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ABSTRACT

Leptin in the presence of its receptor(s) plays a very important role in energy balance that is
best demonstrated by the phenotypes of the ob/ob and db/db mouse models. The mechanisms
whereby leptin regulates food intake and reduces body fat mass are still unclear. Furthermore,
it is puzzling why a condition such as obesity occurs in the presence of high levels of leptin. One
explanation is that obese persons are resistant to the effects of leptin. In the leptin pathway that
is altered by high- fat feeding, giving way to body weight dysregulation, remains undefined.
c Copyright 2010 BioMedSciDirect Publications IJBMR -ISSN: 0976:6685. All rights reserved.

The Role Of High-fat, Calorie Dense Diets In Obesity
Obesity is a major health problem that is increasing in both
prevalence and severity. It is associated with increased risks of type
2 diabetes and cardiovascular disease.Increased food intake,
particularly a diet high in calories and fat content, combined with
decreased energy expenditure associated with modern lifestyle, are
the majorenvironmental causes of obesity (Bjorntorp , 1997; World
Health Organization,2000). Numerous studies have demonstrated
that subjects given high-fat food also had a high-calorie intake (
Stubbs et al.,1995). A diet excessive in dietary fat and calories
promotes the development of obesity. There is a direct relationship
between the amount of dietary fat and calories and the degree of
obesity (Golay and Bobbioni, 1997). However, environmental
factors may not fully explain the rapidly increasing rates of obesity
(Levin, 2000;Moreno et al., 2001). Genetic predisposition for
obesity may underlie the tendency for weight gain in some
individuals (Marti et al., 2000). To date, the interactions between
environmental and genetic factors and the effects that such
interplay might have on weight gain and maintenance is not fully
understood (Chiang &MacDougald, 2003;Mariman 2006).
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The Diet-induced Obesity (dio) Mouse Model For Diet And Gene
Expression Studies
The C57BL/6J diet-induced obesity (DIO) mouse model is
commonly used for studies involving obesity, leptin resistance,
body fat accumulation, insulin resistance, and correlation with
body weight change (Van Heek et al., 1997; Ahren, 1999;
Moraesetal., 2003). Like humans, this strain would develop obesity,
hyperglycemiaandhyperlipidemia when raised on a high-fat,
calorie-dense diet. However, it remains lean if the fat content of the
diet is limited (Lin et al., 2000). Moreover, the development of these
risk factors in the C57BL/6J mouse closely parallels the progression
in humans (Collins et al., 2004). For example, the onset of diabetes
and obesity in humans occurs gradually and often in the presence of
a high-fat, calorie dense diet (Collins et al.,2004).The current
literature reporting the effects of a high-fat diet and microarray
transcription profiling of hepatic genes involved in lipid
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metabolism is limited to male C57BL/6J mice. This is despite the
fact that the female C57BL/6J mice were shown to be more
responsive towards high-fat diet than their male counterparts in
terms of gain in white adipose tissue mass over their total body
mass. When fed with high-fat diet for 8 weeks, the female mice
characteristically exhibited 17.2% of their body weight as adipose
tissue mass as compared to 13.3% in the male mice
(http://phenome.jax.org). The females showed a 1.12-fold increase
in their body weights as compared to 0.98-fold change in the males.
They also had a 5-fold increase in total cholesterol levels as
compared to a 4.8-fold increase in the males.
Leptin Signaling Defects in Mice:
ob/ob and db/db Mouse Models. In 1949, researchers from the
Jackson Laboratory discovered obese mice by chance [Ingalls,
Dickie, and Snell ,1950]. Responsible mutation gene is named as
obese (ob) gene. The ob/ob mutation is recessive, and neonatal
mutant mice are normal when compared to unaffected control
littermates. Mutant mice, however, gain weight rapidly throughout
their lives, eventually reaching a weight that is three times that of
control mice. The phenotype is clear, but identification of the gene
responsible for the obese phenotype took nearly 50 years [Zhang et
al.1994]. In 1994, Zhang et al. identified the mutation in the leptin
gene as responsible for ob mutation by positional cloning [Zhang et
al.1994].
Characterization of this mutation revealed a single base pair
deletion in the leptin coding region that results in a frame shift and a
premature stop codon [Zhang et al.1994]. The leptin protein plays
an important role in appetite control. Therefore, ob/ob mice exhibit
uncontrollable food intake, obesity, type 2 diabetes, and insulin
resistance with hyperinsulinemia.
The db/db mouse was identified initially in 1966 by
researchers in the Jackson Laboratory as an obese mouse [Hummel,
Dickie, and Coleman 1966]. The db (stands for “diabetes”) mutation
is an autosomal recessive trait that encodes for a G-to-T point
mutation in the leptin receptor gene, resulting in defective leptin
signaling [Chen et al.1966, 23]. Impaired leptin signaling in the
hypothalamus leads to persistent hyperphagia and obesity, with
consequent hyperleptinemia, insulin resistance, and increased
insulin levels [Chen et al.1966, Lee, et al.1966]. At 1month of age,
db/db mice are larger/obese when compared to control
(heterozygous) littermates, and db/db mice present increased fat
deposition in the inguinal and axillary regions. db/db mice also
develop frank hyperglycemia by 8 weeks of age. Consequently, these
mice are widely used as a model for the study of type 2 diabetes
[Chen et al.1966, Lee, et al.1966].
Lipogenesis In The Liver And White Adipose Tissue
To date, the mechanisms leading to the excessive body fat
accumulation in obesity are not fully understood. However, it is
generally accepted that both decreased lipolysis and increased
lipogenesis could play a role in the pathogenesis of obesity. In the
past, the liver was considered to be the main site of lipogenesis
while very little fatty acid synthesis occurs in the adipose tissue.

