
INTRODUCTION

The interaction between human nutrition and metabolic
regulation is at once a simple and straightforward relation-
ship characterised by fundamental axioms of metabolic
physiology, while at the same time, there are a series of
complex associations involving central nervous system
mechanisms that orchestrate nearly all facets of this interac-
tion. The guiding principle of this relationship is, of course,
homeostasis, and insofar as metabolic processes are inti-
mately concerned with the uptake, storage, and utilisation of
energy for a viable organism, central (i.e., brain) processes
are an indispensable component in the regulatory scheme.
This review, therefore, will highlight some of the recent ad-
vances in our understanding of how metabolic processes are
regulated centrally, and particularly recognise the roles
played by nutritional factors themselves in influencing and,
as we shall see, governing many of the mechanisms in-
volved in central metabolic regulation.

The concept of homeostasis by definition involves negative
feedback mechanisms to achieve and maintain a steady state
involving some parameter, in this case, the body's energy

stores. While it may be appealing (and certainly not incor-
rect) to reduce the relationship between nutrition and
metabolism to an energy balance illustration — where one
side of the scale contains factors concerning energy uptake
and the other containing factors involving energy storage
and expenditure — the complexity of the regulatory scheme
demands a more rigorous approach to recognise and appre-
ciate the nature of the nutritionally-associated mechanisms
active in energy homeostasis. Regarding nutrition, the disci-
pline of endocrinology has focused mainly on hormonal
regulation of nutrient intake and energy metabolism, includ-
ing the interrelationships between anabolic and catabolic
processes, the alternative utilisation of fats, carbohydrates
or proteins as energy sources, and the nutritional conse-
quences of metabolic diseases. Aside from historical studies
highlighting the role iodine plays in thyroid function, cal-
cium in bone metabolism, Vitamin C in scurvy and carbo-
hydrates in diabetes mellitus, it is only relatively recently
that researchers have begun to investigate the effects of
macro- and micro-nutrients themselves on a wide variety
metabolic processes. Therefore, the notion presently ad-
dressed is one of ingested nutrients as signals, detected cen-
trally, to alter metabolism.
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The control of metabolism by direct negative feedback of macronutrients detected centrally has
been until recently an attractive, though unconfirmed, hypothesis in the homeostatic model of en-
ergy regulation. Research advances in the last decade have greatly expanded our knowledge of
how circulating carbohydrates, lipids, and proteins, reflecting amounts of recently ingested macro-
nutrients, are detected in hypothalamic areas to not only regulate food intake, but also direct
metabolic processes responsible for energy balance and anabolic pathways. For example,
plasma glucose sensed centrally is a major regulator of hepatic glucose production, a process
most likely mediated by ATP-sensitive potassium channels. More surprising, circulating lipids de-
tected by hypothalamic structures also act as potent negative feedback regulators of glucose mo-
bilization in the liver, independent of their peripheral detection in the intestines. Finally, central
detection of circulating postprandial leucine levels has been shown to decrease abdominal fat
mass mobilization and thermogenesis. These findings are consistent with the hypothesis that rec-
ognition of macronutrients directly by hypothalamic receptors plays a pivotal role in central regula-
tion of metabolic processes. Moreover, the elucidated mechanisms suggest promising potential
sites for pharmacological intervention in the treatment of obesity, already at epidemic proportions,
although our modern environment is clearly the major cause.
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GLUCOSE AS A CENTRAL METABOLIC REGULA-
TOR

Central regulation of metabolic processes takes place in the
hypothalamus and pituitary gland, and just as mechanisms
localised in these central nervous system (CNS) structures
are known to influence nutrient selection (among other ho-
meostatic processes in metabolism), so have recent studies
revealed the unambiguous extent of nutrient signalling there
as well. It is now becoming accepted, along with the tradi-
tional view of peripheral detection of macronutrient levels
prior to neural transmission of this information to the CNS,
that carbohydrates, lipids and proteins are directly sensed in
the same hypothalamic structures that receive peripheral
neural signals of macronutrient status. For example, mainte-
nance of blood glucose levels, particularly through central
regulation of hepatic glucose production (HGP), has been
recently studied by a number of investigators, with the roles
of insulin and leptin in mediobasal hypothalamic regulation
of HPG via a phosphatidylinositol 3-kinase (PI3K) and the
Akt signalling pathway now clearly established (Obici et

