REGULATION OF GLUCOSE METABOLISM IN A HEPATIC AND MUSCLE CELL

LINE BY ADIPONECTIN

Except where reference is made to the work of others, the work described in this thesis is
my own or was done in collaboration with my advisory committee. This thesis does not
include proprietary or classified information.

Min Ding

Certificate of Approval:

Robert J. Kemppainen
Professor

Anatomy, Physiology and
Pharmacology

Doug White
Associate Professor
Nutrition and Food Science

Robert L. Judd, Chair
Associate Professor
Anatomy, Physiology and
Pharmacology

Marie W. Wooten
Professor
Biological Sciences

Stephen L. McFarland
Acting Dean
Graduate School



REGULATION OF GLUCOSE METABOLISM IN A HEPATIC AND MUSCLE CELL

LINE BY ADIPONECTIN

Min Ding

A Thesis
Submitted to
The Graduate Faculty of
Auburn University
In Partial Fulfillment of the
Requirements for the
Degree of

Master of Science

Auburn, Alabama

Dec. 16, 2005



REGULATION OF GLUCOSE METABOLISM IN A HEPATIC AND MUSCLE CELL

LINE BY ADIPONECTIN

Min Ding

Permission is granted to Auburn University to make copies of this thesis at its discretion,
upon request of individuals or institutions and at their expense. The author reserves all
publication rights.

Signature of Author

Date

il



VITA
Min Ding, daughter of Shannan Wang and Li Ding, was born on August 22, 1978,
in Haian, Jiangsu, People’s Republic of China. She graduated from Jiangsu Haian High
School in 1995. She studied in Nanjing Medical University for five years and graduated
with a Bachelor of Medicine degree in Clinical Medicine in July, 2000. She attended
Cellular and Molecular Biosciences Graduate Program of Auburn University in August,

2002.

v



THESIS ABSTRACT
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Adiponectin is a 30-kD protein secreted by adipose tissue under normal
conditions. Serum adiponectin concentrations are decreased in obesity and type 2
diabetes. AdipoR1 and AdipoR2 are two receptors of adiponectin with AdipoR1
abundantly expressed in muscle and AdipoR2 predominantly expressed in liver.
Adiponectin has been demonstrated to decrease hepatic glucose production by inhibiting
hepatic G-6-Pase and PEPCK mRNA expression, but its effects on hepatic glycogen
synthesis have not been examined. In addition, eukaryotically and bacterially expressed
adiponectin may have different effects on glucose metabolism due to some important

structural differences. In this study, we investigated the effects of eukaryotically and



bacterially expressed adiponectin on hepatic glycogen synthesis as well as the
mechanisms involved in this process. We also compared the effects of these two sources
of adiponectin on muscle basal glucose uptake. A human hepatoma cell line (HepG2) and
a rat ventricular cell line (H9¢2) were utilized in our experiments. Hepatic basal and
insulin-stimulated glycogen synthesis was evaluated in HepG2 cells treated for 3 h with
eukaryotically expressed adiponectin (1 pg/ml and Spg/ml), bacterially expressed
adiponectin (20 pg/ml and 30 pg/ml), 1nM insulin and 1 nM insulin plus eukaryotically
expressed adiponectin (1 pg/ml and Spg/ml). Also, HepG2 cells were used to determine if
adiponectin impacted insulin receptor signaling. Muscle glucose uptake was evaluated in
HO9c2 cells treated for 10 min with the same concentrations of eukaryotically and
bacterially expressed adiponectin. The results indicated that AdipoR2 is present in
HepG2 cells by western blotting and real-time PCR, and its expression is inhibited by
insulin. AdipoR1 mRNA is also verified to be present in H9¢2 cells by real-time PCR.
For the metabolic effects, eukaryotically but not bacterially expressed adiponectin
inhibits basal and insulin-stimulated glycogen synthesis in HepG2 cells, while bacterially
but not eukaryotically expressed adiponectin stimulates basal glucose uptake in H9¢c2
cells. Importantly, adiponectin does not utilize the insulin signal pathway to produce the
effect on hepatic glycogen synthesis, as IRS-1 was not phosphorylated by adiponectin in
HepG?2 cells. Our data suggest that multimer formation of higher order structure is very
important for adiponectin’s function in liver but not in muscle. A major effect of
adiponectin on hepatic glucose metabolism may be to inhibit glycogen synthesis thereby

providing more glucose for glycolysis and ATP generation.
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INTRODUCTION

Overview of glucose metabolism

Glucose is a very important molecule in metabolism, both as a fuel and as a
precursor of essential structural carbohydrates and other biomolecules. There are two
pathways involved in glucose metabolism: anabolism (synthesis) and catabolism
(degradation) pathways (Figure 1) (1). Gluconeogenesis and glycogenesis are anabolic
pathways, during which glucose and glycogen are synthesized. Glycolysis and
glycogenolysis belong to catabolic pathways, during which pyruvate and glucose-6-
phosphate are generated. Under aerobic conditions, pyruvate can be oxidized to acetyl-
CoA, which enters citric acid cycle. This cycle marks the “hub” of the metabolic system:
It accounts for the major portion of carbohydrate, fatty acid, and amino acid oxidation
and generates a lot of biosynthetic precursors.

Endogenous glucose production is the sum of gluconeogenesis and
glycogenolysis, both feed the glucose-6-phosphate pool, which is the immediate
precursor of the glucose molecules produced by glucose-6-phosphatase and released by
liver and kidney into the blood stream. Glutamine is the preferential substrate for renal

glucose production accounted for primarily by gluconeogenesis (2). Hepatic
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Figure 1: Overview of glucose metabolism (McMurry and Castellion, Fundamentals of
General, Organic, and Biological Chemistry, 3 Edition).



gluconeogenesis utilizes amino acids from proteins and glycerol from lipids, as well as
lactate and pyruvate from muscle release as substrates. The cori cycle describes a
connection between muscle metabolism of gluconeogenic precursors and liver
gluconeogenesis. In this cycle, lactate is produced by glycolysis in muscle and
transported to the liver for glucose production. The bloodstream then carries the glucose
back to the muscles, where it may be stored as glycogen and used on demand by
glycogenolysis and glycolysis. Hepatic gluconeogenesis is regulated by a number of
enzymes. For example, the conversion of pyruvate into glucose is catalyzed by pyruvate
carboxylase - phosphoenolpyruvate carboxylase (PEPCK), fructose bisphosphatase
(FBPase) and glucose-6-phosphatase (G-6-Pase). These enzymes are also significantly
involved in the effects of some hormones on hepatic gluconeogenesis. A widespread view
holds that hepatic gluconeogenesis is primarily responsible for fasting and post-meal
hyperglycemia in type 2 diabetic patients (3).

Another important anabolic pathway is glycogenesis. Muscles contain 1-2% and
liver cells consist of 10% glycogen by weight, which serves as huge energy storage for
the whole body. The enzymes involved in glycogen synthesis are UDP-glucose
pyrophosphorylase, glycogen synthase and glycogen branching enzyme, some of which is
confirmed to be genetically deficient in disease states. It should also be noted that
insulin-stimulated glycogenesis has been observed to be impaired in insulin-resistant type

2 diabetes (3).



Insulin plays an important role in the regulation of hepatic glucose metabolism. It
stimulates the utilization and storage of glucose as lipid and glycogen and reduces
glucose synthesis and release, which is accomplished through a coordinated regulation of
enzyme synthesis and activity. Insulin can also stimulate the expression of genes
encoding glycolytic and fatty-acid synthetic enzymes, such as glucokinase,
phosphofructokinase and pyruvate kinase, while inhibiting the expression of those
encoding gluconeogenic enzymes. These effects are mediated by a series of transcription
factors and co-factors, including sterol regulatory element-binding protein (SREBP)-1,
hepatic nuclear factor (HNF)-4, the forkhead protein family (Fox) and PPAR co-activator
1 (PGC1). In addition, insulin regulates the activities of some other enzymes, including
glycogen synthase and citrate lyase, through alterations in their phosphorylation state. All
these actions lead to a direct hypoglycemic effect of insulin.

Recently research revealed that besides insulin, there are many other proteins that
also affect the expression of enzymes and transcription factors involved in glucose
metabolism. Adiponectin, a cytokine secreted exclusively from adipose tissue (adipokine),
is one of such proteins. The purpose of this study is to investigate the role of adiponectin

in the regulation of glucose metabolism.



Alterations of glucose metabolism in type 2 diabetes

Type 2 diabetes mellitus is a group of disorders characterized by hyperglycemia
and associated with microvascular (optic, renal, and possibly neuropathic) and
macrovascular (coronary and peripheral vascular) complications. It is also characterized
by insulin resistance, possibly due to a beta-cell defect and/or changes in tissue insulin
responsiveness. The primary alterations of glucose metabolism in type 2 diabetes are first
in insulin-mediated suppression of endogenous glucose production and insulin-dependent
stimulation of glucose utilization. Gluconeogenesis, glucose transport, glucose
phosphorylation, glycogenesis and glucose oxidation are insulin-resistant. Also the
insulin-independent routes of glucose metabolism may be changed. In addition, abnormal
lipid metabolism is likely to play a prominent role to cause hyperglycemia in type 2
diabetes (3).

Since the insulin-dependent and independent glucose metabolism process may be
significantly changed in type 2 diabetes, further research needs to be performed to
identify new drugs or agents that can improve hyperglycemia and insulin resistance.
Recently one study confirmed that replenishment of adiponectin, an adipocyte secretory

protein, represents a novel treatment strategy for insulin resistance and type 2 diabetes

.



Introduction of adipocyte secretory products and adiponectin

Adipose tissue is composed mainly of lipid-filled fat cells surrounded by immune
cells, fibroblasts, blood vessels and collagen fibers (5). These lipid-filled fat cells are
named adipocytes. Based on histology, adipose tissue can be divided into two types,
white and brown adipose tissue, with white adipose tissue the predominant type in
humans (6).

White adipose tissue is now identified not only to be an energy storage organ but
also an active hormone system involved in the regulation of metabolism. It secretes many
products named “adipocytokines” (“adipokines”), including leptin, TNF-a (tumor
necrosis factor-a), IL-6 (interleukin-6), PAI-1 (plasminogen activator inhibitor-1), adipsin,
adiponectin, resistin, and visfatin - the functions and effects of which are listed in Table 1
(5;7;8). These adipokines play an important autocrine role in white adipose tissue
physiology and participate in the energy and glucose metabolism of the whole body.

