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A novel glucose transporter 9 (GLUT9), which is involved in glucose re-
absorption processes in kidney, has been shown to be associated with
hyperglycemia. However, the regulation mechanisms have not been thoroughly
explained. This study aimed to investigate the contributing factors of hyperglycemic
condition that could affect GLUT9 expression. The GLUT9 mRNA and protein were
measured in semi-quantitative approach by using RT-PCR and Western blot analysis,
respectively. The GLUT9 mRNA was significantly decreased by 25 mM glucose and 25
mM sorbitol, which was used to evaluate hyper-osmotic stress effect, whereas, the
GLUT9 proteins were noticeably increased by glucose in the MDCK cells treated for
72 hours. Furthermore, extracellular ATP and adenosine, that have been reported to
be increased in hyperglycemic condition, significantly increased the GLUT9 protein
levels and reached maximum effect at 6 hours period. The GLUT9 protein
enhancement effect of adenosine was likely occur through adenosine receptors.
Stimulation of protein kinase A could inhibit the effect of adenosine treatment. Our
results demonstrated that the decrease of GLUT9 mRNA expression in long-term
treatment with glucose at high concentration might relate to hyper-osmotic stress
effect. Moreover, the extracellular ATP and adenosine, found to be increased during
hyperglycemia, may be the major components that enhance GLUT9 protein
expression via purinergic system preferentially through adenosine receptor

activation and protein kinase A inhibition.
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CHAPTER | INTRODUCTION

Hyperglycemia is defined as a condition characterized by a high plasma
glucose level, and is a major cause leading to complications in diabetic patients.
Diabetes is a chronic metabolic disease that occurs with insulin deficiency and/or
insulin resistance (1). Insulin plays a role in maintaining glucose homeostasis. The
glucose re-absorption in kidney contributes to maintain the balance by sglucose
transporters more than 25% (2). A facilitative diffusion glucose transporter 9 (GLUT9)
encoded by the solute carrier family 2 member 9 gene (SLC2A9) plays a key role in
uric acid and glucose homeostasis by re-absorption processes in kidney (3, 4). The
GLUT9 also mediates transportation of fructose (4-6). In addition, GLUT9 is identified
to be involved in insulin secretion in pancreatic beta cells and embryo implantation
in placenta (7-10). Observations in animals and humans suggest that its expression is
associated with hyperglycemia as well as hyperuricemia (5, 11, 12). The protein
expression of GLUT9 was increased in streptozotocin-induced diabetic rats (13) and in
gestational diabetes from human placenta (14). The GLUT9 protein also significantly
increased in male ob/ob mice, a type 2 diabetic animal model, but the mRNA level
did not alter when compared with control group (15). Therefore, hyperglycemic
condition such as high concentration of glucose and fructose might be a contributing

factor that influences the expression of GLUT9 in kidney.

Previous observations have reported that long-term glucose treatment at high
concentrations noticeably enhanced content of extracellular adenosine triphosphate
(ATP) in cell culture model. For example, extracellular ATP was increased two fold,
whereas, intracellular ATP remained constant in rat mesangial cells cultured in 25
mM glucose for 72 hours (16). This result was similar to the study of Chen’s group
which observed an increase of ATP in culture medium when HK-2 cells were cultured
in high glucose condition for 48 hours (17). Extracellular ATP exerts its activities to
regulate pathological and physiological properties in autocrine and/or paracrine
system of many tissues, such as the kidney, by binding to purinergic P2 receptors.

Transportation of ATP through exocytosis, connexin hemichannels, or transporters



such as vesicular nucleotide transporter increases the extracellular ATP, which is
immediately broken-down by ecto-nucleotidases to ADP, AMP, and adenosine (18-
20). Extracellular adenosine, an ATP metabolite, can regulate the purinergic system
through purinergic P1 or adenosine receptors. These receptors are divided to 4
subtypes: A1, A2a, A2b, and A3 receptors, which are detectable in kidney (21). All of
them are coupled with G-proteins and associated with stimulation or inhibition of
adenylate cyclase resulting to increase or decrease the cAMP concentration,
respectively (20). Intracellular cAMP is able to trigger the protein kinase A (PKA)
signaling pathway, but activation of adenosine receptors has also been attributed to
protein kinase C (PKC) activity (22). The expression of adenosine receptors in terms of
mMRNA and protein are also increased in renal tubular cells of diabetic rats (23).
Furthermore, the content of adenosine increased six-fold in glomeruli when
compared with normal rats (24). These observations indicated the important and

involvement of the extracellular ATP and adenosine in hyperglycemic condition.

In spite of the fact that GLUT9 expression was regulated under hyperglycemic
condition, the mechanisms of regulation have not been thoroughly explained.
Therefore, this study aimed to investigate the contributing factors such as slucose,
fructose, ATP, and adenosine levels, including possible pathways that influence
GLUT9 expression. These factors might have a potential role in the mechanisms of

GLUTOI regulation under hyperglycemic conditions.



Conceptual framework
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Objectives

1. To study the effect of hyperglycemic conditions on GLUT9 expression in

terms of mRNA and protein levels.

2. To study signaling proteins involved in the regulation of GLUT9 expression

under hyperglycemic conditions.

Scope of study

This study covered in vitro assays of the effect of hyperglycemic condition on
GLUT9 expression in MDCK (NBL-2) cells derived from the kidney of a normal adult
female cocker spaniel as a renal tubular cell model (25). First of all, the expression
of GLUT9 in terms of mRNA and protein levels was determined using RT-PCR and
Western blot analysis, respectively. Immunocytochemistry was performed to confirm
GLUT9 protein expression in MDCK cell culture. Secondly, the effect of
hyperglycemic conditions, i.e. increased glucose and fructose, on GLUT9 mRNA and
protein expression was investigated. This study focused on chronic effects, so the
experiments were performed for 24, 48, and 72 hours. Thirdly, hyperglycemic
conditions have been reported to be related with hyper-osmotic stress and increased
extracellular ATP, so these conditions were also used in this study. Sorbitol was used
to mimic hyper-osmotic stress effect. Extracellular ATP and its metabolite, adenosine,
were investigated for their effect on GLUT9 mRNA and protein within 24 hour period.
Since ATP and adenosine could play a role in regulation of pathological and
physiological properties through purinergic receptors, their involvement was
evaluated using the non-selective antagonist of purinergic P2 and adenosine
receptors, respectively. Finally, the involvement of signaling proteins was also
investigated. The resulting hyper-osmotic stress has been demonstrated to be
regulated through PKA, PKC, AMP-activated kinase, and tyrosine kinase. Furthermore,
adenosine receptors are coupled with G-proteins which are associated with
stimulation or inhibition of adenylate cyclase, resulting in activation of the PKA

signaling pathway (20). However, PKC was reported to involve in activation of



adenosine receptors (22). Therefore, the involvement of PKA and PKC in the effect of

adenosine on GLUTY expression was also investigated.

Contributions of the study

The present study would provide a better understanding on the effect of
hyperglycemic conditions, especially the level of glucose, fructose, osmolality, ATP,
and adenosine, which can influence the regulation of GLUT9 expression in renal
proximal tubular cells (MDCK cells). Furthermore, it would identify the possible
intracellular signaling proteins that may explain how cells respond to hyperglycemic
conditions. This knowledge may be useful for designing a novel target for controlling

glucose homeostasis.
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CHAPTER Il LITERATURE REVIEWS

Hyperglycemia and diabetes

Hyperglycemia is a condition which is characterized by high glucose level in
the blood plasma, and is a major cause of complications in diabetic patients (26).
The normal range for fasting glucose level in plasma is 80-100 mg/dl. The American
Diabetes Association guideline considers the subject with the fasting slucose
concentration of more than 100 meg/dl to be hyperglycemic; whereas, one with
glucose concentration above 126 mg/dl as diabetic. When the fasting glucose level is
below 70 mg/dl, the subject is considered hypoglycemic (1, 27). Early signs of
hyperglycemia are headaches, increased thirst, blurred vision, and frequent urination.
The plasma glucose level is not only increased in hyperglycemia, but insulin and
fructose levels as well (28, 29). Thorburn’s group demonstrated a reduction of insulin
sensitivity in rats that received high glucose and fructose diets (30). In 2002, diabetes
patients from Teikyo University Hospital in Japan were monitored for their serum and
urinary fructose concentrations. These fructose concentrations in the diabetic
patients were higher than in healthy subjects. However, the concentration of fructose
rapidly decreased when diabetic patients were treated by diet therapy, oral
hyposglycemic therapy, and/or insulin therapy (29). These results indicated that
hyperglycemia was associated with the increase in the fructose concentration in
plasma and urine. Furthermore, hyperglycemia has been reported to be involved in
changing physiological osmolality (31). In the hyperglycemic hyperosmolar state, the
plasma glucose level can be higher than 600 mg/dl which causes osmolality to be

greater than 320 mOsm/kg (32, 33).

Diabetes is a chronic metabolic disease that occurs with insulin deficiency
and/or insulin resistance resulting in increased plasma glucose concentrations (34,
35). There are three types of diabetes. First, insulin-dependent diabetes mellitus
(Type 1 Diabetes) is lack of insulin in blood circulation because of destruction of
pancreatic beta cells, where synthesize and secrete insulin. A major cause of the

pathology of type 1 diabetes is the attack of activated cytotoxic T-lymphocytes on
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the pancreatic beta cells (36). Second, insulin-independent diabetes mellitus (Type 2
Diabetes) is due to the defective responsiveness to insulin which referred to as
insulin resistance (37, 38). Third is gestational diabetes that involves with insufficient
insulin secretion and dysfunctional insulin receptor during pregnancy (37). The
gestational diabetes is a risk factor of macrosomic baby, congenital malformation,

perinatal morality, and the development of maternal type 2 diabetes (39).

Since  hyperglycemia causes complications such as ketoacidosis,
cardiovascular disease, chronic renal failure, retinal damage, and hyperosmolar coma,
the control of optimal plasma glucose level in patients is the main goal of therapy
for hyperglycemia and diabetes (34, 35, 37). Treatment for type 1 diabetes is insulin
replacement therapy, while type 2 diabetes is required combination drug therapy. A
biguanide group, such as metformin, is one of the most common treatments. The
efficacy of metformin is mediated by AMP-activated protein kinase (AMPK)
stimulation to increase the insulin sensitivity in fat and muscle cells. The
thiazolidinedione group, observed in drugs such as rosaglitazone and pioglitazone, is
an insulin sensitizer similar to the biguanide group, but it activates the peroxisome
proliferator-activated receptor, which act as a transcription factor regulating gene
expression of proteins involved in metabolism. On the other hand, the sulfonylurea
and meglitinide groups are insulin secretagogues. Sulfonylurea binds to the
sulfonylurea receptor, a subunit of the ATP-dependent potassium channel, to
activate the insulin secretion from pancreas (38). Furthermore, incretin belongs to a
group of gastrointestinal hormones that can increase the amount of insulin secreted
from pancreatic beta cells after eating. Incretin rapidly degraded by dipeptidyl
peptidase 4, so that its levels can be increased by the inhibitor of dipeptidyl
peptidase 4, which is used to treat diabetes type 2. Although anti-diabetic drugs are
not widely available, treatment of diabetes depends on insulin secretion and/or
function. Prolonged elevation of glucose can cause progressive decline in function
and mass of beta pancreatic cells and can decrease insulin sensitivity. Therefore, a
new agent that can reduce plasma glucose concentration in an insulin-independent

manner is in great interest. Inhibitors of kidney glucose reabsorption may help to
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achieve the goal of diabetic treatment because the kidney plays an important role in
glucose homeostasis by reabsorbing all of the filtered glucose from the glomeruli.
Some of the selective inhibitors of SGLT2 are dapasgliflozin, canasgliflozin, and
remosgliflozin. SGLT2 is high capacity for glucose transportation. The SGLT2 inhibitors
could decrease the fasting plasma glucose level in diabetic patients, and some of
them are effective in moderate renal impairment (40-42). In addition, GLUT9 as a
novel glucose transporter has also been reported to involve in glucose reabsorption
(3, 43). Not only glucose is allowed to transport via GLUT9 but fructose and uric acid
transportation are also. GLUT9 has high affinity for glucose and fructose, but high
capacity for uric acid (5). According to co-existing between hyperglycemia and
hyperuricemia, high concentration of uric acid in plasma has been reported as a high
risk of developing diabetes type 2 (44, 45). An increase of serum uric acid in pre-
diabetes and insulin resistance may involve in renal re-absorption of uric acid (46,
47). Moreover, there was reported about the increase of GLUT9 protein in kidney of
potassium oxonate-induced hyperuricemic rats (48). These observations suggest that
inhibition of glucose transporters especially GLUT9 in the kidney has a potential role

for further development as a treatment for diabetes.

Compounds/factors involve in hyperglycemic condition
I: Glucose

Carbohydrate products, which consist of glucose molecules, play an
important role in maintaining good health. Cells uptake glucose from the blood and
use it to synthesize metabolic energy (27, 49). Plasma glucose is maintained at a
constant concentration of 5 mM, including after meal and overnight periods, by
glucose homeostatic processes. In the kidney, approximately 162 ¢ (900 mmole) of
glucose is filtered per day by the glomeruli, but over 99% of filtered glucose is
reabsorbed through the proximal tubular cells by glucose transporters. Generally, the
glucose is not found in urine, but for hyperglycemic it is because the excess glucose

levels beyond the ability of reabsorption processes in proximal tubule (2, 41).
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Glucose reabsorption across the proximal tubule occurs via SGLT1- and SGLT2-
mediated uptake at the brush border membrane and facilitated transport across the
basolateral membrane mediated by GLUT1, GLUT2, and GLUT5 (2, 41). Recently,
GLUT9 expressed at brush border-membrane and basolateral membrane of renal

proximal tubular cells has been reported to involve in glucose re-absorption (3, 43).

In hyperglycemia, the high concentration of glucose has shown the
physiological properties that contribute to its transportation in intestine and kidney.
When glucose concentration in the intestinal lumen is higher than 25 mM, the
intracellular GLUT2 is triggered to move to brush border membrane and basolateral
membrane (50). Furthermore, this condition can also enhance the expression of
GLUT5. In the kidney, previous studies have shown that glucose transporters such as
SGLT2, GLUT2, and GLUT9 were increased in streptozotocin-induced diabetic rats (13,
51). Using porcine renal proximal tubular LLC-PK1 cells as a model, the mRNA level
of SGLT1 and GLUT1 were down-regulated when the cells were cultured in high

glucose condition (52).

