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ABSTRACT

Common dietary fatty acids, including palmitic acid, stearic acid, oleic acid, and polyunsaturated fatty acids, have been studied in the context of overall dietary fat
and shown to impact on several types of behaviors, most prominently cognitive behaviors and ingestive behaviors. The independent effects of these fatty acids have
been less well-delineated. Several studies implicate these common fatty acids in modulation of the CNS immune/inflammatory response as a key mediator of
behavioral effects. However, signaling actions of the fatty acids to regulate cell structure and neuronal or synaptic function have been identified in numerous studies,
and the relevance or contribution(s) of these to ingestive behavioral outcomes represent an area for future study. Finally, fatty acids are precursors of endocannabinoids and their structural congeners. Being highly dynamic and complex, the endocannabinoid system plays a key role ingestive behavior via cellular and
synaptic mechanisms, thus representing another important area for future study.

1. INTRODUCTION
The literature demonstrating the impact of dietary fat on a variety of
central nervous system (CNS) functions, including cognition [1–4], and
behaviors such as food reward [5,6] and drug reward [7–10] behaviors,
has become voluminous over the past few decades. While it would seem
intuitively obvious that dietary fat would impact on ingestive behavior,
both homeostatic and hedonic in nature, the contributions of specific
fatty acid components of dietary fat are only recently beginning to
emerge. Such studies are needed because numerous studies showing
effects of ‘high fat diet feeding’ have utilized complex models in which
not only high concentrations of multiple fatty acids are used in a diet
formulation, but animals may become obese, making it difficult in some
studies to differentiate between diet and obesity on behaviors being
measured. In this review and perspective, the contributions of fatty
acids, particularly from the perspective of dietary fatty acids, to brain
and behavioral function will be described and highlighted (see Figure 1
for overview). Table 1 shows the most common fatty acids in the human
body (discussed further in [11]). The goal of this perspective is to touch
upon findings and data that should lead to new hypotheses, new studies, and new perspectives. Noteworthy omissions include a discussion
of dietary fat and fatty acid contributions to the gastrointestinal microbiome, and its downstream influences. This is a significant and rapidly moving field of investigation which could warrant a review in its
own right. Further, discussion of ‘dietary fat’ per se is limited, in order to

allow a focus on specific fatty acids which are now appreciated to cause
not only unique behavioral outcomes but unique cellular and synaptic
effects. Finally, this review focuses upon CNS effects and not upon
peripheral endocrine and neural actions, with the goal of critical consideration of CNS actions.
While the digestion and peripheral disposition of ingested fatty
acids has been well-characterized, the relationship between ingested
fatty acids and altered composition of the numerous classes of lipids in
the CNS is complex and not well understood. Thus, there are not one-toone relationships between ingested fatty acids, circulating fatty acids,
and brain content of the respective fatty acid. Nonetheless it seems safe
to say that the dynamics and concentrations of CNS fatty acid profiles
are altered by dietary fat intake [12,13]. As an example shown in
Figure 2, short-term dietary intakes of palmitic or stearic acids can
result in significant changes of fatty acid composition in nuclear fractions from rat brain regions implicated in ingestive and reward behaviors, the hypothalamus and the striatum. Early studies demonstrated
rapid accrual of labeled fatty acids including palmitate (following oral
or intravenous administration) into brain lipids without being first
metabolized to acetate units (see [14] for review). Further, specific
fatty acids have specific classes of lipids into which they become incorporated and contribute to CNS function. In addition to in situ brain
synthesis of some fatty acids, circulating fatty acids can diffuse across
the blood brain barrier, whereupon they become esterified and equilibrate with the existing brain pool of fatty acid-CoA. Fatty acid
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Figure 1. Overview of fatty acid trafficking and biochemical contributions in the body. Ingestion and digestion of dietary fatty acids, and their release into the
circulation after transport to and through liver and adipose tissue yields circulating free fatty acids (FFA). De novo lipogenesis takes place in liver and adipose tissue. In
the circulation, fatty acids are transported as FFA, as triacyl-glycerol (TAG) and cholesteryl-esters in circulating triglyceride-rich lipoproteins, chylomicrons, very low
density lipoproteins (VLDLs) and in erythrocytes. Short-chain fatty acids (SCFA) absorbed from the intestine, and medium chain fatty acids (MCFA) provide signaling
at free fatty acid receptive structures, including input to the olfactory system. Long chain fatty acids (LCFA) provide cellular energy, are key structural moieties for
stabilization of plasma membranes, and through short and long metabolic conversion loops, are the parent structures for signaling moieties (Lipid-derived mediators;
LDM) including eicosanoids, ceramides, sphingolipids, and endocannabinoids. Fatty acids can directly access the central nervous system or as part of TAGs, and there
can contribute to cellular and synaptic functions, of which several contribute to the regulation of homeostatic and hedonic feeding behaviors in addition to the
feeding-regulatory and energy homeostatic effects of endocannabinoids. Peripheral effects of fatty acids on brain signaling occur via different signaling molecules,
including satiety hormones. Additional abbreviations: CHO, carbohydrate; TAG, triacyl-glycerol, triglyceride(s); LDM, lipid-derived mediator(s); GPCR, G-protein
coupled receptor; CB1, endocannabinoid type-1 receptor; CB2, endocannabinoid type-2 receptor; PPAR, peroxisome proliferator-activated receptor (type alpha or
gamma); TRP(s); transient receptor potential receptor(s); TRPV1, transient receptor potential vanilloid type 1; FFA1-4, long-chain fatty acid, GPCR receptor, types 14 (GPR40, 43, 41, 120); LOX, Lipoxygenases; COX, cyclooxygenase; CYP, cytochrome P450 enzyme(s); NAT/NAPE-PLD, NAPE-generating Ca(2+)-dependent Nacyltransferase/ NAPE-hydrolyzing phospholipase D; MAGL/DGL, monoacylglycerol lipase/ diacylglycerol lipase.

