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Abstract

Uncontrolled hepatic glucose production contributes significantly to
hyperglycemia in type 2 diabetic patients. Leptin plays important roles in the regulation
of blood glucose homeostasis. Recent studies have suggested that chronic central leptin
administration can normalize blood glucose concentrations without increasing serum
leptin and insulin concentrations. We hypothesize that leptin inhibits hepatic glucose
output by inhibiting gluconeogenesis. This work sought to directly examine hepatic
glucose output in leptin-treated diabetic rats via an isolated perfused liver system and to
determine the glucose production rate in response to lactate and fructose. Leptin-treated
rats had nearly a 4-fold lower glucose response to lactate gavage than did vehicle-treated
rats, suggesting that hepatic gluconeogenesis from lactate is severely blunted in leptin-
treated rats. However, the results of hepatic glucose production from fructose were
different from the results from lactate. When fructose was used as the gluconeogenic
precursor, there was no difference in the hepatic glucose production between leptin- and
vehicle-treated rats. Additionally, gastric gavage of fructose resulted in a greater increase
in blood glucose concentrations in leptin-treated rats than the gastric gavage of lactate in
leptin-treated rats.

To further understand the effect of intracerebroventricular (ICV) leptin on the role

of leptin in hepatic glucose metabolism, we isolated liver cells from leptin- and vehicle
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treated diabetic rats, and compared the ability of these cells to produce glucose in the
presence of a gluconeogenic precursor in the freshly prepared or cultured state. We found
that compared with the control group, in the presence of different concentration of lactate
(1mM, 2mM, 5SmM and 10Mm) the production of glucose by the primary cultured
hepatocytes in leptin-treated group was significantly reduced 41 %, 44 %, 53 % and 58
%, respectively. However, glucose production in the freshly prepared liver cells was not
different between cells derived from leptin-treated rats as compared with vehicle-treated
rats. Therefore, leptin is capable of reducing glucose production from lactate in isolated
hepatocytes.

In conclusion, chronic central leptin inhibits hepatic gluconeogenesis to help
control whole body glucose levels preventing the overproduction of glucose in diabetic
rats. These results indicate that uncontrolled diabetes can be rescued without insulin by
leptin to eliminate hepatic overproduction of glucose. Determining the mechanism by
which this occurs may lead to new therapeutic agents that help control diabetes,

independent of or in conjunction with insulin.
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Chapter 1

Introduction

The incidence of diabetes is increasing worldwide. At least 171 million people
currently have diabetes, and this figure is likely to more than double to 366 million by
2030. The top 10 countries, in numbers of people with diabetes, are currently India,
China, United States, Indonesia, Japan, Pakistan, Russia, Brazil, Italy, and Bangladesh
[1]. As for the United States, diabetes has become epidemic. According to the American
Diabetes Association, diabetes affects nearly 24 million Americans. Diabetes is the sixth
leading cause of death in the United States, affecting about 7.8% of the population [2].
Many health complications result from diabetes including cardiovascular disease and
stroke, kidney disease, blindness, non-traumatic amputation and many others [3].

Not only are more people getting this disease, but they are developing it at
younger ages. Acquiring diabetes at a younger age increases the likelihood that one or
more of the diabetes-related complications will develop sometime in the person’s
lifetime. This will put a greater burden on the health care system. The national cost of
diabetes in the U.S. in 2007 exceeded $174 billion. This estimate includes $116 billion in
excess medical expenditures attributed to diabetes, as well as $58 billion in reduced
national productivity. People with diagnosed diabetes, on average, have medical
expenditures that are approximately 2.3 times higher than the expenditures would be in

the absence of diabetes. Already 1 out of every 10 healthcare dollars is spent on diabetes
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and its complications [4]. As for Alabama, it leads the nation in number of diagnosed
cases of diabetes per capita with more than 440,000 citizens diagnosed with the disease,
or about 10% of the population. The growth rate for new cases is 30 percent above the
national average. It is estimated that diabetes costs Alabama businesses more than $3
billion annually [5]. Type 2 is the most prevalent form of diabetes, accounting for
approximately 90 - 95% of all cases of diabetes, and an increase in this form of the
disease accounts for diabetes’ increased incidence. Type 2 diabetes has a particularly
strong association with weight gain irrespective of ethnicity or gender [6-7]. Type 2
diabetes usually stems from insulin resistance, when the body does not effectively
respond to the glucoregulatory mechanisms of insulin and progressive B-cell failure. Both
type 2 diabetes and obesity represent dysregulated glucometabolic syndrome conditions
in humans and experimental models [8].

The reason for the association between obesity and type 2 diabetes is not fully
understood. Interestingly, a decrease in leptin signaling in the brain leads to both obesity
and insulin resistance, a hallmark of type 2 diabetes. Type 2 diabetes is characterized by
peripheral insulin resistance with an insulin-secretory defect that varies in severity. In the
progression from normal glucose tolerance to abnormal glucose tolerance, postprandial
glucose levels first increase. Eventually, fasting hyperglycemia develops as inhibition of
hepatic gluconeogenesis declines. Insulin resistance in obesity and type 2 diabetes is
manifested by decreased insulin-stimulated glucose transport and metabolism in skeletal
muscle and adipocytes by impaired suppression of hepatic glucose output [9]. When the
adipose depot is expanded, as in obesity, plasma free fatty acids (FFAs) become elevated,

due, most likely, to increased release from the expanded adipose mass and probably also
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to impaired hepatic metabolism. Elevated FFAs impair the ability of insulin to suppress
hepatic glucose output and to stimulate glucose uptake into skeletal muscle, as well as to
inhibit insulin secretion from pancreatic  cells [10]. The increased hepatic glucose
output is a major contributor to elevated glucose levels in patients with type 2 diabetes,
causing many of the complications of this disease. One way to control diabetes is to
inhibit this upregulated hepatic glucose production, specifically by inhibition of
gluconeogenesis.

Leptin, the product of the obese (ob) gene, is produced primarily by white adipose
tissue and serves as a peripheral signal to the central nervous system of nutritional status
[11-12]. Leptin plays an important role in regulating energy stores and in the choice of
fuels to be used under various nutritional conditions [13]. Genetic leptin deficiency in
rodents and humans results in hyperphagia and marked obesity, as well as insulin
resistance or diabetes. Numerous studies have shown that leptin circulates in proportion
to body fat mass in humans [12, 14].

Evidence indicates that leptin may play especially important roles in the
regulation of glucose homeostasis, and has lead to the suggestion that leptin can be used
as a therapeutic agent of diabetes, either alone or as an adjunct to insulin therapy [15-37].
Our laboratory has extended this finding by demonstrating that chronic central leptin
administration in the brain of diabetic rats can normalize blood glucose concentrations
independent of food intake and insulin level [13]. By using various gluconeogeneic diets,
we also found that leptin-treated diabetic rats have a decreased ability to convert certain

gluconeogeneic precursors into glucose; specifically, those precursors that enter the



gluconeogenic pathway between dihydroacetone phosphate/glyceraldehyde 3-phosphate
and pyurvate.

In the present study, we employed the streptozotocin (STZ)-induced diabetic rat
model, which can be used to investigate leptin action without the effects of endogenous
leptin and insulin. The aim of our study was to employ the isolated perfused rat liver
model (IPRL) to evaluate the effects of central leptin administration on hepatic glucose
production in response to two gluconeogenic precursors, lactate and fructose. The IPRL
model has been used to explore the physiology and pathophysiology of the rat liver for
many years. This in situ model provides the opportunity to assess liver function in the
whole organ in an isolated setting directly. The IPRL model also allows repeated
sampling of the perfusate, permits easy exposure to the liver to different concentrations of
test substances, and can be done independent of the influence of other organ system,
plasma constituents and neural-hormonal effect [38-40]. In a second study, we examined
the gluconeogenic response of isolated hepatocytes derived from diabetic rats chronically
treated with ICV leptin or vehicle.

We hypothesize that chronic central leptin administration greatly decreases
hepatic glucose output in response to lactate in an isolated perfused liver system and
isolated hepatocytes. Hepatic glucose production from lactate was severely blunted in
leptin-treated rats as compared to rats that were vehicle-treated in the isolated perfused
liver system, but no significant difference in hepatic glucose production between leptin-
and vehicle-treated rats was found with fructose. Compared with the control group, in
the presence of different concentration of lactate (1, 2, 5 and 10 mM) the production of

glucose by the primary cultured hepatocytes in leptin-treated group was significantly
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reduced 41 %, 44 %, 53 % and 58 %, respectively. However, glucose production in the
freshly prepared liver cells was signficantly higher in cells derived from leptin-treated
rats as compared with vehicle-treated rats treated with higher lactate doses. The
significant difference in hepatic glucose production between leptin- and vehicle-treated
rats indicates that central leptin administration inhibits hepatic gluconeogenesis. The
reason for the difference in hepatic glucose production between leptin- and vehicle-
treated rats in cultured and freshly prepared hepatocytes is not known and requires further

investigation.



Chapter 2

Literature Review

2.1. Obesity, Insulin Resistance and Type 2 Diabetes

Type 2 diabetes, accounting for 90-95% of those with diabetes, has become a
major global health problem, currently affecting 5% to 10% of most populations [41]. By
the year 2025, it is estimated that approximately 300 million people worldwide will have
this condition [42]. It is generally accepted that the prevalence of type 2 diabetes
increases with the increasing prevalence of overweight and obesity among different racial
and ethnic groups. The risk of developing diabetes starts to increase even with modest
weight gain. It has been reported that a period of gradual weight gain usually precedes the
onset of type 2 diabetes [43]. Complications of diabetes affect many tissues and organs.
Having too much sugar in the blood for long periods of time can cause serious health
problems if it's not treated. Hyperglycemia can cause damage to the vessels that supply
blood to vital organs, which can increase the risk of heart disease and stroke, kidney
disease, vision problems, and nerve problems in people with diabetes. Among the many
potential chronic complications of type 2 diabetes, cardiovascular disease accounts for
more than 80% of adverse outcomes among patients and is ultimately responsible for a
considerable proportion of diabetic mortality [44]. There are two fundamental

abnormalities accounting for the pathogenesis of type 2 diabetes. First, pancreatic -cell



dysfunction is a critical component in the pathogenesis of type 2 diabetes. Inadequate
insulin secretion from the pancreatic f cells, including a blunted first phase insulin
response to a glucose load and a disruption of insulin pulsatility can lead to a specific
degree of insulin insufficiency [45]. The second is resistance to insulin action in glucose
and lipid metabolism, concomitantly with or subsequent to the disturbance in insulin
secretion [46] . Insulin resistance is a major cause of type 2 diabetes, which is determined
by impaired sensitivity to insulin of its main target organs, i.e. adipose tissue, liver and
muscle. In adipose tissue, insulin reduces free fatty acid efflux from adipocytes to
decrease lipolysis; in liver, insulin reduces key enzyme activities to inhibit
gluconeogenesis and in skeletal muscle, insulin stimulates the translocation of the
GLUTH4 to the plasma member to induce glucose uptake. During insulin resistance
conditions, the circulating free fatty acid concentration elevates and ectopic fat
accumulates to impede insulin-mediated glucose uptake in skeletal muscle, while hepatic

glucose output increases [47].

2.1.1. The Pathogenesis of Obesity-Related Insulin Resistance

The prevalence of diabetes worldwide is increasing rapidly in association with the
increase in obesity. Overweight and obesity are the most common nutritional disorders in
the United States, affecting the majority of adults in the country. Obesity, particularly
central obesity, is a well established risk factor for insulin resistance and results in type 2
diabetes mellitus and other features of the metabolic syndrome such as dyslipidemia,
cardiovascular disease and hypertension [47]. Now a growing number of children are
being diagnosed with obesity-related type 2 diabetes. Over 75% of type 2 diabetic

patients are overweight or obese, indicating the strong relationship between obesity and
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type 2 diabetes. Obesity may well have a significant role to play in the pathogenesis of
diabetes [16]. Impaired insulin release and insulin resistance are principal factors for the
development of type 2 diabetes [48]. Wang and Beydoun (2007) searched the studies
published between 1990 and 2006 and found that among adults, obesity prevalence
increased from 13% to 32% between the 1960s and 2004, 66% of adults are overweight
or obese, 16% of children and adolescents are overweight and 34% are at risk of
overweight [48]. If current trends continue, by 2015 75% of adults will be overweight or

obese, and 41% will be obese [49].

2.1.2. Candidate Mediators of Obesity-Related Insulin Resistance

Adipose tissue is now regarded as a major endocrine organ and a variety of
factors released by adipocytes potentially mediate insulin resistance. Adipose tissue
regulates energy metabolism by releasing non-esterified fatty acids (NEFAs) and
glycerol, adipokines, such as leptin and adiponectin, and proinflammatory cytokines [50-
52]. Increased release of tumor necrosis factor-a (TNF-a), interleukin-6 (IL-6), retinal-
binding protein-4 (RBP4), resistin, monocyte chemoattractant protein-1 (MCP-1),
interleukin-8 (IL-8) and additional products of macrophages and other cells that populate
adipose tissue may play an important role in the development of obesity-induced insulin
resistance [51, 53-54]. These negative mediators modulate insulin action via various
pathways leading to insulin resistance. They influence their respective signal modulators
via deactiving pathways such as tyrosine phosphatases, serine kinases, lipid phosphatase

and degradation pathways, leading to an inhibition of insulin receptor substrate (IRS)



protein activity or other proteins further downstream of the IRS proteins, like Akt,
interfering with insulin signaling [55].

TNF-a and IL-6 have adverse effects on energy metabolism and insulin sensitivity
in peripheral tissue through classical receptor-mediated processes to stimulate both the c-
Jun aminoterminal kinase (JNK) and the IxB kinase-f (NF-kB) pathways, resulting in the
upregulation of potential regulators of inflammation and subsequently impairing insulin
signaling through direct activation of a serine kinase to increase serine phophorylation of
IRS-1 and IRS-2 [55]. Moreover, TNF-a alters the gene expression of the insulin
receptor, GLUT4, adiponectin, and PPARY to affect insulin sensitivity [56]. TNF-a has
been shown to reduce insulin-stimulated glucose uptake in adipose tissue in both in vitro
and in vivo studies [55]. The lack of TNF-a or its action significantly restored insulin
sensitivity in high-fat-induced obesity mice or ob/ob mice. High-fat fed, mice lacking
TNF-o. (TNF-o") exhibited an improved signaling capacity of the insulin receptor in
adipose tissue and skeletal muscle compared with TNF-o ™" mice [57].

Resistin, as the name implied, is a small inflammatory molecule with
hyperglycemic action by reducing glucose uptake in muscles and fat tissue. Resistin also
works through inhibiting hepatic AMPK activity, which results in elevated expression of
gluconeogenic enzymes, thereby causing uncontrolled hepatic glucose production from
gluconeogenesis, which contributes to the development of hepatic insulin resistant [58].

RBP4 induces insulin resistance through reduced phophatidylinositol-3-OH
kinase (PI3K) signaling in muscle and enhanced expression of the gluconeogenic
enzyme, phosphoenolpyruvate carboxykinase (PEPCK) in the liver through a retinol-

dependent mechanism [53].