Il: Fructose

Fructose is a monosaccharide mostly found in honey and many plants. Sugar
cane is a commercially product that contains fructose. Fructose is added to
commercial foods and beverages for taste enhancement because its relative
sweetness is 173 times that of sucrose (27, 53). Fructose is directly absorbed by
specific fructose transporter, GLUT5, from intestinal lumen into enterocyte and
GLUT2 at basolateral membrane (54, 55). The presence of fructose in the lumen
increased MRNA and protein levels of GLUT5 leading to increase fructose
transportation (56, 57). In hepatocytes, the GLUT2 plays role in operating
transportation of fructose into the cell. The intracellular fructose is metabolized by
fructokinase to fructose-1-phosphate before the metabolite is enrolled to the citric
acid cycle for synthesized metabolic energy similar to glucose. Liver has been shown

to be a major organ for fructose metabolism because the rate of metabolism is rapid,
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whereas, fructose is poorly metabolized in extra-hepatic organs (53, 58). Fructose is
also formed from ¢lucose by aldose reductase and sorbitol dehydrogenase

especially in kidney, lens, nerves, and heart tissues.

Although plasma fructose level is in the range of micromolar, their products
can lead to the diabetic complication such as nephropathy, retinopathy, neuropathy,
and atherosclerosis (58). Reducing sugars are spontaneously formed with proteins,
lipids, or nucleic acids to form advanced glycation endproducts (AGEs) such as
hemoglobin A;.. This process is carried out using the non-enzymatic glycation
mechanism. The AGEs are found to be increased in the extracellular and intracellular
structures of diabetes patients, so that these structures and related biochemical
processes are damaged (59, 60). Many observations have demonstrated that glucose
and fructose can increase the rate of glycation, the cross-linking of glycated collagen,
and the polymerization of proteins resulting to increase AGEs. Since fructose
composes of highly reactive chain structures and reactive 3-deoxyglucosone, which is
an intermediate of the dicarbonyl formation from fructose, fructose is considered as
a critical reducing sugar (58). In addition, fructose is associated with the increased

glucose in plasma and urine, which increases the chance of developing diabetes (29).

lll: Osmolality imbalance

The Hyperglycemic hyperosmolar state and ketoacidosis are serious
complications of diabetes. Although the hyperglycemic hyperosmolar state is found
less in hospital admission of diabetes patients, this state causes the mortality rate in
the range of 10-50% in older patients, whom have uncontrolled diabetes and/or
diabetes type 2 patients (32, 33). However, recent case report has revealed that
hyperglycemic hyperosmolar state is increased in children (61). The osmolality value
in hyperglycemic patients, absent of ketoacidosis, is greater than 320 mOsm/kg while
the glucose plasma level is greater than 600 mg/dl (33 mM). Furthermore, the
infections of urinary tract and pneumonia promote the hyperglycemic hyperosmolar

state (32, 33, 61).
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A changing of serum osmolality can influence physiological and biochemical
processes. The osmolality level of patients in the hyperglycemic hyperosmolar state
can be increased to over 320 mOsm/kg, while the normal level is 300 mOsm/kg (33).
Recently, hyper-osmotic stress has been reported to increase the risk of cellular
insulin resistance. These observations may be involved in PKB dephosphorylation,
IRS1 lysosomal degradation, and IRS1 phosphorylation (62). Hyper-osmotic stress has
been shown to regulate glucose transporters such as GLUT2 and GLUT4. For
example, the expression of GLUT2 on brush border membrane of renal proximal
tubular cells was significantly increased when the rats were infused with mannitol to
increase osmolality level in plasma. The enhancement of GLUT2 protein has been
revealed that these processes involved in increasing of PKC—B expression (63).
Furthermore, the translocation of GLUT4 from intracellular vesicles to plasma
membrane in muscle and fat cells has been enhanced by hyper-osmotic stress to
increase glucose uptake. This observation suggests that effect of hyper-osmotic stress
on intracellular signaling proteins depends on cell types. In muscle cells, AMPK
triggers phosphorylation of nitric oxide systhase and ERK and inhibits GLUT4
endocytosis using tyrosine kinase independent processes, whereas, the regulation in

fat cell is tyrosine kinase dependence (62).

VI: Purine nucleotides and nucleosides

Adenosine 5’-triphosphate (ATP) is a purine nucleotide composed of adenine,
ribose, and phosphate groups and is a precursor of cellular energy. ATP is mainly
generated by mitochondrial oxidative phosphorylation to provide energy to many
biological reactions, including intracellular signaling processes. Recently, extracellular
ATP is demonstrated to regulate biologic and physiologic processes in numerous cell
types such as epithelial cells, endothelial cells, fibroblasts, pancreatic beta cells,
hepatocytes, neuron cells, muscle cells, and platelets (64). Although ATP plays a role
in supporting intracellular energy, it can be released through exocytosis, connexin
hemichannels, or transporters such as vesicular nucleotide transporter (65, 66). The

secretion of ATP is an important step that is closely regulated in response to
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changing physiologic conditions such as mechanical stress, osmotic stress, and cell
injury including long-term glucose treatment at high concentration. For example,
extracellular ATP was increased two fold but the intracellular ATP was not altered in
rat mesangial cells, cultured in 25 mM glucose for 72 hours (16). This result was
similar to the study of Chen’s group which observed an increase of ATP in cultured
medium when HK-2 cells were cultured in high glucose condition for 48 hours (17).
However, the extracellular ATP is immediately broken-down by ecto-nucleotidases
into ADP, AMP, and adenosine. The extracellular adenosine content has been also
revealed to be significantly increased in cultured rat podocytes with 30 mM glucose
(67). Furthermore, the content of adenosine increased in the glomeruli to a level six
fold higher than in normal rats (24). Recently, the extracellular ATP and its
metabolites have reported that exert potent autocrine and paracrine effects on

cellular function by binding to purinergic P1 and P2 receptors.

Purinergic receptors

Purinergic system is an autocrine and/or paracrine in maintaining pathological
and physiological properties of many tissues including kidney. Recently, many
scientists have reported that purinergic system involves in diabetes, hypertension,
inflammation, and platelet aggregation (68). The effect of purinergic activation
depends on cell types and specific purinergic receptor population. The principle of
purinergic signaling composes of the releasing of nucleotides and nucleosides, the
selectivity between agonists and purinergic receptors on cell membrane, the
transduction of intracellular signal, and the degradation processes of agonist and
receptors (19). The purinergic receptors consist of two major classes based on the
response of the receptor on various agonists. Purinergic P1 receptor or adenosine
receptor recognizes adenosine, whereas, the purinergic P2 class is wildly bind to

many nucleotides such as ATP, ADP, UTP, and UDP. As shown in Figure 1.
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Purinergic system

v ¥
Purinergic P1 receptor Purinergic P2 receptor
(adenosine) (ATP, ADP, UTP)

[AlIAZaIA;bIAIS][PZX][PZY]

Figure 1 Diagram of purinergic receptors.

Adenosine receptors belong to a family of G protein-coupled receptors that
are associated with stimulation or inhibition of adenylate cyclase resulting to increase
or decrease the intracellular cCAMP concentration, respectively. The cAMP plays a role
to trigger PKA as a major intracellular signaling pathway. However, the stimulation of
adenosine receptors has been reported to partly regulate through PKC. Adenosine
receptors are divided to four subtypes including A1, A2a, A2b, and A3. The adenosine
receptors Al and A3 inhibit activity of adenylate cyclase preferentially through Gg
protein, whereas, this enzyme is likely stimulated through Ggqs protein by A2a and
A2b receptors (69, 70). Each subtype of adenosine receptors is detectable in different
area in renal tubular cells. In diabetic rats, adenosine receptors also increased in
renal tubular cells (23). However, all of them are inhibited by methylxanthines such

as caffeine and theophylline (71).

Purinergic P2 receptors are divided to two subtypes including P2X and P2Y.
The P2X is ligand-gate ion channel that maintaining the monovalent and divalent
permeability. On the other hand, the P2Y belongs to G protein-coupled receptor that
activates the inositol phospholipid signaling. The P2Y activation generates inositol-
1,4,5-triphosphate (IP3) and diacylglycerol resulting to increase the calcium secretion
from endoplasmic reticulum and to activate PKC, respectively (19, 20). Recently, the
P2 receptors which respond to ATP have demonstrated in kidney including renal cell

culture model such as MDCK cells (72, 73).
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Glucose transporter

Glucose transportation is carried out by using specific transporters to allow
the movement of glucose across cell membrane. Glucose cannot be transported by
paracellular and transcellular transport without transporters because plasma
membrane composes of hydrophobic compartment. Two families of glucose
transporters have been described in mammalian tissues: active sodium-dependent
glucose co-transporters (SGLTs) and facilitative diffusion glucose transporters (GLUTS)

(43).

Sodium-dependent glucose cotransporters (SGLTs), a solute carrier family 5
(SLC5A), are exhibited in intestinal enterocytes and renal proximal tubular cells. The
SGLTs are high affinity but low capacity transporter for glucose. The transportation
processes by SGLTs needs intracellular ATP to energize Na'/K-ATPase for maintaining
the extracellular sodium ions. In extracellular compartment, glucose is coupled with
sodium ions before they are transported across plasma membrane. Therefore, this
process is called “secondary active transport” (55). Recently, the SGLT is found as
three isoforms: SGLT1, SGLT2, and SGLT3. The localization of SGLT1 is expected in
brush border membrane of the enterocytes and renal proximal tubular cells, while
SGLT2 is exhibited only renal proximal tubular cells. The SGLT3 is found on plasma
membrane of enterocytes and muscle cells (43). The expression of SGLT1 is
increased depend on cellular differentiation state, but negatively regulated by

glucose concentration (52).

Facilitative diffusion glucose transporters (GLUTs), a solute carrier family 2
(SLC2A), are exhibited in many organs such as intestine, liver, kidney, adipocytes,
muscle, islets, testis, and brain. The mechanism of glucose transportation through
the GLUTs depends on the concentration gradient. All member of GLUT proteins
contain tweleve transmembrane domains, N- and C-terminal cytoplasmic domains,
and a single glycosylation site on extracellular loops which are believed to be a
glucose binding site (3). Moreover, they are classified into three classes based on
sequence homology and substrate specificity. First, the GLUT class | or classical

transporter consists of GLUT1 to 4 that recognize to glucose and galactose as major
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substrates. Second is the GLUT class Il which prefers fructose to glucose, because
these transporters have NXV/NXI motif at extracellular domain, that contributes to
binding between GLUTs and fructose (74). The GLUT5, GLUT7, GLUT9, and GLUT11
have been reported as the glucose transporter class Il. Finally, the GLUT class Ill has
structure similar to GLUT class Il, but they carry N-glycosylation site at the fifth

extracellular loop.

Glucose transporter 9 (GLUT9)

A novel glucose transporter 9 (GLUT9), which has been identified as a glucose
transporter class I, is a high affinity glucose and fructose transporter and high
capacity uric acid transporter (5, 74). In GLUT9-overexpressing Xenopus laevis oocyte,
the K, for glucose was showed to be 0.61 mM and the K, for fructose was 0.42 mM
(5). The apparent affinity and capacity for uptake of uric acid represented in K, of 1
mM and V., of 15 pmol.oocyteﬂ.min_l, respectively. The K, for efflux direction is 1
mM, but the V.. value is limited to achieve because of solubility of uric acid. The
uric acid transport across GLUT9 in GLUT9-overexpressing Xenopus oocytes is neither
inhibited by D-glucose nor D-fructose, and the glucose transport is unaffected by uric
acid at high concentration (6). The transportation of uric acid is indicated that
depends on electrical gradient when membrane potential and extracellular chloride
ion are changed (75). Decreasing the external chloride concentration enhance the
uptake of uric acid, whereas, chloride ion is not required for uric acid transport by

GLUT9 (76).

The gene of GLUT9 belongs to solute carrier 2A9 (SLC2A9) and is recently
found to be encoded for two alternative RNAs, which referred to GLUT9a and
GLUT9b. The two splice variants differ in their N-terminal sequences and are
expressed in different area. The GLUT9a exhibits in various tissues, while expression
of GLUT9b is specific in kidney, liver, and placenta (8, 13). Recently, these
transporters are investigated for their functions to be involved in sglucose

reabsorption in kidney, insulin secretion in pancreatic beta cells, and embryo



20

implantation in placenta (7, 9, 10). Furthermore, the expression between both
variants in renal proximal tubular cells and syncytiotrophoblast, which have polarize
property of epithelial cells, exhibited in different sites. The GLUT9a is expressed at
basolateral membrane, whereas, the GLUT9b is found at brush border membrane (8,

14).

In hyperglycemic condition, the protein expression of GLUT9 was increased
1.3-fold to 2-fold in liver and kidney when mice were induced to be diabetes by
streptozotocin for 10 days. Although the mRNA level of GLUT9b was significantly
increased, the mRNA level of GLUT9a had no effect (8). These observations may be
due to differences of their promoters, indicated as an alternative splicing between
both isoforms (77). In human term placenta from gestational diabetes as well as
insulin-controlled gestational diabetes, the regulation of GLUT9a and GLUT9b was
investigated by Western blot analysis and immunocytochemistry. The GLUT9a on
basolateral membrane of placenta was increased under pregestational and
gestational diabetes, while the GLUT9b on brush border membrane and basolateral
membrane of placenta were increased under insulin-controlled gestational diabetes
(14). These finding suggested that factors of hyperglycemic and hyperinsulinemic

conditions might enhance the GLUT9 expression.