transporters can also facilitate transport. Uptake from plasma does not
appear to be selective, and ‘transporters’ may in fact be linked to
trapping or metabolism of the fatty acids [15-17]. The functionality of
multiple transport mechanisms continues to be a topic of ongoing discussion [18]; clarification of relevant mechanisms is complicated by
experimental limitations, as metabolism of fatty acids may occur rapidly upon penetration of the blood brain barrier. At this juncture it
seems reasonable to conclude that regulation or modulation of transport of peripheral fatty acids into the brain can occur at the levels of
capillary endothelial membranes, brain cell membranes, and intracellular organelle membranes. One key organelle is the nucleus, and
access or transport of fatty acids into the nucleus would contribute to
modulatory and/or regulatory action(s) on gene transcription. Indeed,
specific transport via transporters or receptors allows numerous classes
of lipids (for instance, sphingolipids, inositol lipids, or phospholipids)
access to cell nuclei, and the fatty acid composition of these lipids
would presumably vary as a result of fatty acid availability. Within the
cell nucleus, enzymes are present to metabolize lipids into signaling
mediators such as diacylglycerol, arachidonic acid, and ceramide (see
[19] for review and discussion). Effects on gene transcription in turn
could influence numerous cell processes including metabolism and
maintenance of the cell, cell signaling events, and synaptic events.
Evidence supports all of these actions, and one challenge is to put together findings from in vitro, cellular, and systems experimental approaches to determine what has in vivo physiological and behavioral
significance.
For studies relating to energy homeostasis, ‘lipid sensing’ has been
appreciated for half a century, dating back to research from Oomura

and colleagues in the 1970s demonstrating that direct applications of
free fatty acids to lateral hypothalamus from rats resulted in changes of
electrical activity using unit-recording methodology, within the slices
[20]. This argues for fatty acid effects on neuronal function, although
direct actions per se might not be determined in a slice preparation. In
1984, lipoprotein lipase (LPL) activity, modulated by nutritional status
of the animal, was reported, with hypothalamic LPL being particularly
sensitive among brain regions studied [21]. And more recently, LeFoll
and colleagues identified CD36 as key for fatty acid sensing [22]. Thus,
there are experimental precedents for specific fatty acid effects on energy homeostasis. However, evidence from multiple in vitro and cellular
systems supports both critical physiological roles for specific fatty acids,
and pathological actions, as well. In vivo CNS evidence for roles of
specific fatty acids also comes from the field of cognitive behaviors;
delineating cellular and synaptic effects may shed light on mechanisms
in common with ingestive behavior circuitry. A frontier for the ingestive behaviors field will be to take these findings, from many other
systems, into in vivo and behavioral settings to test their relevance for
ingestive behaviors. The value of such studies would be not only clearer
understanding of the physiological vs. pathological roles of fatty acids
in the diet, but also identification of potential cellular or synaptic mechanisms which might serve as targets for therapeutic consideration,
independent of fatty acid effects.
2. PALMITIC ACID
The reversible addition of fatty acids to key regulatory proteins
intracellularly, with a time course of minutes to hours, S-acylation, is an
2
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Table 1
Introductory overview of the most common fatty acids in the human body, their major sources of origin, and functions relating to ingestive behaviors. For further
information, the reader is referred to the text, and for additional background on lipid biochemistry, also see [11] and the LIPID MAPS website (http://www.
lipidmaps.org/).

SHORT-CHAIN FATTY ACIDS (SCFA)

MEDIUM-CHAIN FATTY ACIDS (MCFA)

EXAMPLES

MAIN SOURCES

FUNCTIONS LINKED WITH
INGESTIVE BEHAVIORS

Acetic acid (C2)

Gut microbiota,
endogenous production

Stimulates FFA2 (GPR43), possibly
also in brain, and peripheral FFA3
(GPR41)

Propionic acid (C3)

Gut microbiota

Stimulates FFA2 (GPR43), possibly
also in brain, and peripheral FFA3
(GPR41)

Butyric acid (C4)

Gut microbiota

Probably mainly indirectly via FFA2
(GPR43)

Octanoic (Caprylic)
acid (8:0)

Milk (some species),
minor component of
coconut and palm kernel
oil
Coconut oil, palm kernel
oil, milk (some species)

Unknown, possibly indirect metabolic
effects

Dodecanoic (Lauric)
acid (12:0)

Coconut oil, laurel oil,
and palm kernel oil, milk
(human, cow, goat)

Unknown, possibly indirect metabolic
effects

Myristic acid (14:0)

Animal and vegetable
fats, particularly
butterfat, coconut, palm,
and nutmeg oils
Most common saturated
fatty acid in human body.
From meats, dairy, palm
oil, also endogenously
produced.

Possible modulation of brain
signalling via protein S-acylations (cf
palmitic acid, but less studied).

Decanoic (Capric)
acid (10:0)

LONG CHAIN SATURATED FATTY ACIDS

Palmitic acid (16:0)

LONG CHAIN MONO-UNSATURATED FATTY ACIDS (LC-MUFA)

Important for S-acylation of different
regulatory and signalling proteins in
brain, epigenetic and transcriptional
regulation, modulation of
inflammatory processes, direct and
indirect (e.g. endocannabinoids,
hydroxy-fatty acids etc.) actions on
GPCRs, PPARs [see text for further
details].
Stearoylation of proteins and histones,
most likely via comparable processes
as for palmitic acid, though less well
investigated. Involved in maintenance
of mitochondrial function via (anti-)
inflammatory derivatives [see text for
further details].

Stearic acid (18:0)

Present in various animal
and plant fats. Also
endogenously produced
(via elongation).

Palmitoleic acid
(16:1 cis-7)

Present in salmon, cod
liver oil, macadamia and
olive oil, oil from shrub
sea buckthorn. Also
endogenously produced
(elongation and
desaturation).
Present in various animaland plant-derived fats and
oils, for example olive oil.
Also endogenously
produced (elongation and
desaturation).