Since adipocyte secretory products can influence both local adipocyte physiology
and distant organ system metabolism, such as the central nervous system, liver, pancreas
and skeletal muscle, adipose tissue disorders may sometimes cause insulin resistance and
its complications, including obesity, diabetes mellitus, hypertriglyceridemia, low levels of
high-density lipoprotein cholesterol, as well as hepatic steatosis (9). Studies of adipose
tissue biology are very important as cases of obesity and diabetes are increasing in

number all over the world. Among all those adipokines, adiponectin has recently been



Table 1: Functions and effects of adipocyte secretory proteins (Burrell et al., Am J
Physiol Endocrinol Metab., 280:E827-E847, 2001, modified)

Molecule Functions/Effects

Leptin Signals to the brain regarding body fat stores
Regulates appetite and energy expenditure

TNF-q Interferes with insulin receptor signaling and may cause
the development of insulin resistance in obesity

L6 Implicated in host defense and in glucose and lipid
metabolism

PALL Promotes thrombosis by inhibiting endogenous

fibrinolytic system

Tissue factor

Major cellular initiator of the coagulation cascade

Precursor of angiotensin II

Angiotensinogen .
8 8 Regulator of blood pressure and electrolyte homeostasis
. Possible link between the activation of the alternative

Adipsin ; . .

complement pathway and adipose tissue metabolism

ASP Influences the rate of triacylglycerol synthesis in adipose

tissue
. . May be a specific marker for lipid accumulation in the
Adipophilin Y P P
cells
Regulates intermediary metabolism and may be

Adiponectin involved in regulating insulin-resistance,

inflammation, angiogenesis and atherosclerosis

Resistin May play a role in insulin resistance

PGIy and GFp

Implicated in regulatory functions such as inflammation
and blood clotting, ovulation, menstruation, and acid
secretion

Regulates a wide variety of biological responses,

TGFp including proliferation, differentiation, apoptosis, and

development

Stimulates proliferation of a wide variety of cells and
IGF-1 .

mediates many of the effects of growth hormone
MIF Involved in proinflammatory processes and

immunoregulation

Mimics the effects of insulin and activates the insulin
Visfatin

receptor




identified as a novel insulin-sensitizing protein with anti-inflammatory, anti-angiogenic,
anti-atherosclerotic, and anti-tumor properties (10). Unlike many other adipokines, serum
adiponectin concentrations are decreased in obesity and type 2 diabetes. Also,
hypoadiponectinaemia has been associated with lipodystrophy, insulin resistance, and
cardiovascular diseases. Therefore, this protein may provide a critical link between
obesity, type 2 diabetes, and insulin resistance. In addition, several studies have
demonstrated that adiponectin participates in the regulation of whole-body glucose
homeostasis by decreasing hepatic glucose output. Adiponectin concentrations also
inversely correlate with basal and insulin-suppressed endogenous glucose production in
humans (11). These findings further support the possibility that adiponectin may be a

novel treatment strategy for insulin resistance and type 2 diabetes.

Objectives of this study

Obesity is a significant public health crisis both in the United States and in the
other developed countries. A recent study conducted by the Centers for Disease Control
and Prevention confirms that 56.4% of Americans are either overweight or obese, and the
incidence of obesity has increased 61% since 1991. Obesity is considered to be a major
risk factor for the development of insulin-resistance and type 2 diabetes. More than 18
million Americans (6.3% of the population) have type 2 diabetes and about 5 million

don't know that they have this disease. Another 41 million have "prediabetes" (impared



glucose tolerance). The problems behind these numbers are even more alarming. Diabetes
is the leading cause of blindness and kidney failure among adults. It also causes mild to
severe nerve damage coupled with circulatory problems, often leading to lower extremity
amputates. Moreover, it significantly increases the risk of heart diseases. Based on
statistical data, diabetes is found to be the sixth leading cause of death in the U.S.,
directly causing almost 60,000 deaths every year and contributing to thousands more.

The facts listed above show that obesity and type 2 diabetes mellitus are
becoming more and more prevalent in the U.S. and all over the world. However, the
pathophysiological link among obesity, insulin resistance and diabetes has not been
clearly identified, which is critical to providing better treatment and possibly a cure for
all of these disorders.

Adipose tissue is now considered an organ capable of producing a number of
hormones affecting energy intake and expenditure, as well as carbohydrate and lipid
metabolism, including nutrient partitioning and fuel selection. Adiponectin has insulin-
sensitizing properties and may provide a link between obesity, insulin-resistance and type
2 diabetes mellitus. As mentioned, this protein can affect the expression of enzymes
involved in hepatic glucose metabolism. It has been found to inhibit the expression of
hepatic gluconeogenic enzymes (PEPCK, G-6-Pase) and the rate of endogenous glucose
production, but its effects on hepatic glycogen synthesis have not been investigated yet.

Since type 2 diabetic patients have significant glucose metabolism alterations compared



with normal persons, the present study focuses on the regulation of glucose metabolism
in liver and muscle by adiponectin.

The primary objective of this study is to investigate the effects of adiponectin on
hepatic basal and insulin-stimulated glycogen synthesis, as well as the mechanisms
involved in this process. Recombinant mouse adiponectin expressed in HEK293-T cells
and in E.Coli were used in this study. Since they might have different effects on glucose
metabolism due to some important structural differences, another important aim of this
study is to compare the effects of eukaryotically and bacterially expressed adiponectin on
hepatic basal glycogen synthesis and muscle basal glucose uptake. In addition,
adiponectin receptor studies are included investigating the effect of insulin on adiponectin

receptor expression.
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LITERATURE REVIEW

Molecular mechanisms of obesity and insulin resistance

Obesity, type 2 diabetes and insulin resistance are closely related. Obesity is
defined as increased mass of adipose tissue, which confers a high risk of metabolic
disorders such as diabetes and hyperlipidemia, as well as cardiovascular diseases (12). A
common characteristic of both obesity and type 2 diabetes is impaired glucose and lipid
metabolism, which leads to increased lipid storage in some insulin-targeted organs such
as liver and muscle, thus leading to insulin resistance. Recently, research focused on the
function of adipocyte has been performed to investigate the molecular mechanisms of
obesity and insulin-resistance. Studies confirmed that pharmacological inhibitors of the
transcription factor PPARy / RXR (peroxisome proliferator-activated receptory / retinoid
X receptor) can improve high-fat diet-induced insulin resistance in type 2 diabetes (4),
suggesting the possible role of nuclear receptor in the development of insulin resistance.
CBP protein (CREB binding protein), a transcriptional coactivator with intrinsic histone
acetyltransferase (HAT) activity, may also be involved in the molecular mechanisms of
obesity and insulin resistance. Studies have found that heterozygous CBP protein

deficiency decreases the production of molecules causing insulin resistance and increases

11



the insulin-sensitizing hormones such as leptin and adiponectin, therefore preventing
adipocyte hypertrophy and increasing insulin sensitivity (12). In addition, SNPs (single
nucleotide polymorphisms) may lead to the development of insulin resistance and type 2
diabetes. A SNP is a single base substitution of one nucleotide with another, where both
versions are observed in the general population at a frequency greater than 1%. Subjects
with the G/G genotype of SNP276 in the adiponectin gene were found at increased risk
for type 2 diabetes compared with those having the T/T genotype (4).

In summary, the above studies suggest that nuclear receptor and transcription
coactivators may affect adipocyte function, resulting in the production of a series of
adipokines which eventually leads to the development of insulin resistance and type 2
diabetes. Among those adipokines, adiponectin is a very important insulin-sensitizing
protein, and a SNP in the adiponectin gene is also significantly involved in developing

obesity and type 2 diabetes.

Discovery of adiponectin

Adiponectin is a 30-kDa protein secreted predominantly by adipose tissue under
normal conditions. It is very abundant in plasma, accounting for 0.01% of total plasma
proteins in humans (13) and 0.05% in rodents (14). Plasma concentrations of adiponectin
range from 3 to 30 pg/mL across species (15). Adiponectin was discovered by four

different groups using different experimental methods, and therefore it has other four

12



different names: apM1, Acrp30, adipoQ and GBP28. In 1995, Scherer et al. cloned
mouse adiponectin cDNA from 3T3-L1 adipocytes for the first time and found that
adiponectin mRNA was significantly upregulated during differentiation of preadipocytes
to adipocytes. The respective protein was named Acrp30 (adipocyte complement-related
protein of 30 kDa) (16). In the following year, a Japanese group isolated adiponectin
cDNA from human adipose tissue library and named the corresponding protein apM1
(Adipose Most Abundant gene transcript) (17). Another group then used mRNA
differential display to identify adiponectin gene in rats and mice and termed it adipoQ
(14). Human adiponectin protein was isolated and purified from human plasma by using
its affinity to gelatin-Cellulofine and named GBP28 (gelatin binding protein of 28 kDa)
(18). In 1999, a Japanese group suggested a common name for this protein-adiponectin
(19). Adiponectin is the currently most popular nomenclature used for this protein and is

how this protein will be identified throughout this text.

Structure and function studies of adiponectin

Adiponectin is encoded by gene APM1 located on the chromosome 3q27 locus
(20), which has recently been identified as a novel susceptible locus for early-onset
diabetes and the metabolic syndrome (21). Human adiponectin contains 244 amino acid
residues (17), while mouse adiponectin consists of 247 amino acids (16). This protein has

four domains: a N-terminal signal sequence, a non-homologous domain, a collagen-like

13



domain and a C-terminal globular domain (Figure 2) (14;17). It shares sequence
homology with type VIII and type X collagens, complement factor C1lq, precerebellin
and the rodent hibernation-regulated proteins hib 20, 25, and 27 (22). The
three-dimensional structure of adiponectin’s C-terminal globular domain is very similar
to the trimeric B-stranded jellyroll topology of TNF-a (23).

Structurally adiponectin has been found to form characteristic multimers,
including monomers, dimers, trimers, hexamer forms and multimer forms larger than
hexamers. Scherer ef al. demonstrated that there are two discrete complexes of
adiponectin in the serum: a hexamer of about 180 kDa (LMW [low molecular weight]
form) and a higher order complex of about 400 kDa (HMW [high molecular weight] form)
(24). These two complexes are very stable both in vitro and in vivo and they do not
spontaneously interchange in the serum. Some gender differences in the multimer
formation of adiponectin have also been demonstrated. For example, females tend to have
a higher total circulating adiponectin level than males. Also male mice have the majority
of their adiponectin circulating as hexamers, whereas female mice have a more balanced
distribution of the LMW and HMW forms (24).