MDCK cell as a model for transport studies in kidney

The mechanisms, physiological roles, drug interactions, and regulation studies
of transporters have been increasingly conducted by cell culture systems to avoid
the complexity of organ and animal experiments (78). The parental cultured cells
such as LLC-PK1, HK2, and MDCK cell lines were used as model that closely exhibit
functional and physiological of the renal proximal tubular cells (79). The MDCK cell
(NBL-2), which is a parental cell line, derived from kidney of a normal adult female
cocker spaniel. This cell exhibits heterogeneity in features and presence of polarize
epithelial structure including microvilli on the apical side of the cells. The formation

of tight junction is carried out and shown the transepithelial resistance in range of
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120-190 Q.cm” in confluent MDCK monolayer (78). Transport parameters such as
apparent permeability coefficient appear to correlate well in both passive diffusion
and active transport compounds (80). MDCK cell exhibits the transporter expression
and function similarity to renal proximal tubular cell such as Na'/H' exchanger (81).
The cell is recently developed properties and isolated many strains. MDCK1 and
MDCK2 are available by the American Type Culture Collection (ATCC), and MDCK |
and MDCK Il are supplied by the European Collection of Cell Cultures (ECACC) (25).
However, all strains have been used to study epithelial cell polarity and permeability
screening. As a consequence, MDCK cell is a useful tool for assessing the membrane
permeability properties of early drug discovery compounds and epithelial

development (80, 82).
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CHAPTER Il MATERIALS AND METHODS

Materials

MDCK (NBL-2) cell passage number 55 was obtained from American Type
Culture Collection (ATCC; MD, USA). Minimum Essential Medium (MEM), fetal bovine
serum, 0.25% trypsin-EDTA, TRIZOL® reagent, and UltraPure™ distilled water were
purchased from Invitrogen corperation (N.Y., USA). D-glucose, D-fructose, dimethyl
sulfoxide (DMSO), ethanol (A.R. grade), hydrochloric acid (AR. grade), potassium
dihydrogen phosphate (KH,PO,), and sodium hydrogen phosphate dihydrate
(Na,HPO4.2H,0) were purchased from Merck (Darmstadt, Germany). Sorbitol and
neutral red were purchased from BDH (Poole, England). Adenosine, AICAR, 8-(4-
chlorophenyl-thio)adenosine 3’,5’-cyclic monophosphate sodium salt (CAMP analog),
forskolin, genistein, H-89 dihydrochloride hydrate, suramin sodium salt, chelerythrine
chloride, 2-mercaptoethanol, paraformaldehyde, sodium deoxycholate, thiazolyl
blue tetrazolium bromide (MTT), Tris base, bovine serum albumin, ethidium bromide,
and Hoechst 33342 were purchased from Sigma Chemical (MO, USA). Adenosine 5’-
triphosphate disodium salt (ATP), protease inhibitor cocktail set I, and agarose were
purchased from Calbiochem (NJ, USA). Caffeine anhydrous and Triton X-100 were
purchased from Fluka (Buchs, Switzerland). Boric acid, sodium chloride, and
potassium chloride were purchased from Ajax Finechem (NSW, Australia). Omniscript®
reverse transcription kit and Tag DNA polymerase are obtained from Qiagen (Hilden,
Germany). lIso-propanol (AR. grade) was purchased from QReC (New zealand).
Chloroform (A.R. grade) was purchased from Lab Scan (BKK, Thailand). Primers are
synthesized by 1" BASE Custom Oligos (FBCO; the Gemini Singapore Science Park I,
Singapore). Ammonium persulfate, 30% acrylamide/bis (29:1), and sodium dodecyl
sulfate were purchased from Bio-Rad laboratories (CA, USA). Tween 20 (enzyme
grade) and brilliant blue G-250 were purchased from Fisher Chemical (NJ, USA).
Glycerol (molecular biology grade) was purchased from Promega (WI, USA).
Luminata™ Crescendo Western HRP Substrate was purchased from Millipore

Corporation (MA, USA). BioTrace™ polyvinylidene fluoride transfer membrane (PVDF)
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0.45 um was purchased from Pall Corporation (FL, USA). Rabbit polyclonal anti-
GLUT9 antibody (ab82910), horseradish peroxidase-coupled goat polyclonal
secondary antibody against rabbit 1¢G (ab6721) and horseradish peroxidase-coupled
goat monoclonal anti-actin antibody (ab20272) were purchased from abcam (MA,
USA). Alexa Fluor® 488 antibody was purchased from Molecular Probes (OR, USA).
The plastic ware for cell culture and thin wall PCR tube were obtained from Corning
incorporation (NY, USA). Pipette tips and microcentrifuge tube were purchased from

Axygen BioScience (CA, USA).

Cell culture (82)

MDCK cells were cultured in MEM supplemented with 10% (v/v) fetal bovine
serum and maintained in humidified atmosphere of 5% CO, at 37°C. The cells were
subcultured every 2-3 days with 0.25% (w/v) trypsin and 0.53 mM EDTA. The
detached process was terminated by adding the MEM with fetal bovine serum. The
cell suspension was centrifuged at 130 x g for 5 minutes. The supernatant was
discarded and the cell pellet was resuspended with the medium. A subculture ratio
was 1:10. For experiment, MDCK cells passage number in range of 65-82 were carried
out. The cells were seeded on multi-well culture plate or cell culture dish at density

of 20,000 cells per cm’ and cultured for 4 days.

Cytotoxicity

This experiment was performed to consider concentrations of examined
compounds that unchange the proportion of viable MDCK cell. The non-toxic
concentrations were used in further study. The cell viability was measured by MTT
reduction assay and neutral red dye uptake assay. MTT is a yellow water-soluble
tetrazolium dye that is reduced by living cells to be purple formazan crystal, so the
cell viability is evaluated from metabolic activity (83). For neutral red dye uptake
assay, the dye is took up and retained in lysosome, but these processes are not

maintained by nonviable cells (83, 84). Therefore, the properties of cell membrane
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and lysosome are evaluated for survival cells in this assay. For experiment, MDCK
cells were treated with various concentrations of glucose, fructose, and sorbitol for
72 hours. The ATP, adenosine, and other compounds which were conducted to
investigate the involvement of signaling proteins were treated for 24 hours. After
treatment, the cells were measured for viability by both assays. The statistically
difference was considered under p-value less than 0.05 when compared with the
control group. Moreover, the concentrations that change the percentage of viable

cell proportion more than 10% of control was decision as toxic effect.

MTT reduction assay

MTT was dissolved in MEM without fetal bovine serum at a concentration of
0.2 mg/ml. The treated medium was changed to MTT solution and the cells were
incubated for 1 hour in CO, incubator. Intracellular MTT was reduced by
mitochrondrial reductase in viable cells to generate purple formazan crystal. The
crystal was further dissolved with 200 ul DMSO and measured the absorbance at 570

nm.

Neutral red dye uptake assay

Briefly, neutral red was dissolved with PBS to a final concentration of 0.33%
(w/v) before the experiment for 18-24 hours. The neutral red solution was
centrifuged at 12,000 rpm for 10 minutes. The supernatant was diluted to 10% (v/v)
with MEM without fetal bovine serum. The treated medium was changed to the
diluted neutral red solution. The cells were incubated for 30 minutes in CO,
incubator and then were washed three times with PBS. The intracellular neutral red
was dissolved with 200 pl solubilizer solution containing 1% (v/v) acetic acid in 50%

(v/v) ethanol and measured the absorbance at 560 nm.
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Osmolality determination

Glucose, fructose, or sorbitol was dissolved in the MEM containing 10% (v/v)
fetal bovine serum. The glucose and sorbitol were prepared at final concentrations
of 5.5, 12.5, 25, 50, and 100 mM, while fructose was prepared at concentrations of
0.25, 0.5, 1, and 2 mM. The osmolality, calculated with comparative measurements
from the freezing points of pure water and of samples, was measured by automatic
cryoscopic  osmometer. Each concentration was performed in triplicate. The
osmolality values were compared with the medium, which contains glucose at 5.5

mM without fructose and sorbitol.

Treatment condition

The GLUT9 expression was determined by using RT-PCR analysis, Western blot
analysis, and immunocytochemistry. Before MDCK cells were conducted either RNA
isolation or protein harvest, the medium was replaced with medium containing
tested substances. The concentrations of test substances chosen for treatment were
relevant with pathophysiology of hyperglycemic condition and non-toxic to MDCK
cells. The glucose was performed at concentrations of 12.5 and 25 mM. The fructose
was performed at concentrations of 0.5 and 1 mM. The sorbitol at a concentration of
25 mM was performed to determine the effect of hyper-osmotic stress. Cells were
treated with these substances for 24, 48, and 72 hours. Moreover, the signaling
pathways that involved in long-term effect of hyper-osmotic stress were investigated
by using 2 uM forskolin, 200 uM AICAR, 10 nM insulin, and 2 uM chelerythrine which
are PKA activator, AMPK activator, tyrosine kinase activator, and PKC inhibitor,
respectively. The cells were treated by these activators and inhibitor for 24 hours

before determination of GLUT9 mRNA levels.

The exogenous ATP and adenosine, which can regulate purinergic system,
were also investigated in this study. They were used at a concentration of 100 uM for
3,6, 12, 18, and 24 hours. The involvement of purinergic P2 receptors and adenosine

receptors were determined by using their antagonists, 100 uM suramin and 500 yM
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caffeine, respectively. The antagonists were treated alone for 30 minutes before co-
treated with 100 uM ATP or 100 pM adenosine for 6 hours. Moreover, cCAMP analog at
a concentration of 10 pM, forskolin at a concentration of 2 pM, H-89 at a
concentration of 10 uM, and chelerythrine at a concentration of 2 uM were
performed to confirm the possible signaling proteins that involve in regulating GLUT9
expression. Each compound was treated alone for 30 minutes before co-treated with

100 uM adenosine for 6 hours.

RT-PCR analysis for mRNA expression of SLC2A9 gene (85)

The MDCK cells were washed twice by iced-cold PBS. The TRIzol® reagent
was added and triturated by pipette. The homogenized sample was kept for 2-5
minutes before adding 150 ul of chloroform. The sample tube was vigorously shaken
by hand and was centrifuged at 12,000 rpm, 4°C for 15 minutes. After centrifugation,
the mixture was separated into an upper aqueous phase, an interphase, and a lower
phenol-chloroform phase. The aqueous phase was collected for 150 pl. Total RNA
was precipitated by adding iso-propanol 300 ul and keeping in refrigerator for 10
minutes. The RNA precipitate formed a gel-like pellet at the bottom of the tube after
centrifugation at 12,000 rpm, 4°C for 10 minutes. The pellet was washed two times
by 300 pl 75% (v/v) ethanol and centrifuged at 9,500 rpm, 4°C for 5 minutes. The
pellet was dried by exposure to the air. After drying, the pellet was dissolved with 40
bl RNAse-free distilled water. The concentration of RNA was determined by
measuring the absorbance at 260 nm using spectrophotometer. The purity of RNA

product can be determined as the absorbance ratio of 260 nm / 280 nm higher than

1.6.

RT-PCR process, one microgram of total RNA was reverse-transcribed and
amplified by Omniscript® reverse transcription kit and Tag DNA polymerase,
respectively, following the manufacturer’s instruction. Primers were designed from
the NCBI primer design tool to recognize the mRNA of Canis lupus familiaris SLC2A9
under NCBI reference sequence of NM_001130835.2. Furthermore, glyceraldehydes 3-
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phosphate dehydrogenase (GAPDH) was used as a housekeeping gene for
normalization. Their forward primers and reverse primers were shown in Table 1. The
cycling protocol of cDNA amplification for 35 cycles consisted of denaturing
temperature at 95°C for 45 seconds, annealing temperature at 55°C for 45 seconds,
and extending temperature at 72°C for 45 seconds. The amplified products were
fractionated with a constant 80 V for 1 hour on 2% (w/v) agarose gel. The PCR
products on agarose gel were stained by ethidium bromide for 5 minutes, and then
washed by distilled water for 30 minutes before detection of stained products using

gel documentation. Intensity of the each band was analyzed by Image J software.

Oligo name Sequence Tm (°C)
GLUT9-forward 5’- TGA GAA GCA TGA CCA GGC AG -3’ 66.1
GLUTOY-reverse 5’- TCA GCC CAA AGC CAC CTA TG -3’ 66.3
GAPDH-forward 5- GTT TGT GAT GGG CGT GAA CC -3’ 65.5
GAPDH-reverse 5’- AAG GTG GAA GAG TGG GTG TC -3’ 65.6

Table 1 Primer sequences of GLUT9 and GAPDH genes.

Western blot analysis for GLUT9 protein expression (86)

The cells were washed and scraped in iced-cold PBS before centrifuged at
150 x g, 4°C for 10 minutes. The pellet was collected at -70°C until determination.
The harvested cells were lyzed by RIPA buffer containing 50 mM Tris-hydrochloride
(pH 8.0), 150 mM sodium chloride, 0.1% (w/v) sodium dodecyl sulfate, 0.5% (w/v)
sodium deoxycholate, 1% (v/v) Triton X-100, and protease inhibitor cocktail and
stood at 4°C for 1 hour. The sample was centrifuged at 12,000 rpm, 4°C for 15
minutes. Its supernatant was collected to measure the protein content using

Bradford’s method and determine the amount of GLUT9 protein (87).
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The protein fractions were loaded at 10 pg total protein and separated on
12.5% (w/v) sodium dodecyl sulfate polyacrylamide gel (SDS-PAGE) with a constant
80 V for 3 hours. The separated proteins were transferred onto PVDF membrane with
a constant 60 V for 2 hours. The membrane was blocked by 5% (w/v) bovine serum
albumin in phosphate buffer saline with 0.1% (v/v) Tween20. Then, it was incubated
with rabbit polyclonal anti-GLUT9 antibody (1:3,000) overnight at 4°C. This antibody
recognizes the synthetic peptide VWTVIVTMAC YQLCGLNAIW FYTNSIFGKA GIPPAKIPYV
TLSTGGIETL, which corresponding to internal amino acids sequence 295-344 of
GLUT9 protein (NP_001124307.2) (Figure 2).  Horseradish peroxidase-coupled goat
polyclonal secondary antibody against rabbit IgG (1:5,000) and horseradish
peroxidase-coupled goat monoclonal anti-actin antibody (1:50,000) were used to
determine GLUT9 and actin proteins, respectively. The membrane was incubated
with these antibodies for 2 hours at 4°C. The detection of GLUT9 and actin proteins
on the membrane was performed using Luminata" Crescendo kit and detected by

gel documentation. Intensity of the each band was analyzed by Image J software.

solute carrier family 2, facilitated glucose transporter member 9 [Canis lupus familiaris]
Sequence ID: ref[NP_001124307.2] Length: 535 Number of Matches: 1

Range 1: 295 to 344 GenPept Graphics

Score Expect Method Identities Positives Gaps
08.6 bits(244) 2e-25 Compositional matrix adjust.  46/50(92%) 48/30(96%) 0/50(0%)

Query 1 WWTVIVTMACYQLCGLNATWFYTNSIFGKAGIPPAKIPYVTLSTGGIETL 5@
V+TVIVTMACYQLCGLNATWFYTNSIFGKAGI P KIPY+TLSTGGIETL
Sbjct 295 WITVIVTMACYQLCGLMATIWFYTNSIFGKAGISPEKIPYITLSTGGIETL 344

Figure 2 Blast searching between synthetic peptide that the anti-GLUT9 antibody

recognizes and amino acid sequence of GLUT9 protein.