MCP-1 and IL-8 may contribute to insulin resistance either by attracting
macrophages, particularly into adipose tissue, which become the major source of
inflammatory mediators, or by decreasing insulin-stimulated glucose uptake and insulin
receptor phosphorylation [59].

Increased NEFAs are associated with the insulin resistance observed in obesity
and insulin resistance. Increased intracellular NEFAs might compete with glucose for
substrate oxidation and this process leads to the suppression of glycolysis through the
inhibition of the key enzymes activities, including pyruvate dehydrogenase,
phosphofructokinase, and hexokinase II. An increased mass of stored triglyceride,
especially in visceral or deep subcutaneous adipose depots, exacerbates the insulin
resistance syndrome and further in turn leads to increased circulating levels of NEFA and
glycerol, both of which contribute to insulin resistance to stimulate hepatic
gluconeogenesis and inhibit insulin-stimulated glucose metabolism in skeletal muscle
[60-61]. NEFAs activate protein kinase C in both liver and muscle to silence downstream
insulin-signaling by promoting serine phosphorylation of IRS-1 and IRS-2, which
reduces tyrosine phosphorylation and the ability to activate PI3K [55, 62-64].

Obesity is also associated with mechanical stress, excess lipid accumulation, and
abnormalities in energy metabolism and availability of nutrients. Obesity-induced
endoplasmic reticulum (ER) stress in peripheral tissues is perhaps a core mechanism
involved in triggering insulin resistance and type 2 diabetes. ER stress promotes a JNK-
dependent serine phosphorylation of IRS-1, which in turn inhibits insulin receptor
signaling in insulin target cells. It was also reported that expression levels of several ER

stress markers are increased in dietary (high-fat diet-induced) and genetic (ob/0b) models
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of obesity. Suppression of the INK pathway enhances insulin signaling, which leads to a
decrease in gluconeogenesis and amelioration of glucose intolerance. Similar effects were
observed in high-fat/high-sucrose diet-induced diabetic mice and db/db mice. In addition,
ER stress activates the JNK pathway, leading to induction of apoptosis in various cells,

such as pancreatic 3 cells [65-66].

2.2. Glucose Homeostasis and Diabetes

2.2.1. Glucose Homeostasis

In order to ensure euglycemia, which is necessary for metabolic processes in the
cells, glucose levels are carefully regulated to around 90 mg/dl. The process of
maintaining blood glucose at a steady-state level is called glucose homeostasis [67-68].
Glucose homeostasis, maintaining blood glucose level within a narrow range despite
wide fluctuations in the demand (e.g. vigorous exercise) and supply (e.g. large
carbohydrate meals) of glucose, protects the body from the adverse effects of both
hypoglycemia and hyperglycemia. Plasma glucose concentration is the balance between
the rate of glucose entering the circulation and the rate of glucose removal from the
circulation. Healthy adults maintain a physiological balance between glucose appearance
and glucose disappearance. Under fasting conditions, the fasting glucose level is tightly
controlled within a narrow range from 70 to 110 mg/dl because the rate of endogenous
glucose output from the liver are well matched with the rate of glucose taken up by
peripheral tissues. Under the fed state, serum glucose comes from absorption from
intestine and release from liver. The latter occurs in the liver to produce glucose by

breakdown of preformed glycogen (glycogenolysis) as well as by de novo synthesis of
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glucose primarily from noncarbohydrate precursors such as lactate, pyruvate, glycerol,
and alanine (gluconeogenesis). An increased influx of glucose stimulates pancreatic [3-
cells to secrete insulin to control postprandial glucose through two major mechanisms.
One is to stimulate the uptake of glucose into insulin-sensitive peripheral tissues and
another is to inhibit hepatic glucose output by direct and indirect effects on the liver,
including inhibition of glucagon secretion from pancreatic a-cells. [69] Glucose is
removed from the system by uptake into almost all cell types, but most importantly into
muscle and adipose tissue. Recent evidence suggests that the CNS can also sense glucose
and act to affect systemic glycemia, at least in part by regulating gluconeogenesis [70].
Glucose homeostasis requires the coordinated actions of various organs. The liver
plays a critical role in glucose homeostasis by maintaining a balance between the uptake
and storage of glucose and the release of glucose. Greater than 90% of endogenous
glucose production is derived from liver and around 40% of alimentary glucose is taken
up by liver for storage as glycogen. A progressive loss in these liver functions is
associated with the deterioration of glycemic control and eventually develops diabetes
[71]. One site of control is the activity of the opposing enzymes glucokinase and glucose
6-phosphatase (G-6-Pase). Net hepatic glucose flux in and out of the liver is the balance
between the rate of glucose phosphorylation catalyzed by glucokinase (GK), the first step
of hepatic glucose utilization, and the rate of glucose-6-phosphate (G-6-P)
dephosphorylation catalyzed by G-6-Pase, the last step of hepatic glucose production. In
nondiabetic rats, glucose-induced suppression of net hepatic glucose production is
associated with increased glucose phosphorylation and GK activity is required to

suppress hepatic glucose production. On the other hand, impairment of GK activity and
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increased glucose-6-phosphatase activity may contribute to elevated hepatic glucose
production in experimental and human diabetes [71-73]. In liver, insulin is a major
regulator of both the gene expression and activities of these glucose metabolism
enzymes. At the cellular level, increased flux through G-6-Pase and/or decreased flux
through GK lead to an inappropriate hepatic glucose output. The imbalance in the
expression levels of G-6-Pase and GK may contribute to the loss of control of hepatic
glucose output in the diabetes and the phenotype of the insulin resistance. It is generally
thought that the three rate-controlling enzymes in gluconeogenesis are G-6-Pase,
fructose-1, 6-bisphosphatase (FBPase) and phosphoenolpyruvate carboxykinase
(PEPCK). Activities of these enzymes are significantly involved in the action of some
hormones on hepatic gluconeogenesis and the gene expression of these enzymes are
tightly controlled at the transcriptional level via the action of several hormones such as
insulin, glucagon, and glucocorticoids [71, 74-77].

Under fasting conditions, glucose homeostasis is achieved by activating the
expression of gluconeogenic genes in response to glucagon and glucocorticoids to keep a
relatively constant glucose level. Hepatic gluconeogenesis is regulated by inhibitory
(insulin) signaling pathways and opposing stimulatory (cAMP) pathways. The
transcription factor cAMP-Response Element Binding Protein (CREB) plays a critical
role in the induction of gluconeogenic genes. Insulin, in part, helps reduce hepatic
gluconeogenesis by decreasing cAMP signaling through the phosphorylation of one of
the coactivators of CREB, CREB binding protein (CBP) at Ser436. This disrupts the
CREB-CBP complex, reducing cAMP signaling [78]. Another coactivator of CREB,

Transducer of Regulated CREB Activity 2 (TORC2), is phosphorylated, via an Akt-
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mediated, SIK2-dependent pathway, at Ser171 and sequestered in the cytoplasm under
feeding conditions. In response to fasting, TORC?2 is dephosphorylated and transported to
the nucleus where it enhances CREB-dependent transcription [79-80]. PPAR gamma co-
activator 1 (PGC-1a) is a transcriptional target of CREB and functions as a central
regulator of gluconeogenesis to coactivate a variety of transcription factors such as
hepatic nuclear factor-4a (HNF-4a), glucocorticoid receptor, and forkhead box O1
(FOXOL1) to bind to the promoter regions of several genes encoding key gluconeogenic
enzymes such as PEPCK and G-6-Pase to enhance their transcription [81]. Mice
deficient in PGC-1a display fasting hypoglycemia with reduced expression of
gluconeogenic genes [80-83]. In addition, PGC-1a suppresses insulin secretion from

pancreas by inhibiting GLUT 2 activities [84].

2.2.2. Impaired Glucose Metabolism during Type 2 Diabetes

Circulating glucose levels reflect a balance between glucose production by the
liver and glucose utilization by skeletal muscle. Under fasting conditions, this balance is
largely maintained by decreasing glucose uptake into muscle and adipose tissue, and
increasing glucose output from the liver via gluconeogenesis, which accounts for the
majority of glucose output. Hyperglycemia, the hallmark metabolic abnormality
associated with type 2 diabetes, is the result of combined effects of unrestrained elevated
hepatic glucose output and impaired peripheral glucose utilization. Uncontrolled hepatic
glucose output is a combined result of increased gluconeogenesis, increased glycogen
breakdown and impaired glycogen storage. Decreased peripheral utilization is mainly a
consequence of impaired uptake of glucose by the metabolically active tissues muscle

and fat. In type 2 diabetes, insulin resistance in liver contributes to the excessive hepatic
14



glucose output. Suppression of hepatic glucose output by insulin is impaired, along with
decreased insulin-stimulated glucose transport and metabolism in adipocytes and skeletal
muscle [77].

For individuals with diabetes, in the fasting state, under the effect of glucagon,
hepatic gluconeogensis is promoted by means of cAMP, which also stimulates the
breakdown of stored liver glycogen. At the same time, because of insulin deficiency in
the portal circulation and/or the failure of the liver to respond appropriately to insulin,
both peripheral glucose utilization and hepatic glucose metabolism (gluconeogenesis and
glycogenolysis) cannot be regulated properly and effectively. Increased amounts of
gluconeogenic precursors, such as lactate, pyruvate, and glucogenic amino acids,
accumulate in the blood stream and are utilized by the liver to make glucose. Thus,
gluconeogenesis runs at an exaggerated rate and concomitant with the stimulation of G-6-
Pase and inhibition of GK, accounts for an increased endogenous glucose output rate.
The imbalance in the expression levels of G-6-Pase and GK may contribute to the loss of
control of hepatic glucose output in the diabetes and the phenotype of the insulin
resistance. On the other hand, reduced glucose utilization in the peripheral tissues such as
skeletal muscle exaggerates the degree of hyperglycemia [75, 77].

Under fed conditions, PGC-1a is expressed at very low levels in the liver. Insulin
sequesters TORC?2 in the cytoplasm and silences hepatic PGC-1a expression and
transcriptional activity via Akt-mediated phosphorylation [80, 85-86]. Insulin also
sequesters FOXOI in the cytoplasm, preventing its nuclear interaction with PGC-1a [83].
For individuals with diabetes in the fed state, exogenous insulin is ineffective in

suppressing postprandial glucagon secretion through the physiological paracrine route,
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resulting in an abnormally high glucagon-to-insulin ratio which favors elevated hepatic
glucose production and thus promoting hyperglycemia that would further exacerbate the

insulin-resistant phenotype and ultimately result in type 2 diabetes.

2.2.3. Hormone Effects on Glucose Homeostasis (Regulation of Plasma Glucose)
Plasma glucose concentration is the net balance between the rate of glucose
entering the circulation from the endogenous glucose production and/or absorption from
the gut and the rate of glucose removal from the circulation due to glucose utilization by
different peripheral tissues. To avoid postprandial hyperglycemia, which is an
uncontrolled increased in blood glucose concentrations following meals, and fasting
hypoglycemia, which is decreased blood glucose concentrations during periods of fasting,
the body regulates glucose levels by secreting two hormones, insulin and glucagon,
which have opposite functions to each other regarding their effect on the blood glucose
homeostasis. Insulin reduces endogenous glucose output through inhibiting the process of
glycogenolysis and gluconeogenesis and stimulates glucose uptake through promoting
GLUT 4 translocation to the cell membrane. Glucose uptake is the rate-limiting step in
glucose utilization. Besides insulin and glucagon, there are a variety of regulatory
hormones involved in glucose metabolism including, amylin, glucagon-like peptide-1
(GLP-1), glucose-dependent insulinotropic peptide (GIP), epinephrine, cortisol, and
growth hormone. Of these glucoregulatory hormones, insulin and amylin are derived
from pancreatic B-cells, glucagon from pancreatic a-cells and GLP-1 and GIP from the L-
cells of the intestine. These regulatory hormones are designed to maintain circulating

glucose concentrations in a relatively narrow range [87].

Glucagon
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Glucagon, a 29 amino-acid peptide, is a key catabolic hormone of glucose
metabolism. It plays a major role in maintaining plasma glucose during fasting conditions
by promoting hepatic gluconeogenesis by means of cAMP and stimulating hepatic
glycogenolysis to increase the hepatic glucose production and maintain normal blood
glucose concentrations. Glucagon is an important counter-regulatory hormone to prevent
hypoglycemia due to the effect of insulin after glucose ingestion. Glucagon promotes
hepatic glucose production by activating the transcription of gluconeogenic genes via
phosphorylation of CREB protein, resulting in recruitment of the coactivators CREB-
CBP as mentioned above and subsequent activation of hepatic gluconeogenesis as well as
fatty acid oxidation [78, 86]. In addition to glucagon, catecholamines, growth hormone,
and cortisol also act to increase blood glucose concentrations preventing hypoglycemia
[88].

Insulin

In contrast, insulin signaling leads to phosphorylation of CBP at serine 436,
disrupting the activation of the CREB—CBP complex. This inhibits the recruitment of
other coactivators and fails to activate gene transcription through their intrinsic histone
acetyltransferase activity, ultimately leading to an inhibition of hepatic gluconeogenesis.
Insulin has anabolic actions on glucose metabolism, stimulates the utilization and storage
of glucose as lipid and glycogen, and reduces glucose synthesis and release. This is
accomplished through the coordinated regulation of enzyme synthesis and activity.
Insulin inhibits the transcription of the genes encoding gluconeogenic enzymes such as
G-6-Pase, FBPase and PEPCK, while stimulating the transcription of those encoding

glycolytic enzymes including GK, phosphofructokinase and pyruvate kinase, as well as

17



lipogenic enzymes, such as fatty acid synthase and acetyl CoA carboxylase. The rate of
glucose entry into muscle can be modified significantly by circulating concentrations of
insulin. Insulin stimulates glucose uptake by activating the glucose transporter GLUT4,
which is predominantly expressed in mature skeletal muscle and fat tissues. Insulin
increases cell surface GLUT4 levels by the dose-dependent translocation of GLUT4 to
the plasma membrane [89-90]. These effects mentioned above are mediated by a series of
transcription factors and co-factors, including sterol regulatory element-binding protein
(SREBP)-1, hepatic nuclear factor (HNF)-4a, FOXO1 and PGCla [91-94]. One
mechanism by which insulin signaling antagonizes gluconeogenesis is through
phosphorylation of FOXO1, the subsequent exclusion of FOXO1 from the nucleus, and
increasing its susceptibility to degradation. On the other hand, the expression of PGC-1 a
is inhibited by insulin as several animal models of deficiency in insulin signaling show a
rise in hepatic PGC-1a expression. In addition, insulin regulates the activities of some
other enzymes, including glycogen synthase and citrate lyase, through alternating their
phosphorylation state. All these actions lead to a direct hypoglycemic effect of insulin.
Impaired insulin signaling coupled with elevated glucagon levels result in hyperglycemia
and subsequent type 2 diabetes mellitus [95-97].