Direct effects on brain signalling so far
unknown. Displays peripheral
metabolic effects, including via insulin
sensitivity and lipogenesis

Essential dietary oil to
mammals. Present in
vegetable oils, nuts, seeds,
meats and eggs.

Agonist of FFA1 (GPR40) and FFA4
(GPR120) in various brain areas.
Precursor of CB1 ligand N-dihomo-γ
-linolenoylethanolamine

Oleic acid (18:1 cis-9)

LONG CHAIN POLYUNSATURATED FATTY ACIDS (LC-PUFA)

Unknown, possibly indirect metabolic
effects

Linoleic acid (18:2n6)

Found to antagonize, reverse, or
prevent palmitate effects. Affects food
intake and glucose production after
Intracerebroventricular injection.
Reported to interact with dopamine
signalling in ventral tegmental area.
Precursor for the anorexigenic
endocannabinoid-like oleoylethanolamine (OEA) [see text for further
details].

(continued on next page)
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Table 1 (continued)
EXAMPLES

MAIN SOURCES

FUNCTIONS LINKED WITH
INGESTIVE BEHAVIORS

Arachidonic acid
(20:4n-6)

Dietary intake from
animal-derived foods only
(meat, poultry, eggs, fish
and dairy). Can be
endogenously produced
from linoleic acid.

α-linolenic acid
(ALA, 18:3n-3)

Essential dietary oil to
mammals. Present in a
number of green plants,
nuts, flaxseed (linseed)
and some vegetable oils.

Agonist of FFA1 (GPR40) and FFA4
(GPR120). Modulates membrane
functionality, precursor of various
signalling molecules, including
eicosanoids and endocannabinoids
(anandamide and 2-AG) [see text for
further details].
Agonist of FFA1 (GPR40) and FFA4
(GPR120). May modulate
endocannabinoid signalling, i.e. via
formation amine-conjugate

Eicosapentanoic acid
(EPA; 20:5n-3)

DHA
(Docosahexaenoic
acid; 22:6(n-3)

Main dietary source ‘oily’
fish. Limited synthesis
from ALA.

Main dietary source ‘oily’
fish. Limited synthesis
from ALA via EPA.

Agonist of FFA1 (GPR40) and FFA4
(GPR120). Modulates
endocannabinoid signalling but direct
effects for the time being largely
unknown. Modulates inflammatory
status
Agonist of FFA1 (GPR40) and FFA4
(GPR120). Precursor of amine and
glycerol conjugates that interfere with
endocannabinoid and eicosanoid
production

Figure 2. Concentrations of oleic acid, stearic acid, or palmitic acid in nuclear fractions prepared from striatum or hypothalamus of rats fed Low Fat, stearate
(STEAR), or palmitate (PALM) diets, n= 9-10/gp. Diet treatments are shown on the x-axis. Tissue samples were obtained from one set of cohorts studied and
published in Figlewicz et al. Am J Physiol 2018, in which altered histone modification was identified in hypothalamic nuclear fractions from rats fed PALM or STEAR.
Please see [53] for details of rat diets, and preparation of nuclear fractions. Samples were assayed at the University of Cincinnati in collaboration with Dr. Patrick Tso
(see ACKNOWLEDGMENTS). Note that there are region-specific and diet-specific influences on fatty acid concentration: In nuclei from LowFat-fed rats, concentrations of PALM were significantly higher (p=.005), and OL concentrations were significantly lower in HYP vs. STR (p=.0045). Testing for diet effect (within
brain region), comparisons across diets (1-way ANOVA) identified a highly significant (p<0.05) effect of diet on STEAR (F2,26=20.204) and OL concentrations
(F2,25=55.587), with a trend for diet effect on PALM in the HYP (F2,26=2.111); in the STR, there were no significant effects of diet on PALM, STEAR or OL
concentrations. Finally, for both brain regions, and for each diet, there was a significant difference of concentrations of the fatty acids (OL, PALM, and STEAR) among
themselves (1-way ANOVA, p<0.05 for all six comparisons).

important process in neuronal and synaptic function. Perhaps best
studied is palmitic acid, which is not only a common and highly-present
dietary component but also a key intermediary fatty acid in metabolism
and cell function. For reviews of S-acylation physiology, the reader is
referred to reviews from Chamberlain and colleagues [23,24], Globa
and Bamji [25], and Fukata and colleagues [26]. CNS diseases associated with S-palmitoylation processes include Huntington's Chorea,
schizophrenia, and Alzheimer's disease (AD) [27]. Both amyloid-precursor protein (APP) [28] and BACE 1 (β-Site APP cleaving enzyme 1),
a key enzyme for APP processing [29,30], undergo palmitoylation and
an age-related increase of palmitoylated APP can result in greater
amyloid-B deposition.
Evidence exists for specificity of the S-acyltransferases (DHHCs) for