Since adiponectin forms different multimers in the serum, what is responsible for
the formation of multimers? Structurally the oligomer formation of adiponectin might
depend on disulfide bond formation mediated by the N-terminal Cys-39 (24;25). Lodish

et al. suggested that interchain disulfide bonds formed by residue Cys-22 may also be

14



Signal Non-homologous  Collagen Globular

sequence  seguence domain domain
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Mouse 117 45 110 247
Human 1 14 41 17y 244

Figure 2: Structure of mouse and human adiponectin (Scherer et al., J Biol Chem.,
270(45):26746-9, 1995, modified).
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necessary for the oligomerization of adiponectin beyond the basic trimer, as well as the
formation of hexamer and HMW multimers seen in freeze etch electron microscopy (26).
As a whole picture of adiponectin multimer complex, it was speculated that the carboxyl
terminus of adiponectin might be outside and the amino terminus inside, which was
connected by the amino-terminal disulfide bond (25).

Studies also demonstrated that different adiponectin multimer species can activate
different signal transduction pathways in different organs. Only trimeric, hexameric and
HMW forms of adiponectin activate AMPK (AMP-activated protein kinase) pathway in
hepatocytes; while in myocytes, globular domain of adiponectin can activate AMPK
pathway. AMPK is the downstream component of a protein kinase cascade that acts as an
intracellular energy sensor maintaining the energy balance within a cell. The increased
AMPK by adiponectin leads to inhibition of hepatic glucose production, reduction of
intracellular triglycerides, amelioration of hepatic insulin resistance and enhancement of

muscle glucose uptake (Figure 3) (25).

Lodish et al. studied adiponectin and the regulated signal transduction pathways
(26). They suggested that trimeric adiponectin could activate AMPK, and hexameric and
HMW forms of adiponectin activated NF-«kB (nuclear factor kappa B) (26). The
biological significance of NF-kB activation is still not very clear. In addition, a recent
study done by Matsuzawa et al. revealed that only HMW adiponectin selectively

suppressed endothelial cell apoptosis, whereas the LMW form did not have this effect
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Figure 3: Different forms of adiponectin activate AMPK pathway in liver and
skeletal muscle (Kadowaki et al., J Biol Chem., 278:40352-40363, 2003).
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(27). All these studies appear to demonstrate that HMW form of adiponectin is the most

biologically active form.

As for the relationship of its structure and function, the hydroxylation and
glycosylation of the four conserved lysine residues in the collagen domain of adiponectin
are also very important. These modifications have been reported to be involved in the
inhibition effect of adiponectin on hepatic glucose production. Hydroxylation and
glycosylation-deficient adiponectin produced in E.coli exhibits a decreased ability in
inhibiting hepatic glucose production (28).

Based on the findings that different forms of adiponectin have different biological
activity, Scherer et al. recently proposed a new index that takes the different circulating
forms of serum adiponectin into account and called this index the adiponectin sensitivity
index (Sp). It is defined as the percentage of the HMW forms compared to the total
circulating adiponectin (29). This index may help to assess a patient’s hepatic insulin
sensitivity in combination with other parameters, such as oral glucose tolerance tests and

and the measurement of inflammatory cytokines, etc.

Adiponectin gene expression and regulation

Adiponectin is a very abundant protein in plasma. It is secreted exclusively by
adipose tissue under normal conditions (16). However, adiponectin mRNA was also

detectable in mouse hepatocytes after the treatment with carbon tetrachloride, and in
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human hepatoma cell line (HepG2) when treated with IL-6 (30). In addition, transcription,
translation and secretion of adiponectin have been confirmed in human osteoblasts (31).
In that study, adiponectin was found to play a functional role in bone homeostasis, which
suggested that this protein might be an important signal linking fat and body weight to
bone density (31).

There are several mechanisms that regulate the synthesis and secretion of
adiponectin. Insulin stimulates, while IL-6, Forskolin, TNF, and dexamethasone inhibit
adiponectin gene expression and secretion from 3T3-L1 adipocytes (16;32). Peroxisome
proliferators-activated receptors (PPAR), which belong to the nuclear hormone receptor
superfamily, also play a role in the regulation of adiponectin synthesis. PPAR o agonists
(ie. fibrates) decrease adiponectin mRNA in white adipose tissue of obese db/db mice
which lacks functional leptin receptors (33), whereas PPAR vy agonists (ie.
thiazolidinediones) stimulate adiponectin gene expression in obese mice and
insulin-resistant obese humans (34). In addition, stimulation of the cAMP-PKA pathway
by the B-adrenergic agonist isoproterenol or the synthetic cAMP analogue
dibutyryl-cAMP reduces the level of adiponectin mRNA in 3T3-L1 adipocytes (35;36).
Since adipose tissue is very sensitive to oxidative stress, this can also decrease
adiponectin secretion in 3T3-L1 adipocytes (37). Another very important regulator is
testosterone. Research has shown that testosterone decreases adiponectin secretion in

3T3-L1 adipocytes, and reduces plasma adiponectin concentration in both sham-operated
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and castrated male mice (38). Importantly, this hormone selectively inhibits high
molecular weight form of adiponectin secreted from rat adipocytes (39). This might be
able to explain why men tend to have lower circulating levels of adiponectin than women,
and HMW multimers are significantly more abundant in female subjects than in male
subjects.

In some disease conditions, serum adiponectin concentrations often change
compared with the normal situation. Studies have demonstrated increased serum
adiponectin level in anorexia nervosa, type l1diabetes and chronic renal failure. However,
in obesity, type 2 diabetes, the metabolic syndrome and coronary artery disease, serum
adiponectin level is decreased (40). The pathophysiological mechanisms responsible for

these changes are still not very clear.

Adiponectin receptors

Adiponectin has a number of important biological functions, including changing
hepatic gene expression, modulating the endothelial cell inflammatory response,
regulating immune cell function and suppressing macrophage-to-foam cell transformation,
etc. In 2003, Kadowaki et al. cloned two adiponectin receptors in mouse, which were
named AdipoR1 and AdipoR2. AdipoR1 is abundantly expressed in skeletal muscle as a
high-affinity receptor for globular adiponectin and a low-affinity receptor for full-length

adiponectin; AdipoR2 is expressed predominantly in liver as an intermediate-affinity
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receptor for both forms of adiponectin (41). These two receptors are distantly related to
the family of seven-transmembrane spanning G-protein-coupled receptors. Since they
have an inverted topology with the N-terminus intracellular portion, and their
extracellular domain is small, they are distinct from the seven-transmembrane spanning
receptors (42). These two receptors can mediate increased AMPK and PPAR-a ligand
activities, as well as fatty-acid oxidation and glucose uptake in the presence of
adiponectin (41).

Besides AdipoR1 and AdipoR2, T-cadherin was recently identified to be another
receptor for hexameric and HMW forms of adiponectin (42). Cadherins are a superfamily
of adhesion molecules that mediate Ca2+dependent cell—cell adhesion in all solid tissues
of the organism (43). T-cadherin is an atypical member of the cadherin family which
lacks both the transmembrane and cytoplasmic domains. The only known function of
T-cadherin is to participate in the regulation of neuron growth during embryogenesis (44),
and it is expressed only in endothelial and smooth muscle cells, but not in hepatocytes.
Since liver is an important target for adiponectin, maybe some other cell types in the liver
such as fibroblast, endotheial or blood derived cells have this receptor so that hexameric
and high molecular weight forms of adiponectin can work in the liver (42). The detailed

function and signal downstream of this receptor are not very clear yet.
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AdipoR1/R2 receptor gene expression and regulation

In addition to the two target organs, liver and muscle, AdipoR1 and AdipoR2
receptors are also expressed in other cell types. For instance, expression of both receptors
was reported at high levels in human and rat pancreatic 3 cells, and their expression
regulation was suggested to be a mechanism modulating the effects of circulating
adiponectin (45). Also, bone-forming cells express both AdipoR1 and AdipoR2 (31).
Moreover, it was reported that these two receptors are expressed in brown and white
adipocytes of lean mice, which mediate paracrine effects of adiponectin in adipose tissue
(46).

Like adiponectin itself, AdipoR1 and AdipoR2 gene expression has been found to
be regulated under different conditions both in vitro and in vivo. AdipoR2 synthesis is
significantly increased during the differentiation of 3T3-L1 preadipocytes, and its mRNA
expression can also be induced by growth hormone in 3T3-L1 adipocytes (47). On the
other hand, TNF-a downregulates AdipoR2, but not AdipoR1 mRNA levels in pig
stromal-vascular cell culture (48). In addition, a parallel circadian gene expression pattern
for both AdipoR1 and AdipoR2 was recently identified, with lower expression at night
and higher expression during the day in brown, epigonadal and subcutaneous adipose
tissue (46).

Another very important agent that is able to regulate adiponectin receptor gene

expression is insulin. It was reported that the expression of AdipoR1 and/or AdipoR2
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appears to be inversely regulated by insulin in some physiological and pathophysiological
conditions, such as fasting/refeeding, insulin deficiency and hyperinsulinemia, and may
also be correlated with adiponectin sensitivity. Recently Kadowaki et al. demonstrated
that the expression of AdipoR1/R2 in skeletal muscle and liver were significantly
increased in fasted mice with lower circulating insulin levels, and decreased in refed mice
with higher insulin levels. STZ-induced insulin deficiency increased and the insulin
replenishment reduced the expression of AdipoR1/R2 in vivo. Insulin might also decrease
AdipoR1/R2 gene expression via the PI3-kinase/Foxol 1 pathway in vitro (49). Moreover,
the expression of AdipoR1/R2 in insulin-resistant ob/ob mice were significantly
decreased in skeletal muscle and adipose tissue, which were correlated with decreased
adiponectin binding to membrane fractions of skeletal muscle as well as decreased
AMPK activation by adiponectin. These decreased adiponectin effects are termed
“adiponectin resistance” (49).

On the other hand, only AdipoR1 mRNA concentrations are increased in muscles
of STZ induced diabetic mice and decreased in type 2 diabetic db/db mice, while hepatic
AdipoR2 expression was not significantly changed in either STZ or genetically obese
mice (50). This is almost the same as the findings of several other groups, all of which
suggested that regulation of AdipoR1, but not that of AdipoR2 may be involved in

glucose and lipid metabolism in diabetic states (50-53).
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Physiological functions and mechanisms of adiponectin

Adiponectin predominantly has three physiological functions, the most important
of which is its insulin-sensitizing property. In addition, it has anti-inflammatory and
anti-atherogenic functions (54). Recently it has been confirmed that this protein may also
have anti-angiogenic and anti-tumor functions (55). These properties have made this
novel adipocytokine a promising therapeutic tool for the future.