This view appears now to be incorrect as significant
lipogenesis is reported to occur in white adipose tissue (Aarsland
et al.,1996; Claycombe et al., 1998; Moustaid et al.,1996;
Swierczynski et al., 2000).
The major adipose tissue in mammals is white adipose tissue
(Albright and Stern, 1998). Adipose tissue in mammals is found in
2 different forms: white adipose tissue and brown adipose tissue.
Both white adipose tissue and brown adipose tissue play
opposing roles in regulating energy metabolism (Avram et al;
2005). One of the primary roles of white adipose tissue is to store
excess energy as fat whereas the brown adipose tissue is
responsible for transferring of energy from food into heat.
Increased white adipose tissue mass reflects a positive net
balance in energy stores between energy expenditure and energy
intake (Avram et al; 2005). The classical
view of the function of white adipose tissue is that it purely
provides a long-term fuel reserve which can be mobilized during
food deprivation with the release of fatty acids for oxidation in
other organs. A critical change in the perspective of the role of
white adipose tissue followed the discovery of leptin. (Zhang et
al.,1994). This important hormone for regulating energy balance
is produced principally by white fat. In addition to leptin, other
cytokines have also been found to be produced by adipose tissue.
In fact, adipose tissue is no longer considered to be an inert tissue
functioning solely as an energy store, but is emerging as a major
player in the pathogenesis of cardiovascular diseases, obesity,
insulin resistance and related inflammatory disorders (Tilg and
Moschen, 2006). Although both the liver and the adipose tissue
play important roles in maintaining energy balance and
contributing to energy storage in the fed state, the previous
microarray approaches to examine the interplay between diet
and genetic factors in diet-induced obesity have frequently been
performed solely on either liver tissue (Kreeft et al., 2005; Kim et
al., 2004) or on adipose tissue (Lopez et al., 2003; Moraes et al.,
2003) but not in both.
High-fat Diet And Gene Expression Studies
A review of the current literature reveals that to date, the
effects of a typical high-fat, calorie dense diet on gene expression
have been studied in vivo ( studies listed in Table 1.1 and 1.2 found
in Chapter 1). However, the diets used in some of these studies are
very high in fat content (Li et al., 2002; Lopez et al., 2003). These
diets do not reflect the typical fat content in a high-fat human diet,
one of the important environmental factors in causing obesity.
Moreover, some of these studies used genetically obese mice
(Nadler et al., 2000; Soukas et al., 2000). These genetic models
may not be suitable models for examining human obesity as there
are only very few obese individuals reported in the literature with
mutations of leptin or leptin receptor. The current obesity
pandemic results from a combination of both genetic and
environmental factors (e.g. a dietary intake excessive in calories
and fat, coupled with reduced physical activity). Studies which
have examined the effects of a typical high-fat, calorie dense diet
on gene expression generated mixed findings. Some
demonstrated that the expression of hepatic genes involved in
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lipogenesis were up-regulated (Hu et al., 2004; Gregoireet.al.,
2002) whereas others showed a downward regulation by feeding a
high-fat diet (Kreeft et al., 2005; Kim et al., 2004). These studies
were either carried out at only a single time-point or for a very short
duration of feeding, i.e. 11 days (Gregoire et al.,2002). In relation to
gene profiling in adipose tissue, some observed increased Mrna
levels of lipogenic genes (Li et al., 2002; Lopez et al., 2003) whereas
others found reduced expression of lipogenic genes in obese
rodents (Nadler et al., 2000; Soukas et.al., 2000) or humans
(Diraison et al., 2002).
Key Genes Encoding Significant Enzymes Involved In
Lipogenesis And Lipid Oxidation
Fatty acid synthase (Fas), a key-regulating enzyme in de novo
lipogenesis, catalyzes all the reactions for the conversion of acetylcoenzyme A and malonyl-CoA to palmitate (Wakil et al., 1983). Fas
plays an important role in energy homeostasis by converting excess
food intake into lipids for storage and providing energy when
needed via oxidation. Fas transcription is under stringent
nutritional as well as hormonal control in lipogenic tissues, namely
liver and adipose tissue (Wakil et al., 1983; Hillgartner et al., 1995).
For example, increased circulating insulin levels induce Fas
expression (Paulauskis and Sul, 1989). Experiments using
knockout or transgenic mice overexpressing sterol regulatory
element-binding protein (Srebp) demonstrated that this
transcription factor plays a key role in the up-stream regulation of
Fas transcription (Casado et al., 1999; Shimano et al., 1999; Wang
and Sul, 1995). There are three Srebp isoforms. Srebp activates
various genes involved in cholesterol and fatty acid biosynthesis.
However, only the isoform, Srebf1 expression is induced by feeding
and insulin, and its role is mainly responsible for the regulation of
fatty acid synthesis (Horton et al., 2002). On the other side of the
equation of energy balance is energy production. Mitochondrial
beta-oxidation of long-chain fatty acids is a major source of energy
production. Carnitinepalmitoyltransferase 1 (Cpt1) is the key
regulatory enzyme of hepatic long-chain fatty acid oxidation. Cpt1,
an integral mitochondrial outer membrane protein, catalyzes the
transfer of long-chain acyl group of the acyl-CoA ester to carnitine
(McGarry and Brown, 1997; Ramsay et al., 2001). Cpt1 is tightly
regulated by its physiological inhibitor malonyl-CoA, the first
intermediate in fatty acid biosynthesis. This provides a mechanism
for physiological regulation of betaoxidation in all mammalian
tissues and for cellular fuel sensing based on the availability of fatty
acids (McGarry and Brown, 1997; Prentki and Corkey,
1996;Zammit, 1999). By its strategic metabolic position, Cpt1
represents a potential drug target for the treatment of metabolic
disorders such as diabetes and coronary heart disease. Much
research has been devoted to this area (Ruderman et al., 1999;
Unger and Orci, 2001; McGarry 2002). Hyperglycemia with
hyperinsulinemia increases malonyl-CoA, inhibits functional
Cpt1's activity and shunts long-chain fatty acids away from
oxidation and toward fat storage in tissue (Rasmussen et al., 2002).
Body Weight Regulation And Food Intake
Body weight regulation depends on the interaction between
genetic and environmental factors. The environmental factors that
influence body weight regulation ultimately act by a chronic
modification of the energy balance equation (Jequier, 2002):