both the fatty acid transferred, and the protein target [31,32]. Of relevance for CNS neuronal circuits that mediate ingestive and reward
behaviors, palmitoylation of regulatory proteins plays a role in synaptic
transmission, on both sides of the synapse. Candidate neuronal proteins
include neurotransmitter receptors, transporters, SNAREs and vesicular
trafficking proteins, intracellular scaffolding proteins [33], and the CB1
endocannabinoid receptor [34]. Experimental modifications of specific
DHHC enzymes emphasize that one link between increased neuronal
activity and increased palmitoylation events is not increased activity of
the enzyme, but increased shuttling of a DHHC enzyme to the intracellular locus where it can interact with its substrates (e.g., [35]).
The DHHC protein family member, zDHHC9, has recently been identified as essential for dendritic growth and maintenance of excitatory/
4
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inhibitory synapse balance, in a mouse knockout model: Behaviorally,
the mice manifest increased seizures, leading the authors to speculate
that the palmitoylation substrates for DHHC9 may be important targets
in epilepsy [36]. A major role for palmitoylation of proteins is the
regulation of their trafficking intracellularly and access to the plasma
membrane. Some examples of this are described here. Pre-synaptic
proteins that regulate synaptic vesicle fusion (e.g., syntaxin 1, SNAP25,
and synaptotagmin I) are palmitoylation targets [37]. Dynamic mechanisms for the activity of the palmitoylation enzyme DHHC5 in response to synaptic activity include release from the synapse and
translocation to dendritic shafts [38]. Palmitoylation of catenin results
in its stabilization in the synapse, and other downstream sequelae of
acute synaptic plasticity [39]. Golgi apparatus-localized palmitoyltransferases modulate localization of PI4-kinase IIa, an enzyme which
contributes to normal trafficking of endosomes and processes such as
phagocytosis [40]. Palmitoylation of the Ndel1 complex, which interacts with dynein to regulate molecular trafficking in neurons, can ‘finetune’ the activity of this complex (for which impaired function is implicated in several neurodegenerative diseases) [41]. It should be emphasized that palmitoylation effects on molecular or biochemical
function are not limited to neuronal phenotypes. DHHC 5/8 contributes
to coincident ankyrin-G and BII-spectrin binding to phosphoinositide
lipids in an epithelial cell line [42], linking together tissue structure and
cell signalling. In lens epithelium, palmitoylation of the integral
membrane protein, Aquaporin-0, holds it in detergent-resistant lipid
raft domains of the plasma membrane [43]. In addition to synaptic
function events, palmitate has been shown to interact directly with
(nuclear) histones and presumably have epigenetic functions to contribute to gene transcription regulatory events. Nuclear lipid mediators
(e.g., DAG, arachidonic acid, and ceramide [19]) can interact with
nuclear signaling enzymes such as the PI3kinase/AKT system, to indirectly modify gene transcription. Specific fatty acids, including palmitic acid, can become covalently attached to histones, allowing for
more direct influence on gene transcription [44,45]. Lipids are an integral part of the nucleus, present in the nuclear envelope, the nuclear
matrix and chromatin, and can contribute to the regulation of gene
expression [44,46], a finding reported across many phyla. Palmitate
can modulate chromatin directly and indirectly, via physical interaction
with telomeres [44]; palmitoylation of histones 3 and 4 [47,48]; and
biochemical modulation of histone acetyltransferase [49]. Finally, extracellular (non-transported) palmitate has been shown to increase
expression of amyloid precursor protein in the human neuroblastoma
cell line SK-N-MC [50], suggesting that palmitate does not need to be
transported into the cell to have gene expression effects with significant
implications for behavioral function.
Dietary palmitate can alter food reward behaviors. The dopamine
re-uptake transporter can be palmitoylated, which contributes to regulation of its trafficking in and out of the plasma membrane, and its
activity [51,52]. Since the DAT functions to clear dopamine from the
synapse it is not immediately obvious how these cellular biochemical
findings fit with the observed behavioral effects of dietary palmitate to
increase sucrose reward or other reward behaviors: Figlewicz reported
that sub-chronic feeding of diets moderately elevated in palmitic or
stearic acid both resulted in significant enhancement of lever-pressing
for sucrose solutions by rats [53]. Decarie-Spain [54] reported an increase of compulsive sucrose-seeking in mice fed a diet elevated in
palmitate, although this more complex model with a longer diet intervention did manifest frank obesity, thus is not an isolated model of
dietary fatty acid effects. In a separate study, this group reported a
blunting of behavioral sensitivity to amphetamine, and to exogenous
type1 dopamine receptor agonist, along with measurements from the
‘reward area’ of the brain, the nucleus accumbens, showing decreased
DAT protein (which would contribute to elevated synaptic dopamine
levels); increased type1 dopamine receptor levels; and increased levels
of phosphorylated DARPP32-Thr75, an intracellular signaling mediator
that could antagonize D1 post-receptor actions [55]. In this study, mice

were fed a diet of 50% kcal of saturated fat, based on palm oil, but did
not become obese. It should be noted that blunted reward perception
and dopaminergic function have been reported in rodent models of
mixed high fat diet [56], and in obese humans, whereas increased reward function occurs in the weight range of ‘overweight’ humans and in
rodents fed a moderate mixed-fat diet (see [57] for discussion). The
variability in diet-obese rodent models and human observations may be
ascribed to factors such as exact diet composition, timing and length of
exposure to diet, and other variables (such as gender). What is clear is
that dopaminergic function, and behavioral sequelae, can be modified
by fatty acids in the diet. The mixed results in experimental models also
emphasize the gap between knowledge of direct cellular and biochemical fatty acid effects and the behavioral consequences of these
fatty acids in the diet. As discussed above, lipidomics profiles in key
brain regions in animal models would be a useful first step to clarify
local synaptic, and behavioral, events downstream from altered diet.
Finally, it is possible, in fact likely, that ingestive or rewarding stimuli
trigger changes in S-acylation processes. Van Dolah and colleagues [58]
reported that cocaine administration resulted in an increase of palmitoylation of AMPA receptor subunits GluA1 and 3 in striatal neurons
and enhanced susceptibility to intracellular internalization. Pharmacologic prevention of this palmitoylation was associated with a maintained sensitivity to the psychomotor effects of cocaine, in rats. The
speculative significance of these findings is that there are bi-directional
links, if not actual feedback loops, between cellular lipidation events
and behavioral outcomes.
Several classes of receptors that play important roles in components
of food reward and ingestive behaviors can, and have been reported to
be, palmitoylated. It is estimated that more than 70% of known Gprotein coupled receptors (GPCRs) contain palmitoylation sites and
palmitoylation can play a role in intracellular localizations of some
GPCRs, which can signal in the absence of ligand, and can even access
the nucleus for interaction with chromatin and direct effects on gene
transcription [59]. A recent tool for scientists interested in delving
further into the importance of protein palmitoylation is the SwissPALM2 website (swisspalm.org) developed by Van Der Goot and colleagues [60], which organizes published information on protein databases from numerous species and cross-references studies on
identification of, or potential for, palmitoylation on these proteins.
Table 2 provides abridged information for receptors of interest for ingestive or reward behaviors; this list is not exhaustive but provides an
example of information available at the website.
Several general considerations need to be considered, with regard to
the S-acylation activity of cellular palmitate. Greaves et al [61] emphasize that most reporting of S-acylation events has focused on palmitate; this is in part attributed to availability of experimental techniques that bias observations for palmitate such as measures of 3Hpalmitate incorporation into proteins. However other common (and
dietary) fatty acids have the capacity to form the thioester linkage including stearate, oleate, and palmitoleate, and the authors speculate
that incorporation of significant amounts of unsaturated fatty acids
(e.g., oleate) may prevent forward transport of a protein from the Golgi
apparatus. Since decreased or increased palmitoylation events may
both result in protein retention in the Golgi [62], it seems clear that
both absolute and relative availability of different fatty acids to the
cellular machinery of regulatory protein trafficking can significantly
impact cell (neuronal) signaling. Finally, although the S-palmitoylation
event is reversible, the time course for removal of palmitate likely
varies with the protein target, thus both time and timing of palmitoylation events is likely not ‘one size fits all’. While these considerations
may add to the complexity of studies evaluating this system as a cellular
target for therapeutics, aspects such as the on-off timecourse of specific
S-acylation events might be successfully exploited.
Although palmitate clearly contributes to normal synaptic functioning within the CNS, toxic effects and behavioral anomalies, including those tied to ingestive behaviors, have been identified. The
5
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Table 2
Evaluation of palmitoylation of receptors implicated in ingestion and reward. Adapted and abridged from www.SwissPalm.org *
RECEPTOR
Orexin
Ghrelin
DR1
DR2
MC4R
GBR-A1
GBR-A2
GBR-B1
GBR-B2
B2
CBR-1
CBR-2
MOR
5HT2a
SERT
5HT1a
5HT2c
⁎