Amylin

Amylin, a 37—amino acid peptide first reported in the literature in 1987, is a
neuroendocrine hormone co-expressed and co-secreted with insulin by pancreatic B-cells
in response to nutrient stimuli. Preclinical findings indicate that amylin works with
insulin to help coordinate the rate of glucose appearance and disappearance in the

circulation, thereby preventing an abnormal rise in glucose concentrations. Amylin exerts
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these actions primarily through the central nervous system. Type 1 diabetes is an amylin-
deficient state, whereas amylin levels are often elevated in patients with impaired glucose
tolerance, insulin-resistant obesity, and type 2 diabetes [98-99]. In the fed state, amylin
suppresses postprandial glucagon secretion centrally via efferent vagal signals, while also
slowing the rate of gastric emptying. In animal models, amylin has been shown to dose-
dependently reduce food intake and body weight. Therefore, amylin regulates the rate of
glucose appearance from both endogenous and exogenous sources, and with insulin
regulates the rate of glucose utilization [100-106]. The regulation of food intake and the
ability to control plasma substrate levels for energy production involve complex
mechanisms that ensure a constant and adequate supply of metabolites both in the fasting
and in the fed state.

A number of hormonal peptides released from the gastrointestinal (GI) tract in
response to the ingestion of food have been shown to play a critical role in the
postprandial control of glucose homeostasis. They are known to act through three main
mechanisms of action: 1) by stimulating insulin secretion from pancreatic f§ cells, 2) by
inhibiting hepatic gluconeogenesis through the suppression of glucagon secretion, and 3)
by inhibiting GI motility [107].

Glucagon-like peptide-1

Glucagon-like peptide-1 (GLP-1), a potent incretin hormone, has ability to
stimulate glucose-dependent insulin secretion, while suppressing postprandial glucagon
secretion from the pancreas [107-109]. Animal studies have demonstrated that the action
of GLP-1 occurs directly through activation of GLP-1 receptors on the pancreatic -cells

and indirectly through sensory nerves [108, 110]. GLP-1 may promote pancreatic -cells
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proliferation and enhance functional B-cells mass [111]. Usually people with type 2
diabetes often have inappropriately elevated levels of glucagon and the levels and actions
of GLP-1 appear to be deficient in many people with type 2 diabetes [112]. Repeated
daily injections or continuous subcutaneous administration of native GLP-1 lowers blood
glucose in subjects with type 2 diabetes [113-115]. Acute infusion or subcutaneous
administration of native GLP-1 amide lowers meal-related glucose excursions in human
subjects via inhibition of gastric emptying and glucagon secretion, and potentiation of
glucose-dependent insulin secretion [108, 116-117]. Administration of GLP-1 in short-
term studies of normal and diabetic subjects has been found to enhance satiety, reduce

food intake, and promote weight loss [116, 118].

2.2.4. Adipokines as regulators of glucose homeostasis

The view that adipose tissue serves as a crucial integrator of glucose homeostasis
is already widely accepted. Over the last two decades, numerous adipose-secreted
proteins have been shown to behave as hormones and to control glucose metabolism.
These fat-derived proteins and peptides are termed "adipokines", which play a central
role in whole body glucose homeostasis by influencing a variety of biological and
physiological processes [54, 119-120].

Leptin

Leptin is a multifunctional protein secreted primarily by adipocytes in response to
hyperinsulinemia after a meal. In addition to its well-described role in energy
metabolism, leptin has notable effects on glucose homeostasis. Leptin has been suggested
as a good candidate to replace insulin or combine with insulin therapy to treat diabetes

[32, 34, 121-122]. Exogenous leptin reverses hyperglycemia in ob/ob mice before body
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weight is corrected. Further, pair feeding these rats does not improve glucose tolerance
like leptin does, suggesting that leptin has an effect on blood glucose independent of its
ability to inhibit feeding. Leptin also improves glucose homeostasis in lipodystrophic
mice and humans with lipodystophy or congenital leptin deficiency [123-126]. When
insulin-deficient rodents with uncontrolled diabetes due to autoimmune or chemical
destruction of B-cells are made hyperleptinemic by adenoviral transfer of the leptin gene,
leptin reverses the catabolic consequences of a total lack of insulin. This may be due to
the potential suppression of glucagon action on liver and enhancing the insulin mimetic
actions of IGF-1 on skeletal muscle [56]. Gluconeogenesis is inhibited by suppression of
hyperglucagonemia, which is mediated by reductions in hepatic CREB, PEPCK, and
PGC-1a [27, 127]. Up-regulation of insulin-like growth factor 1 (IGF-1) expression and
plasma levels and increasing IGF-1 receptor phosphorylation in muscle may explain the
increased insulin receptor substrate 1, PI3K, and extracellular signal-regulated kinases
(ERK) phosphorylation in skeletal muscle [27, 32]. Leptin activates whole-body glucose
metabolism, targeting the liver and peripheral tissues to increase insulin sensitivity.
Leptin regulates glucose metabolism in the liver both indirectly, through the central
nervous system and directly, via hepatic leptin receptors [14, 128].

Acute leptin infusion significantly stimulates insulin-inhibition actions on hepatic
glucose production via decreased glycogenolysis in rats with hepatic insulin resistance.
Hyperinsulinemic-euglycemic clamp studies showed that leptin-treated MKR mice have
an approximate 4-fold increase in glucose infusion rate compared with control mice,
suggesting that leptin either greatly reduces hepatic glucose output or increases glucose

disposal rate [122]. Chronic leptin treatment increases glucose uptake across the hindlimb
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by 47% under the presence of insulin and by 27% under the basal state, compared with
the controls [29]. In addition, in soleus muscle, leptin per se also exerts a direct and acute
insulin-like effect on glycogen synthesis, lactate formation, and glucose oxidation [18,
21].

Adiponectin

Adiponectin is an adipocyte-derived plasma protein, which acts as an insulin
sensitizer, and stimulates fatty acid oxidation in an AMP-activated protein kinase
(AMPK) and peroxisome proliferator activated receptor-o (PPAR-a)-dependent manner
[52, 129-130]. Adiponectin signals through two receptors, AdipoR1 and AdipoR2, which
are expressed mainly in skeletal muscle and liver, respectively. Activation of these
receptors induces AMPK and PPARa activity and increase fatty acid oxidation and
glucose uptake. Plasma adiponectin levels are inversely correlated with the degree of
insulin resistance. Reduced expression of adiponectin has been associated with metabolic
syndrome and type 2 diabetes and its expression was also found to be reduced in obese
mice and humans. Adiponectin activates glucose utilization by muscle and suppresses
hepatic glucose production. The stimulatory effects of adiponectin on insulin-stimulated
glucose uptake and fatty acid oxidation are impaired in skeletal muscle in obese subject
and type 2 diabetics [130-132]. Globular adiponectin stimulates glucose transport in
skeletal muscle of type 2 diabetic patients [133]. The metabolic and insulin-sensitizing
effects of adiponectin can be at least partially explained by its direct activation on the
energy-sensing kinase — AMPK, through its suppression of the activities of G-6-Pase and
PEPCK, without increasing insulin secretion [134].

Visfatin and Omentin
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Besides leptin and adiponectin, visfatin and omentin also have positive effects on
glucose uptake. Both peptides are secreted from visceral fat. Visfatin is an important
factor in insulin-receptor signaling and mediates glucose uptake by direct binding and
activation of the insulin receptor. However, the significance of visfatin of its role is still
questionable [70]. Omentin is a newly identified secretory protein that has an endocrine
role in modulating insulin sensitivity. /n vitro studies have shown that omentin increases
insulin sensitivity by activating Akt and enhancing insulin-stimulated glucose transport in
isolated human adipocytes. Treatment with recombinant omentin-1 enhances insulin-
stimulated glucose uptake in human subcutaneous and omental adipocytes. Furthermore,
omentin plasma levels and omentin gene expression in visceral adipose are decreased in
obesity [135].

Tumor Nerosis Factor alpha (TNF- o) and Resistin

By contrast, some adipokines have pro-hyperglycemic effects. TNF- a was the
first secreted adipose protein shown to have effects on glucose homeostasis. Its plasma
concentration is elevated in obesity and insulin-resistant conditions. TNF- a reduces
insulin action, and blocking the actions of TNF- a restores insulin sensitivity in vivo and
in vitro only in animal models but not in humans. Resistin, a small inflammatory
molecule with hyperglycemic effects, induces glucose intolerance and reduces insulin
sensitivity [136-138]. Resistin may inhibit hepatic AMPK activity, which results in
elevated expression of the gluconeogenic enzymes, G-6-Pase and PEPCK, thereby
affecting glucose metabolism and leading to decreased glycogen storage that contributes
to the development of hepatic insulin resistance [58]. But conflicting evidence exists

which suggests that central resistin has both insulin-sensitizing and insulin-resistant-
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promoting effects. Park et al. (2008) demonstrated that central resistin nullifies central
leptin action and its signaling increases glucose-induced insulin secretion and B-cell mass
and induces hyperinsulinemia and prevents obesity [139]. However, Singhal et al. (2007)

found that central resistin induces hepatic insulin resistance via NPY [140].

Retinol binding Protein 4 (RBP4)

Retinol binding protein 4, as the name indicates, was once thought only to
function in the delivery of retinol to tissues. However, it is now considered a new
adipokine linking glucose uptake in adipocytes with insulin sensitivity. In muscle, RBP4
impairs insulin action by decreasing the activity of the enzyme PI-3 kinase and the
phosphorylation of insulin receptor substrate-1. In liver, increasing RBP4 does not alter
PI-3 kinase activity, but upregulates expression of hepatic gluconeogenic enzyme
PEPCK. RBP4 regulates glucose metabolism in skeletal muscle and liver via the control
of the expression of GLUT4 in adipose tissue. Yang et al. (2005) found that the decrease
in GLUT4 expression that occurs in the fatty tissue of obese animals is accompanied by
increased expression and secretion of RBP4. Decreased glucose influx into adipocytes
through GLUT4 and increased secretion of RBP4 leads to the secretion of other
adipokines—including adiponectin, TNF-a and resistin, which are also altered in obesity
and type 2 diabetes. These factors also may contribute to the regulation of blood glucose

concentration in these disorders [53, 119].
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2.3. Leptin

2.3.1. Physiological functions and mechanisms of leptin

Leptin was discovered in 1994 by Jeffrey Friedman and colleagues at Rockefeller
University. It had been known since the 1960s that 0b/0b mice could not produce a
circulating satiety factor, but could respond to it. Using positional cloning, Friedman
showed that the 0b gene coded for a secreted protein derived from fat, and that affected
ob/ob mice had a base-pair substitution that formed a stop codon, resulting in the
production of a truncated, nonfunctional protein [12]. This ob gene product, later called
leptin, circulates as a 16 kDa protein in mouse and human plasma and plays a key role in
the regulation of body weight via its central actions on energy expenditure and food
intake. Many factors have been associated with an increase in leptin secretion, (i.e.,
overfeeding, glucose concentration, amino acid levels, insulin, glucocortiocids and
estrogens), while others have been associated with a decrease in leptin (i.e., fasting, free
fatty acids and other lipid metabolites, androgens, thyroid hormones, catecholamines,
inflammatory cytokines, and agonists of PPARY). However, the crucial factors in
regulating serum leptin concentrations seem to be short-term caloric intake and the
amount of energy stored in adipocytes [141]. Leptin is an important mediator in a
feedback regulatory loop between the brain and fat tissue to communicate the amount of
body fat in the body. Increases in feeding or decreases in energy expenditure lead to an
increase in body fat. Serum leptin concentrations are positively correlated with the
amount of body fat and also reflect the nutritional status [20, 121, 141]. Stimulation of
leptin receptors found in the hypothamamus of the brain inhibits feeding and enhances

energy expenditure and promotes a loss of body fat [11, 142]. Fasting decreases plasma
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leptin levels and refeeding fasted rats can restore leptin mRNA levels within 4 hours to
the levels of fed animals. Therefore, leptin appears to act like a sensor monitoring the

level of energy stores in the body and transmitting this information to the brain.

Leptin signaling pathways

Leptin is transported into the brain via a saturable transport system, which is
located at both the endothelium and choroids plexus. After crossing the blood-brain
barrier (BBB), leptin exerts its action on energy intake and expenditure through binding
to the long form of the leptin receptor (ObRb), the only isoform with clearly
demonstrated signaling capability in the Janus-Kinase (JAK)-signal transducer and
activator of transcription-3 (STAT3) pathway [143]. Upon leptin binding to the receptor,
a conformational change leads to the activation of JAK2 by transphosphorylation and
subsequent phosphorylation of tyrosine residues in the receptor in the cytoplasmic region.
Phosphorylation of Tyr1138 allows association of STATs, which then become substrates
of receptor-associated JAKs. Phosphorylation of STATs leads to their dissociation from
the receptor and the formation of active dimers. Then the phosopho-STAT3 dimerizes
translocates to the nucleus, where it binds to the promoter regions of target genes and
induces Suppressor of Cytokine Signaling-3 (SOCS3) and POMC (pro-opiomelanocortin)
expression, while repressing AgRP (agouti-related peptide) [144]. Leptin signaling
occurs typically through leptin receptor-mediated activation of JAK-STAT3 pathway, but
leptin can also act through some of the components of the insulin-signaling cascade.
[145-146]. Leptin can enhance the phosphorylation of IRS-1 or IRS-2 via JAK2
activation [ 144, 147]. Recent data suggest that leptin is also involved in the activation of

IRS-phosphoinositide 3-kinase (PI3K) pathway, like insulin, to exert several different
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effects of the hormone at multiple sites [144, 148]. For example, leptin controls food
intake and body weight by increasing the activities of hypothalamic PI3K and
phosphodiesterase 3B (PDE3B), leading to a decrease in cAMP concentration and CREB
activities [149]. In liver, leptin upregulates glycogen synthesis via PI3K pathway to
activate glycogen synthase by inhibiting the phosphorylation of glycogen synthase
kinase-3 by Akt [23].

