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Chapter 1

General introduction

Metabolic syndrome

For most of the 20" century, cardiovascular disease (CVD) was identified as major cause of
morbidity and mortality in the developed world. During this period there was considerable effort to
understand the underlying biology of the disease and to identify the contributing risk factors. As risk
factors were identified, it became apparent that more than one were often present in the same
individual. Toward the end of the century, the clustering of CVD risk factors was first described, most
notably the simultaneous presence of obesity, type 2 diabetes (T2DM, also known as
non-insulin-dependent diabetes mellitus, NIDDM), hyperlipidemia, and hypertension. Although
insulin resistance (i.e., resistance to insulin-stimulated glucose uptake) as a feature of T2DM was first
described many years earlier [1], hyperlipidemia was also found to be a key feature of T2DM [6,7], as
well as hyperlipidemia [9-11], obesity [12-15], and hypertension [14-16]. This risk factor clustering,
and its association with insulin resistance, led investigators to propose the existence of a unique
pathophysiological condition, called the “metabolic” or “insulin resistance” syndrome. The underlying
cause of the metabolic syndrome continues to challenge the experts but both insulin resistance and
central obesity are considered significant factors [17,18]. Genetics, physical inactivity, aging, a
proinflammatory state and hormonal changes may also have a causal effect, but the role of these may

vary depending on ethnic group [3,19,20].

Insulin resistance

Insulin resistance occurs when cells in the body (liver, skeletal muscle and adipose/fat tissue)
become less sensitive and eventually resistant to insulin, hormone which is produced by beta cells in
the pancreas to facilitate glucose absorption. Glucose can no longer be absorbed in by the cells but
remains in the blood, triggering the need for more and more insulin (hyperinsulinaemia) to be
produced in an attempt to process the glucose. The production of ever-increasing amounts of insulin
weakens and may eventually wear out the beta cells. Once the pancreas is no longer able to produce
enough insulin then a person becomes hyperglycemic (too much glucose in the blood) and will be
diagnosed with T2DM. Even before this happens, damage is occurring to the body, including a
build-up of triglycerides which further impairs insulin sensitivity. Insulin resistance manifests as a
broad clinical spectrum evolving progressively from hyperinsulinemia to glucose intolerance and

eventually to frank diabetes. Therefore, the diagnosis of insulin resistance in the various definitions of
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metabolic syndrome has required the presence of one or more features from this spectrum. Genetic
susceptibility, along with environmental factors such as lifestyle, diet, stress, and smoking, can trigger
the development of insulin resistance [3,8,21]. The metabolic consequences, hyperinsulinemia,
hyperglycemia, and lipid and lipoprotein dysregulation, act in synergy to potentiate and sustain the
pathologic state of insulin resistance. With the evaluation of insulin resistance, endothelial dysfunction,

inflammation, and atherosclerosis worsen progressively [22,23].

Obesity

Obesity is associated with insulin resistance and the metabolic syndrome. Obesity
contributes to hypertension, high serum cholesterol, low HDL-C and hyperglycemia, and is
independently associated with higher CVD risk [17,24,25]. The risk of serious health consequences in
the form of T2DM, coronary heart disease (CHD) and range of other conditions, including some forms
cancer, has been shown to rise with an increase in body mass index (BMI) [26], but it is an excess of
body fat in the abdomen, measured simply by waist circumference, that is more indicative of
metabolic syndrome profile than BMI [27-29]. The International Obesity Task Force (IOTF) reported
that 1.7 billion of the world’s population is already at a heightened risk of weight-related,
non-communicable disease such as T2DM. The mechanism via which obesity causes insulin resistance
in skeletal muscle is related to accumulation of fat in the myocytes. Muscle biopsy studies [30,31]
have demonstrated increased triglyceride content in skeletal muscle of obese normal-
glucose-tolerance subjects compared to lean individuals and an inverse relationship between muscle

insulin sensitivity and the intramuscular triglyceride content.

Muscle

The word muscle is derived from the Latin for mouse (L. musculus), an early anatomist
thought that the belly (fleshy part) of muscle and the long thin tendon, looked like the head, body and
tail of mouse. The three types of muscle tissue are skeletal, cardiac, and smooth. Skeletal muscle
serves the following overlapping purpose: movement, posture, stability, communication, heat
production, and cold tolerance. Very importantly, skeletal muscle is a major mass peripheral tissue. For
example, this lean tissue, accounts for ~40% of the total body mass (36% for females, and 42% for
males) and >30% of energy expenditure. Hence, skeletal muscle has a paramount role in energy
balance, and is the primary tissue of insulin stimulated glucose uptake, disposal, and storage (four-fold
the glycogen content of liver), regulates cholesterol efflux and strongly influence metabolism via
modulation of circulating and stored lipid flux. For example, lipid catabolism supplies up to 70% of

the energy requirements for resting muscle. Initial aerobic exercise utilized stored muscle glycogen,
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however, as exercise continues, glucose and stored muscle triglycerides increasingly depends on fatty
acids and, lipid mobilization from other tissue. This underscores the importance of fatty acid and
glucose utilization as an energy source in muscle. Consequently skeletal muscle has a significant role
in insulin sensitivity, the blood lipid profile, and obesity. Skeletal muscle is involved in significant
homeostatic interrelationships between the muscular system, and other body system, for example, the
cardiovascular, endocrine, lymphatic system, etc. Therefore, skeletal muscle must be considered an

important therapeutic target tissue in the battle against CVD.

Skeletal muscle metabolism

Skeletal muscle utilizes both glucose and free fatty acid (FFA) as fuel sources for energy
production. During the postabsorptive state, the plasma insulin concentration is low. Since the plasma
insulin concentration is the principal factor that restrains lipolysis in adipocytes and stimulates glucose
uptake in skeletal muscle, during the fasting state, muscle glucose uptake is low and plasma FFA
concentration elevated [32]. Thus, under fasting conditions, FFA serves as principal fuel source for
energy production in skeletal muscle, while the brain exclusively utilized glucose. Following glucose
ingestion, the increase in plasma glucose concentration stimulates insulin secretion from beta cell and
resultant hyperinsulinemia suppress lipolysis, leading to decline in plasma FFA concentration and
subsequent decrease in the rate of lipid oxidation. Simultaneously, insulin stimulated glucose uptake in
skeletal muscle, and the increased glucose flux into skeletal muscle, together with the activation of key
enzymes in glucose metabolism by insulin, leads a marked increase in muscle glucose oxidation. Thus,
under postprandial conditions, for example, mixed meal, muscle energy metabolism switches from
predominant oxidation of fat during the fasting state, to predominant oxidation of glucose [33]. The
ability of skeletal muscle to switch from fat oxidation during the fasting state to glucose oxidation
during the postprandial state has been referred to as metabolic flexibility [34]. After glucose is
transported into myocyte via the glucose transporter-4 (GLUT4), it is immediately phosphorylated by
hexokinase, and phosphorylated glucose either is converted to, and stored as glycogen, or enters the
glycolytic pathway for oxidation. Approximately 90 % of glucose entering the glycolysis is oxidized
and remaining 10% is released as lactate. At low plasma insulin concentration, for example, fasting
state, and glucose oxidation contribute equally to glucose disposal. However, with increasing plasma
insulin concentration, glycogen synthase is activated by insulin and glycogen synthesis predominate
(~70% of glucose disposal) [35].

Differences between diabetics and control subjects in the amount and fate of glucose taken
up by different tissures in the body during the euglycemic insulin clamp are shown in Fig. 1-1 [2]. The
hight of eache bar represents the total amount of glucose uptake up by the entire body during the
insulin clanp in control and T2DM subjects. Net splanchnic glucose uptake, quantitated by the hepatic

vein catheterization technique, is similar in both groups and average s 0.5 mg/kg min. Adipose tissue
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glucose uptake, which was not measured directly, represents approximately 2-3% of total-body
glucose disposal. Brain glucose uptake is estimated to be 1.0-1.2 mg/kg/min in the postabsorptive
state, and is unaltered by hyperinsulinemia. Muscle glucose uptake (extrapolated from leg
catheterization data) in control subjects represents about 75% of the total glucose uptake. In T2DM
subjects, essentially all the impairment in insulinmediated glucose uptake can be accounted for by
impaired muscle glucose disposal. Finally, it is important to understand that the metabolic fate of the
glucose which is taken up by peripheral tissues, primarily muscle, is not normal in type 2 diabetic

patients.
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Fig. 1-1. Summary of glucose metabolism during euglycemic insulin
(+ 100 U/ml) clamp studies performed in normal-weight T2DM and
control subjects. (Source: DeFronzo et al. [2].)



Table 1-1. Tissue specific expression of the GLUT family members.
(Source: Joost et al. and Medina et al. [41,43].)

Isoform Other Gene names  Expression Function Ref.
names
GLUTI1 SLC2A1 All tissues Basal uptake [54,55]
(abundant in brain and erythrocytes)
GLUT2 SLC2A2 Liver; Pancreatic -cell; Kidney Glucose sensing [56]
proximal tubule; Retina; Small
intestine (basolateral membranes)
GLUT3 SLC2A3 Brain; Nerve cells; Placenta (low Supplements GLUT1 [57]
levels), Kidney (low levels); Liver in tissues in tissues
(low levels); Heart (low levels) with high energy
demand
GLUT4 SLC2A4 Muscle; Heart; Adipose tissue Insulin responsive [56,58-60]
GLUTS SLC2A5 Small intestine (apical membranes); Fructose transport [61,62]
Brain; Muscle (low levels); Adipose
tissue (low levels)
GLUT6 GLUT9 SLC2A6 Spleen; Leukocytes; Brain [63]
GLUT7 SLC2A7 Microsomal glucose transporter; [64]
Liver
GLUTS GLUTX1 SLC2A8 Testis; Blastocyst; Brain [65-67]
GLUT9 GLUTX SLC2A9 Liver; Kidney [68]
GLUTI10 SLC2A10 Liver; Pancreas [69]
GLUTIl  GLUTIO SLC2A11 Heart; Muscle [70]
GLUT12 GLUTS SLC2A12 Heart; Prostate [71]
GLUT13 SLC2A13 Brain Proton-coupled [72]
myoinositol
transporter (HMIT)
GLUT14 SLC2A14 Testis [73]

Glucose transport

Because glucose is the main energy source for cells there has been extensive and research on
its actions as a cellular metabolite and on the mechanisms controlling its accumulation into tissue. In
higher organisms, the preservation of energetic integrity requires adaptation to external resources and

extensive interorgan communication. In this context, glucose has acquired a role as a signaling

—-5—



molecule to control glucose and energy homeostasis. Glucose can regulate gene transcription, enzyme
activity, hormone secretion, and the activity of glucoregulatory neurons [36]. In pancreatic B-cells,
glucose is the principal regulator of These neurons are involved in the control of feeding, energy
expenditure, and glucose homeostasis insulin secretion, and, in the brain, groups of glucose-sensitive
neurons are activated or inhibited by rises in glucose concentrations [37]. A number of diseases are
associated with glucose transport and metabolic disorders, including myocardial ischemia [38]), Type
2 diabetes [39], and cancer [40]. Facilitative glucose transport systems responsible for mediating the
uptake of this nutrient are located on the membrane of all virtually all animal cells. In general, glucose
is transported across membranes by two different mechanisms: a Na'-coupled active carrier system,
and a family of structurally related Na-independent glucose transporter glycoproteins. These latter ,
which is known as glucose transporter (GLUT) or SLC2A family, facilitate the movement of glucose
across the plasma membrane down its chemical gradient either into or out of cells. They are specific
for D-glucose and are not coupled to any energy-requiring components, such as ATP hydrolysis or a
H' gradient. The facilitative glucose transporters are distinct from the Na'-dependent transporters,
which actively accumulate this carbohydrate. These various glucoregulatory functions are usually
secondary to glucose uptake, a step that, in most tissues (with the notable exception of hepatocytes and
pancreatic B-cells), is controlled by the level of GLUT expression at the cell surface. The existence of
multiple GLUT isoforms, with different kinetic properties and regulated cell surface expression,
provides the basis for the fine tuning of glucose uptake, metabolism, and signal generation in order to
preserve cellular and whole body metabolic integrity. All mammalian cells contain one or more
members of the GLUT family (Table 1-1) [5,41]. These proteins display a high degree of
stereoselectivity, providing for the bidirectional transport of substrate, with passive diffusion down its
concentration gradient. The GLUTs regulate the movement of glucose between extracellular and
intracellular compartments, thereby maintaining a constant supply of this essential element. The
GLUT protein family belongs to the Major Facilitator Superfamily (MFS) of membrane transporters
[42]. GLUTs are proteins of ~500 amino acids and are predicted to possess 12
transmembrane-spanning alpha helices and a single N-linked oligosaccharide. The GLUT family
members can be grouped into three different classes based on their sequence similarities [43]. Fourteen
GLUT proteins are expressed in the human and they include transporters for substrates other than
glucose, including fructose, myoinositol, and urate. The primary physiological substrates for at least
half of the 14 GLUT proteins are either uncertain or unknown. The class I molecules GLUTs 14 have
been most extensively characterized and are known to have distinct regulatory and/or kinetic

properties that reflect their specific roles in cellular and whole body glucose homeostasis [36].
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Glucose uptake and GLUT4 translocation. Glucose enters the cell by a

carrier-mediated, facilitated diffusion mechanism, which, in most tissues, exhibits no energy or
counter-ion requirements. In adipose tissues and skeletal muscle, glucose entry is acutely
regulated by insulin and other hormones [3]. Indeed, in those tissues, GLUT4 is the chief isoform
which is, in basal conditions, retained in a specific intracellular storage compartment [5]. The
GLUT4-containing vesicles are translocated to the plasma membrane in response to insulin, thus
allowing for the massive entry of glucose into the cells [3,8]. Adipocytes also contain a small
proportion of the ubiquituously expressed glucose transporter, GLUT1, which is at a similar level
at the plasma membranes and inside the cell [5]. Because of this basal distribution, insulin effect

on GLUT]1 translocation is minor.

Glucose transport is generally assumed to represent the rate-limiting step for lipogenesis in
adipose tissue in vivo and in adipocytes in vitro, at least under conditions of low to moderate
concentration of glucose in the plasma and incubation medium, respectively. Its stimulation by insulin
is of exquisite sensitivity and responsiveness. Insulin resistance is defined as reduced ability of cells or
tissues to respond to physiological levels of insulin and is characteristic of T2DM. Skeletal muscle is
the primary tissue responsible for the postprandial uptake of glucose from blood. Two major

transporters expressed in adipose tissue and skeletal muscle are the muscle and fat-specific glucose
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transporter GLUT4 and ubiquitous transporter GLUT1. The insulin-stimulated acute activation of
glucose transport mainly occurs by one of two mechanisms: translocation of GLUT4 and GLUT1 from
intracellular vesicles to the plasma membrane and augmentation of intrinsic catalytic activities of
transporters. The molecular mechanism underling the glucose transport and its regulation are similar
for adipose and muscle cells. Consequently, adipocytes are more widely used for transport studies than
myocytes due to their more convenient accessibility and more pronounced insulin responsiveness.
However, studies for clarification of the mechanism by which compound with insulin-like and/or
insulin-sensitizing activity stimulate glucose uptake in skeletal muscle for the treatment of T2DM have
to be performed with assay systems into myotubes, cultured L6 muscle cells possess many express
both GLUT4 and GLUTI and are capable of increasing glucose transport via insulin stimulation.
Under most conditions, glucose transport across the plasma membrane is the rate-limiting step for its
metabolism in skeletal muscle [44]. Glucose transport into muscle occurs by facilitated diffusion
process mediated by specific transporter proteins [45-47]. Skeletal muscle expresses two isoforms of
the glucose transporter, GLUT1 and GLUT4. GLUT]1 is preferentially targeted to sarcolemma [48],
and is thought to mediate basal glucose transport. In the basal state, skeletal muscle GLUT4 is targeted
primarily to an intracellular compartment [49,50]. After stimulation by insulin or contractile activity,
GLUT4 is translocated to plasma membrane, resulting in an increase in glucose transport activity

[49,51-53].

Insulin-stimulated glucose uptake

The insulin receptor is a tyrosine kinase receptor which upon activation phosphorylates
insulin receptor substrate proteins (IRS1-4) [74]. Tyrosine phosphorylation of IRS activates
phosphatidylinositol-3-kinase (PI3K) which induces the phosphorylation of phosphatidylinositol-(4,5)-
bisphosphate (PIP2) on the 3rd position generating phosphatidylinositol-(3,4,5)-trisphosphate (PIP3)
[75]. Experiments using selective PI3K inhibitors, PI3K dominant negative mutants or microinjections
of blocking antibodies show that PI3K is important in insulin-stimulated glucose uptake in rat and
mouse adipocytes [76,77]. PIP3 activates a phosphoinositide-dependent kinase, PDK1, which can
activate Akt by translocating this kinase to the plasma membrane and by phosphorylating Thr-308
and/or Ser-473 residues of Akt [78]. It is postulated that PDK1 can activate atypical protein kinase C
(PKC)-MC, which are critical for GLUT4 translocation to the plasma membrane and stimulation of
glucose uptake in rat adipocytes [79-81]. Insulin induces translocation of GLUT4 to the cell plasma
membrane, stimulates exocytosis of GLUT4 containing vesicles and inhibits internalization of GLUT4
in insulin-sensitive tissues by this promoting increase in glucose uptake [82,83]. GLUT4 shuttles
between the cell interior and the cell surface via both general endosomes and specialized
compartments. In unstimulated adipocytes and muscle cells, GLUT4 is distributed approximately

equally between the endosomes and specific compartments [84,85]. GLUT1 is abundantly expressed
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in all type of cells and it is shown to be responsible primarily for basal glucose uptake. However, a
number of reports demonstrate that GLUT1 is also activated or translocated to the plasma membrane
of the cell. For example, in cardiac myocytes, the mitochondrial inhibitor rotenone recruited GLUT1
and GLUT4 to the plasma membrane from the endosomal pool, whereas insulin induced a dramatic
reduction of GLUT4 protein from the storage pool and stimulated GLUT1 translocation to the plasma
membrane from the endosomal pool [86]. Isoprenaline stimulates GLUT]1 translocation to the plasma
membrane in rat perfused heart [87]. In brown adipose tissue prolonged cold exposure or adrenergic
stimulation increases GLUT4 protein amount [88-90]. Surgical sympathetic denervation prevents the
increase in GLUT4 mRNA induced by cold exposure of rats [88] suggesting that norepinephrine
release affects GLUT4 amount. In primary rat cultured brown adipocytes, insulin and norepinephrine
additively stimulate glucose uptake [91]. In this system norepinephrine induces glucose uptake by

increasing GLUT1 activity without promoting GLUT4 translocation [91].

AMPK

There has been much interest recently in AMP-activated protein kinase (AMPK), which has
been suggested to act as a sensor of energy homeostasis [92-94]. When ATP levels in the cell are
decreased, the AMP levels rise. Increased amounts of AMP are a signal that the energy status in the
cell is low leading to activation of AMPK [95]. Mammalian AMPK consists of an a catalytic subunit
and P, vy regulatory subunits. Each of the subunits comprises different isoforms: al, a2, 1, B2 and
v1—y3. AMPK is expressed in skeletal and cardiac muscle, liver, brain and adipose tissue [92,94,96].
Activation of AMPK by AMP can occur by three different mechanisms: allosteric activation,
phosphorylation on the Thr-172 residue and inhibition of dephosphorylation [92]. This way of
activation points out that the system is extremely sensitive to small changes in cellular AMP levels and
ensures rapid responses to fluctuations in cellular energy states. Thus, AMPK is activated under
conditions when ATP levels in the cell are depleted, for example: heat shock [97], glucose deprivation
[98], hypoxia [99,100]; in skeletal muscle during exercise, depending on duration and intensity of
exercise [95,101], in adipose tissue and liver under exercise (as a result of exercise-induced release of
molecules, for example, IL-6 from muscle) [102]. A number of investigations have shown an
importance of low levels of circulating adiponectin and leptin in a variety of abnormalities associated
with the metabolic syndrome and insulin resistance [103-107]. It was shown that adiponectin and
leptin stimulate AMPK activity [108-110]. Adiponectin and leptin increase energy expenditure by
stimulation of fatty acid oxidation, in other words these hormones stimulate fat burning when its
storage is excessive and AMPK is probably a key molecule in adiponectins and leptins intracellular
signaling cascade. Activation of AMPK in adipose tissue increases fatty acid oxidation by suppression
of ACC (acetyl-CoA-carboxylase) activity, a decrease in malonyl-CoA content and correspondingly

activation of the carnitine-palmitoyltransferase activity, resulting in increase of fatty acids oxidation
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[108,111] because it can be activated by metformin [112] and thiazolidinediones [113] which inhibit
Complex I of the respiratory chain and by this, probably, activate AMPK. Thiazolidinediones also
increase the AMP/ATP ratio in the L6 skeletal muscle cell line to stimulate AMPK activity, whereas
metformin induces phosphorylation of AMPK without causing changes in ATP levels in cells [114].
Treatment of cells with AICAR (cell-permeable AMPK activator 5-aminoimidazole-4-carboxamide
ribonucleoside) increases glucose uptake in skeletal and cardiac muscle [115], and also induces insulin
release from B-cells [116], indicating possible role of AMPK in glucose homeostasis. The role of
AMPK in adipose tissue is poorly understood because of a numbers of contradictory results.
Adrenergically stimulated lipolysis after AMPK activation can be stimulated [117] or for inhibition
[118,119]. Stimulation of AMPK with AICAR does not increase glucose transport and decreases
insulin-stimulated glucose uptake in 3T3-L1 adipocytes [120]. AICAR is shown to increase glucose
uptake independently on AMPK in adipocytes [121]. More studies are needed to clarify the possible
role of AMPK and it modulators of activity in treatment of T2DM.

Glucose

O O Insulin

Insulin receptor (IR)

T410/403

Translocation @ T308 S473 :J
a
&

T172

Storage vesicle

Fig. 1-3. Glucose uptake via insulin-stimulated GLUT4 translocation and fusion in muscle and
adipose tissues. Steps: (i) extracellular insulin binds to the a-subunit of the insulin receptor (IR),
triggering autophosphorylation and activation of the B-subunit kinase activity; (ii) this induces
recruitment of IRS-1, and (iii) IRS-1 recruits PI3K. (iv) PI3K phosphorylates PIP2 to yield PIP3. (v)
PIP3 recruits PDK1 to the PM, where it (vi) phosphorylates and activates AKT. (vii) AKT
phosphorylates AS160, and (viii) AS160 targets multiple Rabs present on GLUT4-containing
vesicles (ix), although the precise mechanisms beyond this remain unclear. (x) vesicle fusion occurs
via the SNARE proteins, resulting in GLUT4 integration into the plasma membrane to facilitate (xi)
glucose uptake. It is postulated that PDK1 can activate atypical protein kinase C (PKC)-A/(, which
are critical for GLUT4 translocation to the plasma membrane and stimulation of glucose uptake in
rat adipocytes. Independent of insulin, exercise and muscle contraction have also been shown to
increase glucose uptake into skeletal muscle. Increased amounts of AMP are a signal that the energy
status in the cell is low leading to activation of AMPK. Activation of AMPK in skeletal muscle cells
also stimulates glucose uptake via GLUT4 translocation.
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Fig. 1-4. Schematic transport of glucose (Glc), 3-O-methyl-D-glucose (3MG) and
2-deoxy—D-glucose (2DG). Glucose transported through the glucose transporters (GLUTS) is
further metabolized by subsequent steps in the pathways of glucose metabolism, and glucose
and glucose-6-phosphate do not accumulate in cell. 3MG enters cell through GLUTs and is
unable to undergo further metabolism. However, 3MG is permeable to cell membrane. 2DG
enters cell through GLUTs and is phosphorylated by hexokinase (HX). Due to low levels of
intracellular phosphatase, 2-deoxyglucose-6-phosphate (DG6P) accumulates in cell. DG6P is
unable to undergo further metabolism.

Glucose uptake assay based on the glucose analogue

Skeletal muscle is the major insulin-sensitive tissue and normally takes up most of the glucose
that enters the blood after a meal [122,123]. Exercise markedly increases the rate of glucose disposal
by directly activating muscle glucose uptake [124,125] and by potentiating the action of insulin
[126,127]. Resistance of skeletal muscle to insulin is major component of pathophysiology of NIDDM
in majority of patients with this disease [128]. Therefore, because of central role of muscle in the
regulation of glucose homeostasis, the mechanism involved in the control of skeletal muscle glucose
uptake are subject of intense research interest. The glucose analogues 3-O-methyl-pD-glucose (3MG)
and 2-deoxy-p-glucose (2DG) have been used to study skeletal muscle glucose transport. 3MG is
transported into the cell but is not further metabolized; thus its rate of intracellular accumulation is an
index of transport per se and is not influenced by subsequent steps in the pathways of glucose
metabolism [129]. A limitation of the use of 3MG is that efflux becomes a significant problem when
the intracellular concentration reaches ~25% of extracellular concentration in rat skeletal muscle [44],

resulting in an underestimation of glucose transport activity. This is a major problem in the study of
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certain muscle types under conditions where transport rates are high, i.e., maximal or near-maximal
activation by insulin and/or contractile activity. The problem of efflux can be avoided by using 2DG,
which is phosphorylated by hexokinase after its transport into cell. Phosphorylation serves to trap 2DG
in the cell, inasmuch as glucose-6-phosphatase activity is very low in skeletal muscle [130]. This
makes it possible to measure sugar transport for a sufficiently long period to render relatively
unimportant the contribution of the underestimation of the rate of sugar transport during the
equilibration period. Thus the accumulation of intracellular 2-deoxyglucose 6 phosphate (DG6P) can

be used to measure glucose transport activity when transport rate are high.

High-throughput screening

The mechanism-based approach which corresponds to the target-based approach screens for
compounds with a specific mode of action. The highly effective nature of high-throughput screening
(HTS) for identification of highly target specific compounds is attributed to its precise focus on single
mechanism. Of late High-Throughput Screening (HTS) a high-tech approach for drug discovery is
more and more gaining popularity among industrial researchers as well as students doing their
post-graduate and/or doctorate research projects. It is basically a process of screening and assaying
huge number of biological modulators and effectors against selected and specific targets. The
principles and methods of HTS find their application for screening of combinatorial chemistry,
genomics, protein, and peptide libraries. HTS is a novel method for drug discovery but it is not the
only method. HTS not only helps in drug discovery but also in development of present drug moieties
to optimize their activity. In past years many advances in science and technology and economic
pressures have kept every researcher to develop speedy and precise drug development and screening
technologies to combat the ever increasing diseases and many pathogens acquiring resistance to
present available drugs. This also applies to screening the ever increasing compound libraries waiting

to be screened due to increase in the parallel and combinatorial chemical synthesis.