al., 2002; Morton et al., 2005). However, this regulation in
the hypothalamic arcuate nucleus (ARC) has also been
found to include direct nutrient sensing by agouti-related
peptide (AgRP)/neuropeptide Y (NPY)- and proopiomela-
nocortin (POMC)-expressing neurons of, most prominently,
local glucose levels. These specialised glucose-responsive
(GR) neurons increase their firing rate as extracellular glu-
cose levels rise, a response based on altered neuronal mem-
brane potential mediated by ATP-sensitive potassium
(KATP) channels (Levin, 2002; Levin et al., 2002). Moreo-
ver, chronic hyperglycemia by itself has been shown to de-
crease the expression of KATP channels in mediobasal hy-
pothalamic neurons (Acosta-Martinez and Levine, 2007),
consistent with the notion that elevated glucose levels are
eventually met with a decrease in the excitability of ARC
neurons, thus preventing excessive stimulation. Together,
the aforementioned studies provide compelling evidence
that GR neurons of the ARC respond to changes in within
the physiologic range of glucose levels in a manner consis-
tent with a central role in glucose homeostasis. Anticipated
in vivo studies using microdialysis to more precisely inves-
tigate the effects of localised ARC hyper- and hypo-
glycemia on HGP will be crucial in confirming the general
outline of glycemic regulation via central GR neurons
(Rother et al., 2008). The exact mechanisms of central glu-
cose sensing, however, still remain elusive, although strong
evidence suggests that glucose must first be converted to
lactate, followed by hypothalamic stimulation of pyruvate
metabolism in order to finally activate the KATP channels
(Lam et al., 2005).

LIPIDS AS CENTRAL METABOLIC REGULATORS

In contrast, the evidence regarding lipid sensing in the CNS,
and more specifically, the mechanisms whereby fatty acid
metabolism in the hypothalamus can regulate energy ho-
meostasis, is more abundant. As with carbohydrates, the tra-
ditional view of lipid metabolism within the small intestine

initiating neural signals to regulate whole-body energy ho-
meostasis via CNS-regulated food intake has been
supplemented with evidence of two additional factors. The
first one is that the detection of lipids in the small intestine
also activates a neuronal gut-brain-liver axis to independ-
ently regulate HGP, hence peripheral glucose homeostasis.
This axis, parenthetically, is currently being exploited in
gastric-bypass surgery to restore normal plasma glucose
levels in markedly obese individuals with type 2 diabetes
mellitus (T2DM) prior to any substantial weight loss
(Cummings, 2009). The second one is that lipid-derived
metabolites directly activate protein kinase C (PKC)
isoforms in the hypothalamus, impairing not only central
action of insulin and leptin (Benoit et al., 2009), but also in-
dependently lowering HGP (Ross et al., 2008). Therefore,
one major implication from these findings is that lipid sens-
ing, both peripheral and central, independently and together,
is a crucial component in maintaining glucose homeostasis,
and as already pointed out, offers an attractive opportunity
for present and future therapeutic approaches in treating
carbohydrate-based metabolic disorders. Paradoxically, the
nature and extent of lipid sensing to specifically regulate
lipid homeostasis itself remains to be understood, although
it has been demonstrated that increased fatty acid levels re-
sult in an elevation in the hypothalamic pool of long chain
fatty acids-coenzyme As (LCFA-CoAs), which in turn leads
to the inhibition of fatty acid oxidation (Lam et al., 2005).
Nevertheless, peripheral lipid homeostasis is tightly regu-
lated in the CNS by a variety of neurotransmitter systems in
the hypothalamus (Lam, 2010), and further investigation is
required to reveal which, if any, of these systems are di-
rectly impacted by extracellular lipid levels.