Leptin resistance and leptin (receptor) deficiency

Most overweight humans have higher circulating levels of leptin, corresponding
to their increased amount of body fat. For people who are chronically overweight, the
effects of leptin to control appetite and energy expenditure are inhibited. This is termed
leptin resistance. Leptin resistance has been suggested to be caused by defects at the level
of leptin transport across the blood-brain barrier into the central nervous system (CNS)
and/or disruption of leptin signal transduction and post-receptor signaling in
hypothalamic targets [150-153]. Impaired leptin transportation in the brain and decreased
ability of leptin to activate JAK-STAT3 signaling pathway in the arcuate nucleus of the
hypothalamus have been reported to contribute to leptin resistance. Bjorbaek et al.(1999)
found that leptin treatment to cells expressing the long-form of leptin receptor (ObRb)
will induce leptin resistance. The mechanism of leptin resistance is caused by induction
of SOCS-3 expression by leptin. Therefore, SOCS-3 is considered to have a role in the
development of such resistance [150-153]. This up-regulates expression of SOCS3 and
protein tyrosine phosphatase 1B (PTP1B), which are negative regulators of leptin
signaling, to block phosphorylation of JAK2 and also impair insulin signaling, and thus

favoring weight gain, insulin resistance and the development of obesity and type 2
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diabetes [154-155]. However, some studies has suggested that diet-induced and age-
related obesity could change the protein levels of hypothalamic leptin receptors which
would lead to impaired leptin transport across the BBB and impaired leptin signaling
[156-158]. Deficiencies of either leptin or leptin receptors result in severe obesity and
type 2 diabetes [12, 159-160]. Animals or humans that either cannot produce functional
leptin or that develop a resistance to circulating leptin concentrations develop obesity. In
either case, obesity appears to be related to a relative decrease in leptin signaling in the
brain [12, 161-162]. Interestingly, all the known animal models with low leptin signaling
in the brain (ob/ob, db/db, fa/fa, lipodystrophy, streptozotocin-induced diabetes)
demonstrate insulin resistance or diabetes [13, 15, 35, 163-164]. Obese (0b/ob) mice
lacking functional leptin are grossly overweight and hyperphagic, particularly at young
ages, and develop severe insulin resistance. Leptin deficiency also manifests changes in
immune function, bone structure, the cardiovascular system including angiogenesis,
supportive tissue function, malignancies, and reproductive function. Chronic
administration of recombinant murine or human leptin reduces adipose mass of 0b/ob
mice through effects on food intake and energy expenditure, but has no effect on db/db
mice, which has a genetic defect in the long form of the leptin receptor (ObRbD).
Transgenic overexpression of the leptin gene leads to increased insulin sensitivity in
normal mice and delays the onset of impaired glucose metabolism in lethal yellow KKA”
mice [24-25, 32]. The db/db mouse is hyperleptinemic and develops obesity and severe
type 2 diabetes due to a functional defect in the long-form leptin receptor in the brain
[159, 165].

Physiology of leptin in the brain
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Most of the effects of leptin are achieved via leptin receptors in the central
nervous system (CNS). The brain is implicated as a key target for the glucose-lowing
action of leptin. The hypothalamus is the principal target of leptin in its regulation of
energy metabolism and the arcuate nucleus (ARC) is well characterized in terms of its
role in the central effects of leptin. The ARC contains two distinct subsets of
hypothalamic neurons, which produce different types of neuropeptides. Leptin binds to
its receptors on these two subsets of neurons. The neuropeptides produced by these
neurons potently exert opposite effects on food intake and energy expenditure. One
subset of neurons synthesizes and releases two orexigenic neuropeptides: neuropeptide Y
(NPY) and AgRP. The other subset of neurons produce the anorexigenic peptides a-
melanocyte-stimulating hormone (a-MSH), which is derived from POMC and cocaine
and amphetamine-related transcript (CART). Both sets of neurons project to second-order
melanocortin receptor (MCR) expressing neurons within the hypothalamus, which
includes the paraventricular (PVH), ventromedial (VMH), dorsomedial (DMH), and
lateral hypothalamus, as well as to other brain regions, such as the brain stem [166].
Leptin binding to its receptor activates a-MSH and CART neurons and lead to an
inhibition of food intake and an increase in energy expenditure. On the contrary, leptin
binding to its receptor inhibits NPY and AgRP neurons, preventing an increase in food
intake and a decrease in energy expenditure [26]. Thus, leptin is able to both stimulate
anorexigenic pathways and inhibit orexigenic pathways. Intracerebroventricular (ICV)
administration of leptin can restore insulin sensitivity and reverse the diabetic phenotype
of lipodystrophic mice at doses that are ineffective when administered peripherally [167].

Centrally administered leptin has been shown to increase insulin-stimulated glucose
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utilization and to favor the expression of uncoupling proteins (UCPs), which may play a

role in the increased energy dissipation caused by leptin [168].

2.3.2. Leptin effect on peripheral tissues

The antihyperglycemic actions of leptin on peripheral tissues, including liver,
skeletal muscle, adipose tissue and pancreatic -cells, are mediated by leptin binding to
receptors in hypothalamus through central neural pathway and/or directly binding to
receptors on peripheral tissues. Leptin improves insulin sensitivity in peripheral tissues
by improving glucose and lipid metabolism through both central and peripheral
administration.

Central leptin effects on pheripheral target tissues

Leptin receptors in the brain mediate glucose metabolism in certain peripheral
tissues. Microinjection of leptin into the VMH increases glucose uptake in skeletal
muscle, brown adipose tissue (BAT), and heart, whereas leptin injections into the ARC
increase glucose uptake in BAT, while injections into the DMH or PVH have no effect
[166]. Chronic leptin treatment significantly stimulates glucose uptake across the
hindlimb by 47% in the presence of insulin and by 27% under the basal state [29]. Leptin
restores euglycemia in streptozotocin-induced diabetic rats without increasing serum
leptin and insulin concentrations. Interestingly, the dose of leptin that normalizes blood
glucose levels when injected centrally has no effect when injected systemically. In
addition, the upregulated hepatic G-6-Pase, GLUT?2 are reduced to normal levels after
central chronic leptin treatment in STZ-induced diabetic rats [13, 15]. A reduction of both
gluconeogenesis and the efflux of glucose from liver could lead to the decreased hepatic

glucose output after leptin treatment. Restoration of leptin receptor expression (ObRb) in
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the ARC and the VMH of the ObRb—mutated Koletsky rat by adenovirus- or adeno-
associated virus—mediated gene transfer improved peripheral insulin sensitivity and
reduced plasma glucose concentration [166]. Leptin receptors in the ARC and the VMH,
as well as the brain melanocortin pathway is thus involved in the regulation of glucose
uptake in peripheral tissues as well as in energy metabolism [166]. However, a
controversial finding showed that an acute ICV recombinant leptin infusion antagonizes
the action of insulin on the hepatic gene expression of PEPCK, resulting in marked
changes in the intrahepatic flux of glucose metabolism with increased gluconeogenesis
and a concurrent decrease in glycogenolysis [169]. Similar evidence is provided by
Gutierrez-Juarez et al. (2004) who examined the ability of the melanocortin system to
regulate the effect of leptin on hepatic glucose metabolism. Acute ICV leptin resulted in
increased gluconeogenesis and decreased glycogenolysis. They also found that blocking
the melanocortin pathway with MCR4 receptor antagonist inhibited leptin’s ability to
increased PEPCK and G-6-Pase expression. On the contrary, the MCR4 receptor
antagonist had no effect on the leptin-mediated change in glycogenolysis, and thus this
effect of leptin appears to be melanocortin-independent [27]. Leptin administration is also
associated with a marked decrease in the hepatic abundance of glucokinase mRNA and
with several-fold increases in the hepatic abundance of PEPCK and glucose-6-
phosphatase mRNAs. The latter effects of leptin on the hepatic gene expression of key
glycolytic and gluconeogenic enzymes are consistent with a study in hepatoma cell lines,
in which the inhibitory action of insulin on the gene expression of the gluconeogenic

enzyme PEPCK is diminished by leptin [170-171]. These apparently contradictory
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observations on the relationship between leptin and hepatic insulin signaling may suggest
that this peptide has both insulin-like and anti-insulin actions in the liver.

Unlike insulin which favors lipid storage as triglyceride, leptin induces changes in
the partitioning of fatty acids in muscle, stimulates fatty acid oxidation directly in muscle
and decreases adipose tissue mass. Leptin appears to attenuate insulin actions on
lipogenesis on muscle fatty acid metabolism without inhibiting insulin-stimulated glucose
disposal [172]. Leptin stimulates lipid oxidation via two distinct mechanisms, one is
through direct activation of AMPK, independent of the sympathetic nervous system, and
the other is through central effects, dependent on the a-adrenergic sympathetic pathway
[173]. AMPK functions as a principal mediator of the effects of leptin on fatty-acid
metabolism in muscle. Leptin activates AMPK leading to phosphorylation and inhibition
of acetyl CoA carboxylase (ACC). This decreases the concentration of the product of
ACC, malonyl CoA, and thereby allows fatty acids to enter the mitochondria where they
are oxidized [174]. The infusion of leptin into the brain inhibits white adipose tissue
lipogenesis independent of signal transducer and activator of STAT3 signaling. Whereas
the effects of central leptin on the regulation of food intake, liver glucose production and
luteinizing hormone secretion are all STAT3-dependent. However, when hypothalamic
PI3K signaling is prevented or when sympathetic denervation of adipose tissue is
performed, the effect of central leptin administration on adipose tissue lipogenesis is lost
[175].

Direct actions of leptin on peripheral target tissues

The long-form of the leptin receptor is not only expressed in the brain, but also is

widely distributed in other tissues including liver, skeletal muscle, adipose tissue and
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kidney [14, 128]. Several studies have demonstrated that leptin exerts effects on
metabolism through direct actions on peripheral tissues. The application of leptin (6.25—
100 nM) for 1-2 h to pancreatic islets isolated from ob/ob mice reduces insulin secretion
in a degree from about 13 to almost 80%. Leptin also significantly reduces insulin release
from the perfused pancreas of 0b/ob mice [176-177]. Expression of the functional leptin
receptor mRNA in pancreatic islets suppresses glucose-induced insulin secretion through
activation of ATP-sensitive K™ channels in pancreatic islets [176-177]. Leptin constrains
the enhancement of the phospholipase C-mediated regulatory component of the insulin
secretory process in a dose-dependent manner in ob/ob mice. At physiological
concentrations, leptin suppresses the second phase of insulin secretion and preproinsulin
mRNA expression [178-179]. Ablation of leptin receptors from B-cells results in
enhanced basal insulin secretion and fasting hypoglycemia [70]. GLP-1-induced
phosphorylation of GLUT2 was abolished by leptin in INS-1 cells in vitro and in vivo in
perfused rat pancreases [180-181]. In addition to the inhibitory effect of leptin on
pancreatic GLUT2 expression, leptin also reduces glucose transport by 35% in isolated
rat hepatocytes, which also express GLUT2, suggesting that leptin alters glucose
transport in other glucose-responsive tissues, such as the liver and skeletal muscle [180].
Leptin stimulates lipolysis and counteract the metabolic actions of insulin in adipocytes
in vitro [123, 182]. Leptin increases the partition of long-chain fatty acids toward
oxidation in pancreatic islets and soleus muscles of normal rats [183-184]. In young diet-
induced obese rats, the increased hyperleptinemia exerts a protective action by
stimulating lipid oxidation in nonadipose tissues. The chronic lack of leptin action in the

fa/fa ZDF rats leads to the enhancement of lipogenesis in nonadipose tissues and makes
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these tissues susceptible to genetic lipotoxicity [185]. Leptin increases glucose
transportation and utilization in brown adipose tissue, skeletal muscle and a myotube cell
line in vitro [19, 28-29, 37]. Intravenous leptin administration results in increased glucose
utilization in brown adipose tissue and muscle and UCPs expression in brown adipose
tissue, but decreased glucose uptake in white adipose tissue [168]. Short-term leptin
treatment in high fat-fed rats alters muscle fatty acid metabolism by increasing fatty acids
uptake and oxidation in muscle [186]. Insulin facilitates triacylglycerol storage in the
form of ectopic fat in muscle and the effect of leptin on lipid metabolism in muscle is
opposite of that of insulin. The effect of leptin on lipid metabolism in muscle is consistent
with data from whole-animal studies in which leptin promotes fatty acids oxidation and
decreases adipose tissue mass [172, 184, 187-189]. Leptin, independent of either insulin
or central administration, exerts a direct effect on muscle glucose handling.

Insulin-mimicking effect of leptin through PI3K signaling pathway

Numerous evidence support an insulin-sensitizing action of leptin both via central
hypothalamic actions and through peripheral mechanisms. The signaling process that
mediates leptin action interacts at many points with the insulin signal transduction
pathway [127, 171, 190-193]. In fact, most insulin-dependent actions involve PI3K
activation, making this a relevant point of cross-talk between the insulin and leptin
signaling pathways [144]. Leptin exerts a direct and acute insulin-like effect to stimulate
glucose uptake, glycogen synthesis, lactate formation and glucose oxidation in soleus
muscle and C2C12 myotubes through a PI3K-dependent pathway. In C2C12 myotubes,
leptin has been shown to induce tyrosine phosphorylation of IRS-2 leading to activation

of PI3-kinase by activating JAK2 [18-19, 21]. In fact, PI3-kinase has a central role in
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glycogen synthesis and the signaling of GLUT4 translocation. Therefore, leptin-treated
mice show up to a twofold increase in GLUT4 expression in the isolated soleus muscle of
ob/ob mice, but no inhibitory effect in the db/db mice that lack the functional leptin
receptor [28, 194]. In addition, leptin exerts action on glucose oxidation by stimulating
the activities of pyruvate dehydrogenase and key enzymes in the Kreb’s cycle. Leptin
induces an upregulation of the expression of UCP-3 mRNA in mitochondria in the
skeletal muscle of rodents, and thus indirectly activates pyruvate dehydrogenase and the
Kreb’s cycle [21, 195-197]. Liver is a major site of glucose metabolism. Several lines of
evidence indicate that leptin mimics some of the anabolic actions of insulin in the liver.
Leptin, at physiological concentrations, suppresses glucagon-induced cAMP elevation in
a PI3K-dependent manner, an intracellular signaling pathway activated by insulin [127].
Short-term exposure to leptin enhances insulin’s ability to inhibit hepatic glucose
production without affecting peripheral insulin action, and induces a redistribution of
intrahepatic glucose fluxes and changes in the gene expression of hepatic enzymes that
closely resemble those of fasting [198]. Chronic peripheral leptin administration through
subcutaneous osmotic pump restores euglycemia and substantially improved glucose
metabolic rates during the post-absorptive state in STZ-induced diabetic rats. It also
restores insulin sensitivities at the levels of the liver and the peripheral tissues during a
glucose clamp, which is associated with a decrease in the rate of glucose production
under the basal and hyperinsulinemic conditions and an increase in glucose utilization in
the whole body during insulin infusion [22]. Simila to insulin, acute leptin infusion
significantly inhibits hepatic glucose production via decreased glycogenolysis, even in

rats with insulin resistance [32, 122]. Leptin enhances the inhibitory effects of insulin on
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glycogenolysis and hepatic glucose production in liver in vivo and increases glycogen
synthesis in perfused mouse liver [23, 30-31, 198]. Hyperinsulinemic-euglyemic clamps
yield an almost 50% inhibition of glucose production by suppression of glycogenolysis
after 6 hour leptin infusion in rats [198]. Moreover, hyperinsulinemic-euglycemic clamp
studies also demonstrate that leptin-treated MKR mice have an approximate 4-fold
increase in glucose infusion rate compared with control mice [32, 122].