mouse, human
human
human
rat, mouse, human
rat, mouse, human
rat, human
rat, mouse, human
rat, human
mouse
rat
mouse
human
rat, mouse
human
rat
mouse
human
mouse
rat, human
rat
rat, human
mouse
rat, human

PALMITOYL-PROTEOMICS

IDENTIFIED

0

0

0
0
0
0
0
1
1
2
0
0
0
0
1
0
1
0
1
0
0
0

0
0
0
0
0
0
0
2
1
0
0
1
1
0
1
0
0
0
2
0

PREDICTED
yes
no
yes
yes
yes
no
no
yes
yes
yes
yes
yes
yes
no
yes
no
yes
yes
yes
yes
yes
yes
yes
yes

Blanks represent 'no reported tests'; "identified" represent tests using mass spectroscopy or site-directed mutagenesis.

infusion of a saturated animal fatty acid mixture, which included palmitic and stearic acids, resulted in expression of TNFα, IL1-B, and IL-6.
Comparable findings came from Posey et al [12], who reported increased hypothalamic phosphorylated-IKKB in rats fed a high fat diet,
or receiving intracerebroventricular infusion of palmitate for 6 hr.
Likewise, pro-inflammatory proteins (TNF-α, IL1-β, IL-6 and pIκBa)
were increased in mediobasal and paraventricular hypothalamic nuclei
of mice infused intracerebroventricularly with palmitate [74]. The
unique involvement of microglia in hypothalamic inflammation following saturated fat (including palmitate) intake was supported by
studies whereby cultured mouse microglia, but not astrocytes, become
activated following exposure to saturated fatty acids [75]. Prevention of
the increase or signaling of microglia in mouse models was effective in
decreasing food intake and increased adiposity [76, 77]. Cultured microglia increase expression of the receptor for orexin, a neuroprotective
peptide transmitter in the CNS [78] and manifest a pro-inflammatory
response profile, following incubation with palmitate; and pre-treatment with orexin turned down the pro-inflammatory response and
decreased microglial cell death. Thus, cellular mechanisms appear to be
in place to modulate the toxic and dyshomeostatic effects of palmitate
in the hypothalamus and these mechanisms might be overwhelmed
with chronic high-level exposure. Intriguingly, Fatty Acid Binding
Protein 4 has been implicated in both isolated microglia, and hypothalamic tissue, as a mediator of the neuroinflammatory response
[79]. This finding warrants further investigation into the roles of specific fatty acid binding proteins/transporters (or their absence) in the
expression of a neuroinflammatory response that is clearly tied to energy dyshomeostasis.

potential harm of accumulation of palmitoylated proteins is shown by
the human neuronal degenerative disease, neuronal ceroid lipofuscinosis, and in hippocampus from a mouse model which has knock-out of
palmitoyl-protein thioesterase 1 (PPT1) [63]. Perhaps not surprisingly,
the rate of depalmitoylation of specific synaptic proteins differs (for
example PSD-95 vs. glutamate receptor subunits [64]); this may be a
useful functional target for modulation of palmitoylation events. Palmitate treatment of SHSY5Y neuroblastoma cells in vitro, and mouse
hippocampus in vivo, results in activation of the transcription factor
CHOP (C/EBP Homologous Protein) and increased endoplasmic reticulum (ER) stress [65]. In a mouse model, age-related increases of a
number of palmitoylated proteins in the frontal cortex were associated
with impairment of executive function and reference memory [66].
Important for ingestive behaviors, palmitate has been shown to induce neuroinflammatory responses within the nucleus accumbens [54]
and hypothalamus (see Tran 2016 for review [67]), resulting in altered
feeding behavior and energy homeostasis. Mice fed a saturated-fat diet
manifested with anxiety-like behavior, compulsive sucrose seeking, and
pro-inflammatory changes in the nucleus accumbens, including increased expression of IKKB, IL-1B, and Iba-1, together with reactive
gliosis [54]. Research from the labs of Benoit [68] and Belsham [69]
demonstrated in vivo, and in vitro in cultured hypothalamic neurons,
that exposure to palmitate generates a state of insulin resistance characterized by changes in major cell signal pathways. In addition to potential direct neuronal effects of palmitate on hypothalamic neurons
(and downstream, on energy homeostasis), it is now appreciated that
dietary fat, including dietary palmitic acid, alters microglial function
and contributes to a pro-inflammatory profile (see [70,71] for detailed
review and discussion of crosstalk between microglia and astrocytes
with neurons). Importantly, the generation of inflammatory markers
occurs relatively rapidly, and independent of obesity, in models of highfat diet feeding. Following a report of a hypothalamic pro-inflammatory
response to high fat diet in mice [72], a key study from Milanski and
colleagues [73] demonstrated enhanced Toll-like receptor 4 expression
in microglia concomitant with intake of a high fat diet; and they reported differential expression of inflammatory markers based upon
intracerebroventricular fatty acid infusions. Thus, oleic acid infusion
resulted in expression of anti-inflammatory IL-6 and IL-10, whereas