Objectives

T2DM presents a vast and growing world health problem. This disease is characterized by
impaired cellular responses to the insulin hormone. Skeletal muscle is principal site for
insulin-stimulated glucose uptake. In patients with T2DM, insulin-mediated glucose utilization in
skeletal muscle is markedly impaired. Nutrition overload often leads to the development insulin
resistance in obesity and T2DM. Like every living cell, skeletal muscle has several sensory systems
that detects nutrient and energy signals and adjust the flux through metabolic pathways accordingly. A

vast number of environmental impositions (nutrient overload, contractile activity) can be overcome by
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means of adaptive response from skeletal muscle. In the context of developing functional foods or
nutraceutical strategies for both prevention and treatment of obesity/diabetes, our research is directed
at screening specific nutrients and phytochemical ingredients (e.g. polyphenols) with quantitatively
important impact on thermogenesis, fat oxidation and insulin sensitivity, and in studying the
underlying mechanisms of action of potentially useful candidate bioactive food ingredients.

In this thesis, we have developed a method for evaluating glucose uptake in cultured cells
especially muscle cells without using radioisotope, and explore the possibility that naturally occurring
chemicals (phytochemicals) found in vegetables and spices have the power to restore insulin

sensitivity, and thus normal glucose metabolism, in individuals with T2DM.
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Chapter 2

A high-throughput, enzymatic assay for 2-deoxyglucose uptake in
L6 skeletal muscle cells cultured in a 96-well microplate

2-1. Introduction

Facilitative glucose transport systems are ubiquitous in animal cells and are responsible for
transporting glucose across the cell surface membrane. Uptake of glucose in cultured cells is
commonly determined by using nonmetabolizable radioactive hexoses, such as 3-O-methylglucose
(3MG) or 2-deoxyglucose (2DG), labeled with a high specific activity of tritium [131]. ’H]3MG
necessitates a very short incubation time due to fast equilibration of the analog across the cell
membrane and requires either rapid separation of the water phase from the incubation mixture, usually
by centrifugation through a suitable lipid phase [131], or the prevention of 3MG efflux by washing
with a mercuric chloride solution [132]. Uptake assays based on [°H or '*C]2DG are more convenient
because 2DG is phosphorylated to a stable and impermeable derivative, 2-deoxyglucose-6-phosphate
(DG6P), by hexokinase or glucokinase [133]. However, routine use of these radiolabeled analogs is
costly and requires a specialized institution where isotopes can be handled.

Insulin resistance is defined as the reduced ability of cells or tissues to respond to
physiological levels of insulin and is characteristic of non-insulin-dependent diabetes mellitus
(NIDDM) [134]. Skeletal muscle is the primary tissue responsible for the postprandial uptake of
glucose from the blood. The two major transporters expressed in skeletal muscle are the
muscle/fat-specific glucose transporter GLUT4 and the ubiquitous transporter GLUT1 [135]. When
differentiated into myotubes, murine L6 muscle cells possess many of the properties of mature skeletal
muscle tissue [136]. They express both GLUT4 and GLUT! and are capable of increasing glucose
transport via insulin stimulation. The insulin-stimulated acute activation of glucose transport mainly
occurs by one of two mechanisms: translocation of GLUT4 and GLUT]1 from intracellular vesicles to
the plasma membrane and augmentation of the intrinsic catalytic activities of the transporters
[137,138]. Therefore, it is important to clarify the mechanism by which insulin-mimetic and/or insulin
sensitizing agents stimulate glucose uptake in skeletal muscle for the treatment of NIDDM.

In this study, we have developed a nonradioisotopic, enzymatic assay based on the methods
of Manchester et al. [139] and Sasson et al. [131] for measuring DG6P in tissues and cultured cells.
Their methods enable the detection of DG6P accumulating in cells by measurement of the
fluorescence of NADPH produced from NADP”, which is coupled to the oxidation of 2DG to DG6P
by glucose-6-phosphate dehydrogenase (G6PDH). This approach, however, requires the cultivation of
many cells on large plates and the preparation of cell extracts because the fluorescence of NADPH is

rather weak. Thus, here we adopted a diaphorase—resazurin system that produces a potent fluorescent
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substance in the presence of NADPH. Uptake of 2DG into the cells could be measured by the addition
of a single assay solution to the cell culture, followed by a simple incubation. To confirm the reliability
of this method, the effects of insulin and other chemicals on 2DG uptake by L6 myotubes were

evaluated.

2-2. Materials and methods

2-2-1. Materials

2DG (Grade III), hexokinase (HX, from Saccharomyces cerevisiae), G6PDH (from
Leuconostoc mesenteroides), cytochalasin B, LY294002, and insulin (from bovine pancreas) were
purchased from Sigma-Aldrich (St. Louis, MO). Resazurin sodium salt and triethanolamine
hydrochloride (TEA) were obtained from Wako Pure Chemical (Osaka, Japan). Adenosine
5’-triphosphate disodium salt (ATP), B-nicotinamide adenine dinucleotide phosphate (NADP"), and
diaphorase (from Clostridium kluyvery; Type II-L) were purchased from Oriental Yeast (Tokyo, Japan).
General chemicals and buffer components were purchased from Wako Pure Chemical. The
pioglitazone hydrochloride used in this study was isolated from a pharmaceutical pill, ACTOS (Takeda
Pharmaceuticals, Osaka, Japan). The ethanol extract from ground tablets (30 mg/tablet of pioglitazone
hydrochloride) was applied to a Bond-Elut-C18 solid-phase-extraction cartridge (Varian, Lake Forest,
CA), which had been preconditioned with ethanol and water and eluted with ethanol. The eluant was
subjected to evaporation and its purity was checked by UV detection (254 nm) of a reverse-phase TLC
plate (RP-18 Fys45; Merck, Darmstadt, Germany) developed with Methanol/H,O (80:20, v/v).

2-2-2. Determination of 2DG by resazurin—diaphorase system

To determine the low concentrations of 2DG and/or DG6P present in a 96-well microplate, a
diaphorase-NADPH amplifying system was combined with previous methods [131,139] for measuring
DGG6P in tissues and cultured cells. In brief, 50 pL of 2DG solution at various concentrations was
dispensed into each well of a 96-well plate and incubated for 90 min at 37°C after the addition of 150
pL of an assay cocktail of 50 mM TEA (pH 8.1), 50 mM KCl, 0.5 mM MgCl,, 0.02% BSA, 670 uM
ATP, 0.12 pM NADP", 25 pM resazurin sodium salt, 5.5 units/mL hexokinase, 16 units/mL G6PDH,
and 1 unit/mL diaphorase. The assay cocktail was prepared before each assay from stock solutions of
enzyme, coenzyme, and substrate that were maintained in the freezer or refrigerator. At the end of the
incubation, fluorescence at 590 nm with excitation at 530 nm was measured by a MTP-32 microplate
reader (Corona Electric, Hitachinaka, Japan) to detect the resorufin derived from reduced resazurin. To

assay DG6P alone, ATP and HX were left out of the assay cocktail described above.

2-2-3.  Determination of 2DG using tetrazolium salts
To detect NADPH generated from oxidation of DG6P by G6PDH, highly water-soluble
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tetrazolium salts, WST-1 (4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5- tetrazolio]-1,3-benzene
disulfonate sodium salt) and WST-8 (4-[3-(2-methoxy-4- nitrophenyl)-2-(4-nitrophenyl)-
2H-5-tetrazolio]-1,3-benzene disulfonate sodium salt) were applied to the assay of 2DG determination,
and 1-methoxy-5-methylphenazinium methyl sulfate (mPMS) and diaphorase were used as a hydrogen
carrier. WST-1, WST-8 (Cell Counting Kit-8) and mPMS were obtained from Dojindo Laboratories
(Kumamoto, Japan). Compositions of reaction solutions are shown in the following table. 2DG
solution (20 pL) was dispensed in a 96 well assay plate and incubated for 60 min at 37°C after the
addition of 150 pL of assay solution and absorbance at 415 nm was measured in case of WST-1, and
absorbance at 415 nm was measured in case of WST-8. Compositions of each assay solution were

shown in Table 2-1.

Table 2-1. Composition of assay solutions.

WST-1 WST-1 WST-8 Resazurin (high) Resazurin (low)
Amplification systems + + + + +
diaphorase 1-methoxy PMS  1-methoxy PMS diaphorase diaphorase
TEA buffer (pH 8.1) 50 mM 50 mM 50 mM 50 mM 50 mM
KC1 50 mM 50 mM 50 mM 50 mM 50 mM
Magnesium acetate 2 mM 2 mM 2 mM 2 mM 2 mM
Bovine S(Ergil)alb“min 0.02% 0.02% 0.02% 0.02% 0.02%
NADP 0.1 mM 0.1 mM 0.1 mM 0.1 mM 0.1 mM
ATP 0.5 mM 0.5 mM 0.5 mM 0.5 mM 0.5 mM
WST-1 100 uM 100 uM
WST-8* 100 uM
Resazurin sodium salt - - --- 10 uM 2 uM
Diaphorase 0.2 units/mL - - 0.2 units/mL 0.2 units/mL
1-methoxy PMS -—- 20 pM 20 pM* - -
Hexokinase 2 units/mL 2 units/mL 2 units/mL 2 units/mL 2 units/mL
G6PDH fromL. 20units/mL 20 units/mL 20 units/mL 20 uniits/mL 20 units/mL

mesenteroides
*Cell Counting Kit-8 (Dojindo Laboratory) containing 5 mM of WST-8 and 0.2 mM of 1-methoxy PMS was diluted
and used. Since there was 4 uM (final conc.) of 1-methoxy PMS carrying in from the kit, 16 pM (final conc.) of
1-methoxy PMS was added further.

2-2-4. Cell cultures

L6 skeletal muscle cells were purchased from Dainippon Pharmaceuticals (Osaka, Japan)
and were propagated at 37°C in 5% CO, in a-minimal essential medium (a-MEM; M-0894; Sigma)
supplemented with 100 units/mL of penicillin G, 100 ug/mL of streptomycin sulfate, and 10%

heat-treated fetal bovine serum (FBS). The cells were seeded (4 x 10° cells/well) in a collagen-coated
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96-well microplate (growth area = 0.32 cm?/well; IWAKI brand, Asahi Techno Glass, Osaka, Japan)
and cultured in a-MEM with 10% FBS for 2 days until semiconfluent. Next, the cells were cultured in
o-MEM with 2% FBS for 5 days to differentiate to myotubes, which were then used in the glucose
uptake assay.

Murine 3T3-L1 preadipocytes (Dainippon Pharmaceutical Co. Ltd, Osaka, Japan) were
grown and passaged in DMEM (with high glucose; Sigma) supplemented with 10% fetal bovine serum
(FBS), 100 units/mL of penicillin G, 100 pg of streptomycin sulfate. For adipocyte differentiation,
cells were seeded in a 24 well polylysine-coated culture plate. Two days postconfluence,
differentiation was induced with 10 ug/mL insulin, 0.25 uM dexamethazone and 0.5 mM
3-isobutyl-1-methylxantine in DMEM containing 10% FBS. After 2 days, the medium was changed
DMEM containing 10% FBS, 10 pg/mL insulin, and cells were cultured for additional 2 days. Then,
the medium was changed to DMEM containing 10% FBS, and thereafter, the cells were maintained for
9 days with replacement of the medium every 2-3 days. The differentiated cells were used for 2DG
uptake assay 9 days after differentiation induction. Before 2DG uptake assay, the cells were
maintained in FBS-free DMEM for 4 h.

Primary neuronal cells were isolated from hippocampus of Wistar rat embryos at day 21 of
gestation. Neurons were dissociated from fetal hippocampi in Hank’s balanced salt solution containing
0.5% glucose, 2% sucrose, 1 mM sodium pyruvate and 15 mmol/L 2-(4-[2-hydroxyethyl]-
1-piperazinyl) ethanesulfonic acid, and then centrifuged for 1 min at 15 000 g. Cells were plated onto
poly-d-lysine-coated dishes at a density of 5 x 10° cells/mL in B27- neurobasal medium (B27-NBM).
Cultured neurons were incubated with B27-NBM on a poly-lysine-coated 24-well culture plate [140]

2-2-5. Glucose uptake assay

The differentiated L6 myotubes were incubated with 170 pL/well of a-MEM with 2% FBS
in the presence of insulin and/or a test compound for the indicated time. After incubation, the cells
were washed twice with Krebs—Ringer—phosphate—Hepes (KRPH) buffer (pH 7.4, 20 mM Hepes, 5
mM KH,PO,, 1 mM MgSO,, 1 mM CaCl,, 136 mM NaCl, 4.7mM KCl) containing 0.1% BSA. The
washed myotubes were then incubated with KRPH buffer containing 1 mM 2DG and 0.1% BSA for
the indicated time (termed the 2DG-uptake period) at 37°C in 5% CO,. After incubation, the cells were
washed twice with KRPH buffer containing 0.1% BSA and then 25 pL of 0.1 N NaOH was added. To
degrade NAD(P)H, NAD(P)" and any enzymes in the cells, the culture plate was subjected to one
freeze-thaw cycle and incubated at 85°C for 40 min on a temperature-controlled bath. The components
in the wells were then neutralized by the addition of 25 uL of 0.1N HCI and then 25 pL of 150 mM
TEA buffer (pH 8.1) was added. Uptake of 2DG into the cells was measured by the enzymatic
fluorescence assay described above. A standard curve was generated by placing 2DG standard
solutions in wells of the culture plate that had been prepared without cells.

Mature 3T3-L1 adipocytes on a 24 well culture plate were washed with KRPH buffer
containing 0.1% BSA and were stimulated for 30 min with KRPH buffer containing 100 nM insulin.
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After the stimulation, cells were washed with KRPH buffer containing 0.1% BSA and were added
KRPH buffer containing ImM 2DG and 0.1% BSA to start 2DG uptake. After 5 min, to stop 2DG
uptake, cells were washed with KRPH buffer containing 0.1% BSA and added 300 uL of 0.1 N NaOH.
The culture plate was heated on a temperature-controlled bath (85°C) for about 40 min until the plate
was dried. The components of the wells were neutralized by the addition of 300 uL of 0.1 N HCI and
then 300 uL of 150 mM TEA buffer (pH 8.1) was added. For determination of uptake of 2DG into the
cells, 25 pL of cell extract was transferred to 96 well assay plate. Concentration of DG6P was
measured by the enzymatic fluorescence assay after incubation with 200 pL of assay solution
(described above; The concentration of resazurin was set to 10 pM) for 45 min. A standard curve was

generated by placing 2DG standard solutions in blank wells of the assay plate.
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Fig. 2-1. Principle of the assay for measuring 2DG and DG6P. The complete reaction
mixture comprised 50 mM TEA (pH 8.1), 50 mM KCl, 0.5mM MgCl,, 0.02% BSA, 670
uM ATP, 0.12 uM NADP", 25 uM resazurin, 5.5 units/mL hexokinase, 16 units/mL
G6PDH, and 1 unit/mL diaphorase. The concentration of NADP" in the assay cocktail could
be kept low because NADP" is recycled in this system. For measuring DG6P alone, ATP
and hexokinase could be left out of the assay cocktail described above. Theoretically, the
amount of resorufin derived should be equal to the amount of 2DG and/or DG6P if the
reaction goes to completion.

At day 14 after plating the hippocampal cells, neurons were washed twice with Locke’s
buffer (154 mM NaCl, 5.6 mM KCl, 2.3 mM CacCl, 3.6 mM NaHCO, 3.5 mM HEPES) without serum
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or glucose. Neurons were incubated in Locke’s buffer for 1 h at 37°C in 5% CO, for insulin starvation
with and without glucose glucose, followed by exposure to insulin (1 mM) for 4 h. After terminating
the exposure to insulin, the cells were treated with 40 mM KCI for 3 min, and then incubated with
Lokes buffere containing 1 mM 2DG for 20 min. The incorporation of 2DG was terminated by three
washes with ice-cold PBS and then uptaken 2DG was determined by an enzymatic assay described
above. A standard curve was generated by placing 2DG standard solutions in wells of a culture plate

lacking cells but prepared similarly.
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Fig. 2-2. Determination of 2DG in a 96-well plate by an enzymatic
fluorescence assay. 2DG solution (50 pL) was dispensed into a 96-well
microplate and mixed with 150 pL of assay cocktail as described under
Materials and Methods. After incubation of the plate for 90 min at 37°C,
the fluorescence (excitation, 590 nm; emission, 530 nm) was measured.

2-3. Results

2-3-1. Determination of 2DG in a 96-well microplate format by an enzymatic fluorescence
assay

To facilitate the determination of low concentrations of 2DG and/or DG6P in a 96-well
microplate format, we developed a nonradioisotope enzymatic assay based on previously described
methods [131,139]. In contrast to these previous methods, which were based on NADPH detection, we
detected the fluorescence of resorufin, which is generated from resazurin in the presence of NADPH
and diaphorase (Fig. 2-1). Whereas the method of Sasson et al. [131], which detected NADPH
fluorescence, required stoichiometric quantities of NADP™ (120 uM), a low concentration of NADP"
(0.12 uM) could be used in our assay cocktail because NADP" was recycled by the
diaphorase-resazurin system. In our assay system, free 2DG was phosphorylated to DG6P by
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hexokinase contained in the assay cocktail, but if needed an assay cocktail lacking ATP and
hexokinase could theoretically be used to react with only DG6P. Fifty microliters of 2DG solutions of
known concentration was dispensed into a 96-well plate and mixed with 150 uL of the assay cocktail.
After incubation of the plate for 90 min at 37°C, fluorescence intensity was measured to detect
resorufin derived from reduced resazurin (Fig. 2-2). The fluorescence intensity was found to correlate
linearly with the increasing concentrations of 2DG and the enzymatic assay was able to detect 2DG on

a nanomole scale.
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Fig. 2-3. Sensitivity comparison of amplifications to measure 2DG by resazurin and tetrazolium
salts. (a) Tetrazolium salts-amplified determination of 2DG. (b) Resazurin-diaphorase-amplified
determination of 2DG. (c) Resazurin-diaphorase-amplified determination of further low
concentration of 2DG.; Highly water soluble tetrazolium salts, WST-1 and WST-8, were applied
to an enzymatic 2DG determination, and diaphorase or 1-methoxy PMS was used as an electron
carrier. How to prepare and compositions of the assay solution were described in Materials and
methods and shown in Table 2-1. An assay solution containing WST-8 was prepared by utilizing a
Cell Counting Kit-8 (Dojindo Laboratory) containing 5 mM WST-8 and 0.2 mM 1-methoxy PMS.
Various concentrations of 2DG solutions (20 pL) were dispensed in a clear polystyrene 96-well
assay plate and 150 pL of assay solution was added, followed by incubation at 37°C for 60 min.
In case of tetrazolium salts, absorbance was recorded by a plate reader, and in case of resazaurin,
fluorescence was recorded.

2-3-2.  Comparison of amplification by resazurin and tetrazolium salts

Given that the amplification obtained by using resazurin and diaphorase detected the amount
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of NAD(P)H, other amplification systems which detect NAD(P)H were tested. Highly water-soluble
tetrazolium salts, WST-1 and WST-8 were used in the assay of 2DG, and mPMS, which is less
photosensitive than phenazine methosulfate, and diaphorase were used as hydrogen carriers. All the
systems which used WST-1/diaphorase, WST-1/mPMS and WST-8/mPMS allowed the measurement
of 2DG (Fig. 2-3). The use of tetrazolium salts would be particularly useful in laboratories lacking a

fluorescent plate reader. However, the system of resazurin-diaphorase is much more sensitive.
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Fig. 2-4. Effect of insulin on 2DG uptake into cultured L6 skeletal muscle
cells. Differentiated L6 myotubes in a 96-well plate were stimulated with
insulin for 4 h and then incubated with ImM 2DG in KRPH buffer (-o-) or
o-MEM containing ca. 5 mM glucose (—o—) for 2 h. After the glucose
uptake period, the myotubes were lysed with alkali solution and heated and
neutralized, and then 2DG and 2DGG6P in the cell lysate were measured by
the enzymatic fluorescence assay. Each data point is the mean + SD from
triplicate determinations.

2-3-3. Detection of insulin-stimulated 2D G uptake in L6 myotubes in a 96-well microplate
format

To confirm that our assay system could evaluate the uptake of 2DG in response to insulin
stimulation in cultured skeletal muscle cells, differentiated L6 myotubes were stimulated with insulin
(~100 pg/mL in a-MEM) for 4h, and then incubated for 2 h with either KRPH buffer plus 1 mM 2DG
or a-MEM without 2DG. After incubation, the myotubes were lysed and heat-treated with alkali, and
2DG uptake in the cells was measured by our enzymatic fluorescence assay system (Fig. 2-4). The
accumulation of 2DG in the incubated myotubes could be measured, and the uptake of 2DG was
increased dose-dependently by stimulation with insulin. Although glucose and glucose-6-phosphate
were detected by this enzymatic assay, the fluorescence intensity of the control myotubes not treated

with 2DG did not increase despite the presence of a high concentration (ca. 5 mM) of glucose in the
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medium. The reason for this lack of fluorescence increase is that, although glucose and 2DG are
transported similarly into cells and phosphorylated by hexokinase, the DG6P form accumulates
because, unlike glucose, it cannot be converted to an analog of fructose-6-phosphate or another rapidly

metabolized form [133].
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Fig. 2-5. Effect of cytochalasin B on insulin-stimulated 2DG-uptake into L6
myotubes. Differentiated L6 cells were preincubated with insulin (~100 pg/mL),
followed by incubation with 1 mM 2DG for 30 min with 10 uM cytochalasin B
(—o-) or without cytochalasin B (—o-). After the 2DG-uptake period, the uptake of
2DG in the cells was measured as described under Materials and Methods. Each
data point is the mean + SD from triplicate determinations.

2-3-3.  Evaluation of regulators of 2DG uptake in cultured myotubes

As regulators of glucose uptake have been reported, we were able to further test our assay
system by evaluating the effects of cytochalasin B, an inhibitor of the hexose carrier [141], and
LY294002, an inhibitor of GLUT translocation that acts through blocking phosphatidylinositol
3-kinase (PI3K) [142]. L6 myotubes were differentiated in 96-well microplates, stimulated with
insulin for 4h, and then incubated for 30 min with KRPH buffer containing 1 mM 2DG and 10 uM
cytochalasin B. After incubation, the uptake of 2DG was determined by our enzymatic assay. As
shown in Fig. 2-5, cytochalasin B completely inhibited the uptake of 2DG in myotubes, despite
stimulation with insulin. As a second test, L6 myotubes differentiated in a 96-well microplate were
treated with 25 uM LY294002 for 30 min and then stimulated with 100 nM insulin plus 25 pM
LY294002 for 4 h. After stimulation, the myotubes were incubated with 1 mM 2DG in KRPH buffer
and 2DG uptake in the myotubes was determined by our enzymatic assay. As shown in Fig. 2-6,
LY294002 inhibited the insulin-stimulated uptake of 2DG in myotubes. Moreover, we evaluated the
effect of pioglitazone, a derivative of thiazolidinediones that acts as insulin-sensitizing diabetes agents

[143,144], on the uptake of 2DG in cultured skeletal muscle cells. L6 myotubes differentiated in a
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96-well microplate were stimulated with pioglitazone for 4 h, and then incubated with 2DG for 30 min
before the uptake of 2DG was determined. As shown in Fig. 2-7, pioglitazone dose-dependently

increased uptake of 2DG into the myotubes in the absence of insulin.

2-3-4. Application of the enzymatic 2DG uptake assay to adipocytes and nerunal cells

To confirm that our assay system could evaluate the uptake of 2DG in response to insulin
stimulation in cultured adipose cells, differentiated 3T3-L1 adipocytes in a 24 well plate were
stimulated with insulin (100 nM in DMEM) for 4h, and then incubated for 2 h with either KRH buffer
plus 1 mM 2DG. After the stimulation, 2DG uptake assay was carried out. As shown in Fig. 2-8A,
up-regulation of 2DG uptake by insulin was detected. We also confirmed the application for
measurement of 2DG uptake in primary nerunal cells. The uptaken 2DG in the insulin-stimulated
neurons was increased statistically significantly to be compared with that of control (Fig. 2-8B).
Though the total 2DG uptaken in nerunal cells was rather low, our assay could evaluate the 2DG

uptake in the cells.
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Fig. 2-6. Effect of LY294002 on insulin-stimulated 2DG-uptake into L6
myotubes. Differentiated L6 cells were preincubated with 25 pM LY294002 for
30 min and then either untreated or treated with 100 nM insulin in the presence
of 25 uM LY?294002 for 4 h, before being incubated with 1 mM 2DG for 20
min. Control cells were not treated with LY294002 but were treated with or
without insulin. After the 2DG-uptake period, 2DG uptake into the cells was
measured as described under Materials and Methods. Each data point is the
mean £ SD from triplicate determinations.
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2-4. Discussion

Glucose uptake in cultured cells is routinely determined by using nonmetabolizable
radioactive hexoses, such as 3MG or 2DG, labeled with a high specific activity of tritium [131].
Assaying the uptake of [’H]2DG is more convenient than assaying the uptake of ["H]3MG because
2DG is converted to a stable and impermeable derivative DGOP through phosphorylation by
hexokinase or glucokinase [133]. Because both methods rely on the use of substantial amounts of
radioactive material, the concentration of the unlabeled analog is usually kept low (100500 uM) in
the uptake mixture to maintain a high specific activity [131]. Measuring the uptake of these analogs at
concentrations comparable to normal or pathological blood glucose levels (>5 mM) is not practical
because of the excessive amount of radioactive analog that would be required to maintain a specific
activity high enough to obtain reliable data. Furthermore, the high concentration of analog needed is
very expensive and a specialized institution registered for using radioactive isotopes is required.
Although new radiolabeled glucose analogues for use as tracers of glucose uptake have been
synthesized, none of these molecules has been found to show the same biological behavior as 2DG
[145]. Therefore, 2DG is often considered to be the gold standard in reference tracers of glucose

transport and phosphorylation.
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Fig. 2-7. Effects of pioglitazone on 2DG-uptake into L6 myotubes.
Differentiated L6 cells were stimulated with insulin (-o-) or with
pioglitazone in the absence of insulin (—o—) for 4 h and then 2DG uptake
into the cells was determined as described under Materials and methods.
The 2DG uptake period was set for 30 min. Each data point is the mean +
SD (N =4).
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Previously, Manchester et al. [139] and Sasson et al. [131] developed an enzymatic assay for
evaluating 2DG uptake into tissues and cultured cells that avoids the need for radioisotopes. Their
methods were based on the assay of DG6P, which is monitored by the detection of NADPH produced
during the oxidation of DG6P to 6-phospho-2-deoxyglucronic acid. These assays permit the use of
high 2DG concentrations and have the advantage of reflecting hexose transport rates at substrate levels
of physiological significance [131]. In addition, the determination of DG6P can be performed in
96-well microplates and analyzed in a suitable plate-reader to expedite the procedure. Many cells are
required for these assays, however, and cell extracts must be prepared because the fluorescence
intensity of NADPH is rather low. Moreover, if a test compound has UV absorbency and adheres to
the cell membrane, the measurement of 2DG uptake into cells may be affected because the wavelength
used to detect NADPH fluorescence is in the UV range (340 nm).