However, literature describing the effects of leptin on hepatic glucose metabolism
in rodents is conflicting in that some describe leptin increasing, while others describe
leptin decreasing hepatic gluconeogenesis in rats. Infused leptin induces a direct marked
reduction in the rate of glucagon-stimulated glucose production in perfused rat liver and
is also capable of reducing glucose production from different gluconeogenic precursors in
isolated hepatocytes [30, 199]. Similar findings were observed in a portal vein leptin
injection study, in which glucose production from lactate was inhibited by leptin by
39~66 % and PEPCK activity was reduced by 22~52 %. Leptin both alone and in
combination with insulin reduces hepatic gluconeogenesis and decreases the synthesis of
key enzymes of gluconeogenesis [17]. However, controversial evidence was shown in the
perfused rat liver and other in vivo studies. Leptin directly affects hepatic glucose
metabolism consisting of an insulin-mimicking effect on glycogenolysis and a glucagon-
like effect on gluconeogenesis, favoring the gluconeogenic pathway to increase PEPCK
gene expression [30, 37]. Administration of recombinant murine leptin directly on human
hepatoma cells (HepG2) or in vivo to mouse livers increases hepatic insulin sensitivity by

increasing phosphorylation of IR with a concomitant increases in PTP1B expression in
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hepatocytes to counter-regulate insulin action and to maintain insulin signaling in proper

balance. [200].

2.3.3. Leptin Therapy for Diabetes

States of congenital leptin deficiency because of mutations in the leptin gene have
been associated with severe obesity, glucose intolerance, and insulin resistance in
humans. These disturbances can be completely reversed by leptin administration [121].
Lipodystrophic syndromes, the conditions of complete or partial lack of adipose tissue,
have also been associated with low leptin concentrations and milder insulin resistance
and a milder metabolic syndrome. Studies in such patients and similar animal models
have shown that long-term leptin administration and transgenic overexpression of leptin
significantly improve glycemia, dyslipidemia, hepatic steatosis, and insulin resistance. It
also improves lipidemia and insulin resistance in HIV positive patients with partial
lipoatrophy [120, 125-126, 132, 201-203]. Meanwhile, fat accumulation in both liver and
skeletal muscle of the congenital lipodystrophic mice, which has been shown to
contribute to insulin resistance, is reduced by exogenous leptin administration [124-125,
204-205]. Leptin increases fatty acid oxidation in these tissues possibly reversing the
lipotoxicity associated with insulin resistance and improving glucose metabolism in these
tissues [33, 206]. In addition, transgenic overexpression of leptin accelerates the recovery
from diabetes in calorically-restricted lethal yellow agouti mice (KKA?Y mice) [25].

People with type 1 diabetes mellitus have inappropriately increased blood glucose
concentrations before and after food ingestion. Excessive postprandial glucose production
occurs in the presence of decreased and delayed insulin secretion and uncontrolled

glucagon release. These abnormalities in hormone secretion, coupled with the impaired
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insulin-induced suppression of glucose production and insulin-stimulated glucose uptake,
account largely for the excessive amounts of glucose accumulated in the systemic
circulation for disposal by peripheral tissues following food ingestion. When insulin
secretion is defective, lack of suppression of glucagon can lead to substantial
hyperglycemia by enhancing rates of glucose production. Therefore, insulin is a key
metabolic regulator vital to glucose and lipid homeostasis and used to treat people with
type 1 diabetes mellitus. Since hypoglycemia, increased adiposity, hepatic steatosis, and
adverse plasma lipoprotein profiles are the most serious side effects of insulin therapy,
treatment approaches are needed to mimic the rapid responsiveness of endogenous
insulin secretion and reduce the risk of hypoglycemia. Wang et al. (2010) suggest
another hormone, leptin, may be a candidate to replace insulin or combine with insulin
therapy to treat type 1 diabetes. Leptin mimics some of the anabolic actions of insulin in
liver and other tissues [34]. Accordingly, leptin increases glucose uptake in skeletal
muscle and brown adipose tissue in vivo and increases glucose uptake in a mytotube cell
line in vitro [29, 37]. Recent studies suggest peripheral or central leptin treatment has
beneficial effect because of its ability to normalize blood glucose level in insulin-
deficient diabetic rodents and ob/ob mice [123-126]. Our previous study and studies from
other research groups have demonstrated that chronic central leptin administration can
restore euglycemia in STZ-induced diabetic rats [13, 15, 22, 35, 56]. Leptin also
markedly enhances the inhibitory effects of insulin on glycogenolysis and hepatic glucose
production in vivo and in hepatocytes in vitro [30, 198]. In addition, central leptin
administration acutely rescues the hepatic insulin resistance induced by short-term
hyperphagia [122].
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Before the discovery of insulin, type 1 diabetes was treated with severely
restricting caloric intake to control hyperglycemia. Leptin is critical for control of
appetite, body weight and energy homeostasis. Leptin may be a good candidate to
normalize glycemia in insulin-deficient patients through its appetite-suppressant effects.
However, reduction of food intake alone cannot explain the full effect of leptin to
normalize glycemia in insulin-deficient model based on the pair-fed experiments [13, 34].

In fact, the majority of the effect of leptin on appetite, body weight and energy
homeostasis is mediated through the hypothalamus. Leptin action in these neurons also
regulates peripheral glucose metabolism and this is partly independent of its effect on
food intake and adiposity. This may contribute to the efficacy of leptin treatment in
insulin-deficient rodent models. Yu et al. (2008) tested the effect of subcutaneous leptin
in nonobese diabetic mice, a standard model for type 1 diabetes, and found that compared
with insulin-treated mice, leptin-treated mice showed similar reductions in blood sugar
and had a similar metabolic fingerprint with regard to glucose and ketones in the urine.
They also found that combining low doses of leptin and insulin led to steadier long-term
blood glucose control than high doses of insulin alone, suggesting that leptin could be

used as an adjunct to conventional insulin therapy [56].

Wang et al. (2010) have proposed the hypothesis that leptin may control glycemia
by inhibiting the secretion of glucagon, which stimulates the liver to produce glucose and
contributes to the development of hyperglycemia in insulin-deficient mice. Through the
central nervous system, leptin reduces plasma glucagon levels to a similar degree as
insulin [34]. Yu et al. (2008) employed various insulin-deficient type 1 diabetic models to

examine leptin action on glucagon action on hepatic glucose fluxes. In Nonobese
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Diabetic (NOD) mice, hyperglucagonemia is suppressed by hyperleptinemia. In STZ-
induced diabetic rats, hyperleptinemia inhibited hepatic glucagon action by reducing the
level of phosphorylation of CREB, and PGC-1a mRNA and PEPCK, a key
gluconeogeneic enzyme that is stimulated by glucagon.[56] In an in vitro study, Zhao et
al. (2000) found that leptin induces an insulin-like, PI3K-dependent, intracellular
signaling pathway, to suppress glucagon-induced cAMP in hepatocytes [127]. In contrast,
Ahrén et al. (1999) have reported that leptin increases circulating glucagon
concentrations in fasted mice via sympathetic neural activation [207]. In our previous
study, we found the serum glucagon was increased in STZ-induced diabetic rats,
however, there is no significant difference in serum glucagon concentrations between
leptin-treated and vehicle-treated diabetic rats. A greater glucagon/insulin ratio, and
higher PEPCK gene expression and protein levels were found in leptin-treated diabetic
rats. Kulkarni's team (2008) reported that pancreas-specific leptin receptor (ObRb)
knockout mice had higher insulin levels than control mice and that altered leptin activity
contributes to type 2 diabetes. They hypothesized that the antidiabetic effects of leptin
are a consequence of the hormone's action on pancreatic a cells, which secrete glucagon.
However, there is no evidence of leptin receptors in pancreatic o cells, so the effects on
glucagon could result from leptin action on other tissues [208-209]. Therefore, whether
leptin’s action on glucose homeostasis is dependent on inhibiting glucagon secretion

and/or glucagon action has yet to be determined.

An alternative mechanism was proposed recently. Leptin was found to regulate
insulin-like growth factor-binding protein 2 (IGFBP2) expressions in liver, and

pharmacologic IGFBP2 levels reversed both type 1 and type 2 diabetes in mice.
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However, whether leptin effect on normalizing hyperglycemia is dependent on IGFBP2
induction is unknown [36].

Despite the uncertainty about the mechanism by which leptin is able to improve
glucose concentrations in type 1 diabetes, there are phase II clinical trials currently
underway that are using leptin or its analog as a theraputetic agent. A phase II trial of
leptin receptor agonists as an adjunct to insulin therapy is under the way [210]. Because
of an overlap between signal-transducing pathways of leptin and insulin, a common
pathogenesis of leptin and insulin resistance has also been suggested and would offer a
variety of new approaches for novel therapies. This area remains a significant area of
research [121, 211]. In addition, a phase II clinical trial has been completed that
examined the antiobesity actions of a combination of leptin agonist (metreleptin) and an

amylin agonist (pramlintide) as therapeutic agents against diet-induced obesity [212].

2.4. Research Hypothesis

We have previously found that chronic central leptin treatment normalizes blood
glucose level in STZ-induced diabetic rats and fasting diabetic or nondiabetic leptin-
treated rats cannot maintain normal blood glucose levels. A preliminary study in our
laboratory, in which leptin-treated diabetic rats were fed various gluconeogeneic diets,
suggested that leptin may inhibit gluconeogenesis between the entry point of fructose
(dihydroxyacetone phosphate/glyceraldehyde 3-phosphate) and amino acids (pyruvate,
TCA cycle intermediates) into the gluconeogeneic pathway. However, this interpretation
is complicated by any potential leptin-induced change in peripheral glucose utilization.

Therefore, the objectives of this study were to 1) determine whether chronic central leptin
41



administration inhibits hepatic gluconeogenesis in STZ-induced diabetic rats and if so, 2)
determine the enzymatic site of the inhibition. To examine hepatic gluconeogenesis,
independent of glucose utilization, we employed the isolated perfused liver model and
isolated hepatocytes.

We hypothesized that chronic central leptin administration into the brain of
diabetic rats inhibits hepatic gluconeogenesis, leading to a decrease in hepatic glucose
output, and, thus contributing to normalization of blood glucose concentration in leptin-

treated diabetic rats.
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Chapter 3
Blunted hepatic glucose production from lactate, but not fructose, in leptin-treated

streptozotocin (STZ)- induced diabetic rats

Abstract Uncontrolled hepatic glucose production contributes significantly to
hyperglycemia in type 2 diabetic patients. Leptin plays important roles in the regulation
of blood glucose homeostasis. We hypothesize that leptin inhibits hepatic glucose output
by inhibiting gluconeogenesis. This work sought to directly examine hepatic glucose
output in leptin-treated diabetic rats via an isolated perfused liver system and to
determine the glucose production rate in response to lactate and fructose. Wistar rats were
implanted with an intracerebroventricular (ICV) cannula directed into the lateral
ventricle. Following recovery, rats were made diabetic with an I'V injection of
streptozotocin (STZ). After confirmation of hyperglycemia, rats were administrated a
daily ICV bolus injection of either leptin (5 microgram/day) or vehicle. Blood glucose
concentrations were determined daily. After the blood glucose concentration of the
leptin-treated rats returned to normal, each rat was fasted (vehicle-treated rats for 16
hours, leptin-treated rats for 6 hours) and baseline fasting blood glucose concentrations
were determined. Gluconeogenic precursors (either lactate (16.6 mmol/kg) or fructose
(8.3 mmol/kg)) and saline were gavaged into the stomach and blood glucose
concentrations were determined every 15 minutes for 2 hours. After several days, the

treatment groups were reversed and the proceeding repeated. After several days of
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recovery, rats were fasted again as described previously, anesthetized with pentobarbital,
and their livers were prepared for perfusion. Livers were perfused with oxygenated
Krebs-Henseleit buffer at a flow rate of 35 ml/min. After 30 minutes of basal perfusion, a
gluconeogenic precursor (either lactate or fructose) was added to the buffer (2 mM final
concentration) and perfused for an additional hour. The perfusate was collected in 30-
second fractions and the glucose concentrations in selected fractions were determined
enzymatically. Leptin-treated rats had nearly a 4-fold lower glucose response to lactate
gavage than did vehicle-treated rats. This was consistent with the finding that hepatic
glucose production from the gastric gavage of lactate was severely blunted in leptin-
treated rats as compared to rats that were vehicle-treated. However, the results of hepatic
glucose production from fructose were different from the results from lactate. When
fructose was used as the gluconeogenic precursor, there was no difference in the hepatic
glucose production between leptin- and vehicle-treated rats. Additionally, gastric gavage
of fructose resulted in a greater increase in blood glucose concentrations in leptin-treated
rats than the gastric gavage of lactate in leptin-treated rats. These data suggest that
chronic leptin administration leads to an inhibition of gluconeogenesis, which may
explain why blood glucose concentrations are normalized in leptin-treated diabetic rats
under fed conditions and decreased in leptin-treated diabetic rats under fasting conditions.
It also suggests the site of the leptin-induced impairment in gluconeogenesis is prior to

the gluconeogenic enzymes, fructose 1, 6-bisphosphatase.
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3.1 Introduction

Many studies have shown a strong association between type 2 diabetes and
obesity. Interestingly, a lack of leptin signaling in the brain leads to both obesity and
insulin resistance, a hallmark of type 2 diabetes. Type 2 diabetes is characterized by
insulin resistance coupled with a relative insufficient secretion of insulin. This leads to
increased glucose production by the liver, which accounts for most of the excess glucose
in the blood and decreased glucose uptake by insulin-sensitive tissues, like muscle and
fat. One potential way to control diabetes is to inhibit glucose production by the liver,
through the inhibition of the biochemical pathway gluconeogenesis [1-2].

Leptin, a circulating satiety factor produced by the fat cells, mediates its effect on
body weight through its receptors in the hypothalamus. Through its interaction with the
long form of the leptin receptor (ObRB), leptin inhibits feeding and increases energy
expenditure. This shifts energy balance toward weight loss. Most obese people are
thought to be resistant to the effects of leptin, leading to positive energy balance and
weight gain [3-6]. Evidence also indicates that leptin may play especially important roles
in the regulation of blood glucose [7-12]. Chronic leptin administrated peripherally
appears to increase the rate of glucose utilization and decrease hepatic glucose production
during insulin clamp studies [13-14]. Other studies have suggested that leptin alters
glucose flux within the liver. Leptin has been shown to increase gluconeogenesis, but
concomitantly decrease glycogenolysis such that there is either no change in hepatic
glucose output [14] or a decrease [15]. Earlier work from our laboratory demonstrated
that chronic leptin administered into the brains of diabetic rats leads to the normalization

of blood glucose concentrations independent of food intake and insulin level [11]. This
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finding has been also by reported by others [10, 16]. Blood glucose concentrations of
leptin-treated diabetic and nondiabetic rats decrease by about 50% during a short-term
fast (six hours)[11]. Since an increase in gluconeogenesis contributes to both the
hyperglycemia of type 1 diabetic rats and the maintenance of blood glucose during a fast,
we hypothesized that chronic central leptin administration leads to a decrease in
gluconeogenesis. Support for this comes from a preliminary study in our laboratory in
which leptin-treated, streptozotocin-induced diabetic rats were fed various
gluconeogeneic diets and the blood glucose response was compared to fasted rats. Leptin-
treated diabetic rats were unable to increase their blood glucose concentrations after
eating albumin (amino acids), whereas they were able to increase their blood glucose
concentration after eating fructose. This suggests that chronic leptin treatment inhibits
gluconeogenesis between the entry points of fructose (dihydroacetone phosphate and
glyceraldehyde 3-phosphate) and amino acids (pyruvate, TCA cycle intermediates) into
the gluconeogeneic pathway.