Immunocytochemistry for determined GLUT9 protein localization (13, 88)

Briefly, all process of this experiment was conducted at room temperature
after the cells were cultured for 4 days on a cover slide in cultured dish. The cells

were washed twice by PBS and fixation process was immediately performed by 4%
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(w/v) paraformaldehyde in PBS for 15 minutes. The cell membrane was
permeabilized by 0.1% (v/v) Triton-X100 for 5 minutes. A blocking reagent containing
5% (w/v) bovine serum albumin in PBS was carried out to incubate the cell
monolayer for 30 minutes. The cells on cover slide were incubated overnight with
the rabbit polyclonal anti-GLUT9 antibody (1:200) and then incubated with Alexa488-
coupled goat polyclonal antibody against rabbit IsG for 1 hour. Each process was
washed 3-5 times by PBS. The nucleus were stained with 1 pg/ml Hoechst 33342 for
10 minutes and washed by PBS. The cover slide was mounted with 70% (v/v)
glycerol on glass slide before sealed by nail polish. The GLUT9 proteins and nuclei

were determined using fluorescence microscope.

Statistical analysis

All values were expressed as mean + SEM which was calculated from at least
three independent experiments. Each experiment was conducted in duplicate.
Statistical differences were analyzed by either one sample t test or independent-
sample t test. In all cases, p-value less than 0.05 were considered to be statistically

significant.



30

CHAPTER IV RESULTS

Determination of GLUT9 expression in MDCK cells

MDCK was mostly used as a model to assess the permeability of early drug
discovery compounds as well as to examine the epithelial development of renal
tubular cells. Since renal permeability is influenced by excretion and re-absorption
processes, specific transporters involving in either processes play an important role in
the determining the total transport of many compounds. GLUT9 is a novel glucose
transporter that involves in glucose, fructose, and uric acid transportation in kidney.
Therefore, we first investigated GLUT9 mRNA and protein expressions in MDCK cells
by using RT-PCR and Western blot analysis, respectively. The MDCK cells were
seeded at density of 20,000 cells per cm’ and cultured for 4 days, which was the

duration recommendation for permeability studies.

In RT-PCR experiment, the amplified product from GLUT9 primer was
fractionated in lane 1 produced a single band at 389 bp, whereas, the PCR product
of GAPDH was showed in lane 2 at 495 bp (Figure 3A). These sizes of mRNA products
were similar to their predicted sizes. These observations indicated that GLUT9 mRNA
can be detectable in MDCK cells. Moreover, duplex PCR technique which was
amplification of the two PCR products in a single reaction tube was performed in this
study. The result showed in Figure 3B demonstrated that the PCR products of GLUT9
and GAPDH displayed at same sizes when compared with each amplified product,
which confirmed by two individual experiments. Therefore, this RT-PCR condition will
be used further to study the effects hyperglycemic condition on GLUT9 mRNA

expression.

In terms of GLUT9 protein, the total proteins extracted from MDCK cells were
loaded at 10, 15, and 20 pg to find a proper condition for protein determination in
this study. As seen in Figure 4A using Western blot analysis with anti-GLUT9 protein
antibody, only one band of GLUT9 protein approximately appeared at 50 kDa. The

results were detectable in every lane, and the intensity of each band depended on
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the quantity of loaded proteins. Therefore, the total protein at 10 pg was chosen for
GLUT9 protein investigation. An actin protein was used as a housekeeping protein for
normalization of GLUT9 protein content. In Figure 4B, GLUT9 and actin proteins were
showed at approximately 50 kDa and 42 kDa, respectively. Both molecular weights
were similar to those observed in previous reports. Furthermore, the expression of
GLUT9 protein in MDCK cells was confirmed by using immunocytochemistry
technique. Figure 5 illustrated that GLUT9 proteins could be detected as
fluorescence intensity of Alexad88-coupled antibody and represent GLUT9 proteins
in MDCK cells. A negative control was conducted by cultured MDCK cells for 4 days
and incubated with Alexad88-coupled antibody without pre-incubated with anti-

GLUT9 antibody. The intensity of fluorescence in this condition was not detected.
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Figure 3 The expression of GLUT9 and GAPDH mRNA in MDCK cells.

The PCR products of GLUT9 (lane 1) and GAPDH (land 2) were fractionated in 2%
(w/v) agarose gel and stained with ethidium bromide (A). The duplex PCR technique
was conducted to amplify the PCR products of GLUT9 and GAPDH. The fractionated

results in lane 1 and 2 come from individual experiment (B).
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Figure 4 The expression of GLUT9 and actin proteins in MDCK cells.

The total protein isolated from MDCK cells was loaded at 10, 15, and 20 pg, and

determined GLUT9 protein by using Western blot analysis (A). GLUT9 and actin

proteins were determined in the same membrane (B).
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200 pm

Figure 5 The fluorescence of GLUT9 protein in MDCK cells.

The GLUT9 protein was determined by using immunocytochemistry technique. MDCK
cells were cultured for 4 days. The upper column showed negative control
represented phase contrast (A), GLUT9 protein (B), and nuclei (C) under condition
that was incubated with Alexa-488 antibody alone. The lower column showed
control represented phase contrast (D), GLUT9 protein (E), and nuclei (F) under
condition that was incubated with anti-GLUT9 antibody and Alexa-488 antibody, and
Hoechst33342, respectively. Scale bar displayed 200 pm. This figure showed the

result of one representative experiment from three individual experiments.
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Cytotoxic determination

The cytotoxic effect of tested substances in MDCK cells were investigated for
choosing their concentrations that did not affect cell survival for further experiments.
The non-toxic concentrations were determined by using MTT reduction assay and
neutral red dye uptake assay that measured based on metabolic activity and
property of cell membrane, respectively. The glucose, fructose, and sorbitol were
treated for 72 hours, which considered as the long-term effect, and their
concentrations were performed in physiological range of these compounds found in

hyperglycemic condition.

Glucose was investigated in concentration range of 12.5-100 mM represented
hyperglycemic condition, whereas, glucose at a concentration of 5.5 mM was used as
a control which related with concentration in plasma and MEM medium. In the MTT
reduction assay, cell viability was enhanced by g¢lucose but not significantly (Figure
6A). However, the results of neutral red dye uptake assay was not altered when
compared with control (Figure 6B). This result indicated that intracellular metabolic
activities were slightly increased, but properties of cell membrane were not changed.
Therefore, the tested concentrations of glucose up to 100 mM could be used to
investigate the effects hyperglycemic condition on GLUT9 expression. Moreover, the
effect of fructose was also evaluated in this study. The concentration of fructose is
very low in plasma, but it is increased to micromolar range in hyperglycemic
condition. The concentration range of 0.25-2.00 mM of fructose was determined for
the cytotoxic effect. The percentage of cell viability was unchanged by fructose in

both cytotoxic assays, as shown in Figure 7.

In this study, cytotoxic effect of sorbitol was determined by using
concentrations of 12.5-100 mM. The cell viability determined by MTT reduction assay
was likely to increase when cells treated with sorbitol at concentration of 100 mM
but not significantly (Figure 8A). However, the cell viability measured using neutral
red dye uptake assay was significantly decreased to 87.1% and 82.7%, when treated

with sorbitol at concentrations of 50 mM and 100 mM, respectively (Figure 8B).
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Therefore, 25 mM sorbitol was chosen as the highest concentration that did not

affect cell viability of MDCK cells.

Extracellular ATP and adenosine were reported to increase in cells cultured in
high glucose concentration (16, 17). Therefore, they were evaluated for their effect
on GLUTY expression which their non-toxic concentrations were determined, first.
However, these compounds were not stable, so the investigation of cytotoxic effect
was conducted within 24 hours. The exogenous ATP was determined in
concentration of 125-1,000 uM in this study. The results revealed that ATP did not
affect the cell viability of MDCK cells determined by using MTT reduction assay and
neutral red uptake assay (Figure 9). Adenosine concentration in range of micromolar
has been reported to relevance with activation in physiological property, but its
solubility was limited at maximum concentration of 200 uM in 0.5% (v/v) DMSO.
Therefore, the exogenous adenosine was determined in concentration of 25-200 uM
and 0.5% (v/v) DMSO was used as control. The results showed that the cell viability
was not changed by adenosine at any concentrations. Therefore, the highest

concentration of adenosine at 200 uM was used (Figure 10).
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Figure 6 Cytotoxic effect of glucose at various concentrations.

The MDCK cells were treated with glucose for 72 hours. The cell viability compared
with control group was measured by MTT assay (A) and neutral red uptake assay (B).

Each value represented the mean + SEM from 3 experiments.
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Figure 7 Cytotoxic effect of fructose at various concentrations.

The MDCK cells were treated with fructose for 72 hours. The cell viability compared
with control group was measured by MTT assay (A) and neutral red uptake assay (B).

Each value represented the mean + SEM from 3 experiments.
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Figure 8 Cytotoxic effect of sorbitol at various concentrations.

The MDCK cells were treated with sorbitol for 72 hours. The cell viability compared
with control group was measured by MTT assay (A) and neutral red uptake assay (B).
Each value represented the mean = SEM from 3-4 experiments. *, p < 0.05;

significantly different versus control group.
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Figure 9 Cytotoxic effect of ATP at various concentrations.

The MDCK cells were treated with ATP for 24 hours. The cell viability compared with
control group was measured by MTT assay (A) and neutral red uptake assay (B). Each

value represented the mean + SEM from 3 experiments.
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Figure 10 Cytotoxic effect of adenosine at various concentrations.

The MDCK cells were treated with adenosine for 24 hours. The cell viability
compared with control group was measured by MTT assay (A) and neutral red uptake

assay (B). Each value represented the mean + SEM from 3 experiments.
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Effect of compounds involved in hyperglycemic condition on GLUT9 expression

Glucose and fructose

Hyperglycemia is defined as a condition which has a high plasma slucose
level and is a major cause of complication in diabetic patients (1). The long-term of
hyperglycemic condition is a risk of diabetic development. Not only glucose that is
involved in hyperglycemic condition, but fructose is also increased in plasma and
urine (29). Although plasma fructose level is found in range of micromolar, it can
lead to the diabetic complication such as nephropathy, retinopathy, neuropathy, and
atherosclerosis (58). Moreover, both substances have been reported as substrates of
GLUT9 for transportation across the renal tubular cells. Therefore, this study
investicated the effect of glucose and fructose which involved in hyperglycemic

condition on GLUT9 expression in long-term treatment.

The glucose at concentrations of 12.5 mM and 25 mM, represented as
hyperglycemic condition, was used to determine their effect on GLUT9 expression in
terms of mMRNA and protein. As shown in Figure 11A, the level of GLUT9 mRNA was
not altered by 12.5 mM glucose when the cells were treated for 24, 48, and 72
hours. However, glucose at concentration of 25 mM decreased the GLUT9 mRNA in
time-dependent manner. The mRNA level was significantly decreased by 43.2% after
cells were treated with 25 mM ¢lucose for 72 hours. These observations indicated
that GLUT9 mRNA was decreased only when cells were treated with 25 mM glucose
for 72 hours. The effect of 12.5 mM and 25 mM g¢lucose that treated for 24, 48, and
72 hours on GLUT9 protein levels were illustrated in Figure 11B. The protein levels
seemed to increase when the cells were treated by 25 mM glucose for 48 and 72
hours but not significantly. The mean of GLUT9 protein levels were increased 1.3 +
0.1-fold by 25 mM sglucose for 72 hours. As shown in Figure 12, there were
discrepancy between the effect of 25 mM glucose on GLUT9 mRNA and GLUT9

protein when treated cells for 72 hours.
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From Figure 11, glucose seemed to have an effect on GLUT9 proteins, so the
concentration-response of glucose was determined. The cells were treated with
glucose at concentrations of 12.5 mM, 25 mM, and 50 mM for 72 hours before the
GLUT9 proteins were investigated. As seen in Figure 13, the GLUT9 protein levels
were enhanced by slucose in a concentration-dependent manner, and significantly
increased to 1.9 + 0.2-fold by glucose at a concentration of 50 mM when compared

with control.

Fructose is another contributing factor of hyperglycemic condition being
investigated for its effect on GLUT9 expression in MDCK cells. The cells were treated
with 0.5 mM and 1.0 mM fructose, which were considered as a high concentration in
hyperglycemic condition, for 24, 48, and 72 hours before GLUT9 mRNA levels were
determined. Figure 14A illustrated that the GLUT9 mRNA levels were not changed
when cells were treated with fructose in all conditions compared with that of
control. Furthermore, 1 mM fructose was used to determine the effect on GLUT9
protein levels. The results were found that the GLUT9 protein levels were not
altered by treated cells with 1 mM fructose (Figure 14B). Therefore, it can be
concluded that fructose had no effect on GLUT9 expression both of mRNA and

protein levels as shown in Figure 15.



aq

A
) Control 24 48 72
GLUTY 389 bp
ot 2.0
= ] 125mM
s £ 25mM
- 1.54 I '|'
e
B T
-
2 = 104 1 l
) '-3 0 1 T
= i L *
o T
E 0.5 -
=
)
& 0.0-
control 24 48 72
Time (hours)
B
) Control 24 48 72
GLUTY | e S S S 50 kD2
Actin “— — — —— 42 kD2
= 2.09
= ] 125mM
§ = 25 mM
O T T
=
2~ l 1
Z = 10d I ¥
£ S T
E
E’ 0.54
=
)
= 0.0~
control 24 48 72

Time (hours)
Figure 11 Effect of glucose on the GLUT9 expression.