Energy stored = Energy intake - Energy lost in faeces and urine Energy expenditure
When studying body weight regulation, the critical issue is not
the energy intake or energy expenditure taken separately, but the
adjustment of one to the other under ad libitum food intake
conditions (Flatt, 1997). The control of food intake exerts a greater
influence on energy balance than do small changes in metabolic
rates that occur during overfeeding or underfeeding.
Under normal conditions, the variations infood intake are
larger as compared to the variations in energy expenditure, as
shown in subjects spending several days in a respiration chamber
(Jequier and Schutz, 1983).
This suggests that food intake is the most important
determinant of changes in energy homeostasis. Impaired control of
food intake has been shown to play a major role in the etiology of
obesity (Jequier, 2002). Studies on humans and animals which were
allowed ad libitum feeding on high-fat, calorie-dense diets
demonstrated different effects on food intake. Some showed that
these subjects consumed similar amounts of food as when they
were fed ad libitum on lower-fat, less energy-dense diets
(Shepherd, 1988; Stubbs et al., 1995). Others, however, have shown
that such HFC diets inhibited food intake (Welch et al., 1988; Cecil et
al., 1999) and yet others have provided evidence that HFC diets
promote hyperphagia (Warwick and Weingarten, 1995; French et
al., 1995; Lucas et al., 1998; Woods et al., 2003; Savastano and
Covasa, 2005).
Dietary Fatty Acids And Plasma Lipids
In addition to increasing the risk of developing obesity, a highfat diet particularly high in saturated fats can also increase the risk
of developing hyperlipidemia (World Health Organisation, 2002).
Since the 1950s, it has been recognized that the fat content and the
type of fat in the diet is the major determinant of plasma cholesterol
concentrations (Keys et al., 1950;
Hegsted et al., 1959). Saturated fatty acids increase total
cholesterol; polyunsaturated fatty acids decrease total cholesterol,
and monounsaturated fatty acids have a neutral effect (Keys et al.,
1950; Hegsted et al., 1959; Clarke et al., 1997). The total cholesterolincreasing effect of saturated fatty acids is almost twice the
cholesterol decreasing effect of polyunsaturated fatty acids,
resulting in dietary recommendations that stressed reductions in
dietary saturated fat (Lichtenstein, 2006). Not all saturated fatty
acids have identical effects on plasma cholesterol concentrations.
Studies have concluded that saturated fatty acids, particularly
lauric (12:0), myristic (14:0), and palmitic (16:0) acids, increase
LDL cholesterol levels (Mensink et al., 2003; Yu et al.,1995; Clarke et
al., 1997). Shorter chain saturated fatty acids (6:0–10:0) have little
effect on plasma cholesterol concentrations, whereas those with
intermediate chain lengths (12:0–16:0) increase concentrations
(Keys et al., 1965; McGandy et al., 1970).
It was suggested that the minimal effect of the shorter chain
fatty acids could be due to them being absorbed directly into the
portal circulation (Bonanome and Grundy, 1988).
LEPTIN
Leptin is a hormone produced mainly by white adipose tissue.
Its name is derived from the Greek word ''leptos'' which means
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''thin''.Leptin, the protein encoded by the ob gene, was identified
using positional cloning and proposed to be the hypothesized
adipose-derived signal important for regulation of fat stores (108).
Adipose tissue is the primary source of leptin (Zhang et al.
1994,1997) but ob mRNA is expressed at lower levels in other
tissues including the stomach and skeletal muscle (Bado etal.1998;
Margetic et al.2006). The obesity gene codes for a 167 long peptide
which is processed into the 146 amino acid protein called leptin.
Recent studies have shown this protein to be a member of the
helical cytokine family[. (Badoetal. 1998; Margetic et al.2006)