Since changes in blood glucose concentrations are also affected by potential
changes in the glucose disposal rate, we sought to examine the effect of chronic leptin
treatment on hepatic glucose output, independent of potential changes in peripheral
glucose utilization. Therefore, the aim of this study was to use the isolated perfused rat
liver model to evaluate the effects of chronically administrated leptin on hepatic
gluconeogensis in STZ-induced diabetic rats. We hypothesized that chronic leptin
administration into the brain of diabetic rat decreases gluconeogenesis in the liver, which
contributes to the normalization of blood glucose concentrations in leptin-treated diabetic

rats.
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3.2 Materials and methods

Animals Male, Wistar rats (225-300g; Harlan, Indianapolis,IN) were housed in
individual wire mesh cages before and during experiments. The room temperature was
held constant (23°C + 3) with a 12:12 h light: dark cycle. Animals were provided
standard pellet rat chow and water ad libitum. Experimental protocols were approved by
Auburn University's Institutional Animal Care and Use Committee prior to initiation of

the experiments.

Experimental design Rats were implanted with an intracerebroventicular (ICV) cannula
in the lateral ventricle of the brain under ketamine anesthesia. All rats were made diabetic
with an intravenous injection of streptozotocin (STZ) (50mg/kg). After hyperglycemia of
the rats was confirmed, half of the rats were given daily ICV bolus injections of leptin (5
microgram/day). The other half were given daily ICV injections of vehicle. Blood
glucose concentrations were determined daily. After the blood glucose concentration of
the leptin-treated rats returned to normal, each rat was fasted (vehicle-treated rats for 16
hours, leptin-treated rats for 6 hours) and baseline fasting blood glucose concentrations
were determined. (Leptin-treated rats were fasted for less time to prevent severe
hypoglycemia. Previously, we found that a 6-hour fast caused a 50% decrease in the
blood glucose concentration [11]). Gluconeogenic precursors (either lactate (16.6
mmol/kg) or fructose (8.3 mmol/kg)) and saline were gavaged into the stomach and blood
glucose concentrations were determined every 15 minutes for 2 hours. After several days,
the treatment groups were reversed and the proceeding repeated. After several days of

recovery, rats were fasted again as described previously, anesthetized with pentobarbital,
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and their livers prepared for perfusion. Livers were perfused with oxygenated Krebs-
Henseleit buffer (KHB) buffer at a flow rate of 35 ml/min. After 30 minutes of basal
perfusion, a gluconeogenic precursor (either lactate or fructose, 2 mM final concentration
was infused into the livers with a syringe pump at a point just before the hepatic portal
vein cannula and perfused for an additional hour. The perfusate was collected in 30-
second fractions and the glucose concentrations in selected fractions were determined

enzymatically with a spectrophotometer.

Cannula implantation After rats were anesthetized with an intraperitoneal injection of
ketamine-xylazine (100 mg/kg ketamine and 1 mg/kg xylazine), they were placed in a
stereotaxic apparatus, and implanted with a 22-gauge, stainless steel guide
cannula(Plastic One, Roanoke,VA) directed into the lateral ventricle of the brain as
described by Lin et al. using the following coordinates: 0.8 mm posterior to bregma, 1.4
mm lateral to the midline, and 3.5 nm ventral to the surface of the skull. The guide
cannula was secured to the skull with four stainless steel screws and dental cement. A
removable “dummy” cannula that extends 1 mm beyond the guide cannula was inserted
to prevent clogging of the guide cannula. The animals were placed in individual cages
and allowed to recover for 4 days. Cannulation placement was confirmed by a positive
drinking response after administration of angiotensin II (40 ng/6 pl). Animals that did not
drink at least 3 ml of water within 15 min after treatment were included in the vehicle

group in the experiment [11].

Induction of diabetes Insulin-deficient diabetes was produced by an intravenous
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injection of freshly prepared streptozotocin (STZ) (50 mg/kg; Sigma, St. Louis, MO) in
0.05 M citrate buffer (pH 4.5). STZ- treated rats whose blood glucose concentrations

were > 400 mg/dl in a fed state were considered to be diabetic.

Liver perfusion The technique of liver perfusion used was the non-recirculating
perfusion system described by Thurman and Scholz (1973), Miller et al. (1951) and
Adams et al. (1998) [17-19]. STZ-treated rats were fasted (vehicle-treated rats for 16
hours, leptin-treated rats for 6 hours), but allowed free access to water and anesthetized
with pentobarbital sodium (50 mg/kg) prior to liver perfusion. The abdomen was opened
through a longitudinal incision. The portal vein was cannulated with a 16 gauge stainless
steel catheter and a 14 gauge catheter was inserted into the thoracic inferior vena cava
The hemoglobin-free perfusion medium Krebs-Henseleit bicarbonate buffer (KHBC) was
freshly made and maintained at 37°C (pH=7.4). The buffer saturated with 95% oxygen
and 5% carbon dioxide was perfused via the hepatic portal vein at a constant flow rate of
35 mL/min. Successful perfusion is characterized by a liver that immediately changes
from maroon to a homogeneously tan color, which signals complete removal of blood
and its subsequent replacement with perfusion buffer. After 30 minutes of basal
perfusion, a gluconeogenic precursor (either lactate or fructose) was infused into the liver
with a syringe pump at a point before the hepatic portal vein cannula (2 mM final

concentration). The perfusate was collected in 30-second fractions for an additional hour.

Gastric gavage test In vivo gluconeogenesis was examined by the gastric gavage of two

different gluconeogenic precursors, lactate and fructose. These precursors enter the
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pathway of gluconeogenesis at different points. Diabetic rats were randomly assigned to
one of the two treatments (i.e., gluconeogenic precursor or saline). Before the gastric
gavage test, rats were fasted (vehicle-treated rats for 16 hours, leptin-treated rats for 6
hours). A blood sample was taken, and then the gluconeogenic precursor (either lactate
(16.6 mmol/kg) or fructose (8.3 mmol/kg) 3 ml) or saline was administered through a
stainless steel gavage tube placed into the rat’s stomach. Blood glucose concentrations
were determined every 15 minutes for 2 hours. After several days, the treatment groups
(i.e. gluconeogenic precursor or saline) were reversed and the proceeding repeated. The
change in blood glucose due to the gavage of the gluconeogenic precursor was
determined by subtracting the blood glucose concentration in response to the gavage
saline from the blood glucose concentration in response to the gavage of the

gluconeogenic precursor (i.e., lactate or fructose).

Blood glucose concentration determination Blood was sampled from the tail vein.
Blood glucose concentrations were monitored using an Accu-Chek Active glucometer

(Roche Diagnostics).

Glucose assay Glucose concentrations of perfusates from the isolated liver perfusion
experiments were determined using the hexokinase-glucose-6-phosphate dehydrogenase
enzymatic assay, and expressed as umol of glucose released per gram of liver per hour
[20]. To determine the gluconeogenic rate from lactate or fructose, the hepatic glucose
production rate was measured in the absence and presence of the gluconeogenic

precursors.
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Statistical analysis Data were presented as means £ SEM. Statistical analyses were
performed with the use of SAS statistical software (version 9.1, SAS Institute). Multiple
comparisons of time-dependent changes in lactate or fructose gavage were performed by
two-way ANOVA for repeated measures and Tukey’s studentized range test. Area under
the curve (AUC) was determined by using the baseline glucose value as a cutoff line and
under the curve or by taking the positive incremental area under the curve into the
account. Trapezoid method was performed to calculate area under a curve [21]. Statistical
significant differences between the leptin- and vehicle-treated rats for the mean values in
AUC were assessed by Student’s ¢ test. A P value of 0.05 or less was considered

statistically significant.

3.3 Results

Chronic leptin administration restored blood glucose concentration to normal level
Basal blood glucose level was determined one day after all rats were injected with STZ.
Blood glucose concentrations from injected animals in a fed state were all greater than
400 mg/dl, therefore, they were all considered diabetic. The non-fasting blood glucose
concentrations of diabetic rats averaged 451 + 21 mg/dl before the daily treatment with
central leptin began. Figure 3.1 shows the daily blood glucose concentration of STZ-
induced diabetic rats given chronic ICV leptin (5 microgram/day) or vehicle. The blood
glucose concentration of the leptin-treated diabetic rats decreased dramatically after the
4th day of ICV leptin injection (P < 0.05) as compared to vehicle-treated rats and

remained close to normal level (175 + 3 mg/dl) throughout the remained of the study .
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Lactate gavage

The gastric gavage of lactate increased blood glucose concentrations in diabetic rats that
received daily ICV vehicle injections compared to those same rats that were gavaged
with saline. This leads to a significant change in the blood glucose concentration of over
115 mg/dl (Figure 3.2). However, the lactate-induced change in blood glucose
concentrations in diabetic rats receiving daily ICV injections of leptin was severely
blunted (Figure 3.2). Expressing the change in blood glucose concentration as the area
under the curve showed that diabetic rats that had been chronically treated with leptin had
nearly a 4-fold lower change in blood glucose response to lactate gavage than did
vehicle-treated rats (Figure 3.2, P < 0.05). This suggests that leptin-treated diabetic rats
have an impairment of gluconeogenesis when lactate is the gluconeogenic precursor. The
fasting glucose levels of leptin-treated STZ rats were lower than the vehicle-treated STZ

rats (260 = 70 mg/dl vs. 78 £ 12 mg/dl).

Fructose Gavage

When fructose was used as the gluconeogenic precursor, there was no difference in the
hepatic glucose production between leptin- and vehicle-treated rats (Figure 3.3).
Additionally, gastric gavage of fructose resulted in a greater increase in blood glucose
concentrations in leptin-treated rats than the gastric gavage of lactate in leptin-treated rats

(Figure 3.2, 3.3).

Blunted hepatic glucose production from lactate in leptin-treated STZ diabetic rats in
IPRL model.
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To determine whether chronic central leptin treatment specifically affected hepatic
gluconeogenesis, we examined the glucose production from lactate and fructose in
isolated perfused livers from leptin- and vehicle-treated rats. Hepatic glucose production
from lactate was severely blunted in leptin-treated rats as compared with that of vehicle-
treated rats (Figure 3.4). However, hepatic glucose production from fructose was not
different between leptin-and vehicle-treated rats (Figure 3.5). The difference of hepatic
glucose production in leptin-and vehicle-treated rats in the presence of fructose and
lactate was illustrated by the Figure 3.6. There was a significant decrease (P < 0.01) in
hepatic glucose production with lactate infusion in leptin-treated rats compared to
vehicle-treated rats, however there was no difference in the hepatic glucose production
from leptin-treated and vehicle-treated rats when infused with fructose. In addition, since
lactate and fructose are 3-carbon and 6-carbon precursors, respectively, hepatic glucose
production from both leptin and vehicle- treated rats in the presence of fructose is
significantly higher than in the presence of lactate with the same amount of fructose (P <

0.05 and P < 0.0001, respectively).

3.4 Discussion

The STZ-model is widely used in medical research to produce an animal model for type 1
diabetes. Insulin is an important physiological regulator of leptin. Dose-dependent
increases in leptin mRNA are observed in response to insulin in 3T3 cells [22-23] and
cultured rat adipocytes [24]. In vivo, insulin increases leptin mRNA expression [25-28]
and plasma leptin concentrations [29] within a few hours of administration. Also leptin

mRNA expression increases in abdominal subcutaneous adipose tissue in humans when
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treated with insulin [30]. Therefore, insulin regulates expression and production of leptin
and marked and rapid decreases of circulating leptin in STZ diabetic rats can be reversed
by insulin [31]. So the STZ-model is not only a type 1 diabetes model, it also a model of
leptin-deficiency model. By using such a model, we can study the effect of exogenous
leptin without the complicating effects of endogenous leptin and insulin.

In this study, we demonstrated that chronic leptin administration leads to an
inhibition of gluconeogenesis from lactate both in vivo the gastric gavage test and in vitro
the isolated perfused liver model. Usually changes in blood glucose concentration are the
result of changes in glucose production, including absorption from GI tract, hepatic
glycogenolysis, and gluconeogenesis, as well as changes in glucose utilization by the
body’s tissues. Our laboratory and others have shown that chronic central leptin
administration normalizes blood glucose concentrations in diabetic rats [11]. To
determine whether chronic ICV leptin treatment specifically affects hepatic
gluconeogenesis, we determined the hepatic glucose output of glucose after a fast (no
glucose from GI tract and deletion of liver glycogen) in leptin-and vehicle-treated
diabetic rats by using an I[PRL model, which has been used to explore the physiology and
pathophysiology of the rat liver for many years. This in vitro model provides the
opportunity to assess hepatic glucose production in an isolated setting directly, in contrast
to in vivo model. The IPRL model allows repeated sampling of the perfusate, permits
easy exposure to the liver to different concentrations of test substances and can be done
independent of the influence of other organ system, plasma constituents and neural-
hormonal effect [19, 32-33]. Study has shown that infused leptin induces a direct marked

reduction in the rate of glucagon-stimulated glucose production in perfused rat liver and
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is also capable of reducing glucose production from different gluconeogenic precursors in
isolated hepatocytes [34-35]. Similar findings were observed in a portal vein leptin
injection study, in which glucose production from lactate was inhibited by leptin by
39~66 % [36]. However, controversial evidence was shown in the perfused rat liver and
other in vivo studies. Leptin directly affects hepatic glucose metabolism consisting of an
insulin-mimicking effect on glycogenolysis and a glucagon-like effect on
gluconeogenesis, favoring the gluconeogenic pathway to increase phosphoenolpyruvate
carboxykinase (PEPCK) gene expression [34, 37].

Previous in vivo studies have shown that leptin treatment profoundly improves
hyperglycemia by restoring normal the rates of glucose turnover (production and
utilization) [12, 15, 38]. Research has also demonstrated that leptin enhances insulin’s
stimulation of glucose uptake in the brown adipose tissue and skeletal muscle [15, 37,
39]. The results obtained from the present study using the insulin-deficient model of
diabetes demonstrated that leptin inhibits hepatic gluconeogenesis from lactate, which
may contribute to the ability of leptin to correct hyperglycemia in diabetic rats,
independent with insulin. Another intriguing finding of chronic central leptin
administration is that it leads to a decreased in blood glucose concentrations in both
diabetic and nondiabetic rats under fasting conditions [11]. Since blood glucose
concentration during a fast is supported by an increase in hepatic gluconeogenesis, the
finding that chronic ICV leptin administration impaired hepatic gluconeogenesis,
suggests that this may also be related to a fact that the fasting body glucose levels of

leptin-treated STZ rats are lower than the vehicle-treated STZ rats.
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The inhibition in glucose production with lactate suggests that leptin treatment
impaired gluconeogensis. This finding coupled the lack of a difference in glucose
production between leptin- and vehicle-treated rats with fructose helps define the site of
the leptin-induced impairment in gluconeogenesis. Fructose enters gluconeogenesis as
dihydroxyacetone phosphate and glyceraldehyde 3-phosphate. To convert these
intermediates into glucose requires the gluconeogenic enzymes, fructose 1, 6-
bisphosphate and glucose 6-phosphate. Therefore, it appears that the site of the leptin-
induced impairment in gluconeogenesis is prior to the gluconeogenic enzymes, fructose
1, 6-bisphosphatase. To convert lactate into glucose also requires these same enzymes,
plus PEPCK. The current results with lactate would then appear to suggest that leptin
inhibits PEPCK. Several lines of evidence have implicated PEPCK to be the rate-
determining step in hepatic gluconeogenesis [40-43]. However, previous results have
shown that gene expression and protein level of PEPCK is up-regulated by leptin [43-44],
we have found similar results in our laboratory. In a study conducted in isolated rat
hepatocytes, both pyruvate carboxylase (PC) and pyruvate kinase were shown to play a
greater role than PEPCK in determining the gluconeogenic flux. Similar results were
obtained that PC rather than PEPCK was shown to be the primary rate-determining step
for gluconeogenesis [45-48]. It has been reported that the hepatic PC activity in the STZ-
induced rats is increased 2-fold over that of control rats and that a high plasma
glucagon/insulin ratio may account for the increase in this enzyme activity [49-50].
Making STZ-induced diabetic rat hyperleptinemic with an adenovirus inhibits hepatic

glucagon concentrations [50]. Therefore, it’s tempting to speculate that leptin impairs
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gluconeogenesis at a site distal to PEPCK, like PC, and that this may be related to leptin-
induced changes in the secretion level or the activity of glucagon.