The NADPH concentration can be monitored by direct measurement of its incipient
fluorescence but, because it is rapidly turned over [reoxidized to NADP], absolute levels of NADPH
do not reflect the level of enzymatic and metabolic activity occurring within the cell. Furthermore,
background interference from other biochemical entities in a cell or from chemical compounds added
during the test study can also obscure any reliable estimation. As a consequence, there is considerable
interest in using reagents that are themselves selectively reduced by NADPH to produce either a
colored or a fluorescent signal. Because few dye precursors react directly with NADPH, a catalyst is
usually used. The catalyst is either an enzyme, such as diaphorase [146], or an electron carrier, such as
mPMS [147]. For example, the NADPH-based reduction of colorless or yellow tetrazolium salts, such
as 3-(4,5-dimethy-2-Ithiazolyl)-2,5- diphenyl-2H-tetrazolium bromide (MTT) or 2-(4-iodophenyl)-
3-(4-nitrophenyl)-5-phenyl-2H- tetrazolium chloride (INT), does not occur by a direct interaction but
rather is catalyzed by the enzyme diaphorase to form an intensely colored formazan dye, which is
generally insoluble and nonfluorescent. The weakly fluorescent dye resazurin, which is reduced by
NADPH in the presence of either diaphorase or mPMS, has also been used to produce the strongly
fluorescent dye resorufin [148]. We confirmed our ability to measure 2DG using NADPH-based
reduction of highly water soluble tetrazolium salts such as WST-1 and WST-8. This reaction does not
occur as a direct interaction but rather is catalyzed by the enzyme diaphorase or mPMS as electron
carrier (Fig. 2-3). It was thought possible to also measure 2DG uptake by these methods in in vitro
assays which would allow assays to be performed in labs which lack a means of measuring
fluorescence. However, the method using resazurin was markedly superior in terms of sensitivity.

Based on the above information, we considered that the resazurin—diaphorase-amplifying
system would be suitable to facilitate measurement of NADPH in the 2DG uptake assay, because the
resorufin fluorophore produced is water soluble and has high fluorescence intensity; in addition, there
will be little background interference from other biochemical entities in the cell or from chemical
compounds added during the assay because the emission wavelength of resorufin is longer and its
fluorescence wavelength is much longer than those of NADPH. Furthermore, analysis of resorufin can

be measured on standard, clear tissue-culture plates because the material comprising the culture plate,
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such as polystyrene, does not interfere with the fluorescence signal of resorufin.

The principle of our new method can be summarized as follows. In the first reaction,
hexokinase catalyzes the conversion of 2DG to DG6P. In the second reaction, G6PDH catalyzes the
conversion of DG6P to 2-deoxy-6-phosphogluconate, coupled with the conversion of NADP™ to
NADPH. In the third reaction, diaphorase catalyzes the conversion of resazurin to resorufin, coupled
with the conversion of NADPH to NADP" (Fig. 2-1). In this chain reaction, NADP" and NADPH are
recycled between the second and the third reaction; thus, a low concentration of NADP" (0.12 pM)
can be used in the assay cocktail in contrast to the stoichiometric quantities of NADP™ (120 pM)
required in the method of Sasson et al. [131], which detected the fluorescence of NADPH.
Theoretically, this chain reaction should continue until 2DG and DG6P are consumed, and the
resorufin fluorophore generated should be equivalent to the amount of 2DG and DG6P. In addition,
measurement of DG6P alone can be achieved by preparing an assay cocktail without ATP and
hexokinase.

The GO6PDH enzyme used in this method must have substrate specificity for DG6P and
NADP". G6PDH enzymes can be distinguished on the basis of their nucleotide specificity [149]. One
group exemplified by enzymes from brewer’s yeast, Candida utilis, and Escherichia coli reacts with
NADP". A second group, which appears to include animal G6PDH enzymes in general, reacts with
NADP" but also reacts weakly with NAD" and some of its analogues. The third group of G6PDH can
react approximately equally well with NADP" and NAD'. This group includes enzymes from
Leuconostoc mesenteroides, Pseudomonas aeruginosa, Hydrogenononas HI16, and Thiobacillus
ferrooxidans [149]. We evaluated some commercially available enzymes for their utility in 2DG
and/or DG6P determination (data not shown). Among the enzymes tested, the G6PDH from L.
mesenteroides had specificity for 2DG [149] and was found to be the most suitable. However, because
its specificity for DG6P was lower than its specificity for G6P, a large amount of enzyme was needed.
Because our assay system for 2DG and/or DG6P determination can be applied to high-throughput
screening for enzymes with high specificity to DG6P, we expect to identify a new cost-effective

enzyme in the future.
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2DG uptake assay performed in cultured 3T3-L1 adipose cells and plimary neuronal
cells. (B) 2DG uptake assay performed in cultured 3T3-L1 adipose cells. Mature cells (n=3) in a
24-well culture plate were stimulated with 100 nM of insulin for 30 min, and were treated with
non-radiolabeled 2DG. Uptaked 2DG in cells was measured in a 96-well transparent assay plate.
(C) 2DG uptake assay performed in cultured neuronal cells. Rat brain hippocampus neuronal cells
(n=12) in a 24-well culture plate were stimulated with insulin for 4 h. After the stimulation, the
cells were treated with 40 mM KCI ,and then after 3 min 2DG uptake assay was carried out. Data
are shown mean + SD and p-values are from unpaired Student’s #-test.

In this study, using our new method, we evaluated the effects of insulin, cytochalasin B
(hexose uptake inhibitor) [141], LY294002 (inhibitor of translocation of GLUT thorough PI3K
inhibition) [142], and pioglitazone hydrochloride (insulin-sensitizing agent) [143,144] on the uptake of
2DG into L6 skeletal muscle cells cultured in a 96-well tissue culture plate. L6 myotubes stimulated
by insulin showed an increase in 2DG uptake (Fig. 2-4), whereas 2DG uptake was completely
inhibited by cytochalasin B (Fig. 2-5). These results suggest that 2DG uptake is increased by insulin
and should reflect the amount of 2DG that was transported by GLUTs is and phosphorylated because
cytochalasin B is known to inhibit glucose transport by binding to GLUTs. Uptake of 2DG into L6
myotubes was partially inhibited by LY294002 (Fig. 2-6), suggesting that the increase in 2DG uptake
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in muscle caused by insulin is dependent on PI3K, a mediator of insulin action, and that the remaining
uptake in 2DG was caused by ubiquitous GLUT1, as L'Y294002 is known to be an inhibitor of the
PI3K that mediates GLUT4 translocation [150]. In the next test, the known insulin-sensitizing agent
pioglitazone dose-dependently increased 2DG uptake into L6 myotubes in the absence of insulin (Fig.
2-7). This result suggests that the increased 2DG uptake induced by pioglitazone was dependent on its
high affinity for the nuclear peroxisome proliferator-activated receptor y (PPARY), which promotes
GLUT#4 translocation to the cell membrane [151,152]. Thus, our method was clearly able to evaluate
the effects of glucose uptake regulators in tissue culture.

Importantly, skeletal muscle is a major mass peripheral tissue, accounting for ~40% of the
total body mass and >30% of energy expenditure. Hence, skeletal muscle has a paramount role in
energy balance and is the primary tissue for insulin-stimulated glucose uptake, disposal, and storage
(showing fourfold the glycogen content of liver). Therefore, skeletal muscle must be considered an
important therapeutic target tissue in the battle against NIDDM and CVD [153]. Thus, methods for
evaluating regulators of glucose uptake in muscle cells or tissue, such as our method, will be useful in
strategies to develop new drugs or to evaluate food factors. Finally, although skeletal muscle cells
express both GLUT4 and GLUT!1 and are capable of increasing glucose transport via stimulation with
insulin [136], it will be necessary to investigate whether uptake is caused by translocation of GLUTA4.

Adipose tissue is also considered to be an important tissue in metabolic regulation and
insulin resistance, and it may play an important role in the mechanism of action of glucose-uptake
regulators [154]. We found that our method for measuring 2DG uptake into cells was also applicable
to mature adipocytes (differentiated 3T3-L1 cells) (Fig. 2-8B). Because differentiated adipocytes are
nonadherent, in this assay 3T3-L1 cells were differentiated in a 24-well plate, to which the test
compound and 2DG were added. After the 2DG-uptake period, the cells were collected into a
micro-test-tube and were lysed and heat-treated. The cell lysate was then transferred into a 96-well
assay plate, and the amount of 2DG that had been taken up into the cells was measured by our
enzymatic assay.

We also showed the up-regulation of 2DG uptake in rat hippocampus neuronal cells
stimulated by insulin. As shown in Fig.2-8C, the uptaken 2DG in the insulin-stimulated neurons was
increased statistically significantly to be compared with that of control. In nerve cells, insulin bind to
receptors and promotes membrane transport system itself appears to be the limiting factor. It is known
that two isomers, GLUT1 and GLUT3 are expressed in neuronal cells. Expression of both isoforms
increased as neurons differentiated in culture, corresponding to an increase in glucose uptake [155]. It
was thought that expression or translocation of these GLUTs were related with the result. Recently,
using our method, Miichi et al. studied the effects of insulin on neuronal 2DG uptake in hippocampal
neurons exposed to insulin (I mM) for 30 min after insulin starvation [156]. However, they did not
observed insulin-dependent increase of neuronal 2DG uptake. Whatever the case, they confirmed that
our method was useful for evaluation of glucose uptake in neuronal cells.

In conclusion, we have developed a method for evaluating 2DG uptake in cells cultured in a
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96-well microplate by a simple incubation with a single total-assay reaction mixture, coupled with
fluorescence detection. This method is clearly able to evaluate the effects of glucose uptake regulators,
such as insulin, cytochalasin B, and LY294002. Therefore, our simple method may be useful for in

vitro high-throughput screening and for evaluating glucose-uptake regulators.
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Chapter 3

A non-radioisotopic, enzymatic microplate assay for in vivo
evaluation of 2-deoxyglucose uptake

3-1. Introduction

Skeletal muscle insulin resistance is a silent feature of type 2 diabetes (T2DM). In humans
and other mammals, skeletal muscle normally accounts for approximately ~70% of whole body insulin
stimulated glucose transport [128,157,158]. Therefore, in order to develop novel anti-diabetic
therapeutic agents, it is important to identify small molecules that serve as insulin mimetics or insulin
sensitizers in skeletal muscle. Such compounds would serve to augment glucose uptake and anabolic
metabolism, thereby normalizing excessive blood glucose levels. Glucose uptake in cultured cells and
in tissues is regularly determined using non-metabolizable radioactive hexoses, such as
3-O-methylglucose (3MG) or 2-deoxy-p-glucose (2DG), labeled with tritium or '*C at high specific
activities. The uptake assay of [’'H or "*C] 2DG is more convenient due to the fact that it becomes
phosphorylated to the stable and impermeable derivative 2-deoxyglucose-6-phosphate (DG6P) by
hexokinase (HX) or glucokinase [133]. However, routine use of these radiolabeled analogues requires
a specialized institution where isotopes can be handled.

We have previously reported a non-radioisotopic, 96-well-microplate assay that can be used
to evaluate glucose uptake activity in cultured cells [159] (see Chapter 2). This method is based on the
assay of glucose-6-phosphate dehydrogenase (G6PDH), with resazurin-diaphorase amplifying
detection of NADPH produced during the oxidation of DG6P to 6-phospho-2-deoxyglucuronic acid.
The reaction involves addition of a single assay solution and incubation, followed by detection of the
potent fluorophore, resorufin. The assay solution contains HK, Mg2+, ATP, G6PDH, NADP, diaphorase
and resazurin. Although transported 2DG is converted to DG6P and accumulates in cells, 2DG could
be used as a standard in the previous in vitro assay, because glucose in the culture medium was
washed out. Uptake of 2DG by cells was therefore evaluated in the absence of glucose with the assay
solution containing Mg®*, ATP and HK, resulting in the conversion of 2DG to DG6P. The principles of
the assay are based on classical enzymatic methodology and the assay allows direct and quantitative
measurement of levels of DG6P, 2DG, glucose and G6P and is useful for in vitro high-throughput
screening and for evaluating regulators of glucose transport [159]. Using this methodology, we
confirmed that our assay system could also determine 2DG uptake in cultured adipose 3T3-L1 cells.
However, to evaluate 2DG uptake in an in vivo study using the enzymatic method, separate detection
of glucose, 2DG, G6P and DG6P was needed because the tissue levels of glucose are much higher than
those of 2DG and DG6P.

In this chapter, we describe application of this classical enzymatic method to an in vivo
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mouse study. Prior to the animal experiment, we developed methods to allow measurement of glucose,
2DG, G6P and DG6P separately. This was achieved using four different reaction solutions, the
composition of which changed depending on the compound being assayed. Using this assay system,
we demonstrate the detection of 2DG in blood and the detection of DG6P accumulation in muscle
tissue [160]. These methods are based on the assays for DG6P and G6P, which monitor
resazurin-diaphorase-amplified detection of NADPH produced during G6PDH catalyzed oxidation of
DG6P and G6P. To quantitate glucose, 2DG, G6P and DG6P separately, we proposed using four
independent, single reaction mixtures containing G6PDH from Leuconostoc mesenteroides and
Candida utilis (tolura yeast).

Several years later, C. utilis G6PDH was no longer sold by Sigma-Aldrich and a substitute
distributor did not exist. So, we had to improve our assay system without using C. utilis GOPDH. A
short time later, we improved our assay method by incorporating minor modifications for the use of L.

mesenteroides GOPDH. In this chapter, we also describe the improved assay system.

3-2. Materials and methods

3-2-1. Materials

2DG (Grade III), DG6P sodium salt, HK from S. cerevisiae, G6PDH from C. utilis,
recombinant L. mesenteroides G6PDH and bovine pancreas insulin were purchased from
Sigma—Aldrich (St. Louis, MO). ATP, B-NAD, -NADP and diaphorase from C. kluyvery (Type II-L)
were purchased from Oriental Yeast (Tokyo, Japan). Resazurin sodium salt, triethanolamine
hydrochloride (TEA), glucose oxidase (GOD, from Aspergillus niger) and other general chemicals

were purchased from Wako Pure Chemical (Osaka, Japan).

3-2-2. Determination of glucose, 2DG, G6P and DG6P

We measured glucose, 2DG, G6P and DG6P using the previously published assay for
determining 2DG uptake in cultured cells [159], with slight modification. We prepared four assay
solutions (cocktails A, B, C and D) as described in Table 3-1. The reaction schemes are illustrated in
Fig. 3-1. To determine total glucose, 2DG, G6P and DG6P, assay cocktail A was used. This cocktail
was almost the same as the assay solution in our previous work and contained 50 mM TEA (pH 8.1),
50 mM KCI, 2 mM magnesium acetate, 0.02% BSA, 0.1 mM NADP, 0.5 mM ATP, 25 uM, 2-10 uM
resazurin sodium salt, 0.2 units/mL diaphorase, 2 units/mL. HK and 20 units/mL recombinant L.
mesenteroides G6PDH. Cocktail B contained 0.1 units/'mL C. wutilis G6PDH in place of L.
mesenteroides GOPDH in cocktail A and was used for determination of glucose plus G6P. Cocktail C
was prepared by omitting magnesium acetate, ATP and HK from the preparation of cocktail A, and
was used for determination of G6P plus DG6P. Cocktail D was used for determination of G6P alone

and contained 0.1 units/mL C. utilis G6PDH in place of L. mesenteroides G6PDH in cocktail C. Each
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assay cocktail was prepared before each assay from stock solutions of enzymes, coenzymes and
substrate that were maintained in a freezer or a refrigerator. Test samples (2—10 pL in 384 well format,
5-25 uL in 96 well plate assay) were mixed with each cocktail (100 pL in 384 well format, 200 uL in
96 well format), and were then incubated. Incubation time was set to 30 min for cocktails A and C, and
45-60 min for cocktails B and D. After each incubation, fluorescence at 615 nm (excitation at 530 nm)
was measured on a MTP-800 microplate reader (Corona Electric, Hitachinaka, Japan) to detect the
resorufin derived from reduced resazurin. Calculations are based on standards and blanks carried
through the assay. [DG6P] is calculated from the difference between [G6P + DG6P] and [G6P], and
[2DG + DGG6P] is calculated from the difference between [glucose + 2DG + G6P + DG6P] and
[glucose + G6P]. [glucose] and [2DG] can also calculated. If the sample solution contains vanishingly
small amount of G6P and DG6P, assay cocktails A and B may be also used for determination of

glucose and 2DG.

Table 3-1. The final concentrations of reagents in assay solutions.

Assay Cocktail A B C D

glucose Glucose

Target compound for detection 2DG

get cotmpound fot detectio G6P G6P G6P G6P

DG6P DG6P

TEA buffer (pH 8.1) 50 mM 50 mM 50 mM 50 mM

KCl 50 mM 50 mM 50 mM 50 mM

Magnesium acetate 2 mM 2 mM - -—-

Bovine serum albumin (BSA) 0.02% 0.02% 0.02% 0.02%

NADP 0.1 mM 0.1 mM 0.1 mM 0.1 mM

ATP 0.5 mM 0.5 mM -—- -—-

Diaphorase 0.2 units/mL. 0.2 units/mL. 0.2 units/mL 0.2 units/mL

Resazurin sodium salt 2-10 uM 2-10 uM 2-10 uyM 2-10 uM

Hexokinase 2 units/mL 2 units/mL - -

C. utilis G6PDH - 0.1 units/mL - 0.1 units/mL

L. mesenteroides GGPDH 20 units/mL - 20 units/mL -

Each assay solution was prepared before each assay from stock solutions of enzyme, coenzyme,
and substrate that were maintained in a freezer or a refrigerator.[e.g. 200 mM TEA and 200 mM
KCl solution (pH 8.1),(R*); 200 mM magnesium acetate, (R); 0.4% BSA in a freezer, (F*); 10
mM NADP, (F); 50 mM ATP, (F); 2 mM resazurin Sodium Salt in 50 mM TEA buffer, (R); 200
units/mL diaphorase in 50 mM TEA buffer, (F).Other enzymes were used as commercial
enzyme solutions and were stocked as in each technical sheet. *R and F mean freezer and
refrigerator to maintain a stock solution.]

—33-



{Fluarapore)

a b Resazurin
diaphoras.
MADPH
2DG  glucose (Gocktal A] t HADP
glucose - GER 4 = GPGA
> DGEP =
ATP) HK2+ ATP 2bG HK GEPDH (L. mesenleraides) GPDGA
aop €| Mo [ app
[Caockiail B] “*‘DF'HUADP
BPGA BPDGA DGeP G6F glucose ——m-  GOP e = BRGA
2DG HEK DGBP(not react)
G6PCH [Cocktail G “{“@ADP
NADPH NADP" Q'UCOSB} GoP " T BPGA
205 inat reacti 6P GBF'DH(L.mr:serJtemfdes)'— BPDGA
dizphorase
MADPH
i ; [Cocktail D] UADP
resazLurin rescrurnn
| o
{fluzrophore) 8 u; SSGB} DGéig’P GEPDH (C. wtiiis) BRGA
(nct reacty (not react)
Fig. 3-1. Principle of the assay system for measuring glucose, 2DG, G6P and DGG6P. (a
y Sy

Schematic representation of the chain reaction. (i) HK catalyzes the conversion of “glucose to
G6P” and “2DG to DG6P” (ii) G6PDH catalyzes the conversion of “G6P to 6PGA” and “DG6P
to 6PDGA”, coupled with the conversion of “NADP' to NADPH”. (iii) Diaphorase catalyzes the
conversion of “resazurin to resorufin”, coupled with the conversion of “NADPH to NADP"”.
Theoretically, the amount of resolufin derived should be equal to the total amount of glucose,
2DG, G6P and DG6P when the assay cocktail A is used. (b) Schematic representation of the
detections for target molecules by each assay solutions. HK in cocktail A and B catalyzes both
conversion of “glucose to G6P” and “2DG to DG6P”. L. mesentriodes G6PDH in cocktail A and
C catalyzes both conversion of “G6P to 6PGA” and “DG6P to 6PDGA”, and C. utilis GOPDH in
cocktail B and D catalyzes only the conversion of “G6P to 6PGA”. The assay cocktail A detects
total of glucose, 2DG, G6P and DG6P. The assay cocktail B detects total of glucose and G6P. The
assay cocktail C detects total of G6P and 2DG6P, and the assay cocktail D detects only G6P.
Compositions of each assay cocktail were described in Table 3-1. 2DG, 2-deoxyglucose; G6P,
glucose-6-phosphate; DG6P, 2-deoxyglucose-6-phosphate; 6PGA, 6-phosphoglucuronic acid,;
6PDGA, 6-phospho-2-deoxyglucuronic acid; HK, hexokinase; G6PDH, glucose-6-phosphate
dehydrogenase.

3-2-3. Glucose oxidase method

We used a commercial assay kit, Glucose-CII-Test-Wako (Wako Pure Chemical), according
to Miwa et al. [161], to determine glucose and 2DG by the glucose oxidase (GOD) method.
GOD-enriched reaction solution was prepared by adding GOD (from Aspergillus niger, Wako Pure
Chemical) to a prepared reagent in the kit (plus 100 units/mL in a assay solution of the kit) (Table 3-2).
Standard solution (10 pL) of glucose or 2DG were placed into a 96 well assay plate and 200 pL of
assay solution (“a prepared reagent in the kit” or “a GOD-enriched reagent”) was added and then
incubated at 37°C. Absorbance at 492 nm was measured by a MTP-800 microplate reader (Corona

electric, Hitachinaka, Japan).
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3-2-4. Animals

Protocols for animal use were reviewed and approved by the Animal Care Committee of
House Wellness Foods Corporation and were in accordance with the guidelines of The Science
Council of Japan. Male CD1 (also called ICR) mice were obtained from the Atsugi firm of Charles
River Japan (Yokohama, Japan) and were housed in a 12 h light/dark cycle and were fed standard

rodent chow, CE-2 (Clea Japan, Tokyo, Japan).

Table 3-2. Composition of assay solution for GOD assay.

Normal assay solution (a) GOD-enriched assay

solution (b)

phosphate buffer (pH7.1) 60 mM 60 mM
phenol 53 mM 53 mM
mutarose 0.13 units/mL 0.13 units/mL
GOD 9 units/mL 100 units/mL
horse radish peroxidase 0.65 units/mL 0.65 units/mL
4-aminoantipyline 0.50 mM 0.50 mM
ascorbic acid oxidase 2.7 units/mL 2.7 units/mL

A commercial available kit, Glucose-CII-Test-Wako (Wako Pure Chemical) was
used for a normal assay solution (a), and a GOD-enriched assay solution was
prepared by adding GOD to the kit (b).

3-2-5. Animal study

Mice (9 weeks old) were food restricted for 6 h (09:00 — 15:00) before the study. 2DG (2
mmol/kg body weight) and insulin (1.5 units/kg body weight) dissolved in saline were intravenously
injected into the tail vein of subjects simultaneously (N=3). Control mice were injected with 2DG only
(N=3). Blood samples (ca. 20 pL) were collected at 5 min intervals after the injection and the obtained
plasma samples stored in a deep freezer (—85°C). Another set of mice (9 weeks old) were divided into
three groups and two groups were intravenously injected with 2DG plus insulin or 2DG alone. The
remaining group was untreated. Femoral muscle tissues were removed 30 min after the injection and

were 'snap-frozen' in liquid nitrogen and stored in a deep freezer (—85°C).

3-2-6. Determination of glucose and 2DG in blood

The blood samples were diluted 500 fold with H,O and the diluted plasma (5 pL) was placed
in a 384-well assay plate (LUMITRAC 200, Greiner Bio-one). Concentration of [Glucose + 2DG] was
determined using 100 pL of assay cocktail A in which the concentration of resazurin was set to 5 uM,
and [glucose] was determined using assay cocktail B in which resazurin was set to 5 uM.
Concentration of [2DG] was calculated as the difference between [glucose + 2DG] and [glucose] assay

values.
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3-2-7. Determination of DG6P in muscle

Frozen femoral muscle (50-100 mg) was homogenized on ice in a 9-fold volume of ice-cold
deionized water in a 2 mL polypropylene micro-test-tube using a TH-Homogenizer fitted with a 7 mm
diameter saw tooth generator probe (Omni International, Warrenton, VA). An aliquot (100 uL) of the
homogenate was transferred to a 1.5 mL polypropylene micro-test-tube and 200 puL of 0.1 N NaOH
was added, followed by heat treatment at 85°C for 45 min to destroy endogenous NAD(P)H, NAD(P)
and enzymes. After heating, the micro-test-tube was cooled and 200 pL of 0.1 N HCI was added to
neutralize the alkali and the sample centrifuged at 10,000 x g for 5 min. The supernatant (10 uL) was
transferred to a 384-well assay plate and incubated with 100 pL assay cocktail C or D, in which the
concentration of resazurin was set to 2 uM, for 60 min at 30°C. At the end of the incubation,
fluorescence was measured on a plate reader. A standard curve was generated using standards of DG6P
and G6P in the same assay plate. A standard curve was generated for each assay. A schematic

representation of this protocol is shown in Fig. 3-2.