3. OTHER FATTY ACIDS
As alluded to above, the fatty acid oleate (oleic acid) appears to
have actions that antagonize, reverse, or prevent palmitate effects
whether examined behaviorally, or at synaptic or cellular levels.
Potential direct effects of oleate are supported by patch-clamp recording studies from individual hypothalamic neurons which reveal
distinctive responsivity to the monounsaturated fatty acid oleic acid
(OL) [80]. In vivo studies have demonstrated that OL injected into the
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third ventricle close to the medial hypothalamus can result in decreased
food intake and glucose production [81], and activation of hypothalamic KATP channels appear to be a cellular intermediate for this effect.
More recently, Hryhorczuk and colleagues [82] reported that oleic acid
infused into the ventral tegmental area (the nucleus for dopaminergic
cell bodies) could decrease overall food intake; food reward behavior
(operant responding for a highly palatable food); and dopaminergic
neuronal activity assessed using whole-cell current-clamp recordings of
spontaneous electrical activity. Tse and Belsham [83] evaluated palmitate effects on a number of cell signals and proinflammatory and
endoplasmic reticulum stress markers, in an immortalized hypothalamic cell line of POMC neurons. These are one major class of energy
homeostasis-regulating neuron in the hypothalamus. Palmitate-induced
increases of Pomc, CHOP, and IL-6 could be reversed by including
oleate in the medium, suggesting some interacting (and antagonistic)
mechanisms of action for these two fatty acids, which might be evaluated in other cell systems (microglia) or behavioral paradigms. As one
example, Guzman and colleagues [84] reported a protective effect of
oleic acid in vivo to counter oxidative stress responses in the rat brain,
which were secondary to the administration of the anti-cancer agents,
cyarabine and doxorubicin.
Biochemical and synaptic effects of the fatty acid stearate have been
reported although findings have not been as extensive as those for
dietary palmitate. As reported for palmitate, stearoylation of nuclear
Histone 3 variants can also occur (see [47] for detailed information
regarding mammalian protein targets for fatty acylation). And in
keeping with reports of both specificity for acyl type and for protein
target, S-acylation of hemagglutinin has specificity for location of palmitate vs. stearate regions of attachment [85]. Stearate has been
identified as a signaling molecule that maintains normal mitochondrial
function, binding to the transferrin receptor [86]. Finally, recent reports of a new class of endogenous lipids with anti-inflammatory effects, including palmitic acid hydroxystearic acids (PAHSAs) provide
rationale for further study of the identification, processing, and function of these modified fatty acids in the CNS (see [87] for discussion and
references).
In addition to (dietary) saturated fatty acids, polyunsaturated fatty
acids (PUFAs) play a significant role in CNS structure, function and
signaling. These include (dietary) linoleic and α-linolenic acids, which
are precursors for arachidonic, and docosahexaenoic (DHA) acids.
Detailed discussion of the regulated metabolism and conversion of these
main PUFAs into signaling mediators is beyond the scope of this review
(see [16] for detailed discussion), but it is noteworthy to point out that
a key metabolizing enzyme, phospholipaseA2, which releases fatty
acids from phospholipids, is coupled to activation of numerous neurotransmitter receptors. This raises the intriguing possibility of co-activity
of fatty acids such as PUFAs along with that of a conventional neurotransmitter, and the modulation of neurotransmitter effects. Following
release, PUFAs can then be converted to modified fatty acid moieties.
Delineating the positive or harmful attributes of specific PUFA products
may have substantive therapeutic value. In terms of normal CNS
function, PUFAs are implicated in cognitive function and mood (see
[88] for review and discussion), with evidence coming from in vivo and
in vitro studies. Important for ingestive and reward-related behaviors,
PUFAs are the precursors for endocannabinoids, and can modulate the
endocannabinoid system (see discussion below). In a Xenopus laevis
model, application of DHA and other PUFAs resulted in opening of
neuronal M-channels, an action not mimicked by oleic acid, and implicated in decreased neuronal excitability [89]. Dietary n3-PUFAs
enhanced learning and memory function in the SAMP8 mouse strain,
and specifically enriched DHA content of phosphatidyl choline, phosphatidyl serine, and phosphatidyl ethanolamine in the hippocampus
and amygdala [90]. Dietary DHA and eicosapentanoic acid (EPA) enhanced memory function, hippocampal synaptic transmission, and
dendritic morphology in rats experiencing a chronic restraint stress
paradigm [91]. Anxiety response to a social defeat paradigm was