The insulin-sensitizing function of adiponectin has been suggested by several
studies. In Pima Indians, Caucasians and Asians, hypoadiponectinemia was more closely
linked to hyperinsulinaemia and insulin resistance than to adiposity (56-58). Importantly,
low basal adiponectin concentrations in Pima Indians predicted the decreased insulin
sensitivity independent of adiposity (58). In addition, studies performed in Rhesus
monkeys clearly indicated that the drop in adiponectin levels preceded the development
of hyperinsulinaemia (59;60), which suggested that low adiponectin levels might be a
cause and not a consequence of hyperinsulinaemia.

There are four possible mechanisms involved in the insulin-sensitizing property of
adiponectin: 1) increased lipid oxidation; 2) direct improvement of insulin signaling at
the receptor/post-receptor level; 3) change of glucose metabolism in the liver; and 4)
inhibition of TNF-a signaling in adipose tissue (61). First, since both circulating fatty
acids and tissue triglycerides are involved in the pathogenesis of insulin resistance,

increased fatty acid catabolism mediated by adiponectin improves insulin sensitivity (62).
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Second, increased insulin-induced tyrosine phosphorylation of insulin receptor
substrate-1 (IRS-1) and of protein kinase B in skeletal muscle by adiponectin improves
insulin sensitivity (63). In addition, Combs et al. have observed that intravenous
adiponectin infusion had no effect on glucose uptake, glycolysis and glycogen synthesis,
but decreased hepatic glucose production by reducing the expression of enzymes
involved in gluconeogenesis (64). Furthermore, some data appear to indicate that
adiponectin can reduce both TNF-a secretion and signaling in macrophages/vascular
endothelial cells, this reduced activity of TNF-a could improve insulin sensitivity in
adipose tissue also (65).

Another important function of adiponectin is that it has anti-inflammatory
property. It might suppress the activation of transcription factor NF-xB in vascular
endothelium, which is involved in inflammation. Since this activation is mediated by
TNF-a and accompanied by accumulation of cAMP, and is blocked by adenyl cyclase
and protein kinase A inhibitors, adiponectin might modulate the endothelial cell
inflammatory response via cAMP-PKA and NF-kB pathways (66). These pathways may
also play a major role in the adhesion of adiponectin to the damaged vessel wall.

Since adiponectin can suppress the expression of adhesion molecules in vascular
endothelial cells and the production of cytokine from macrophages, it will inhibit the
inflammatory processes that occur during the early phases of atherosclerosis. Therefore, it

is possible that hypoadiponectinemia may cause the development of atherosclerotic
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vascular disease (54).

Molecular action of adiponectin in important organs

As mentioned, serum adiponectin level often changes in some disease states. For
instance, decreased circulating adiponectin level has been found in obesity, insulin
resistance, hyperinsulinemia and type 2 diabetes, and adiponectin concentrations can
increase concomitantly with weight loss. This negative correlation between adiponectin
and visceral adiposity is very unique. Studies have demonstrated that the synthesis and
secretion of adiponectin is mostly regulated in adipocytes. Under normal conditions,
small adipocytes secrete insulin-sensitizing hormones, such as adiponectin and leptin.
Adipocyte hypertrophy induced by high-fat diet decreases the production of adiponectin
and increases leptin, TNF-a and resistin secretion, among which the increased production
of TNF-a and resistin leads to insulin resistance in obesity. Because TNF-a expression is
positively correlated with adiposity and there is evidence indicating a mutual negative
regulation between TNF-a and adiponectin, TNF-a could be the adipokine responsible for
the suppression of adiponectin levels when fat tissue is increased (40).

Figure 4 (67) summarizes the action of adiponectin on some important peripheral
organs. Liver and skeletal muscles are the two most important target organs for
adiponectin. When full-length adiponectin binds to AdipoR2 receptor in the liver, it

decreases lipid synthesis and glucose production. The binding of globular adiponectin to
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AdipoR1 receptor in the muscles leads to decreased triglyceride production and increased
fatty acid oxidation, glucose uptake, as well as energy dissipation. These important
actions in target organs produce decreased glucose and free fatty acids concentrations in
the blood and increased insulin sensitivity (40). In the brain, adiponectin can activate
melanocortin pathway to decrease body weight and increase thermogenesis (68).
Moreover, adiponectin negatively regulates myelomonocytic progenitor cell growth and
TNF-a production in macrophages, as well as suppresses macrophage-to-foam cell
transformation. Also, it inhibits endothelial cell production of adhesion molecules in vitro,
suppressing the adhesion of monocytes (69). The above two actions in macrophages and
endothelial cells entitle this protein to the anti-atherosclerosis and anti-inflammation

properties.

Effects of adiponectin on liver and muscle insulin sensitivity

Ever since adiponectin was discovered in 1995, studies have been performed to
investigate the effects of adiponectin on hepatic glucose production. Scherer et al. found
that full-length mammalian-cell expressed adiponectin increased insulin sensitivity in the
liver, resulting in reduced hepatic glucose output and decreased serum glucose levels (70).
This glucose-lowering effect of adiponectin was not associated with an increase in insulin
levels. Importantly, they found that adiponectin increased the ability of sub-physiological

concentrations of insulin to suppress glucose production, which suggested that this
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protein might be a potent insulin enhancer connecting adipose tissue and whole-body
glucose metabolism. In addition, Rossetti ef al. did some in vivo studies on adiponectin.
They demonstrated that adiponectin significantly inhibited glucose production and
G-6-Pase flux, but the rate of glucose cycling was unchanged (64). Furthermore, infusion
with recombinant adiponectin did not significantly alter the rates of hepatic glucose
uptake, glycolysis and glycogen synthesis. As for the enzyme change by adiponectin,
Rossetti ef al. showed that this protein markedly decreased the levels of G-6-Pase and
PEPCK mRNA expression in liver (64). This may explain in part why the rate of
endogenous glucose production was inhibited by adiponectin. Besides PEPCK and
G-6-Pase, Kadowaki et al. verified that the glucose lowering effect of adiponectin also
required in part the activation of liver AMPK (71). Adiponectin activates AMPK in liver,
thereby directly regulating glucose metabolism and insulin sensitivity both in vitro and in
VIvo.

The following graph is a model for molecular action of adiponectin in liver
(Figure 5) (72). Only trimeric, hexameric and high molecular weight forms of
adiponectin can increase insulin sensitivity in the liver. The binding of adiponectin to the
adipoR2 receptor in hepatocytes activates AMPK and PPAR-a (peroxisome
proliferator-activated receptor a), resulting in decreased expression of enzymes involved
in gluconeogenesis such as PEPCK and G-6-Pase. The activation of AMPK can also lead

to phosphorylation and inhibition of acetyl CoA carboxylase (ACC), an enzyme
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responsible for triglycerides synthesis, therefore, triglycerides synthesis is decreased and
fatty acid oxidation is increased. On the other hand, full-length adiponectin may directly
increase the phosphorylation of insulin receptor substrate-1 (IRS-1) and activate the
phosphatidylinositol 3—kinase (PI-3 Kinase) pathway, thus increasing hepatic insulin
sensitivity.

Several other studies also investigated the effects of adiponectin on muscle insulin
sensitivity. Ruderman et a/. found increased muscle fat oxidation and glucose transport
by globular adiponectin. During this process, AMPK activity was also increased, and
ACC was phosphorylated and inhibited (73). In addition, Sweeney et al. showed that
globular adiponectin increased glucose uptake, GLUT4 myc translocation, and fatty acid
oxidation and lactate production as well, while decreased basal and insulin-stimulated
rates of glycogen synthesis in rat skeletal muscle cells (74). Also increased AMPK and
decreased ACC activity by globular adiponectin were observed in these cells (74).

Figure 6 summarizes the molecular action of adiponectin in the skeletal muscle
(72). Both full-length and globular adiponectin can bind to Adipo R1 receptor in muscle
cells, which is associated with increased AMPK phosphorylation and p38 MAPK
(mitogen-activated protein kinase) phosphorylation. The phosphorylation of AMPK
causes activation of PPAR-a and inhibition of ACC so that triglycerides synthesis is
decreased, fatty acid oxidation and lactate production are increased. On the other hand,

phosphorylation of p38 MAPK may cause increased GLUT4 translocation and glucose
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uptake in skeletal muscle by adiponectin.

From the above literature review, we summarize that adiponectin can reduce
hepatic glucose output and serum glucose levels by decreasing the expression of enzymes
involved in hepatic gluconeogenesis, such as PEPCK and G-6-Pase. This glucose
lowering effect may also require in part the activation of liver AMPK. In the liver,
adiponectin can increase AMPK and PPAR-a ligand activities, therefore increasing
hepatic insulin sensitivity. However, its effects on hepatic glycogen synthesis and energy
metabolism have not been examined and will be a focus of our study. Also the
mechanisms involved in this process have not yet been identified.

Structurally, adiponectin has been found to form characteristic multimers,
including monomers, dimers, trimers and hexamers. These multimers have been
demonstrated to activate different signal transduction pathways in different organs.
Whether they also have different metabolic effects on hepatic and muscle glucose

metabolism has not yet been determined and will also be a focus of our study.

33



MATERIALS

C57BL6J mice were obtained from Harlan (Indianapolis, IN). A human hepatoma
cell line (HepG2) and a rat ventricular cell line (H9¢2) were purchased from American
Type Culture Collection (Manassas, VA). Recombinant eukaryotically expressed mouse
adiponectin was purchased from both Apotech (San Diego, CA) and Biovendor (Candler,
NC). Recombinant bacterially generated mouse adiponectin was produced by Dr. Robert
J. Kemppainen. Hank’s Balanced Salt Solution and streptomycin-penicillin were
purchased from Mediatech Inc (Herndon, VA). Type I collagenase was purchased from
Worthington Biochemical Corporation (Lakewood, NJ). RPMI 1640 medium was
obtained from Fisher Scientific (Pittsburgh, PA). Insulin, fetal bovine serum (FBS),
gentamycin, dexamethasone, Trypan Blue, Trizol, and Dulbecco’s modified Eagle’s
medium (DMEM) were supplied by Invitrogen (Grand Island, NY). A glucose analysis
kit was purchased from Wako Chemicals (Richmond, VA). D-["*C] glucose was obtained
from New England Nuclear (Boston, MA). 2-[3H] deoxyglucose was purchased from
Perkin Elmer Life Sciences (Boston, MA). AdipoR2 antibody was purchased from Alpha
Diagnostic International (San Antonio, TX). A goat anti-rabbit antibody conjugated to

horseradish peroxidase was purchased from Cell Signaling (Beverley, MA). Anti-IRS-1
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antibody, antiphosphotyrosine antibody (4G10) and a mouse anti-rabbit antibody
conjugated to horseradish peroxidase were purchased from Upstate Biotechnology (Lake
Placid, NY). Chemiluminescence reagents were obtained from Amersham Biosciences

(England). All other reagents from commercial sources were of analytical grade.
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METHODS

Isolation of mouse hepatocytes

C57BL6J mice (20-25g) were obtained at about 7-8 weeks old. They had access
to food and water ad libitum and were maintained on a 12:12-h light/dark cycle. All
experimental protocols were approved by the Auburn University Institutional Animal
Care and Use Committee (AU-IACUC) prior to initiation.