Effect of glucose on the GLUT9 expression in terms of mRNA (A) and protein (B). The
glucose was conducted at concentration of 12.5 mM (open bar) and 25 mM (close
bar) for 24, 48, and 72 hours. The upper photograph showed the results of one
representative experiment from treated with 25 mM glucose. Each value represented
the mean + SEM from 3-4 experiments. *, p < 0.05; significantly different versus

control group.
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Figure 12 Effect of 25 mM glucose on the GLUT9 expression.

The cells were treated with 25 mM glucose for 24, 48, and 72 hours. The expression
was showed in GLUT9 mRNA level (open bar) and in GLUT9 protein level (close bar).
Each value represented the mean + SEM from 3-4 experiments. *, p < 0.05;
significantly different versus control group. #, p < 0.05; significantly different between

MRNA level and protein level.
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The cells were treated with glucose at various concentrations for 72 hours. The

upper photograph showed the results of one representative experiment. Each value

represented the mean + SEM from 4-5 experiments. *, p < 0.05; significantly different

versus control group.
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Figure 14 Effect of fructose on the GLUT9 expression.

Effect of fructose on the GLUT9 expression in terms of mRNA (A) and protein (B). The
fructose was conducted at concentration of 0.5 mM (open bar) and 1 mM (close bar)
for 24, 48, and 72 hours. The upper photograph showed the results of one
representative experiment from treated with 1 mM fructose. Each value represented

the mean + SEM from 3-4 experiments.
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Figure 15 Effect of 1 mM fructose on GLUT9 expression.

The cells were treated with 1 mM fructose for 24, 48, and 72 hours. The expression
was showed in GLUT9 mRNA level (open bar) and in GLUT9 protein level (close bar).

Each value represented the mean + SEM from 3-4 experiments.
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Osmolality determination

Hyperosmolar state in diabetic patient is also involved in hyperglycemic
condition. The osmolality value is depended on the level of plasma glucose. The
changing of osmolality can influence cellular physiological and biochemical
properties. Therefore, the osmolality values of sugar such as glucose, fructose, and

sorbitol were evaluated.

The MEM medium containing 10% (v/v) fetal bovine serum was conducted as
a control. The osmolality measurement of the medium was shown the value equal
to 306.3 £+ 2.7 mOsmol/Kg, which was similar to physiological osmolality in plasma.
The osmolality of medium was significantly increased by glucose in concentration
range of 12.5-100 mM when compared with the complete medium, containing 5.5
mM glucose. In contrast, fructose in concentration range of 0.25-2.00 mM had no

effect on osmolality of the medium.

Sorbitol, a slucitol or slow-metabolizing sugar, can increase the osmolality
value similar to glucose (89). Thus, present study determined the osmolality values
of sorbitol in concentration range of 5.5-100 mM. The osmolality was increased by
sorbitol in a concentration-dependent manner. The osmolality value of 55 mM
sorbitol was similar with control group that containing 55 mM glucose. The
osmolality values of sorbitol and glucose at the same concentration were compared
in Figure 16. The results were found that each tested concentrations showed similar
osmolality values. Therefore, sorbitol can be used to determine the hyper-osmotic
stress effect of glucose in the following experiments. However, the sorbitol at
concentration of 50 mM and 100 mM had some effect on MDCK cell viability (Figure
8). Therefore, sorbitol at a concentration of 25 mM was used as a non-toxic
concentration, as a representator of 25 mM glucose, for determination of hyper-
osmotic stress effect on GLUT9 expression in MDCK cells in next study. The
osmolality value was increased to 326.5 + 1.7 and 327.4 + 3.3 mOsmol/Kg by slucose

and sorbitol, respectively, at concentration of 25 mM.
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Figure 16 Comparative of osmolality values between glucose and sorbitol.

Comparative of osmolality values between glucose (open bar) and sorbitol (close

bar) at the same concentration. Each value represented the mean + SEM from 3-4

experiments.
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Effect of hyper-osmotic stress on the GLUT9 expression

Elevation of blood glucose can cause hyperosmolar hyperglycemic state
which is a life-threatening endocrine emergency (33). The high concentration of
glucose can increase the osmolality in cell culture medium. Since previous
observations have reported that hyper-osmotic stress involved in regulation of
intracellular physiological and biochemical properties, the present study also
determined the effect of hyper-osmotic stress on GLUT9 expression. Sorbitol at
concentration of 25 mM was chosen to determine the hyper-osmotic stress effect of
25 mM glucose on GLUT9 expression in MDCK cells. The cells were treated with 25
mM sorbitol before determination of GLUT9 mRNA and protein. Figure 17 illustrated
that the mRNA levels of GLUT9 were significantly decreased by treated cells with 25
mM sorbitol for 48 and 72 hours. The GLUT9 mRNA levels decreased by sorbitol
were compared with the result of glucose that also significantly decreased the mRNA
level after treated for 72 hours (Figure 18). Although the GLUT9 mRNA levels were
decreased by hyper-osmotic stress, the GLUT9 proteins were not altered. As shown
in Figure 19, the GLUT9 protein levels were not changed when cells treated with 25

mM sorbitol for 24, 48, and 72 hours, when compared with control.

The present study also investigated the effect of possible signaling proteins
that involved in hyper-osmotic stress on GLUT9 mRNA, since 25 mM sorbitol showed
an effect only on GLUT9 mRNA. Previous reports demonstrated that hyper-osmotic
stress can trigger numerous types of signaling proteins such as PKA, AMPK, tyrosine
kinase, and PKC. Therefore, the signaling pathways that involved in long-term effect
of hyper-osmotic stress were investigated by using 2 uM forskolin, 200 uM AICAR, 10
nM insulin, and 2 uM chelerythrine which are PKA activator, AMPK activator, tyrosine
kinase activator, and PKC inhibitor, respectively. The MDCK cells were treated with
activators or inhibitors of signaling proteins at non-toxic concentrations for 24 hours.
The GLUT9 mRNA was significantly decreased only by 2 uM forskolin, but was not
changed by the other compounds (Figure 20).
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Figure 17 Effect of sorbitol on the GLUT9 mRNA expression.

The sorbitol at concentration of 25 mM was conducted for 24, 48, and 72 hours. The
upper photograph showed the results of one representative experiment. Each value
represented the mean + SEM from 3-4 experiments. *, p < 0.05; significantly different

versus control group.
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Figure 18 Comparative effects of glucose and sorbitol on the GLUT9 mRNA level.

The glucose and sorbitol at concentration of 25 mM were conducted for 24, 48, and
72 hours. Each value represented the mean + SEM from 3-4 experiments. *, p < 0.05;

significantly different versus control group.
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Figure 19 Effect of sorbitol on the GLUT9 protein expression.

The sorbitol at concentration of 25 mM was conducted for 24, 48, and 72 hours. The
upper photograph showed the results of one representative experiment. Each value

represented the mean + SEM from 3-4 experiments.
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Figure 20 Effect of activators and inhibitor of signaling proteins on the GLUT9 mRNA.

The cells were treated with 2 uM forskolin (PKA activator), 200 uM AICAR (AMPK
activator), 10 nM insulin (tyrosine kinase activator), or 2 pM chelerythrine (PKC
inhibitor) for 24 hours. Each value represented the mean + SEM from 3-4

experiments. *, p < 0.05; significantly different versus control group.
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Effect of exogenous ATP on GLUT9 expression

Our observations revealed that high concentration of glucose in long-term
treatment decreased the GLUT9 mRNA, but increased the GLUT9 protein significantly.
The suppression of GLUT9 mRNA by slucose may due to its hyper-osmotic stress, as
demonstrate in our previous experiments using 25 mM sorbitol. However, the GLUT9
protein levels were not changed by sorbitol, whereas, they were increased by
glucose. Therefore, this study investigated the other mechanisms in term of

hyperglycemic condition that influence GLUT9 protein levels.

Glucose as primary source of energy synthesis generates ATP and previous
observations have demonstrated that long term-glucose treatment in cell culture
model can enhance the extracellular ATP (16, 17). Therefore, the exogenous ATP was
conducted to determine its effect on GLUT9 expression. The cells were treated with
100 uM ATP for evaluation of time-response on GLUT9 expression. As shown in
Figure 21, the GLUT9 mRNA was not significantly altered by ATP. On the other hand,
the ATP significantly increased GLUT9 protein levels during the course of 3-12 hours
which reach maximum at 6 hours, whereas, this effect was decreased to the control
level after 18-hour periods. Since the effect of ATP on GLUT9 protein expression was
highest at 6 hours, this condition was conducted for concentration-response study in
following experiments. The cells were treated with ATP in concentration range of 25-
400 UM before the GLUT9 protein levels were determined. The level of GLUT9
proteins were significantly increased by ATP at concentrations of 50 uM and 100 pM,
whereas, this effect was decreased to control level at concentrations of 200 uM and

400 uM (Figure 22).

The extracellular ATP regulates intracellular physiological and biochemical
properties through purinergic P2 receptors. The effects of extracellular ATP on GLUT9
protein expression via purinergic P2 receptors were investigated using suramin as a
non-selective P2 antagonist at a concentration of 100 pM. As seen in Figure 23, the
level of GLUT9 protein was not altered by 100 pM suramin when compared with
control. Moreover, the cells were performed in co-treatment condition of 100 uM

ATP and 100 uM suramin, the mean of GLUT9 protein level was similar with control
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and 100 uM suramin alone treatment. These observations indicated that 100 uM

suramin had no effect on GLUT9 protein expression.
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Figure 21 Effect of exogenous 100 uM ATP on the GLUT9 expression.

Data was shown the level of GLUT9 mRNA (open bar) and the level of GLUT9
proteins (close bar). The upper photograph showed the results of one representative
experiment from RT-PCR and Western blot analysis. Each value represented the
mean = SEM from 3-6 experiments. *, p < 0.05; significantly different versus control

group.
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Figure 22 Concentration-response of exogenous ATP on the GLUT9 proteins.

The cells were treated with various concentrations of ATP for 6 hours. The upper
photograph showed the results of one representative experiment from RT-PCR and
Western blot analysis. Each value represented the mean + SEM from 3-6

experiments. *, p < 0.05; significantly different versus control group.
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Figure 23 Effect of suramin on the GLUT9 protein expression.

Effect of purinergic P2 receptor antagonist, suramin, on the GLUT9 protein expression.
The cells were treated by ATP and/or suramin for 6 hours. The upper photograph
showed the results of one representative experiment. Each value represented the
mean = SEM from 3-5 experiments. *, p < 0.05; significantly different versus control

group.
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Effect of exogenous adenosine on GLUT9 expression

Since extracellular ATP was immediately broken-down by brush-border
enzymes to be adenosine, previous reports showed that it regulated cell function
through adenosine receptors (20). Therefore, the effects of exogenous ATP on GLUT9
expression through adenosine effect were evaluated. Present study, the MDCK cells
were treated with 100 uM adenosine which related with concentration effect of ATP
for evaluation of time-response on GLUT9 expression. Figure 24 illustrated the time-
response of adenosine effect on GLUT9 expression in term of mRNA and protein
levels. The 100 uM adenosine significantly decreased the level of GLUT9 mRNA when
the cells were treated for 6 hours, while this effect was increased to the control
level after 12-hours periods. In contrast, the GLUT9 protein levels were significantly
increased by 100 uM adenosine for 6 hours. However, the GLUT9 protein levels were
significantly decreased when treated cells for 18 hours and recovered to the control
level after 24 hours. These observations indicated that the effects of adenosine on
GLUT9 expression in term of mRNA and protein were highest at 6 hours, so this

condition was used in following experiments.

The extracellular adenosine can also regulate the cell function through
purinergic system by specific binding with adenosine receptors. Caffeine as a non-
selective adenosine receptor antagonist was used to study the involvement of these
receptors. GLUT9 mRNA was significantly decreased in cells treated with 100 uM
adenosine for 6 hours. The mRNA levels were determined after treated cells with
100 pM adenosine alone or together with 500 uM caffeine. As seen in Figure 25, the
GLUT9 mRNA levels were not changed by 500 pM caffeine, whereas, it was
significantly decreased when co-treatment with 100 pM adenosine and 500 uM
caffeine. The resulting of co-treatment cells with 100 pM adenosine and 500 pM
caffeine suggested that the effect of adenosine on GLUT9 mRNA was slightly
inhibited by 500 uM caffeine but not significantly. On the other hand, the effect of
adenosine on GLUT9 protein was significantly inhibited by 100 pM and 500 uM
caffeine, whereas, the GLUT9 protein levels were not changed when treated cells

with 500 UM caffeine alone, as shown in Figure 26. These results indicated that



62

caffeine could suppress GLUT9 protein levels-induced by adenosine in a
concentration-dependent manner. This finding suggested that adenosine can increase

GLUT9 protein level via adenosine receptors.

The adenosine receptors which coupled with G-protein are associated with
stimulation or inhibition of adenylate cyclase resulting to increase or decrease the
intracellular cCAMP concentration, respectively (20, 70). The cAMP then trigger PKA as
a major signaling pathway, so a contributing pathway involved in inducing GLUT9
protein expression in MDCK cells was evaluated by using PKA activator and inhibitor.
However, activation of adenosine receptors can also partly regulate through PKC.
Since the effect of adenosine through these receptors resulted in increasing GLUT9
protein levels, the present study focused on investigation of possible signaling
proteins such as PKA and PKC. As seen in Figure 27, the PKA activators, i.e. 10 pM
cAMP analog and 2 uM forskolin, decreased the GLUT9 protein levels, whereas, the
PKA inhibitor, 10 pM H-89, slightly increased the GLUT9 protein but not significantly.
The co-treatment condition between 100 pM adenosine and either 10 uM cAMP
analog or 2 uM forskolin resulted in significantly decrease the GLUT9 protein when
compared with 100 uM adenosine treatment alone. Moreover, the resulting of co-
treatment was also similar the level of control in the absence of adenosine. On the
other hand, the effect of 100 uM adenosine on GLUT9 protein was not inhibited by
10 uM H-89.