In summary, hepatic glucose production from lactate was severely blunted in
leptin-treated rats as compared to rats that were vehicle-treated, which was consistent
with the finding from the lactate gavage test. However, when fructose was used as the
gluconeogenic precursor, there was no difference in the hepatic glucose production
between leptin- and vehicle-treated rats. This was also consistent with the result of the
gastric gavage of fructose. Overall, the results suggest that chronic leptin administration
leads to an inhibition of gluconeogenesis and the site of the leptin- induced impairment in
gluconeogenesis is prior to the gluconeogenic enzyme, fructose 1, 6-bisphosphatase.
These results may help explain why blood glucose concentrations are normalized in
leptin-treated diabetic rats under fed conditions and decreased in leptin-treated diabetic

rats under fasting conditions.
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Figure 3.1. Effect of daily ICV leptin (o) or vehicle (®) on blood glucose concentration
of diabetic rats. 1st day of ICV leptin (or vehicle) injection. Blood glucose concentration
in diabetic rats was significantly decreased after 3 days of ICV leptin injection. Value are
means = SEM (leptin-treated n=18, vehicle-treated n=15). *P<0.05, ** P<0.01, ***
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Figure 3.2. Gastric gavage of gluconeogenic precursor in fasted leptin-(o) and vehicle-
treated (@) diabetic rats. Inset shows lactate-treated (16.6 mmol/kg) AUC was determined
by taking the positive incremental area under the curve into the account (negative
incremental area is negligible). Values are means + SEM (leptin-treated n=18, vehicle-
treated n=15). *P < 0.05, vs. STZ-lep
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Figure 3.3. Gastric gavage of gluconeogenic precursor in fasted leptin-(o) and vehicle-
treated (@) diabetic rats. Inset shows fructose-treated (8.3 mmol/kg) AUC was
determined by taking the positive incremental area under the curve into the account
(negative incremental area is negligible). Values are means £ SEM (leptin-treated n=5,
vehicle-treated n=5).
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Figure 3.4. Hepatic glucose production from lactate (2mM) from isolated perfused livers
of fasted leptin-(0) and vehicle-treated (®) diabetic rats. Leptin treatment severely
blunted glucose production from lactate. Values are means + SEM (leptin treated n=9,
vehicle treated n=9).
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Figure 3.5. Hepatic glucose production from fructose (2mM) from isolated perfused
livers of fasted leptin-(©) and vehicle-treated (@) diabetic rats. There was no difference in
the hepatic glucose production between leptin-and vehicle-treated rats. Values are means
+ SEM (leptin treated n=6, vehicle treated n=9).
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Chapter 4
Chronic effects of leptin on glucose production from lactate in isolated rat

hepatocyte suspensions and primary cultures

Abstract To further understand the effect of intracerebroventricular (ICV) leptin on the
role of leptin in hepatic glucose metabolism, we isolated liver cells from leptin- and
vehicle-treated diabetic rats, and compared the ability of these cells to produce glucose in
the presence of a gluconeogenic precursor in the freshly prepared or cultured state. Wistar
rats were implanted with an ICV cannula directed into the lateral ventricle. Following
recovery, rats were made diabetic with an IV injection of streptozotocin (STZ). After
confirmation of hyperglycemia, rats were administrated a daily ICV bolus injection of
either leptin (5 microgram/day) or vehicle. Blood glucose concentrations were
determined daily. After the blood glucose concentration of the leptin-treated rats returned
to normal, each rat was fasted (vehicle-treated rats for 16 hours, leptin-treated rats for 6
hours) and baseline fasting blood glucose concentrations were determined and then
anesthetized with pentobarbital. The portal vein was cannulated to allow the inflow of
perfusion media. The thoracic inferior vena cava was cannulated to allow for the
collection of the outflow from the liver. Livers were perfused with digestion media
containing collgenase and hepatocytes isolated. Hepatocytes were incubated with various
concentrations of lactate to determine the gluconeogenic capacity of cells derived from

leptin- and vehicle treated rats. Some cells were incubated as cell suspensions
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immediately after isolation. Other cells were cultured onto 60 mm collagen-coated plates
and treated the next day. Both freshly prepared and primary cultured isolated hepatocytes
were treated with different concentrations of lactate (0.5, 1, 2, 5, 10 mM, final
concentration). Freshly prepared cells were incubated for 30 minutes, while cultured
cells were incubated for 5 hrs. Media was then collected and glucose concentrations
were determined enzymatically. We found that compared to the control group, in the
presence of different concentration of lactate (ImM, 2mM, SmM and 10mM) the
production of glucose by the primary cultured hepatocytes in leptin-treated group was
significantly reduced 41 %, 44 %, 53 % and 58 %, respectively. However, glucose
production in the freshly prepared liver cells was significantly higher in cells derived
from leptin-treated rats as compared with vehicle-treated rats treated with higher lactate
doses. In conclusion, leptin is capable of reducing glucose production from lactate in

isolated hepatocytes.

4.1 Introduction

Leptin, the product of the obese (0ob) gene, is produced primarily in white adipose
tissue and serves as a peripheral signal to the central nervous system of nutritional status
[1-2]. Leptin plays an important role in regulating energy stores and in the choice of fuels
to be used under various nutritional conditions [3]. Besides its role in the control of body
weight and regulation of energy expenditure, leptin also influence glucose metabolism
particularly in the liver, adipose tissue, heart and skeletal muscle [4-5].

Glucose homeostasis requires the coordinated actions of various organs. In

particularly, the liver plays a vital role in blood glucose homeostasis by maintaining a
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balance between the uptake and storage of glucose and also releasing glucose as fuel for
various organs to use. About 90% of endogenous glucose production is derived from liver
and as much as 40% of alimentary glucose is stored as glycogen in liver. A progressive
loss in these liver functions is associated with the deterioration of glycemic control and
the eventual development of diabetes [6].

Leptin regulates glucose metabolism via two distinct mechanisms, one is through
the central nervous system and another is through leptin receptors widely distributed in
peripheral tissues including liver, skeletal muscle, adipose tissue and kidney [4-5]. Our
laboratory, as well as others, has shown that chronic ICV leptin injections normalize
blood glucose concentrations without increasing serum leptin and insulin concentrations
[3, 7-8]. Besides central effect of leptin action on glucose metabolism, it also has been
reported leptin exerts a direct effect on glucose metabolism in skeletal muscle and also in
isolated adipocytes [4-5]. However, both in vivo and in vitro studies have demonstrated
conflicting results regarding the role of leptin in hepatic glucose metabolism. Chronic
peripheral leptin administration restores blood glucose concentrations in STZ - treated
diabetic rats [9]. In euglyceimc hyperinsulinemia clamp studies, an acute increase in
plasma leptin enhances the inhibitory effect of insulin on hepatic glucose production [10].
In the presence of leptin (100 ng/ml) for 60 minutes, the glucose production by isolated
hepatocytes of fasted rats in the presence of different gluconeogeneic precursors is
significantly decreased [11-12]. However, in vitro studies with different cell lines such as
human and rat hepatoma cells HepG2, HepG3 and H4II-E have demonstrated that leptin
attenuates several insulin-induced effects [13]. Studies in rat H-35 and human HepG2

hepatoma cell lines have also reported that leptin did not cause any significant alteration
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in insulin effects on these cells, therefore not contributing to the diabetic symptoms
associated with obesity [14].

Freshly isolated and cultured hepatocytes, considered as a useful tool in vitro
system for hepatic disease study, have been extensively used in basic research of liver
disease, pathophysiology, pharmacology and other related area [15]. Since the role of
leptin on hepatic gluconeogenesis is not yet clear, especially the central effect, the present
study was aimed to delineate the central effect of leptin on hepatic glucose production,
independent of glucose utilization. We isolated hepatocytes from leptin- and vehicle-
treated diabetic rats, and compared the ability of these cells to produce glucose in the

presence of lactate in freshly prepared or cultured state.

4.2 Materials and methods

Animals Male, Wistar rats (225-300g; Harlan, Indianapolis,IN) were housed in
individual wire mesh cages before and during experiments. The room temperature was
held constant (23°C £ 3) with a 12:12 h light: dark cycle. Animals were provided
standard pellet rat chow and water ad libitum. Experimental protocols were approved by
Auburn University's Institutional Animal Care and Use Committee prior to initiation of

the experiments.

Experimental design Rats were implanted with an ICV cannula in the lateral ventricle of
the brain under ketamine/xylazine anesthesia. All rats were made diabetic with an
intravenous injection of STZ (50mg/kg). After hyperglycemia of the rats was confirmed,

half of the rats were given daily ICV bolus injections of leptin (5 microgram/day). The
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other half were given daily ICV injections of vehicle. Blood glucose concentrations were
determined daily. After the blood glucose concentration of the leptin-treated rats returned
to normal, each rat was fasted (vehicle-treated rats for 16 hours, leptin-treated rats for 6
hours) and baseline fasting blood glucose concentrations were determined. (Leptin-
treated rats were fasted for less time to prevent severe hypoglycemia. Previously, we

found a 6-hour fast to cause a 50% decrease in the blood glucose concentration [3].).

Cannula implantation After being anesthetized by an intraperitoneal injection of
ketamine-xylazine (100 mg/kg ketamine and 1 mg/kg xylazine), animals were implanted
with a 22-gauge, stainless steel guide cannula (Plastics One, Roanoke, VA) into the
lateral ventricle of the brain using the following coordinates: 0.8 mm posterior to bregma,
1.4 mm lateral to the midline, and 3.5 mm ventral to the surface of the skull. After
cannula implantation, the rats were placed individually in the hanging cages and allowed
to recover for about 2 days. After that, cannula placement was confirmed by a positive

drink test through Angiotensin II administration (40 ng/5 pl) [3].

Induction of diabetes Insulin-deficient diabetes was produced by an intravenous
injection of freshly prepared streptozotocin (STZ) (50 mg/kg; Sigma, St. Louis, MO) in
0.05 M citrate buffer (pH 4.5). STZ- treated rats whose blood glucose concentrations

were > 400 mg/dl in a fed state were considered to be diabetic.

Blood glucose concentration determination Blood was sampled from the tail vein.

Blood glucose concentrations were monitored using an Accu-Chek Active glucometer
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(Roche Diagnostics).

Isolation of rat liver cells The technique of hepatocytes isolation used the liver
perfusion system described by Thurman and Scholz (1973), Miller et al. (1951) and
Adams et al. (1998) [16-18]. STZ-treated rats, fasted, but allowed free access to water
(vehicle-treated rats for 16 hours, leptin-treated rats for 6 hours), were anesthetized with
pentobarbital sodium (50 mg/kg) prior to liver perfusion. The abdomen was opened
through a longitudinal incision. The portal vein was cannulated with a 16-gauge stainless
steel catheter and a 14-gauge catheter was inserted into the thoracic inferior vena cava.
400 ml Oxygenated calcium-free perfusion buffer (g/L 8.3 NaCl, 0.5 KCl, 2.4 HEPES
and adjusted to pH 7.6 with 1 N NaOH) was perfused via the hepatic portal vein. The
effluent was collected via the thoracic inferior vena cava. Liver was perfused at a flow
rate of 35 ml/min for 10 minutes to flush the blood from the organ. Then the perfusion
medium was changed to 100 ml of digestion buffer (g/L 3.5 NaCl, 0.5 KCl, 0.7
CaCl,2H,0, 24 HEPES and adusted to pH 7.6 withl N NaOH) first to flush the
perfusion buffer from the organ and then the media was changed to another 100 ml
digestion buffer containing collagenase (Liberase TM, Roche Applied Science (0.04
mg/ml). The effluent was recirculated to the reservoir after 2 minutes. The perfusion was
stopped after approximately 6 minutes of recirculation and the liver was carefully
transferred to a petri dish containing approximately 50 ml of the incubation buffer (g/L
6.7 NaCl, 0.44 KCl, 0.142 MgSOQy4, 0.171 NaH,PO4, 0.191 CaCl,*2H,0, 4.77 HEPS, 2.1
NaHCOj adusted to pH 7.6 with 1 N NaOH). The connective capsule of the liver was

stripped and the liver was shaken to dissociate the cells into the medium. The incubation
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media was brought up to a volume of 200 ml and the cells were incubated for 20 minutes
at 37° C with gentle shaking. Cells were then be filtered through a polyethylene mesh.
The filtered cell suspension was distributed equally into four 50 ml centrifuge tubes and
centrifuged at 20 x g (4 °C) for five minutes. The supernatant was discarded and the cells
were resuspended in wash buffer (g/L 8.3 NaCl, 0.5 KCl, 2.4 HEPES, 0.18 CaCl,*2H,0
adjust to pH 7.4 with 1 N NaOH) and centrifuged as described above. After three wash
cycles, the cells were resuspended in 20 ml of incubation buffer. Cells numbers were
determined with a hemocytometer and % viability was determined by trypan blue
exclusion. The cell suspensions from each liver were then used to determine the glucose

production from lactate in liver cells from cell suspensions and cell cultures.

