstem [138]. At the 
cellular levels, these two receptors have been detected in microglial cells [117, 139], 
neurons [137, 140] and astrocytes [96, 113] (Figure 3).
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Other receptors have not been identified yet (Mar1 receptor) [127] or identified 
only at the periphery in macrophages but not in microglia (NPD1 receptor) [141].

In the next sections, we will focus on the role of these SPMs to better understand 
the beneficial effects of the n-3 PUFAs.

3.2 Role of bioactive lipid derivatives in neuroinflammation

SPMs have multiple biological roles, focusing to the return to homeostasis. In 
human serum, DHA- and EPA-derivatives represent 30.7 and 25.9% of the identi-
fied SPMs, respectively [142, 143]. The most SPMs studied are RvD1 and RvE1 
because they have powerful anti-inflammatory and pro-resolution properties. We 
will then detail the biological roles for these two bioactive mediators.

3.2.1 Biological role of RvD1 and RvE1 in humans

The effect of RvD1 was mainly studied in patients suffering from Alzheimer’s 
disease. Interestingly, RvD1 levels in cerebrospinal fluid are positively correlated 
with the enhancement of cognitive functions of patients with dementia [96]. 
Moreover, it was suggested in vitro in macrophages isolated from Alzheimer’s 
patients that RvD1 may be involved in Aβ phagocytosis [144, 145]. Then the 
decrease in RvD1 levels in Alzheimer’s patient brain could contribute to the dis-
ease development. To our knowledge, the effect of RvE1 in humans was shown 
at the periphery (on patients undergoing hepatobiliary resection, pulmonary 

Figure 3. 
Specialized pro-resolving mediator (SPM) synthesis. 14-HDHA: 14-hydroxy-docosahexaenoic acid; 17-HDHA: 
17-hydroxy-docosahexaenoic acid; 18-HEPE: 18-hydroxy-eicosapentaenoic acid; ALX/Fpr2: N-formyl 
peptide receptor 2; BLT1: leukotriene B4 receptor; COX-2: cyclooxygenases; DHA: docosahexaenoic acid; EPA: 
eicosapentaenoic acid; GPR32/37: G protein-coupled receptor 32/37; LC-PUFAs: long chain polyunsaturated 
fatty acids; LOX: lipoxygenases.
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inflammation, and bone disease periodontitis) [146–148] but not at the brain level 
on patients suffering from neurodegenerative diseases.

3.2.2 Biological roles of RvD1 and RvE1 in rodents

RvD1 and RvE1 are active in reducing the pro-inflammatory status in the 
CNS. Indeed, the precursors of RvD1, 17R-HDHA, and 17S-HDHA decrease the 
production of pro-inflammatory cytokines TNF-α in the spinal cord and IL-1β and 
TNF-α in the hippocampus [70, 149]. Moreover, RvD1 is able to induce the polariza-
tion of macrophages and microglia toward an M2 phagocytic phenotype [150–152]. 
In addition, RvD1 reduces neuroinflammation via miRNA in a model of remote 
damage [113]. RvE1 also modulates inflammation by reducing the proinflammatory 
cytokines IL-1β and IL-6 in the prefrontal cortex and decreases the measures of 
Aβ pathology in a murine model of Alzheimer’s disease [153]. Furthermore, RvE1 
treatment decreases brain microglial activation following traumatic brain injury 
or peripheral brain injury, decreasing the proportion of activated microglia at the 
expense of ramified microglia [154, 155].

RvD1 is also involved in the prevention of cognitive deficits. In a systemic 
inflammation model, cognitive decline is prevented by an intraperitoneal (ip) injec-
tion of the precursor of RvD1, 17R-HDHA, and is associated with the restoration of 
transmission and synaptic plasticity and to the prevention of astrogliosis [154, 156]. 
Moreover, in a model of traumatic brain injury, cognitive deficits are also prevented 
by an ip chronic administration of 17R-HDHA [154]. Of note, Fat-1 mice that 
have more brain n-3 LC-PUFAs have higher hippocampus RvD1 that is associated 
with less cognitive deficits, a better neuronal survival, a decrease in astrocyte and 
microglial activation and a reduction in pro-inflammatory status following brain 
ischemia [77, 157]. Inversely, an inhibition of 15-LOX associated with a decrease in 
RvD1 induces alterations in synaptic plasticity and working memory [90].

Additionally, RvD and E are also associated with the prevention of depressive-
like behaviors [158]. An intracerebroventricular (icv) injection of RvD1, D2, E1, 
E2, or E3 significantly decreases LPS-induced depressive-like behaviors [159–161]. 
Moreover, an intrathecal injection of 17R-HDHA prevents the occurrence of 
depressive-like behaviors and is associated with the decrease of pain perception and 
a restoration of dopamine and glutamate levels in the brain [149, 162]. RvD1 and D2 
have also positive effects in chronic mild stress-induced depression and in post-
myocardial infarct depression [163, 164].

3.2.3 Biological roles of RvD1 and RvE1 in in vitro brain cell models

The effects of RvD1 were tested on different brain cells. In microglial cells, 
RvD1 potentiates the activation of the anti-inflammatory M2 phenotype of 
microglia, enhancing the effect of the anti-inflammatory cytokine IL-4, Arg1, 
and Ym1 expression and decreasing CD11b expression [152, 155, 165]. Moreover, 
we showed that RvD1 decreases LPS-induced proinflammatory cytokine (TNF-
α, IL-6 and IL-1β) gene expression in microglial BV2 cells via the modulation 
of miRNAs [117]. RvD2 inhibits LPS-induced activation of toll-like receptor 4 
(TLR4, the receptor of LPS) and its downstream signaling pathway NFκB [166]. 
RvE1 plays also a direct role in microglial cells by inhibiting microglial activation 
and pro-inflammatory cytokine release [117, 155]. These results suggest the pro-
resolution activity of RvD1 and RvE1 in microglia. In astrocytes, RvD1 decreases 
TNF-α release induced by LPS injection [149]. In neurons from spinal nods, RvD1 
increases neurite outgrowth [167].
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All these studies point out the central role of n-3 LC-PUFA and their bioactive 
mediators in the regulation of inflammation in the brain, especially through their 
effect on microglia.

3.3 Nutrition as a factor of variation of SPM levels

The level of these lipid derivatives is modulated by the diet. Indeed, we recently 
show that a dietary n-3 LC-PUFA supplementation induces an n-3 LC-PUFA 
enrichment in the hippocampus associated with an increase in n-3 PUFA-derived 
SPMs and a decrease in n-6 PUFA-derived SPMs [69]. Our results confirm previous 
ones reporting that oral administration of EPA and DHA results in the generation of 
EPA-and DHA-derived mediators in the cortex of aged rats [168] and in the down-
regulation of the production of n-6 PUFA-derived mediators [169, 170]. The cellular 
origin of these bioactive lipid derivatives is still unknown. As described in the para-
graph above, we know that dietary PUFA supplementation affects PUFA composi-
tion in brain cells that potentially could impact brain cell PUFA lipid derivatives. In 
response to LPS, n-3 LC-PUFA-supplemented mice display an anti-inflammatory 
SPM profile whereas n-3 LC-PUFA-deficient mice exhibit a pro-inflammatory SPM 
profile [69]. These results corroborate previous ones in vivo [171–176] and in vitro in 
macrophages [177, 178] and microglia [179–181].

The level of SPMs is also dependent on the regulation of their biosynthesis 
enzymes. 15-LOX mRNA expression increases in n-3 LC-PUFA supplemented group 
and decreases in n-3 LC-PUFA deficient diet [27, 69, 182]. 15-LOX has beneficial 
properties such as neuroprotective properties via PPAR-γ activation [98] and 
preservation of cognitive performance through RvD1 formation [90]. 15-LOX has 
also detrimental effects as it is implicated in neurodegeneration and neurotoxicity 
through increase of oxidative stress [95–97].

Changes in SPM level and composition induced by the diet can have a great 
influence on the pro- and anti-inflammatory status of hippocampus and brain cells 
and reinforce the recommendation of n-3 PUFA-rich diet.

4. Conclusion

These data highlight that n-3 LC-PUFA and their bioactive lipid derivatives 
are important regulators of neuroinflammation. SPMs are promising therapeutic 
compounds: they are of natural origin and act in physiologic dose ranges (nanomo-
lar) as compared to EPA and DHA that act at micromolar ranges, and this confers 
the main advantage to use SPMs. Both brain n-3 LC-PUFA and SPMs are modulated 
by the diet in the brain and in brain cells confirming the notable role of nutrition 
in the regulation of inflammation. Alteration in dietary n-3 PUFAs should have 
dramatic consequences in brain and brain cell PUFA metabolism and finally in the 
response to neuroinflammation. The use of SPMs to treat neuroinflammation is still 
in emergence since some data are missing such as the affinity and function of SPM 
receptors. This field has to be completed. The instability of SPMs may be bypassed 
by the use of SPM analogues or by their encapsulation. The clinical form and the 
way of administration should also be defined.
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All these studies point out the central role of n-3 LC-PUFA and their bioactive 
mediators in the regulation of inflammation in the brain, especially through their 
effect on microglia.

3.3 Nutrition as a factor of variation of SPM levels

The level of these lipid derivatives is modulated by the diet. Indeed, we recently 
show that a dietary n-3 LC-PUFA supplementation induces an n-3 LC-PUFA 
enrichment in the hippocampus associated with an increase in n-3 PUFA-derived 
SPMs and a decrease in n-6 PUFA-derived SPMs [69]. Our results confirm previous 
ones reporting that oral administration of EPA and DHA results in the generation of 
EPA-and DHA-derived mediators in the cortex of aged rats [168] and in the down-
regulation of the production of n-6 PUFA-derived mediators [169, 170]. The cellular 
origin of these bioactive lipid derivatives is still unknown. As described in the para-
graph above, we know that dietary PUFA supplementation affects PUFA composi-
tion in brain cells that potentially could impact brain cell PUFA lipid derivatives. In 
response to LPS, n-3 LC-PUFA-supplemented mice display an anti-inflammatory 
SPM profile whereas n-3 LC-PUFA-deficient mice exhibit a pro-inflammatory SPM 
profile [69]. These results corroborate previous ones in vivo [171–176] and in vitro in 
macrophages [177, 178] and microglia [179–181].

The level of SPMs is also dependent on the regulation of their biosynthesis 
enzymes. 15-LOX mRNA expression increases in n-3 LC-PUFA supplemented group 
and decreases in n-3 LC-PUFA deficient diet [27, 69, 182]. 15-LOX has beneficial 
properties such as neuroprotective properties via PPAR-γ activation [98] and 
preservation of cognitive performance through RvD1 formation [90]. 15-LOX has 
also detrimental effects as it is implicated in neurodegeneration and neurotoxicity 
through increase of oxidative stress [95–97].

Changes in SPM level and composition induced by the diet can have a great 
influence on the pro- and anti-inflammatory status of hippocampus and brain cells 
and reinforce the recommendation of n-3 PUFA-rich diet.

4. Conclusion

These data highlight that n-3 LC-PUFA and their bioactive lipid derivatives 
are important regulators of neuroinflammation. SPMs are promising therapeutic 
compounds: they are of natural origin and act in physiologic dose ranges (nanomo-
lar) as compared to EPA and DHA that act at micromolar ranges, and this confers 
the main advantage to use SPMs. Both brain n-3 LC-PUFA and SPMs are modulated 
by the diet in the brain and in brain cells confirming the notable role of nutrition 
in the regulation of inflammation. Alteration in dietary n-3 PUFAs should have 
dramatic consequences in brain and brain cell PUFA metabolism and finally in the 
response to neuroinflammation. The use of SPMs to treat neuroinflammation is still 
in emergence since some data are missing such as the affinity and function of SPM 
receptors. This field has to be completed. The instability of SPMs may be bypassed 
by the use of SPM analogues or by their encapsulation. The clinical form and the 
way of administration should also be defined.
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Chapter 3

Carbohydrates and the Brain: 
Roles and Impact
Xavier Fioramonti and Luc Pénicaud

Abstract

Even if its size is fairly small (about 2% of body weight), the brain consumes 
around 20% of the total body energy. Whereas organs such as muscles and liver 
may use several sources of energy, under physiological conditions, the brain mainly 
depends on glucose for its energy needs. This involves the need for blood glucose 
level to be tightly regulated. Thus, in addition to its fueling role, glucose plays a 
role as signaling molecule informing the brain of any slight change in blood level 
to ensure glucose homeostasis. In this chapter, we will describe the fueling and 
sensing properties of glucose and other carbohydrates on the brain and present 
some physiological brain functions impacted by these sugars. We will also highlight 
the scientific questions that need to be answered in order to better understand the 
impact of sugars on the brain.

Keywords: brain, glucose, fructose, food intake, glucose-sensing neurons

1. Introduction

The mammalian brain essentially depends on glucose for its energy needs. 
Because neurons have the highest energy demand in the adult brain, they require 
continuous delivery of glucose from the blood. In man, the brain represents ~2% 
of the body weight but uses ~20% of glucose-derived energy, making it the main 
consumer of glucose [1]. As a consequence, a tight regulation of glucose metabolism 
is critical for brain physiology. A fine feedback loop between the brain and various 
organs and tissues has been demonstrated, allowing, in normal conditions, to main-
tain blood glucose level rather constant around 1 g/l (7–8 mM) in the blood and 
~2 mM in the brain (see below Section 5) [2, 3]. The brain needs a precise and clear 
feedback on the metabolic state of the whole body [4]. To achieve this aim, various 
brain areas, especially the brainstem and the hypothalamus, integrate peripheral 
signals delivered by neural input from various organs, as well as by metabolites 
(glucose, fatty acids) and hormones (leptin, insulin, ghrelin) via the blood [2–4]. 
Thus, specialized nutrients- and hormones-sensing neurons in which the firing rate 
varies in response to changes in extra-cellular nutrients or hormones concentration 
have been described. In response, the brain will generate appropriate response by 
modulating food intake and peripheral organs’ activity via the autonomic nervous 
system to maintain energy status and glucose homeostasis (Figure 1). Thus, we 
will describe in this chapter that in the central nervous system, glucose has a dual 
role and is considered as a fueling as well as a sensing metabolite to ensure glucose 
homeostasis and appropriate fueling of brain cells.
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However, one has to keep in mind that given the dietary mutations that 
occurred in recent decades, sugars other than glucose are part of our diet and 
could influence brain fueling and sensing. This is indeed the case for example of 
fructose. Fructose and glucose are rather simple molecules but there are differ-
ences in the way the body processes them. This is definitely true for the way the 
brain uses and reacts to them. These differences could explain the consequences 
observed after a high consumption of fructose, on food intake and whole-body 
glucose metabolism.

2. Brain’s control of glycemia

In humans, the value for normoglycemia is around 1 g/l. Although the endo-
crine pancreas is the main regulator of blood glucose level via the secretion of 
insulin and glucagon, the brain plays a major role in controlling glycemia. This 
is achieved through different pathways involving the autonomic nervous system 
and its projection to several organs and tissues such as the endocrine pancreas, the 
adrenal gland, the liver, skeletal muscles, and white and brown adipose tissues. 
As illustrated in Figure 2, in case of a drop in blood glucose, there is an activation 
of sympathetic nerves and consequently an increase in glucagon secretion by the 
alpha cells and a decrease in that of insulin by the beta cells of the pancreas, as 
well as an increase in epinephrine and cortisol secretion by the adrenal gland. 
These changes in hormone levels together with a direct effect of the sympathetic 
system will lead to an increased glucose production by the liver, and a decreased 
glucose utilization by fat deposits and muscles, leading thus to a normalization of 
blood glucose.