PROTEINS AS CENTRAL METABOLIC REGULATORS

Although proteins are not thought of as traditional energy
sources for the body, they are an indispensable component
of macronutrient metabolism insofar as dietary composition
is considered. Therefore, their value is not as a fuel source
per se, but as a determinant of caloric density of ingested
foods, and one important facet of the central regulation of
food intake involves differential hypothalamic responses to
diets as a function of their composition. The majority of re-
search on protein sensing in the organism has investigated
gut mechanisms for two specific reasons: 1) proteins usu-
ally are subject to slower and more intensive oral, gastric
and intestinal biotransformation into metabolites ready for
absorption into the circulatory system than are carbohy-
drates and lipids, which consist of standard molecular struc-
tures (saccharides and triglycerides) relatively easily trans-
ported into the portal circulation, and 2) the basic energy
currency of the body remains glucose and (to a lesser ex-
tent) free fatty acids, and internal signalling concerning
their availability is presumably more crucial for short-term
viability than relaying information about protein levels. It is
therefore understandable that apical intestinal receptors for
amino acids and protein (e.g., T1R1/T1R3 heterodimer,
cacium-sensing receptor and GPR93) in the lumen of the

97Proc. Latvian Acad. Sci., Section B, Vol. 66 (2012), No. 3.



gut have been well characterised (Rasoamanana et al.,
2012), as opposed to similar counterparts located in the
CNS, at least until recently. These receptors then initiate
transmission of information via vagal afferents to hypotha-
lamic structures regulating initiation, maintenance and ces-
sation of food intake. Bearing in mind the time course of
meals and the dynamics of food intake, including the kinds
of macronutrients present and their relative proportions, the
messages from these apical receptors have been considered
to be the initial signal in a series of neural responses that
initiate central mechanisms of satiety to limit the size of
meals. This peripheral sensing of macronutrients, including
proteins, has now become a fairly well-characterised and
generally accepted model of how basic information con-
cerning ingested nutrients is generated before transmission
to the CNS. Therefore, peripheral detection of proteins (and
peptides and amino acids), and the resultant central regula-
tion of food intake, has been a prominent scheme regarding
proteins as nutrients (versus hormones or enzymes, for ex-
ample) in central metabolic processes.

Aside from dietary deficits of the essential amino acids or
proteins in general leading to compromised anabolic protein
processing characteristic of protein-energy malnutrition dis-
eases (e.g., kwashiorkor), meal composition effects with re-
gards to central regulation have only recently been studied.
One focus has been to examine the possible involvement of
the hypothalamic type 4 melanocortin receptor (MCR4) sys-
tem in mediating the hunger-curbing effects of protein-en-
riched diets. Interestingly, notwithstanding the evidence that
the MCR4 system is one of the primary anorectic signals
through which most satiety actions are thought to occur, the
inhibition of eating induced by a protein-enriched diet does
not appear to involve MCR4 signalling (Pillot et al., 2011).

Nevertheless, central recognition of specific circulating pro-
teins and amino acids, having previously been speculative,
is now also becoming recognised. Evidence is mounting
that direct CNS sensing of the essential amino acid leucine
is a key step in regulating energy expenditure, as leucine de-
privation results in decreased abdominal fat mass through
increased lipolysis in white adipose tissue and increased
thermogenesis in brown adipose tissue (Cheng et al., 2010).
This effect appears to be mediated by increased expression
of mediobasal hypothalamic corticotropin-releasing hor-
mone, as well as activation of the sympathetic nervous sys-
tem. Moreover, intracerebroventricular replacement of
leucine, notwithstanding leucine deprivation, attenuates this
effect as well as reverses the above-mentioned putative
mediatory mechanisms (Cheng et al., 2011), thereby pro-
viding solid evidence of CNS regulation of fat metabolism
through central recognition of leucine. In addition, leucine
signaling in the mediobasal hypothalamus is also mediated
downstream by oxytocin neurons in the hypothalamic
paraventricular nucleus, as well as neurons in the brainstem
nucleus of the solitary tract, to acutely suppress food intake
by reducing meal size (Blouet et al., 2009). These findings,
along with observations that postprandial plasma and
cerebrospinal fluid leucine levels reflect dietary leucine,