In addition, a chelerythrine at concentration of 2 uM was chosen as a PKC
inhibitor to evaluate the possible signaling protein that might involve in regulation of
GLUT9 protein through adenosine receptors via PKC. The results were shown in
Figure 28. The GLUT9 protein levels were not altered when compared with control in
cells treated with 2 uM chelerythrine. Moreover, 2 uM chelerythrine could not alter
the induction effect of 100 uM adenosine on GLUT9 protein.
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Figure 24 Effect of exogenous 100 uM adenosine on the GLUT9 expression.

Data was shown the level of GLUT9 mRNA (open bar) and the level of GLUT9 protein
(close bar). The upper photograph showed the results of one representative
experiment from RT-PCR and Western blot analysis. Each value represented the
mean = SEM from 3-6 experiments. *, p < 0.05; significantly different versus control

group.
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Figure 25 Effect of caffeine on the GLUT9 mRNA expression.

Effect of adenosine receptor (P1) antagonist, caffeine, on the GLUT9 mMRNA
expression. The cells were treated by adenosine and/or caffeine for 6 hours. The
upper photograph showed the results of one representative experiment. Each value
represented the mean + SEM from 3-6 experiments. *, p < 0.05; significantly different

versus control group.
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Figure 26 Effect of caffeine on the GLUT9 protein expression.

Effect of adenosine receptor (P1) antagonist, caffeine, on the GLUT9 protein
expression. The cells were treated by adenosine and/or caffeine for 6 hours. The
upper photograph showed the results of one representative experiment. Each value
represented the mean + SEM from 4-6 experiments. *, p < 0.05; significantly different
versus control group. #, p < 0.05; significantly different versus 100 uM adenosine

alone treatment.
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Figure 27 Effect of protein kinase A on the GLUT9 protein expression.

The activators and inhibitor were conducted for 6 hours. The upper photograph
showed the results of one representative experiment. Each value represented the
mean + SEM from 3-6 experiments. *, p < 0.05; significantly different versus control

group. #, p < 0.05; significantly different versus 100 uM adenosine alone treatment.
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Figure 28 Effect of protein kinase C on the GLUT9 protein expression.

The cells were treated by chelerythrine as a PKC inhibitor for 6 hours. The upper
photograph showed the results of one representative experiment. Each value
represented the mean + SEM from 3-6 experiments. *, p < 0.05; significantly different

versus control group.
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CHAPTER V DISCUSSION

The present study initially investigated the effect of substances that occur in
hyperglycemic condition. In animals and humans, it has demonstrated that the
expression of GLUT9 might involve in hyperglycemia. The GLUT9 protein was
increased in streptozotocin-induced diabetic rats and in human term placenta from
gestational diabetes (13-15). Since GLUT9 plays a key role in uric acid and glucose
homeostasis by re-absorption processes in kidney, the GLUT9 expression might
involve in pathophysiological properties (5, 11, 90). However, contributing factors in
the regulation mechanisms have not been explained. Therefore, this study focuses
on substances that involve in hyperglycemic condition such as glucose, fructose,
ATP, and adenosine as well as possible mechanisms that influence GLUT9 expression

in MDCK cells.

The MDCK cell, derived from kidney of normal adult cocker spaniel, is a
useful tool for assessing the membrane permeability properties of early drug
discovery compounds and epithelial development, so it was chosen as a renal
tubular model (80, 82). The cells were cultured for 4 days, a condition that is
recommended for permeability determination. Our experiment presented first
evidence of GLUT9 expression in MDCK cells. The GLUT9 mRNA and proteins were
detected using RT-PCR (Figure 3) and Western blot analysis (Figure 4), respectively. In
addition, the expression of GLUT9 proteins in MDCK cells was also confirmed by
using immunocytochemistry technique. The result was shown that fluorescence
intensity of GLUT9 protein can be detectable after the cells were cultured for 4 days
(Figure 5). Therefore, these results suggested that GLUT9 was spontaneously
expressed in MDCK cells. These findings also support the idea that GLUT9 has been
reported to express in renal tubular cells for glucose re-absorption processes (8, 91,
92). GLUT9 has been reported to encode in 2 variants, GLUT9a and GLUT9b (8, 13).
Since the primers for GLUT9 gene and the anti-GLUT9 antibody in this study were
recognized at conservative region, the results were represented as the whole amount

of GLUT9 mRNA and proteins, respectively. Thus, our results suggested that MDCK
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cells were suitable for investigating the effect of any substances on GLUT9
expression. However, in order to understand more, further studies determining the

effects on each variant expression and localization are necessary.

The role of GLUT9, which is specifically exhibited in kidney and liver, has
been identified to allow slucose, fructose, and uric acid transportation through the
cell membrane (4, 6, 8, 93). The expression of GLUT9 in kidney has been associated
with hyperglycemic conditions. In this study, MDCK cells were treated with glucose
and fructose at high concentrations represented hyperglycemic conditions and then
determined the GLUT9 expression in terms of mRNA and protein levels. Our results
indicated that GLUT9 mRNA was decreased when treated cells with 25 mM glucose
for 72 hours but it was not altered when treated cells with fructose (Figure 11A and
Figure 14A). On the other hand, 25 mM glucose and 1 mM fructose had no effect on
the level of GLUT9 protein when compared with control (Figure 11B and Figure 14B).
Although GLUT9 protein levels were not significantly changed after cells cultured in
25 mM glucose for 72 hours, they were likely to increase in concentration-dependent
and time-dependent manner. Glucose at a concentration of 50 mM can significantly
induce GLUT9 protein levels in MDCK cells cultured for 72 hours (Figure 13). These
observations suggested that long-term treatment of glucose at high concentrations
may suppress GLUT9 mRNA but increase GLUT9 protein levels. The discrepancy
between GLUT9 mRNA and protein expression was supported by previous study in
diabetic rats. GLUT9 protein was significantly increased in the type 2 diabetic animal
model, ob/ob mice, when compared with control mice but the GLUT9 mRNA was
not altered (15). This absence of correlation between transcription and translation
may due to protein half-lives and transcriptional mechanisms such as ribosomal

occupancy (94, 95).

Hyperglycemia causes many complicated condition such as alteration of
osmolality, hypoxia, and glucose consumption. In hyperglycemic hyperosmolar state,
the plasma glucose level can be higher than 600 mg/dl (33 mM) which make
osmolality greater than 320 mOsm/kg (32, 33). A changing of serum osmolality can

influence the physiological and the biochemical processes. Our observations
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demonstrated that the osmolality values were increased by glucose and sorbitol in a
concentration-dependent manner. Moreover, the osmolality of each concentration of
glucose and sorbitol showed similar values (Figure 16). Thus, 25 mM sorbitol, the
highest non-toxic concentration, was chosen to determine the hyper-osmotic stress
effect of 25 mM glucose that might involve in decreasing GLUT9 mRNA. The results
were found that the GLUT9 mRNA level was significantly decreased after treated
MDCK cells with sorbitol for 48 and 72 hours (Figure 17) but the GLUT9 protein was
not changed (Figure 19). Our findings suggested that the hyper-osmotic stress might
be a contributing factor to suppress the GLUT9 expression particularly at the
transcriptional level. Since hyper-osmotic stress had no effect on GLUT9 protein
levels, it might not contribute to the effect of high ¢lucose on increasing GLUT9
protein levels. Furthermore, the hyper-osmotic stress has also been reported to
involve the expression of other glucose transporters such as GLUT2 and GLUT4. The
expression of GLUT2 on brush border membrane of renal proximal tubular cells was
increased when osmolality in plasma was increased by infusing mannitol (63). The
GLUT4 protein was regulated by hyper-osmotic stress through tyrosine kinase
dependent and independent processes in fat and muscle, respectively (62). From
previous observations suggested that osmotic stress could trigger many intracellular
signaling proteins such as PKA, PKC, AMPK, and tyrosine kinase, so the effect on these
proteins were determined in this study. MDCK cells were treated with forskolin (PKA
activator), AICAR (AMPK activator), insulin (tyrosine kinase activator), or chelerythrine
(PKC inhibitor). The GLUT9 mRNA was only significantly decreased when cells were
treated with 2 uM forskolin (Figure 20). From these results suggested that the
suppression of GLUT9 mRNA expression occur via activation of PKA. However, effect
of hyper-osmotic stress on GLUT9 mRNA through PKA should be confirmed by co-
treatment with PKA inhibitor and determination of intracellular cAMP content in

further studies.

The result of extracellular ATP and adenosine was another factors which may
regulate GLUT9 expression because their increasing have been showed by cultured

cells in high concentrations of glucose (16, 17). The extracellular ATP was increased
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two-fold but the intracellular ATP did not alter in mesangial cells cultured in 25 mM
glucose for 72 hours (16). This result was similar to the study of Chen’s group which
demonstrated an increase of ATP in cultured medium when HK-2 cells were cultured
in high glucose condition (17). The enhancement of ATP content may be another
contributing factor that resulted from long-term treatment of glucose at high
concentration. The intracellular ATP can be released through exocytosis, connexin
hemichannels, or transporters such as vesicular nucleotide transporter and it binds
the purinergic receptors on outer membrane. The extracellular ATP plays a role in
maintaining pathological and physiological properties of many tissues including
kidney through purinergic system (19, 96, 97). In addition, MDCK cells, as a renal
tubular cell model, have been reported to contain purinergic system (22, 72, 98). The
present study revealed that GLUT9 protein levels were significantly increased, but
the GLUT9 mRNA was unchanged, when treated cells with 100 uM of ATP (Figure 21).
The exogenous ATP increased GLUT9 protein levels during the course of 3-12 hours
which reach maximum at 6 hours, whereas, this effect was decreased to the control
level after 18-hour periods. Our results were supported in the same trend of
exogenous ATP effect on glucose uptake that has been previously observed in
human fibroblasts and mouse myoblasts. The uptake rate of 2-deoxyglucose and the
expression of glucose transporters such as GLUT1 and GLUT4 were increased by
exogenous ATP (99, 100). Moreover, the effect of ATP was also demonstrated by
Lee’s group that exogenous ATP at a concentration of 100 uM significantly increased
the uptake rate of O-methyl-D-glucopyranoside by 1.5-fold when treated for 6 hours
and this effect was decreased to the control level when treated for 24 hours (101).
Although O-methyl-D-glucopyranoside is substrate of sodium-dependent glucose
transporters, this may consider the possibility of a response of ATP to glucose
transportation. The extracellular ATP exerted its effect via purinergic P2 receptors.
The effect of ATP on GLUT9 protein via purinergic P2 receptors was confirmed by
using non-specific P2 antagonist, suramin. Our results illustrated that suramin could
not inhibit an increasing of GLUT9 protein from the exogenous ATP treatment (Figure

23). These finding suggested that P2 receptors might not involve in regulation of
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GLUT9 protein expression. However, this observation could be explained by the fact
that the ATP was immediately broken-down by ecto-nucleotidases on brush-border
membrane to be ADP, AMP, and adenosine. Therefore, one of its metabolites might

cause the increase of the GLUT9 protein.

Adenosine is an endogenous purine nucleoside that can regulate the cell
function via purinergic system by specific binding with adenosine receptors. The
extracellular adenosine is produced by ATP dephosphorylation and transportation
(21, 96). Previous observations have reported that the content of adenosine in
glomeruli in streptozotocin-induced diabetic rats was increased 6-fold higher than in
normal rats (24) and adenosine receptors also increased in renal tubular cells (23).
Likewise, an adenosine analog (CADO) can decrease the plasma glucose levels and
the renal glucose excretion in diabetic rats (102). Our results demonstrated that
GLUT9 mRNA was decreased but the protein was increased when the cells were
treated with 100 uM adenosine for 6 hours (Figure 24). A decrease of the mRNA at 6
hours might responsible for the decrease of the level of GLUT9 protein at 18 hours.
This discrepancy between the effect of adenosine on level of mRNA and protein was
similar to that of glucose, so it might support the relevance of adenosine with long-
term treatment of glucose at high concentration. Therefore, these observations
suggested that GLUT9 protein half-lives and transcriptional processes might

contribute to the effect of adenosine (94, 95).

In order to evaluate the involvement of adenosine in alteration of GLUT9
expression through adenosine receptors, this study used caffeine, a non-selective
antagonist of P1 receptors. The effect of 100 uM adenosine on decreasing GLUT9
mMRNA did not alter when it was co-treated with 500 uM caffeine for 6 hours (Figure
25). This observation could be explained by adenosine activation. Previous studies
have been reported that adenosine can inhibit adenylate cyclase through purinergic
receptors and directly inhibit intracellular adenylate cyclase, which is not suppressed
the effect by methyxanthine (103). Therefore, our results suggested that the
regulation of GLUT9 mRNA expression might not involve in purinergic system. On the

other hand, the enhancement of GLUT9 protein expression by adenosine could be



73

inhibited by 100 uM and 500 pM caffeine, suggested the possibility of the protein

expression was likely a positive response on adenosine and its receptors (Figure 26).