Helix B in other cytokines is two turns longer than that of leptin
and the other helices in cytokines have kinks in the middle not at the
end like leptin. Understanding these differences and the other
distinguishing characteristics of leptin will provide insight into its
specific function [ Zhang et al. 1994,1997, Robert et al. 2011].

Structure of Leptin:

Leptin Receptors

Leptin consists of four antiparallel helices, each about 5-6 turns
long, with the characteristic up-up-down-down arrangement of
cytokines which forms a two layer packing of the helices (Table 1
below). The large hydrophobic area parallel to the helix bundle is
formed from the residues of the helices that face each other. These
residues seem to be important for maintaining the structure due to
their high conservation among various species [ Zhang et al.
1994,1997]. There are two long loops connecting helices A to B and
C to D, and a shorter loop connecting helices B to C. The connecting
loops wrap around the BD face of the helix bundle and the
interhelical angles and features of the loops are similar to those
found in the long chain helical cytokine family [ Zhang et al.
1994,1997].

Leptin receptors belong to the class I cytokine receptor
superfamily (Fei et al. 1997). There are full length, long form
receptors (known as Ob-Rb) and several short forms (Ob-Rs,
including Ob-Ra, Ob-Rc, Ob-Rd, and Ob-Re), with the difference
between the subtypes being the length of the intracellular domain
(Fei et al. 1997). All leptin receptor variants possess an identical
816 amino acid extracellular domain and a transmembrane domain
of 23 amino acids [Murakami 1997]. The Ob-Re is a soluble receptor
and lacks both trans- membrane and intracellular domain
[Lollmann et al. 1997]. Leptin receptors are widely expressed
throughout the brain in areas such as the cortex, cerebellum,
brainstem, basal ganglia, and hippocampus [Harvey 2003].

Table 1. Positioning of alpha helices in leptin
Helix

Position

A

3-26

B

51-67

C

71-94

D

120-143

An interesting feature of leptin is the small helical segment, E,
that is found in the CD loop and is packed tightly against the helical
bundle. The E helix is distorted, bending sharply in the middle, and
is almost perpendicular (87 degrees) to the helix bundle. Leu104,
107, 110, 114, and Val113 in the E helix pack tightly against the
hydrophobic residues of the C-terminal end of the B helix and the Nterminal end of the D helix, acting as a hydrophobic cap to bury the
lipophilic residues on the surface of the BD bundle[ Zhang et al.
1994,1997].
Although disulfide bonding patterns are not highly conserved
within the cytokine family, it seems that leptin's single disulfide
bridge is critical for the development of its helical cytokine folding
(Zhang et al. 1994,1997).Leptin's two cysteine residues at the 96
and 146 positions form a disulfide bond between the C-terminus
and the beginning of the CD loop. Since the disulfide is exposed to
solvent at one end, it moves the last turn of the D helix 36 degrees
towards the CD loop, causing a kink in the D helix. Both of the
cysteines in leptin are conserved among species and mutation of
either renders the protein biologically inactive, indicating that the
disulfide bridge and the kink in the D helix are essential for proper
folding and receptor binding [ Zhang et al. 1994,1997]

Although the information about leptin's structure places it in
the long chain helical cytokine category, there are still several
distinguishing characteristics of leptin that fall into no category.
Other long chain helical cytokines have extra helices in the AB loop
whereas leptin has the distorted E helix in the CD loop.