Figure 1. 
Role of the brain in the control of energy homeostasis. The brain integrates peripheral signals delivered by 
neural input from various organs, as well as by metabolites (glucose and fatty acids) and hormones (leptin, 
insulin, and ghrelin) via the blood. In response, the brain generates appropriate response by modulating food 
intake and peripheral organs’ activity via the autonomic nervous system to maintain energy homeostasis.
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3. Glucose: the fuel of brain’s neurons

Brain function and glucose metabolism are intimately linked [1]. Indeed, glucose 
is the main, if not the only, energy substrate of this organ. Hypoglycemia (below 
0.7 g/l) causes rapid brain repercussions, but fortunately, most of the time quickly 

Figure 2. 
Neuroendocrine pathways involved in the counter-regulatory response to hypoglycemia. Decreased blood glucose 
is detected by central (hypothalamus and hindbrain) and peripheral (pancreas, hepatoportal vein, and 
carotid body) glucose sensors. Together, these glucose sensors coordinate physiological responses, which raise blood 
glucose levels. The initial response to hypoglycemia involves activation of the autonomic nervous system (ANS), 
inhibition of insulin secretion, and stimulation of pituitary ACTH secretion. Activation of the autonomic 
nervous system increases glucagon and epinephrine secretion from the pancreas and adrenal medulla, 
respectively. ACTH stimulates cortisol release from the adrenal cortex. Increased glucagon, epinephrine, and 
cortisol together with decreased insulin stimulate hepatic glucose production and decrease adipose and muscle 
glucose uptake. The net result of the neuroendocrine counter-regulatory response to hypoglycemia is to increase 
blood glucose levels and restore euglycemia.
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reversible after correction of hypoglycemia. With regard to hyperglycemia, acute 
situations such as ketoacidosis and hyperosmolarity can lead to a coma, with signifi-
cant mortality. The chronic effects of hyperglycemia on the brain remain unclear, 
apart from the risk of ischemic stroke. However, microangiopathy is intimately 
linked to chronic hyperglycemia, and can cause irreversible diffuse vascular lesions 
and cerebral ischemia, resulting in cortical atrophy and diabetic encephalopathy.

The brain uses glucose as its main source of energy, although it can utilize other 
metabolites (mainly ketone bodies) in special situations such as fasting. It has 
very high energy consumption for its size, mainly due to the high energy supply 
needed to maintain its functions (potential difference across nerve cell membranes, 
transport along axons and dendrites, tissue plasticity and repair).

Glucose enters the brain by facilitated diffusion across the blood-brain barrier, 
and enters brain cells mainly via a range of glucose transporters. Most human cells 
import glucose by members of the GLUT (SLC2A) family of membrane transport 
proteins (see review [5]). Of these, GLUT1 is abundant at the BBB and in astro-
cytes, regulated mainly by steady-state levels of plasma glucose. GLUT2 appears 
to serve glucose sensors in the brain. GLUT3 ensures efficient glucose uptake by 
neurons. Although the brain is considered as a non-insulin-dependent organ, 
insulin crosses the blood-brain barrier and binds to receptors on neurons and glial 
cells [6]. There is controversy as to whether insulin resistance for glucose is present 
in the CNS, but emerging data suggest that insulin insensitivity may play an impor-
tant role in the pathogenesis of obesity, type 2 diabetes, and Alzheimer’s disease 
[7, 8]. GLUT5 and GLUT7 are present at low levels in the brain and have specificity 
for fructose. GLUT6 is expressed in the brain but has low affinity to glucose. Studies 
of mice suggest roles of GLUT8 in hippocampal neuronal proliferation. GLUT13 
is a myoinositol transporter expressed primarily in the brain and is the only GLUT 
protein that appears to function as a proton-coupled symporter (see review [5]).

Once transported into the cell, glucose is phosphorylated by a hexokinase, an enzyme 
with such high affinity toward glucose that it rapidly transforms glucose into glucose-
6-phosphate. Glucose-6-phosphate is metabolized further, mainly in the glycolytic 
pathway, where it is converted to pyruvate. Glucose-6-phosphate is also substrate for the 
pentose phosphate shunt and the generation of glycogen only in glial cells. Pyruvate is 
metabolized either in the Krebs cycle after transport into the mitochondria, or converted 
to lactate by means of the lactate dehydrogenase. A large part of the pyruvate transported 
into brain mitochondria is devoted to the oxidative phosphorylation of ADP to ATP.

The energy supply to the brain is provided by blood vessels. In most brain struc-
tures, these vessels are surrounded by a blood-brain barrier which does not allow 
molecules to cross it and as a consequence isolates the brain from the circulatory 
network. Under these conditions, the energy input is partly indirect and passes partly 
through the cells that constitute this barrier, namely the astrocytes [9]. These cells can 
store energy as glycogen or transform it as lactate. This energy is released on demand, 
when the neurons need it [10]. This lactate is produced in astrocytes by degradation 
of glucose in pyruvate when the neurons need it. The lactate is then sent to neurons, 
which synthetize pyruvate and use it in the Krebs cycle. This role of astrocytes and 
lactate as the main energy substrate of neurons is still a matter of debates.

4. Glucose: a signaling molecule for the brain

In the previous part, we discussed the fact that the brain relies on glucose to func-
tion. This implies that blood glucose level must remain stable. Any decrease in blood 
glucose level would have immediate consequences on brain functions. Increased 
blood level will not have acute consequences but sustained hyperglycemia will be 
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deleterious in the long term as seen in patients with uncontrolled diabetes mellitus. 
The brain plays a critical role in the regulation of blood glucose level to ensure whole-
body glucose homeostasis. Thus, to be able to control the level of blood glucose, the 
brain must be able to sense any change. In this part, we will discuss the idea that 
glucose is more than a fueling molecule and it is able to play the role of a signaling 
molecule in some neurons or brain cells called glucose-sensing cells.

Glucose-sensing neurons: The first hypothesis that specialized cells within the 
brain could detect changes in glucose level originated from studies by Oomura’ and 
Anand’s groups, in which they showed that neurons within the hypothalamus had 
their electrical activity modified in response to intravenous injection of glucose 
[11, 12]. While these studies suggested that neurons able to detect glucose were pres-
ent in the brain, they did not prove that glucose could directly affect these neurons 
since glucose was injected intravenously. Thus, later, Oomura demonstrated the 
presence of specialized glucose-sensing neurons in showing that the direct applica-
tion of glucose in the lateral hypothalamus of rats altered the activity of specific 
neurons [13]. These so-called glucose-sensing neurons are now defined as cells 
able to adapt their electrical activity in response to changes in extracellular glucose 
level. By definition, glucose-excited (GE) neurons increase their electrical activ-
ity, whereas glucose-inhibited (GI) neurons decrease their activity when glucose 
level rises. By opposition, when glucose level decreases, GE neurons decrease their 
electrical activity whereas GI neurons increase it (Figure 3).

It is important to note that glucose-sensing neurons use glucose, not only as fuel, 
but as a signaling molecule that modulates their electrical activity. In addition, it 
must be mentioned that glucose-sensing neurons directly detect changes in glucose 
level and not through indirect presynaptic modulation. Finally, their responses to 
decreased glucose level are distinct from the “run-out-of-fuel” silencing of every 
neuron by nonphysiological low glucose levels.

Brain glucose level: The notion that, by definition, glucose-sensing neurons 
respond to physiological changes in brain glucose level raises the question of the 

Figure 3. 
Schematic representation of the electrical activity of glucose-sensing neurons in response to changes in glucose 
level. Glucose-excited (GE) neurons increase their electrical activity (depolarization and increased action 
potential frequency), whereas glucose-inhibited (GI) neurons decrease their activity (hyperpolarization and 
decreased firing rate) when glucose level rises. By opposition, when glucose level decreases, GE neurons decrease 
their electrical activity whereas GI neurons increase it. Abbreviations: glucose or glc, extracellular glucose level; 
Vm, basal membrane potential.
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reversible after correction of hypoglycemia. With regard to hyperglycemia, acute 
situations such as ketoacidosis and hyperosmolarity can lead to a coma, with signifi-
cant mortality. The chronic effects of hyperglycemia on the brain remain unclear, 
apart from the risk of ischemic stroke. However, microangiopathy is intimately 
linked to chronic hyperglycemia, and can cause irreversible diffuse vascular lesions 
and cerebral ischemia, resulting in cortical atrophy and diabetic encephalopathy.

The brain uses glucose as its main source of energy, although it can utilize other 
metabolites (mainly ketone bodies) in special situations such as fasting. It has 
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needed to maintain its functions (potential difference across nerve cell membranes, 
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in the CNS, but emerging data suggest that insulin insensitivity may play an impor-
tant role in the pathogenesis of obesity, type 2 diabetes, and Alzheimer’s disease 
[7, 8]. GLUT5 and GLUT7 are present at low levels in the brain and have specificity 
for fructose. GLUT6 is expressed in the brain but has low affinity to glucose. Studies 
of mice suggest roles of GLUT8 in hippocampal neuronal proliferation. GLUT13 
is a myoinositol transporter expressed primarily in the brain and is the only GLUT 
protein that appears to function as a proton-coupled symporter (see review [5]).

Once transported into the cell, glucose is phosphorylated by a hexokinase, an enzyme 
with such high affinity toward glucose that it rapidly transforms glucose into glucose-
6-phosphate. Glucose-6-phosphate is metabolized further, mainly in the glycolytic 
pathway, where it is converted to pyruvate. Glucose-6-phosphate is also substrate for the 
pentose phosphate shunt and the generation of glycogen only in glial cells. Pyruvate is 
metabolized either in the Krebs cycle after transport into the mitochondria, or converted 
to lactate by means of the lactate dehydrogenase. A large part of the pyruvate transported 
into brain mitochondria is devoted to the oxidative phosphorylation of ADP to ATP.

The energy supply to the brain is provided by blood vessels. In most brain struc-
tures, these vessels are surrounded by a blood-brain barrier which does not allow 
molecules to cross it and as a consequence isolates the brain from the circulatory 
network. Under these conditions, the energy input is partly indirect and passes partly 
through the cells that constitute this barrier, namely the astrocytes [9]. These cells can 
store energy as glycogen or transform it as lactate. This energy is released on demand, 
when the neurons need it [10]. This lactate is produced in astrocytes by degradation 
of glucose in pyruvate when the neurons need it. The lactate is then sent to neurons, 
which synthetize pyruvate and use it in the Krebs cycle. This role of astrocytes and 
lactate as the main energy substrate of neurons is still a matter of debates.

4. Glucose: a signaling molecule for the brain

In the previous part, we discussed the fact that the brain relies on glucose to func-
tion. This implies that blood glucose level must remain stable. Any decrease in blood 
glucose level would have immediate consequences on brain functions. Increased 
blood level will not have acute consequences but sustained hyperglycemia will be 

43

Carbohydrates and the Brain: Roles and Impact
DOI: http://dx.doi.org/10.5772/intechopen.88366

deleterious in the long term as seen in patients with uncontrolled diabetes mellitus. 
The brain plays a critical role in the regulation of blood glucose level to ensure whole-
body glucose homeostasis. Thus, to be able to control the level of blood glucose, the 
brain must be able to sense any change. In this part, we will discuss the idea that 
glucose is more than a fueling molecule and it is able to play the role of a signaling 
molecule in some neurons or brain cells called glucose-sensing cells.

Glucose-sensing neurons: The first hypothesis that specialized cells within the 
brain could detect changes in glucose level originated from studies by Oomura’ and 
Anand’s groups, in which they showed that neurons within the hypothalamus had 
their electrical activity modified in response to intravenous injection of glucose 
[11, 12]. While these studies suggested that neurons able to detect glucose were pres-
ent in the brain, they did not prove that glucose could directly affect these neurons 
since glucose was injected intravenously. Thus, later, Oomura demonstrated the 
presence of specialized glucose-sensing neurons in showing that the direct applica-
tion of glucose in the lateral hypothalamus of rats altered the activity of specific 
neurons [13]. These so-called glucose-sensing neurons are now defined as cells 
able to adapt their electrical activity in response to changes in extracellular glucose 
level. By definition, glucose-excited (GE) neurons increase their electrical activ-
ity, whereas glucose-inhibited (GI) neurons decrease their activity when glucose 
level rises. By opposition, when glucose level decreases, GE neurons decrease their 
electrical activity whereas GI neurons increase it (Figure 3).

It is important to note that glucose-sensing neurons use glucose, not only as fuel, 
but as a signaling molecule that modulates their electrical activity. In addition, it 
must be mentioned that glucose-sensing neurons directly detect changes in glucose 
level and not through indirect presynaptic modulation. Finally, their responses to 
decreased glucose level are distinct from the “run-out-of-fuel” silencing of every 
neuron by nonphysiological low glucose levels.

Brain glucose level: The notion that, by definition, glucose-sensing neurons 
respond to physiological changes in brain glucose level raises the question of the 

Figure 3. 
Schematic representation of the electrical activity of glucose-sensing neurons in response to changes in glucose 
level. Glucose-excited (GE) neurons increase their electrical activity (depolarization and increased action 
potential frequency), whereas glucose-inhibited (GI) neurons decrease their activity (hyperpolarization and 
decreased firing rate) when glucose level rises. By opposition, when glucose level decreases, GE neurons decrease 
their electrical activity whereas GI neurons increase it. Abbreviations: glucose or glc, extracellular glucose level; 
Vm, basal membrane potential.
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glucose level in the brain. The level of brain glucose is a process finely regulated 
by GLUT1, the glucose transporter expressed at the BBB. The high affinity of this 
transporter (KM = 2–3 mM) for glucose justifies the level found in the brain, which 
is about 30% of the blood level. Thus, several studies using glucose oxidase elec-
trode methods or zero net flux method for microdialysis consistently indicate that 
physiological levels of glucose within the brain vary within a fairly tight range from 
0.7 to 2.5 mM. On the other hand, extracellular brain glucose levels below 0.7 mM 
and above 2.5 mM are associated pathological hypo- and hyperglycemia, respec-
tively. This is the case in all brain areas where it has been measured including the 
hypothalamus, the hippocampus, and striatum for instance [14–18] (Figure 4).

Location and role of glucose-sensing neurons: Most of the glucose-sensing neu-
rons have been described in the hypothalamus in response to changes in the window 
between 0.1 and 5 mM, which represents the physiological changes observed in the 
brain (see for review [20, 21]). Nevertheless, our group found that within the arcuate 
nucleus (ARC), four populations of glucose-sensing neurons actually exist. We 
showed that the “classical” GE and GI neurons detect changes below 2.5 mM whereas 
so-called HGE or HGI neurons (for high-glucose-excited or -inhibited neurons) are 
respectively activated or inhibited by changes above 5 mM [22–25]. Interestingly, the 
electrical activity of HGE and HGI neurons is only changed in response to glucose 
change below 2.5 mM and not altered by changes in glucose level above it [22, 23]. 
Similarly, we found that HGE and HGI neurons only change their electrical activity 
in response to changes in glucose level above 5 mM but not below this level [23]. 
Finding these different subpopulations of glucose-sensing neurons raised the ques-
tion of the actual glucose level present in the arcuate nucleus of the hypothalamus in 
which the BBB is fenestrated [16, 26] and suggested that, in confined areas, glucose 
level could be increased closer to levels found in the blood.

Not everything is known yet regarding these different populations of glucose-
sensing neurons. Their proportion within the different nuclei of the hypothala-
mus is difficult to estimate since not every study uses the same changes in glucose 
level. However, we could estimate that they represent around 10% of hypotha-
lamic neurons. A question which has been poorly addressed is their interconnec-
tion. We think that some HGE or HGI neurons from the ARC may connect some 
VMN neurons found to be indirectly modulated to increased glucose level above 

Figure 4. 
Extracellular brain glucose levels versus plasma glucose levels. Plasma glucose levels of about 2–4 mM 
(50–80 mg/dl) observed during hypoglycemia correlate brain levels of about 0.1–1 mM. Plasma levels of about 
5–8 (80–120 mg/dl) are related to levels seen during meal-to-meal variation and correlate to brain levels of 
about 2–2.5 mM. Plasma glucose levels over 8 mM or 140 mg/dl are seen during uncontrolled hyperglycemia 
and correlate with brain level above 3 mM but not exceeding 4.5–5 mM. Adapted from Ref. [19].
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5 mM [20, 23, 27]. Nevertheless, no study has directly studied their intercon-
nection to determine whether they could work as a synchronous network. By 
opposition, the molecular mechanisms involved in their detection to changes in 
glucose level are pretty much known (see for review [20, 21]). The nature of these 
glucose-sensing neurons in terms of neurotransmitter expressed and released, 
however, is not clear for all the subpopulations [20]. Knowing better the identity 
of glucose-sensing neurons will be necessary to better understand the physiologi-
cal functions they control, which are not fully understood yet. It is however clear 
that these neurons are involved in the control of food intake, thermogenesis, and 
glucose homeostasis (glucose tolerance, insulin secretion, and hepatic glucose 
production). Several studies have described that inhibiting molecular mecha-
nisms involved in their glucose sensitivity alters some of these functions.