3-2-8. An improved enzymatic, fluorometric assay to quantitate 2-deoxyglucose and
2-deoxyglucose-6-phosphate for in vitro and in vivo

To quantitate glucose, 2DG, G6P and DGO6P separately, we proposed using four independent,
single reaction mixtures containing G6PDH from Leuconostoc mesenteroides and Candida utilis
(tolura yeast) [159]. However, several years later, Sigma-Aldrich stopped selling C. utilis G6PDH and
a substitute distributor did not exist. So, we improved our assay method by incorporating minor
modifications for the use of L. mesenteroides G6PDH. We prepared four independent reaction
mixtures, as shown in Table 3-3. All the reactions were performed in a 384-well white assay plate at
37°C, and incubation time was set to 45-90 min for cocktails A and C, and 30 min for cocktails B and
D. In this case, a smaller amount of G6PDH can be used by increasing the incubation time. At the end
of each incubation, fluorescence at 615 nm (excitation at 530 nm) was monitored on a MTP-800

microplate reader.

3-3. Results

3-3-1. Determination of glucose, 2DG, G6P and DG6P

In our previous work [159] (see Chapter 2), where we measured 2DG uptake in cultured
cells, we used a single assay solution containing HK, Mg”, ATP, L. mesenteroides G6PDH, NADP,
diaphorase and resazurin, and used 2DG as standard. However, in this in vitro study, although the
above assay solution could react with glucose, 2DG, G6P and DG6P, the assay almost exclusively only
detected DGOP in cells because the cells had been treated with only 2DG and stable DG6P had

accumulated in cells. Because glucose is present in the body, 2DG and glucose, or DG6P and G6P
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needed to be measured separately in order to use the 2DG uptake assay in an in vivo study. Therefore,
we used two kinds of G6PDH with different substrate specificity. When the reactivities of commercial
G6PDHs towards DG6P were investigated, the enzyme from C. utilis (tolura yeast) showed the lowest
reactivity towards DG6P. Thus, low numbers of units of the C. utilis enzyme reacted only with G6P
whilst high numbers of units of the enzyme from L. mesenteroides reacted with both G6P and DG6P
(Fig. 3-3). A further step that was required was to improve the assay to allow determination of low
concentrations of glucose and 2DG in a 96-well or 384-well microplate format. It was found that just
by decreasing the concentration of resazurin in the reaction solution, it became possible to measure
low-concentrations of glucose and 2DG. Based on the above, reaction solutions to measure each target
molecule were developed as shown in Table 3-1. Since measurement sensitivity was raised, the 2DG

uptake period in the in vitro study could be shortened to 5 min from about 20 min.

< 2.0 mL of polypropylene tube >
Muscle tissue (50 ~ 100 mg)

(onice) e—— Ice cold H,O ( 9 fold of tissue)

e Homeogenize
¥

Tissue homogenat

< 1.5 mL of polypropylene tube > Transffer (100 L)

Tissue homogenate (100 ulL)
=~ 0.1 N NaOH (200 uL}
e Heat at 85°C for 45 min

0.1 N HCI (200 L)

{Jp=—centrifuge
f

|
Supernatant

< 384-well assay plate > Transffer (10 pL)

Supermatant (10 L)

~—— Assay cocktail C or D (100 pL)
Incubate at 37°C

[Measure fluorecence by a plate reader

[DG6P] = [GBP + DGEP] - [GBP]

Fig. 3-2 Schematic representation of the determination of DG6P in muscle tissue.
Protocol of sample preparation is described in Method. [G6P + DG6P] are measured
using Cocktail C, and [G6P] is measured with Cocktail D. [DG6P] is calculated as the
difference between [G6P + DG6P] and [G6P] assay values.
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Fig. 3-3. Detection of glucose, 2DG, G6P, and DG6P by assay solutions. (A) Comparison of
detection of target molecules by each assay solution. The standard solutions (5 pL) of glucose,
2DG, G6P, and DG6P (100 uM each) were reacted with each assay cocktail (100 uL). After
incubation of the plate at 37°C for 1 h, fluorescence (ex. 530 nm, em. 615 nm) was measured
on a plate reader. The composition of each assay solution is described in the text and the
concentration of resazurin in each assay solution was set to 5 uM. (B, C) The standard
solutions of glucose and 2DG (~50 uM, 5 pL) were reacted with assay cocktails A and B (100
uL), respectively. The reaction time was set to 60 min for cocktail A and 30 min for cocktail B.
(D, E) The standard solutions of glucose, 2DG, G6P, and DG6P (~10 uM, 10 pL) were reacted
with assay cocktails C and D (100 pL). The reaction time was set to 60 min for cocktail C and
30 min for cocktail D. Each data point is the mean + SD from triplicate determinations.

The glucose oxidase method is used widely by measuring blood sugar. Then, the glucose
oxidase method was employed to measure 2DG. Since GOD reacted to both of glucose and 2DG, it
was not able to measure separately glucose and 2DG. (Fig. 3-4). In other words, the GOD method was
able to measure the total amount of glucose and 2DG. Because a resazurin—diaphorase amplifying

method has a higher sensitivity to detect glucose than GOD method, we thought that our assay cocktail
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A would be useful to detect blood glucose in study using small animals, such as a mouse. The amount

of blood could be lessened

3-3-2. Determination of glucose and 2DG in plasma

Glucose and 2DG in plasma from mice which had been injected with 2DG or DG with
glucose were measured using this enzymatic assay (Fig. 3-5). Since this method was highly sensitive,
the amount of blood needing to be collected was less than 10 pL. For this assay, we used only 1 uL of
plasma and 5uL of 500 fold diluted plasma. The diluted plasma (5 pL) was reacted with assay cocktail
A for determination of total of glucose and 2DG and was reacted with assay cocktail B for
determination of glucose. The concentration of 2DG in plasma could be calculated from the data from
these two independent reactions. As shown in Fig. 3-5, it was observed that the blood glucose level
decreased and the concentration of 2DG also fell upon stimulation with insulin. In the absence of

insulin stimulation, blood glucose increased slightly upon injection of 2DG.

3-3-3. Determination of insulin-stimulated DG6P accumulation in muscle tissue

To confirm that our assay system could evaluate the uptake of 2DG in response to insulin
stimulation in muscle tissue, we injected 2DG and insulin into mice, and determined 2DG
accumulation in femoral muscle tissue using our enzymatic assay. The femoral muscle was taken 30
min after injection of 2DG and insulin and stored in a freezer (—85°C). The frozen tissue was
homogenized in ice-cold water, the homogenate heat-treated with alkali and the accumulation of
DG6P in muscle tissue detected using assay cocktails C and D (Fig. 3-5 and 3-6). Because a portion
of the glucose which contaminated the tissue sample could potentially be converted into G6P during
the pre-treatment of the sample tissue, the value of DG6P was corrected with the value obtained from
the assay using cocktail C. Using this method, we could detect the enhanced DG6P accumulation

(2DG uptake) caused by insulin-stimulation in muscle tissue.
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Fig. 3-4. 2DG determination by glucose oxidase (GOD) method. (a) 2DG determination by a
normal assay solution. (b) 2DG determination by a GOD-enriched assay solution. (¢) Schematic
representation of GOD method. POD, horse radish peroxidase. A commercial available Kkit,
Glucose-CII-Test-Wako (Wako Pure Chemical) was used for a normal assay solution, and a
GOD-enriched assay solution was prepared by adding GOD to the kit (Table 3-2). Although 2DG
determination was analyzed by GOD method, its sensitivity did not match
resazurin-diaphorase-amplified hexokinase-G6PDH method.
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Fig. 3-5. Time course of glucose and 2DG in mouse blood after intravenously injection of 2DG
and insulin. 2DG (2 mmol/kg body weight) and insulin (1.5 units’kg body weight) were
intravenously injected into the tail vein at the same time (N=3). Control mouse was injected only
2DG (N=3). Plasma sample was diluted (x500) and was measured 2DG and glucose by enzymatic
assay. (a) Time course of [glucose + 2DG]. The total concentration of [glucose + 2DG] was
measured by using assay cocktail A and was determined from the standard curve of 2DG (b). (¢)
Time course of [glucose].The concentration of [glucose] was measured by using assay cocktail B
and was determined from the standard curve of glucose (d). (e¢) Time course of [2DG].The
concentration of 2DG was calculated as the difference between [glucose + 2DG] and [glucose] assay
values. Composition of each assay cocktail is described in Table 1 and the concentration of resazurin

in each assay solution was set to 5 uM.
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Fig. 3-6. Insulin stimulated DG6P accumulation in muscle tissue of mouse. 2DG (2
mmol/kg body weight) and insulin (1.5 units’kg bodyweight) were intravenously
injected into the mouse tail vein (N=3). Control mouse was injected only 2DG (N=3).
At 30 min after the injection, femoral muscle was removed and directly snap-frozen
in liquid N,. Frozen femoral muscle was treated as described in Methods and as
shown in Fig. 3-2. (a) The concentration of [G6P + DG6P] was measured by using
assay cocktail C and was determined from the standard curve of G6P (b). (¢) The
concentration of [G6P] was measured by using assay cocktail D and was determined
from the standard curve of G6P (d). (e)The concentration of 2DG6P was calculated
as the difference between [DG6P + G6P] and [G6P] assay values. Composition of
each assay cocktail was shown in Table 3-1 and the concentration of resazurin in
each assay solution was set to 2 uM. Each data point is the mean = SD.

3-3-4. An improved enzymatic, fluorometric assay

G6PDH catalyzes the conversion of G6P to 6-phospho-gluconolactone, coupled with the
conversion of NADP" to NADPH. L. mesenteroides GG6PDH can catalyze the conversion of 2DG to
6-phospho-2-deoxygluconolactone and can use NADP" and NAD" as a coenzyme [149]. Thus, the
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enzyme can bind NADP', NAD', G6P, and DG6P, but the reaction rates are different when the
enzyme-G6P and enzyme-DG6P complexes with coenzyme and when the enzyme binds to NAD" and
NADP" alone [149]. In brief, the order of the reaction speed of the complexes with coenzymes is:
[enzyme-G6P with NADP'] > [enzyme-G6P with NAD'] >> [enzyme-DG6P with NADP'] >
[enzyme-DG6P with NAD']. Taking advantage of the fact that two forms of the enzyme exhibit
differences in reactivities, we prepared four independent reaction mixtures, as shown in Table 3-3.
Assay cocktail A is the same as that reported previously, but cocktails B, C, and D are modified from
the previous method [160]. The previous report differs in that only one type of enzyme is used along
with NAD" and NADP". In our assay, to prepare cocktails B and D, NAD" was used instead of NADP"
and low units of L. mesenteroides GOPDH were used instead of using C. utilis GOPDH. The addition
of ATP and hexokinase allows the detection of glucose and 2DG. Hexokinase catalyzes the conversion
of glucose to G6P, and the conversion of 2DG to DG6P. For the reaction addition of Mg”" is needed,
because ATP binds to the enzyme as a complex with Mg*", which provides charge compensation and
promoting a favorable conformation of ATP at the active site. Scheme and principle of the assay are
described in detail in previous report [159]. Theoretically, the amount of resorufin derived should be
equal to the amount of target compounds if the reaction goes to completion.

All assay cocktails were prepared in a buffered solution (pH 8.1) with 50 mM TEA adjusted
with HCI. The addition of fetal bovine albumin stabilizes the enzymes in each assay solutions.
Magnesium chloride or magnesium sulfate can be used instead of magnesium acetate in the assay
cocktails A and C. The reason that we selects magnesium acetate is its lower hygroscopicity than other
salts for easy handling. As shown in Fig. 3-7, cocktail A could determine [glucose, 2DG, G6P, and
DG6P] simultaneously and without distinction; cocktail B, [glucose and DG6P]; cocktail C, [G6P and
DGO6P]; and cocktail D, [G6P] only. The obtained results were in agreement with results previously
reported though the composition of reaction mixture was different. The linearity (linearity coefficient
from 0.994 to 0.999) of each standard curve was excellent and intra-assay (percentage coefficient of
variation values < 0.5) reproducibility of the method was very satisfactory, and intra-assay

reproducibility was also satisfactory.
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Fig. 3-7. Estimation of the concentrations of glucose, 2DG, G6P, and DG6P by assay solutions.
The standard solution of glucose, 2DG, G6P, and DG6P (5 pL) were reacted with 100 uL of
assay cocktails A, B, C and D (graph A, B, C and D, respectively). After incubation of the plate
at 37 °C for 90 min, fluorescence (ex. 530 nm, em. 615 nm) was measured on a plate reader. The
composition of each assay solution is shown in Table 1, and the concentration of resazurin in
each assay solution was set to 5 uM. The concentration of GOPDH was 150 units/mL in cocktails
A and C and 0.1 units/mL in cocktails B and D. All data was acquired after incubation for 90
min. When using cocktails B and D, each reaction was completed in 30 min and no change was
observed until 90 min. Each data point is mean + SD of triplicate measurements.

3-4. Discussion

Facilitative glucose transport systems are ubiquitous in animal cells and are responsible for
transporting glucose across the cell surface membrane. Uptake of glucose into cultured cells and
tissues is commonly determined using non-metabolizable radioactive hexoses, such as 3MG or 2DG.
Assaying the uptake of [°’H or '*C]2DG is more convenient than assaying the uptake of [*H]3MG
because 2DG is converted to a stable and impermeable derivative (DG6P) through phosphorylation by
HK or glucokinase. Although new radiolabeled glucose analogues for use as tracers of glucose uptake
have been synthesized, none of these molecules has been found to show the same biological behavior
as 2DG [145]. Therefore, 2DG is often considered to be the gold standard of reference tracers of
glucose transport and phosphorylation. Manchester et al. [139] and Sasson et al. [131] developed
enzymatic assays for evaluating 2DG uptake into tissues and cultured cells that avoid the need for

radioisotopes. Their methods were based on the assay of DG6P, which is monitored by detection of
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NADPH produced during the oxidation of DG6P to 6-phosphoglucuronic acid by G6PDH. The
NADPH produced in their assays could be detected by direct fluorescent measurements of the
stoichiometric amount of NADPH generated or by amplification of this NADPH by enzymatic cycling
[163].

Resazurin, which is the N-oxide of the fluorescent dye resorufin which is also known under
the name AlamarBlue™, is useful for detecting reductive activities in cells and has been widely used
for measuring cell proliferation [164,165] and mitochondrial metabolic activity [166]. The “resazurin
reduction test” has been used for about 50 years to monitor bacterial and yeast contamination of milk
and also for assessing semen quality [167]. Resazurin itself is non-fluorescent until it is reduced to the
highly red fluorescent resorufin. Usually, NADPH or NADH is the reductant that converts resazurin to
resorufin in the presence of the enzyme diaphorase. Thus, resazurin can be used to detect NAD(P)H or
diaphorase levels. Furthermore, the resazurin-diaphorase system can be used to detect any biochemical
or enzyme activity that is involved in a biochemical reaction generating NAD(P)H [168-173].

Based on the above information, we considered the resazurin-diaphorase system to be
suitable to facilitate measurement of NADPH in the 2DG uptake assay, and we reported the protocol
for measurement of 2DG uptake in cultured cells [159] (see Chapter 2). The principle of the methods
can be summarized as described below and in Fig 3-1a. In the first reaction, HK catalyzes the
conversion of 2DG to DG6P. In the second reaction, G6PDH catalyzes the conversion of ‘DG6P to
2-deoxy-6-phosphoglucuronate’, coupled with the conversion of ‘NADP to NADPH’. In the third
reaction diaphorase catalyzes the conversion of ‘resazurin to resorufin’, coupled with the conversion
of ‘NADPH to NADP’. This reaction should continue until 2DG and DG6P are consumed. Thus,
detection of the reaction would be recorded at the endpoint and the amount of generated resorufin
should be equivalent to the amount of 2DG and DG6P In these reactions, glucose and G6P are
similarly distinguished. By using this method, we reported a 2DG uptake assay in L6 skeletal muscle
cells cultured in 96 well microplates [159] and we also demonstrated a 2DG uptake assay in cultured
3T3-L1 adipose cells

To evaluate 2DG uptake in an in vivo study using the enzymatic method, separate detection
of glucose, 2DG, G6P and DG6P was needed because the tissue levels of glucose are much higher than
those of 2DG and DG6P. To determine 2DG and DG6P, Chi et al. [174,175] and Akabayashi et al.
[176] have developed enzymatic assays. Their methods are based on a HK-G6PDH assay in the same
way as our method, and directly detect NADPH derived from the reactions or detect NADPH by
amplification with a NADP cycling reagent. They also use elimination reaction steps in their methods.
To eliminate glucose, Chi et al. [174] used GOD and mutarotase, which convert glucose to
glucono-d-lactone. To eliminate glucose and GO6P, Akabayashi et al. [176] used a
glucose-elimination-reagent containing HK, glucosephosphate isomerase and phosphofructokinase. In
the reaction mixture glucose plus G6P were converted to fructose 1,6-bisphosphate and 2DG was
converted to DG6P. Using these elimination reagents involves many steps and the operations are

complicated. In our present method we do not use such elimination reagents but instead use four
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independent assay solutions (cocktail A, B, C and D as shown in Table 3-1). The components of each
assay solution are similar to each other and each assay solution can be prepared easily by mixing stock
solutions. Furthermore, the actual reaction step is very simple, involving only a single incubation with
the assay solution followed by the reading of fluorescence. The same authors also developed an assay
for glucose and G6P in which the above elimination reactions were omitted and the concentration of
G6PDH reduced to about 1/250 of that used in the assay of 2DG and DG6P. The authors noted that
DG6P was not oxidized at this low concentration of G6PDH. We initially used their strategy, but the
long incubation time caused a slight reaction with DG6P. Thus, we screened for a commercially
available G6PDH enzyme suitable for our assay. Using this screen we confirmed that C. utilis GOPDH
has much lower reactivity towards DG6P than L mesenteroides G6PDH. We also confirmed that using
low numbers of units of C. wutilis G6PDH didn’t cause increasing fluorescence during a long
incubation when DG6P was reacted. HK can convert both glucose and 2DG to G6P and DG6P
respectively and the reaction needs Mg®>" and ATP. This reaction had been utilized effectively for
analyzing separately the phosphorylated sugar and free sugar in both of the Chi and Akabayashi
methods. We also utilized this reaction. In brief, cocktail C and D do not contain HK, Mg*" and ATP
and do not react with non-phosphorylated glucose and 2DG.

Finally, we prepared four assay solutions (cocktail A, B, C and D as shown in Table 3-1) to
allow the separate determination of glucose, 2DG, G6P and DGG6P. Briefly, assay cocktail A detects
total glucose, 2DG, G6P and DG6P, cocktail B detects glucose plus G6P, cocktail C detects G6P plus
DGO6P and cocktail D detects only G6P. Therefore, glucose, G6P and DG6P can be calculated using the
values from each assay. If the sample solution contains vanishingly small amounts of G6P and DG6P,
assay cocktail A and B may also be used for determination of levels of glucose and 2DG, and if the
sample solution doesn’t contain glucose or 2DG, cocktail A may be used for determination of DG6P.
For example, we could use assay cocktail A in a 2DG uptake assay in cultured cells because the cells
were washed before enzymatic determination of DG6P, and we could use assay cocktails A and B
without using C and D for detection of glucose and 2DG in blood.

We also investigated the GOD method, which is widely used for measuring blood glucose, as
a means of determining glucose and 2DG levels. Since GOD reacts with both glucose and 2DG, the
GOD method cannot be used to separately measure glucose and 2DG. Thus, given that a
resazurin-diaphorase amplifying method gives a much higher sensitivity towards glucose than the
GOD method. In in vitro studies, investigators usually wish to make several physiological
measurements from small volumes of blood to decrease the stress on the laboratory animals and
improve the quality of their experiments. We are of the opinion that assay cocktail A would be of use
in studies of small animals such as mouse because the amount of blood needed would be decreased.

Using our assay system, we demonstrated the detection of 2DG in blood and the detection of
DGO6P accumulation in muscle tissue with our new assay method. After the administration of 2DG (2
mmol/kg body weight), blood glucose was elevated approximately 10 millimolar above the base level

in spite of blood 2DG being several millimolar. It was thought that this phenomenon depended on
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inhibition of glucose uptake in peripheral tissue by non-tracer amount of 2DG. However, at this time,
insulin decreased blood glucose and 2DG and increased DG6P accumulation in muscle tissue. Thus,
our assay system was clearly able to evaluate the effects of insulin in a mouse study.

In the present study, we describe application of this classical enzymatic method to an in vivo
mouse study. Prior to the animal experiment, we developed methods to allow measurement of glucose,
2DG, G6P and DGG6P separately. This was achieved using four different reaction solutions, the
composition of which changed depending on the compound being assayed. Using this assay system,
we demonstrate the detection of 2DG in blood and the detection of DG6P accumulation in muscle
tissue. To quantitate glucose, 2DG, G6P and DG6P separately, we proposed using four independent,
single reaction mixtures containing G6PDH from L. mesenteroides and C. utilis. Since C. utilis
G6PDH was no longer sold by Sigma-Aldrich and a substitute distributor did not exist, we needed to
improve our assay method without using C. utilis G6PDH. Then, we achieved the improvement of our
assay method by incorporating minor modifications. Assay cocktail A is the same as that reported
previously, but cocktails B, C, and D are modified from the previous method [160] (shown in Table
3-3). We found assay cocktail C most suitable for the determination of 2DG uptake in cultured cells.
Because the process of 2DG uptake in cultured cells is usually carried out in the absence of glucose,
the treated cells show accumulation of DG6P and contain little or no glucose and G6P [159]. Thus, the
use of cocktail C detects cellular DG6P. When the cell is assumed to contain glucose and G6P, the
difference between the measurements obtained using cocktail C and D is determined. Before the assay,
cells are lysed, intracellular enzymes are inactivated and coenzymes are decomposed [159] (see
Chapter 2).

To determine the concentration of glucose and 2DG in a blood sample (serum or plasma), the
combination of cocktail A and B is used because blood sample contains little or no G6P and DG6P
[160]. The independent concentration of glucose and 2DG can be calculated by using measurements
obtained by two independent reactions. It is necessary to dilute blood samples before they can be used
in the assay. To determine the concentration of DG6P in tissues such as muscle, the combination of
cocktail C and D is used because G6P is present in low abundance in tissue samples and it is possible
that the accumulation of G6P is an artifact that can be introduced during tissue processing (e.g.,
homogenization) [160]. The concentration of DG6P is calculated as the difference between [DG6P +
G6P] and [GO6P] assay values, which is obtained by two independent reactions. To evaluate 2DG
uptake in an in vivo study using our enzymatic method, separate detection of glucose, 2DG, G6P, and
DG6P was needed because glucose levels in tissues are much higher than those of 2DG and DG6P.
Some methods [174-176] have been previously reported, but these methods involve many steps such
as elimination and amplification steps and the operations are complicated. In our method, the
components of each assay solution can be prepared easily by mixing stock solutions. The actual
reaction step is very simple, involving only a single incubation step with the assay solution followed
by the reading of fluorescence. Furthermore, our assay is based on direct fluorometric measurement of

stoichiometric amounts of resorufin generated and can be performed in the 96-well or 384-well
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format.

In conclusion, our assays for DG, DG6P and glucose are based on direct fluorometric
measurement of stoichiometric amounts of resorufin and can be performed in 96-well or 384-well
formats. This direct assay is simpler than previous assays. Furthermore, the processing of the sample is
also simplified. In addition, our method does not require radiolabeled 2DG or a specialized institution
registered for using radioactive isotopes. In the present study, the proposed methods have been aimed
at measurement in muscle in general. Methods for evaluation of glucose uptake are applied in a wide
range of fields because facilitative glucose transport systems are ubiquitous in animal cells and are
responsible for transporting glucose across the cell membrane. There is no reason for why these
methods should be limited to evaluate glucose uptake only in muscles and adipocytes. We believe that
we have devised a simple and reliable method for in vitro and in vivo evaluation of glucose uptake in

cells and that it can be applied in a wide range of fields.
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Chapter 4

Artemisia princeps extract promoted glucose uptake in cultured L6
muscle cells via glucose transporter 4 translocation

4-1. Introduction

Insulin resistance is defined as reduced ability of tissues to respond to physiological levels of
insulin. It is characteristic of non-insulin-dependent diabetes mellitus (NIDDM). Skeletal muscle
constitutes the major mass of peripheral tissue, accounting for about 40% of total body mass and >
30% of total energy expenditure, and it is the primary tissue responsible for postprandial uptake of
glucose from blood [122]. One of the major factors regulating glucose uptake into muscle is the
quantity of glucose transporter (GLUT) protein on the cell surface. In muscle cells and adipocytes,
GLUTI mediates basal and nonstimulated transport, whereas an insulin responsive GLUT, GLUT4,
facilitates increased glucose transport in the presence of insulin. Hence, to survey for agents that
increase glucose uptake by enhancing GLUT4 translocation is one of the major strategies for
discovering new therapeutic agents for NIDDM.

On this basis, we developed a non-radioisotopic, high-throughput enzymatic assay to
evaluate glucose uptake in cultured skeletal muscle cells [159] (see Chapter 2). Using our method, we
surveyed herbal extracts that promote uptake of 2-deoxyglucose (2DG) in cultured L6 myotubes
because there is growing interest in natural sources of nutrients and health-promoting compounds. (Fig.
4-1). This search is continuing now, and we have evaluated 600 plant materials or more so far. Among
them, we discovered an ethanol extract of Artemisia princeps Pampan (Asteraceae) was a promising
stimulator of glucose uptake.

A. princeps is an ingredient in kusa-mochi (also known as yomogi-mochi), a Japanese
confectionery, to which it imparts its fresh, springlike fragrance and vivid green coloring. In Korea, it
is used for making tteok (rice cakes), jeon (Korean-style pancakes), ssuk kimchi, ssukguk (soup made
with ssuk), and so forth. It is also used in traditional Asian medicine in the treatment of inflammation,
diarrhea, and many circulatory disorders. In the present study, we investigated to determine whether
APE-stimulated glucose uptake is accompanied by translocation of GLUT4 in cultured skeletal

muscle.
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Fig. 4-1. A part of data of screening of plant extract using 2DG uptake assay in cultured
L6 muscle cells. L6 myotubes were grown in a monolayer in a 96-well plate and treated
with herval extract. This shows the data when the concentration of plant extract was 5
mg/mL as the equivalent of dried herb. The data of A.princeps is the 6™ column from the
left.