It is generally accepted that the hypothalamus is the critical
action site of leptin [Elmquist, 2000, White et al. 2000, Woods and
Stock, 1996)
Body Weight Regulation, Plasma Leptin And Insulin Levels
It is an important signal in the regulation of adipose tissue mass
and body weight. When energy reserves are sufficient, leptin levels
increase and this will reduce food intake. Conversely, when energy
reserves are low, leptin levels start falling and this will initiate a
series of neuroendocrine responses like stimulation of food intake
to restore the energy reserves (Ahima et al., 1996, Auwerx and
Stacls, 1998). Therefore, it can be inferred that leptin plays an
important role in the regulation of body weight by adapting food
intake to current energy reserves. However, studies which have
examined the relationship between circulating leptin levels and
body weight regulation have generated mixed findings. Studies
found that mice which could not produce leptin or respond to it,
exhibited intense hyperphagia and developed massive weight gain
(Campfield et al.,1995; Pelleymounter et al., 1995).
Treatment with leptin in the leptin-deficient mice inhibited
feeding and reduced body fat in a dose-dependent manner (Halaas
et al., 1995; Ahima et al., 1996). In humans studies, it was shown
that individuals with low plasma leptin levels were hyperphagic
with aggressive behaviour when food was denied and developed
rapid weight gain, resulting in severe obesity (Montague et al.,1997;
Farooqi et al., 2002). In contrast to these studies, plasma leptin
levels were shown to be correlated positively with weight gain
(Chessler et al., 1998) and body mass index in humans (Niskanen et
al., 1997; Klein et al., 1996; Caro et al., 1996). In addition, it has been
suggested that leptin synthesis is increased in obese subjects as
compared to non-obese subjects (Maffei et al., 1995). As such, it was
suggested that leptin resistance rather than leptin deficiency could
play a role in the pathogenesis of obesity. In support of this
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hypothesis, leptin resistance was described in the diet induced
obese C57BL/6J mice. Moreover, evidence indicated that these mice
could develop leptin resistance peripherally (Van Heek, 1997).
Tartaglia (1997) has demonstrated that leptin exerts its effects
through activation of the leptin receptor which belongs to the
cytokine receptor superfamily and via subsequent stimulation of
the JAK/STAT pathway.

Figure 1:Leptin receptor signalling
The binding of leptin to its receptor leads to formation of the
Ob-R/JAK2 complex that results in cross-phosphorylation.
Tyr1138 on Ob-Rb is crucial for STAT3 activation, which stimulates
SOCS3 expression that negatively inhibits leptinsignaling via
Tyr985 and additional sites on JAK2. Protein tyrosine phosphatase
1B (PTP1B) is also capable of inhibition of leptinsignaling. JAK2
phosphorylation can lead to activation of MAPK and insulin
receptor substrate/PI3K signalling pathways.GRB2 indicates
growth factor receptor–bound protein 2.
These leptin receptors are found in peripheral organs including
liver and adipose tissue (Wang et al., 1997) as well as the
hypothalamus. The factors which determine leptin resistance
include the expression levels of leptin receptors as well as the
responsiveness of intracellular JAK/STAT signalling (Baskin et al.,
1998). To date, the mechanisms by which resistance to leptin may
arise remain unclear. However, there was evidence to suggest that
Socs-3 (suppressors of the cytokine signalling family 3) may play a
role. Socs-3 is a member of the Socs family of cytokine-inducible
intracellular proteins that feedback to inhibit cytokine receptors
and cytoplasmic signalling adaptor molecules.
In vitro studies have demonstrated that Socs-3 inhibits leptin
induced signal transduction (Bjorbaek et al., 1998). This has led to
the speculation that Socs-3 activation could play a role in the
development of leptin resistance (Bjorbaek et al.,1998; Emilsson et
al., 1999).
Insulin is another hormone that also contributes to the
regulation of body weight(Porte et al. 1998). Studies have shown
that insulin may inhibit food intake (Ikeda et.al. 1986, Forte et al.
1998), and stimulate energy expenditure by activating thermogenesis in the brown adipose tissue (Rothwellet al. 1983).
Therefore, insulin and leptin seem to exert similar actions, the net

