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Abstract

Body weight regulation is one of the most important homeostatic mechanisms. In recent years many molecular players
involved in the energy balance were identified. Although the discovery of leptin almost 15 years ago sparked a great en-
thusiasm that we will soon understand molecular pathways regulating body weight homeostasis, these expectations
turned out to be premature. We know that main site of body weight homeostasis is the hypothalamus with four primary
regions — arcuate, paraventricular and ventromedial nuclei, and lateral hypothalamus. Downstream from leptin, the most
important signalling peptides are melanocortin, CART, neuropeptide Y and AgRP. Beside those, many other signalling
pathways that include signalling by adipokines such as resistin and adiponectin, endocannabinoids in hypothalamus,
glucocorticoids from adrenal glands, sex steroid hormones from the gonads and several peptides/hormones secreted by
gastrointestinal tract are involved in the body weight homeostasis, and the real challenge for the future is how to under-
stand the complicated interplay between all these molecules. This seems to be a daunting task, but with the new discov-
eries and with the use of the new molecular tools a rapid progress is being made. The real challenge for the future nev-
ertheless remains how to interfere with these processes and how to help people with body weight problems that are not
caused simply by sedentary life style, but also by the genetic make-up of these individuals.
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1. Introduction

Almost 15 years ago a hormone leptin was identi-
fied, which is now known to be the key regulator of body
weight homeostasis in the mammalian body.! The exis-
tence of such hormone was proposed much earlier, in mid
fifties, when two strains of spontaneously mutated mice
were identified. Both strains were unable to regulate their
body weight and ultimately reached a weight about three
times larger than normal mice. Parabiosis experiments
with these two strains of mice led to suggestions that one
strain lacks a signal, produced by the periphery reporting
into the brain the status of energy stores, and another
strain lack the receptor for this signal.” These two strains
were designated ob/ob and db/db mice, and the prediction
about their underlying cause for obesity was confirmed in
1994 by the discovery of leptin, a hormone produced by
white adipose cells. Leptin is a protein, consisting of 167
amino acids with molecular weight 16 kDa." * Name lep-

tin derives from Greek Leptos meaning lean, as this hor-
mone has a strong anorexigenic effect and thus reduces
energy stores. In ob/ob mice, as predicted from the para-
biosis experiments, leptin is mutated and could thus no
longer serve as a messenger between the adipose tissue
and the brain. Soon after discovery of leptin, its receptor
was also cloned and it was confirmed that leptin receptor
was indeed mutated in db/db mice.* Leptin is a peptide
molecule, produced in white adipose tissue and released
into the bloodstream. Concentration of leptin in mammals
is in direct correlation with the amount of white adipose
tissue — more adipose tissue we have, more leptin is circu-
lating in our blood.

The role of leptin in humans was confirmed few
years after its discovery with identification of patients
with mutations in either leptin®” or its receptor.®° In these
patients, deficiency of leptin or its receptor caused a mor-
bid obesity, and subsequent studies have shown that in pa-
tients with leptin deficiency, treatment with recombinant
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leptin is highly successful.'” ' However, it also became
clear soon that in most cases of human obesity, patients
have increased rather than decreased levels of leptin, thus
suggesting that leptin responsiveness is affected in the
majority of human cases of obesity."

In addition to leptin, white adipose tissue secretes at
least two other peptide hormones involved in body weight
homeostasis, resistin and adiponectin.'* Adiponectin is
produced by white adipose cells while resistin is produced
by macrophages, residing inside the white adipose tissue.
Both hormones are thought to have very important roles in
modulating insulin sensitivity in peripheral tissues and are
thus closely connected with the development of type II di-
abetes in obesity.'* > However, the central role in body
weight regulation for both adiponectin and resistin is still
controversial as some studies have demonstrated central
effects on body weight homeostasis while other studies
question such effects of both hormones.'®!”