Glucose-sensing neurons can be found in extra-hypothalamic areas (Figure 5). 
To our knowledge, HGE and HGI neurons have only been found in so-called 
circumventricular organs, brain areas where the BBB is fenestrated including the 
area postrema of the hindbrain, the subfornical organ and the vascular organ of 
lamina terminalis. All the other brain areas where glucose-sensing have been found 
present neurons modulated by glucose changes below 2.5 mM glucose. This raises 
the question of the physiological role of these neurons in these extra-hypothalamic 
areas. One hypothesis is that these neurons present in different places of the brain 
detect decreased glucose level, which could be associated to hypoglycemia. They 
may play the role of detectors of energy availability and inform about a potential 
“crisis” since glucose is the principal fuel of neurons and its brain level needs to be 
finely controlled. Nevertheless, we cannot exclude that these neurons take part in 
physiological functions including memory, motivation olfaction, in view of their 
location in areas such as the hippocampus, striatum, olfactory bulb for instance. 
Significant work is still needed to fully understand the functions controlled by these 
hypothalamic or extra-hypothalamic neurons.

Glial cells are also able to detect glucose: Astrocytes represent the major class 
of macroglial brain cells and occupy about 50% of the total brain volume. Beyond 
their role of structural neuronal supporting cells, astrocytes are now recognized 
to take an acting part in brain homeostasis and participate in increasingly large 
number of functions including neuronal proliferation, synaptogenesis, synaptic 
transmission, and neurotransmitter homeostasis as well as neuronal fueling and 
nutrient sensing.

Figure 5. 
Location of brain glucose-sensing neurons. Schematic representation of a sagittal slice of a rodent brain with 
different areas where glucose-sensing neurons have been found. Abbreviations: AMG, amygdala; AP, area 
postrema; ARC, arcuate nucleus; DMNX, dorsal motor nucleus; DMN, dorsomedial nucleus; HippoC, 
hippocampus; LC, locus coeruleus; LH, lateral hypothalamus; NTS, solitary nucleus; OB, olfactory bulb; PBN, 
parabrachial nucleus; PFC, prefrontal cortex; PO, preoptic area; PVN, paraventricular nucleus; RP, Raphe 
pallidus; SFO, subfornical organ; VMN, ventromedial nucleus; VTA, ventral tegmental area.
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glucose level in the brain. The level of brain glucose is a process finely regulated 
by GLUT1, the glucose transporter expressed at the BBB. The high affinity of this 
transporter (KM = 2–3 mM) for glucose justifies the level found in the brain, which 
is about 30% of the blood level. Thus, several studies using glucose oxidase elec-
trode methods or zero net flux method for microdialysis consistently indicate that 
physiological levels of glucose within the brain vary within a fairly tight range from 
0.7 to 2.5 mM. On the other hand, extracellular brain glucose levels below 0.7 mM 
and above 2.5 mM are associated pathological hypo- and hyperglycemia, respec-
tively. This is the case in all brain areas where it has been measured including the 
hypothalamus, the hippocampus, and striatum for instance [14–18] (Figure 4).

Location and role of glucose-sensing neurons: Most of the glucose-sensing neu-
rons have been described in the hypothalamus in response to changes in the window 
between 0.1 and 5 mM, which represents the physiological changes observed in the 
brain (see for review [20, 21]). Nevertheless, our group found that within the arcuate 
nucleus (ARC), four populations of glucose-sensing neurons actually exist. We 
showed that the “classical” GE and GI neurons detect changes below 2.5 mM whereas 
so-called HGE or HGI neurons (for high-glucose-excited or -inhibited neurons) are 
respectively activated or inhibited by changes above 5 mM [22–25]. Interestingly, the 
electrical activity of HGE and HGI neurons is only changed in response to glucose 
change below 2.5 mM and not altered by changes in glucose level above it [22, 23]. 
Similarly, we found that HGE and HGI neurons only change their electrical activity 
in response to changes in glucose level above 5 mM but not below this level [23]. 
Finding these different subpopulations of glucose-sensing neurons raised the ques-
tion of the actual glucose level present in the arcuate nucleus of the hypothalamus in 
which the BBB is fenestrated [16, 26] and suggested that, in confined areas, glucose 
level could be increased closer to levels found in the blood.

Not everything is known yet regarding these different populations of glucose-
sensing neurons. Their proportion within the different nuclei of the hypothala-
mus is difficult to estimate since not every study uses the same changes in glucose 
level. However, we could estimate that they represent around 10% of hypotha-
lamic neurons. A question which has been poorly addressed is their interconnec-
tion. We think that some HGE or HGI neurons from the ARC may connect some 
VMN neurons found to be indirectly modulated to increased glucose level above 

Figure 4. 
Extracellular brain glucose levels versus plasma glucose levels. Plasma glucose levels of about 2–4 mM 
(50–80 mg/dl) observed during hypoglycemia correlate brain levels of about 0.1–1 mM. Plasma levels of about 
5–8 (80–120 mg/dl) are related to levels seen during meal-to-meal variation and correlate to brain levels of 
about 2–2.5 mM. Plasma glucose levels over 8 mM or 140 mg/dl are seen during uncontrolled hyperglycemia 
and correlate with brain level above 3 mM but not exceeding 4.5–5 mM. Adapted from Ref. [19].
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5 mM [20, 23, 27]. Nevertheless, no study has directly studied their intercon-
nection to determine whether they could work as a synchronous network. By 
opposition, the molecular mechanisms involved in their detection to changes in 
glucose level are pretty much known (see for review [20, 21]). The nature of these 
glucose-sensing neurons in terms of neurotransmitter expressed and released, 
however, is not clear for all the subpopulations [20]. Knowing better the identity 
of glucose-sensing neurons will be necessary to better understand the physiologi-
cal functions they control, which are not fully understood yet. It is however clear 
that these neurons are involved in the control of food intake, thermogenesis, and 
glucose homeostasis (glucose tolerance, insulin secretion, and hepatic glucose 
production). Several studies have described that inhibiting molecular mecha-
nisms involved in their glucose sensitivity alters some of these functions.

Glucose-sensing neurons can be found in extra-hypothalamic areas (Figure 5). 
To our knowledge, HGE and HGI neurons have only been found in so-called 
circumventricular organs, brain areas where the BBB is fenestrated including the 
area postrema of the hindbrain, the subfornical organ and the vascular organ of 
lamina terminalis. All the other brain areas where glucose-sensing have been found 
present neurons modulated by glucose changes below 2.5 mM glucose. This raises 
the question of the physiological role of these neurons in these extra-hypothalamic 
areas. One hypothesis is that these neurons present in different places of the brain 
detect decreased glucose level, which could be associated to hypoglycemia. They 
may play the role of detectors of energy availability and inform about a potential 
“crisis” since glucose is the principal fuel of neurons and its brain level needs to be 
finely controlled. Nevertheless, we cannot exclude that these neurons take part in 
physiological functions including memory, motivation olfaction, in view of their 
location in areas such as the hippocampus, striatum, olfactory bulb for instance. 
Significant work is still needed to fully understand the functions controlled by these 
hypothalamic or extra-hypothalamic neurons.

Glial cells are also able to detect glucose: Astrocytes represent the major class 
of macroglial brain cells and occupy about 50% of the total brain volume. Beyond 
their role of structural neuronal supporting cells, astrocytes are now recognized 
to take an acting part in brain homeostasis and participate in increasingly large 
number of functions including neuronal proliferation, synaptogenesis, synaptic 
transmission, and neurotransmitter homeostasis as well as neuronal fueling and 
nutrient sensing.

Figure 5. 
Location of brain glucose-sensing neurons. Schematic representation of a sagittal slice of a rodent brain with 
different areas where glucose-sensing neurons have been found. Abbreviations: AMG, amygdala; AP, area 
postrema; ARC, arcuate nucleus; DMNX, dorsal motor nucleus; DMN, dorsomedial nucleus; HippoC, 
hippocampus; LC, locus coeruleus; LH, lateral hypothalamus; NTS, solitary nucleus; OB, olfactory bulb; PBN, 
parabrachial nucleus; PFC, prefrontal cortex; PO, preoptic area; PVN, paraventricular nucleus; RP, Raphe 
pallidus; SFO, subfornical organ; VMN, ventromedial nucleus; VTA, ventral tegmental area.
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The first evidence suggesting a role of astrocytes in hypothalamic glucose-sensing 
was the expression of some key “glucose-sensing” protein in this cell population. 
Thus, our group was the first to show that GLUT2 is expressed in hypothalamic 
astrocytes [28–30]. Other glucose sensors such as KATP channels and glucokinase 
are also found in astrocytes. We also showed that increased central glucose level 
increases the expression of the cell activation maker c-fos in hypothalamic astro-
cytes [31]. More recently, studies showed that glial cells are directly glucose-sensing 
using primary culture. Thus, increased glucose level increases calcium waves in 
hypothalamic tanycytes (astrocyte-like cells present in the ventral hypothalamus) 
suggesting that these cells are activated by glucose as shown in neurons [32, 33]. 
Even though these studies started to decipher mechanisms involved in astrocyte 
glucose-sensing (involvement of ATP release, purinergic channels, connexins), 
further work is still needed to better understand the signaling pathways involved 
in their glucose-sensing. A question that needs to be answered is the mechanisms 
by which astrocytes and neurons are coupled in order to ensure brain glucose-
sensing. Studies from our group and others suggested that the gliotransmitter 
ACBP (AcetylCoA-Binding Protein), released by astrocytes in response to increased 
glucose level, activates pro-opiomelanocortin neurons of the arcuate nucleus, neu-
rons highly known to control food intake, thermogenesis, and glucose homeostasis 
[34, 35]. ACBP is not the only gliotransmitter involved in glucose-sensing, other 
studies also showed the importance of ATP or lactate. Interestingly, glucose-excited 
neurons responding to increased glucose level are also activated by lactate [36]. 
Thus, in addition to be a fueling substrate for neurons, lactate, as glucose, is also 
considered as a signaling-like nutrient for glucose-sensing neurons. More studies 
are still needed to highlight other potential glucose-sensing gliotransmitter and 
to fully understand the role of astrocytes in brain glucose-sensing. Also, different 
isoforms of glucose transporters or hexokinases are expressed in other glial cells 
including microglia or oligodendrocytes [37]. Nevertheless, except a putative fuel-
ing role, it is not known whether these glial cell types are able to sense changes in 
glucose levels as neurons or astrocytes do.

5. The impact of other sugars on the brain: the example of fructose

The patterns of sugar consumption have changed considerably in recent decades. 
Glucose is not the only monosaccharide present in our alimentation, which can 
cross the intestinal barrier and be present in the bloodstream. Fructose is the other 
main monosaccharide we eat. Fructose is the partner of glucose in the sucrose we 
consume. In addition to its natural presence in fruit and honey, it is also present in 
soda, biscuits, and all sorts of processed food. Thus, while fructose consumption 
was <5 g/day until the 70s, it consumption has dramatically increased since and 
currently reaches 50–80 g/day in developed countries. In addition, the ending of 
European sugar quota in 2017 will likely further increase by 8–15% its intake in the 
next decade.

So far, the increase in fructose consumption has raised health issues regarding 
liver function and development of metabolic syndrome [38]. Increases in fructose 
consumption have paralleled the increasing prevalence of obesity, and high-fruc-
tose diets are thought to promote weight gain and insulin resistance. Thus, fructose 
has been pointed out by the French Anses agency as potentially harmful (saisine 
n° 2012-SA-0186). The agency demands “more studies aiming at understanding 
the effect of selective sugars including fructose, on brain functions and mental 
health.” Thus, the impact fructose overconsumption could have on other organs 
or physiological functions has been somehow neglected. It has been reported that 
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when consumed in low amount, the intestine metabolizes fructose into glucose with 
almost no fructose spill over into the bloodstream. Even if spill over may happen in 
the portal vein, fructose will be metabolized and transformed into fatty acids by the 
liver. Nevertheless, when consumed in excess, fructose spills over into the blood-
stream and may enter organs including the brain [39].

The fact that the brain is fully equipped to uptake and metabolize fructose 
supports the concept that fructose could affect the activity of brain networks. The 
main fructose transporter GLUT5 and the ketohexokinase (KHK, the principal 
fructose-metabolizing enzyme) are expressed in the brain and at the BBB [40]. 
Both human and animal studies have shown that the brain reacts to high fructose 
intake. For instance, studies from K Page showed that fructose ingestion does 
activate some brain regions but which are different to the one activated by a glu-
cose load [41, 42]. Interestingly, they showed that fructose load does not decrease 
the hunger sensation as compared to glucose. This would suggest that fructose 
does not send a satiety signal to the brain as powerful as glucose does. In support 
of this, studies in animal models showed that intracerebral injection of fructose 
stimulates food intake [43, 44]. Fructose overconsumption may also alter other 
brain functions including cognition and mood. Studies showed that rodents fed a 
high-fructose diet present memory deficits or anxiety-related behaviors [45–49]. 
Interestingly, it seems that the adolescence may be a more sensitive period to high 
fructose exposition [47, 49, 50]. This is particularly puzzling since adolescents 
are the population eating fructose and transformed food the most. Nevertheless, 
in all these animal studies with high-fructose feeding, the effect of fructose diet 
cannot be segregated from its impact of glucose homeostasis. It is not clear yet 
whether fructose may directly alter neuronal network. Many more studies need 
to be performed to fully understand the direct effect of fructose on brain cells and 
the brain functions impaired by fructose overconsumption. In addition, many 
other questions have not been answered yet. Can fructose be used as glucose to 
fuel brain cells, even though its basal blood level is extremely low? Do fructose-
sensing neurons or glial cells exist within the brain? These open questions must be 
answered rapidly in order to improve the nutritional recommendation regarding 
the consumption of this sugar.

6. Conclusions

Over the last 50 years or so, our vision of the impact of sugars on the brain has 
significantly evolved. Knowing for its fueling role to brain cells, glucose is also 
considered as a signaling molecule informing the brain of the whole-body energy 
status and availability thanks to the discoveries of specialized glucose-sensing 
neurons. The findings that not only neurons are able to sense changes in glucose 
level and the fact that glial or neuronal glucose sensors are present all over the 
brain show the importance of detecting glucose level for a proper control of 
energy homeostasis. Nowadays, the nutritional mutation we are facing raises other 
concerns. The brain would be somehow protected to glucose overconsumption 
in view of the transporter present at the blood-brain barrier, which is saturated 
around 2–2.5 mM. However, the impact on brain of the metabolic changes induced 
by such increase in sugar consumption is yet to be evaluated further. Which brain 
networks and brain functions are altered by increased sugar consumption? In 
addition, the change in the nature of the sugars we eat raises others questions 
as described here for fructose. Years of research are still needed to improve our 
understanding of the impact of sugars on the brain in order to propose optimal 
nutritional recommendations.
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The first evidence suggesting a role of astrocytes in hypothalamic glucose-sensing 
was the expression of some key “glucose-sensing” protein in this cell population. 
Thus, our group was the first to show that GLUT2 is expressed in hypothalamic 
astrocytes [28–30]. Other glucose sensors such as KATP channels and glucokinase 
are also found in astrocytes. We also showed that increased central glucose level 
increases the expression of the cell activation maker c-fos in hypothalamic astro-
cytes [31]. More recently, studies showed that glial cells are directly glucose-sensing 
using primary culture. Thus, increased glucose level increases calcium waves in 
hypothalamic tanycytes (astrocyte-like cells present in the ventral hypothalamus) 
suggesting that these cells are activated by glucose as shown in neurons [32, 33]. 
Even though these studies started to decipher mechanisms involved in astrocyte 
glucose-sensing (involvement of ATP release, purinergic channels, connexins), 
further work is still needed to better understand the signaling pathways involved 
in their glucose-sensing. A question that needs to be answered is the mechanisms 
by which astrocytes and neurons are coupled in order to ensure brain glucose-
sensing. Studies from our group and others suggested that the gliotransmitter 
ACBP (AcetylCoA-Binding Protein), released by astrocytes in response to increased 
glucose level, activates pro-opiomelanocortin neurons of the arcuate nucleus, neu-
rons highly known to control food intake, thermogenesis, and glucose homeostasis 
[34, 35]. ACBP is not the only gliotransmitter involved in glucose-sensing, other 
studies also showed the importance of ATP or lactate. Interestingly, glucose-excited 
neurons responding to increased glucose level are also activated by lactate [36]. 
Thus, in addition to be a fueling substrate for neurons, lactate, as glucose, is also 
considered as a signaling-like nutrient for glucose-sensing neurons. More studies 
are still needed to highlight other potential glucose-sensing gliotransmitter and 
to fully understand the role of astrocytes in brain glucose-sensing. Also, different 
isoforms of glucose transporters or hexokinases are expressed in other glial cells 
including microglia or oligodendrocytes [37]. Nevertheless, except a putative fuel-
ing role, it is not known whether these glial cell types are able to sense changes in 
glucose levels as neurons or astrocytes do.