enhanced in mice fed diets deficient in N-3 fatty acids [92]. Uniquely
modified PUFAs can be generated as part of an injury or inflammatory
response. Omega-3 PUFAs can attenuate microglial inflammatory responses in vitro [93] and in vivo [94] in a mouse traumatic brain injury
model. Given the role of microglia and the inflammatory response in
high fat diet-induced energy dyshomeostasis, the prophylactic or attenuating role of dietary PUFAs seems obvious. In fact, linoleic acid had
a direct antagonistic effect on stearic acid effects on expression of inflammatory compounds and the orexigenic peptide AgRP, in a mouse
hypothalamic cell line [95].
4. EFFECTS OF FATTY ACIDS THROUGH ENDOCANNABINOID
SIGNALING
Strictly speaking, the term endocannabinoid refers to a limited
(currently nine) number of signaling molecules which are derived from
long chain (C18 or longer) polyunsaturated fatty acids (LCPUFAs) and
display significant affinity for the cannabinoid receptors CB1 and CB2
[96,97]. In the late 1980’s, these G-protein coupled receptors (GPCRs)
were found to be responsible for the binding and effects of (-)-trans-Δ9tetrahydrocannabinol (Δ9-THC), the main psychoactive compound
present in the Cannabis plant [98,99]. Of the two cannabinoid receptors, CB1 is by far the most important for energy homeostasis and
appetite regulation [100,101]. This receptor is abundantly present in
brain [102-104], as well as outside the CNS [105]. Originally it was
assumed that CB1 receptors are mainly pre-synaptically located at nerve
terminals, acting as modulators of synaptic transmission by a process
called retrograde signalling [106,107]. This mechanism implies that
neuronal depolarization causes cleavage of membrane lipid precursors
to induce de novo synthesis and release of endocannabinoids and
structurally related fatty acid-derived signalling molecules into the synaptic cleft. These molecules in turn activate CB1 and (or) other receptors located on presynaptic terminals of neurons, which reduces
release of neurotransmitters (such as GABA or glutamate) onto the
postsynaptic neuron. Endogenously released cannabinoids might also
act via TRP ligand gated ion channels (e.g. TPRV1) and other GPCRs
(e.g. GPR 55). The endocannabinoids are taken back up into neuronal
and glial cells and then degraded by enzymes such as fatty acid amide
hydrolase (FAAH) and MAG-lipase (MAGL) (see [107] for recent review). However, it has become clear that CB1 receptors are also among
the ever-growing list of GPCRs that are also located intracellularly.
Studies have demonstrated functional CB1 receptors associated with
endosomes/lysosomes [108] and mitochondria [109-112]. In brain,
about 30 % of the total CB1 population was found to be located in the
outer mitochondrial membrane of brain neuronal cells and astrocytes
[109,110,112-114]. Apparently, these mitochondrial CB1 receptors
(mtCB1) are involved in the regulation of cellular respiration and energy production, as endocannabinoids were found to suppress electron
transport complex I activity and respiration in isolated mitochondria,
probably by reducing cAMP levels and PKA activity [113]. Interestingly, mtCB1 receptors are not restricted to the CNS, as recent studies
have shown their presence also in muscle cells [115] and in renal
proximal tubular cells, where they are also involved in the regulation of
mitochondrial functioning [116]. With respect to nervous tissue, it has
been suggested that mtCB1 play important roles in the modulation of
synaptic transmission, neuronal homeostasis and apoptosis, the production of reactive oxygen species, and metabolism of neurotransmitters [109].
Since the discovery of the first two endogenous ligands of cannabinoid receptors, anandamide (N-arachidonoylethanolamine, AEA) and
2-arachidonoylglycerol (2-AG), it has become clear that these prototypical endocannabinoids are members of a much larger class of
structurally related amides, esters and ethers, all derived from fatty
acids. These molecules exist in a continuous dynamic equilibrium with
each other, their fatty acid precursors and several of their metabolites
[11,117]. Among them, the fatty (acid-) amides (Lipid Maps class FA08;
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http://www.lipidmaps.org), to which anandamide (AEA) also belongs,
are the most diverse and abundantly present class. Most, if not all, fatty
acid amides found in vivo are conjugates of medium-long chain fatty
acids with amines, including ethanolamine, neurotransmitters (serotonin, dopamine) or simple amino acids. Their synthesis takes place
via different multi-step processes which are partly operating in parallel
[11, 118]. They appear to be involved in various regulatory processes,
although for some of these compounds no biological role has been
discovered yet. In animals, their molecular targets go far beyond CB1
and CB2, and include a wide range of other receptors, including GPR55,
GPR18, GPR119, TRPA1 (transient receptor potential ankyrin 1),
TRPV1 (transient receptor potential channel type V1), PPARs (peroxisome proliferator activated receptors) as well as several non-receptor
targets [11,107]. Next to the fatty acid amides, ester analogues of 2-AG,
including 2-oleoylglycerol and 2-linoleoylglycerol are receiving increasing interest because of their involvement in food-intake and appetite regulation [11]. The highly versatile and complex roles of fatty
acid amides and esters are also reflected by the finding that some (if not
all) of the ‘true’ endocannabinoids themselves display ‘promiscuous’
behaviour as the can activate or block other receptors besides CB1 or
CB2, sometimes with potencies that differ little from those with which
they interact with cannabinoid receptors. Biochemical pathways for
synthesis and degradation of endocannabinoids and their congeners
show several crossroads with those of other lipid mediators, including
eicosanoids. This not only creates a versatile biochemical network with
regulatory nodes, but also leads to the formation of ‘hybrid’ structures,
including prostamides and other oxidation products, which can possess
bio-activity [117]. Taken together, an ‘expanded’ view of the endocannabinoid system (ECS) is now considered the best way to comprehend this group of signalling molecules, their receptors and enzymes
involved in their synthesis and breakdown [107,119].
It has also become clear that the complexity of the ECS and its
pleiotropic roles provide major scientific challenges to understand its
biology let alone to be able to selectively interfere with it. In hindsight,
this complexity has also been the main cause for the therapeutic failure
of the CB1 ‘blockers’ (antagonists and reverse agonists) as therapeutic
class, around 2006. Initially, the discovery of the CB1 receptor and its
prominent role in food-intake generated enormous research activity in
the field, and expectations were high to develop a completely new class
of drugs for weight management. Indeed, preclinical and early clinical
studies with CB1 blockers showed spectacular effects on food intake.
However, around 2007 developments took a dramatic turn when rimonabant and several other candidate drugs failed because of their
severe side-effects in humans. Clearly, these events caused a major setback in endocannabinoid research related to appetite regulation and
food-intake. At the same time, there has never been any scientific doubt
about the importance of endocannabinoids and their congeners for both
homeostatic and hedonic eating. Much attention is given to the involvement of CB1 and other receptors, as well as their ligands in the
rewarding effects of food [11,120-122]. From a neurological perspective it is clear that mechanisms involved are very complex. For example, studies suggest that CB1 activation in brain does not simply lead
to orexigenic (appetite-inducing) responses, but that location of receptors can make a difference [123]. Within the brain, the ECS links to
different endocrine and neuronal pathways, including dopaminergic
circuits in the mesocorticolimbic system such as the ventral tegmental
area and the nucleus accumbens (NAc), which are crucial for hedonic
eating [11]. Similarly, links were demonstrated between endocannabinoid and opioid neurotransmission within a dorsomedial NAc
shell hedonic hotspot [124]. Earlier studies of Kirkham et al. [125]
already showed in rats that 24 hours of food restriction resulted in increased levels of AEA and 2-AG in the limbic forebrain, and to a lesser
extent of 2-AG in the hypothalamus. In the same study it was found that
injection of 2-AG into the NAc shell caused a dose-dependent increase
of food-intake, which was attenuated in animals that had been pretreated by s.c. injection with the CB1 inverse agonist rimonabant