4-2. Materials and methods

4-2-1. Plant material

A. princeps, harvested in Japan and marketed as a raw dried herbal material, was obtained
from Mikuni (Osaka, Japan). The herbal plant (2.0 g) was extracted with ethanol (30 mL) at 5°C for
24 h and filtered through no.2 paper filter (Toyo Advantech, Tokyo). The extract obtained was
evaporated and dissolved in ethanol to yield a 1:1 fluid extract (1 mL of fluid extract is equivalent to
1,000 mg of dry whole plant), and stored at 4°C. The sample solvent was replaced by DMSO just

before analysis. The 1:1 fluid extract obtained was 1.4% w/v dry matter.

4-2-2. Chemicals and reagents

Glucose-6-phosphate dehydrogenase (G6PDH), 2DG, 2-deoxyglucose-6-phosphate (DG6P),
and insulin were purchased from Sigma-Aldrich (St. Louis, MO). Resazurin sodium salt and
triethanolamine hydrochloride (TEA) were from Wako Pure Chemicals (Osaka, Japan). Diaphorase,
ATP, and NADP were from Oriental Yeast (Tokyo). For western blot analysis, anti-GLUT4 goat 1gG,
anti-GLUT1 goat IgG, anti-IRP rabbit IgG, anti-goat IgG, anti-p-PI3K goat IgG, and anti-rabbit IgG
antibody were from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-phospho-Akt (Thr-308) rabbit
IgG, anti-phospho-PKCA/C rabbit IgG, anti-Akt rabbit IgG, and anti-AMPKa rabbit IgG were from Cell
Signaling Technology (Danvers, MA). Anti-phospho-Akt (Ser-473) rabbit IgG was from
Sigma-Aldrich. Anti-PI3K mouse IgG, and anti-PKCA mouse IgG were from BD Transduction
Laboratories (San Jose, CA). All other reagents used were of the highest commercially available

grade.
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4-2-3. HPLC analysis of polyphenol profiles

The polyphenol profiles of APE were analyzed by an HPLC system, as previously described
[177]. Briefly, ethanol extract was filtered through a Millex-LG 0.2-um membrane filter (Millipore,
Bedford, MA). The extract was analyzed by a Hitachi HPLC series D-7000 (Tokyo) equipped with
Hitachi model D-7000 chromatography data station software and diode array detection system D7450
to monitor at all wavelengths from 200 to 600 nm. Chromatographic separation was carried out on a
Capcell pak C18 UG120 (250 x 4.0 mm i.d., S-5, 5 um, Shiseido, Tokyo) by a gradient elution of 50
mM sodium phosphate (pH 3.3) containing either 10% v/v methanol (solution A) or 70% methanol
(solution B). The gradient program was as follows: 100% solution A; 70% solution A for the following
15 min; 65% solution A for 20 min; 60% solution A for 20 min; 50% solution A for 5 min; and 0%
solution A for the final 25 min. The flow rate was 1 mL/min, the injection volume was 10 puL, and the
oven temperature was 35°C. Phenolic compound quantification was determined by the absorbance at
250 and at 320 nm recorded in the chromatograms relative to external standards or previously

generated calibration curves in the system library.

4-2-3. Cell culture

L6 skeletal muscle cells and 3T3-L1 adipose cells were purchased from Dainippon
Pharmaceuticals (Osaka, Japan). L6 myoblasts were cultured in a-minimal essential medium
(a-MEM) supplemented with 10% heat-inactivated fetal bovine serum (FBS) at 37°C in 5% CO2. The
cells were grown in a 96-well plate for the 2DG uptake assay and in a 35-mm diameter dish for
western blot analysis. Differentiation of L6 myoblasts to myotubes was performed as previously
described.[159] Briefly, cells were cultured in a-MEM supplemented with 2% FBS and maintained in
this medium post-differentiation. Myotubes were used in experiments 5-7 d after differentiation.
Differentiation of 3T3-L1 fibroblasts to adipocytes was performed as described previously [178].
Briefly, confluent cells in a 24-well culture plate were incubated for 2 d in Dulbecco’s Modified
Eagle’s Medium (DMEM) supplemented with 10% FBS, 0.5 mM 3-isobutyl-1-methylxanthine, 1 uM
dexamethasone, and 5 pg/mL of insulin. After differentiation, the medium was replaced every other
day with DMEM containing 10% FBS and 5 pg/mL of insulin.

4-2-4. 2DG uptake assay

Glucose uptake was determined by non-radioisotopic, enzymatic fluorescence assay for 2DG
uptake in cultured cells, as described previously.[159,160] In brief, L6 myotubes in a 96-well format
were incubated for 4 h in a medium containing herbal extract or DMSO (0.1% v/v) as vehicle control.
After induction, the cells were washed twice with Krebs-Ringer-Phosphate-Hepes (KRPH) buffer
containing 0.1% BSA, and 2DG uptake was initiated by incubation with KRPH buffer containing 1
mM 2DG and 0.1% BSA. After 20 min, the cells were washed twice with KRPH buffer containing
0.1% BSA, followed by the addition of 50 puL of 0.1 M NaOH, and the culture plate was heated at
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85°C for 50 min. The component in the wells was neutralized by the addition of 50 uL of 0.1 M HCI,
followed by the addition of 50 uL of 150 mM TEA buffer (pH 8.1). The cell lysate (10 uL) was
transferred to a 96-well assay plate and incubated for 45 min with 100 pL of assay cocktail, which
contained 50 mM KCI, 0.1 mM NADP, 20 units/mL of G6PDH, 0.2 units/mL of diaphorase, 5 pM
resazurin sodium salt, and 50 mM TEA buffer (pH 8.1). The resorufin generated was measured with a
plate reader (ex. 530 nm and em. 615 nm). A standard curve was generated by measuring DG6P
standard solution in the wells of the assay plate. For the 3T3-L1 adipose cells (24 well format plate),
cell lysate treated with 2DG was prepared in a 24-well format culture plate, and an aliquot was

transferred to a 96-well plate for measurement of DG6P, as described above.

4-2-5. Western blot analysis

L6 myotubes were serum-starved for 18 h and treated with 5 mg/mL of APE for the indicated
durations, and plasma membrane or whole cell lysate was prepared, as described previously [179]. In
summary, proteins (5-20 pg) were separated with 7.5 or 10% SDS-PAGE gels and electrophoretically
transferred to a polyvinylidene fluoride (PVDF) membrane. The membranes were blocked with
Blocking-one™ (Nacalai Tesque, Kyoto, Japan) and washed with TBST (10 mM Tris-HCI, pH 8.0,
150 mM NaCl, and 0.05% Tween 20) 6 times. Antibodies were diluted in Can Get Signal®
Immunoreaction Enhancer Solution (Toyobo, Osaka, Japan) and incubated overnight at 4°C.
Membranes were incubated with primary antibody for 1 h at room temperature, and then incubated
with secondary antibody conjugated to horseradish peroxidase at room temperature for 1 h.
Antibody-bound proteins were visualized using Lumi-Lightplus Western Blotting Substrate (Roche

Applied Science, Mannheim, Germany) following the manufacturer’s protocol.

Table 4-1. Polyphenols in APE Identified by an HPLC System

Conc. in a 1:1 fluid extract Retention time of peak
Name® (nmol/mL) (min)
Protocatechuic acid 20° 9.7
Chlorogenic acid 33° 13.7
3,5-di-O-caffeoylquinic acid 380° 31.6
Luteolin 75° 80.0

*The phenolic content of APE was determined using an HPLC system constructed for simultaneous
determination of polyphenols in foods.® The names of the compounds that were identifiable using this
system are shown.

® Quantities of protocatechuic acid, chlorogenic acid, and luteolin were calculated using previously
generated calibration curves in the system library.

“The quantity of 3,5-di-O-caffeoylquinic acid was calculated using the standard curve generated from
an external standard. An unknown compound peak, thought to be a flavone (r.t., 84.0 min), with a
spectrum similar to luteolin, was detected at a concentration comparable to luteolin.
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4-2-6. Statistical analysis
Statistical significance was determined by analysis of variance (ANOVA), followed by the
Tukey multiple comparison test (GraphPad Prism 5 for Windows Version 5.01, GraphPad Software).

p-Values < 0.05 were considered statistically significant.

4-3. Results

4-3-1. Polyphenol analysis

The polyphenolic profile of APE was analyzed using a HPLC system constructed for
simultaneous determination of polyphenols in food stuffs (Table 4-1). Comparison with the library in
the HPLC system identified the presence of luteolin (20 nmol/mL in a 1:1 fluid extract), chlorogenic
acid (33 nmol/mL), and protocatechuic acid (20 nmol/mL) in APE. 3,5-di-O-caffeoylquinic acid (380
nmol/mL), which was one of the major components, was analyzed by comparison with a standard
chromatogram. A previous study reported that one of the flavones, eupatilin, is an active compound in
A. princeps [180,181]. We checked the amount of eupatilin in our APE as compared with standard
compounds obtained from PhytoLab (Vestenbergsgreuth, Germany), and confirmed that our APE did
not contain eupatilin. We could not identify some peaks because they were absent from our
polyphenolic library data, but one of the unidentified peaks was assumed to be a flavone on the basis

of its spectrum.

4-3-2. Effects of APE on 2DG uptake in L6 myotubes and 3T3-L1 adipocytes

Treatment of L6 myotubes with APE for 4 h resulted in dose-dependent increases in 2DG
uptake, similarly to the insulin-stimulated cells (Fig. 4-2A). APE increased 2DG uptake in 3T3-L1
adipocytes, too (Fig. 4-2B). However, the high concentrations of APE (10 mg/mL for L6 cells and 5
mg/mL for 3T3L1 cells) tended to result in less activity. This suggests that the high concentration of
extract affected the viability of the cells. Hence, in the following experiments, L6 cells were

stimulated at a concentration of 5 mg/mL.
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Fig. 4-2. Effects of APE on 2DG Uptake in L6 Myotubes (A) and 3T3-L1
Adipocytes (B). L6 myotubes were grown in a monolayer in a 96-well plate and
3T3-L1 adipocytes were grown in a monolayer in a 24-well plate, as described in
“Materials and Methods.” Cells were treated with increasing doses of APE for 4 h
prior to 2DG uptake assay. Cells were treated with DMSO (0.1% v/v) or insulin (100
nM) as negative and positive control respectively. 2DG uptake was measured for a
period of 20 min. Values are the mean + SD of triplicates. Different letters indicate
statistically significant differences. *The dose value of APE is expressed as the
equivalent of dried herb.

4-3-3. Effects of APE on GLUT4 translocation

To assess the potential activity of APE on glucose metabolism and insulin action, we first
examined the effect of APE on the translocation of GLUT4 to plasma membrane, an essential step in
inducible glucose uptake into muscle cells and adipocytes. The effects of APE on the translocation of
the GLUT1 and GLUT4 isoforms were analyzed by western blot in L6 cells (Fig. 4-3). APE raised
plasma membrane levels of GLUT4 from 15 to 60 min. On the other hand, APE did not affect the level
of GLUT1 in the plasma membrane. This suggests that GLUT4 translocation contributes to
APE-stimulated glucose uptake.
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Fig. 4-3. Effects of APE on GLUT4 Translocation in L6 Myotubes. L6 myotubes were
serum-starved for 18 hours prior to treatment with APE at 5 mg/ml* for the indicated durations.
A plasma membrane fraction was prepared from the cells, and western blot analysis was
performed to detect GLUT4 and GLUT]1. Cells treated with 100 nM insulin or 0.1% v/v DMSO
for 15 min served as positive and negative control respectively. Values are the mean + SE of
three independent experiments.*The dose value of APE is expressed as the equivalent of dried
herb.

4-3-4. Effects of PI3K inhibitor on APE-stimulated 2DG uptake

The phosphatidyl inositol 3’-kinase (PI3K) pathway plays a major regulatory role in the
insulin action pathway, and PI3K inhibitors inhibit insulin-stimulated glucose uptake. We used
LY294002, a potent and selective PI3K inhibitor, to examine the contribution of PI3K to APE-induced
glucose uptake. As shown in Fig. 4-4, the stimulatory effect of APE on glucose uptake was inhibited
by 25 uM of LY 294002, indicating that PI3K is a key molecule in APE-stimulated glucose uptake, but
inhibition by LY294002 was not complete, although insulin-stimulated 2DG uptake was inhibited
completely.

4-3-5. Effects of APE on the PI3K downstream pathway

Next we explored the effects of APE on two important downstream targets of the PI3K
signaling pathway, serine/threonine kinase Akt, also known as protein kinase B (PKB), and atypical
protein kinase C (aPKC). These two targets of PI3K have been found to play roles in
insulin-stimulated GLUT4 translocation in muscle and fat cells. Cell lysate was immunoblotted with
antibodies raised against p-PI3K, p-Akt (Thr-308), p-Akt (Ser-473), and p-PKC (Fig. 4-5).
Phosphorylation of PI3K, Akt (Thr-308), and aPKC was observed in cells stimulated with APE for 15
min, but APE did not induce phosphorylation of the Ser-473 residue of Akt. APE-stimulated
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phosphorylation decreased to control levels in the cells after 60 min. Insulin stimulated

phosphorylation of all these kinases.
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Fig. 4-4. Effects of the PI3K Inhibitor LY294002 on APE-Induced 2DG Uptake.
Differentiated L6 cells in a 96-well plate were treated with and without 25 pM LY 294002
for 30 min. They were then incubated with APE or 100 nM insulin for 4 h. After
incubation with stimuli, 2DG uptake was assayed as described in “Materials and
Methods.” Values are the mean + SD of tripricate. Different letters indicate statistically

significant differences. *The dose value of APE is expressed as the equivalent of dried
herb.

4-3-6. Effects of APE on AMPK phosphorylation

We also investigated to determine whether APE stimulates phosphorylation of AMPK, a
stress kinase that has been found to regulate GLUT4 translocation. As shown in Fig. 4-6, APE-induced
phosphorylation of AMPK was observed by western blot analysis at 60 min, at a level similar to that

observed in AICAR-stimulated cells.

4-4. Discussion

In the present study, we found that an ethanol extract of 4. princeps (APE) increased glucose
uptake activity in cultured L6 myotubes and 3T3-L1 adipocytes. This increased activity was
accompanied by stimulation of GLUT4 translocation to the cell surface in APE-stimulated L6

myotubes via activation of both PI3K and its downstream factors, and AMPK. Peripheral resistance to
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insulin is a prominent feature of NIDDM. One of the major factors regulating glucose uptake into
muscle is the quantity of GLUT protein on the cell surface [128]. Insulin resistance is believed to
result from defects in insulin-post-receptor signals that induce translocation of GLUT4 to the plasma
membrane [182,183] Hence, surveying for agents that increase glucose uptake via stimulation of
GLUTH4 translocation is one of the major strategies for discovering new therapeutic agents for NIDDM.
We have developed a method of evaluating glucose uptake into cultured cells [159,160] and have
surveyed the herbal extracts that promote uptake of 2DG in cultured L6 myotubes. We found that APE
promoted 2DG uptake into the cells. This is the first report that APE stimulates GLUT4 translocation

and increases glucose uptake activity in insulin-sensitive peripheral tissues.
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Fig. 4-5. Effects of APE on the Insulin-Signaling Pathway in L6 Myotubes. L6
myotubes were serum-starved for 18 h prior to treatment with 5 mg/ml* of APE for 15
and 60 min. Whole-cell lysates were subjected to western blots to detect the
phosphorylation status of PI3K, Akt, and aPKCA/. Values are the mean + SE of
triplicates. Different letters indicate statistically significant differences. *The dose value
of APE is expressed as the equivalent of dried herb.
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Recently, an anti-diabetic effect of Korean A. princeps in type-2 diabetic mice was reported
[180,181]. The active constituent is thought to be a flavone, eupatilin, which had a functional
anti-diabetic effect by enhancing hepatic and plasma glucose metabolism [181]. Hence, we analyzed
the amount of eupatilin in our APE by HPLC analysis, and confirmed that our APE did not contain
eupatilin. The A. princeps used in the previous studies were variants cultivated in Korea, and may have
had a different composition of phytochemicals than Japanese A. princeps. Furthermore, the
anti-diabetic effects of Korean A. princeps appeared to be mediated through stimulation of glucokinase
activity, inhibition of glucose-6-phosphatase activity in the liver, and enhanced pancreatic insulin
secretion [181], but the regulation of glucose uptake in muscle and adipose tissues through GLUT4

translocation was not examined in these previous studies.
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Fig. 4-6. Effects of APE on Phosphorylation of AMPK in L6 Myotubes.
Serum-starved L6 myotubes were treated with 5 mg/ml* of APE extract for
15 and 60 minutes. Whole-cell lysates were subjected to western blots with
anti- anti-phospho-AMPK (Thr-172) and anti-AMPK. L6 myotubes were
treated with 2 nM AICAR for 4 h as a positive control. Values are the mean +
SE of three independent experiments. Different letters indicate statistically
significant differences.*The dose value of APE is expressed as the equivalent
of dried herb.

The compound with the highest concentration in APE, 3,5-di-O-caffeoylquinic acid, did not

promote glucose uptake at a concentration equivalent to its quantity in APE. The other chemicals
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identified by HPLC did not induce glucose uptake (data not shown). It has been reported that
Artemisia plants contain [-sitosterol and scopoletin [184]. TLC analysis revealed that our APE
contained B-sitosterol and scopoletin, but these compounds did not induce glucose uptake at
concentrations equivalent to their levels in APE (data not shown). 4. princeps contains sesquiterpenoid
lactones [185,186] and number of volatile chemicals [187]. Some individual components may have
synergistic effects, while some particular components may have strong independent effects.

Insulin stimulates glucose uptake into muscle cells and adipocytes by inducing the
redistribution of insulin-responsive GLUT4 from intracellular stores to the plasma membrane.
Treatment with APE promoted translocation of GLUT4 to the plasma membrane of L6 myotubes. To
determine the mechanisms of GLUT4 translocation and glucose uptake by APE, we examined the
effects of APE on cellular signaling pathways known to modulate these processes. The ability of APE
to induce 2DG uptake was inhibited by a potent and selective PI3K inhibitor, LY294002. Hence, the
downstream action of PI3K on glucose uptake is thought to contribute to this up-regulation, but the
inhibition by LY294002 was not complete even though insulin-stimulated 2DG uptake was inhibited
completely. It is generally accepted that PI3K has an essential regulatory role in the insulin-signaling
pathway, and that it is primarily activated through insulin receptor substrates, IRS-1 and IRS-2. It is
further thought that downstream effectors PI3K, Akt [188-192], and aPKCA/ [80,81,193,194] serve as
major distal regulators of glucose transport in response to insulin. Hence, we examined to determine
whether APE would activate these downstream effectors of the insulin-signaling pathway. Insulin
stimulated the phosphorylation of PI3K, Akt (Thr-308 and Ser-473), and aPKCM/¢ in L6 muscle cells.
In comparison, APE stimulated the phosphorylation of PI3K, Akt (Thr308), and aPKCMA/C, but did not
stimulate the phosphorylation of the Ser-473 residue of Akt. The PI3K/Akt pathway plays an
important role in the metabolic effects of insulin [195]. Full activation of Akt requires phosphorylation
of the Thr-308 and Ser-473 residues [196]. Although Ser-473 phosphorylation clearly contributes to
Akt activation, Ser-473 phosphorylation does not necessarily correlate with Akt kinase activity. For
example, in cells engineered to lose the PDK1 function, Thr-308 is not phosphorylated in response to
insulin, and Akt kinase activity does not increase [197]. In contrast, insulin does increase Ser-473
phosphorylation in PDK1 —/— cells without affecting Akt activity. Monitoring of Ser-473 alone can
therefore incorrectly assess Akt activity [198]. Kotani et al. reported that aPKC was required for
insulin stimulation of glucose uptake, but not for Akt activation [193]. They suggested that
insulin-elicited signals that pass thorough PI3K are subsequently transmitted by at least two
independent pathways: an Akt pathway and an aPKC pathway. Akt is phosphorylated at the Thr-308
residue in the activation loop by PDKI, and is phosphorylated at the Ser-473 residue in the
hydrophobic motif near the COOH terminus by PDK2, but the identity of PDK2 is uncertain. Several
investigators have suggested that PDK2 is a rictor-mTOR complex (rapamycin-insensitive mTOR
complex 2, or mTORC?2) or another unknown kinase, or that Akt is PDK2, and that phosphorylation of
Ser-473 occurs via Akt autophosphorylation [199,200]. We suggest that the phosphorylation of the
Ser-473 residue of Akt by APE is implicated in the activation of PDK2, but it is uncertain whether this
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activation of PDK2 takes part in the uptake of glucose. Similarly to Akt, another PDK1 substrate, the
atypical aPKCA/( family, has been implicated in GLUT4 transfer to the plasma membrane [201]. APE
induced phosphorylation of aPKCA/({ and the Thr-308 residue of Akt, but did not induce
phosphorylation of the Ser-473 residue of Akt. These results suggest that APE stimulates aPKC
activity thorough the activation of PI3K. Phosphorylation of aPKC was observed transiently at 15 min,
and returned to basal levels by 60 min. The observed GLUT4 translocation 15 min after
APE-treatment suggests that transient activation of these pathways contributed to GLUT4
translocation.

In skeletal muscle, glucose transport is activated by distinct pathways mediated by insulin
and muscle contraction [202]. AMPK regulates GLUT4-dependent glucose transport in response to
diverse forms of cellar stress, including contraction, hypoxia [100], and agents that disrupt the
intracellular ATP:AMP ratio [183]. An early study using non-specific pharmacological activators such
as AICAR, a compound taken up into skeletal muscle and metabolized by adenosine kinase to form
5-aminoimidazole-4-carboxamide-1-B-D-ribofluranotide, the monophosphorylated derivative that
mimics the effect of AMP on AMPK, suggested that AMPK regulated glucose transport [115].
Treatment of skeletal muscle with AICAR in vitro increased glucose uptake, which was unaffected by
inhibition of the insulin-dependent PI3-kinase pathway [115,203], mimicking the effect of muscle
contraction to increase glucose transport. APE- and AICAR-stimulated cells showed similar levels of
AMPK phosphorylation. Therefore, activation of AMPK by APE must also contribute to increases in
glucose uptake via translocation of the GLUT4 protein, but the question remains which component of
APE is the most effective inducer of AMPK. AMPK is regulated by the AMP:ATP ratio and upstream
kinases, including calcium-dependent protein kinase kinase, or LKB1 [204-208]. This suggests that
APE contains a compound that modulates the cellular AMP:ATP ratio or an upstream kinase of
AMPK.

In conclusion, APE facilitated glucose uptake in cultured muscle cells via GLUT4
translocation. The results of the present study indicate that A. princeps stimulated the PI3K-dependent
aPKC pathway and the AMPK pathway and had insulin-mimetic activity, suggesting that an
insulin-independent pathway is the major mechanism by which APE exerts anti-diabetic potential.

There is growing interest in natural sources of nutrients and health-promoting compounds.
Although the active components and their precise mechanisms of action remain to be clarified, these
promising in vitro results indicate a need for in vivo testing of A. princeps in diabetic animals.
Moreover, the identification of active compounds in 4. princeps might result in the discovery of

promising new anti-diabetic molecules.

—62—



Chapter 5

Anti-obesity and anti-diabetic effects of ethanol extract of
Artemisia princeps in C57BL/6 mice fed a high-fat diet

5-1. Introduction

Obesity is a metabolic disorder resulting from an imbalance between energy uptake and
expenditure. Dietary fat is considered to be one of the most important factors in the pathophysiology
of obesity, and shows an almost linear relationship with body weight and glucose tolerance [209].
C57BL/6 mice are commonly used for obesity research, because they are lean when fed a low-fat diet,
but show obese characteristics, including increased body-fat mass, hyperglycemia and
hyperinsulinemia, when fed a high-fat (HF) diet [210,211].

An HF diet may induce hepatic triglyceride accumulation as a result of the import of excess
amounts of fatty acids into the liver [210,212]. Hepatic triglyceride accumulation has been directly
linked to systemic insulin resistance [213,214]. The hepatic triglyceride level increases when the rate
of fatty acid input exceeds that of their output. The triglyceride level in hepatocytes thus represents
complex interactions among the uptake of fatty acids, their derivation from non-esterified fatty acids
(NEFA), de novo fatty acid synthesis, fatty acid oxidation, and fatty acid export as very low-density
lipoprotein (VLDL)-triglyceride [215].

The genus Artemisia (Asteraceae) includes approximately 250 species of mostly perennial
plants distributed in the northern hemisphere. They have a range of uses, including in medicines, foods,
and spices, and as ornaments. Several Artemisia species have been reported to help prevent
hyperglycemia and inflammation [216-218]. A. princeps (Japanese mugwort, or yomogi) is the best
known Artemisia species in Japan, where it comprises a fundamental ingredient of the Japanese
confection, kusa-mochi. This plant has been also used in traditional Asian medicine for the treatment
of inflammation, diarrhea, and many circulatory disorders. Recent studies have shown it to have
anti-atherosclerotic, anti-oxidant, and anti-inflammatory effects [219,220]. Previously, we reported
that an ethanol extract of A. princeps facilitated glucose uptake in cultured muscle cells via GLUT4
translocation [221] (see Chapter 4). The results of the prvious study indicated that A. princeps
stimulated the PI3K-dependent aPKC pathway and the AMPK pathway and had insulin-mimetic
activity, suggesting that an insulin-independent pathway is the major mechanism by which APE exerts
anti-diabetic potential. The present study investigated the effects of an ethanol extract of 4. princeps
(APE) on obesity and hyperglycemia in C57BL/6 mice fed an HF diet, and analyzed the obesity

factors and hepatic enzyme activities involved in fatty acid oxidation and synthesis.
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5-2. Materials and methods

5-2-1. Plant material

Dried powder of the aerial part of 4. princeps (Kazuzaki yomogi), which had been cultivated
as a food ingredient in a properly managed field, was obtained from Uenochu (Osaka, Japan). The
powder (1,200 g) was soaked in ethanol (18 L) at 4°C for 3 days. The obtained fluid was filtered
through a cotton cloth and GA-200 glass-fiber filter paper (Advantec Toyo, Tokyo, Japan), stirred with
1% (w/v) activated charcoal for 2 h, and filtered again using GA-200 glass-fiber filter. The filtrate was
concentrated and the remaining paste (15.6 g, 1.3%) was mixed with three times its weight of cellulose

powder (Ceolus ST, Asahi Kasei Chemical, Tokyo, Japan) until uniformly dispersed.