5. The impact of other sugars on the brain: the example of fructose

The patterns of sugar consumption have changed considerably in recent decades. 
Glucose is not the only monosaccharide present in our alimentation, which can 
cross the intestinal barrier and be present in the bloodstream. Fructose is the other 
main monosaccharide we eat. Fructose is the partner of glucose in the sucrose we 
consume. In addition to its natural presence in fruit and honey, it is also present in 
soda, biscuits, and all sorts of processed food. Thus, while fructose consumption 
was <5 g/day until the 70s, it consumption has dramatically increased since and 
currently reaches 50–80 g/day in developed countries. In addition, the ending of 
European sugar quota in 2017 will likely further increase by 8–15% its intake in the 
next decade.

So far, the increase in fructose consumption has raised health issues regarding 
liver function and development of metabolic syndrome [38]. Increases in fructose 
consumption have paralleled the increasing prevalence of obesity, and high-fruc-
tose diets are thought to promote weight gain and insulin resistance. Thus, fructose 
has been pointed out by the French Anses agency as potentially harmful (saisine 
n° 2012-SA-0186). The agency demands “more studies aiming at understanding 
the effect of selective sugars including fructose, on brain functions and mental 
health.” Thus, the impact fructose overconsumption could have on other organs 
or physiological functions has been somehow neglected. It has been reported that 
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when consumed in low amount, the intestine metabolizes fructose into glucose with 
almost no fructose spill over into the bloodstream. Even if spill over may happen in 
the portal vein, fructose will be metabolized and transformed into fatty acids by the 
liver. Nevertheless, when consumed in excess, fructose spills over into the blood-
stream and may enter organs including the brain [39].

The fact that the brain is fully equipped to uptake and metabolize fructose 
supports the concept that fructose could affect the activity of brain networks. The 
main fructose transporter GLUT5 and the ketohexokinase (KHK, the principal 
fructose-metabolizing enzyme) are expressed in the brain and at the BBB [40]. 
Both human and animal studies have shown that the brain reacts to high fructose 
intake. For instance, studies from K Page showed that fructose ingestion does 
activate some brain regions but which are different to the one activated by a glu-
cose load [41, 42]. Interestingly, they showed that fructose load does not decrease 
the hunger sensation as compared to glucose. This would suggest that fructose 
does not send a satiety signal to the brain as powerful as glucose does. In support 
of this, studies in animal models showed that intracerebral injection of fructose 
stimulates food intake [43, 44]. Fructose overconsumption may also alter other 
brain functions including cognition and mood. Studies showed that rodents fed a 
high-fructose diet present memory deficits or anxiety-related behaviors [45–49]. 
Interestingly, it seems that the adolescence may be a more sensitive period to high 
fructose exposition [47, 49, 50]. This is particularly puzzling since adolescents 
are the population eating fructose and transformed food the most. Nevertheless, 
in all these animal studies with high-fructose feeding, the effect of fructose diet 
cannot be segregated from its impact of glucose homeostasis. It is not clear yet 
whether fructose may directly alter neuronal network. Many more studies need 
to be performed to fully understand the direct effect of fructose on brain cells and 
the brain functions impaired by fructose overconsumption. In addition, many 
other questions have not been answered yet. Can fructose be used as glucose to 
fuel brain cells, even though its basal blood level is extremely low? Do fructose-
sensing neurons or glial cells exist within the brain? These open questions must be 
answered rapidly in order to improve the nutritional recommendation regarding 
the consumption of this sugar.

6. Conclusions

Over the last 50 years or so, our vision of the impact of sugars on the brain has 
significantly evolved. Knowing for its fueling role to brain cells, glucose is also 
considered as a signaling molecule informing the brain of the whole-body energy 
status and availability thanks to the discoveries of specialized glucose-sensing 
neurons. The findings that not only neurons are able to sense changes in glucose 
level and the fact that glial or neuronal glucose sensors are present all over the 
brain show the importance of detecting glucose level for a proper control of 
energy homeostasis. Nowadays, the nutritional mutation we are facing raises other 
concerns. The brain would be somehow protected to glucose overconsumption 
in view of the transporter present at the blood-brain barrier, which is saturated 
around 2–2.5 mM. However, the impact on brain of the metabolic changes induced 
by such increase in sugar consumption is yet to be evaluated further. Which brain 
networks and brain functions are altered by increased sugar consumption? In 
addition, the change in the nature of the sugars we eat raises others questions 
as described here for fructose. Years of research are still needed to improve our 
understanding of the impact of sugars on the brain in order to propose optimal 
nutritional recommendations.
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Chapter 4

Dietary Impact on Neuronal 
Autophagy Control and Brain 
Health
Claudia Ntsapi, Andre du Toit and Ben Loos

Abstract

Autophagy is the major intracellular system which is critical for the removal of 
harmful protein aggregates and malfunctioning organelles. Dysfunctional autoph-
agy is associated with a multitude of human diseases, such as protein aggregation 
in Alzheimer’s disease and non-successful aging. Major interest exists in the dietary 
manipulation of the autophagy pathway activity, so as to tune the cell’s protein 
degradation capabilities and to prevent cell death onset. It has recently become clear 
that the machinery required to degrade protein cargo has a distinct activity level 
which can be altered through specific dietary modulation. Moreover, this activity 
may differ from that of the proteinaceous cargo. Overall, brain health and success-
ful aging are characterized by limited protein aggregation, with a distinct molecular 
signature of maintained autophagy function. However, it is largely unclear how to 
control autophagy through dietary interventions with a precision that would allow 
to maintain minimal levels of toxic proteins, preserving neuronal cell viability and 
proteostasis. In this chapter, we carefully dissect the relationship between autoph-
agy-modulating drugs, including caloric restriction mimetics and their impact on 
neuronal autophagy, in the context of preserving brain health.

Keywords: autophagic flux, caloric restriction, proteotoxicity, Alzheimer’s disease, 
neurodegeneration, autophagosome, lysosome

1. Introduction

At the beginning of the twentieth century, life expectancy at birth was about 
45 years. Today, this figure has markedly increased to nearly 77 years [1]. Recent 
estimates [1] predict that in the next four decades, the world’s proportion of people 
aged 65 years and older will account for nearly 22% of the total population—from the 
present 800 million to 2 billion people. Although this increase in life expectancy is 
reflective of the healthcare achievements [2], the socioeconomic costs associated with 
a higher chronic disease burden have necessitated the development of robust preven-
tion and management strategies that are both safe and immediately executable.

2. The role of protein aggregation in Alzheimer’s disease

Alzheimer’s disease (AD) is a debilitating neurodegenerative disease, affecting 40 
million people worldwide [3]. The prevalence of AD is strongly correlated with age, 
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imposing a greater socioeconomic burden as life expectancy continues to increase. 
Clinically, AD is associated with the progressive loss of essential cognitive functions 
and progressive hippocampal and cortical brain atrophy [4]. Current AD treatment 
Food and Drug Administration (FDA)-approved drugs include N-methyl-D-aspartic 
acid (NMDA) receptor antagonist memantine and cholinesterase inhibitors done-
pezil, galantamine, and rivastigmine [5]. These drugs augment cholinergic neuro-
transmission or attenuate excitotoxic neuronal injury. However, they only provide 
palliative benefits at best, with limited impact on the underlying disease mechanisms. 
Therefore, there is an urgent need for interventions that not only impact the aging 
process in favor of sustained brain health but also promote successful brain aging 
in the context of neurodegenerative diseases. AD is pathologically defined by the 
widespread brain distribution of amyloid-beta peptide (Aβ) plaques, neurofibrillary 
tangle (NFT) formation, as well as synaptic and neuronal loss [6]. Despite growing 
understanding of the disease, it remains unclear how these pathological features 
relate to the specific disease processes. The amyloid cascade hypothesis continues to 
serve as the predominant model of AD pathology. This hypothesis suggests the over-
production of Aβ, particularly an increase in Aβ [42] relative to Aβ [40], as the causal 
trigger in the disease process [7]. Aβ is derived from the amyloidogenic cleavage of 
the amyloid precursor protein (APP), protein cleaved by two endoproteases: the beta-
site APP-cleaving enzyme 1 (BACE1/β-secretase) and γ-secretase enzyme. Briefly, 
APP is cleaved by BACE1, releasing sAPPβ and leaving the membrane-bound C99 
carboxy-terminal fragment that is subsequently processed by γ-secretase to generate 
Aβ, a nontoxic P3 peptide, and the APP intracellular domain (AICD) [7]. γ-Secretase 
cleavage results in a C-terminal heterogeneity of the resulting Aβ peptide population. 
Hence, Aβ peptides of different lengths exist, with Aβ40 being the most abundant 
(~80–90%), followed by the more hydrophobic and fibrillogenic Aβ42 (~5–10%) 
form which is the principal peptide aggregated in the AD brain [8].

Similar to AD, protein aggregation is also a hallmark of neuronal cell death onset 
in Parkinson’s disease (PD). PD is pathologically defined by the formation of intra-
neuronal inclusions consisting of aggregated α-synuclein (α-syn) and the presence 
of Lewy neurites and Lewy bodies (LBs) [9]. This neuropathology is associated with 
impaired functioning of intracellular protein degradation mechanisms [10]. Thus, 
strategies to either degrade or prevent the initial accumulation of Aβ oligomers and 
α-syn may be promising in the treatment or prevention of AD and PD, respectively.

3. Protein quality surveillance machinery

The postmitotic nature of neuronal cells makes them highly susceptible to the 
accumulation of protein aggregates. Hence, the maintenance of protein homeo-
stasis is critical to maintain neuronal function, particularly with age. Although the 
etiology and molecular mechanisms underlying the pathological changes in AD 
are not fully understood, studies suggest that localized deficits in the autophagy 
pathway are likely to precede the formation of Aβ plaques or NFTs [11]. Autophagy 
is a highly conserved catabolic process that is critical for the systemic removal of 
long-lived proteins, protein aggregates, and dysfunctional organelles and serves as 
a major regulator of longevity in various species [12]. This process is triggered by 
various stressors, e.g., low nutrient levels, and proteotoxicity [13]. Proteotoxicity is 
by the of functional conformation as mature proteins misfold due to normal aging, 
posttranslational modifications, or inherent mutations [14]. In the absence of intra-
cellular corrective mechanisms, this proteotoxicity can lead to uncontrolled protein 
aggregation, impair the cells’ ability to maintain protein homeostasis, and promote 
cell death onset [14]. Depending on the cargo sequestered, and the mechanism 

57

Dietary Impact on Neuronal Autophagy Control and Brain Health
DOI: http://dx.doi.org/10.5772/intechopen.85228

through which cargo is delivered to the lysosome, autophagy encompasses at least 
three subtypes: microautophagy, chaperone-mediated autophagy (CMA), and 
macroautophagy (Figure 1).

In microautophagy, lysosomal membrane invaginations mediate the internaliza-
tion of cytosolic cargo into small vesicles that detach into the lumen for degradation 
[15]. CMA refers to a selective form of autophagy, whereby cytosolic proteins 
containing a CMA targeting motif—an amino-acid sequence biochemically similar 
to KFERQ—are bound by heat shock-cognate chaperone of 70 kDa (HSC70). 
HSC70 targets these proteins to the lysosomal membrane, where after binding to 
the cytosolic tail of lysosome-associated membrane protein type-2A (LAMP2A), 
proteins are unfolded and translocated across the lysosomal membrane aided by the 
lysosome-resident form of HSC70 (lys-hsc70) for degradation by the luminal prote-
ases [16]. Of the three pathways, macroautophagy (hereafter referred to as autoph-
agy) is the most extensively characterized and most relevant to AD. Therefore, this 
review will focus on the role of macroautophagy as the key mechanism which may 
be exploited to promote brain health and successful brain aging.

4. The tight orchestration of autophagy

Autophagy serves as the cell’s principal quality control system which medi-
ates the degradation of entire cytoplasmic materials through a series of stages 
characterized by the de novo formation of double-membraned vesicles, termed 
autophagosomes, which sequester cytoplasmic cargo and fuse with lysosomes to 
form autolysosomes. This process culminates in cargo degradation and subsequent 
recycling of the resulting macromolecules. To date, more than 30 highly conserved 

Figure 1. 
Schematic model of the three main types of autophagy described in mammalian cells.
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autophagy-related (ATG) genes have been implicated in the core autophagy 
machinery [17]. The autophagic process is tightly regulated, with distinct sets 
of Atg proteins forming diverse complexes which control different stages of this 
pathway under basal and stressful conditions.

The induction of autophagy is primarily mediated by two complexes. Firstly, 
the initiation complex, which triggers the formation of a phagophore structure 
(or isolation membrane), comprises the Unc-51-like kinase-1 (ULK1), Atg13, 
Atg101 and the focal adhesion kinase family-interacting protein of 200 kDa 
(FIP200) [17]. Secondly, the nucleation complex drives the phosphorylation of 
phosphatidylinositol (PI) to produce phosphatidylinositol 3-phosphate (PI3P), a 
membrane-bound lipid which requires the class III phosphatidylinositol 3-kinase 
(C3PI3K) vacuolar protein sorting 34 (Vps34) to recruit Beclin1, Vps15, Atg14L, 
or Ambra1 in the region of phagophore formation, termed the omegasome 
[17]. Autophagosome formation is mediated by two ubiquitin-like conjugation 
reactions. The first reaction results in the formation of the Atg12-Atg5-Atg16L1 
conjugation complex which facilitates the expansion of the phagophore mem-
brane. In the second reaction, Atg12-Atg5 associates with Atg16L1 and localizes 
to the outer membrane of the pre-autophagosomal structures, in turn catalyzing 
the recruitment and conjugation of microtubule-associated protein 1 light chain 
3 (MAP1LC3/Atg8/LC3) with a membrane phospholipid, phosphatidyletha-
nolamine (PE), through the action of Atg4, Atg7, and Atg3 [18]. Atg4 catalyzes 
the conversion of the cytosolic form of LC3 (LC3-I) to the autophagosome 
membrane-associated form (LC3-II), which serves as an indicator of autophago-
some pool size at a given time [18]. Mature autophagosomes ultimately fuse with 
lysosomes to form autolysosomes, in which sequestered cargo is degraded and 
released back into the cytosol for reuse [18]. Autophagic flux, the rate of pro-
tein degradation through the autophagy pathway [19, 20], provides an accurate 
measure of this dynamic process.

5.  Key signaling pathways in the regulation of autophagy during  
nutrient stress

The mammalian target of rapamycin complex 1 (mTORC1) is a component of 
mTOR, the master regulator of cellular metabolism in response to environmental 
cues. mTORC1 integrates various signaling networks to promote protein synthesis 
by suppressing catabolic processes under nutrient-rich conditions [21]. In addition 
to the class I phosphatidylinositol-3-kinase (PI3K) and the Akt signaling pathway, 
the tuberous sclerosis (TSC) tumor suppressor complex (TSC1/TSC2) is an impor-
tant upstream regulator of mTORC1, with loss-of-function mutations in either 
complex leading to the constitutive activation of mTORC1 [22]. Under conditions 
of nutrient excess, growth factors such as insulin-like growth factor 1 (insulin/
IGF1) activate their cognate receptors, subsequently activating the PI3K/Akt path-
way [23]. Activated Akt inhibits TSC1/TSC2, resulting in the activation of mTORC1 
[23]. Subsequently, mTORC1 suppresses autophagy activity by phosphorylating (i) 
components of the ULK1 complex; (ii) Atg14L or Beclin1 regulator (Ambra1); (iii) 
the Beclin1-binding protein, UV radiation resistance-associated gene (UVRAG); or 
(iv) the transcription factor EB (TFEB), a key regulator of lysosomal and autoph-
agy gene expression [24]. Therefore, mTORC1 can inhibit autophagy by targeting 
different components of the core autophagy machinery (Figure 2).