(SR141716). Also in the hypothalamus, the ECS cross-links with different circuits involved in eating behaviour. For example, within the
ARC, the ECS modulates activity of AgRP/NPY [126] and POMC [112]
neurons. Furthermore, endocannabinoid signalling interacts with metabolic hormones including leptin, ghrelin and insulin [127-129]. Another possible level of interaction of the ECS with eating behaviour can
take place via the central processing of food sensations such as olfactory
or gustatory signals. For example, in the PBN, CB1 receptors were found
to gate the gustatory neurotransmission associated with palatable
foods. Their activation increased consumption of palatable foods, but
not of a standard diet [130]. In line with this, fasted mice were found to
display CB1-dependent increased odour detection in the olfactory bulb
[131]. In the GI tract, CB1 receptors are found on nerve fibres, with the
highest density in the two ganglionic plexuses, the myenteric and
submucosal plexus, of the enteric nervous system. They are involved in
the release of satiety hormones by entero-endocrine cells [132]. Other
receptors, including GPR119, PPARs and Transient receptor potential
(TRP) cation channels that bind endocannabinoid congeners like
oleoylethanolamine (OEA) and 2-oleolylglycerol (2-OG) play a role in
satiety [11]. Several studies have shown correlations between fatty acid
composition of the diet consumed over a certain period of time (days –
weeks) and endocannabinoid patterns in peripheral tissues [133] and in
brain [134]. Interestingly, these effects go far beyond the typical CB1
ligands like anandamide (AEA) and 2-AG, and include for example
conjugates of DHA, oleic acid and palmitic acid. Given their different
relative affinities for the CB1 and other receptors, it is conceivable that
this may have biological consequences within and outside the CNS.
However, even in experimental animals it is extremely difficult to disentangle these effects in the CNS as they are likely to be region-specific.
For humans, there is some information from studies using positron
emission tomography [135,136]. For example, Ceccarini and colleagues
used the CB1 radioligand [18F]MK-947030 to measure CB1 availability
in 54 patients with different food intake disorders, having a wide range
(12.5 – 40.6 kg/m2) of body mass indices (BMI) [137]. The authors
found that CB1 availability was inversely associated with BMI in
homeostatic brain regions such as the hypothalamus and brainstem
areas in both patients with anorexia nervosa, bulimia nervosa, or
functional dyspepsia and healthy subjects. Interestingly, in persons with
food intake disorders, CB1 availability was also negatively correlated
with BMI throughout the mesolimbic reward system, pointing towards
an association between the ECS and reward systems in this group.
To summarize, the diversity of ECS compounds, their actions, and
interactions with other energy homeostasis pathways and mediators,
make them unlikely candidates, at this time, for utility as stand-alone
pharmacotherapeutic agents for body weight management. Conversely,
a better understanding of the ECS in relation to hedonic effects of
specific foods and diets can contribute to developing new strategies to
optimise the balance between energy and nutrient intake. This can be of
relevance for specific target groups, not only the obese and overweight,
but potentially also individuals suffering from malnutrition. Examples
of the latter include persons with disease-related anorexia, as well as
older persons suffering from persistent loss of food enjoyment and appetite resulting in malnutrition and involuntary weight loss [121].
5. CONCLUSION
In conclusion, elucidation of signaling effects of common dietary
fatty acids is a frontier for ingestive behaviors research. It should be
clear that there are multiple potential effects of fatty acids, from the
synapse into the cell nucleus, and that testing the relevance of some of
these effects, or their downstream sequelae, may be useful for the
deeper understanding of ingestive behavior processes, both homeostatic
and hedonic. There is a great deal of information that could be systematically collected: lipidomics to link dietary intake with brain lipidomic profiles, for identifying key ‘nutritional targets’ in the circuitry;
clarification of target CNS phenotypes (a great deal more could be
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known about fatty acid effects on neurons, glia, and astrocytes); and
delineation of intracellular processes, which will be specific for brain
region and cell phenotype. Fortunately, tools for these determinations,
and the validation of their importance to ingestive behaviors, are
available based upon studies in other cell systems. The ‘next generation’
of research into signaling effects of fatty acids may synthesize pieces of
information that have been collected in disparate systems, and point
towards novel cell signaling targets for pharmacotherapeutic approaches tailored for dysfunctional ingestive behaviors.
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