Mouse hepatocytes were isolated by modified in situ perfusion as described by
Harman et al. (75). The mice were administered heparin (1000 U/kg, i.p.) 20 min before
anesthetization and then anesthetized with sodium pentobarbital (250 mg/kg, i.p.). A
longitudinal incision was made into the abdomen, and curved forceps were used to place
and tie a ligature loosely around the vena cava just prior to the renal veins. A 22 gauge x1
inch IV type catheter was inserted into the vena cava approximately 3-5 mm distal to the
ligature. The stylet was removed and the catheter was advanced in order that its tip was
anterior to the renal veins. The ligature was then gently tightened and knotted but not
constricted. The infusion tubing was connected to the catheter and the infusion pump was
started at low speed (approximately 3 ml/min). The portal vein was then severed and the

pump flow rate was immediately increased to about 6 ml/min. The diaphragm was cut
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through to expose the thoracic cavity and the anterior vena cava was clamped off between
the heart and the diaphragm with a small hemostat. The liver changed from dark
red-brown to a light tan color as the blood was flushed out. Then the liver was perfused in
a retrograde fashion for 3 min with a modified Hank’s buffer (pH =7.4, 37°C) containing
0.1mM EGTA. Perfusion was continued for a further 6 min with modified Hank’s buffer
containing 1mM CaCly and 0.2 mg/ml Type I collagenase. After perfusion, the liver was
excised and gently teased apart using a blunt spatula. The resulting cell suspension was
filtered through two layers of nylon mesh (250 and 100 pm) to remove undigested
material and placed in the 4°C refrigerator for 10 min, then washed three times with
Hepatocyte Wash Medium (Invitrogen, Grand Island, NY). Cells were resuspended in
RPMI 1640 medium with L-glutamine and 2000 mg/L D-glucose, 10% FBS, 50 pg/ml
gentamycin, 10nM dexamethasone and 1nM insulin. Trypan blue staining was performed
to count cell number and evaluate the viability of cells. Normally 5-8x100 cells were
obtained from one mouse and a viability of 80% - 90% was attained. Mouse hepatocytes
were then plated in 60-mm collagen I coated dishes and put in an incubator maintained at

37°C in a humidified 95% air, 5% CO». Cells typically adhered to the plate within 2-4

hours. Non-adherent cells were removed prior to cell culture.
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Cell culture

Mouse hepatocytes were cultured in RPMI 1640 medium with L-glutamine and
2000 mg/L D-glucose, 0.4% FBS and 50 pg/ml gentamycin, and maintained at 37°C in a
humidified 95% air, 5% CO» for one day prior to experiments. HepG2 cells were cultured
in DMEM containing 5.5 mM D-glucose, 10% FBS, 100 U/ml penicillin and100 pg/ml
streptomycin, and passaged every three days. For experiments, HepG2 cells were
cultured in either 24-well plate or 60-mm normal dishes, grown to 70% confluence, and
maintained in serum-free DMEM medium overnight. Cells were then treated with insulin
and adiponectin as described. H9¢c2 cells were also cultured in DMEM containing 5.5
mM D-glucose, 10% FBS, 100 U/ml penicillin and100 pg/ml streptomycin. Cells were
grown to about 90% confluence, culture medium was changed to complete DMEM
medium containing 1% FBS and maintained for 14 days. During this process, H9c2
myoblasts differentiated into myotubes. For experiments, H9¢2 myotubes were serum
starved overnight in DMEM with 0.5% FBS, then treated with insulin and adiponectin as
indicated. All of the above three types of cells were grown in an incubator maintained at
37°C in a humidified 95% air, 5% CO»>.

The following pictures are morphologies of primary mouse hepatocytes, HepG2

cells and H9¢c2 myotubes.
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Figure 8: HepG2 Cells.

Figure 9: H9¢2 Myotubes.
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Production of bacterially expressed recombinant mouse adiponectin

Mouse adiponectin was cloned using reverse transcription-polymerase chain
reaction (RT-PCR). Briefly, RNA was extracted from mouse epididymal fat using
guanidine isothiocyanate/phenol (Trizol, Invitrogen, Grand Island, NY). Approximatey 1
ug of total RNA was used in the RT reaction. For PCR cloning, the mouse adiponectin
GenBank sequence accession number (U37222) was used for primer design. Primers
were designed to include amino acids 18 through 247 of the adiponectin gene and
therefore did not include the signal sequence. The 693 base pair coding region was
generated by PCR using primers with BamH1 and Sall restriction sites to facilitate
cloning into plasmid pQE-80L (Qiagen, Valencia, CA). The resulting plasmid was
sequenced to verify that the adioponectin sequence was correct and in frame with the
6-histidine tag encoded by pQE-80L. This plasmid was transformed into BL21-DE3
bacteria for recombinant protein production. Following overnight growth in Luria Broth
(LB) containing chloramphenicol and ampicillin, the bacteria were diluted 1:50 into fresh
LB and allowed to grow for an additional 3 hours. At that time, IPTG was added to a final
concentration of 1 mM. Three hours later, bacteria were collected by centrifugation and
their cytosolic contents extracted using B-PER reagent (Pierce Biochemical, Rockford, IL)
with benzonase (Novagen, San Diego, CA). The 6-histidine-adiponectin was purified
using a column of nickel-agarose with elution with increasing concentrations of imidizole.

The fractions containing eluted adiponectin were pooled and dialyzed overnight in 10
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mM Tris HCL, pH=7.5. The protein was mixed with glycerol (10% final vol:vol) and

stored frozen in aliquots.

Measurement of glucose production

Primary mouse hepatocytes were cultured in 60-mm dishes pre-coated with type I
collagen. Cells were incubated in complete RPMI 1640 medium with/without 33 pM
insulin and/or 2 pg/ml of adiponectin for 24 hours. Media was removed and glucose
production was measured by incubating these cells in glucose-free RPMI 1640 medium
in the presence or absence of 5 mM of pyruvate for another 6 hours. The medium in each
dish was then collected and a glucose analysis kit (Wako Chemicals, Richmond, VA) was

utilized to analyze the glucose concentration in each group.

Isolation of HepG?2 cell membranes

HepG?2 cells were cultured in 60-mm dishes. Cells were rinsed with 3.0 ml of
warm PBS (Mediatech Inc, Herndon, VA). After the PBS was aspirated, ice-cold Buffer A
(250 mM sucrose, 20 mM HEPES, 1 mM EDTA and one tablet Complete EDTA-free
protease inhibitor, pH = 7.4) was added. Cells were then scraped and transferred to a 12
ml centrifuge tube. Cell suspensions were homogenized in a glass Dounce homogenizer
and supernatant was centrifuged at 30,000 g (16,000 rpm JA20 rotor) for 22 min at 4°C to

yield a pellet of total cellular membranes. The cytosolic supernatant was then removed
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and cell membranes were resuspended in Buffer B (20 mM HEPES, 1 mM EDTA and

one tablet Complete EDTA-free protease inhibitor, pH = 7.4) for further protein assay.

Measurement of protein concentration of the HepG2 cell membrane suspensions

Bio-Rad Non-DC protein assay method (Bio-Rad, Hercules, CA) was utilized to
measure protein concentration of the HepG2 cell membrane suspensions. 0.5 mg/ml, 0.4
mg/ml, 0.2 mg/ml, 0.1 mg/ml and 0.05 mg/ml of BSA (Bovine Serum Albumin) solution
were prepared from the BSA stock solution (1.44 mg/ml) as standard solutions. Dye
reagent was prepared by 1:4 dilution of the original concentrate. The HepG2 cell
membrane samples were also diluted if necessary. 10 pl of each standard and diluted
sample solution and 200 pl of the dye reagent were added into each well of a microtiter
plate. After incubated at room temperature for 5 min, all of the samples and dye reagents
were mixed thoroughly using a microplate mixer and the light absorbance of each sample
was measured at 595 nm wavelength. Protein concentration of each cell membrane

sample was calculated based on the generated standard curve.

Analysis of AdipoR2 expression by Western Blotting

Total cell membranes were prepared from HepG2 cells analyzed by western
blotting for the presence of AdipoR2. In addition, cells were treated with/without insulin

(1, 10, 100 nM) for 24 hours and the isolated cell membranes were analyzed by western
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blotting. The processes of western blotting were as follows: 40 pg of cell membrane
sample protein was separated by 10% SDS-polyacrylamide gel electrophoreses
(SDS-PAGE) and electrophoretically transferred to nitrocellulose membranes in a transfer
buffer containing 20 mM Tris-HCl, 154 mM glycine and 20% methanol. The membranes
were blocked with 7% nonfat dry milk in Tris-buffered saline with 0.1% Tween 20
(TBS-T bufter, pH=7.6) and incubated overnight with a primary AdipoR2 antibody
(1:500 dilution), followed by incubation with a goat anti-rabbit secondary antibody
(1:1000 dilution) for one hour. Blots were developed by ECL chemiluminescence
reagents. Immunoreactive bands were then visualized and the optical pixel density of the

bands was determined using the Bio-Rad Quantity One Flour-S Multi-Imager System.

Isolation of total RNA from both HepG2 cells and H9¢2 myotubes

HepG2 cells and H9¢2 myotubes were cultured in 60-mm dishes. Cells were
washed with cold PBS and 1.0 ml of Trizol was added into each dish. After the Trizol was
transferred to sterile Eppendorf tubes, chloroform:isoamyl alcohol (Fluka Biochemika,
Switzerland) was added and mixed by inversion. The mixture of solution was centrifuged
cold at 12000 g for 15 min, top aqueous layer was removed to another clean Eppendorf
tube and ice-cold 100% isopropyl alcohol was added. This mixture was again centrifuged
cold at 12000 g for 10 min. Supernatant was poured off and discarded, the remaining

pellet was visualized and ice-cold 75% ethanol was added to wash it. The resuspended
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pellet was then centrifuged cold at 7500 g for 5 min and the acquired RNA was dissolved

in RNase free water for concentration determination.