effect being a reduction in body weight. These effects seem also to
be interrelated. However, insulin has been shown to promote
lipogenesis. Therefore, the net effect of insulin in the regulation of
body weight remains to be established.
Leptin and adaptive responses of mice to HFD
Leptin functions to control energy balance and the fat mass via
reducing food intake and increasing energy expenditure. On the
other hand, leptin can also exert crucial metabolic effects upon lipid
metabolism, preventing triglyceride (TG) accumulation in
peripheral tissues [Shimbukuro et al. 1997). For instance, it has
been shown that leptin is able to stimulate fatty acid oxidation
through activation of AMP-activated protein kinase (AMPK),
subsequently inhibiting acetyl- CoA carboxylase (ACC) activity, in
the skeletal muscle [Minokoshi et al. 2002). Increased circulating
levels of leptin (i.e. hyperleptinemia) have been found to be
associated with obesity induced by overnutrition, as in the case of
chronic intake of high-fat diet [Ahren and Scheurink, 1998). De
novo lipogenesis in the liver and WAT plays a key role in body's
energy storage and is coordinately controlled in response to
nutritional, hormonal and metabolic stimuli [Kersten, 2001,
Sampath and Ntambi,2005). This cytosolic process occurs with the
initial conversion of citrate to acetyl-CoA catalyzed by ATP-citrate
lyase (ACL) [Srere ,1959,Wakil Stoops, Wakil,1983). Acetyl-CoA is
further converted to malonyl-CoA by ACC, the rate-limiting step in
de novo fatty acid synthesis [Abu-Etheiga et al. 2005]. Malonyl-CoA
is then used as the substrate of fatty acid synthase (FAS) for fatty
acid synthesis [Wakil, 1989). Recently, adipose tissue lipogenesis
has been shown to be controlled by leptin via STAT3-independent
central mechanisms [Buettner et al. 2008); whereas a
liporegulatory role of hyperleptinemia has been implicated in nonadipose tissues, affecting lipogenesis and fatty acid oxidation [Lee
et al. 2001). Therefore, it is likely that leptin may act upon the
peripheral lipogenic program in the face of over nutrition to
mediate body's metabolic adaptation responses. Study found that,
among enzymes involved in lipid metabolism, the lipogenic
enzymes ACL and FAS were predominantly suppressed in both the
WAT and liver in mice challenged by HFD feeding, in parallel with
concomitant onset of hyperleptinemia[Lei Jiang et al. 2009)].
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Figure 2.Systemic leptin function.
Chronic hyperleptinemia impairs the centrally mediated
metabolic actions of the hormone, although its activation of
sympathetic outflow is preserved. Selective central leptin
resistance results in obesity and adverse effects on the
cardiovascular system including hypertension, atherosclerosis, and
LVH. Although leptin can protect against ectopic lipid deposition in
nonadipose tissue, whether this effect is abolished because of
(selective) peripheral leptin resistance requires further
examination.
Upon HFD feeding, study observed dramatically increased
leptin but normal insulin levels that paralleled the concurrent
suppression of lipogenic enzymes in the liver and WAT; on the other
hand, abrogation of leptin signaling in db/db mice abolished, at
least partially, the suppressing effects of HFD feeding on hepatic
ACL and FAS expression [Lei Jiang et al. 2009]. These results suggest
that HFD-induced hyperleptinemia contributes to the suppression
of the lipogenic program, consistent with previously reported
findings that indicate the requirement of functional leptin actions
for HFD-induced suppression of de novo lipogenesis using the
leptin receptor-defective Zucker diabetic fatty (ZDF) rats [Lee et al.
2000, Bassilian et al 2002)). Study observed that direct leptin
administration stimulated the phosphorylation activation of STAT3
not only in the hypothalamus, but also in the liver and WAT,
paralleled by reduced ACL and FAS protein expression both in the
liver and WAT [Lei Jiang et al. 2009].
HFD, leptin, neuropeptide and agouti-related peptide
Neuropeptide Y (NPY) is a potent, centrally acting orexigenic
peptide with a high concentration in the hypothalamic arcuate
nucleus (Arc). There is considerable evidence of a role for NPY in the
regulation of food intake and energy balance. This has recently been
reviewed [Beck, 2000]. A number of studies [Giraudo et al.
1994;Guan et al. 1998;Hahn et al. 1998) although not all [Mercer,
Lawrence,Atkinson, 1996], have demonstrated that a high-fat diet
can induce decreased Arc NPY mRNA expression in rodents. The
level of NPY in Arc is regulated by leptin [Erickson ,Hollopeter,
Palmiter, 1996]. Intracerebroventricular injection of leptin
significantly reduces the level of Arc NPY mRNA expression in
mouse Arc [Wang et al.1997]. Conversely, overexpression of Arc
NPY mRNA has been reported in mice that lack leptin (ob/ob) and
in leptin receptor-deficient db/db mice [Mercer et al.
1997;Schwartz et al. 1996]. Therefore, it is possible that any
reduction in NPY message level induced by high-fat feeding is due to
either a direct effect or an indirect effect via increased circulating
leptin levels subsequent to the fat-induced positive energy balance
and white adipose accumulation. In a further complexity, it has been
reported that the majority of Arc NPY neurons produce agoutirelated peptide (AgRP) [Hahn et al. 1998]. Functionally, AgRP has a
similar effect to that of NPY in promoting energy intake and
decreasing energy expenditure, albeit via a different mechanism.
AgRP is an antagonist of α-melanocortin stimulating hormone (αMSH) acting at the level of melanocyte receptor subunit 4 (MCR4)
[Marsh et al. 1999]. In mice, lack of functional leptin (ob/ob)
produces a fivefold increase in Arc AgRP mRNA expression, which
can be reversed by leptin treatment [Shutter et al.1997]. These