Under conditions of nutrient stress, mTORC1 activity is suppressed, result-
ing in the activation of the ULK1 complex [24]. Cellular energetic sensor, AMP-
activated protein kinase (AMPK), positively regulates autophagy to maintain energy 
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homeostasis under energy depleted conditions. Briefly, AMPK phosphorylates 
TSC2- and mTORC1-binding partner regulatory-associated protein (Raptor) [25], 
thereby suppressing mTORC1 activity. Additionally, AMPK can bind and phos-
phorylate ULK1, freeing this complex to initiate autophagy under both nutrient and 
ATP deplete conditions [26]. Thus, initiation of autophagy can be jointly regu-
lated by mTORC1 and AMPK, to increase the cell’s capacity to adapt to metabolic 
perturbations.

6. Decreased autophagy with age

Consistent with the transcriptional downregulation of autophagy during healthy 
aging in the human brain [27], the impairment of autophagy has been found to 
decrease life span in various model systems [28]. Screening for chronological 
aging factors, Matecic et al. [29] published one of the earliest findings implicating 
impaired autophagy activity in the shortened life span of S. cerevisiae mutants. Most 
compelling findings came from Atg5 [30] or Atg7 [31] knockout mice which revealed 
that impaired autophagic function led to early postnatal death, the accumulation of 
intracellular inclusion bodies, and neurodegeneration. Since insufficient/impaired 
autophagy contributes to aging, it is conceivable that increasing the activity of this 
process could influence aging, in favor of life span extension. Indeed, it is becoming 
increasingly clear that modulation strategies that enhance autophagy activity attenu-
ate proteotoxicity, while defects in this pathway have been implicated in increased 

Figure 2. 
Regulation of autophagy by cellular nutrient status.
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59

Dietary Impact on Neuronal Autophagy Control and Brain Health
DOI: http://dx.doi.org/10.5772/intechopen.85228

homeostasis under energy depleted conditions. Briefly, AMPK phosphorylates 
TSC2- and mTORC1-binding partner regulatory-associated protein (Raptor) [25], 
thereby suppressing mTORC1 activity. Additionally, AMPK can bind and phos-
phorylate ULK1, freeing this complex to initiate autophagy under both nutrient and 
ATP deplete conditions [26]. Thus, initiation of autophagy can be jointly regu-
lated by mTORC1 and AMPK, to increase the cell’s capacity to adapt to metabolic 
perturbations.

6. Decreased autophagy with age

Consistent with the transcriptional downregulation of autophagy during healthy 
aging in the human brain [27], the impairment of autophagy has been found to 
decrease life span in various model systems [28]. Screening for chronological 
aging factors, Matecic et al. [29] published one of the earliest findings implicating 
impaired autophagy activity in the shortened life span of S. cerevisiae mutants. Most 
compelling findings came from Atg5 [30] or Atg7 [31] knockout mice which revealed 
that impaired autophagic function led to early postnatal death, the accumulation of 
intracellular inclusion bodies, and neurodegeneration. Since insufficient/impaired 
autophagy contributes to aging, it is conceivable that increasing the activity of this 
process could influence aging, in favor of life span extension. Indeed, it is becoming 
increasingly clear that modulation strategies that enhance autophagy activity attenu-
ate proteotoxicity, while defects in this pathway have been implicated in increased 

Figure 2. 
Regulation of autophagy by cellular nutrient status.



Feed Your Mind - How Does Nutrition Modulate Brain Function throughout Life?

60

risk for cell death onset with age [28]. Autophagy dysfunction has been extensively 
documented in AD progression, where the accumulation of incompletely degraded 
cytoplasmic within autophagic vacuoles (AVs) has been shown to be a pathological 
hallmark of insufficient autophagic induction in AD [32]. This process is further 
exacerbated by the presence of APP and its processing enzymes within the AVs [33], 
indicating that autophagy may regulate both Aβ generation and clearance. Indeed, 
insufficient expression of autophagy core protein Beclin1 has been shown to increase 
the expression levels of APP, Aβ, and the C-terminal fragment (CTF) in cultured 
neurons, in early AD patients, and mouse models of AD, while Beclin1 overexpres-
sion had the opposite effect [34]. Therefore, the modulation of autophagy may 
ameliorate the loss of proteostasis in AD. Indeed, rapamycin, an mTORC1 inhibitor, 
has been shown to reduce Aβ load and tau pathology and improve cognitive function 
[35], with this reduction being most pronounced when rapamycin was administered 
prior to the widespread deposition of Aβ [36]. Therefore, the identification of novel 
treatment strategies, or repurposing of readily available autophagy-inducing drugs 
to promote successful brain aging, has attracted considerable attention. Additionally, 
drugs/strategies with dual-functional capabilities in both the inhibition of Aβ 
production and upregulation of its clearance may prove especially beneficial in the 
attenuation of Aβ pathology. To this end, the use of calorie restriction (CR) dietary 
interventions and CR mimetics (CRMs) may offer a relatively simple, safe, and 
inexpensive avenue to induce autophagy and offset the decline of autophagy activity 
associated with age. CR, here defined as a reduction in caloric/energetic intake with-
out causing malnutrition, remains not only the most robust and reproducible dietary 
intervention known to increase life span and delay aging but is also a most potent 
physiological inducer of autophagy [37]. In fact, short-term fasting in mice has been 
shown to markedly induce neuronal autophagy, translating in neuroprotection [38].

7. CR effects on aging and neurodegeneration

7.1 CR regimes

Intermittent fasting (IF) is the most studied CR regime in humans. IF involves 
alternating between periods of ad libitum (AL) caloric intake and partial or 
complete CR in which food intake is restricted for prolonged time periods [39]. 
The majority of IF animal studies have involved either alternating IF (AIF) or 
time-restricted intermittent fasting (TRIF), with both resulting in neuroprotec-
tion, as evidenced by the enhancement of neuronal plasticity, increased levels of 
brain-derived neurotrophic factor (BDNF), and increased resistance to metabolic 
stress [40]. Goodrick and colleagues revealed that rats maintained on a lifelong AIF 
regime lived nearly twice as long as rats fed AL [41]. More recently, CR regimes 
have also been shown to attenuate Aβ neuropathology in the brains of AD mouse 
models [42]. In agreement, AD mice maintained for 1 year on either AIF or a 40% 
CR diet beginning from 5 months of age were not found to exhibit the cognitive 
impairments observed in AL fed AD mice [43]. However, the beneficial effects 
of CR on aging and maximal life span in humans remain unclear given the ethi-
cal controversies associated with long-term survival studies in normal-weight 
humans, the lack of validated biomarkers of aging, and the limited compliance to 
prolonged CR regimes [44]. Notably, gender-based differences have been reported 
in response to CR regimes [45]. For example, work by Martin et al. [46] revealed 
that while male and female rats maintained on a CR regime for 6 months had 
similar levels of circulating triglycerides and energy-regulating hormones (insulin, 
leptin, adiponectin, and ghrelin), the changes were quantitatively greater in males. 

61

Dietary Impact on Neuronal Autophagy Control and Brain Health
DOI: http://dx.doi.org/10.5772/intechopen.85228

The most compelling support for the beneficial effects of CR on longevity stems 
from epidemiological studies of the older Okinawan population, which is the 
longest lived population to date [47]. The longevity and apparent rarity of progres-
sive neurodegenerative diseases amongst? this population are associated with strict 
adherence to their traditional Okinawan diet, consisting of soybean-based foods, 
unrefined carbohydrates, and moderate protein intake with emphasis on root veg-
etables (sweet potatoes), fish, and lean meats [48]. However, given the paucity of 
long-term CR studies in humans, there is insufficient data to determine the optimal 
CR regimen and the degree of CR needed to achieve sustained brain health.

7.2 CR and brain health

During the aging process, neuronal cells are exposed to increased oxidative and 
metabolic stress associated with numerous cellular modifications [49]. These modifi-
cations are aggravated in neurodegenerative diseases, where neuronal injury is most 
pronounced in the hippocampus and cortex region. Strong evidence from animal 
studies suggests that CR promotes enhanced synaptic plasticity, resulting in increased 
brain resistance to metabolic stressors, and delays brain aging [50]. Studies suggest that 
long-term CR, from 3 to 11 months of age, had a survival-promoting effect on newly 
formed glial cells in the hippocampus region of 2-, 18-, and 24-month-old mice [51]. 
In AD mouse models maintained on a 6–14 week CR regime, a significant reduction in 
Aβ and astrocytic activation was observed [52]. Hence, exploitation of the mechanisms 
through which CR augments brain health may aid in the development of lifestyle-
based therapeutics in the treatment of AD and other neurodegenerative diseases. 
Although the exact mechanisms through which CR promotes health and life span are 
not fully understood, nutrient signaling pathways have been implicated (Figure 3). Of 
considerable importance to the CR-induced effects on brain aging is the induction of 
autophagy following the activation of metabolic energy sensors AMPK and sirtuin-1 
(SIRT1) or the inhibition of the insulin/IGF1 pathway and mTORC1 signaling [53].

7.3 SIRT1

SIRT1 is a nicotine amide NAD+-dependent histone deacetylase, which exhib-
its increased expression following CR in many tissues, including the brain [54]. 
Importantly, SIRT1 overexpression has also been shown to promote autophagy by 
activating essential Atg proteins [55]. SIRT1 can further stimulate autophagy by 
deacetylating and activating the Forkhead box (FOXO) family of transcription factors 
which act as key regulators of longevity under CR conditions [56]. SIRT1 may further 
promote longevity through FOXO-dependent induction of stress response genes [56].

7.4 AMPK

AMPK is activated in response to low energy levels, e.g., under CR conditions 
[57], suggesting that AMPK may play a role in CR-induced longevity. Indeed, 
increased AMPK activity has been found to extend life span in C. elegans and 
Drosophila model systems, while its inhibition shortened life span [58]. The 
mechanism underlying AMPK-induced life span extension under CR is thought 
to involve the direct phosphorylation of peroxisome proliferator-activated recep-
tor G coactivator-1α (PGC-1α), a key regulator of mitochondrial metabolism and 
biogenesis, and FOXO transcription factors, thereby targeting these components for 
SIRT1-mediated activation [59]. Importantly, AMPK stimulates autophagy through 
the direct phosphorylation of ULK1, or the activation of TSC1/TSC2, which in turn 
inhibits mTORC1 [25], thereby allowing autophagy induction.
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7.5 Insulin/IGF1 signaling

Inhibition of insulin/IGF1 signaling following CR or growth factor removal 
has been reported to increase life span, delay the onset of age-related diseases, 
and increase oxidative stress resistance in various species, including humans [60]. 
CR-induced downregulation of the insulin/IGF1 pathway in turn induces the 
activation of SIRT1, resulting in the activation of FOXO transcription factors [61].

7.6 mTORC1 signaling

mTORC1 is activated by growth factors, amino acids, or increased glucose 
levels, and is thought to control life span through various mechanisms, including 
the regulation of autophagy [62]. Indeed, autophagy has been shown to be essen-
tial for life span expansion in mTOR knockout yeast [63] and C. elegans model 
systems in which impaired autophagic function has been shown to abolish the life 
span extension induced by mTOR inhibition under CR conditions [28]. The con-
vergence of CR-induced signaling pathways on autophagy supports the assertion 
that this process is intricately involved in aging. Therefore, the precision control 
of brain autophagy activity could mediate sustained brain health with age.

Figure 3. 
The targeting of nutrient-triggered pathways by selective calorie restriction mimetics in longevity and the 
promotion of brain health. CR, calorie restriction; CRM, caloric restriction mimetic; IF, intermittent fasting; 
SIRT1, sirtuin-1; mTORC1, mammalian target of rapamycin complex 1; AMPK, AMP-dependent protein 
kinase; PGC-1α, peroxisome proliferator-activated receptor gamma coactivator 1-α; insulin/IGF-1, insulin/
insulin-like growth factor-1; PI3K, phosphoinositide 3-kinase; FOXO, Forkhead box O; EP300, E1A-binding 
protein p300.
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8. Antiaging pharmacological CR mimetics

Given the challenge to adhere to prolonged CR regimes, as well as selective side 
effects, such as decreased body temperature [64] and slowed wound healing [65], 
compounds that elicit similar beneficial effects on aging, health, and life span as CR 
could be a more practical alternative. This area of research has sparked considerable 
interest in the use CRM drugs, or CRM supplements as adjuvant therapy to delay 
the aging process, particularly during mid- to late life. Currently, the most widely 
studied CRM candidates are resveratrol, rapamycin, 2-deoxy-D-glucose (2DG), 
metformin, and spermidine (Figure 3).

8.1 Resveratrol

Resveratrol is a polyphenol compound isolated from the skins of red grapes, 
with red wine (5 mg/L on average) being the principal source of this compound 
[66]. Daily consumption of grape and blueberry polyphenols has also gained 
interest as CRMs for the prevention and treatment of neurodegenerative diseases. 
For example, studies indicate that the combined dietary supplementation of grape 
and blueberry polyphenols may have beneficial effects on age-related cognitive 
decline, improving episodic memory impairment in elderly subjects [67] and pre-
venting the onset of learning and cognitive deficits in aged mice [68]. However, 
resveratrol has been found to be the most potent polyphenol compound and is to 
date the most thoroughly studied CRM, first identified and implicated in life span 
extension in a yeast model system [69]. Work by Baur et al. [70] revealed that 
resveratrol significantly increased survival in middle-aged mice on a high-calorie 
diet compared to that of mice on a standard diet by nearly 31%. In addition, resve-
ratrol increased insulin sensitivity, reduced IGF1 levels, activated AMPK/PGC-1α 
signaling, and improved motor function [70]. Similar benefits have been reported 
in response to resveratrol supplementation in nonhuman primate models fed a 
high-fat diet [71, 72]. In the latter study, resveratrol improved adipose insulin 
levels and reduced the inflammatory response caused by the high-fat diet [72], 
while the former study revealed that resveratrol prevented diet-induced arterial 
wall inflammation [71].

Naturally sourced resveratrol is poorly absorbed in humans [73]. Hence, 
high-purity resveratrol-mimetic drugs, such as ResVida™, have been developed to 
ensure its sustained release [74]. In a recent study, 30-day resveratrol supplemen-
tation (150 mg/day ResVida™) in humans led to a decrease in circulating glucose 
levels, inflammatory markers, triglycerides, and systolic blood pressure [74]. In 
contrast, others have reported no significant changes in the above parameters in 
obese men following resveratrol supplementation [75]. Longevinex® is another 
commercially available resveratrol supplement shown to induce SIRT1 and PGC-1α 
and increase mitochondrial biogenesis in the brain [76]. Prolonged Longevinex® 
supplementation has been shown to result in increased levels of LC3-II, Beclin1, 
and FOXO transcription factors. Therefore, it appears conceivable that prolonged 
Longevinex® may influence brain health, in part, by inducing neuronal autoph-
agy. Work by Vingtdeux et al. [77] has also revealed that resveratrol can decrease 
extracellular Aβ accumulation by inducing autophagy through the activation of 
AMPK. Long-term resveratrol treatment is well tolerated in humans [78], with 
significantly reduced Aβ levels and improved memory retention observed in AD 
mouse models [79], making this compound a promising CRM candidate for the 
treatment of AD.



Feed Your Mind - How Does Nutrition Modulate Brain Function throughout Life?

62

7.5 Insulin/IGF1 signaling

Inhibition of insulin/IGF1 signaling following CR or growth factor removal 
has been reported to increase life span, delay the onset of age-related diseases, 
and increase oxidative stress resistance in various species, including humans [60]. 
CR-induced downregulation of the insulin/IGF1 pathway in turn induces the 
activation of SIRT1, resulting in the activation of FOXO transcription factors [61].

7.6 mTORC1 signaling

mTORC1 is activated by growth factors, amino acids, or increased glucose 
levels, and is thought to control life span through various mechanisms, including 
the regulation of autophagy [62]. Indeed, autophagy has been shown to be essen-
tial for life span expansion in mTOR knockout yeast [63] and C. elegans model 
systems in which impaired autophagic function has been shown to abolish the life 
span extension induced by mTOR inhibition under CR conditions [28]. The con-
vergence of CR-induced signaling pathways on autophagy supports the assertion 
that this process is intricately involved in aging. Therefore, the precision control 
of brain autophagy activity could mediate sustained brain health with age.