2. Leptin Targets

Studies since the discovery of leptin have focused
on downstream targets of leptin in the hypothalamus, a
primary site of leptin action. Since leptin is a large peptide
molecule, it cannot diffuse freely into the brain but must
be actively transported across the blood — brain barrier.
One of the few places where large molecules are trans-
ported across this barrier is a median eminence, a section
of the brain at the bottom of the third ventricle.'® "
Immediately above the median eminence lies an arcuate
hypothalamic nucleus, which is today considered to be the
most important target of leptin (Fig. 1). In the arcuate nu-
cleus, many leptin receptors are present, and several neu-
rons in this nucleus are highly responsive to leptin.*” %!
These neurons are usually divided into two groups —
POMC/CART neurons and NPY/AgRP neurons. As im-
plicated from the name, the former neurons produce two
anorexigenic peptides melanocortin (one of the peptide
products of proopiomelanocortin (POMC) protein precur-
sor) and Cocaine and Amphetamine Related Transcript
(CART), while later neurons produce neuropeptide Y
(NPY) and agouti related peptide (AgRP). All these four
peptides are now thought to be the most important players
downstream from leptin. The most prominent connections
of these neurons lead to the paraventricular hypothalamic
nucleus, which is considered to be the main secondary tar-
get of leptin (Fig. 1, 2).2%

Leptin has strong effects on both groups of neurons.
Increase in leptin concentration leads to the activation of
POMC/CART neurons and these peptides through their
receptors convey the signals into the other areas of the
brain.> ?® Increased expression of both POMC and CART
leads to reduced appetite and consequently reduced ener-
gy intake, as well as an increase in the energy expendi-
ture.* 20 2%3% Conversely, low levels of leptin are a signal

for NPY/AgRP neurons which respond with increase in
production of both NPY and AgRP, what ultimately leads
to increase in the appetite. While NPY directly stimulates
food intake through Y1 and Y5 receptors, AgRP acts as an
antagonist of melanocortin, binding to melanocortin re-
ceptor and preventing action of melanocortin in suppress-
ing appetite.* 3134 Furthermore, when stimulated by lack
of leptin, NPY/AgRP neurons also secrete an inhibitory
neurotransmitter gamma-amino butyric acid (GABA)
which seem to constrain the activity of the nearby POMC/
CART neurons, thus further preventing anorexigenic ef-
fect of these neurons.*® This implies that mechanisms pre-
venting energy loss are stronger than mechanisms pre-
venting excess energy storage. This observation therefore
supports the hypothesis that during evolution humans de-
veloped more powerful mechanisms for storing the energy
than mechanisms to prevent excess energy storage. Seve-
ral thousand or even million years ago times of abundance
were relatively scarce, so it was more important to devel-
op efficient mechanisms for energy storage, and individu-
als with better developed mechanism for efficient use and
storage of energy had an evolutionary advantage. Today,
however, this became a disadvantage as our physical ac-
tivity is usually low while plenty of highly caloric food is
widely available, and this led to the epidemic of obesity
we witness today.

Beside POMC/NPY system, endocannabionids have
important function in regulation of feeding behavior in
mammals. The hypothalamic content of endocannabi-
noids such as anandimide and 2-arachidonoyol glycerol
rise during fasting and treatement of animals with
2-arachidonoyol glycerol induce feeding behavior.*®
Leptin response in the brain is believed to be partially
modulated also by endocannabinoids as leptin could re-
duce levels of endocannabionoids in the hypothalamus
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Figure 1. Coronal section of murine hypothalamus. Paraformal-
dehyde fixed adult mouse brain was cut on vibrating microtome to
80 pm thickness and stained with cresyl violet dye for 5 minutes.
ARC - arcuate nucleus, PVN — paraventricular nucleus, VMH —
ventromedial nucleus, 3V — third ventricle, ME — median emi-
nence. (Photomicrograph owned by the author).
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and thus exert its anorexigenic effect also through this
pathway.*’

3. Additional Role for Insulin

Beside leptin, there is another hormone whose exis-
tence has been known for long time, and acts as a messen-
ger between periphery and the central nervous system.
Insulin, produced by the pancreas, has been known for
many years as the hormone responsible for the regulation
of glucose homeostasis. It is a peptide dimer with molec-
ular weight of 6 kDa. Two peptide chains (21 and 30
amino acids long) are linked together by two disulfide
bridges. Insulin is released from pancreatic beta cells in
response to the elevated blood glucose levels and also by
some signals from the intestine that are released during
feeding.*® However, in addition to its role in promoting
glucose storage in the peripheral tissues (muscles, liver
and fat), insulin also acts in the brain as an anorexigenic
signal. Similarly to leptin, insulin enters the brain via me-
dian eminence and exerts its action in the arcuate nucleus,
mainly by stimulating POMC/CART neurons.* As in pe-
ripheral tissues, insulin acts also in the brain through in-
sulin receptor with tyrosine kinase activity. Specificity of
insulin action is thought to be achieved by differential re-
cruitment of modulator proteins called insulin receptor
substrates (IRS). In the brain, the main IRS responsible
for action of insulin appears to be IRS2, which is strongly
expressed in the arcuate nucleus.* *