Analysis of AdipoR1/R2 expression by Real-Time PCR

Total RNA (1 pg) from either HepG2 cells or H9¢2 myotubes was reverse
transcribed into cDNA using iScript cDNA synthesis kit (Bio-Rad, Hercules, CA).
Real-Time polymerase chain reaction (PCR) analyses were performed in the iCycler 1Q
Real-Time PCR detection system (Bio-Rad, Hercules, CA). The 30 pl amplification
mixture contained 2 pl of cDNA, 200 nM of AdipoR1/R2 primer and 1X iCycler
SYBRGREEN SuperMix (Bio-Rad, Hercules, CA). PCR primers (Invitrogen, Grand
Island, NY) utilized to detect rat AdipoR1 in H9¢2 myotubes and human AdipoR2 in
HepG2 cells were as follows: rat AdipoR1 (forward: 5’-CTTCTACTGCTCCCCACAGC
-3’ and reverse: 5’-TCCCAGGAACACTCCTGCTC-3’) and human AdipoR2 (forward:
5’-ATAGTCTCCCAGTGGGACATG-3’ and reverse: 5~ AGGATCCGGGCAGCATACA
-3’). The PCR cycling condition for rat AdipoR1 primer was carried out with an initial
denaturing at 95°C for 3 min, followed by 40 cycles consisting of denaturing at 95°C for
30 sec, annealing at 60.7°C for 1 min, and extending at 72°C for 30 sec. For human
AdipoR2 primer the annealing temperature was 58°C. After PCR, a Ct value was
obtained using the software provided by the manufacturer. Identification the presence of

AdipoR1/R2 receptors was accomplished by obtaining one peak on each melting curve
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graph.

Measurement of glycogen synthesis

HepG2 cells were cultured in 24-well plates and serum starved overnight before
experiments. Cells were treated with different concentrations of insulin and/or
adiponectin and 0.5 uCi D-['*C] glucose for 3 hours at 37°C. After the media was
removed, 1.0 M KOH containing 1mg glycogen was added and the incubation was
continued for another 1 h and 40 min at 60°C. Ice-cold ethanol was subsequently added
to precipitate the glycogen. The precipitated glycogen was then separated by
centrifugation at 3,600 g for 10 min and washed twice with ice-cold ethanol. Final
precipitable radioactivity is solubilized in 0.2 N HCI and counted in a liquid scintillation

counter.

Measurement of IRS-1 phosphorylation

HepG2 cells were cultured in 60-mm dishes and serum starved overnight before
treated with insulin (10 nM), bacterially generated adiponectin (20 pg/ml), mammalian-
cell expressed adiponectin (1 pg/ml) and the combination of insulin and adiponectin for
30 minutes. Then cells were lysed with RIPA buffer (1% NP40, 1% sodium deoxycholate,
0.1% SDS, 0.9% NaCl, 25 mM Tris, ImM EDTA, pH=6.8) containing phosphatase and

protease inhibitors.
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Protein concentrations of these cell lysates were determined using Bio-Rad DC
protein assay method as follows: 1.5 mg/ml, 0.8 mg/ml, 0.4 mg/ml, 0.2 mg/ml and 0.1
mg/ml of BSA were prepared from stock solution (15 mg/ml) as standard solutions.
Reagent A1 was prepared by mixing reagent S and A (Bio-Rad, Hercules, CA). 5 pl of
each standard and cell lysate sample, 25 pul of reagent A1 and 200 pl of reagent B were
added into each well of a microtiter plate and incubated at room temperature for 15 min.
All the samples and reagents were mixed thoroughly using a microplate mixer and the
light absorbance of each sample was measured at 750 nm wavelength. Protein
concentration of each cell lysate sample was also calculated based on the generated
standard curve.

Anti-IRS-1 antibody was utilized to immunoprecipitate IRS-1 molecule from
those cell lysates. Cell lysates were first diluted to a concentration of 1 pg/pl and
transferred to microcentrifuge tubes. Anti-IRS-1 antibody was added into these tubes and
the reaction mixture was gently rocked at 4°C overnight. The immunocomplex was
captured by adding washed Protein A agarose bead slurry into the tubes and gently
rocking the reaction mixture at 4°C for 2 h. The agarose beads were collected by brief (60
sec) centrifugation (1000 rpm), resuspended in 2X Laemmli buffer and boiled for 5 min.
Supernatant fraction of the immunoprecipitation products were then subjected to western
blotting analysis: 20 pl of the supernatants was separated by 7% SDS-PAGE and

electrophoretically transferred to nitrocellulose membranes. The membranes were then
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blocked with 3% nonfat dry milk and incubated overnight with a primary
antiphosphotyrosine antibody (4G10) (1:500 dilution), followed by incubation with a
mouse anti-rabbit secondary antibody (1:500 dilution) for one and a half hours. Resultant
bands were visualized by the BioRad Quantity One Flour-S Multi-Imager System to

determine the amount of phosphorylated IRS-1 in each sample.

Measurement of glucose uptake

HO9c¢2 myotubes were grown in a 24-well plate and serum starved overnight before
experiments. The myotubes were washed twice with 500 pl warm modified PBS (137
mM NaCl, 2.7 mM KCl, 15.2 mM NapHPOy4, 1.5 mM KH7POy4, 0.1 mM CaCl,, 0.1 mM
MgCly and 10 mM HEPES, pH= 7.4), then treated with/without insulin (10 nM),
bacterially generated adiponectin (20 pg/ml and 30 pg/ml) and mammalian-cell generated
adiponectin (1 pg/ml and 5 pg/ml) in 200 pl warm PBS for 20 min. After treatment,
uptake of 10 uM 2-[3H] deoxyglucose was measured over 10min. Reactions were
terminated by the removal of the incubation media and rapid washing with ice-cold 20
uM phloretin. The myotubes were then dissolved in 500 pl of 0.1 N KOH, and aliquots

were counted by liquid scintillation counting.
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Statistical analysis

Results were expressed as means + the standard error of the mean (SEM).
Unpaired Student’s ¢ tests were performed to analyze the differences between various

treatment groups. p<0.05 was considered significant for all analysis.

48



RESULTS

Effect of adiponectin on pyruvate-stimulated gluconeogenesis

Scherer et al. previously demonstrated that adiponectin enhanced hepatic insulin
action by enhancing the suppression of hepatic glucose production (70). To evaluate if the
eukaryotically expressed adiponectin has biological activity and works in our
experimental system, we examined its effect on hepatic gluconeogenesis. Under basal
conditions, the subphysiological concentration of insulin did not affect hepatic glucose
production. Adiponectin did not have any effect on basal gluconeogenesis either.
Pyruvate stimulated hepatic glucose production by about 20% compared to control. The
subphysiological concentration of insulin did not have any effect on this
pyruvate-stimulated gluconeogenesis. Importantly, the presence of adiponectin led to a
20% decrease in the pyruvate-stimulated gluconeogenesis, which almost completely

reverted the increased glucose production to control levels (Figure 10).
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Figure 10: Eukaryotically expressed adiponectin inhibits pyruvate-stimulated
gluconeogenesis in primary mouse hepatocytes. Primary mouse hepatocytes were
incubated in complete RPMI 1640 medium with/without 33 pM insulin and/or 2
pg/ml of adiponectin for 24 h, glucose production was then measured by incubating
these cells in glucose-free RPMI 1640 medium in the presence or absence of 5 mM
pyruvate for another 6 h. The medium in each dish was collected and a glucose
analysis kit was utilized to analyze the glucose concentration. Hepatic glucose
production was calculated by measuring the amount of glucose produced in 6 hours
per ng of hepatocyte lysate protein. Data are the means = S.E.M., *p<0.05 vs control
under basal conditions; **p<0.05 vs pyruvate-stimulated control. Abbreviation: Con:
Control; Ins: Insulin; Pyr: Pyruvate; Ad: Adiponectin.
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The presence of AdipoR2 receptor in HepG2 cells

Our initial studies in primary mouse hepatocytes demonstrated an effect of
adiponectin on hepatic glucose metabolism. In order to further characterize this important
metabolic observation, we chose a hepatic cell culture model frequently used to study
insulin signaling and glucose responsiveness. To determine the effect of adiponectin on
hepatic glycogen synthesis as well as its signal transduction pathway in the liver, we used
a human hepatoma cell line (HepG2) as an experimental model. Since adiponectin has
two receptors, AdipoR1 and AdipoR2, with AdipoR2 predominantly expressed in liver
(41), western blotting analysis was first performed to determine if HepG2 cells express
the AdipoR2 receptor. Utilizing western blotting analysis, we determined that HepG2
cells have AdipoR2 receptor (Figure 11). This was later confirmed by another group
using several hepatoma cell line models (76).

We also utilized Real-Time polymerase chain reaction (PCR) analysis to detect
AdipoR2 gene expression in HepG2 cells. A relative Ct value of 18.68 was quantified for
AdipoR2 gene expression in this cell line (Figure 12A). In the melt curve graph, only one
peak was identified at around 87°C, which was the melting temperature of AdipoR2

(Figure 12B).
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Figure 11: AdipoR2 receptor is present in HepG2 cells. Western blotting analysis:
AdipoR2 antibody was used to confirm the presence of AdipoR2 (~35.4 kDa) in total
membranes prepared from HepG2 cells. Lanel: standard marker; Lane 2 and 3: cell
membrane samples.
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Figure 12A: AdipoR2 mRNA is expressed in HepG2 cells. Real-Time PCR base line
quantification graph: a relative Ct value of 18.68 was quantified for AdipoR2 gene
expression HepG2 cells.
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Figure 12B: AdipoR2 mRNA is expressed in HepG2 cells. Real-Time PCR melt curve
graph: only one peak was identified at around 87°C, which was the melting temperature
of AdipoR2.
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Effect of insulin on AdipoR2 protein level in HepG2 cells

HepG2 cells are known to express high-affinity insulin receptors and insulin-like
growth factor I and II (IGF-I and IGF-II) receptors. In our experiments, we determined
the effect of different concentrations of insulin (1 nM, 10 nM and 100 nM) on AdipoR2
protein expression by western blotting analysis. Our results demonstrated that insulin
significantly inhibited AdipoR2 protein expression in HepG2 cells in a concentration-
dependent manner. For 10 nM and 100 nM of insulin, the inhibition rate was 54.96% and

30.82%, respectively. No significance was observed with 1 nM insulin (Figure 13).