Figure 3. 
The targeting of nutrient-triggered pathways by selective calorie restriction mimetics in longevity and the 
promotion of brain health. CR, calorie restriction; CRM, caloric restriction mimetic; IF, intermittent fasting; 
SIRT1, sirtuin-1; mTORC1, mammalian target of rapamycin complex 1; AMPK, AMP-dependent protein 
kinase; PGC-1α, peroxisome proliferator-activated receptor gamma coactivator 1-α; insulin/IGF-1, insulin/
insulin-like growth factor-1; PI3K, phosphoinositide 3-kinase; FOXO, Forkhead box O; EP300, E1A-binding 
protein p300.

63

Dietary Impact on Neuronal Autophagy Control and Brain Health
DOI: http://dx.doi.org/10.5772/intechopen.85228

8. Antiaging pharmacological CR mimetics

Given the challenge to adhere to prolonged CR regimes, as well as selective side 
effects, such as decreased body temperature [64] and slowed wound healing [65], 
compounds that elicit similar beneficial effects on aging, health, and life span as CR 
could be a more practical alternative. This area of research has sparked considerable 
interest in the use CRM drugs, or CRM supplements as adjuvant therapy to delay 
the aging process, particularly during mid- to late life. Currently, the most widely 
studied CRM candidates are resveratrol, rapamycin, 2-deoxy-D-glucose (2DG), 
metformin, and spermidine (Figure 3).

8.1 Resveratrol

Resveratrol is a polyphenol compound isolated from the skins of red grapes, 
with red wine (5 mg/L on average) being the principal source of this compound 
[66]. Daily consumption of grape and blueberry polyphenols has also gained 
interest as CRMs for the prevention and treatment of neurodegenerative diseases. 
For example, studies indicate that the combined dietary supplementation of grape 
and blueberry polyphenols may have beneficial effects on age-related cognitive 
decline, improving episodic memory impairment in elderly subjects [67] and pre-
venting the onset of learning and cognitive deficits in aged mice [68]. However, 
resveratrol has been found to be the most potent polyphenol compound and is to 
date the most thoroughly studied CRM, first identified and implicated in life span 
extension in a yeast model system [69]. Work by Baur et al. [70] revealed that 
resveratrol significantly increased survival in middle-aged mice on a high-calorie 
diet compared to that of mice on a standard diet by nearly 31%. In addition, resve-
ratrol increased insulin sensitivity, reduced IGF1 levels, activated AMPK/PGC-1α 
signaling, and improved motor function [70]. Similar benefits have been reported 
in response to resveratrol supplementation in nonhuman primate models fed a 
high-fat diet [71, 72]. In the latter study, resveratrol improved adipose insulin 
levels and reduced the inflammatory response caused by the high-fat diet [72], 
while the former study revealed that resveratrol prevented diet-induced arterial 
wall inflammation [71].

Naturally sourced resveratrol is poorly absorbed in humans [73]. Hence, 
high-purity resveratrol-mimetic drugs, such as ResVida™, have been developed to 
ensure its sustained release [74]. In a recent study, 30-day resveratrol supplemen-
tation (150 mg/day ResVida™) in humans led to a decrease in circulating glucose 
levels, inflammatory markers, triglycerides, and systolic blood pressure [74]. In 
contrast, others have reported no significant changes in the above parameters in 
obese men following resveratrol supplementation [75]. Longevinex® is another 
commercially available resveratrol supplement shown to induce SIRT1 and PGC-1α 
and increase mitochondrial biogenesis in the brain [76]. Prolonged Longevinex® 
supplementation has been shown to result in increased levels of LC3-II, Beclin1, 
and FOXO transcription factors. Therefore, it appears conceivable that prolonged 
Longevinex® may influence brain health, in part, by inducing neuronal autoph-
agy. Work by Vingtdeux et al. [77] has also revealed that resveratrol can decrease 
extracellular Aβ accumulation by inducing autophagy through the activation of 
AMPK. Long-term resveratrol treatment is well tolerated in humans [78], with 
significantly reduced Aβ levels and improved memory retention observed in AD 
mouse models [79], making this compound a promising CRM candidate for the 
treatment of AD.



Feed Your Mind - How Does Nutrition Modulate Brain Function throughout Life?

64

8.2 Rapamycin

The suppression of mTORC1 activity is associated with a significant improvement 
in both health and life span in various organisms, while increased activity is associated 
with old age in humans [80]. Hence, the use of mTORC1 inhibitor rapamycin may 
have potential applications as a CRM. Currently, rapamycin is clinically used as an 
immunosuppressant to prevent the rejection of kidney transplants in patients [66]. In 
AD mouse models, rapamycin treatment has been shown to improve cognitive ability 
and reduce Aβ and tau pathology, with these observations being linked to increased 
autophagic induction [81]. However, it has been reported that prolonged rapamycin 
treatment in rodents leads to the development of hyperlipidemia, glucose intolerance, 
and high levels of free fatty acids in skeletal muscle [82]. In contrast, lifelong intermit-
tent administration of rapamycin for 2 weeks/month was found to extend life span 
in mice [81], suggesting that intermittent rapamycin administration may be more 
beneficial. In a separate study, adult mice maintained on lifelong rapamycin treat-
ment, starting at 2 months of age, performed significantly better on a task measuring 
spatial learning and memory compared to age-matched mice on the control diet [83]. 
However, rapamycin did not improve cognition in adult mice with pre-existing age-
dependent cognitive deficits [83], suggesting that rapamycin may have better cognitive 
outcomes prior to the onset of cognitive deficits.

Rapamycin is unstable in water; thus, different oral preparations such as 
nanoparticles [84] have been formulated to increase its bioavailability. Rapatar, a 
rapamycin formulation based on Pluronic block copolymers as nanocarriers, has 
been shown to have significantly higher bioavailability after oral administration 
[85]. Rapatar has been shown to increase life span and delay carcinogenesis during 
lifelong treatment administered at intermittently low doses (0.5 mg/kg) in tumor-
prone mice [86]. The advantage of rapamycin is its FDA-approved status for various 
clinical applications in humans; however, the relevance for longevity in humans has 
yet to be established given its immunosuppressive effects.

8.3 Metformin

Metformin is a first-line drug approved for the treatment of diabetes [87], 
which also targets the insulin/IGF1 pathway, mTORC1, AMPK, and SIRT1 [88]. 
Metformin is rapidly distributed to many tissues following partial absorption, 
whereas the luminal concentration in the gastrointestinal tract remains high after 
a single oral dose [89]. Patients with type 2 diabetes have an increased risk of 
developing AD [90], as insulin has been shown to prevent Aβ oligomer formation 
in a dose-dependent matter [90]. A 12-year cohort study revealed that metformin 
supplementation reduced the AD risk in type 2 diabetes patients, with the risk 
being further reduced when metformin was combined with an antihyperglycemic 
agent, sulfonylurea [91]. In contrast, a case-control study revealed that long-term 
metformin-treated type 2 diabetes patients had a slightly higher risk of developing 
AD [92]. Despite these contradictory findings, metformin remains a promising 
CRM, but further research is required to unravel its effects on brain health.

8.4 2DG

2DG is a well-established glycolysis inhibitor first identified by Lane et al. [93] 
as a potential CRM drug. In this study, rats fed with a 2DG supplemented diet at 
varying weight-dependent doses revealed that 2DG was toxic at a high dosage, 
while at the lower dosage, 2DG supplementation had beneficial effects, including 
reduced blood insulin levels [93]. Rodents maintained on a 2DG-supplemented 
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diet for 2 weeks increased neuronal resistance in AD [94] and PD [95] models. 
While 7 weeks of 2DG supplementation at a dosage of 0.04% has been shown to 
attenuate amyloid pathology and increase the levels of BDNF in an AD mouse 
model [96], toxicity studies revealed that 2DG supplementation at a dosage of 
0.2–0.4% may induce cardiotoxicity [97]. 2DG has been linked to the upregula-
tion of CR-related signaling pathways, specifically increased activation of AMPK 
and SIRT1 [93]. Hence, 2DG remains a viable CRM candidate provided the dose-
dependent toxicity can be fully established.

9. Autophagy-inducing agents

Given the cell’s declining capacity to sustain efficient autophagic degradation 
with age, it is not surprising that autophagy dysfunction plays a key role in patho-
logical processes common to aging and neurodegeneration in the elderly [98]. The 
modulation of autophagic activity may thus be a promising strategy to offset the 
progression of neurodegenerative processes with age [99]. In addition to adhering to 
low CR regimes, and the use of CRM drugs, autophagy-induced life extension may 
also be mediated using the histone acetylase inhibitor, spermidine. Unlike other 
autophagy-inducing drugs, spermidine has shown no adverse effects during lifelong 
administration in mice [100], with clinical data indicating good safety and toler-
ability in elderly subjects during long-term dietary supplementation [101].

9.1 Spermidine

Spermidine is a naturally occurring polyamine that has been shown to decline 
throughout the aging process in humans [102]. Accordingly, spermidine dietary 
supplementation in mice (26 weeks) and humans (2 months) has been shown to 
increase blood polyamine concentrations [103, 104]. Studies reveal that spermidine 
influences life span, partly, by inducing autophagy through the suppression of E1A-
binding protein p300 (EP300), an acetyltransferase that transfers acetyl groups 
from acetyl coenzyme A to core Atg proteins, thereby inhibiting this pathway [105]. 
Indeed, He et al. [99] revealed that spermidine’s life-extending effects were abol-
ished when autophagy activity was suppressed through Atg7 or Beclin1 knockdown 
in vivo, consistent with a causal connection between autophagy induction, neuro-
protection, and longevity.

Spermidine’s autophagy-inducing potency has been quantified to be equivalent 
to that of rapamycin [106]. Although dietary supplementation with spermidine 
has emerged as a promising prevention strategy in aging individuals with an 
elevated risk of developing AD, the spermidine concentration required for optimal 
autophagy activity with healthy aging in humans remains unknown. A recent 
study revealed that spermidine supplementation had no toxic effects even at high 
concentrations in mice and in older adults at risk for AD [101]. Improved memory 
performance was reported in the aged subjects after 3 months of spermidine intake 
compared to the placebo group [107], suggesting that nutritional spermidine may 
potentially delay memory loss with age.

10. Screening for autophagy-inducing CRMs

Considerable efforts have been made to identify autophagy-inducing drugs 
which may attenuate the risk for age-associated diseases. Recently, Kaizuka 
et al. [108] developed an autophagic flux probe which was used to rank 
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Figure 4. 
Matching autophagy induction with autophagic flux decline and dysfunction in brain health and pathology associated 
with cognitive impairment.

Rank Drug GFP/RFP (%) Pathology Reference

1 Ciclopirox olamine 17.3 Cancer Zhou et al. [109]

17 Cladribine (2-CDA) 51.1 AD model Hayes et al. [110]

27 Sertraline hydrochloride 58.8 Depression Rainey et al. [111]

29 Loperamide 
hydrochloride

61.7 Huntington’s 
disease model

Williams et al. [112]

47 Azacitidine 70.0 Hematopoiesis 
disorders

Abdulhaq and Rossetti 
[113]

Modified from Kaizuka et al. [108].

Table 1. 
Autophagy inducers identified using a sensitive autophagic flux probe.
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autophagy-inducing drugs according to their level of potency by screening an 
approved drug library. The autophagic flux probe, i.e., GFP-LC3-RFP-LC3∆G, 
is a fusion protein consisting of GFP-LC3 and RFP-LC3, with the C-terminal 
glycine of RFP-LC3 being deleted. An equal amount of GFP-LC3 and RFP-LC3∆G 
is generated in the cytosol, and upon autophagy induction, GFP-LC3 is degraded 
within autolysosomes, while RFP-LC3∆G remains in the cytosol and serves as an 
internal control. GFP-LC3-RFP-LC3∆G-expressing cells were treated with can-
didate drugs at varying concentrations for 24 hrs under both nutrient-rich and 
starvation conditions. The resulting GFP/RFP signal ratio was measured using 
a microplate reader, with a low GFP/RFP ratio indicating a robust autophagy 
inducer (Table 1). Caution is recommended during cell transfection, as homolo-
gous recombination can occur between the two LC3 proteins of the probe. Thus, 
the isolation of properly expressing GFP-LC3-RFP is recommended. Expression 
levels of the probe may also vary among different cells/tissues; thus, cells/tissues 
with similar RFP expression levels should be compared. Lastly, the probe has a 
relatively low time resolution, making it more ideal for the detection of basal 
autophagy [108].

Of the 47 autophagy inducers identified, 3 were of relevance to neuroprotection. 
Importantly, these data indicate firstly, that autophagy activity can be measured 
accurately and hence standardized and, secondly, that neuronal autophagy decline 
in aging or neurodegeneration may be matched with an autophagy inducer that is 
suitable to offset autophagy dysfunction at the respective levels of autophagy activ-
ity (Figure 4). Further studies using these drugs in the context of healthy brain 
aging as well as AD pathology are required.

Other antiaging nutrients identified to date, including antioxidants (vitamins A, 
C, D, and E; quercetin; and coenzyme Q10), and phytochemicals, such as curcumin 
and epigallocatechin-3-gallate, have been shown to enhance autophagy activity [114]. 
However, there is a paucity of studies on their overall health benefits in humans.

11. Healthier dietary patterns for successful aging?

Research on the “nutrition transition” reveal that urban areas of develop-
ing north and sub-Saharan African countries, Asia, Latin America, and the 
Middle East share similar dietary pattern shifts [115]. One commonality of this 
shift is the increased consumption of fat and sugar-laden foods associated with 
increased risk for age-associated and lifestyle-based diseases. The consumption 
of nutritionally dense CRM foods, such as marine-based carotenoid-rich food, 
sweet potatoes, legumes, low-GI grains, fruits, and various flavonoids used in the 
Okinawan diet, is thought to be the most beneficial food choices for successful 
aging [48].

12. Future considerations for successful brain aging

Should we restrict our calories/frequently consume CRMs in order to preserve 
brain health and maintain a sufficiently high neuronal autophagic flux with age? 
Cumulative evidence from over 70 years of CR research provides compelling sup-
port for the role of CR-induced autophagic activity in brain health and longevity 
[116]. Therefore, a CR regime, alone or in combination with the dietary supple-
mentation of a potent autophagy-inducing CRM, could contribute substantially to 
successful brain aging, delaying the onset of detrimental effects associated with 
neuronal proteotoxicity.
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Nutrients
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Abstract

Enteral nutrition is often mandatory, especially for patients in vegetative or 
minimally conscious state. However, its application is nonviable in certain cases due 
to various adverse effects. Some of these are explained by absence of the cephalic 
phase of digestion, during which exocrine, endocrine, and motor physiological 
responses prepare the digestive system to receive, digest, transform, and utilize 
ingested nutrients. These responses result from the stimulation by nutrients of 
cephalic sensory systems, mainly in the oropharyngeal cavity, and can also be 
elicited by food-related thoughts or expectations. The digestive system appears able 
to rapidly assess the suitability of food and transmit this information to the brain. 
The vagus nerve and its brainstem relays in the caudal nucleus of the solitary tract 
(NST) and parabrachial complex appear to participate in the anatomic pathway 
responsible for this rapid processing. Thus, blockade of the vagus nerve, NST, or 
external lateral parabrachial region (LPBe) interrupts expression of conditioned 
taste preferences induced by administration of “predigested” food, while LPBe 
activation by electric stimulation generates similar preferences to those observed 
after cephalic food administration. This review may help design enteral diets better 
adapted to digestive physiology and develop pharmacological interventions against 
adverse effects of enteral nutrition.

Keywords: enteral nutrition, cephalic phase, rapid processing of nutrients, vagus 
nerve, gelatinous subnucleus, external lateral parabrachial subnucleus

1. Introduction

Clinical nutrition refers to practices for supplying nutrients to individuals when 
oral administration is inadvisable, insufficient, or impossible [1]. These are essen-
tial to maintain the function of vital organs and systems, minimizing the effects 
of food deprivation and avoiding nutritional deficiencies [2]. In general, these 
techniques are divided between enteral nutrition, in which liquid diet is directly 
administered into the gastric or intestinal cavity, and parenteral nutrition, in which 
nutritional solutions are delivered intravenously (Figure 1; [3]).
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2. Enteral versus parenteral nutrition

Most clinical nutrition specialists report that enteral nutrition has multiple 
advantages over parental nutrition and should be selected whenever the gastroin-
testinal tract can be used [3–8]. Parenteral nutrition is more expensive [6, 7, 9] and 
is usually more invasive in comparison to enteral nutrition, exposing patients to 
greater risks [10]. Notably, there are important clinical reasons for preferring the 
enteral administration route because of the association of parenteral nutrition with 
severe complications, including thromboembolism, severe metabolic fluctuations, 
hyper- or hypoglycemia, hyperlipidemia, blood electrolyte abnormalities, infec-
tious complications [2, 7, 11, 12], and, more controversially [13], a greater risk of 
“bacterial translocation” [12, 14–17].