4. Glucocorticoid Hormones

Glucocorticoid hormones belong to the family of
steroid hormones that are produced by several enzymatic
reactions from the precursor cholesterol. In humans, the
most important glucocorticoid hormone is cortisol, while
in rodents, corticosteron is predominant form of glucocor-
ticoids. Both hormones are produced by the adrenal
glands.*' Glucocorticoids are important stress modulators,
responsible for preparing organism for fight or flight re-
sponse in dangerous situations. However, they have many
other roles in the organism, and one of these is also regu-
lation of feeding behaviour.*> ** This is partially connect-
ed with their role as stress hormones as glucocorticoids
function in prolonged stress situation is also to stimulate
intake of extra energy, needed to combat a stress.** Howe-
ver, it is known that glucocorticoids also have a role in
physiological (non-stress) regulation of feeding. Secretion
of glucocorticoids is diurnal with highest blood levels be-
fore the beginning of active part of the diurnal cycle
(morning in humans, evening in nocturnal animals).*!
This rise in the levels of glucocorticoids has important
role in stimulating appetite in the morning to supply the
body with calories for active part of the day. Interestingly,

glucocorticoids appear to act in close connections with in-
sulin. While glucocorticoids alone could stimulate general
food intake in laboratory rats or mice, it is only in concert
with insulin that glucocorticoids stimulate specific desire
for highly caloric foods such as fat and sucrose, which are
needed in stress situation when body needs quick supply
of additional energy to respond with fight or flight.** 43

5. Gastrointestinal Input

In addition to the inputs from insulin and leptin,
which are thought to be the most important regulators of
long term body weight homeostasis, arcuate nucleus also
receives and responds to signals from the gastrointestinal
tracts which are released during different phases of diges-
tion. Two of the most important such signals are thought
to be ghrelin and peptide YY3_36(PYY).4(” 7 Ghrelin, 28
amino acids long peptide, is released from the endocrine
cells in the stomach wall. Relaxed wall of empty stomach
is the major signal for the release of ghrelin and thus,
ghrelin blood levels are the highest when stomach gets
emptied before the next meal. Ghrelin is excreted from the
stomach cells and is carried by blood to the hypothalamus,
where its receptors are present on NPY/AgRP neurons in
the arcuate nucleus. Binding of ghrelin to its receptor
strongly stimulates activity of these neurons and thus pro-
moting increase in appetite, and ghrelin is so far the only
factor known to directly stimulate the activity of NPY/
AgRP neurons. Since levels of ghrelin fall immediately
after the meal, ghrelin is thought to be the major mediator
of meal regulation, determining the initiation and conclu-
sion of meals.*s %

PYY, 36 amino acids long peptide, is structurally re-
lated to the NPY and is released from the ileum. Its con-
centrations are the highest between the meals while they
normally fall just before the anticipated meals, or when
the intestine is empty. Since PY'Y is structurally related to
NPY and can bind to NPY receptors its anorexigenic role
seems to be paradoxical. However, it is now thought that
PYY selectively binds to the NPY 2 receptors (Y2R),
which are present in the arcuate nucleus and exert an auto-
inhibitory role on the NPY/AgRP neurons. Since only
Y2R receptors (and not Y1 and Y5 which are known to
have orexigenic effects) are present in the arcuate nucleus,
this explanation seems likely.** ** In addition to ghrelin
and PYY, several other gastrointestinal hormones, secret-
ed by pancreas, stomach or gut wall, also affect appetite
and body weight. These include cholecystokinin (CCK)
secreted by duodenum, glucagon like peptide 1 (GLP-1)
and oxyntomodulin secreted by intestine wall.>! All three
hormones are believed to have central effects in addition
to their well established peripheral effects in gastrointesti-
nal tract. They are secreted during feeding and their in-
creased levels act as satiety signals in the brain.>" The
role of pancreatic polypeptide (PP) is more controversial
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Figure 2. Immunocytochemical staining for neuropeptide Y in the
arcuate (arrow) and paraventricular (arrowhead) nucleus (ME —
median eminence). Immunocytochemistry was performed on 80
um thick floating sections of paraformaldehyde fixed mouse brain
using specific antibodies against neuropeptide Y and biotinstrepta-
vidin labelling. (Photomicrograph owned by the author).

as several studies reported that peripheral administration
of PP inhibits feeding behaviour while central administra-
tion increases appetite and it is not yet known what, if any,
are exact roles of this peptide in the brain. 3! %%