54



Con Ins (1 nM) Ins (10 nM)  Ins (100 nM)

120

100 |

80 r

40 +

AdipoR2 Expression (% Control)
()}
()

20

Con Ins (1 nM) Ins (10 nM) Ins (100 nM)

Figure 13: AdipoR2 protein expression is inhibited by insulin. HepG2 cells were treated
with 1 nM, 10 nM and 100 nM insulin for 24 hours after serum-starved overnight. Cell
membrane lysates were subjected to the same western blotting analysis as in Fig 11. Data
are the means + S.E.M for three independent experiments and are shown as % of control;
*p<0.05 vs control. A representative blot is shown in the upper portion of the graph. Lane
1 and 2: control group; Lane 3 and 4: Insulin (1nM) group; Lane 5 and 6: Insulin (10 nM)
group; Lane 7 and 8: Insulin (100 nM) group.
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Effect of insulin on basal glycogen synthesis in HepG2 cells

Due to their insulin responsiveness, HepG2 cells are an excellent model system to
study glycogen synthesis and insulin signaling, which can be verified by using this model
to investigate the effect of insulin on hepatic basal glycogen synthesis. In this experiment,
we treated HepG2 cells with 35 pM, 0.1 nM, 1 nM, 10 nM and 100 nM of insulin for 3
hours and glycogen synthesis during this period was evaluated. We demonstrated that
insulin stimulates glycogen synthesis in a concentration dependent manner in HepG2
cells. 0.1 nM, 1 nM, 10 nM and 100 nM of insulin can stimulate glycogen synthesis by

21%, 32%, 48% and 58% respectively compared with the control group (Figure 14).
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Figure 14: Insulin stimulates glycogen synthesis in HepG2 cells. HepG2 cells were
serum starved overnight and then treated with different concentrations of insulin (35
pM, 0.1 nM, 1 nM, 10 nM and 100 nM) and 0.5 uCi D-["*C] glucose for 3 hours at
37°C. Glycogen synthesis was then evaluated by counting the radioactivity
incorporated into glycogen in a liquid scintillation counter. Data are the means +
S.E.M. and values are converted to percentages of control value (100%). *p<0.05 vs
control. Abbreviation: Con: Control; Ins: Insulin.
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Effect of adiponectin on basal and insulin-stimulated glycogen synthesis in HepG2 cells

Full-length adiponectin has been reported to decrease hepatic glucose production
by inhibiting hepatic G-6-Pase and PEPCK mRNA expression (64). However, the effects
of adiponectin on hepatic glycogen synthesis have not been determined. In our studies,
we first examined the effects of both bacterially generated and eukaryotically expressed
adiponectin on basal hepatic glycogen synthesis. HepG2 cells were serum starved
overnight and treated with different concentrations of bacterially generated adiponectin
(20 pg/ml and 30 pg/ml) or eukaryotically expressed adiponectin (1 pg/ml and 5 pg/ml)
together with 0.5 uCi D-['*C] glucose for 3 hours at 37°C. Here we utilized physiological
concentrations of eukaryotically expressed adiponectin. Since bacterially generated
adiponectin may contain fewer biological active forms than eukaryotically expressed one,
we utilized higher concentrations of bacterially generated adiponectin. Glycogen
synthesis was calculated in an identical fashion as in the insulin-stimulation experiment.
Bacterially generated adiponectin did not have any effects on hepatic basal glycogen
synthesis in HepG2 cells, while eukaryotically expressed adiponectin significantly
inhibited hepatic glycogen synthesis (Figure 15). For 1 pg/ml eukaryotically expressed
adiponectin, the inhibition rate was about 37% compared with control; 5 pg/ml of
eukaryotically expressed adiponectin inhibited hepatic glycogen synthesis about 28%
compared with control. Our result demonstrated that only eukaryotically expressed but

not bacterially expressed adiponectin can affect basal glycogen synthesis in liver.
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Figure 15: Eukaryotically expressed adiponectin inhibits basal glycogen synthesis
in HepG2 cells. HepG2 cells were serum starved overnight and treated with
different concentrations of bacterially generated adiponectin (20 pg/ml and 30
ng/ml) or eukaryotically expressed adiponectin (1 pg/ml and 5 pg/ml) together
with 0.5 uCi D-["*C] glucose for 3 hours at 37°C. Glycogen synthesis was
calculated in the same way as in Fig 14. Both 1 pg/ml and 5 pg/ml of
eukaryotically expressed adiponectin significantly inhibited basal glycogen
synthesis, however, neither concentrations of bacterially generated adiponectin
have any apparent effect on hepatic glycogen synthesis. Data are the means +
S.E.M. and values are converted to percentages of control value (100%). *p<0.05
vs control group. Abbreviation: Con: Control; bAd: Bacterially generated
adiponectin; Ad: Eukaryotically expressed adiponectin.
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After demonstrating that eukaryotically expressed adiponectin inhibits basal
glycogen synthesis in HepG2 cells, we further examined if this protein has any effect on
insulin-stimulated hepatic glycogen synthesis. HepG2 cells were treated with or without 1
nM insulin or 1 nM insulin plus eukaryotically expressed adiponectin (1 pg/ml and 5
ng/ml) together with 0.5 pCi D-['*C] glucose for 3 hours and glycogen synthesis was
evaluated during this process. Figure 16 showed that 1 nM insulin significantly
stimulated glycogen synthesis compared with control group. 5 pg/ml of eukaryotically
expressed adiponectin inhibited this insulin-stimulated glycogen synthesis for about
44.7%. This demonstrated that eukaryotically expressed adiponectin also inhibits

insulin-stimulated hepatic glycogen synthesis.
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Figure 16: Eukaryotically expressed adiponectin inhibits insulin-stimulated
glycogen synthesis in HepG2 cells. HepG2 cells were serum starved overnight
and treated with or without 1 nM insulin, 1 nM insulin plus eukaryotically
expressed adiponectin (1 pg/ml and 5 pg/ml) together with 0.5 pCi D-[*C]
glucose for 3 hours and glycogen synthesis was evaluated during this process.
5 pg/ml of eukaryotically expressed adiponectin was found to inhibit
insulin-stimulated glycogen synthesis significantly. Data are the means +
S.E.M. and values are converted to percentages of control value (100%).
*p<0.05 vs control group. **p<0.05 vs insulin-stimulated control group.
Abbreviation: Con: Control; Ins: Insulin; Ad: Eukaryotically expressed
adiponectin.
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Effects of insulin and adiponectin on IRS-1 phosphorylation in HepG?2 cells

Since eukaryotically expressed adiponectin can inhibit basal and
insulin-stimulated glycogen synthesis in liver, we next determined the mechanism
involved in this process. Adiponectin may work through the insulin signaling pathway to
activate the IRS-1 and PI-3 Kinase, therefore increasing hepatic insulin sensitivity (72).
In our experiments, we examined if adiponectin can phosphorylate IRS-1 by using both
immunoprecipitation and western blotting analysis. Our data demonstrates that IRS-1 is
not phosphorylated by either bacterially generated or eukaryotically expressed
adiponectin in HepG2 cells (Figure 17). However, as a positive control, phosphorylation
of IRS-1 is observed in the presence of insulin (10 nM). Therefore, adiponectin does not
signal through the traditional insulin signaling pathway to inhibit hepatic glycogen

synthesis.
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Figure 17: IRS-1 is not phosphorylated by adiponectin in HepG2 cells. HepG2 cells were
serum starved overnight before treating them with insulin (10 nM), bacterially generated
adiponectin (20 pg/ml), eukaryotically expressed adiponectin (1 pg/ml) and the
combination of insulin and adiponectin for 30 min. Then cells were lysed and IRS-1
antibody was utilized to immunoprecipitate IRS-1 molecule. The immunoprecipitation
products were subjected to western blotting analysis using antiphosphotyrosine antibody
(4G10) as the primary antibody to determine the level of phosphorylated IRS-1 in each
group. 10 nM of insulin phosphorylates IRS-1 in HepG2 cells while neither bacterially
generated adiponectin nor eukaryotically expressed protein phosphorylates IRS-1 directly.
Lanel and 2: Control; Lane 3 and 4: Bacterially generated adiponectin; Lane 5 and 6:
Insulin; Lane 7 and 8: Eukaryotically expressed adiponectin; Lane 9 and 10: Insulin plus
eukaryotically expressed adiponectin treated group.
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The presence of AdipoR1 receptor in H9¢2 myotubes

We have demonstrated that eukaryotically expressed adiponectin inhibits basal
and insulin-stimulated glycogen synthesis in HepG2 cells. We next want to examine the
effects of adiponectin on muscle basal glucose uptake. A rat ventricular cell line H9¢c2
with many properties of skeletal muscle was utilized in this study. We first determined if
H9c¢2 myotubes express AdipoR1 receptor.