Bacterial translocation takes place when bacteria usually confined to the digestive 
tract penetrate the intestinal mucosa and invade the lymphatic system, blood system, 
and numerous internal organs [16–18]. This event has been described as one of the main 
causes of septicemia and as a risk factor for the onset and progression of multiple organ 
failure, characterized by the uncontrolled systemic inflammation of internal organs [14, 
16, 18–20]. The main factors proposed as possible triggers for bacterial translocation 
include intestinal mucosal barrier break (increased mucosa permeability), intestinal 
microflora alteration (bacterial overgrowth), and immune system impairment [5, 17, 
18, 21]. These changes are associated with parenteral but not enteral nutrition [21–24].

Figure 1. 
Enteral (nasogastric, nasoduodenal, nasojejunal, gastrostomy, jejunostomy) and parenteral nutrition.
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Under normal conditions, the gastrointestinal mucosa acts as an effective barrier 
against the migration of microorganisms into the systemic circulation [16, 21, 25]. 
The integrity of this barrier is determined by the renewal of epithelial cells that 
compose it and by the number and type of bacteria that it contains [20, 25, 26]. 
A key stimulus for mucosal cell proliferation and the maintenance of bacterial 
homeostasis appears to be the presence and availability of nutrients in the intestinal 
lumen [4–6, 16, 24–27]. The food itself and the hormones released in its presence 
exert trophic effects on mucosa throughout the gastrointestinal system, from the 
stomach, small intestine, and colon to the gallbladder and pancreas [5, 24–26]. Both 
stimuli preserve the intestinal flora [5, 6, 20–22], which in turn critically modulate 
the immune response by producing the enzymes needed to release immunostimu-
lant nutrients and by activating the secretion of cytokine-like molecules known as 
bacteriocins [23, 25, 28].

Hence, mucosa atrophy is favored when the gastrointestinal system is not used, 
as in patients receiving parenteral nutrition. This increases the risk of septic com-
plications [12, 20, 25] and compromises intestinal immunocompetence, because 
the expression and induction of specific immune responses critically depend on the 
local microenvironment [20, 25, 28]. These problems are less frequently encoun-
tered in patients receiving enteral nutrition [9, 12, 20, 21].

For these reasons, enteral (rather than parenteral) nutrition is recommended 
in a wide range of clinical situations, including organ transplantation [11], cancer 
[29], pancreatitis [3, 30], Crohn’s disease [31], intestinal resection or inflammation 
[5], critical disease [3, 6, 7, 9], and the postoperative period [3, 8, 11, 23]. It is also 
preferred for premature or low-birth-weight infants [12, 32], for the elderly, for 
neurological patients [29, 33–35], for patients with anorexia nervosa [29], and for 
those with AIDS [36]. Nevertheless, enteral nutrition is not free of drawbacks, as 
discussed below [1, 22].

3. Problems associated with enteral nutrition

There is a consensus among health-care professionals that the nutritional status 
of patients is lower in those receiving enteral nutrition than in those fed orally. 
Enteral feeding has been associated with several disorders, although it is sometimes 
difficult to establish whether they are caused by the disease, the specific diet, or by 
the food administration route [1].

However, regardless of their disease, patients on enteral nutrition often show a 
series of “secondary” symptoms that can be described as gastrointestinal tract reac-
tions to diet administration, including: pain, discomfort, gastric residual volume, 
delayed gastric emptying, abdominal bloating and cramps, nausea/vomiting, 
diarrhea [1, 4, 8, 9, 12, 20, 22, 32, 33–39], metabolic disorders [1, 12], and, when the 
enteral nutrition is longer term, ulcers and major weight loss [33, 34]. In addition, 
some patients are unable to tolerate enteral nutrition [9, 22], especially pediatric 
patients [38, 39].

The causes of these problems have not been fully elucidated, although some psy-
chobiological studies, mainly in animals, have suggested that they may in part result 
from the entry of food into the digestive tract in “nonphysiological” conditions [40, 
41]. The absence of oral stimulation means that the digestive system is not prepared 
to receive the food (with the appropriate endocrine and exocrine secretions or 
motor activity changes, etc.), hampering the optimal digestion, absorption, and 
utilization of the nutrients (see below).
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4. Animal models of enteral nutrition: intragastric feeding

In experimental studies, enteral nutrition is known as intragastric or intraintes-
tinal feeding and also appears to be accompanied by numerous disorders that affect 
the digestion, absorption, and metabolism of nutrients. In these feeding modalities, 
meals are directly delivered to the gastric cavity (intragastric feeding) or lower seg-
ments of the digestive tube, such as the duodenum or jejune (intraintestinal feed-
ing), generally using a permanently implanted catheter. A physiological variable or 
function is then studied and compared with results obtained for oral feeding or for 
sham feeding, in which the food is orally ingested but extracted via a cannula before 
reaching the stomach.

One of the first authors to document alterations in animals caused by intragas-
tric feeding was the Russian scientist Ivan Pavlov [42], whose studies masterfully 
demonstrated the marked importance of the passage of food through oropharyngeal 
systems for its subsequent digestion [43, 44]. This oropharyngeal stimulation, 
designated “psychic reflex” by Pavlov, is now known as the cephalic phase of diges-
tion, which comprises a set of autonomic and endocrinal responses to stimulation by 
the food of sensory perceptive systems in the head and particularly in the oropha-
ryngeal cavity. Nevertheless, although these cephalic responses are preferentially 
initiated by contact with the food, they can also be effectively elicited just by seeing 
or anticipating it or by thoughts or any learned cues associated with it [40, 42, 44].

The digestive events triggered by cephalic stimulation are mediated by vagal 
parasympathetic efferents except for salivary secretions, which are partly controlled 
by sympathetic and nonvagal parasympathetic fibers. These vagal efferents, which 
are distributed throughout the digestive tube and associated digestive organs (liver, 
pancreas, and gallbladder), largely originate in the dorsal motor nucleus of the 
vagus (DMV), which is localized in the caudal medulla oblongata close to the floor 
of the fourth ventricle and is closely related to the nucleus of the solitary tract, the 
main structure receiving visceral signals from the digestive system [40–44].

DMV activity is directly or indirectly modulated by centers at upper levels of 
the nervous system that are responsible for the changes in digestive function that 
take place during the cephalic phase of digestion. This descending control of the 
DMV has been reported for such structures as the insular cortex, medial prefrontal 
cortex, central nucleus of the amygdala, bed nucleus of the stria terminalis, teg-
mental ventral area, and nucleus accumbens. Many of these signals reach the DMV 
through relays in hypothalamic regions (posterior hypothalamus and paraventricu-
lar nucleus) and brainstem regions (e.g., periaqueductal gray matter or parabrachial 
nucleus) [40, 44–47].

Pavlov reported that when food was directly introduced into the stomach, the 
secretion of gastric juices was delayed and scant, with weak digestive power, con-
trasting with the rapid and abundant cascade of gastric secretions observed when 
the same nutrients passed through the oropharyngeal cavity after their real or sham 
intake. He concluded that the low gastric juice secretion in enteral nutrition delays 
and considerably prolongs digestion [42].

The absence of oropharyngeal stimulation also indirectly delays other digestive 
secretions. It was reported by Pavlov that intragastrically administered food is not 
accompanied by salivary secretions, whose arrival in the stomach cavity stimulates 
the release of gastric juices [42]. It has also been demonstrated that the digestion 
of carbohydrates and fats that starts in the mouth through the action of salivary 
amylase and lipase continues in the stomach [48–50]. Hence, the absence of saliva 
delays gastric secretion and hampers the digestion of some nutrients. There is also 
an indirect effect on the release of pancreatic juices, whose secretion is determined 
by the level of hydrochloric acid in the stomach [42].
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Absence of the cephalic phase impacts on digestion-related substances through-
out the digestive system, from the mouth or stomach (e.g., salivary enzymes, 
hydrochloric acid, gastrin, pepsinogen, immunoglobulins, etc.), as mentioned 
above, to the small intestine (bicarbonate or digestive enzymes), liver, or pancreas 
(numerous hormones) (for review, see references [40, 44]). Many secretions 
triggered by cephalic stimulation are also specific and adapted to the nature of the 
food [42, 51–56]. In other words, food components appear to be identified before 
they reach the stomach, allowing the digestive system to be specifically prepared for 
their transformation and utilization [40, 57].

Removal of the cephalic phase affects not only endocrine and exocrine secre-
tions but also gastrointestinal motor activity, with an anticipatory increase in 
cephalic stimulation [58–61]. The intragastric feeding of experimental animals 
has also been found to markedly accelerate the outflow of gastric contents into the 
duodenum [62–64], which might be responsible for the discomfort experienced by 
patients with “dumping syndrome” [62]. This syndrome is observed in humans who 
have undergone abdominal vagotomy and is characterized by the rapid emptying 
of gastric contents into the duodenum, producing nausea and epigastric pain [65]. 
In this regard, the intraintestinal administration of nutrients (fats) was found to 
significantly damage the intestinal mucosa [63, 66].

Disorders induced by the absence of oropharyngeal stimulation extend to 
postabsorptive stages [54, 57, 62, 64, 67–70]. In human studies, glucose intolerance 
(increased blood levels) and reduced blood glucagon levels were observed after 
intragastric glucose administration, but not when this was accompanied by oral 
sensory stimulation through modified sham feeding [71]. It has also been demon-
strated that lipolysis is slower with intragastric versus oral feeding, leading to higher 
plasma levels of fatty acids [62].

Responses that are affected by the absence of cephalic stimulation can be observed 
in other levels of the digestive system and beyond, including postprandial ther-
mogenesis, anticipatory rise in heart rate, increased respiratory rate in response to 
eating, and changes in the transport and intestinal absorption of nutrients and in bile 
flow and secretin release, among others [49, 72–75].

Taken together, published studies confirm that the cephalic phase not only opti-
mizes food digestion but also intervenes in processes related to nutrient absorption 
and metabolism. Many of these effects may be secondary to the release of gastrointes-
tinal hormones, whose secretion is stimulated by the anticipation and presence of food 
in the oropharyngeal cavity [76–79].

5. Is intragastric feeding stressful?

According to the above-reported studies, intragastric or intraintestinal feeding 
means that the digestive system is not prepared to receive, digest, process, or even 
appropriately utilize the administered nutrients. They would arrive in the system 
under nonphysiological, negative conditions, which may in part account for the 
digestive problems that can often make enteral nutrition nonviable.

Taste learning is one of the behavioral procedures used by scientists to deter-
mine whether individuals perceive the food reaching the digestive system as 
positive or negative. In these learning tasks, two nonnutritional flavored solu-
tions of water are offered, with the intragastric/intraintestinal administration of 
a nutritional stimulus being associated with one solution and of an innocuous, 
nonnutritional stimulus (e.g., physiological saline) with the other. The preference 
of animals is determined after multiple sessions pairing the taste and visceral 
stimuli [80–83].
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Studies using this technique have demonstrated that the direct administration 
of complex food into the gastric cavity is a powerful way to establish flavor-condi-
tioned aversions [66, 80, 84–86]. Thus, when rats were subjected to a discriminative 
flavor learning task using whole milk as visceral stimulus, they preferred the flavor 
associated with physiological saline and strongly rejected the flavor associated with 
the food, even after a 22-h food deprivation period [80, 84–86]. Similar results were 
observed with intraintestinal feeding, finding that association of the intraduodenal 
administration of fats or glucose with the oral intake of saccharose or water pro-
duced a strong rejection of both in subsequent presentations [66, 80, 81, 86–88].

Results obtained with the enteral administration of natural food markedly 
contrast with those obtained for the intragastric administration of food subjected to 
cephalic processing (aspirated from the stomachs of donor subjects shortly after its 
oral consumption). Unlike observations with natural food, the animals developed 
a strong preference for the taste stimulus associated with the administration of 
“predigested” food and rejected the stimulus associated with physiological saline 
[80, 81, 86–88]. Hence, enterally administered foods are experienced as rewarding/
positive when they have undergone oropharyngeal processing, and assistance of the 
cephalic phase appears to adapt enteral diets more closely to digestive physiology. 
According to these data, the digestive system also seems perfectly prepared for the 
rapid assessment of the suitability of foods and for the transmission of this infor-
mation to the central nervous system.

Results of research in animals have prompted numerous clinical studies. 
Although enteral nutrition was not a routine clinical practice until the 1960s, food 
had long been administered via gastric catheters, with the first case being published 
in 1564 by Matthew Cornax, a Viennese professor and physician. The first reports on 
gastric function and disorders in individuals fed via gastric catheters were presented 
by Coronel William Beaumont (1833) and the French physician Charles Richet 
(1879), who described the appearance of reddish blemishes and spots, scabs, and 
fragments of gastric mucosa, as well as delays in digestion and gastric emptying [89].

One of the most famous studies in this field was published by Wolf and Wolff 
and known as “Tom’s case.” In 1895, at the age of 9 years, Tom underwent gas-
tronomy after accidentally eating boiling food and was only able to consume food 
via gastric catheter for the next 65 years. Tom was studied by various authors during 
this time, and one of the main findings was that digestion was not optimal when the 
food was deposited directly in the stomach and the intake was wholly unsatisfactory, 
leading to his malnourishment. However, when he was allowed to taste and chew the 
food before intragastric administration, at his own request, he gained weight and 
developed a good appetite [90]. Other similar reports in the literature include the 
case of a 24-year-old woman presented during the Annual Meeting of the American 
College of Gastroenterology in 1950 [91] and of a patient with a 29-year history 
of complete esophageal obstruction and large permanent gastrostomy [92], who 
both acquired the habit of tasting and partially chewing food before intragastric 
administration. Although we have been unable to trace more recent studies of this 
type, other results obtained in humans have highlighted the importance of cephalic 
stimulation in nutrition. For instance, oral stimulation with monosodium glutamate 
(flavor enhancer that improves taste/palatability and augments salivary flow) 
increased the appetite and weight of elderly patients with problems of taste sensitiv-
ity, appetite loss, and weight loss, improving their overall health [93, 94]. Similar 
findings were reported in neonates with established enteral feeding, whose discom-
fort was reduced by oral stimulation with glucose [95], and in restrained eaters, 
whose food intake was increased by the sensory experience of tasting fat [96].

In summary, these data indicate that the signals produced by food in the oropha-
ryngeal cavity trigger a cascade of exocrine, endocrine, and motor reactions that 
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prepare the digestive system for the reception, digestion, absorption, and metabo-
lism of the food ingested, allowing feeding to be perceived as a satisfactory or 
rewarding event. When these signals are missing, a series of noxious consequences 
can hamper the adequate development of these processes, making the feeding 
experience negative or “stressful” [40, 41, 44, 62].

It is therefore possible that some of the noxious effects of enteral nutrition can 
be palliated by administering diets that imitate “cephalic” food in some way. This 
possibility is currently under investigation in our laboratory.

6.  Transmission pathways of rewarding visceral information to the 
central nervous system

In general, two distinct procedures can be used to establish flavor learning, desig-
nated by our group as concurrent and sequential flavor learning. Two nonnutritional 
flavored stimuli with their respective intragastric administrations are simultaneously 
offered during a short time period (usually 7 min) in concurrent learning, whereas 
the stimuli are presented in alternating sessions in sequential learning (Figure 2). A 
key difference between these procedures is that animals must detect and process vis-
ceral stimuli very quickly to establish an association in concurrent learning, whereas 
this can be established in a more delayed fashion in sequential learning [82, 93, 88].

Using these procedures, and with the aim of being able to palliate the negative 
effects of enteral nutrition in the future, our group has studied the rapid pathway 
for processing information related to nutritional stimuli present in the gastroin-
testinal tract (concurrent learning), especially in the case of suitable or rewarding 
(“cephalic”) foods [81, 87, 88].