6. Secondary Targets in the Brain

As described before, strong neuronal connections
from the arcuate POMC/CART and NPY/AgRP neurons
lead to the paraventricular hypothalamic nucleus
(PVN).%%2 This nucleus produce several molecules that
are involved in the regulation of energy balance such as
corticotrophin releasing hormone (CRH), thyrotropin re-
leasing hormone (TRH), oxytocin and others (Fig. 3).6>%°
Older studies with lesions in the PVN provided further ev-
idence for strong involvement of this nucleus in the ener-
gy balance regulation as lesions in the PVN produce
strong hyperphagia and obesity.*

In the vicinity of arcuate and paraventricular nuclei
are also the ventromedial nucleus (VMH) and lateral hy-
pothalamus, both of which are known to be important in
the body weight regulation (Fig. 3). Lateral hypothalamus
mainly contains neurons that stimulate food intake and re-
duce energy balance, and lesions to the lateral hypothala-
mus result in anorexia and weight loss.”® Two important
molecules present in the lateral hypothalamus are orexin
and melanin concentrating hormone (MCH). Although the
exact role of orexin is not yet determined as it also has im-

portant roles in the sleep regulation and its deficiency re-
sults in narcolepsy,”” MCH likely have an important phys-
iological role. Central administration or overexpression of
this peptide strongly stimulates food intake and deletion
of MCH or its receptor causes reduction in body mass and
hypermetabolic phenotype,*®"°

The role of ventromedial nucleus is less clear. While
older studies with lesions in the VMH implicated this re-
gion as a satiety centre acting on food intake,”'~”® more re-
cent studies also implicated its role in energy consump-
tion.” 7> Mice lacking SF-1 gene with selectively disrupt-
ed VMH cytoarchitecture, and mice lacking melanocortin
3- receptor (MC-3R), strongly expressed in the VMH but
not in the PVN or lateral hypothalamus, both exhibit late
onset obesity, mainly caused by reduced physical activity
and not by hyperphagia.”* ™ Some studies suggest that
primary role of the VMH might be in the allocation of the
energy resources within the body. According to this hy-
pothesis, VMH would be responsible for sensing the sta-
tus of energy resources within the brain and respond to
these signals by dictating to the periphery whether less en-
ergy should be used and more energy made available to
the brain.”® This suggestion is supported by the strong ex-
pression of ATP dependent Potassium channels Kir6.2 in
the VMH, which are thought to be involved in sensing and
conferring information about energy requirements.’””””

7. Body Weight Regulation
in Higher Brain Areas

Although the hypothalamus is clearly the main
body weight regulating centre, its influence on behaviour
that ultimately leads to decrease or increase in the energy
consumption must go through the hierarchically higher
brain regions. These signalling pathways are much less
understood. One area thought to be involved in the ap-
petite regulation is the nucleus of the solitary tract in the
hindbrain.®® This region receives direct inputs from the
parasympathetic innervations and responds to the signals
related to meal consumption. Namely, during meal inges-
tion, cholecystokinin release from duodenum and disten-
sion of gastric wall directly through parasympathetic in-
nervation activate nucleus of the solitary tract, what is
important factor in determining conclusion of the meal.
Some studies suggested that leptin influences the nucleus
of the solitary tract by making it more sensitive to the
regulation by cholecystokinin and gastric distension, thus
causing earlier meal termination when sufficient (or ex-
cess) energy is stored.’ 8! However, beside the nucleus
of the solitary tract, many other areas in the brain must be
involved in the regulation of behaviours connected with
the energy homeostasis such as increased or decreased
physical activity, active food seeking, resting and others,
and this will need to be further explored in the future
years.
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Figure 3. Schematic presentation of energy homeostasis regulating pathways within the hypothalamus. Positively regulated pathways are marked
with green arrows, negatively regulated pathways are marked with red arrows (note that connections to ventromedial nucleus and lateral hypothal-
amus also go through the median eminence but are drawn on the side for the sake of clarity). Leptin is thought to act primarily on neurons in arcu-
ate nucleus, suppressing expression of neuropeptide Y (NPY) and AgRP and inducing expression of melanocortin (POMC) and CART. These four
molecules are transported to the paraventricular nucleus, which is thought to be the main secondary target of leptin and possible targets in paraven-
tricular nucleus include thyrotropin realising hormone (TRH) and corticotrophin realising hormone (CRH). Additionally, leptin, insulin and glucose
probably affect ventromedial hypothalamus by altering activity of potassium channels Kir6.2 and melanocortin receptors 3 (MC3-R), and lateral
hypothalamus by modulating expression of melanin concentrating hormone (MCH) and orexin. (Original artwork by the author).