5-2-2.  HPLC analysis of polyphenols

Polyphenol profiles of the APE were analyzed using an HPLC system, as previously
described [177]. Briefly, the ethanol extract was filtered through a Millex-LG 0.2-pum membrane filter
(Millipore, Bedford, MA), then analyzed using a Hitachi HPLC series D-7000 (Tokyo, Japan)
equipped with Hitachi model D-7000 chromatography data station software and diode array detection
system D7450 to monitor all wavelengths from 200—600 nm. Chromatographic separation was carried
out on a Capcell pak C18 UG120 (250 mm % 4.0 mm internal diameter, S-5, 5 pm, Shiseido Co., Ltd.,
Tokyo, Japan) by a stepwise elution with 50 mM sodium phosphate (pH 3.3) containing 10% (v/v)
methanol (solution A) and 70% methanol (solution B). The gradient program was as follows: 0—15
min ratio of solution A to solution B 100:0 (v/v), 15-45 min 70:30, 45-65 min 65:35, 65-70 min 60:40,
70-85 min 50:50, 85-110 min 0:100. The flow rate was 1 mL/min, the injection volume was 10 uL,
and the oven temperature was 35°C. Phenolic compounds were quantified on the basis of their
absorbance at 250 or 320 nm, relative to external standards or to previously generated calibration

curves in the system library.

5-2-3. Animal treatment

Male C57BL/6 mice aged 4 weeks (Japan SLC, Shizuoka, Japan) were maintained at 22 =+
3°C under an automatic lighting schedule (09:00-21:00 h light). Food and water available ad libitum.
On the day after the 7-days acclimatization, they were randomly divided into eight groups (n = 5), and
fed with control diet (C) or HF diets containing 30% w/w lard for 14 weeks. The compositions of the
diets and their energy contents are listed in Table 5-1. Body weight and food intake were measured
weekly. At the end of the experiment, the tissues were collected, and frozen immediately using liquid
nitrogen and kept at -80°C until use. All animal treatments were approved by the Institutional Animal
Care and Use Committee (Permission number 19-5-32) and carried out according to the Guidelines of

Animal Experimentation of Kobe University Animal Experimentation Regulations.
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5-2-4. Oral glucose tolerance test

An oral glucose test (OGTT) was performed using an oral dose of glucose (2 g/kg body
weight) at week 12. Animals were food restricted for 12 h prior to the OGTT. Blood samples were
collected from a tail vein into heparinized tubes at the indicated times after the glucose load. Plasma
glucose concentration was measured using a commercial assay kit (Glucose CllI-test, Wako Pure

Chemical, Osaka, Japan).

5-2-5. Measurement of plasma parameters related to glucose and lipid metabolism and
adipocytokines

After 14 weeks, the mice were fasted for 12 h and sacrificed by collecting blood via cardiac
puncture using a heparinized syringe, under anesthesia with sodium pentobarbital. The plasma was
stored at —80°C until use. Plasma triacylglycerol, total cholesterol, free fatty acid, and glucose were
measured using appropriate commercial assay kits (Triglyceride-E test, Cholesterol-E test, NEFA-C
test, and Glucose ClI-test, Wako Pure Chemical). Plasma insulin, adiponectin, and leptin were
measured by assay kits, according to the manufacturer’s directions (mouse insulin ELISA Kkit,
Shibayagi, Gunma, Japan; mouse/rat adiponectin ELISA kit, Otsuka Pharmaceutical, Tokyo, Japan;
and mouse leptin ELISA kit, Morinaga, Yokohama, Japan, respectively.) The index of the homeostasis
model assessment of insulin resistance (HOMA-IR) was calculated using the relationships between the

plasma glucose and insulin levels, according to the following formula [222].

HOMA-IR = fasting glucose (mg/100 mL) x fasting insulin (uU/mL)/405.

5-2-6. Measurement of hepatic lipid levels

Approximately 100 mg of liver was homogenized with 0.35 mL of distilled water, and the
homogenate was extracted three times with 0.7 mL of chloroform-methanol (2:1, v/v) solution. The
chloroform layer was collected by centrifugation at 1,800 x g for 10 min, and washed with a 1/4
volume of 0.88% (w/v) KCI. The obtained chloroform layer was evaporated, and measured the weight
of the residue as total lipids. The residue was dissolved in isopropanol containing 10% (v/v) Triton-X

100, and triglyceride and cholesterol levels were measured using commercial kits, as described above.

5-2-7. Hepatic enzyme activities related to lipid metabolism

Approximately 300 mg of liver was homogenized in 2 mL of 3 mM Tris buffer (pH 7.4)
containing 1mM ethylenediaminetetraacetic acid (EDTA), 0.25 M sucrose, 1 mM dithiothreitol (DTT)
and protease inhibitors (25 uM calpain inhibitor I (ALLN), 100 uM phenylmethylsulfonylfluoride, 5
pg/mL eupeptin, and 10 pM (L-3-trans-carboxyoxirane-2- carbonyl)-L-leucylagmatine hemihydrate
(E-64)) with 10 strokes of a motor-driven Teflon pestle in a 5-mL glass vessel. An aliquot of the
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homogenate was stored at —80°C as crude homogenate fraction until enzymatic analysis. The
remaining homogenate was centrifuged at 9,000 x g at 4°C for 15 min and the supernatant was stored
at —80°C as an S9 fraction until enzymatic analysis. Fatty acid synthase (FAS) was determined
spectrophotometrically, as described previously [223,224]. Acyl-CoA oxidase (ACO) was determined
using a previously described method [225]. Carnitine palmitoyltransferase (CPT) was determined

using 96-well plates, according to a previously described method [226].

5-2-8. Statistical analysis
Data are expressed as mean + SE. Statistical analysis (ANOVA) was carried out using the

Tukey-Kramer multiple comparison test. Differences were considered significant when P values were
<0.05.

Table 5-1. Composition of the experimental diets

Control diet HF diet
0% 02%  0.5% 1.0% 0% 0.2% 0.5% 1.0%
APE APE APE APE APE APE APE APE
APE* (%) - 1.19 0.48 0.96 - 1.19 0.48 0.96
Cellulose (%) 8.66 8.47 8.18 7.70 8.66 8.47 8.18 7.70
Lard (%) - - - - 28.85 2885  28.85  28.85
Cornstarch (%) 4481 4481 4481 4481 1596 1596 1596 1596
Casein (%) 1346 1346 1346 1346 1346 1346 1346 1346
L-Cystine (%) 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19
Dextrin (%) 1490 1490 1490 1490 1490 1490 1490 14.90
Sucrose (%) 9.62 9.62 9.62 9.62 9.62 9.62 9.62 9.62
Soybean oil (%) 3.85 3.85 3.85 3.85 3.85 3.85 3.85 3.85
Mineral mix (AIN-93M) (%) 3.37 3.37 3.37 3.37 3.37 3.37 3.37 3.37
Vitamin mix (AIN-93) (%) 0.96 0.96 0.96 0.96 0.96 0.96 0.96 0.96
Choline bitartrate (%) 0.29 0.29 0.29 0.29 0.29 0.29 0.29 0.29

Tertiary butyl hydroxy

0.0008 0.0008 0.0008 0.0008 0.0008 0.0008 0.0008 0.0008
quinone (%)
Total (%) 100 100 100 100 100 100 100 100

Energy” (MJ/100 g diet) 1400 1400 1400 1400 2084 2084 2084 2084

APE-containing diets were prepared by adding APE-containing cellulose powder to the control or HF diet.
*APE, ethanol extract of A. princeps.

°The energy was calculated by counting out the energy of APE.
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5-3. Results

5-3-1. Polyphenol Analysis

The polyphenol profile of APE was analyzed using a HPLC system constructed for
simultaneous determination of polyphenols in food stuffs (Table 5-2). Comparison with the library in
the HPLC system identified the presence of chlorogenic acid (19.0 mg/g), protocatechuic acid (38.2
mg/g), and trace of luteolin in APE. 3,5-di-O-caffeoylquinic acid (278.1 mg/g), which was one of the
major phenolic components, was analyzed by comparison with a standard chromatogram. A previous
study reported that one of the flavones, eupatilin (5,7-dihydroxy-3,4,6-trimethoxyflavone), is an active
compound in 4. princeps [181]. We checked the amount of eupatilin in our APE as compared with
standard compound obtained from PhytoLab (Vestenbergsgreuth, Germany), and confirmed that our

APE did not contain eupatilin.

Table 5-2. Polyphenols in an ethanol extract of 4. princeps (APE) identified by
high-performance liquid chromatography (HPLC)

Concentration in APE Retention time of peak
Name® (mg/g) (min)
Protocatechuic acid 19.0° 9.7
Chlorogenic acid 38.2° 13.7
3,5-di-O-caffeoylquinic acid 278.1¢ 31.6
Luteolin trace” 80.0

*The phenolic content was determined using an HPLC system constructed for the simultaneous
determination of polyphenols in foods.13

® These values were calculated using previously generated calibration curves available in the
system library.

¢ This value was calculated using a curve generated from an external standard.

5-3-2. Effects of APE on body weight and adipose tissue weight

At the end of 14-week HF diet feeding, body weights were significantly higher than that of
those in the control diet group. However, the body weights of APE-supplemented groups
(HF-0.2%APE, HF-0.5%APE and HF-1.0%APE) were 8.6%, 20.4%, and 20.4% lower compared with
the HF-0%APE group (Table 5-3). Both 0.5% and 1.0% APE supplementation significantly decreased
HF diet-induced body weight gain from week 11 (Fig. 5-1). There were no significant differences in
body weights among the control diet groups. The weights of all the white adipose tissues were
significantly increased in the HF-0%APE group, compared with the C-0%APE group (Table 5-3).
APE suppressed the HF diet-induced increase in adipose tissue weight. Supplementation of the HF
diet with 1.0% APE significantly reduced the weights of almost all white adipose tissues, except for
epididymal adipose tissue, compared with the HF-0%APE group. The weights of mesenteric adipose
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tissue of APE-supplemented groups (HF-0.2%APE, HF-0.5%APE, and HF-1.0%APE) were 29.3%,
49.7%, and 62.1% lower compared with the HF-0%APE group. APE supplementation tended to
reduce body weight and adipose tissue weights in the control diet groups, but the differences were not

significant. These results suggest that dietary APE has the potential to counteract obesity.

5-3-3. Preventive effect of APE on HF diet-induced hyperglycemia

An OGTT was performed after feeding the mice with APE for 12 weeks (Fig. 5-2A). Plasma
glucose levels in the HF-0 group remained high between 15 and 120 min, but supplementation of the
HF-diet with APE (HF-0.5%APE and HF-1.0%APE) significantly improved glucose tolerance
compared with the HF-0 group. There were no significant differences in OGTT results throughout the
experiment in the control diet groups. The area under the curve (AUC) in the HF-0%APE group was
37% higher than that in the C-0%APE group (P < 0.05), while that in the HF-0.5%APE group was
32% lower than that in the HF-0%APE (P < 0.05) (Fig. 5-2B).

Control HF
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Fig. 5-1. Changes in body weight of mice fed with control and high-fat (HF) diets
containing an ethanol extract of A. princeps for 14 weeks. Closed symbols represent the
HF-diet groups and open ones represent the control-diet groups. Values are the means +
SE (n=5). Significant differences between the 0% group and 1.0% (*) or 2.0% () groups
are indicated (P<0.05 by the Tukey-Kramer multiple comparison test).
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The plasma glucose level at the end of the experiment was significantly higher in the HF-0
group, compared with the C-0%APE group (Fig. 5-3A). Supplementation of the HF diet with APE
reduced plasma glucose levels in a dose-dependent manner. The plasma insulin level was also higher
in the HF-0%APE group than in the C-0%APE group (Fig. 5-3B). Insulin levels in the HF-0.5%APE
and HF-1.0%APE groups were normalized, and equivalent to that in the control diet group. Neither
glucose nor insulin levels changed in the control diet groups. HOMA-IR is a good predictor of total
insulin sensitivity, and was significantly higher in the HF-0 than in the C-0%APE group (Fig. 5-3C).
Supplementation of the HF diet with 0.5% and 1.0% APE significantly attenuated the HF diet-induced
increase in HOMA-IR.
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Fig. 5-2. Oral glucose tolerance test (OGTT) in mice fed control and high-fat (HF) diets
containing an ethanol extract of A. princeps (APE) at week 12. (A) Fasting plasma
glucose levels after oral glucose administration (2.0 g/kg body weight). Closed symbols
represent the HF-diet groups and open ones represent the control-diet groups. Values are
the mean = SE (n=6). Significant differences between 0% group and 1.0% (*) or 2.0% (1)
group are indicated (P<0.05 by the Tukey-Kramer multiple comparison test). (B) Area
under the curve (AUC) from the values of (A). Values are the mean + SE (n=5). The same
letters indicate no significant differences according to the Tukey-Kramer multiple
comparison test. P<0.05 was considered significant.
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APE suppressed hyperglycemia and insulin resistance, as described above, and a-glucosidase
activities in the small intestine were measured to clarify the mechanisms behind the antihyperglycemic
effect. Both maltase and sucrase activates tended to decrease in the HF-diet groups, compared with the
control groups, though the differences were not significant (data not shown). APE did not inhibit

maltase or sucrase activities in the small intestine.
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Fig. 5-3. Effect of an ethanol extract of A. princeps (APE) on plasma glucose and
insulin levels in mice fed control and high-fat (HF) diets for 14 weeks. Plasma levels of
glucose (A) and insulin (B) were measured, and the homeostasis model assessment of
insulin resistance index (HOMA-IR) was calculated (C). Values are the mean + SE (n=4).
The same letters represent no significant differences according to the Tukey-Kramer
multiple comparison test. P<0.05 was considered significant.

5-3-4. Effect of APE on lipid metabolism

Intake of a HF diet induces fatty liver and hepatic lipid accumulation, which are involved in
systemic insulin resistance [213,214]. The hepatic total lipid level was significantly higher in the

HF-0%APE group than in the C-0%APE group (Fig. 5-4). APE suppressed the HF diet-induced
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hepatic lipid accumulation in a dose-dependent manner, and the hepatic total lipid level was
significantly lower in HF-1.0%APE group than in the HF-0%APE group. The hepatic triglyceride
level in the HF-0%APE group was also higher than that in the C-0%APE group, and this higher value
was significantly lowered by supplementation with 1.0% APE (Fig. 5-4). The hepatic cholesterol level
was significantly higher in the HF-0 group than in the C-0 group, and this was also significantly
lowered by supplementation with 1.0% APE (Fig. 5-4). These results suggest that APE has the ability
to prevent fatty liver induced by an HF diet.

A 140 = 70
S 120 2 e0p
o 100 | 2 507
S sof E a0t}
i [
L 60 B 307
2 40} S 20¢
= =
L [)] L
£ 20 D 10
(= ~ o
Control Control HF
c — 80 B
g 70} [ 0%APE
i 1)
> 6.0 | [] 0.2%APE
Bl oo | 0.5%APE
E > B 1.0%APE
_O 40
8 30
3 20}
2 10t
Q
0

Control HF

Fig. 5-4. Effects of an ethanol extract of 4. princeps (APE) on hepatic lipid levels in
mice fed control and high-fat (HF) diets for 14 weeks. Total lipid (A), triglyceride (B) and
cholesterol (C) levels were measured. Values are the mean + SE (n=5). The same letters
represent no significant differences according to the Tukey-Kramer multiple comparison
test. P<0.05 was considered significant.

APE suppressed hepatic lipid levels, and plasma lipid levels were therefore also measured.
The total plasma cholesterol level was significantly higher in the HF-0%APE group, compared with
the C-0%APE group (Table 5-3), but was significantly lower in the HF-0.2%APE, HF-0.5%APE, and
HF-1.0%APE groups, compared with the HF-0%APE group. The cholesterol level in the
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HF-1.0%APE group was similar to that in the control diet groups. Plasma NEFA and triglyceride
levels in the HF diet groups were lower than those in the control diet groups (Table 5-3). APE tended
to decrease NEFA levels in both the control and HF-diet groups.

The activities of the hepatic enzymes related to lipid metabolism were also measured (Fig.
5-5). CPT, ACO and FAS activities were lower in the HF-diet groups than in the control groups. CPT
and ACO are responsible for B-oxidation in mitochondria and peroxisomes, respectively [227], APE
did not affect CPT or ACO activities in either control or HF-diet groups. FAS is a key enzyme that
catalyzes fatty acid biosynthesis [228,229], APE significantly reduced FAS activity in the HF-diet

groups in a dose-dependent manner.
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Fig. 5-5. Effects of an ethanol extract of 4. princeps (APE) on the activities of hepatic
enzymes related to lipid metabolism in mice fed control and high-fat (HF) diets for 14 weeks.
Carnitine palmitoyltransferase (CPT) (A), acyl-CoA oxidase (ACO) (B), and fatty acid
synthase (FAS) (C) activities in the liver were measured. Values are the mean + SE (n=5).
The same letters represent no significant differences according to the Tukey-Kramer multiple
comparison test. P<0.05 was considered significant.

5-3-5. Effect of APE on adipocytokines
White adipose tissue is a major endocrine tissue that releases various adipocytokines into the

bloodstream. Because leptin and adiponectin are major adipocytokines associated with maintaining
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glucose homeostasis [230], we measured the plasma levels of these adipocytokines (Fig. 5-6). The
plasma leptin level was 13.5-fold greater in the HF-0%APE than in the C-0%APE group, and APE
significantly and dose-dependently reduced HF diet-induced leptin levels. Plasma leptin levels were
34.7%, 51.4%, and 73.3% lower in the HF-0.2%APE, HF-0.5%APE, and HF-1.0%APE groups,
respectively, compared with the HF-0%APE group. There were no significant differences in leptin
levels among the control diet groups. In contrast, plasma adiponectin levels were similar in all groups
in this study, despite the fact that circulating adiponectin levels are reportedly reduced in obese states
[230].

5-4. Discussion

The genus Artemisia comprises numerous diverse species, many of which are used as
medical plants to alleviate human conditions including hyperglycemia and diabetes [216-218]. This
study investigated the use of an ethanol extract of A. princeps as a potential dietary supplement for the
management of hyperglycemia and obesity in HF diet-induced obese C57BL/6 mice. A regular
HF-diet is generally accepted to cause obesity, and prevention of obesity and fat accumulation is
important for the promotion of human health. APE suppressed fat accumulation without reducing food

intake, suggesting that dietary APE has the potential to counteract obesity.
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Fig. 5-6. Effect of an ethanol extract of 4. princeps (APE) on plasma leptin and
adiponectin levels in mice fed control and high-fat (HF) diets for 14 weeks. Plasma leptin
(A) and adiponectin (B) were measured. Values are the mean = SE (n=5). The same
letters represent no significant differences according to the Tukey-Kramer multiple
comparison test. P<0.05 was considered significant.
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Obesity is strongly associated with insulin resistance, and improved insulin resistance is
important in preventing the development of type 2 diabetes (T2DM). The results of this study suggest
that dietary APE can prevent HF diet-induced insulin resistance and hyperglycemia. Inhibition of
carbohydrate-hydrolyzing enzymes in the small intestine represents an effective method of preventing
and treating hyperglycemia [231]. Synthetic a-glucosidase inhibitors such as acarbose and miglitol are
widely for treating T2DM patients [226]. These inhibitors block the action of the a-glucosidase
enzymes in the small intestine, thereby delaying glucose absorption [231]. Certain plant extracts have
been reported to inhibit a-glucosidase activities [232,233]. Although HPLC analysis identified
chlorogenic acid and 3,5-di-O-caffeoylquinic acid, both compounds with reported a-glucosidase
inhibitory activities [234], as components of APE in this study, APE had no effect on a-glucosidase
activities in this study. The suppression of hyperglycemia and insulin resistance by APE is therefore to
the result of a-glucosidase inhibition.

Previously, an anti-diabetic effect of Korean A. princeps in type-2 diabetic mice was reported
[180,181]. The active constituent is thought to be a flavones, eupatilin, which had a functional
anti-diabetic effect by enhancing hepatic and plasma glucose metabolism [181]. Hence, we analyzed
the amount of eupatilin in our APE by HPLC analysis, and confirmed that our APE did not contain
eupatilin. The A. princeps used in the previous studies were variants cultivated in Korea, and may have
had a different composition of phytochemicals than Japanese A. princeps.

APE significantly suppressed the accumulation of white adipose tissue, including visceral
adipose tissue. Visceral adipose tissue is an important predictor of insulin resistance, hyperglycemia
and other metabolic risk factors [21,235]. Increased adipose tissue weights are accompanied by the
induction of inflammatory cytokines involved in insulin resistance [236-238], and inhibition of fat
accumulation by APE may therefore also contribute to its prevention of hyperglycemia.

APE normalized liver weight and hepatic lipid content in the HF-diet groups, suggesting that
it could prevent HF diet-induced fatty liver. Visceral adipose tissue has recently been correlated with
intrahepatic triglyceride content, and an increase in intrahepatic triglycerides is associated with the
metabolic abnormalities [213,214,239]. The prevention of fatty liver by APE may thus also contribute
to the prevention of hyperglycemia. The activities of hepatic enzymes related to lipid metabolism were
measured, to clarify the mechanisms whereby APE prevented hepatic lipid accumulation. APE
inhibited FAS activity in mice fed an HF-diet. FAS catalyzes the final step in fatty acid synthesis, and
is believed to be a determinant of the capacity for de novo fatty acid synthesis [229]. APE thus
inhibited fatty acid synthesis through inhibition of FAS, a rate-limiting enzyme in fatty acid synthesis,
resulting in a decrease in hepatic lipid content. FAS activities were higher in the control diet groups
than in the HF-diet groups. Lipogenic enzyme activities are reduced by fasting or by intake of an
HF-diet, and increased by intake of a carbohydrate-rich diet or by re-feeding [240,241]. Inhibition of
FAS by APE could therefore help to prevent HF diet-induced fatty liver.

Jung and Kang et al. reported that ethanol extracts of 4. princeps improved glucose and

insulin tolerance via enhancing hepatic and plasma glucose metabolism [180] and reduced FAS in
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diabetic animals, db/db mice [242]. Inhibition of hepatic activity of glucose-6-phosphatase, a
rate-limiting enzyme of gluconeogenesis may partly contribute to the anti-hyperglycemic effect of
APE. Furthermore their groups reported that eupatilin isolated from their APE played the role of an
antidiabetic functional component in A. princeps by enhancing hepatic and plasma glucose
metabolism as well as by increasing insulin secretion in type 2 diabetic mice [181]. We observed the
anti-diabetic and anti-obese effects in the absence of eupatilin in our APE. The regulation of FAS
activity by APE might be the one with another compound that is not eupatilin. Artemisia plant contain
various phytochemicals, such as B-sitosterol [184], scopoletin [184], sesquiterpenoid lactones
[185,186] and number of volatile chemicals [187]. Some individual components may have synergistic
effects, while some particular components may have strong independent effects. The previous
observation in the db/db mice, a genetic model of diabetes and the present observation in the
environmentally-induced diabetic model is sure to make the effect of 4. princeps certain regardless of
whether the active ingredient is eupatilin.

The down-regulation of FAS activity by APE may, in turn, result from prevention of
hyperleptinemia. Lipogenesis has recently been shown to be controlled by leptin via signal transducer
and activator of transcription 3-independent central mechanisms [243]. Furthermore, intraperitoneal
leptin administration in C57BL/6 mice was able to directly suppress the expression of FAS in the liver
and white adipose tissue, accompanied by reduced liver triglyceride levels [244]. Prevention of leptin
secretion by APE may therefore contribute to the inhibition of FAS activity and triglyceride
accumulation in the liver.

The hepatic triglyceride content is determined by the balance between fatty acid input (e.g.,
by de novo fatty acid synthesis) and output (e.g., by oxidation and export of VLDL-triglycerides).
Measurements of hepatic CPT and ACO activities indicated that APE supplementation had no effect
on the activities of these enzymes. The oxidation of intrahepatocellular fatty acids occurs mainly in
mitochondria, and to a much lesser extent in peroxisomes and microsomes. CPT regulates the
transport of fatty acids from the cytoplasm to the mitochondrial matrix across the membrane [227],
while ACO is the initial enzyme in the peroxisomal B-oxidation system [245,246]. The results in this
study suggest that APE does not affect -oxidation in either the mitochondria or peroxisomes.

Han et al. reported the antiatherosclerotic and anti-inflammatory activities in LDLR(—/-)
mice [219]. Chronic inflammation in fat plays a crucial role in the development of obesity-related
insulin resistance and endothelial dysfunction is an early event in atherosclerosis, and large-vessel
atherosclerotic disease is the major cause of morbidity and mortality in diabetes. Not only
metabolizing glucose and lipid but also these functions might have contributed effectively.

The dosage of APE in mice fed a HF-diet containing 1.0% of APE becomes about 100
mg/man/day as 60 kg in weight to human according to conversion based on body surface area.
However, it is not appropriate to apply dosage from a present result in the study of mice to the dosage
to the human. Further study will be needed to clarify its effect on the health of human.

In conclusion, we investigated the effects of APE on obesity and hyperglycemia in C57BL/6
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mice fed an HF diet. Dietary APE prevented body weight gain, fat accumulation, and hyperglycemia
in mice fed an HF diet. APE supplementation suppressed hyperleptinemia, which may prevent hepatic
lipid accumulation through inhibition of FAS activity in the liver. This inhibition of hepatic lipid
accumulation will thus contribute to the prevention of hyperglycemia. The results also suggested that
A. princeps might be an excellent natural food additive because of its antiobesity and antidiabetic

properties, and that it could be useful for the development of a more potent and selective agent.
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Chapter 6

Cardamonin stimulates glucose uptake through translocation of
glucose transporter 4 in L6 myotubes

6-1. Introduction

Natural products provide a rich resource for the development of novel therapeutic agents
used to treat a variety of human diseases. There is currently a growing interest in the use of nutrients
and health-promoting compounds from natural sources. Chalcones were originally isolated from
natural plant sources and have been reported to have a variety of biological properties, including
antioxidant, antiinflammatory and anticancer activities [247]. Several synthetic chalcone derivatives
are known to inhibit diabetic complications [248,249].