Information from the gastrointestinal tract reaches the brain via complemen-
tary humoral and neural pathways [97]. However, given the aforementioned time 
constraints of concurrent taste, participation of the humoral pathway in this task 
appears unlikely, and the neural pathway would be responsible for the transmission 
of information under these learning conditions [87].

Figure 2. 
Experimental procedure followed in concurrent (A) and sequential (B) flavor learning. In the former, two 
flavored stimuli are presented at the same time; when the animal voluntarily consumes one of these stimuli, 
it is simultaneously and intragastrically administered with the associated visceral stimulus (e.g., predigested 
nutrients through an intragastric cannula); when the animal consumes the other stimulus, it is simultaneously 
and intragastrically administered with the other visceral product (e.g., physiological saline) through a second 
cannula. The same procedure is followed in sequential learning (B) except that each of the flavored stimuli and 
their respective intragastric administrations are presented in alternate sessions.
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In general, two distinct procedures can be used to establish flavor learning, desig-
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flavored stimuli with their respective intragastric administrations are simultaneously 
offered during a short time period (usually 7 min) in concurrent learning, whereas 
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key difference between these procedures is that animals must detect and process vis-
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this can be established in a more delayed fashion in sequential learning [82, 93, 88].

Using these procedures, and with the aim of being able to palliate the negative 
effects of enteral nutrition in the future, our group has studied the rapid pathway 
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Information from the gastrointestinal tract reaches the brain via complemen-
tary humoral and neural pathways [97]. However, given the aforementioned time 
constraints of concurrent taste, participation of the humoral pathway in this task 
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Experimental procedure followed in concurrent (A) and sequential (B) flavor learning. In the former, two 
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Neuroanatomical and neurophysiological studies have demonstrated that the 
gastrointestinal tract receives both vagal and spinal nerve fibers [97], and either 
may have carried nutritional information to the brain in our studies. However, 
numerous physiological and behavioral investigations have indicated that spinal 
visceral afferents are less important in nutrition [98] and appear more related to 
nociceptive processes [99]. For this reason, we have focused on the vagal system 
in our experiments on the neural substrates involved in transmitting rewarding 
visceral information to the central nervous system.

Vagal afferents are distributed throughout the digestive system (Figure 3) and 
receive detailed information on the specific nature of the nutrients present in the 
gastrointestinal lumen via interoceptors (chemo-, osmo-, thermo-, and mechanore-
ceptors) [97, 100, 101]. This takes place directly, through the free diffusion of lumi-
nal chemicals across epithelial cells, and also indirectly via paracrine messengers 
released by enteroendocrine cells, which act as sensory transducers (“taste” cells) 

Figure 3. 
Anatomical pathways and nuclei involved in the rapid detection and processing of nutritional rewarding 
visceral information (SolG: gelatinous subnucleus of nucleus of solitary tract; LPBe: external lateral 
parabrachial subnucleus).
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that detect the physical and chemical nature of luminal contents [100, 102–104]. 
Vagal afferents with nutritional information ascend toward the brain in parallel 
with autonomic motor fibers, forming bundles on both sides of the esophagus and 
ending in the nodose ganglion, from which central vagal branches extend toward 
their first brain relay: the nucleus of the solitary tract (NST) [105–106].

In rats, the NTS is a small-sized bilateral structure that ends in a single midline 
nucleus caudal to the area postrema (AP), one of the main circumventricular organs 
of the brain (Y-shaped in horizontal plane). Three regions have been differentiated 
in the anteroposterior dimension of the NTS: a rostral region that extends from the 
rostral pole of the nucleus to the point where the medial division contacts the fourth 
ventricle border; an intermediate band that extends from this last point to the caudal 
end of the AP; and a caudal division wholly occupied by the commissural sub-
nucleus [105–107]. Most of the subnuclei of the NTS are found in its intermediate 
region, especially in the medial division (localized medially to the solitary tract, a 
bundle of fibers that crosses the entire anteroposterior extent of the nucleus) [107].

The NTS is the first relay for a wide range of special and general visceral afferent 
sensory fibers (oropharyngeal, gastrointestinal, cardiovascular, and respiratory), 
which are relatively segregated in subnuclei distributed throughout its rostrocaudal 
dimension. Those originating in the gastrointestinal system largely terminate in 
subnuclei in the medial division of the intermediate-caudal NTS [105–106].

Our group has investigated the participation of vagal afferents in the rapid trans-
mission of rewarding nutritional information to the brain using capsaicin (8-methyl 
N-vanillyl-6-nonenamide), the pungent component in red pepper of the genus 
Capsicum (family Solanaceae). When topically applied, capsaicin causes the initial 
excitation of thinly myelinated Aδ- and unmyelinated C afferent fibers (enhanc-
ing the release and inhibiting the reuptake of substance P and other neuroactive 
peptides from terminals), producing a transient hyperalgesia. This is followed by a 
refractory period with reduced sensitivity, explaining its clinical application to treat 
different types of pain. After prolonged or repeated exposure, capsaicin produces a 
permanent degeneration of these fibers and a persistent desensitization. Therefore, 
perineural application of this substance provides an important neuropharmacologi-
cal tool for determining the specific role of an afferent pathway [108].

We applied capsaicin around the esophagus, selectively lesioning unmyelinated 
afferents and weakly myelinated fibers [108], which are both largely present in the 
vagus nerve [109, 110]. We found that information transmission mediated by cap-
saicin-sensitive vagal afferents is essential in concurrent taste discrimination tasks 
[87]. Thus, neurochemical interruption of this pathway hampers the establishment 
of taste preferences induced by the intragastric administration of “cephalic” foods, 
which is achieved without difficulty by neurologically intact animals.

However, capsaicin-sensitive afferents are not indispensable for the induction of 
taste preferences using sequential tasks. In this case, both capsaicin-treated and neu-
rologically intact animals effectively learn the task and show clear preferences for taste 
stimuli associated with the intragastric administration of predigested nutrients. These 
results support the idea that information is unlikely to be transmitted to the brain via 
spinal or humoral mechanisms in concurrent tasks, because capsaicin-treated animals 
could be expected to learn the task if this was the case, and they did not [87]. Because 
each flavor is presented with its respective intragastric administration on alternate 
days in the sequential modality, long time periods are available for the detection and 
processing of the visceral stimuli. Hence, neurologically intact animals could use 
both neural pathways (likely while the food is present in the gastrointestinal tract) 
and humoral pathways (after the absorption of nutrients), whereas capsaicin-treated 
animals could only use the humoral (and/or spinal) pathway, although this would be 
sufficient to develop the corresponding taste preference behaviors.
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Neuroanatomical and neurophysiological studies have demonstrated that the 
gastrointestinal tract receives both vagal and spinal nerve fibers [97], and either 
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numerous physiological and behavioral investigations have indicated that spinal 
visceral afferents are less important in nutrition [98] and appear more related to 
nociceptive processes [99]. For this reason, we have focused on the vagal system 
in our experiments on the neural substrates involved in transmitting rewarding 
visceral information to the central nervous system.
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receive detailed information on the specific nature of the nutrients present in the 
gastrointestinal lumen via interoceptors (chemo-, osmo-, thermo-, and mechanore-
ceptors) [97, 100, 101]. This takes place directly, through the free diffusion of lumi-
nal chemicals across epithelial cells, and also indirectly via paracrine messengers 
released by enteroendocrine cells, which act as sensory transducers (“taste” cells) 

Figure 3. 
Anatomical pathways and nuclei involved in the rapid detection and processing of nutritional rewarding 
visceral information (SolG: gelatinous subnucleus of nucleus of solitary tract; LPBe: external lateral 
parabrachial subnucleus).
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that detect the physical and chemical nature of luminal contents [100, 102–104]. 
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with autonomic motor fibers, forming bundles on both sides of the esophagus and 
ending in the nodose ganglion, from which central vagal branches extend toward 
their first brain relay: the nucleus of the solitary tract (NST) [105–106].

In rats, the NTS is a small-sized bilateral structure that ends in a single midline 
nucleus caudal to the area postrema (AP), one of the main circumventricular organs 
of the brain (Y-shaped in horizontal plane). Three regions have been differentiated 
in the anteroposterior dimension of the NTS: a rostral region that extends from the 
rostral pole of the nucleus to the point where the medial division contacts the fourth 
ventricle border; an intermediate band that extends from this last point to the caudal 
end of the AP; and a caudal division wholly occupied by the commissural sub-
nucleus [105–107]. Most of the subnuclei of the NTS are found in its intermediate 
region, especially in the medial division (localized medially to the solitary tract, a 
bundle of fibers that crosses the entire anteroposterior extent of the nucleus) [107].

The NTS is the first relay for a wide range of special and general visceral afferent 
sensory fibers (oropharyngeal, gastrointestinal, cardiovascular, and respiratory), 
which are relatively segregated in subnuclei distributed throughout its rostrocaudal 
dimension. Those originating in the gastrointestinal system largely terminate in 
subnuclei in the medial division of the intermediate-caudal NTS [105–106].

Our group has investigated the participation of vagal afferents in the rapid trans-
mission of rewarding nutritional information to the brain using capsaicin (8-methyl 
N-vanillyl-6-nonenamide), the pungent component in red pepper of the genus 
Capsicum (family Solanaceae). When topically applied, capsaicin causes the initial 
excitation of thinly myelinated Aδ- and unmyelinated C afferent fibers (enhanc-
ing the release and inhibiting the reuptake of substance P and other neuroactive 
peptides from terminals), producing a transient hyperalgesia. This is followed by a 
refractory period with reduced sensitivity, explaining its clinical application to treat 
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permanent degeneration of these fibers and a persistent desensitization. Therefore, 
perineural application of this substance provides an important neuropharmacologi-
cal tool for determining the specific role of an afferent pathway [108].

We applied capsaicin around the esophagus, selectively lesioning unmyelinated 
afferents and weakly myelinated fibers [108], which are both largely present in the 
vagus nerve [109, 110]. We found that information transmission mediated by cap-
saicin-sensitive vagal afferents is essential in concurrent taste discrimination tasks 
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animals could only use the humoral (and/or spinal) pathway, although this would be 
sufficient to develop the corresponding taste preference behaviors.
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Anatomical, physiological, and immunohistochemical studies have demon-
strated that vagal afferents from the upper gastrointestinal tract project toward 
the intermediate-caudal region of the NST (Figure 3), a gateway for visceral signal 
processing [111]. Thus, various subnuclei of the intermediate-caudal region of the 
NST (NSTic) show c-fos activity after normal food intake [112], after intragastric or 
intraduodenal nutrient administration [113–115], and in situations of gastric [116] 
and intestinal [117] distension, among others. In many of these cases, NSTic activa-
tion is abolished by the chemical or surgical lesioning of vagal afferents [114, 118].

Given the time constraints implicit in the concurrent procedure, the digestive 
segments most likely to be involved in this learning modality (i.e., responsible 
for initial detection of the visceral stimulus) would be proximal ones (preferen-
tially the stomach and duodenum). Sensory visceral information is known to be 
organized topographically in the NSTic with relative anatomical segregation [105, 
106]. For instance, a high density of gastric vagal afferents is concentrated in the 
lateral portion of the dorsomedial NST in a cell cluster known as the gelatinous 
nucleus [105–107, 111, 119], whereas afferents from the duodenum and other seg-
ments of the small intestine are distributed in different areas of the dorsomedial 
nucleus, especially in more caudal and medial areas of the intermediate region 
[105, 106, 117].

Our group recently demonstrated that the gelatinous subnucleus (SolG) par-
ticipates in the learning of concurrent taste preferences induced by intragastrically 
administered “cephalic” foods [88]. It therefore appears that the gelatinous nucleus 
(SolG), alongside capsaicin-sensitive vagal afferents, may participate in the neural 
pathway that rapidly processes rewarding nutritional information from the upper 
gastrointestinal tract. This subnucleus almost exclusively concentrates gastric vagal 
afferents [106, 113, 117, 119] and is a receptor of fine vagal afferents [120], that is, 
the type of fibers lesioned by capsaicin [108]. In addition, capsaicin-induced dam-
age of small ganglion cells was found to produce axonal degeneration in the SolG, 
among other regions [121].

The NSTic in turn relays visceral information from the gut to the lateral division 
of the pontine parabrachial complex (Figure 3), especially to its lateral external 
subnucleus.

The parabrachial complex is a grouping of subnuclei that surround the superior 
cerebellar peduncle along its course through the dorsolateral pons. In rats, the 
subnuclei localized dorsally to the peduncle constitute its lateral division (LPB) and 
those localized ventrally the medial division [122]. The external subnucleus (LPBe), 
localized at the most lateral border and throughout the rostrocaudal dimension of 
the LPB, concentrates information from both the stomach and duodenum, receiv-
ing a large number of the afferents projected from the dorsomedial NTS, including 
the SolG[107, 122, 123].

These anatomical connections allow modification of LPBe activity by electrical 
stimulation of the vagus nerve and by the intragastric administration of various 
nutrients [114, 124, 125]. Moreover, the intragastric application of nutrients induces 
c-fos expression in intermediate-caudal and dorsomedial NST subnuclei and in the 
LPBe, among other regions [114, 115]. This dual activation has also been observed 
after the administration of substances that positively or negatively affect food 
intake, including pharmacological agents (such as methyl palmoxirate, 2,5-anhydro-
D-mannitol, or dexfenfluramine) and various hormones (e.g., cholecystokinin, 
bombesin, or secretin) [126–131]. These effects of neuronal activation and/or intake 
can also be abolished or attenuated by truncal vagotomy or perivagal capsaicin 
treatment [114, 126, 130–134].

Our laboratory has also addressed the possibility of the LPBe nucleus being 
part of the rapid processing pathway of rewarding information related to nutrients 
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present in the upper gastrointestinal tract in our laboratory. Unlike neurologically 
intact animals, LPBe-lesioned animals proved unable to develop taste preferences 
induced by the intragastric administration of “cephalic or predigested” foods in 
concurrent taste learning tasks, but both groups were able to learn taste preferences 
in sequential taste learning tasks [81].

We have also used other procedures to explore the involvement of the LPBe 
in rewarding processes, including the induction of taste and place preferences by 
electrical stimulation of this subnucleus [135]. In addition, large lesions of the LPB, 
including the external subnucleus, appear to reverse aversive effects of the intragas-
tric administration of natural, nonpredigested nutrients, avoiding rejection of the 
associated taste stimulus and appearing to induce a flavor preference (versus water) 
in late trials of the task [85].

Considered together, these data suggest that the rapid processing of visceral 
information on rewarding nutrition (in upper gastrointestinal segments) is 
mediated by a neural pathway that originates peripherally in the vagus nerve and 
includes NSTic regions (e.g., SolG) and the LPBe [81, 87, 88]. In fact, this visceral 
vagal-NSTic-LPBe information pathway also appears to participate in other physi-
ological processes requiring the rapid transmission of nutritional information. We 
recently showed that both the vagus nerve [136] and SolG [137] or LPBe [138] are 
essential in circumstances that require the immediate adjustment of food intake, 
extracting part of ingested food immediately after ending a meal and finding that 
approximately the same amount was reingested by neurologically intact animals but 
a much smaller amount by lesioned animals.

The vagus nerve-NSTic-LPBe pathway also proved essential for the rapid trans-
mission of nonnutritional visceral information. We found that the vagus nerve [83] 
and NSTic [139] or LPBe [140] are necessary for concurrent taste aversion learning 
but not for sequential TAL.

According to the studies presented in this chapter, organisms have at least two 
complementary neurobiological systems for the detection and processing of nutri-
tional rewarding visceral information: one that depends on the vagus nerve, NSTic, 
and LPBe, and another that is independent of this pathway. The former appears to 
participate when rapid information processing is needed and the latter when there 
are no time constraints.

7. Conclusions

Research into the biological mechanisms underlying nutritional behavior is 
exhilarating, both for the simple pleasure of unraveling these complex phenomena 
and for its potential importance in numerous clinical fields, including artificial 
nutrition. As shown in our review, enteral nutrition for any reason and of any 
type is frequently associated with adverse effects whose causes have yet to be fully 
elucidated. Studies by our group suggest that at least some of these negative effects 
may result from the absence of the cephalic phase of digestion. Further investiga-
tions of the physiology of this nutritional process are needed to support the design 
of enteral diets better adapted to digestive physiology and the development of 
pharmacological strategies that counteract its noxious effects.
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