8. Conclusion

Body weight homeostasis is a process of an outmost
importance for the survival of the organism. Therefore,
many different mechanisms have developed during the
evolution to ensure this homeostasis. Since in nature the
more common problem is lack of energy resources rather
than their abundance, mechanisms preventing energy loss
and favouring energy storage appear to be stronger and
more important in the mammalian body. Two major regu-
lators of body weight homeostasis from the periphery are
leptin and insulin. Both enter the brain via median emi-
nence and exert their effects mainly in the arcuate hypo-
thalamic nucleus. Four main direct targets of leptin and
insulin are melanocortin, CART, neuropeptide Y and
Agouti related peptide, of which the first two have strong
anorexigenic effects while NPY and AgRP strongly pro-
mote feeding behaviour. Downstream from these four tar-
gets are many other genes, some in different hypothalam-
ic nuclei, some in other brain regions, that are also in-
volved in the body weight regulation, although we do not
yet understand the complicated interplay between all
these factors. Beside leptin and insulin, signals directly
from the gastrointestinal tract, released during food con-
sumption or fasting periods, as well as other signals such
as endocannabinoids, steroid hormones and other adipo-
kines, are also important in the regulation of energy bal-

ance. These include ghrelin, released from relaxed stom-
ach wall, which stimulates appetite, PYY released from
the ileum between meals, and cholecystokinin, released
from extended gastric wall, signalling to the brain that
meal should be terminated. Despite almost fifteen years
of research since discovery of leptin, we still don’t under-
stand the processes of body weight homeostasis well
enough, to be able to interfere with these processes in the
patients.

List of Abbreviations

AgRP agouti related peptide

ARC  arcuate nucleus

CART cocaine and amphetamine related transcript
CCK  cholecystokinin

CRH  corticotropin releasing hormone
db/db  Leptin receptor deficient mice
GABA gamma-amino butyric acid
GLP-1 glucagon like peptide

IRS insulin receptor substrate

MCH melanin concentrating hormone
MC3-R melanocortin 3 receptor

ME median eminence

NPY  neuropeptide Y

ob/ob  Leptin deficient mice

POMC proopiomelanocortin
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PP pancreatic polypeptide

PVN  paraventricular nucleus

PYY  peptide YY,

SF-1 steroidogenic factor 1

TRH  thyrotropin releasing hormone
VMH ventromedial hypothalamic nucleus
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Povzetek

Urejanje telesne teZe je eden najpomembnejsih homeostatskih mehanizmov. V zadnjih letih so bile odkrite Stevilne bio-
loske molekule, ki sodelujejo v procesih uravnavanja telesne teZe. Odkritje leptina pred skoraj 15 leti je sprozilo velike
upe, da bomo v kratkem poznali mehanizme, ki urejajo homeostazo telesne teZe, a so se ta priCakovanja izkazala za
preuranjena. Danes vemo, da je glavno mesto urejanja telesne teZe hipotalamus s Stirimi glavnimi podrocji: arkvatno,
paraventrikularno in ventromedialno jedro ter stranski hipotalamus. Med najpomembnejse molekule, ki se v teh jedrih
odzivajo na sporocanje leptina spadajo melanokortin, CART, nevropeptid Y in AgRP. Poleg teh pa pri urejanju telesne
teZe sodelujejo Se Stevilne druge signalne poti, ki vkljuéujejo adipokine iz bele tols¢e kot sta adiponektin in rezistin, en-
dokanabinoide, glukokortikoide iz nadledvi¢nih Zlez, spolne hormone iz spolnih Zlez in nekatere hormone, ki jih izloca
Zelodec ali Crevesje in resni¢ni izziv za prihodnje raziskave bo, kako razumeti kompleksno sodelovanje med vsemi ra-
zli¢nim isignalnimi potmi. To se zdi teZavna naloga, a z vedno novimi odkritji z uporabo novih molekularnih orodij na-
glo napredujemo. Glavni izziv za prihodnost pa vsekakor ostaja razumevanje, kako bi lahko vplivali na te procese v
sesalskem telesu in pomagali ljudem s teZavami pri urejanju telesne teZe, ki nimajo vzroka samo v Zivljenjskem stilu
temvec tudi v genetski sliki posameznikov.
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