The adenosine receptors which coupled with G-protein are associated with
stimulation or inhibition of adenylate cyclase resulting to increase or decrease the
intracellular cAMP concentration, respectively (20, 70). The cAMP plays a role to
trigger PKA as a major signaling pathway, so a contributing pathway was evaluated
using PKA activators and inhibitor. The activators of PKA, cAMP analog and forskolin,
can increase the intracellular cAMP concentration, precursor of PKA stimulation,
while H-89 is competitive inhibitor at cAMP binding site. From our investigation found
that activation of adenosine via adenosine receptors could increase GLUT9 protein
levels. The results demonstrated that PKA activators could significantly decrease the
GLUT9 protein levels by themselves and also inhibit the effect of adenosine (Figure
27). On the other hand, H89 slightly increased the GLUT9 protein levels but not
significantly. The co-treatment between H-89 and adenosine study showed that
GLUT9 protein was not altered when compared with adenosine treatment alone
(Figure 27). The activation of PKA could decrease the level of GLUT9 protein in cells
cultured in the presence or absence of adenosine. This phenomenon was similar to
the PKA stimulation in L6E9 myotubes that can increase level of GLUT1 protein but
decrease level of GLUT4 protein (104). Our results presented first evidence that PKA
might be involved in the regulation of GLUT9 protein expression via P1 receptors.
Interestingly, the adenosine receptors Al and A3 inhibit activity of adenylate cyclase
preferentially through Gg; protein, whereas, this enzyme is likely stimulated through
Ggs protein via A2a and A2b receptors (69, 70). Our results suggested that the G
subunit was more likely to mediate the action of adenosine in terms of regulating
GLUT9 protein. Moreover, the possible signaling protein such as protein kinase C
(PKC) which may involve in trigger adenosine receptors was also investigated by using
chelerythrine, as a PKC inhibitor (22). Chelerythrine had no effect on adenosine-
induced GLUT9 protein expression (Figure 28). Therefore, PKC might not involve in

regulation of GLUT9 expression.
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CHAPTER VI CONCLUSION

The present study suggested that long term-higsh g¢lucose concentration
treatment had an effect on GLUT9 expression. This condition could decrease GLUT9
MRNA but increase GLUT9 protein levels in MDCK cells. Since high slucose
concentration can cause hyper-osmotic stress environment, 25 mM sorbitol was used
to evaluate the hyper-osmotic stress effect of high glucose on GLUT9 expression. As
shown in Figure 29, our results suggested that hyper-osmotic stress could decrease
GLUT9 mRNA expression, but it had no effect on GLUT9 protein levels. The induction
effect of high glucose concentration on GLUT9 protein expression was evaluated by
using the action of exogenous ATP and adenosine, since both compounds were
reported to increase in cells, long term treatment with high glucose level. Adenosine
could increase GLUT9 protein through adenosine receptors and Gg; protein which in
turn inhibit the activity of PKA. Therefore, the effect of hyperglycemic condition on
GLUT9 expression can be explained in 2 ways, as shown in Figure 29. In term of
hyper-osmotic stress, it decreased GLUT9 mRNA expression. Second, via the
increasing of adenosine levels, it increased GLUT9 protein through adenosine
receptors, Gg; protein, and PKA. This effect may not involve in transcriptional

processes but may be translational processes.



A)
Glucose Hyper-osmotic stress
O
Glucose () \
SLC2A9
VY, VIVVVV | §
Com>
B)
o Glucose ATP and Adenosine
0o
O
ATP  cAMP 8 8
Glucose ATP J_
ATP
O ATP pka —> GLuto

e

Glucose metabolism

8.

.

¥4

Figure 29 Possible mechanisms of hyperglycemic condition involved in GLUT9

expression in terms of MRNA (A) and protein (B).

75



76

REFERENCES

1. Schwandt P. On the occasion of the world diabetes day: diabetes mellitus - a
globally increasing health problem. International Journal of Preventive Medicine.
2012;3:747-8.

2. Gerich JE. Role of the kidney in normal g¢lucose homeostasis and in the
hyperglycaemia of diabetes mellitus: therapeutic implications. Diabetic Medicine.

2010;27:136-42.

3. Augustin R. The protein family of glucose transport facilitators: it's not only
about glucose after all. IUBMB Life. 2010;62(5):315-33.

4. Bibert S, Hess SK, Firsov D, Thorens B, Geering K, Horisberger J-D, et al. Mouse
GLUT9: evidences for a wurate uniporter. American Journal of Physiology.
2009;297:F612-F9.

5. Doblado M, Moley KH. Facilitative glucose transporter 9, a unique hexose and
urate transporter. American Journal of Physiology. 2009;297:E831-E5.

6. Caulfield MJ, Munroe PB, O’Neill D, Witkowska K, Charchar FJ, Doblado M, et
al. SLC2A9 is a high-capacity urate transporter in humans. PLoS Medicine.
2008;5(10):1509-23.

7. Phay JE, Hussain HB, Moley JF. Cloning and expression analysis of a novel
member of the facilitative glucose transporter family, SLC2A9 (GLUT9). Genomics.
2000;66:217-20.

8. Augustin R, Carayannopoulos MO, Dowd LO, Phay JE, Moley JF, Moley KH.
Identification and characterization of human ¢lucose transporter-like protein-9
(GLUT9). The Journal of Biological Chemistry. 2004;279(16):16229-36.

9. Carayannopoulos MO, Schlein A, Wyman A, Chi M, Keembiyehetty C, Moley
KH. GLUT9 is differentially expressed and targeted in the preimplantation embryo.
Endocrinology. 2004;145:1435-43,

10. Evans SA, Doblado M, Chi MM, Corbett JA, Moley KH. Facilitative glucose
transporter 9 expression affects glucose sensing in pancreatic beta cells.

Endocrinology. 2009;150:5302-10.



14

11. Kimura T, Amonpatumrat S, Tsukada A, Fukutomi T, Jutabha P, Thammapratip
T, et al. Increased expression of SLC2A9 decreases urate excretion from the kidney.
Nucleosides, Nucleotides and Nucleic Acids. 2011;30:1295-301.

12. Preitner F, Bonny O, Laverriere A, Rotman S, Firsov D, Costa AD, et al. Glut9 is
a major regulator of urate homeostasis and its genetic inactivation induces
hyperuricosuria and urate nephropathy. Proceedings of the National Academy of
Sciences of the United States of America. 2009;106(36):15501-6.

13. Keembiyehetty C, Augustin R, Carayannopoulos MO, Steer S, Manolescu A,
Cheeseman Cl, et al. Mouse glucose transporter 9 splice variants are expressed in
adult liver and kidney and are up-regulated in diabetes. Molecular Endocrinology.
2006;20(3):686-97.

14. Bibee KP, Illsley NP, Moley KH. Asymmetric syncytial expression of GLUT9
splice variants in human term placenta and alteration in diabetic pregnancies.
Reproductive Sciences. 2011;18(1):20-7.

15. Doshi M, Takiue Y, Saito H, Hosoyamada M. The increased protein level of
URAT1 was observed in obesity/metabolic syndrome model mice. Nucleosides,
Nucleotides and Nucleic Acids. 2011;30:1290-4.

16. Solini A, lacobini C, Ricci C, Chiozzi P, Amadio L, Pricci F, et al. Purinergic
modulation of mesangial extracellular matrix production: Role in diabetic and other
glomerular diseases. Kidney International. 2005;67:875-85.

17. Chen K, Zhang J, Zhang W, Zhang J, Yang J, Li K, et al. ATP-P2X4 signaling
mediates NLRP3 inflammasome activation: a novel pathway of diabetic nephropathy.
The International Journal of Biochemistry and Cell Biology. 2013;45:932-43.

18. Chaudry IH. Does ATP cross the cell plasma membrane? The Yele Journal of
Biology and Medicine. 1982;55:1-10.

19. Gatof D, Fitz JG. Extracellular ATP: important developments in purinergic
signaling. In: Dufour J-F, Clavien P-A, editors. Signaling pathways in liver diseases.
Heidelberg: Springer-Verlag; 2005. p. 201-10.

20. Burnstock G. Purinergic signalling.  British  Journal of Pharmacology.

2006;147:5172-581.



78

21. Vallon V, Muhlbauer B, Osswald H. Adenosine and kidney function.
Physiological Reviews. 2006;86:901-40.

22. Migita K, Lu L, Zhao Y, Honda K, Iwamoto T, Kita S, et al. Adenosine induces
ATP release via an inositol 1,4,5-triphosphate signaling pathway in MDCK cells.
Biochemical and Biophysical Research Communications. 2005;328:1211-5.

23. Pawelczyk T, Grden M, Rzepko R, Sakowicz M, Szutowicz A. Region-specific
alterations of adenosine receptors expression level in kidney of diabetic rat. The
American Journal of Pathology. 2005;167(2):315-25.

24. Roa H, Gajardo C, Troncoso E, Fuentealba V, Escudero C, Yanez A, et al.
Adenosine mediates transforming growth factor-beta 1 release in kidney glomeruli of
diabetic rats. FEBS Letters. 2009;583:3192-8.

25. Dukes JD, Whitley P, Chalmers AD. The MDCK variety pack: choosing the right
strain. BMC Cell Biology. 2011;12(43):1-4.

26. Wang M. Mechanisms and complications of metabolic syndrome. In: Wang M,
editor. Metabolic syndrome: underlying mechanisms and drug therapies. New Jersey:
John Wiley & Sons, Inc; 2011. p. 179-98.

27. Smolin LA, Grosvenor MB. Nutrition: science and applications. 1st ed. New
Jersey: John Wiley & Sons, Inc.; 2008.

28. Reaven GM. Insulin resistance and its consequences: type 2 diabetes mellitus
and the insulin resistance syndrome. In: LeRoith D, Taylor SI, Olefsky JM, editors.
Diabetes mellitus: a fundamental and clinical text. 3rd ed. Pennsylvania: Lippincott
Williams & Wilkins; 2004. p. 899-916.

29. Kawasaki T, Akanuma H, Yamanouchi T. Increased fructose concentrations in
blood and urine in patients with diabetes. Diabetes Care. 2002;25:353-7.

30. Thorburn AW, Storlien LH, Jenkins AB, Khouri S, Kraegen EW. Fructose-induced
in vivo insulin resistance and elevated plasma triglyceride levels in rats. The
American Journal of Clinical Nutrition. 1989;49:1155-63.

31 Turpin  BP, Duckworth  WC, Solomon SS. Simulated hyperglycemic
hyperosmolar syndrome: impaired insulin and epinephrine effects upon lipolysis in

the isolated rat fat cell. The Journal of Clinical Investigation. 1979;63:403-9.



79

32. Umpierrez  GE, Murphy MB, Kitabchi AE. Diabetic ketoacidosis and
hyperglycemic hyperosmolar syndrome. Diabetes Spectrum. 2002;15:28-36.

33. Stoner GD. Hyperosmolar hyperglycemic state. American Family Physician.
2005;71(9):1723-30.

34, Courten Md. Classification of diabetes. In: Herman WH, Kinmonth AL,
Wareham NJ, Williams R, editors. The evidence base for diabetes care. 2 ed: John
Wiley & Sons, Ltd.; 2010. p. 9-24.

35. Chamany S, Tabaei BP. Epidemiology. In: Poretsky L, editor. Principles of
diabetes mellitus. 2 ed. New York: Springer Science+Business Media, LLC; 2010. p.
117-27.

36. Jonietz E. Cause and effect: decades of study into the causes of diabetes
have produced no definitive answers. Nature. 2012;485:510-S1.

37. Harris MI. Definition and classification of diabetes mellitus and the criteria for
diagnosis. In: LeRoith D, Taylor SI, Olefsky JM, editors. Diabetes mellitus: a
fundamental and clinical text. 3rd ed. Pennsylvania: Lippincott Williams & Wilkins;
2004. p. 457-70.

38. Buse JB, Polonsky KS, Burant CF. Type 2 diabetes mellitus. In: Melmed S,
Polonsky KS, Larsen PR, Kronenberg HM, editors. Williams textbook of endocrinology.
Pennsylvania: Elsevier Saunders; 2011. p. 1371-435.

39. Ratner RE, Passaro MD. Gestational diabetes mellitus. In: LeRoith D, Taylor SI,
Olefsky JM, editors. Diabetes mellitus: a fundamental and clinical text. 3rd ed.
Pennsylvania: Lippincott Williams & Wilkins; 2004. p. 1291-300.

40. Ryan M, Jabbour SA. Sodium glucose cotransporter 2 inhibitors. In: Wang M,
editor. Metabolic syndrome Underlying mechanisms and drug therapies. New Jersey:
John Wiley & Sons, Inc.; 2011. p. 359-76.

41. DeFronzo RA, Davidson JA, Prato SD. The role of the kidneys in glucose
homeostasis: a new path towards normalizing glycaemia. Diabetes, Obesity and
Metabolism. 2012;14:5-14.

42. Bakris GL, Fonseca VA, Sharma K, Wright EM. Renal sodium-glucose transport:
role in diabetes mellitus and potential clinical implications. Kidney International.

2009;75:1272-7.



80

43. Zhao F-Q, Keating AF. Functional properties and genomics of glucose
transporters. Current Genomics. 2007;8:113-28.

44. Bhole V, Choi JWJ, Kim SW, Vera Md, Choi H. Serum uric acid levels and the
risk of type 2 diabetes: a prospective study. The American Journal of Medicine.
2010;123(10):957-61.

45. Kodama S, Saito K, Yachi Y, Asumi M, Sugawara A, Totsuka K, et al. Association
between serum uric acid and development of type 2 diabetes. Diabetes Care.
2009;32:1737-42.

46. Facchini F, Chen Y-DI, Hollenbeck CB, Reaven GM. Relationship between
resistance to insulin-mediated glucose uptake, urinary uric acid clearance, and
plasma uric acid concentration. The Journal of the American Medical Association.
1991;266(21):3008-11.

47. Rao SM, Sahayo BJ. A study of serum uric acid in diabetes mellitus and pre-
diabetes in a south indian tertiary care hospital. Nitte University Journal of Health
Science. 2012;2(2):18-23.

48. Wang C-P, Wang X, Zhang X, Shi Y-W, Liu L, Kong L-D. Morin improves urate
excretion and kidney function through regulation of renal organic ion transporters in
hyperuricemic  mice. Journal of Pharmacy and Pharmaceutical Sciences.
2010;13(3):411-27.

49. Holmes R. Carbohydrates: carbohydrate digestion and absorption. Journal of
Clinical Pathology. 1971;24(5):10-3.

50. Kellett GL, Brot-Laroche E. Apical GLUTZ2: a major pathway of intestinal sugar
absorption. Diabetes. 2005;54:3056-62.

51. Marks J, Carvou NJC, Debnam ES, Srai SK Unwin RJ. Diabetes increases
facilitative glucose uptake and GLUT2 expression at the rat proximal tubule brush
border membrane. Journal of Physiology. 2003;553.1:137-45.

52. Clancey CJ, Lever JE. Differential regulation of three glucose transporter genes
in a renal epithelial cell line. Journal of Cellular Physiology. 2000;185:244-52.

53. Tappy L, Le K-A. Metabolic effects of fructose and the worldwide increase in
obesity. Physiological Reviews. 2010;90:23-46.