Insulin resistance is a characteristic feature of non-insulin-dependent diabetes mellitus and an
important contributory factor in the pathophysiology of this disorder. It can be associated with a
number of complications, including cardiovascular disease and renal failure. Insulin resistance is
defined as a reduced ability of tissue to respond to physiological levels of insulin. Skeletal muscle
constitutes the major mass of peripheral tissue, accounting for about 40% of total body mass and >
30% of total energy expenditure; it is the primary tissue responsible for postprandial uptake of glucose
from the blood [39]. The availability of glucose transporter (GLUT) protein on the cell surface is a
major factor regulating glucose uptake into muscle. GLUT1 mediates basal or nonstimulated transport
in muscle cells and adipocytes, whereas the insulin-responsive GLUT4 facilitates increased glucose
transport in the presence of insulin.

Previously a non-radioisotopic, high-throughput enzymatic assay was developed to evaluate
glucose uptake in cultured cells [159,160,162] (see Chapter 2 and 3). Recently our group used this
assay to screen for phytochemicals promoting the uptake of 2-deoxyglucose (2DG) in L6 myotubes,
and we identified several compounds having high activity (Fig. 6-1). Among them, 4-hydroxyderricin
and xanthoangelol (Fig. 6-2), prenylated chalcones abundant in Ashitaba (4ngelica keiskei Koidzumi,
Apiaceae), significantly increased 2DG uptake in L6 cells by 1.9-fold at 10 uM, compared with the
level in DMSO-treated control cells [4], and we investigated the effect of these chalcones on the
translocation of GLUT4 and its underlying mechanisms. The chalcones increased the GLUT4 level in
the plasma membrane of L6 cells, but activated neither protein kinase C A/{, Akt, nor adenosine
monophosphate-activated protein kinase, all of which regulate the GLUT4 translocation. This suggests
that chalcones are promising compounds for the maintenance of blood glucose levels through their
stimulation of skeletal-muscle-associated glucose uptake. The chemistry and biological activities of
chalcones have been of interest for some time, and their wide range of biological activities has been

well documented in the literature. These include antituberculous activity [250], tyrosine kinase
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inhibition [251] and cytotoxicity against murine and human cancer lines [252].
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Fig. 6-1. Effects of 54 phytochemicals on glucose uptake in L6 myotubes. After incubation in 0.2%
(w/v) BSA/MEM for 18 h, L6 myotubes were treated with DMSO (thin line), insulin (0.1 pM, thick line)
or phytochemicals (3, 10 and 30 uM) for 4 h, and then incubated in 2DG-containing buffer for a further
20 min. The uptake of 2DG was determined as described in Chapter 2. (A) Chalcone; (B) flavanone: (C)
flavonol; (D) flavones; (E) isoflavane and isoflavone; (F) Anthraquinone; Other phytochemical. Relative
activity was calculated as the ratio of 2DG uptake in polyphenol-treated L6 myotubes to that in
DMSO-treated cells. Data are shown as the mean + SD from 3 independent experiments. Asterisk
indicates a statistically significant difference (p < 0.05) from the DMSO-treated cells by Dunnet’s test. A
part of this work were published previously [4]
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Among the phytochemicals which was screened (Fig. 6-1), the chalcone cardamonin
(2°,4’-dihydroxy-6’-methoxychalcone) and the flavanone alpinetin (7-hydroxy-5- methoxyflavanone)
(Fig. 6-3), which are two of the main constituents of the seeds of Alpinia katsumadai Hayata
(Zingiberaceae), also promoted glucose uptake in L6 myotubes. They demonstrate antibacterial,
antiinflammatory and other important therapeutic activities of significant potency, with low systemic
toxicity. Medicinally, plants of this family are reputed to have values such as antihepatotoxic,
antiinflammatory and stomachic properties, and A. katsumadai Hayata has been utilized as a
traditional Chinese herbal antiemetic and stomachic drug [253]. However, the effects of cardamonin or
A. katsumadai Hayata on glucose uptake in muscle cells have not yet been reported. This study
investigated the effects of cardamonin, isolated from A. katsumadai Hayata, and its related chemicals

on 2DG uptake in cultured L6 myotubes.

4-Hydroxyderricin Xanthoangelol

Fig. 6-2. Chemical structure of 4-hydroxyderricin and xanthoangelol.

6-2. Materials and methods

6-2.-1. Reagents

Pinostrobin, glucose-6-phosphate dehydrogenase (G6PDH), 2DG, 2-deoxyglucose-
6-phosphate (DG6P) and insulin were purchased from Sigma-Aldrich (St Louis, MO). Resazurin
sodium salt and triethanolamine (TEA) hydrochloride were from Wako Pure Chemical Industries
(Osaka, Japan), diaphorase, ATP and NADP were from Oriental Yeast (Tokyo, Japan), and WST-1 was
from Roche Diagnostics (Mannheim, Germany). For western blot analysis, anti-GLUT4 goat I1gG,
anti-GLUT1 goat IgG, anti-IRB rabbit IgG, anti-goat IgG, anti-phospho-phosphatidylinositol 3’-kinase
(PI3K) goat IgG, and anti-rabbit IgG antibodies were purchased from Santa Cruz Biotechnology
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(Santa Cruz, CA), anti-phospho-Akt (Thr-308) rabbit IgG, antiphospho-PKCA/C rabbit 1gG, anti-Akt
rabbit IgG and anti-AMP-activated protein kinase (AMPK)a rabbit IgG were from Cell Signaling
Technology (Danvers, MA), anti-phospho-Akt (Ser-473) rabbit IgG was from Sigma-Aldrich, and
anti-PI3K mouse IgG and anti-PKCA mouse IgG were from BD Biosciences (San Jose, CA). All other

reagents used were of the highest grades commercially available.

-R, -R, -R, -R, -Rs -Rs

Cardamonin -H -OH -OMe Alpinetin -H -OMe -OH
Flavokawain B -H -OMe -OMe Pinostrobin -H -OH -OMe

Naringenin chalcone -OH -OH -OH Pinocembrin -H -OH -OH

Naringenin -OH -OH -OH

Fig. 6-3. Chemical structure of phenolic compounds tested in this study.

6-2-2. Isolation and synthesis of flavonoids

Cardamonin, alpinetin and pinocembrin were isolated from the seeds of A. katsumadai
Hayata, which was cultivated in Hainan Island in Southern China and purchased from Mikuni & Co.
(Osaka, Japan). Powdered seed (100 g) was defatted with hexane (1 L x 2) and extracted in ethyl
acetate (EtOAc) (1 L x 3). The EtOAc extract was dried using MgSO4 and adsorbed to a neutral
alumina column (activity grade 3, 50-200 um, 5 x 7 cm; MP Biomedicals, Eschwege, Germany),
washed with EtOAc until the eluted substance disappeared, and eluted with 300 mL of EtOAc—90%
formic acid (95:5). The obtained fluid was washed with water 10 times, dried with MgSQ,, and
concentrated in a vacuum. White precipitate was formed during the concentration and the residue
remaining on the filter paper following filtration was crystallized from 1, 4-dioxane to pure alpinetin
(yield 201.8 mg). The permeate was subjected to a silica gel column (64-210 pm, 3 x 20 cm), eluted

with EtOAc, and the yellow eluate was then evaporated and dissolved in 1,4-dioxane. Pure
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cardamonin (163.7 mg) and pinocembrin (249.2 mg) were refined by reverse - phase medium -
pressure liquid chromatography on a Wakosil 40C18 column (40 um, 15 x 300 mm; Wako Pure
Chemical Industries) eluted with methanol-H20 80:20 at 5 mL/min, and were then crystallized from
EtOAc solution.

Flavokawain B was synthesized by direct aldol condensation of acetophenone with
benzaldehyde. Briefly, an ethanol solution (8 mL) of 4’,6’-dimethoxy-2’-hydroxyacetophenone (200
mg; Tokyo Chemical Industry, Tokyo, Japan) and benzaldehyde (150 uL) was added to 40% NaOH
(200 pL) and stirred at room temperature for 15 h. The reaction mixture was added 0.1 N HCI (150
mL) and extracted with EtOAc (150 mL). The EtOAc layer was washed with water four times, dried
with MgSQO,4, and concentrated in a vacuum. The obtained residue was purified by silica gel
chromatography (64-210 pm, 2 x 15 cm, Wako Pure Chemical Industries) using CH,Cl,-acetone
100:1, and crystallized from EtOAc-hexane to give flavokawain B (158.0 mg).

Naringenin chalcone was obtained by isomerization from naringenin (Tokyo Chemical
Industry). Briefly, naringenin (100 mg,) was dissolved in 95% ethanol (5 mL) and stirred at room
temperature for 15 min after addition of KOH powder (100 mg). The solution was then acidified by
adding dilute HCI, and was extracted with EtOAc. The EtOAc layer was washed with water four times,
dried using MgSO, and concentrated in a vacuum. The residue was submitted to silica-gel column
chromatography (64-210 um, 2 x 20 cm) using CHCl;-methanol (MeOH) 85:15. Fractions were
monitored by TLC (silica gel 60, Merck; CHCl;-MeOH 85:15, H2SO4) and pure naringenin chalcone
(yield 21.6 mg) was obtained by crystallization from MeOH.

The structures of the obtained chemicals were identified by 'H nuclear magnetic resonance
spectroscopy (‘H-NMR), in comparison with previously published data. 'H-NMR was recorded using
an ECP-500 spectrometer (JEOL, Tokyo, Japan) at 300 K. The spectral data are shown below.
Cardamonin (2°,4’-dihydroxy-6’-methoxychalcone) [253], "H-NMR (DMSO-d6, 500 MHz) & 13.68
(1H, s, 2’-OH), 10.6 (1H, s, 4’-OH), 7.81 (1H, d, J=15.7, H-8), 7.70 (2H, m, H-2/6), 7.65 (1H, d,
J=15.7, H-7), 7.43 (3H, m, H-3-5), 6.02 (1H, d, J=2.1, H-3"), 5.93 (1H, d, J=2.2, H-5"), 3.87 (3H, s,
6’-OMe). Alpinetin (5-methoxy-7-hydroxyflavanone) [253], "H-NMR (DMS0-d6, 500 MHz) & 10.54
(1H, s, 7-OH), 7.49 (2H, m, H-2°/6’), 7.37 (3H, m, H-3’-5), 6.06 (1H, d, J=2.0, H-8), 5.99 (1H, d,
J=2.1, H-6), 5.48 (1H, d, J=3.0, H-2), 3.73 (1H, s, 5’-OMe), 2.97 (1H, dd, J=16.4, 12.4, H-3), 2.62 (1H,
dd, J=16.4, 3.0, H-3). Flavokawain B (2’-hydoroxy-4’,6’-dimethoxyflavanone) [254], 'H-NMR
(CDCls5, 500 MHz), & 7.90 (1H, dd, J=15.6, 1.6, H-8), 7.78 (1H, d, J=15.6, H-7), 7.61 (2H, d, J=7.3,
H-2/6), 7.40 (3H, m, H-3-5), 6.11 (1H, m, H-3"), 5.97 (1H, d, J=2.3, H-5"), 3.92 (3H, d, J=1.6,
6’-OMe), 3.84 (3H, d, J=1.4, 4-OMe). Pinocembrin (5,7-dihydroxyflavanone) [254], 'H-NMR
(DMSO-d6, 500 MHz), 6 12.1 (1H, s, 5-OH), 10.8 (1H, s, 7-OH), 7.50 (2H, m, H-2°/6"), 7.39 (3H, m,
H-3°-5"),5.92 (1H, d, J=2.0, H-8), 5.89 (1H, d, J=2.0, H-6), 5.57 (1H, dd, J=12.6, 3.0, H-2), 3.24 (1H,
dd, J=17.1, 12,6, H-3), 2.78 (1H, dd, J=17.0, 3.1, H-3). Naringenin chalcone
(4,2°,4°,6’-tetrahydroxychalcone) [255], "H-NMR (CD;0OD, 500 MHz), ¢ 8.11, (1H, d, J=15.6, H-8),
7.74 (1H, d, J=15.6, H-7), 7.54 (2H, m, H-2/6), 6.86 (2H, m, H-3°/5").
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6-2-3. Cell culture

L6 skeletal muscle cells were purchased from DS Pharma Biomedical (Osaka, Japan). L6
myoblasts were cultured in minimal essential medium (MEM) supplemented with 10%
heat-inactivated FBS at 37°C in 5% CO,. Cells were grown in a 96-well plate for the 2DG uptake
assay or in a 60-mm diameter dish for western blot analysis. The differentiation of L6 myoblasts into
myotubes was performed as previously described [159]. Briefly, cells were cultured in MEM
supplemented with 2% FBS and were maintained in this medium post-differentiation. Myotubes were

used for experiments 5—7 days after differentiation.

6-2-4. 2DG uptake assay

Glucose uptake was determined using a non-radioisotopic, enzymatic fluorescence assay for
2DG uptake in cultured cells, as described previously [159,160,162] (see Chapter 2 and 3). In brief,
L6 myotubes in a 96-well format were incubated for 4 h in medium containing a test compound or
DMSO (0.1% v/v) as vehicle control. To examine the contribution of PI3K to cardamonin-induced
glucose uptake, the cells were treated with the PI3K inhibitor wortmannin (1 puM) for 30 min before
induction. After induction, the cells were washed twice with Krebs-Ringer-HEPES (KRH) buffer (50
mM HEPES, pH 7.4, 137 mM sodium chloride, 4.8 mM potassium chloride, 1.85 mM calcium
chloride, 1.3 mM MgSO04) containing 0.1% BSA. 2DG uptake was initiated by incubation with KRH
buffer containing 1 mM 2DG and 0.1% BSA. After 20 min, the cells were washed twice with KRH
buffer containing 0.1% BSA, followed by the addition of 50 uL 0.1 M NaOH, and the culture plate
was heated at 85°C for 50 min. The components in the wells were neutralized by the addition of 50 uL
0.1 M HCI, followed by 50 pL of 150 mM TEA buffer (pH 8.1). The cell lysate (10 pL) was
transferred to a 96-well assay plate and incubated for 45 min with 100 pL of assay cocktail, containing
50 mM KCl, 0.1 mM NADP, 20 U/mL of G6PDH, 0.2 units/mL of diaphorase, 5 uM resazurin sodium
salt and 50 mM TEA buffer (pH 8.1). The generated resorufin was measured using a plate reader
(excitation wavelength 530 nm and emission wavelength 615 nm). A DG6P standard solution in the

wells was used to generate a standard curve.

6-2-5. Cytotoxicity

The cytotoxicities of the polyphenols were determined using the WST-1 assay and crystal
violet staining. Following the treatment of L6 myotubes in a 96-well plate with DMSO or polyphenols
(3, 10 and 30 pM) in 0.2% (w/v) BSA/MEM for 24 h, the cells were incubated in 0.2% (W/v)
BSA/MEM containing WST-1 and mPMS for 4 h. The absorbance of the medium was measured at
450 nm, with a reference wavelength of 630 nm. The cells were then fixed and stained with 2%
ethanol containing 0.2% (w/v) crystal violet for 10 min. The wells were washed three times with tap
water, and the stained cells were extracted with 50% ethanol containing 0.5% (w/v) SDS. The

absorbance at 570 nm was measured, with a reference wavelength of 630 nm.
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6-2-6. Western blot analysis

After L6 myotubes were serum-starved for 18 h, the myotubes were treated with the test
compound dissolved in DMSO for the indicated time, and were subjected to plasma membrane
preparations or whole cell lysates, as described previously [179]. In summary, proteins (5-20 pug) were
separated by 7.5 or 10% SDS-PAGE gels, and electrophoretically transferred to a PVDF membrane.
The membranes were blocked with Blocking-one (Nacalai Tesque, Kyoto, Japan) and washed six
times with TBST (10 mM Tris-HCI, pH 8.0, 150 mM NaCl and 0.05% Tween 20) for 5 min. All
antibodies were diluted in Can Get Signal Immunoreaction Enhancer Solution (Toyobo, Osaka, Japan),
and incubated overnight at 4°C. Membranes were incubated with primary antibody for 1 h at room
temperature, and incubated with horseradish peroxidase-conjugated secondary antibody at room
temperature for 1 h. Antibody-bound proteins were visualized using Lumi-Lightplus Western Blotting

Substrate (Roche Applied Science, Mannheim, Germany), according to the manufacturer’s protocol.
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Fig. 6-4. Effects of cardamonin and related compounds on uptake of 2-deoxyglucose in L6
myotubes. After incubation in MEM containing 0.2% BSA for 18 h, L6 myotubes were treated
with DMSO (0.1%, control), insulin (100 nM, positive control) or polyphenols (3, 10 and 30
puM) for 4 h, and then incubated in 2DG-containing buffer for a further 20 min. The uptake of
2DG was determined using an enzymatic, fluorescent method. Relative activity was calculated
as the ratio of 2DG uptake in polyphenol-treated L6 myotubes to that in DMSO-treated cells.
Data are shown as the mean = SD from more than three independent triplicate experiments.
Statistical analysis was performed using two-tailed unpaired Student’s t-tests (*p < 0.05; **p <
0.01; ***p < 0.001) and Tukeys’ multiple comparison tests (fp < 0.05) compared with
DMSO-treated cells. 2DG, 2-deoxyglucose.

—85—



6-2-7. Statistical analysis

The results were analyzed using Student’s t-test and Tukey's multiple comparison test. Values

of p < 0.05 were considered to be statistically significant.

6-3. Results

6-3-1. Effect of cardamonin and related compounds on 2DG uptake in L6 myotubes

The study initially investigated the glucose uptake-inducing ability of cardamonin and its
related chemicals in L6 myotubes. Treatment of L6 myotubes for 4 h with cardamonin and the
4’-0O-methoxylated cardamonin analog, flavokawain B, resulted in dose-dependent increases in 2DG
uptake (Fig. 6-4), similar to that in insulin - stimulated cells. The cardamonin isomer, alpinetin,
provoked 2DG uptake at concentrations of 10 and 30 uM (p < 0.05 vs. DMSO control by Student's
t-test), but its activity was lower than that of cardamonin (not significant by Tukey's test). Other tested
compounds also increased 2DG uptake at concentrations of 30 uM (p < 0.05 vs. DMSO control by
Student's t-test), but their activities were weak and the results were not statistically significant by

Tukey's test.
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Fig. 6-5. Effect of cardamonin on cell viability and cell density of L6 myotubes. L6 myotubes
were treated with DMSO or cardamonin for 24 h, and cell viability (A) and cell density (B) were
evaluated by WST-1 assay and crystal violet staining, respectively. Data were normalized to the
value for DMSO-treated cells and shown as the mean £ SD from three independent
experiments. Asterisk indicates a statistically significant difference (p < 0.05 by Tukey’s
multiple comparison test) compared with DMSO-treated cells. There were no significant
differences among the values for crystal violet staining.
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6-3-2. Effects of cardamonin and its related compounds on viability of L6 myotubes

The cytotoxicity of the test compounds was determined by measuring cell viability and
density using the WST-1 assay and crystal violet staining, respectively. No compounds showed any
cytotoxic effects at a concentration of 30 uM. In contrast, cardamonin and flavokawain B resulted in

increased WST-1-reducing activity, without affecting cell density (Fig. 6-5).

6-3-3. Cardamonin-stimulated GLUT4 translocation in L6 myotubes

GLUT4 is a major transporter of glucose, and its translocation from the cytosol to the plasma
membrane is induced by insulin under postprandial conditions. Therefore the effect of cardamonin on
the translocation of GLUT4 in L6 myotubes was investigated. The level of GLUT4 in the plasma
membrane fraction of insulin-treated cells increased at 1-4 h, compared with that in the control cells
(Fig. 6-6). Cardamonin induced the translocation of GLUT4 at 1 h and sustained the same level until
4 h.
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Fig. 6-6. Cardamonin induced GLUT4 translocation in L6 myotubes. Following incubation in
MEM containing 0.2% BSA for 18 h, L6 myotubes were treated with DMSO, insulin (100 nM)
or cardamonin (30 pM) for 1-4 h. Thereafter the plasma membrane fraction and whole protein
were subjected to western blotting, as described in Materials and Methods. Results shown are
representative of three independent experiments.
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6-3-4. Effect of PI3K inhibitor, wortmannin, on glucose uptake

The PI3K pathway plays a major regulatory role in the insulin action pathway, and PI3K
inhibitors inhibit insulin-stimulated glucose uptake. Therefore the contribution of PI3K to
cardamonin-induced glucose uptake was examined. As shown in Fig. 6-7, insulin-stimulated 2DG
uptake, but not cardamonin-stimulated uptake, was inhibited by wortmannin, indicating that PI3K is

not a key molecule in cardamonin-stimulated glucose uptake.

6-3-5. Effect of cardamonin on PI3K downstream targets

The effects of cardamonin were investigated on two important downstream targets of the
PI3K signaling pathway, serine/threonine kinase Akt, also known as PKB, and atypical PKC. These
targets of PI3K have been found to play roles in insulin-stimulated GLUT4 translocation in muscle
and fat cells [256]. Cell lysate was immunoblotted with antibodies raised against p-Akt (Ser-473) and
p-PKCMC (Thr-410/403) (Fig. 6-8). No phosphorylation of Akt or PKCA/{ was observed in cells

stimulated with cardamonin for 1-4 h, although phosphorylation of both was stimulated by insulin.
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Fig. 6-7. Effects of the PI3K inhibitor, wortmannin, on cardamonin-stimulated uptake of
2-deoxyglucose. Differentiated L6 cells in a 96-well plate were treated with 1 uM wortmannin
for 30 min. They were then incubated with 30 uM cardamonin or 100 nM insulin for the
indicated time. After incubation, 2DG uptake was assayed as described in Materials and
Methods. Values are mean + SD of triplicate experiments. Different letters indicate statistically
significant differences by Tukey’s test. 2DG, 2-deoxyglucose.
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6-3-6. Effect of cardamonin on AMPK phosphorylation

The study determined the effect of cardamonin on phosphorylation of AMPK, a stress kinase
amonin failed to induce AMPK

that has been found to regulate GLUT4 translocation [257]. Card

phosphorylation, as shown by western blot analysis (Fig. 6-8). However, AMPK phosphorylation did

occur in cells stimulated with 5’-amino-5-imidazolecarboxamide-riboside (AICAR) under the same

conditions.
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Fig. 6-8. Effects of cardamonin on PI3K downstream and
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AMPK phosphorylation.
Serum-starved L6 myotubes were treated with 30 uM cardamonin or 100 nM insulin.
Cell lysates were subjected to western blotting to detect the phosphorylation status of
aPKCMC, Akt, and AMPK. Results shown are representative of three independent
experiments. AICAR was used as a positive control for AMPK phosphorylation, under




6-4. Discussion

Their wide range of biological activities, including antioxidant, antiinflammatory, anticancer,
antihyperglycemic and antidiabetic activities, have made polyphenols important targets associated
with the growing interest in natural sources of nutrients and health - promoting compounds.
Stimulating glucose uptake into peripheral tissues may reduce the level of glucose in the circulation.
Skeletal muscle is the primary tissue responsible for the postprandial uptake of glucose [135] (see
Chapter 1). Therefore a high-throughput enzymatic assay was developed that can be used assess the
effects of active compounds and natural products on glucose uptake into cultured cells [159,162] (see
Chapter 2 and 3).

The results of the present study showed that cardamonin and its 4’-O-methylated analog,
flavokawain B, enhanced glucose uptake into L6 myotubes, while other tested compounds showed
weaker activity (p < 0.05 vs. control by Student's t-test, but not significant by Tukey's test, at
concentrations of 30 uM). In our previous study, 2DG uptake in cultured L6 myotubes was stimulated
by chalcones containing a 2’-hydroxy group (4-hydroxyderricin, xanthoangelol, xanthohumol and
butein), but not by chalcones lacking a 2’-hydroxyl group [4]. A wider range of polyphenols needs to
be investigated using this screening method to determine the structure—activity relationship, though the
current and previous results suggest that the a,-unsaturated carbonyl group and the 2’-hydroxyl group
in the chalcone structure are both important. The reactive a,B-unsaturated carbonyl group in chalcones
is known to regulate cell functions, such as the NF-E2-related factor 2/Kelch-like ECH-associated
protein system [258], and may influence glucose uptake in muscle cells, while the low activity of
naringenin chalcone suggests the functional importance of the hydrophobic moiety.

The current study also demonstrated the induction of GLUT4 translocation by cardamonin in
L6 myotubes. GLUT4 is the primary mediator of glucose uptake into insulin - stimulated and
contraction-stimulated skeletal muscle cells. Regulation of glucose uptake into muscle cells via
GLUT4 is a fundamental action of insulin, a process that is impaired in type 2 diabetes [259]. The
binding of insulin to its receptor activates PI3K, which induces the activation of PKCA/{ and Akt
through the downstream kinase phosphoinositide-dependent protein kinase-1. PKCA/C and Akt mediate
the translocation of GLUT4 from the cytosol to the plasma membrane by actin remodeling and
activation of the exocytosis regulator Rab, respectively [260] The study examined the actions of
cardamonin on two cellular signaling pathways that are known to mediate GLUT4 translocation, but
cardamonin had no effect on the phosphorylation of either PKCA/C or Akt, and its glucose uptake -
promoting activity was unaffected by treatment with a PI3K inhibitor. Recent studies have reported
roles for conventional/novel PKC [261], sirtuin [262], extracellular signal-regulated kinase (ERK) 1/2
and p38 [263] in GLUT4 translocation. However, cardamonin-stimulated 2DG uptake was not
inhibited by the PKC inhibitor (bisindolylmaleimide), nor by the sirtuin inhibitor (nicotinamide), and
ERK1/2 and p38 phosphorylation were unaffected in cardamonin-treated L6 myotubes (data not

shown). Furthermore, the sirtuin activator resveratrol showed no activity during screening of
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phytochemicals to identify polyphenols promoting 2DG uptake in L6 muscle cells [4]. The AMPK
pathway is a major regulator of GLUT4 translocation in response to some antidiabetic agents such as
AICAR and metformin [264,265]. The activation of AMPK by energy depletion and elevated
intracellular Ca*" levels leads to induction of GLUT4 translocation [266]. Therefore the effect of
cardamonin on AMPK activation was investigated. Cardamonin failed to increase AMPK
phosphorylation, suggesting that the AMPK signaling pathway is not responsible for the stimulation of
GLUT4 translocation by cardamonin The structurally related chalcones, 4-hydroxyderricin and
xanthoangelol, caused GLUT4 translocation in L6 myotubes with no insulin-like or AMPK-inducing
effects, similar to the situation for cardamonin [4]. A comprehensive analysis of the signaling
components affected by these chalcones is needed to determine their mechanisms of action.