studies show that leptin plays an inhibitory role in controlling the
production of AgRP. Nutritional status is also important in the
regulation of AgRP production, as it has been demonstrated that
food deprivation can dramatically increase AgRP mRNA expression
in mice [Mizuno and Monns,1999].
Oxidative stress: Thiobarbituricacid reactive substances
(TBARS)
Stress is defined as a condition in an organism that results from
the action of several stressors that may be internal or external
origin [von Borell,2001]. It is well known that cold exposure may be
reflected in an elevated metabolic rate and also increased
production of reactive oxygen species (ROS) [Sahin and Gumuslu,
2004]. When ROS production exceeds the capacities of protection
and repair mechanisms oxidative stress occurs, resulting in damage
to proteins and lipids [Selman et al. 2002]. One of the most
important damaging effect of free radicals on tissues is lipid
peroxidation. It has been demonstrated in some forms of stress,
such as exercise, starvation, cold and water-immersion restraint
stress increasing the free radical generation and lipid peroxidation
[Seckin et al 1997]. Lipid peroxidation can be evaluated by the
measurement of malondialdehyde (MDA) levels [Grisottoet
al2000]. Glutathione (GSH) is one of the important endogen
antioxidants and apart from scavenging free radicals. It also plays a
role in the reduction of various disulfide linkages and maintenance
of proteins in proper oxidized-reduced state [Kuashik, 2003]. Acute
cold stress significantly decreased blood GSH levels and
perturbation of GSH metabolism in several visceral organs
[Tremoto et al. 1998]. There have been controversial reports about
the oxidant or antioxidant roles of leptin in different tissues. It is
also known that leptin stimulates endothelial nitric oxide (NO)
production [Beltowski] and intravenous injection of leptin
increases the plasma nitrite/nitrate concentration in a dosedependent manner in normotensive rats [Balasubramaniam,
Sailaja,Nalini,2003]. Some studies reported that NO is an important
mediator of hepatotoxicity and the high production of NO causes
tissue injury [Gardner et al.1998]. However, in some models of
inflammation, it has been shown that inhibition of NO increases
tissue dysfunction or injury [Uzun et al. 2005,]. Consequently, the
pro-oxidant and/or anti-oxidant role of NO seems to be
controversial. Immobilization and acute cold stress is widely used
experimental model accompanied by considerable decrease in
antioxidative capacity in animals [Simmons et al. 1991;Akhalaya,
Platonov, Baizhumano, 2006].
Lipid peroxidation has been implicated in a number of
deleterious effects and increase in the levels of TBARS indicate the
enhanced lipid peroxidation leading to tissue injury and failure of
antioxidant defense mechanisms to prevent the formation of excess
free radicals [Valko et al. 2007]. Study showed that liver and plasma
MDA levels were found to be significantly increased in the rats
exposed to restraint cold stress when compared to the controls
[Cigdem et al. 2009).Findings showed that the antioxidant system
was also affected by cold-restraint stress. GSH is an important
endogenous defense substance against the reactive oxygen species
(ROS) and the tissue GSH concentration reflects a potential
detoxification marker [Cigdem et al. 2009]. It has been previously
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reported that cold stress reduced the GSH levels in liver and in the
other tissues in mice [Simmons et al 2001] and rats [ Shustanova et
al.2004]. Shustanova et al.(2004) have reported that cold stress
caused an inhibition of antioxidant enzyme activities such as
glutathione reductase in brain, liver and erythrocytes
[Rauhala,Andoh, Chiueh, 2005]. The cold restraint stress resulted in
an activation of free radicals accompanied by an accumulation of
lipid peroxidation products and a decrease of endogenous
antioxidant marker GSH in liver and plasma. However, the increase
in plasma GSH level might be due to the penetration of tissue GSH to
plasma [Cigdem et al. 2009]. It has been well known that NO
radicals have a direct antioxidant effect through their reaction with
free radicals and iron-oxygen complexes. In addition to serving as a
stabilizer and carrier of NO, S-nitrosoglutathione (GSNO) may have
protective effects through transnitrosylation reactions. Moreover, it
has been suggested that NO and GSNO act like a free radical
scavenger at moderate concentrations which are 50-100 times
more potent than that of GSH [Perlata et al. 2003]. Peralta et al.
reported that mtNOS activity and expression decreased in liver and
skeletal muscle during the first 10 days of the cold exposure
[Ridnour et al. 2005]. The positive correlation between cold stress
and reduced NOS activity was supported by the findings of Zhu et al.
[2002] and Lee et al. [Zhu et al. 2002] in different tissues. NO activity
both in the plasma and liver was found to be significantly decreased
during cold-restraint stress . These results are also in accordance
with the findings that indicate the development of resistance to cold
stress might be abolished by decreasing NO. The decrease of NO
synthesis suggests an inability of the cells to synthesize GSH. It has
been demonstrated that leptin causes an increase in GSH, while
MDA levels were decreased both in plasma and liver tissue obtained
from rats exposed to restraint-cold stress [Cigdem et al. 2009].
These results indicate that restraint-cold stress causes an increase
in MDA levels and decrease in NO levels in plasma and liver tissues,
together with decrease in GSH level within tissues while increase in
plasma [Cigdem et al. 2009]. Leptin administration causes an
increase both in decreased GSH and NO levels and decreases the
increment of MDA levels [Cigdem et al. 2009].
Reactive oxygen species (ROS) are produced as by-products of
aerobic metabolism in mitochondria. They can cause damage to
macromolecules (lipids, DNA and proteins) (Beckman and Ames,
1998; Davies et al., 1982; Mecocci et al., 1999; Tyler, 1975), and
thereby contribute to senescence and several degenerative
diseases associated with ageing (e.g. cardiovascular disorders,
Parkinson disease) (McEwen et al., 2005; Melov et al., 1999;
Wallace, 2005). An elaborate defense system consisting of
endogenous antioxidant enzymes, such as catalase (CAT),
superoxide dismutase (SOD), glutathione peroxidase (GPx), and
numerous non-enzymatic antioxidants (vitamins, flavenoids), exist
that scavenge ROS to prevent their deleterious effects (Beckman
and Ames, 1998). Antioxidant enzymes cannot scavenge all the ROS
produced; a small part escapes conversion and can damage
proteins. This will impact on essential functions within the cell,
such as maintenance of the structural architecture and enzyme
activity. Indeed, the accumulation of oxidized proteins with age has
been reported for many experimental ageing models (Stadtman,
2004). Such accumulation could be due either to increased