that leucine enters the CNS more quickly than other amino
acids, and that it represents a signal of amino acid abun-
dance for numerous anabolic pathways, including protein
synthesis (Nair et al., 1992), taken together provide compel-
ling evidence that leucine is a heretofore unrecognised ma-
jor determinant of central metabolic regulation. With re-
gards to food intake, it remains to be seen whether leucine
signalling is specific for regulation of protein content in
meals or functions as a complementary system supporting
carbohydrate and/or lipid metabolism, but its central role
along with glucose and free fatty acids is now well estab-
lished.

IMPLICATIONS FOR CLINICAL APPLICATIONS

The clinical relevance of these findings cannot be under-
scored enough. With observations that 1) hypothalamic nu-
trient sensing is impaired in many animal models of obesity,
2) disruption in hypothalamic nutrient sensing results in
disregulation of energy homeostasis and obesity, and 3) res-
toration of hypothalamic nutrient sensing restores energy
equilibrium and body weight (Blouet and Scwartz, 2010), it
is clear that recognition of macronutrients directly by hypo-
thalamic receptors plays a pivotal role in central regulation
of metabolic processes. These receptors, along with the sites
of downhill neural and chemical information transfer until
eventual action at CNS feeding centres, offer heretofore un-
tested opportunities for pharmacological intervention at spe-
cific biochemical and structural targets in the treatment of
obesity. These opportunities, however, are not without very
fundamental challenges owing to their location; with poten-
tial targets sequestered in a privileged site beyond the
blood-brain barrier, any successful humorally-based inter-
vention will have to surmount this substantial boundary in
order to exert direct action at the hypothalamus. Genetic in-
terventions based on viral vectors allowing DNA incorpora-
tion may also be promising, but any such therapeutic strat-
egy, be it genetic or pharmaceutical, will demand concerted
efforts in the laboratory to refine the parameters of action
(i.e., specificity) while limiting nontherapeutic or secondary
effects.

Meanwhile, the ever-increasing epidemic of obesity world-
wide, as globalisation expands, keeps a steady drumbeat
that is heard by public health authorities throughout the de-
veloped and developing world, but who are seemingly pow-
erless to slow it down, let alone reverse it. In this regard,
there are many paradigms offered to explain this state of af-
fairs, most notably (and not inaccurately) the trend for more
sedentary life styles accompanied by increasing opportuni-
ties for overnutrition. These complementary changes in the
last half-decade portend ruinous effects on national health
budgets already straining with expenditures in an effort to
treat overweight- and obesity-related diseases, ranging from
cardiovascular to endocrine to oncological to orthopedic
disorders. A deeper analysis, however, is prompted by the
question of why such a disorder in energy homeostasis, re-
ferring to excess weight, has become so prevalent in the last
few decades. Regarding changes in physiology, one need
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look no further than the effect of environment on each new
generation, particularly prenatally and postnatally. There is
now ample evidence that excess maternal body weight dur-
ing gestation is associated with a host of disorders in chil-
dren as they reach adulthood, most notably an increased risk
of cardiometabolic diseases such as obesity, impaired glu-
cose-insulin homeostasis and pancreatic function,
dyslipidemia, non-alcoholic fatty liver disease, hyperten-
sion, and other components of metabolic syndrome (Drake
and Reynolds, 2010). One likely mechanism of these dis-
eases is the change observed in many aspects of central ap-
petite circuitry, including a decrease in GLUT4, the type 4
insulin-regulated glucose transporter, which is a necessary
factor involved in brain glucose sensing (Chen et al., 2008).
Hence, children of obese mothers may well be “blind” to
central glucose levels notwithstanding (and contributing to)
their already present hyperglycaemia.