Glucose production from cell suspension Cells derived from each liver were dispensed
into eighteen 25-ml erlenmeyer flasks (5 million cells/flask). A dose-response curve with
various concentrations of lactate (0, 0.5, 1, 2, 5, 10 mM, final concentration) was run in
triplicate to determine lactate-induced glucose production in hepatocytes from leptin- or
vehicle-treated diabetic rats. Rubber stoppers were placed in the flasks and an atmosphere
0f 95% O, — 5% CO, was introduced. All flasks were placed in a metabolic incubator
(37°C, 60 oscillations/min). After 30 minutes of incubation, the media were collected and
glucose concentrations determined enzymatically (see below). Glucose production in the
presence of lactate was considered total glucose production, while glucose production in
the absence of lactate was considered glucose production derived from glycogenolysis.
Glucose production via gluconeogenesis was calculated as total glucose production minus

glucose production derived from glycogenolysis.
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Glucose production from cell culture Some of the cells from each rat liver were cultured
onto twelve 60 mm collagen-coated plates. Cells were diluted in Willison’s E Plating
buffer containing 10% fetal bovine serum (FBS) and plated at a density of 2 million
cells/plate. Culture plates were placed in cell incubator at 37°C in a humidified
atmosphere containing 95% O, and 5% CO,. After 4 hours, the buffer were removed and
replaced with fresh William’s E Plating buffer containing 10% FBS. After an overnight
incubation, the cells were washed in phosphate-buffered saline, and pretreated with
serum free William’s E media for 3 hours. Different concentrations of lactate (0, 0.5, 1,
2,5, 10 mM, final concentration) in duplicate were then added to the cells and incubated
for an additional 5 hours in incubation buffer (see above). Culture media was collected
and glucose concentrations were determined enzymatically (see below). Total glucose
production and glucose production from gluconeogenesis and glycogenolysis was

determined as described above.

Glucose assay Glucose concentrations of in the cell media from isolated hepatocytes
were determined using the hexokinase-glucose-6-phosphate dehydrogenase enzymatic

assay as described previously [19], and expressed as pg glucose released per ml [19].

Statistical analysis All statistical analyses were performed with the SAS 9.1 (SAS
Institute Inc., Chicago, IL, USA). Data were presented as means + SEM. Two-way
analysis of variance (ANOVA) with replication were utilized to test the main effects of
leptin treatment, and various concentrations of lactate treatments on glucose output in the

fresh isolated hepatocytes and primary-cultured hepatocytes experiments. Multiple
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comparisons of means and two sample #-test were performed by the Bonferroni test to
assess effects of various lactate concentrations on glucose production in the fresh isolated
hepatocytes and primary-cultured hepatocytes experiments. Differences at P < 0.05 were

considered significant.

4.3 Results

Chronic leptin administration restored blood glucose concentration to normal level
Basal blood glucose level was determined one day after STZ treatment. Blood glucose
levels from animals higher than 400 mg/dl in a fed state were considered to be diabetic.
The non-fasting blood glucose concentrations of diabetic rats averaged 451 + 21 mg/dl
before the daily treatment with central leptin began. Figure 4.1 shows the daily blood
glucose concentration of STZ-induced diabetic rats given chronic ICV leptin (5
microgram/day) or vehicle. The blood glucose concentration of the leptin-treated diabetic
rats decreased dramatically after the 3th day of ICV leptin injection (P < 0.01) as
compared to vehicle-treated rats and remained close to normal level (161 £ 15 mg/dl)

throughout the remained of the study.

Glucose production in freshly isolated hepatocytes

Chronic central leptin administration reduces the hyperglycemia in STZ-induced diabetic
rats in a period of several days. In the previous study (chapter 3), we examined the
inhibitory effect of leptin on hepatic glucose metabolism using the isolated rat liver
perfusion system. Leptin’s inhibitory effect on hepatic glucoenogenesis appears to

account for at least part of leptin’s action on body glucose concentrations. Firstly, to
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investigate whether the central leptin-induced effects on the liver of the whole animal is
also maintained in freshly isolated and cultured hepatocytes, we measured glucose
production of isolated hepatocytes with various concentrations of lactate treatments.
Since the animals were fasted prior to the collection of the liver cells, we expected
glucose production from glycogenolysis to be low in both leptin- and vehicle-treated
groups. Moreover, since glucose production in the absence of lactate is considered to be
derived from glycogenolysis, we subtracted the glucose production of lactate-treated
groups of the basal group (no lactate) to calculate the lactate-induced glucose production
derived from gluconeogeneis. Since there is no significant difference between leptin- and
vehicle-treated groups (13.434 = 3.7 vs. 21.45 £ 5 pg glucose/ml), which represents no
significant difference in the rate of glycogenolysis between hepatocytes derived from
leptin- and vehicle-treated rats.), and the basal condition (without lactate) was set to zero.
Therefore, the values of glucose production shown in the figures represent lactate-
induced gluconeogenesis. Increasing the concentration of lactate caused an increase in
the total glucose production from freshly prepared liver cells up to a concentration of 5
mM lactate. In the freshly prepared cells, no significant difference in total glucose
production was found between cells derived from leptin- and vehicle-treated rats at any
of the lactate concentrations. However, when lactate-induced gluconeogenesis was
examined, glucose production was greater in hepatocytes derived from leptin-treated rats
at the higher doses of lactate (2 mM, 5 mM and 10 mM), increased by 37 %, 23 % and 27

%, respectively (Figure 4.2).

Glucose production in primary cultured isolated hepatocytes
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Cultured hepatocytes were incubated in media with 10% fetal bovine serum. After
exposure overnight to the media containing serum, the cells were serum-deprived for 3
hours before beginning the incubation with lactate. Significant differences in lactate-
induced gluconeogenesis were found in the primary cultured hepatocytes derived from
leptin-treated rats as compared with vehicle-treated rats. As shown in Fig. 4.3, compared
to hepatocytes derived from vehicle-treated rats, the production of glucose in primary
cultured hepatocytes derived from leptin-treated rats was significantly reduced in the
presence of various concentration of lactate (1mM, 2mM, 5SmM and 10Mm) by 41 %, 44

%, 53 % and 58 %, respectively (Figure 4.3).

4.4 Discussion

The present study demonstrates that the nutritional and metabolic state of the
hepatocyte plays a key role in the degree of antigluconeogenic action of leptin. Our
previous studies have shown that after a period of fasting (vehicle-treated rats for 16
hours, leptin-treated rats for 6 hours), the liver glycogen stores of the rat are almost
completely depleted [18, 20]. Under such conditions of stimulated glycogen breakdown
and negligible glycogen synthesis, the presence of gluconeogenic substrates results in the
stimulation of the glucose production. We have examined in a preliminary study the
blood glucose response of leptin-treated, streptozotocin-induced diabetic rats fed various
gluconeogeneic diets. Results suggested that leptin may inhibit gluconeogenesis between
the entry point of fructose (dihydroxyacetone phosphate/glyceraldehyde 3-phosphate) and
amino acids (pyruvate, TCA cycle intermediates) into the gluconeogeneic pathway.

However, this interpretation is complicated by any potential leptin-induced change in
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peripheral glucose utilization. In the isolated perfused rat liver experiments (chapter 3),
leptin blunted hepatic glucose production from lactate, but not fructose in STZ-induced
diabetic rats. Therefore, we concluded that chronic central leptin administration inhibits
hepatic gluconeogenesis in STZ-induced diabetic rats. To examine hepatic
gluconeogenesis, independent of glucose utilization, we employed the isolated perfused
liver model and isolated hepatocytes. When hepatocytes isolated from fasted diabetic
leptin- or vehicle-treated rats were incubated with different concentrations of lactate, an
inhibitory effect of leptin on hepatic glucose production (gluconeogensis) was observed
in primary cultured hepatocytes. This finding suggests that central leptin administration
has an inhibitory effect on hepatic glucose production independent of peripheral glucose
utilization. However, this was not the finding in freshly prepared hepatocytes, in which
lactate-induced glucose production was increased in leptin-treated rats compared to
vehicle-treated rats at higher concentrations of lactate. What could be the difference
between freshly prepared hepatocytes and cultured hepatocytes that could account for the
different results with leptin treatment?

One possibility could be related to the fact that cultured hepatocytes were
incubated with fetal bovine serum during the plating process. Serum contains basic
components, such as hormones and growth factors. It is possible that the inhibitory effect
of leptin on hepatic glucose production may be through inhibiting the action of some
component in the serum. To exclude the possibility that residual insulin may mediate the
effect of leptin action on hepatic glucose metabolism, serum insulin concentrations were
measured in STZ-induced diabetic leptin-treated rats in a preliminary study. Compared

with vehicle-treated normal rats, diabetic rats treated with vehicle or leptin treatment had

96



decreased and very low insulin levels [3, 21]. In addition, we have previously found that
leptin reduces blood glucose concentration without increasing insulin sensitivity. This
appears to argue against the possibility that leptin may exert its action on hepatic glucose
metabolism though the potentiation of insulin. It is also possible that the leptin-mediated
inhibitory effect on hepatic gluconeogenesis may be through the suppression of glucagon
action.

Since glucagon is known to stimulate gluconeogenesis, hyperglucagonemia is
present in the insulin-deficient state, and glucagon is largely responsibile for hepatic
glucose overproduction in uncontrolled diabetes, it is possible that hepatocytes from
leptin-treated rats are less responsive to glucagon as compared to vehicle-treated rats.
This could be due to a reduction of serum glucagon concentrations or to an inhibition of
glucagon signaling. Recent studies suggest leptin may control glycemia by inhibiting
secretion of glucagon [22]. Yu et al. (2008) suggested that suppression of
hyperglucagonemia contributes to the antidiabetic effect associated with leptin treatment
in STZ-induced diabetic rats. Plasma glucagon concentrations significantly decline after
the injection of Adv-leptin. Hyperleptinemia reduces hyperglucagonemia to normal levels
and is associated with the suppression of p-CREB, PEPCK and PGCla [21, 23].
However, under similar conditions as the present study, we did not find central leptin
treatment to decrease serum glucagon levels in STZ-induced diabetic rats.

It is important to note that glucagon binds to the glucagon receptor, a G protein-
coupled receptor located in the plasma membrane. So if in the freshly prepared
hepatocytes, glucagon is depleted and leaves receptors unbounded located in the plasma

membrane, leptin treatment may be unable to inhibit glucose production in hepatocytes in
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the presence of lactate through an anti-glucagon effect. On the other hand, when
hepatocytes were cultured with 10% fetal bovine serum, which included glucagon,
,hepatocytes derived from leptin-treated rats may have had a reduction in lactate-induced
glucose production, compared with hepatocytes derived from vehicle-treated rats, due to
anti-glucagon effect.

Our results suggest that chronic central leptin administration reduces hepatic
glucose production in the cultured hepatocytes due to the inhibition of hepatic
gluconeogenesis. However, this does not appear to be in agreement with the observation
from our laboratory and those of others that leptin treatment increases PEPCK gene
expression and PEPCK protein [10, 13]. It is well recognized that the expression of
PEPCK gene is glucagon-dependent and the rate of transcription of the PEPCK gene is
increased by glucagon (via cAMP) and glucocorticoids and is inhibited by insulin [25].
This suggests that the site of leptin-mediated inhibition of gluconeogenesis may be prior
to PEPCK, like pyruvate carboxylase (PC). In a study conducted in isolated rat
hepatocytes, both PC and pyruvate kinase were shown to play a greater role than PEPCK
in determining the gluconeogenic flux. Similar results were obtained that PC rather than
PEPCK was shown to be the primary rate-determining step for gluconeogenesis [26-29].
It has been reported that the hepatic PC activity in the STZ-induced rats is increased 2-
fold over that of control rats and that a high plasma glucagon/insulin ratio may account
for the increase in this enzyme activity (43). Our data are consistent with the possibility
that central leptin treatment leads to an impairment of gluconeogenesis at the level of PC,

even though PEPCK protein may be elevated.

98



Whatever the mechanisms are, these results indicate that central leptin
administration can rescue uncontrolled diabetes at least in part by inhibiting hepatic
gluconeogenesis. A determination of the mechanism of how this works will provide
insights into potential new agents to replace or supplement insulin treatment of type 1

diabetes.
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Figure 4.1. Effect of daily ICV leptin (o) or vehicle (®) on blood glucose concentration
of diabetic rats. 1st day of ICV leptin (or vehicle) injection. Blood glucose concentration
in diabetic rats was significantly decreased after 3 days of ICV leptin injection. Value are
means = SEM (leptin-treated n=11, vehicle-treated n=14). *P<0.01, ** P<0.001 vs. STZ-
lep
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Figure 4.2. Effect of leptin on the net glucose production (gluconeogenesis) from freshly
isolated hepatocytes derived from leptin- and vehicle-treated rats. Hepatocytes were
incubated in the presence and absence of various concentrations of lactate. The
hepatocytes were isolated from fasted rats. Data expressed as means + s.e.m. (control
group n=8, leptin-treated group n=7). *P < 0.05 vs. leptin
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Figure 4.3. Effect of leptin on the net glucose production (gluconeogenesis) from
cultured hepatocytes derived from leptin- and vehicle-treated rats. Hepatocytes were
incubated in the presence and absence of various concentrations of lactate. The cultured
hepatocytes were isolated from fasted rats. Data expressed as means + s.e.m. (control
group n=7, leptin-treated group n=7). *P < (0.05 vs. leptin
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Chapter 5

Conclusions

Uncontrolled hepatic glucose production contributes significantly to
hyperglycemia in type 2 diabetic patients. Leptin plays important roles in the regulation
of blood glucose homeostasis. Chronic central leptin treatment normalizes circulating
blood glucose concentrations in diabetic rats. Leptin-treated rats had nearly a 4-fold
lower glucose response to lactate gavage than did vehicle-treated rats, which was
consistent with the finding that hepatic glucose production from infusion of lactate was
severely blunted in leptin-treated rats as compared to rats that were vehicle-treated in
isolated perfused rat liver study. However, the results of hepatic glucose production from
fructose were different from the results from lactate. When fructose was used as the
gluconeogenic precursor, there was no difference in the hepatic glucose production
between leptin- and vehicle-treated rats.

In the isolated hepatocytes studies, in the presence of various concentration of
lactate, we measured glucose production from gluconeogenesis in both freshly prepared
and cultured hepatocytes. A consistent finding was exhibited in cultured hepatocytes, in
that the lactate-induced production of glucose in cells derived from leptin-treated rats was
significantly reduced by 40-58%. However, there is no significant difference in lactate-

induced glucose production in the freshly prepared hepatocytes derived from leptin-
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treated rats as compared with vehicle-treated rats. This may reflect differences in how
the hepatocytes were prepared prior to the incubation with lactate.

Overweight and obesity are the most common nutritional disorders in the United
States, affecting the majority of adults in the country. Obesity, particularly central
obesity, is a well established risk factor for insulin resistance and type 2 diabetes mellitus,
as well as other features of the metabolic syndrome, such as dyslipidemia, cardiovascular
disease and hypertension. While insulin is important for maintaining glucose
homeostasis, adipokines such as leptin may enable the body to use insulin more
efficiency. During conditions of either leptin resistance or leptin deficiency, the central
leptin signal is inadequate, resulting in not only increased body weight or even obesity,
but also resistance to circulating insulin. Therefore, this could be one of the reasons why
obese people are at risk for developing diabetes. Through these studies, we have found
that chronic central leptin inhibits hepatic gluconeogenesis to help control whole body
glucose levels preventing the overproduction of glucose in diabetic rats. These results
indicate that the uncontrolled diabetes can be rescued without insulin by leptin to
eliminate hepatic overproduction of glucose. Determining the mechanism by which this
occurs may lead to new therapeutic agents that help control diabetes, independent of or in

conjunction with insulin.
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