Here we only utilized Real-Time PCR analysis to detect AdipoR1 gene expression
in H9¢2 myotubes. A relative Ct value of 21.63 was quantified for AdipoR1 gene
expression (Figure 18A) and only one peak was identified at around 87.5°C in the melt

curve, which was the melting temperature of AdipoR1 (Figure 18B).
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Figure 18A: AdipoR1 mRNA is expressed in H9c2 myotubes. Real-Time PCR base line
quantification graph: a relative Ct value of 21.63 was quantified for AdipoR1 gene
expression H9¢2 myotubes.
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Figure 18B: AdipoR1 mRNA is expressed in H9¢c2 myotubes. Real-time PCR melt curve
graph: only one peak was identified at around 87.5°C, which was the melting temperature
of AdipoR1.
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Effect of adiponectin on basal glucose uptake in H9¢2 cells

Globular adiponectin has recently been shown to increase glucose uptake in
skeletal muscle cells via GLUT4 translocation (74). After we proved that AdipoR1
receptor is present in H9¢2 cells by Real-Time PCR, we further examined the effects of
adiponectin on basal glucose uptake in this cell line. Cells were treated with or without 10
nM of insulin, different concentrations of bacterially generated (20 pg/ml and 30pg/ml)
and eukaryotically expressed (1pg/ml and Spg/ml)adiponectin for about 20 min, then
uptake of 2-[3H] deoxyglucose was measured over 10min and radioactivity in myotube
lysates was counted by liquid scintillation counting. Our experimental result (Figure 19)
showed that 10 nM of insulin, 20 pg/ml and 30 pg/ml of bacterially expressed
adiponectin stimulate basal glucose uptake for about 2.5 fold, 105% and 92%
respectively compared with control group, while eukaryotically expressed adiponectin
does not have any apparent effect on basal glucose uptake in H9¢2 cells. This
demonstrated that only bacterially generated adiponectin but not eukaryotically expressed

protein can stimulate basal glucose uptake in H9¢2 cells.
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Figure 19: Bacterially expressed adiponectin stimulates basal glucose uptake in H9¢2
cells. H9¢2 myotubes were grown in a 24-well plate and serum starved overnight before
experiments. The myotubes were washed twice with 500 ul warm modified PBS and then
treated with/without insulin (10 nm), bacterially generated adiponectin (20 pg/ml and 30
pg/ml) and eukaryotically expressed adiponectin (1 pg/ml and 5 pg/ml) in 200 pul warm

PBS for 20 min. After treatment, uptake of 10 uM 2-[3H] deoxyglucose was measured

over 10 min. Reactions were then terminated, myotubes were lysed and aliquots were
counted by liquid scintillation counting. Like insulin, both concentrations of bacterially
expressed adiponectin significantly stimulated basal glucose uptake in H9¢2 cells, while
eukaryotically expressed adiponectin did not have any apparent effect on basal glucose
uptake in H9c2 cells. Data are the means + S.E.M. and values are converted to
percentages of control value (100%). *p<0.05 vs control group. Abbreviation: Con:
Control; Ins: Insulin; bAd: Bacterially generated adiponectin; Ad: Eukaryotically
expressed adiponectin.
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Western blotting image of eukaryotically expressed adiponectin and bacterially expressed

adiponectin

Our studies have demonstrated that eukaryotically expressed adiponectin can
affect hepatic glycogen synthesis while bacterially expressed adiponectin does not have
this effect. Also, bacterially expressed adiponectin affects muscle glucose uptake, but
eukaryotically expressed adiponectin does not. We next determined if there is any
difference between the multimer formations of these two sources of adiponectin. The
same amount of HEK293 cell-generated and bacterially expressed mouse adiponectin
was subjected to western blotting analysis using mouse adiponectin antibody as primary
antibody. Samples were analyzed under normal, heating, reducing conditions as well as
the combination of heating and reducing conditions. The image (Figure 20) shows
monomer and dimer formations of the protein. Under normal conditions (Lane 1 and 3),
both sources of protein contain very similar amount of monomer and dimer. Heating and
reducing (Lane 2 and 6) make all the multimers larger than a monomer convert into
monomers, the amount of which is higher in denatured eukaryotically expressed
adiponectin than in denatured bacterially expressed adiponectin. This suggests that the
amount of higher molecular weight form of adiponectin may be higher in eukaryotically

expressed adiponectin than in bacterially expressed adiponectin.
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Figure 20: Western blotting image of eukaryotically expressed and bacterially expressed
adiponectin. HEK293 cell-generated and bacterially expressed mouse adiponectin were
subjected to 10% SDS-PAGE with or without 100°C heat denaturation for 5 min, and
with or without reduction by 5% 2-mercaptoethanol. Adiponectin was detected by
anti-mouse adiponectin antibody. Lane 1 and 3 show the monomer and dimer formations
of both sources of adiponectin under normal conditions (High molecular weight forms
can not be shown here). Both were converted to monomers when heat-denatured and
reduced (Lane 2 and 6). Bacterially expressed adiponectin was converted to monomers
and dimers under heating conditions (Lane 4), to monomers when reduced (Lane 5) [This
figure was obtained from Qiao Zhong with permission].
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DISCUSSION

Adiponectin is a 30 kDa protein secreted exclusively by adipose tissue under
normal conditions. It is a metabolic hormone whose serum level is decreased in obesity
and type 2 diabetes mellitus. Two adiponectin receptors that regulate its anti-diabetic
effect have recently been cloned in mice, AdipoR1 and AdipoR2. AdipoR1 is
ubiquitously and most abundantly expressed in muscle, whereas AdipoR2 is most
abundantly expressed in liver. These two receptors are capable of mediating increased
AMPK and PPARa ligand activities, as well as fatty-acid oxidation and glucose uptake
by adiponectin.

In the present study, we utilized two approaches to demonstrate that HepG2 cells
express both AdipoR2 protein and mRNA. We subsequently investigated the effects of
two sources of adiponectin on hepatic glycogen sysnthesis as well as the mechanisms
involved in this process. We also demonstrated that H9c2 cells express AdipoR1 mRNA,
which enabled us to study and compare the effects of those two sources of adiponectin on
muscle glucose uptake. In addition, we did some preliminary studies on the regulation of
AdipoR2 expression, which suggested that HepG2 cells might be a good model to study

adiponectin receptors in the future.
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Our study demonstrated for the first time that eukaryotically, but not bacterially
expressed adiponectin inhibits hepatic basal glycogen synthesis, which suggested that
these two sources of adiponectin contain different multimers. SDS-PAGE image of these
proteins under reducing and heating conditions demonstrated that eukaryotically
expressed adiponectin might contain more higher molecular weight forms than bacterially
produced adiponectin, which is very similar to some previous findings. Because bacteria
are unable to process the hydroxyl-prolinated collagenous domain and allow for proper
folding and orientation of the disulfide bond within this domain, the bacterially produced
adiponectin is secreted as lower order forms (77). Scherer ef al. suggested that
adiponectin’s effect on hepatic insulin sensitivity is highly dependent on the presence of
higher order structures, such as hexamers and HMW forms (29). Importantly, some
previous studies showed that the hepatic effects of adiponectin require hydroxylation and
glycosylation of residues within the collagenous domain of adiponectin (28), which may
also explain why the bacterially produced adiponectin lacking post-translational
modifications in the collagenous domain does not affect hepatic glucose metabolism.

We have demonstrated that eukaryotically expressed adiponectin inhibits
pyruvate-stimulated gluconeogenesis in primary mouse hepatocytes, which is similar to
Scherer et al (70). Adiponectin can enhance the inhibition effect of insulin on hepatic
gluconeogenesis, which shows the insulin-sensitizing property of this protein. In our

study, we proved that eukaryotically expressed adiponectin also inhibits
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insulin-stimulated glycogen synthesis in liver, which suggested that adiponectin might
play a major role in inhibiting hepatic glycogen synthesis, therefore providing more
glucose for glycolysis and ATP generation in liver.

We further investigated the mechanisms involved in the effects of adiponectin on
hepatic glycogen synthesis. This may also help to investigate the whole hepatic signal
transduction pathway of adiponectin in the future. There are two pathways through which
eukaryotically expressed adiponectin may work to inhibit hepatic glycogen synthesis:
First it may work through the insulin-signaling pathway; also it may stimulate AMPK
activity, phosphorylate and inactivate glycogen synthase, thus inhibiting glycogen
synthesis. Our experimental result showed that insulin phosphorylates IRS-1 in HepG2
cells, while neither bacterially generated nor eukaryotically expressed protein
phosphorylates IRS-1 directly. So adiponectin does not work through insulin signal
pathway to inhibit basal glycogen synthesis. We then examined if eukaryotically
expressed adiponectin can increase AMPK phosphorylation. Our western blotting data
(not shown) appear to show that this protein did not increase the phosphorylation of
AMPK in HepG2 cells either. Because we did not see the phosphorylation of AMPK by
AICAR (5'-phosphoribosyl-5-aminoimidazole-4-carboxamide), an AMPK activator, in
HepG2 cells, we could not exclude the possibility that our experimental conditions or
process masked the stimulation effect. Since adiponectin has anti-tumor function, it might

suppress the growth and energy metabolism of HepG2 cells, and the effects of
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adiponectin on phosphorylation of AMPK might be concealed.

Scherer et al. found that the effects of adiponectin on muscle only occur with the
bacterially produced full-length or the globular domain of adiponectin (29). In our studies,
we demonstrated that bacterially but not eukaryotically expressed adiponectin stimulates
basal glucose uptake in the muscle, which is very similar to their finding. Also Sweeney
et al. found that globular adiponectin increases GLUT4 translocation and glucose uptake
but reduces glycogen synthesis in rat skeletal muscle cells (74), which suggested a similar
effect of globular adiponectin in muscle. Whether this effect is purely pharmacological or
a reflection of a physiological aspect of adiponectin function has not been decided yet, as
forming a multimer of higher molecular weight is very important for its bioactivity in
liver but not in muscle. We have identified that AdipoR1 mRNA is present in H9¢2 cells
by realtime PCR. AdipoR1 is reported to be expressed predominantly in skeletal muscle
and exhibits a higher affinity for globular adiponectin (41). Since bacterially expressed
adiponectin is secreted as lower order forms, it might contain globular adiponectin as
well. Differences in binding affinity of bacterially and eukaryotically expressed
adiponectin in muscle cells might also be able to explain its different effect on muscle.

The present study verified the presence of AdipoR1 mRNA in H9¢2 cells and
AdipoR2 in HepG2 cells for the first time. In addition, insulin was found to inhibit
AdipoR?2 protein expression in HepG2 cells. Kadowaki ef al. suggested that insulin may

also be a negative regulator to AdipoR2 mRNA level (49). This implied that AdipoR2
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might also be involved in the metabolic effect of adiponectin. However, some other
groups suggested that AdipoR1, but not AdipoR2 is involved in glucose or lipid
metabolism (50-53). Our realtime-PCR data (not shown) appear to demonstrate that
insulin does not affect AdipoR2 mRNA expression in HepG2 cells. There might be some

post-translational effect of insulin on AdipoR2 expression.
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SUMMARY

Eukaryotically expressed adiponectin inhibits pyruvate-stimulated
gluconeogenesis in primary mouse hepatocytes.

AdipoR2 protein and mRNA are expressed in HepG2 cells.

Insulin inhibits AdipoR2 protein expression in HepG2 cells.
Eukaryotically but not bacterially expressed adiponectin inhibits basal and
insulin-stimulated glycogen synthesis in HepG2 cells.

IRS-1 is not phosphorylated by adiponectin in HepG2 cells.

AdipoR1 mRNA is expressed in H9c2 cells.

Bacterially but not eukaryotically expressed adiponectin stimulates basal
glucose uptake in H9¢2 cells.

Eukaryotically expressed adiponectin contains more higher molecular weight

forms than bacterially expressed adiponectin.
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