It must be noted, however, that not all (or even most) obese
adults are the offspring of obese mothers during gestation.
Nevertheless, this does not preclude the effect of postnatal
environmental influences that also may impact hypotha-
lamic nutrient sensing. The most prominent effect that cer-
tainly seems to point back directly to the CNS is that pro-
vided by the cortico-limbic pathways concerned with
learning, memory, mood, emotion and reward. Loosely de-
noted as the “brain reward system”, this collection of neu-
rons, neurotransmitters and nuclei has been widely studied
in the context of development and persistence of behaviours
that are interpreted as pleasurable or rewarding, most nota-
bly those characterising substance abuse. Appetitive behav-
iours, however, have also been studied in the context of
cortico-limbic activation (Figlewicz, 2003), and there is
mounting evidence that the brain reward system is increas-
ingly stimulated in our modern environment through avail-
ability, portion size, energy density, palatability, variety,
and presence of food cues to modulate feedback from nutri-
ent repletion signals. Moreover, the defence of the upper
limits of body weight in humans have weakened consider-
ably over that last millenia with loss of selection pressure,
something not observed in non-domesticated animals
(Zheng et al., 2009). Coupled with the notion that there is a
natural tendency to discount (or adjust to) chronically al-
tered negative feedback signals (e.g., insulin or leptin resis-
tance in the obese), it should not be surprising that the effect
of our modern environment, as mediated by the brain re-
ward system, is to interfere with the various macronutrient
signalling systems.

CONCLUSION

Recent studies have revealed the remarkable symmetry in
mediobasal hypothalamic sensing of circulating carbohy-
drates, lipids and proteins to regulate metabolic processes
concerned with energy stores and biological viability. These
pathways offer attractive sites for possible clinical strategies
in the treatment of obesity. However, the effects of our
modern evironment may be overriding the CNS macro-

nutrient feedback signals by activation of cortico-limbic
pathways signaling reward and pleasure, and therefore it is
imperative that any successful, widely implemented thera-
peutic approach to treating obesity contain strategies (social
as well as psychological) that address the competing activa-
tion of the brain reward system.
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UZTURVIELU FAKTORI VIELMAIÒAS CENTRÂLAJÂ REGULÂCIJÂ

Vielmaiòas kontrolçðana ar centrâli uztverto makrovielu tieðo negatîvo atgriezenisko saiti vçl nesen ir bijusi saistoða, tomçr neapstiprinâta
hipotçze enerìijas regulâcijas homeostâzes modelî. Panâkumi pçtniecîbâ pçdçjâ desmitgadç ir bûtiski paplaðinâjuði mûsu zinâðanas par to,
kâ ogïhidrâti, taukvielas, un olbaltumvielas asinsritç, kuri atspoguïo tikko uzòemto makrovielu daudzumu uzturâ, tiek uztverti hipotalâma
reìionos, ne tikai regulçjot uztura uzòemðanu, bet arî vadot vielmaiòas procesus, kas ir atbildîgi par enerìijas lîdzsvaru un anaboliskiem
posmiem. Piemçram, centrâli uztvertâ glikoze plazmâ ir nozîmîgs glikozes raþoðanas regulators aknâs — tas ir process, ko visdrîzâk mediç
ATF-jutîgi kâlija kanâli. Vçl pârsteidzoðâk, taukvielas asinsritç, kas ir uztvertas hipotalâma reìionos, arî funkcionç kâ spçcîgi negatîvâs
atgriezeniskâs saites regulatori glikozes mobilizâcijai aknâs, neatkarîgi no taukvielu perifçrâs uztverðanas zarnâs. Visbeidzot, centrâli
uztvertie leicîna lîmeòi asinsritç pçc çðanas samazina vçdera tauku masas mobilizâciju un termoìençzi. Ðie atklâjumi saskan ar hipotçzi, ka
makrovielu uztverðanai tieði hipotalâma receptoros ir izðíiroða loma vielmaiòas procesu centrâlajâ regulâcijâ. Turklât ðie noskaidrotie
mehânismi norâda uz potenciâli daudzsoloðâm iespçjâm farmakoloìiskai intervencei, ârstçjot aptaukoðanos, kas jau sasniegusi epidçmijas
lîmeni, kaut gan mûsu modernâs vides ietekme neapðaubâmi ir aptaukoðanâs galvenais cçlonis.
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