generation of reactive oxygen species or to reduced elimination of
oxidized proteins (Shringarpure and Davies, 2002; Stadtman,
2004). Cold-exposure increases metabolic rate and ROS production
and this may counteract any beneficial effect of increased protein
breakdown.
Alternatively, animals may adapt to the extra ROS production by
increased activity of antioxidant enzymes and, in concert with
elevated protein breakdown, protect cells from problems arising
from the presence of oxidized proteins. Such protection may vary
with age, possibly due to altered responsiveness in protein turnover
and antioxidant systems [Caleb et al. 1969]. Long-term cold
exposure did not result in compensatory changes in antioxidant
enzyme activities in the heart and liver of mice or in protein
synthesis rates in liver and muscle [Lobke et al- a chapter ].
Cold-exposed animals may have compensated for the high
metabolic rates required to maintain constant body temperature by
increasing the expression of uncoupling protein, thereby
dissociating oxidative respiration from ATP production and
reducing the generation of free radicals [Lobke et al ]. Cold stress
elicited a substantial increase in food intake, accompanied by a
significant reduction in food digestibility. An increase in mass of
metabolically active internal organs (small intestines, heart and
kidney) was observed in cold-exposed mice. These findings
reassured us that costs of increased thermoregulation caused by
cold stress were substantial.

Figure 3: Role of NPY and its Y2Rs in stress-induced obesity
Stress of exposure to cold or aggression activates sympathetic
nerves and preferentially releases NPY over NE from the
sympathetic nerves in mice. Stress of restraint or water avoidance
preferentially releases NE, without significant increase in NPY; this
results in increased β-adrenergic thermogenesis in brown adipose
tissue (BAT) and lipolysis in white adipose tissue (WAT), leading to
weight loss in both cases. Feeding the cold- or aggressor-stressed
mice an HFS diet increases the adipose tissue levels of cortisol,
which in turn, further up -regulates expression of NPY in the
sympathetic nerves and NPY-Y2Rs in the adipocytes and
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endothelial cells. Activation of these receptors stimulates
proliferation, differentiation, and lipid filling of adipocytes,
angiogenesis, and macrophage infiltration, and leads to abdominal
fat growth. After 3 months of that stress and an HFS diet, mice
develop gross abdominal obesity and metabolic-like syndrome.
The idea that reduced thermogenesis in inter scapular brown
fat is crucial to the obese phenotype in leptin-impaired mice and
various transgenic models persists [Enerbacket al.1997, Cannon
and Nedergaard 2004].
HFD and Lipid Peroxidation
A recent work showed that a high fat diet increases the level of
MDA in serum, liver, aorta and kidney of Sprague-Dawleyrats . Study
showed that oxidative stress, as determined by TBARS levels,
increased in cerebral, renal and hepatic tissues of mice fed the HF
diet compared with those fed the HS diet .(Aguila Mandarim-DeLacerda,2003).
It is well documented that obese patients are associated with
serious mortalities, including a high incidence of type 2 diabetes,
hyperlipidaemia, hypercholesterolaemia, cardiovascular disease
and liver abnormalities, and more attention has been paid to the
impact of obesity on renal functions recently (Hall,1994; Yilmaz et
al. 2002; Altunkaynak, 2005). Chronic administration of dietetic
lipid can cause abdominal obesity and can significantly alter the
renal cortical structure of rats (Aguila $ Mandarin- De-LAcerda,
2003;Armitage et al. 2005).
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