Tetrazolium salts, including MTT and WST-1, are used widely in cell biology for measuring
the metabolic activity of cells from a wide range of organisms [267,268]. WST-1 produces a highly
water - soluble formazan upon cellular reduction [269] and its ease of use means it is widely applied
in colorimetric cell viability assays. A WST-1 assay was used to determine the cytotoxicity of the test
compounds. Cardamonin and flavokawain B, both of which showed glucose uptake-enhancing
activities, increased WST-1 reduction without increasing cell density. Flavonoids have been reported
to reduce MTT in the culture medium in the absence of cells [270]. However, no direct reduction of
WST-1 by cardamonin or flavokawain B occurred in our assay, indicating that WST reduction was
mediated by cells stimulated with these compounds. The glucose-uptake activity and the
WST-reducing activity are thought to be correlated. Fractionation studies using mammalian cells
indicated that the reduced pyridine cofactor, NADH, was responsible for most MTT reduction, a result
supported by studies with whole cells. The main reduction of MTT is believed to occur directly on the
surface of the mitochondrial membrane. However, second-generation tetrazolium dyes that form
water-soluble formazans and require an electron acceptor such as mPMS for reduction are
characterized by a net negative charge, and are therefore largely cell-impermeable. Evidence indicates
that their reduction occurs at the cell surface, or at the level of plasma membrane electron transport
[268]. These results suggest that a currently unknown mechanism may be responsible for the
up-regulation of glucose uptake by cardamonin.

Cardamonin is a chalcone that exists in many medicinal herbs [271] and possesses a wide
spectrum of pharmacologic effects, including antitumor-promoting [272], antiinflammatory [273],
antituberculous [250], platelet aggregation inhibitory [274] and vasorelaxant effects [275], as well as
significant microbial resistance. Liao ef al. recently suggested that cardamonin may play a role in
ameliorating insulin resistance and smooth muscle hyperplasia of major vessels in fructose-induced
rats, possibly via a mechanism involving the modulation of insulin/mTOR signaling [276]. Although
the current study did not reveal the detailed mechanisms of cardamonin action, the results confirmed
that cardamonin enhanced glucose uptake in cultured muscle cells via translocation of GLUT4. A
previous, preliminary study showed that glucuronide/sulfate conjugated cardamonin was found in the

plasma of mice administered cardamonin (data not shown). This suggests that chalcones involving
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cardamonin are active products and promising compounds for the maintenance of blood glucose levels
through their stimulation of skeletal muscle-associated glucose uptake. The pathogenesis of diabetes is
complicated, and the development of safe and effective antidiabetic agents remains a challenge.
Researchers continue to search for new drugs by targeting key compounds or pathways involved in the
disease. The complex structure of natural products leads to greater target diversity, and natural
molecules therefore offer good candidates for drug discovery strategies aimed at novel targets or
pathways involved in disease. The results of the current study suggest that further studies on the in
vivo effects and metabolism of cardamonin are necessary.

The regulation of glucose uptake into muscle and fat cells via GLUT4 is a fundamental
action of insulin and is impaired in type 2 diabetes, which is currently spreading with epidemic
proportions. Understanding the molecular basis of GLUT4 regulation is therefore of paramount
importance. Ishiki and Klip previously reviewed the complexities of GLUT4 traffic and its regulation,
and elucidation of the roles of the different regulatory inputs on GLUT4 compartment biogenesis,
storage, cycling and membrane retention will be essential for pinpointing defects in insulin resistance
and creating approaches to improve insulin action and glucose uptake [259].

In conclusion, it was shown that cardamonin enhanced glucose uptake through inducing
GLUT#4 translocation in L6 myotubes. These results suggest that chalcones may provide the basis for
the development of novel hypoglycemic substances, though more studies are needed to evaluate their

in vivo effects in humans.
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Chapter 7

General discussion

Development of non-radioisotopic glucose uptake assay

Glucose is the main fuel for most cells and its importance as an energy substrate has led to
intense research on its actions as a cellular metabolite and into the mechanisms controlling its uptake.
A number of diseases are associated with glucose transport and metabolism defects, such as
myocardial ischemia, Type 2 diabetes, or cancer. Facilitative glucose transport systems are ubiquitous
in animal cells and are responsible for transporting glucose across the cell surface membrane.
Essentially, glucose can be transported across membranes by two different mechanisms: an
Na'-coupled active carrier system, and a growing family of structurally related Na'-independent
glucose transporter glycoproteins. It has long been established that the plasma membranes of virtually
all mammalian cells possess a transport system for glucose of the facilitative diffusion type; these
transporters allow the movement of glucose across the plasma membrane down its chemical gradient
either into or out of cells. These transporters are specific for the p-enantiomer of glucose and are not
coupled to any energy-requiring components, such as ATP hydrolysis or H" gradient. The facilitative
glucose transporters are distinct from the Na'-dependent transporters, which actively accumulate

glucose.

A vast number of studies have been conducted on glucose uptake mechanisms in cultured cells.
All mammalian cells contain one or more members of the facilitative glucose transporter family
named GLUT [5,41]. These transporters have a high degree of stereoselectivity, providing for the
bidirectional transport of substrate, with passive diffusion down its concentration gradient. GLUTs
function to regulate the movement of glucose between the extracellular and intracellular compartments
maintaining a constant supply of glucose available for metabolism.

Glucose transport is generally assumed to present the rate-limiting step for lipogenesis in
adipose tissue in vivo and adipocytes in vitro, at least under conditions of low to moderate
concentrations of glucose in plasma and incubation medium, respectively. Skeletal muscle is the
primary tissue responsible for the postprandial uptake of glucose from the blood in humans. Two
major transporters expressed in adipose tissue/skeletal muscle are the fat/muscle-specific glucose
transporter GLUT4 and ubiquitous transporter GLUT1. The insulin-stimulated acute activation of
glucose transport mainly occurs by one of two mechanism: translocation of GLUT4 and GLUT1 from
intracellular vesicles to the plasma membrane and augmentation of the intrinsic catalytic activities of
the transport. The molecular mechanisms underlying the glucose transport and its regulation are

similar for adipose and muscle cells.
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The physiological function of GLUTs depend on their kinetic and substrate specificities.
Several studies have examined the kinetic properties of the isoforms. However, the facts that glucose
is rapidly metabolized and that transport is not always rate-limiting, means that nonmetabolizable
glucose analogues, such as fluoro-deoxyglucose (FDG), 2-deoxy-p-glucose (2DG) and
3-O-methyglucose (3MG@G), have to be used as glucose tracers. Uptake of glucose in cultured cells is
commonly determined by using radioactive hexose, such as 3MG or 2DG 3MG is a
non-phosphorylatable glucose analog which can be used for the accurate measurement of true initial
glucose transport rate without interference with the subsequent glucose-metabolizing steps (e.g.
phosphorylation to glucose-6-phosphate). Isotopic labels provide a good “signal to noise” ratio and
higher specificity than fluorescent or enzymatic labels. The strong and unique signal emitted by
radiolabels stands out against the background, whereas the signal from a fluorescent probe is a visible
spectrum photon, which may arise by non-specific interferants. However, routine use of these

radiolabeled analogues is costly and requires a specialized institution where isotopes can be handled.

The rate of radioisotopic 3MG transport is determined according to Whitesel and Glienmann
[277], Karnieli and coworkers [278], and Basi and coworkers [279] by a modification of the
L-arabinose uptake method described by Foley and coworkers [280]. 3MG is a non-phosphorylatable
glucose analog which can be used for the accurate measurement of true initial glucose transport rate
without interference with the subsequent glucose-metabolizing steps (e.g. phosphorylation to
glucose-6-phosphate). However, 3MG necessitates a very short incubation time due to fast
equilibration of the analog across plasma membranes and requires either rapid separation of cells from
the aqueous incubation medium, usually by centrifugation through a suitable oil cushion with a
buoyant density of less than 1, or the prevention of 3MG efflux by washing with a mercuric chloride
solution. Sokoloff and coworkers described a radioautographic method to measure regional rates of
brain glucose consumption with 2-["*C]deoxyglucose [133] and the method has been widely used in
not only the brain but also the muscle, fat tissue and so on. The method is based on the fact that
glucose and 2DG are similarly transported into cells and phosphorylated by hexokinase, but the DG6P
formed accumulates because it cannot be converted to an analog of fructose 6-phosphate or otherwise
rapidly metabolized. This assay can measure the total glucose uptake encompassing the transport of
the non-metabolizable glucose analog, 2DG, via the specific glucose transporters (i.e. GLUT1 and
GLUT4), and the molecular mechanism of their movement from intracellular vesicles to the plasma
membrane (GLUT translocation) including the underling signaling cascade through which insulin
stimulates glucose transport in adipose and muscle cells. 2DG is phosphorylated to a stable and
impermeable derivative, DG6P, by hexokinase or glucokinase, which may accumulate at a specific
intracellular compartment, ensuring less rapid equilibration, slower kinetics and more convenient of
2DG transport compared to 3MG. For routine purpose 2DG rather than 3MG is commonly preferred.

3MG is non-phosphorylatable glucose analog which can be used for the accurate measurement

of true initial glucose transport rate without interference with the subsequent glucose-metabolizing
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steps. However, assaying the uptake of 3MG necessitates sophisticated experimental procedures
enabling start and termination of transport reaction within a few seconds or for fewer than 1 minute.
Assaying the uptake of 2DG than 3MG is more convenient because 2DG is converted to a stable and
impermeable derivative DG6P through phosphorylation by hexokinase or glucokinase. Therefore,
2DG is often considered to be the gold standard in reference tracers of glucose transport and
phosphorylation. For routine purpose 2DG rather than 3MG is commonly preferred. However, the
rate-limiting step of glucose uptake at low glucose concentration is the transport via GLUT1/4 rather
than the phosphorylation. This results in apparently longer linear periods of glucose uptake in
comparison to use of non-phosphorylatable glucose analogs, such as 3MG and thereby considerably
facilitates the experimental procedure and kinetic analysis. So on that point, investigator should use

both 3MG and 2DG as the situation demands, or select a suitable assay for investigator’s goal.
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Fig. 7-1. Principle of the assay for measuring DG6P. (A) Scheme of the reaction by the assay solution
in our basic protocols. In the first reaction, G6PDH catalyzes the conversion of DG6P to
2-deoxy-6-phosphogluconate, coupled with the conversion of NADP" to NADPH. In the second
reaction, diaphorase catalyzes the conversion of resazurin to resorufin, coupled with the conversion of
NADPH to NADP'. In this chain reaction, NADP" and NADPH are recycled between the first and
second reaction. Theoretically, this chain reaction should continue until DG6P are consumed, and the
resorufin fluorophore generated should be equivalent to the amount of DG6P. (B) Scheme of the reaction
by the assay solution in alternate protocol. Standard curve can be generated by placing 2DG standard
solution. In the reaction step, DG6P is generated by hexokinase catalyzing the phosphorylation of 2DG,
coupled with the conversion of ATP to ADP. To achieve this reaction, the addition of Mg®" is required
because ATP binds to the enzyme as a complex with Mg”". 2DG, 2-deoxy-D-glucose; DG6P,
2-deoxyglucose 6-phosphate; GO6PDH, glucose 6-phosphate dehydrogenase; HX, hexokinase.
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Manchester and coworkers [139] and Sasson and coworkers [131] developed a
nonradioisotopic, enzymatic assay for measuring of DG6P in tissues and cultured cells. These methods
enable the detection of DG6P accumulating in cells by measuring of fluorescence of NADPH
produced from NADP", which is coupled to oxidation of DG6P to 6-phospho-2-deoxyglucuronic acid
by G6PDH. This approach, however, requires the cultivation of many cells on large plates and
preparation of cell extracts because the fluorescence of NADPH is rather weak. The NADPH produced
could be detected by direct fluorescent measurement of the stoichiometric amount of NADPH
generated or by amplification of NADPH by enzymatic cycling.

Consequently and recently, we have linked a diaphorase—resazurin-amplifying system that
produces a potent fluorescent substance in the presence of NADPH [159,160,162] (see Chapter 2 and
3). Resazurin, which is also known under the name of AlamarBlue™, is useful for detecting reductive
activities in cells and has been widely used for measuring cell proliferation and mitochondrial
metabolic activity. Resazurin itself is non-fluorescent until it is reduced to the highly red fluorescent
compound resorufin. Usually, NADPH or NADH is the reductant that converts resazurin to resorufin
in the presence of the enzyme diaphorase. Thus, resazurin can be used to detect NAD(P)H or
diaphorase levels. Furthermore, the resazurin—diaphorase system can be used to detect any biological
or enzyme activity that is involved in a biochemical reaction generating NAD(P)H [168-173]. In
addition, the fluorescence of resorufin is beyond the autofluorescence of most biological samples.
Based on the above information, we adapted the resazurin—diaphorase system to facilitate the
measurement of NADPH in the 2DG uptake assay in cultured cells [159] (see Chapter 2). This assay
is based on direct fluorometric measurement of stoichiometric amounts of resorufin generated and can
be performed in 96-well or 384-well format. The assay solution can be prepared easily by mixing
stock solution and the actual reaction step is very simple, involving only a single incubation with the
assay solution followed by the reading of fluorescence. This protocol is provided along with rapid,
microplate-based protocols for measuring 2DG uptake in cultured cells, and is useful for in vitro
high-through-put screening and for evaluating glucose-uptake regulators. However, this method is
limited the validation of the assay to the measurement of 2DG uptake in cell culture. To evaluate
nonlaveled-2DG uptake in an in vivo study, we proposed an advanced, simpler and easier method to
measure glucose, 2DG, G6P and DG6P separately using four independent single-reaction mixtures,
which are modified from this method [160,162] (see Chapter 3).

To evaluate 2DG uptake in an in vivo study using the enzymatic method, separate detection of
glucose, 2DG, G6P, and DG6P was needed because the tissue levels of glucose are much higher than
those of 2DG and DG6P. To determine 2DG and DG6P, Chi and coworkers [174,175] and Akabayashi
and coworkers [176] developed enzymatic assays. Their methods are based on HK-G6PDH assay in
the same way as our method and directly detect NADPH derived from the reactions or detect NADPH
by amplification with a NADP cycling reagent. They also used elimination reaction steps in their
methods. Using these elimination reagents involved many steps and operations are complicated. In our

method we do not use such elimination reagents and we proposed using four independent
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single-reaction mixtures containing G6PDH from Leuconostoc mesenteroides and Candida utilis [160]
(see Chapter 3). The components of each assay solution are similar to each other and each assay
solution can be prepared easily by mixing stock solutions. The actual reaction step is very simple,
involving only a single assay solution followed by reading of fluorescence. However, later
Sigma—Aldrich stopped selling C. utilis G6PDH and a substitute distributor did not exist. So, we
improved our assay method by incorporating minor modifications for the use of L. mesenteroides
G6PDH [162] (see Chapter 3). Using this improved assay system, concentration of glucose, 2DG, G6P,

and DG6P were easily measured as well as our previous assay system.
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Fig. 7-2. Principle of the assay system for measuring glucose, 2DG, G6P and DG6P, and schematic
representation of the chain reaction and the detection of target molecules by each assay solution. (i) HK
catalyzes the conversion of ‘glucose to G6P’ and ‘2DG to DG6P’ (ii) G6PDH catalyzes the conversion of
‘G6P to 6PGA’ and ‘DG6P to 6PDGA’, coupled with the conversion of ‘NAD(P)" to NAD(P)H’. (iii)
Diaphorase catalyzes the conversion of ‘resazurin to resorufin’, coupled with the conversion of ‘NAD(P)H to
NAD(P)"”. Theoretically, the amount of resorufin derived should be equal to the total amount of glucose,
2DG, G6P and DG6P when assay cocktail A is used. HK in cocktail A and B catalyzes conversion of both
‘glucose to G6P’ and 2DG to DG6P’. Use of high units of G6PDH and NADP" in cocktail A and C catalyzes
conversion of both ‘G6P to 6PGA’ and ‘DG6P to 6PDGA’, and use of low units of G6PDH and NAD" in
cocktail B and D catalyzes the conversion of only G6P to 6PGA. Assay cocktail A detects total glucose, 2DG,
G6P and DG6P. Assay cocktail B detects total glucose and G6P. Assay cocktail C detects total G6P and
DG6P and assay cocktail D detects only G6P. The compositions of each assay cocktail are described in Table
4-1. 2DG, 2-deoxyglucose; GOP, glucose-6-phosphate; DGOP, 2-deoxyglucose-6-phosphate; 6PGA,
6-phosphoglucuronic acid; 6PDGA, 6-phospho-2-deoxyglucuronic acid; HK, hexokinase; G6PDH,
glucose-6-phosphate dehydrogenase.
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Methods for evaluation of glucose uptake are applied in a wide range of fields because
facilitative glucose transport systems are ubiquitous in animal cells and are responsible for
transporting glucose across the cell membrane. Our protocols have been devised a simple and reliable

method for evaluation of glucose uptake in cells and that it can be applied in a wide range of fields.

Approach to promising functional food substance for the maintenance of the
blood glucose

Diabetes is a metabolic disease, which is characterized by insufficient or inefficient insulin
secretary response and elevated blood glucose level. Clinically, T2DM is more common and accounts
for 90-95% of all diabetic incidence. Many patients with diabetes will eventually result in multiple
diabetic complications like nephropathy, retinopathy, diabetic foot, ketoacidosis, and even increased
risk of CVD and hypertension. Currently, there are estimated 170 million people worldwide suffering
from diabetes and number may probably double by the year 2030 [281]. Diabetes causes about 5% of
all deaths globally each year, and diabetic deaths are likely to increase by more than 50% in the next
10 years without urgent action (http://www.who.int/diabetes/en). Therefore, developing novel drugs or

new therapies to combat diabetes has become urgent need.

Increasing studies have confirmed that the pathogenesis of diabetes is related to various
signaling pathways, such as insulin signaling pathway [282], carbohydrate metaboling pathway
[283,284], endoplasmic reticulum stress related pathway [285], the pathways involving insulin
secretion [154] and PPAR regulation [286], and chromatin modification pathways [287,288]. Recent
studies suggest that insulin signaling pathway promotes the transport of glucose into its target cells,
adipocytes and myotubes. Furthermore, insulin-mediated glucose transport is essential for glucose
uptake and metabolism by enhancing the translocation and activation of GLUT4. Adipocyte and
muscle cells are highly insulin-sensitive cells and play a major role in regulating insulin signaling
pathways associated with GLUT4. A novel pathway of insulin signaling what involves the glucose
transport system is initiated by insulin binding to the cell surface of the IR to activate tyrosine kinase
activity. In addition, the subsequent activation of two kinds of pathways (PI3K and p38-MAPK) is
required for the transport of GLUT4 to the cell surface. This results in the tyrosine phosphorylation of
a family of IRS proteins and activation of a complex network of downstream molecules, including
PI3K and the serine/threonine kinase Akt. Recent studies show that AMPK is one of the most
important factors for cellular energy balance and recognized as a potential therapeutic target in the
prevention and treatment T2DM. Some drugs for the treatment of T2DM (metformin and
thiazolidinediones) activate AMPK and this activation may potentially have ant-diabetic effects. The
activation of AMPK via exercise is one of the most effective therapies in T2DM.

These signaling pathways have thus become the major source of the promising novel drug
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target to treat metabolic diseases and diabetes. For example, insulin sensitizing drug biguanides
(metformin) and thiazolidinediones (rosiglitazone and pioglitazone) have been used for years in the
treatment of diabetes, although several clinical side effects have been later determined with these
anti-diabetic drugs [289]. Compared with synthetic compounds, natural products contain larger-scale
structural diversity inherently. They have become the major resources for bioactive agents and played
a key role in the discovery of lead compounds for new drug research [290]. To date, a great number of
active components derived from natural resources have been determined to function in the regulation

of diabetic pathophysiological signaling pathways and exhibit anti-diabetic activity [290-292].

Using our 2DG-uptake method, we surveyed herbal extracts that promote uptake of glucose in
cultured L6 cells, and discovered that an ethanol extract of 4. princeps (APE) was a promising
stimulator of glucose uptake. APE facilitated glucose uptake via GLUT4 translocation (see Chapter 4).
The results of our study indicate that 4. princeps stimulated the PI3K-dependent aPKC pathway and
the AMPK pathway and had insulin-mimetic activity, suggesting that an insulin-independent pathway
is the major mechanism by which APE exerts anti-diabetic potential. Next, we investigated the effects
of APE on obesity and hyperglycemia in C57BL/6 mice fed a high-fat diet (see Chapter 5). Dietary
APE prevented body weight gain, fat accumulation, and hyperglycemia in mice fed an HF diet. APE
supplementation suppressed hyperleptinemia, which may prevent hepatic lipid accumulation through
inhibition of FAS activity in the liver. This inhibition of hepatic lipid accumulation will thus contribute
to the prevention of hyperglycemia. The results also suggested that 4. princeps might be an excellent
natural food additive because of its antiobesity and antidiabetic properties, and that it could be useful

for the development of a more potent and selective agent.

We also surveyed natural compound that promote uptake of glucose in cultured L6 cells using
our non-RI assay and we found some active compounds influencing the uptake of glucose in L6
myotubes. Our findings suggest chalcones, flavonols and flavones to be important targets for
glucose-uptake-promoting polyphenols. Flavanones, flavonols, chalcones, retrochalcones and
dehydrochalcones are biochemically related compounds of restricted occurrence. For this reason, they
are described as minor flavonoids despite sometimes being present in foods at a dietary significant
concentration. Flavanones and flavonols have a saturated C-ring. Chalcones and retrochalcones are
unsaturated and, along with dehydrochalcones have an open structure and carbon skeleton numbered
in a way different from other flavonoids. Contribution of flavonoids to glucose uptake enhancing
activity is also apparent from several reports. Several homoisoflavonoids without glucose in the
structure are reported to exhibit glucose uptake enhancing activity [293]. Two flavonoids, kaempferol
and quercetin, are also known to improve glucose uptake [294]. Recently, we reported 15 active
compounds influencing the uptake of glucose in L6 myotubes [4]. In this study, among the active
compounds, 4-hydroxyderricine, xanthohumol and xanthoangelol, all of which are C-prenylated

chalcones, showed much higher levels of activity. Chalcones were originally isolated from natural
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plant sources and have been reported to variety of biological properties. This suggests that chalcones
are promising compounds for maintenance of blood glucose levels thorough their stimulation of
skeletal-muscle-associated glucose uptake. Next, we showed that cardamonin and its 4’-O-methylated
analog, flavokawain B, enhanced glucose uptake into L6 myotubes through GLUT4 translocation (see
Chapter 6). A wider range of polyphenols needs to be investigated using our screening method to be
determine the structure-activity relationship, through the current and previous results suggest that the
ao,p-unsaturated carbonyl group and the 2’-hydroxy group in the chalcone structure are both important.
These results suggest that chalcones may provide the basis for the development of novel hypoglycemic

substances, though more studies are needed to evaluate their in vivo effects in humans.

Conclusions

The pathogenesis of diabetes and metabolic syndrome is complicated, and development of the
safe and effective drugs or health foods against diabetes and metabolic syndrome is full of challenge.
Currently, researchers have been engaged in anti-diabetic lead compound discovery by targeting the
key targets or pathways involved in the disease. In comparison with synthetic compounds, natural
molecules exert multiple advantages for their large-scale structure and target diversity both in single
target and signaling pathway based drug discovery strategies. To date, emerging strategies are
developed to speed up the drug discovery process. To explore more effective lead compounds against
diabetes and metabolic syndrome, efficient disease models should be established, according to the type
and pathogenesis of diseases. In addition, to increase the activity of natural molecules, compound
synthesis and optimization methods, high throughput screening or high content screening technologies
should be developed.

The HTS field continues to dynamic and extremely competitive one, where a newer technique
or method is being reported at a very frequent basis. The need to increase the throughput of
drug-discovery screening operations while reducing development and operating costs is continuing to
drive the development of homogeneous, fluorescence-based assays in miniaturized formats. The use of
384-well and higher density plates and commercially available plate-handling robotics has made HTS
a reality, and has allowed some screening groups to achieve ultra-high throughput rates in excess of
100,000 samples per day. As the density of plate increases the volume of sample required for the assay
is decreased drastically, as a result the assay of expensive drugs can be carried out at lower cost, which
compensates the initial setup cost. The combination of nanoliter-scale liquid-handling, integrated
devices for compound dilution and assay functionality, and state-of-the-art fluorescence detection

techniques has the potential to revolutionize the drug discovery screening process.

In this thesis, we have developed method for evaluating glucose uptake in cultured cells and

tissues without using radioisotope. Our assay for DG, DG6P and glucose are based on direct

-100 -



fluorometric measurement of stoichiometric amounts of resorufin and can be performed in 96-well or
384-well formats. This direct assay is simpler than previous assays. Furthermore, the processing of the
sample is also simplified. In addition, our method does not require radiolabeled 2DG or a specialized
institution registered for using radioactive isotopes. Using this assay system, the effects of insulin,
cytochalasin B (hexose uptake inhibitor), LY294002 (inhibitor of glucose transporter translocation),
and pioglitazone hydrochloride (insulin-sensitizing agent) on 2DG uptake into the cells could be
assessed clearly. Therefore, our simple method may be useful for in vitro HTS and for evaluating
regulators glucose uptake. Using this methodology, we explore the possibility that naturally occurring
chemicals (phytochemicals) found in vegetables and spices have the power to restore insulin
sensitivity, and thus normal glucose metabolism, in individuals with T2DM. From the surveying
natural plants and compounds, we found the possibility of the drug development and the health food
substance among A. princeps and chalcone compound, etc. Methods for evaluation of glucose uptake
are applied in a wide range of fields because facilitative glucose transport systems are ubiquitous in
animal cells and are responsible for transporting glucose across the cell membrane. We believe that we
have devised a simple and reliable method for in vitro and in vivo evaluation of glucose uptake in cells

and that it can be applied in a wide range of fields.
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