81

54. Tamai |, Tsuji A. Carrier-mediated approaches for oral drug delivery. Advanced
Drug Delivery Reviews. 1996;20:5-32.

55. Drozdowski LA, Thomson AB. Intestinal sugar transport. World Journal of
Gastroenterology. 2006;12(11):1657-70.

56. Corpe CP, Basaleh MM, Affleck J, Gould G, Jess TJ, Kellett GL. The regulation
of GLUT5 and GLUT2 activity in the adaptation of intestinal brush-border fructose
transport in diabetes. Pfltgers Archiv : European Journal of Physiology. 1996;432:192-
201.

57. Dyer J, Wood IS, Palejwala A, Ellis A, Shirazi-beechey SP. Expression of
monosaccharide transporters in intestine of diabetic humans. American Journal of

Physiology. 2002;282:G241-G8.

58. Schalkwijk CG, Stehouwer CDA, Hinsbergh VWMv. Fructose-mediated non-
enzymatic glycation: sweet coupling or bad modification. Diabetes Metabolism
Research and Reviews. 2004;20:369-82.

59. Brownlee M, Aiello LP, Cooper ME, Vinik Al, Nesto RW, Boulton AJM.
Complications of diabetes mellitus. In: Melmed S, Polonsky KS, Larsen PR,
Kronenberg HM, editors. Williams textbook of endocrinology. 12th ed. Pennsylvania:
Elsevier Saunders; 2011. p. 1462-551.

60. Peppa M, Vlassara H. Advanced glycation end products and diabetic
complications: a general overview. Hormones. 2005;4(1):28-37.

61. Zeitler P, Hagg A, Rosenbloom A, Glaser N. Hyperglycemic hyperosmolar
syndrome in children: pathophysiological considerations and suggested guidelines for
treatment. The Journal of Pediatrics. 2011;158(1):9-11.

62. Gual P, Marchand-Brustel YL, Tanti JF. Positive and negative regulation of
glucose uptake by hyperosmotic stress. Diabetes Metabolism. 2003;29:566-75.

63. Chichger H. Regulation of renal brush-border glucose transport in response to
metabolic dysregulation. London: University College London; 2011.

64. Burnstock G. Introduction: ATP and its metabolites as potent extracellular
agents. In: Schwiebert EM, editor. Current topics in membranes: Elsevier Science;

2003. p. 1-27.



82

65. Chi Y, Gao K, Li K, Nakajima S, Kira S, Takeda M, et al. Purinergic control of
AMPK activation by ATP released through connexin 43 hemichannels - pivotal roles in

hemichannel-mediated cell injury. Journal of Cell Science. 2014,127:1487-99.

66. Sakamoto S, Miyaji T, Hiasa M, Ichikawa R, Uematsu A, Iwatsuki K, et al.
Impairment of vesicular ATP release affects glucose metabolism and increases insulin
sensitivity. Scientific Reports. 2014;4(6689):1-10.

67. Karczewska J, Piwkowska A, Rogacka D, Stepinski J, Angielski S, Jankowski M.
Purinergic modulation of glucose uptake into cultured rat podocytes: Effect of
diabetic  milieu. Biochemical and Biophysical Research  Communications.
2011;404:723-7.

68. Solini A, Usuelli V, Fiorina P. The dark side of extracellular ATP in kidney
diseases. Journal of the American Society of Nephrology. 2014;26:1-10.

69. Verzijl D, lJzerman AP. Function selectivity of adenosine receptor ligands.
Purinergic Signalling. 2011;7:171-92.

70. Cobb BR, Clancy JP. Molecular and cell biology of adenosine receptors. In:
Schwiebert EM, editor. Current topic in membranes: Elsevier Science; 2003. p. 151-81.
71. Snyder SH, Katims JJ, Annau Z, Bruns RF, Daly JW. Adenosine receptors and
behavioral actions of methylxanthines. Proceedings of the National Academy of
Sciences. 1981;78(5):3260-4.

72. Insel PA, Ostrom RS, Zambon AC, Hughes RJ, Balboa MA, Shehnaz D, et al.
P2Y receptors of MDCK cells: Epithelial cell regulation by extracellular nucleotides.
Clinical and Experimental Pharmacology and Physiology. 2001;28:351-4.

73. Post SR, Jacobson JP, Insel PA. P, purinergic receptor agonists enhance cAMP
production in Madin-Darby Canine Kidney epithelial cells via an autocrine/paracrine
mechanism. The Journal of Biological Chemistry. 1996;271(4):2029-32.

74. Manolescu AR, Augustin R, Moley K, Cheeseman C. A highly conserved
hydrophobic motif in the exofacial vestibule of fructose transporting SLC2A proteins
acts as a critical determinant of their substrate selectivity. Molecular Membrane

Biology. 2007;24(5-6):455-63.



83

75. Anzai N, Ichida K, Jutabha P, Kimura T, Babu E, Jin CJ, et al. Plasma urate level
is directly regulated by a voltage-driven urate efflux transporter URATv1 (SLC2A9) in
humans. The Journal of Biological Chemistry. 2008;283(40):26834-8.

T6. Witkowska K, Smith KM, Yao SYM, Ng AML, O’Neill D, Karpinski E, et al. Human
SLC2A9%a and SLC2A9b isoforms mediate electrogenic transport of urate with different
characteristics in the presence of hexoses. American Journal of Physiology.
2012;303:F527-F39.

7. Ladd AN, Cooper TA. Finding signals that regulate alternative splicing in the
postgenomic era. Genome Biology. 2002;3(11):1-16.

78. Braun A, Hammerle S, Suda K, Rothen-Rutishauser B, Gunthert M, Kramer SD,
et al. Cell cultures as tools in biopharmacy. European Journal of Pharmaceutical
Sciences. 2000;11(2):551-560.

79. Handler JS, Perkins FM, Johnson JP. Studies of renal cell function using cell
culture techniques. American Journal of Physiology. 1980;238:F1-F9.

80. Irvine JD, Takahashi L, Lockhart K, Cheong J, Tolan JW, Selick HE, et al. MDCK
(Madin-Darby Canine Kidney) cells: a tool for membrane permeability screening.
Journal of Pharmaceutical Sciences. 1999;88(1):28-33.

81. Ferrer-Martinez A, Casado FJ, Felipe A, Pastor-Anglada M. Regulation of
Na+,K+-ATPase and the Na+/K+/Cl- co-transporter in the renal epithelial cell line
NBL-1 under osmotic stress. Biochemical Journal. 1996;319:337-42.

82. Cho MJ, Thompson DP, Cramer CT, Vidmar TJ, Scieszka JF. The Madin Darby
Canine Kidney (MDCK) epithelial cell monolayer as a model cellular transport barrier.
Pharmaceutical Research. 1989;6(1):71-7.

83. Freshney RI. Culture of animal cells: a manual of basic technique. 5 ed. New
Jersey: John Wiley & Sons, Inc.; 2005.

84. Repetto G, Peso Ad, Zurita JL. Neutral red uptake assay for the estimation of
cell viability/cytotoxicity. Nature Protocols. 2008;3(7):1125-31.

85. Striker LJ, Peten EP, Striker GE. Analysis of gene expression by PCR: a
quantitative approach. In: Hames BD, Higgins SJ, editors. Gene probes 2: A practical

approach. New York: Oxford University Press; 1995. p. 245-65.



84

86. Kim K-S, Febbraio M, Han T-H, Wessel TC, Park DH, Joh TH. Analysis of gene
expression by blotting techniques. In: Hames BD, Higgins SJ, editors. Gene probes 2: A
practical approach. New York: Oxford University Press; 1995. p. 151-82.

87. Bradford MM. A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding. Analytical
Biochemistry. 1976;72(1-2):248-54.

88. Brown D. Analysis of protein expression by immunocytochemistry. In: Hames
BD, Higgins SJ, editors. Gene probes 2: A practical approach. New York: Oxford
University Press; 1995. p. 267-311.

89. Burg MB, Kador PF. Sorbitol, osmoregulation, and the complications of
diabetes. The Journal of Clinical Investigation. 1988;81:635-40.

90. Sisuang L, Serena S, Andrea M, Fabio B, Gianluca U, Antonella M, et al. The
GLUTY gene is associated with serum uric acid levels in Sardinia and Chianti cohorts.
PLoS genetics. 2007;3(11):e194.

91. Sabolic I, Vrhovac |, Eror DB, Gerasimova M, Rose M, Breljak D, et al.
Expression of Na+—D—gLucose cotransporter SGLT2 in rodents in kidney-specific and
exhibits sex and species differences. American Journal of Physiology. 2012;302:C1174-
C88.

92. Kimura T, Takahashi M, Yan K, Sakurai H. Expression of SLC2A9 isoforms in the
kidney and their localization in polarized epithelial cells. PloS ONE. 2014;9(1):e84996.
93. Long W, Panwar P, Witkowska K, Wong K, O'Neill D, Chen X-Z, et al. Critical
roles of two hydrophobic residues within human glucose transporter 9 (hSLC2A9) in
substrate selectivity and urate transport. The Journal of Biological Chemistry.
2015;290(24):15292-303.

94. Maier T, Guell M, Serrano L. Correlation of mRNA and protein in complex
biological samples. FEBS Letters. 2009;583:3966-73.

95. Greenbaum D, Colangelo C, Williams K, Gerstein M. Comparing protein
abundance and mRNA expression levels on a genomic scale. Genome Biology.
2003;4(9):1-8.

96. Burnstock G, Novak I. Purinergic signalling and diabetes. Purinergic Signalling.

2013;9:307-24.



85

97. Praetorius HA, Leipziger J. Intrarenal purinergic signaling in the control of renal
tubular transport. The Annual Review of Physiology. 2010;72:377-93.

98. Burnstock G, Evans LC, Bailey MA. Purinergic signalling in the kidney in health
and disease. Purinergic Signalling. 2014;10:71-101.

99. Solini A, Chiozzi P, Morelli A, Passaro A, Fellin R, Virgilio FD. Defective P2Y
purinergic receptor function: A possible novel mechanism for impaired glucose
transport. Journal of Cellular Physiology. 2003;197:435-44.

100.  Kim MS, Lee J, Ha J, Kim SS, Kong Y, Cho YH, et al. ATP stimulates glucose
transport through activation of P2 purinergic receptors in C,C;, skeletal muscle cells.
Archives of Biochemistry and Biophysics. 2002;404:205-14.

101.  Lee YJ, Park SH, Han HJ. ATP stimulates Na+—glucose cotransporter activity via
cAMP and p38 MAPK in renal proximal tubule cells. The American Journal of
Physiology. 2005;289:C1268-C76.

102. Patinha D, Afonso J, Sousa T, Morato M, Albino-Teixeira A. Activation of
adenosine receptors improves renal antioxidant status in diabetic Wistar but not SHR
rats. Upsala Journal of Medical Sciences. 2014;119:10-8.

103.  Fain JN, Malbon CC. Regulation of adenylate cyclase by adenosine. Molecular
and Cellular Biochemistry. 1979;25(3):143-69.

104.  Vinals F, Ferre J, Fandos C, Santalucia T, Testar X, Palacin M, et al. Cyclic
adenosine 3',5'-monophosphate regulates GLUT4 and GLUT1 glucose transporter
expression and stimulates transcriptional activity of the GLUT1 promoter in muscle

cells. Endocrinology. 1997;138(6):2521-9.



APPENDIX



APPENDIX A

PREPARATION OF REAGENTS

Phosphate buffer saline solution

KCl

KH,PO,

NaCl
Na,HPO,.2H,0

Ultrapure water gs. to

Reverse transcription master mix

0.2
0.2
8.0
1.4

Component 1 Reaction Final concentration
10 x RT buffer 2 ul 1.0 x
dNTPs mix (5 mM of each dNTP) 2 ul 0.5 mM

10 uM Oligo dT 2o el 1.0 uM
RTO 1 pt 4.0 Unit
RNase-free water 3l

Template RNA 10 ul 1.0 pe

Total

20 ul
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Polymerase chain reaction master mix

Component 1 Reaction Final concentration
10 x PCR buffer 250 ul 1.0 x
25 mM MgCl, - 1.5 mM
dNTPs mix (10 mM of each dNTP) 050 ul 0.2 mM
10 uM GLUT9 forward primer 0.50 ul 0.2 uM
10 pM GLUT9 reverse primer 0.50 ul 0.2 uM
10 uM GAPDH forward primer 0.20 ul 0.08 uM
10 uM GAPDH reverse primer 0.20 ul 0.08 uM
Taqg DNA polymerase 0.12 pl 2.5 Unit
RNase-free water 19.48 pl

Template cDNA 1.00 pl

Total 25 ul

5 x TBE Buffer

Tris base 540 ¢
Boric acid 275 g
0.5 M EDTA (pH 8.0) 2.00 ml
Ultrapure water gs. to 100 ml

For experiment, the concentration for gel electrophoresis is prepared in 0.5 x TBE

buffer.
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Bradford reagent

Coomassie Brilliant Blue G250 10 mg
Absolute ethanol 5 ml
85% (v/v) phosphoric acid 10 ml
Ultrapure water gs. to 100 mt

2 x Sample buffer

1 M Tris-HCL (pH 6.7) 170 pl
10% SDS 210 pl
Glycerol 210 pl
2-mercaptoethanol 105 pt
0.1% (w/v) bromophenol blue 80 pl
Ultrapure water gs. to 1 mtl

5 x Running buffer

Glycine 720 ¢
Tris base 145 ¢
SDS 25 ¢
Ultrapure water gs. to 500 ml

For experiment, the concentration for running buffer is prepared in 1 x running buffer.
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5 x Transfer buffer

Glycine 36.0 ¢
Tris base 75 ¢
Ultrapure water gs. to 500 ml

For experiment, the concentration for transfer buffer is prepared in 1 x transfer buffer

and containing 20% (v/v) methanol.

12.5% Separating gel

Component 8 ml for 2 gel | Final concentration
Ultrapure water 1.54 ml

1 M Tris-HCL (pH 8.9) 3.00 ml 375 mM
10% (w/v) SDS 0.08 ml 0.1 % (w/v)
30% (w/v) acrylamide/bis (29:1) 3.33 ml 125 % (w/v)
10% (w/v) ammonium persulfate 0.04 ml 0.05 % (w/v)
TEMED 4l 0.05 9% (v/v)

4.0% Stacking gel

Component 4 ml for 2 gel | Final concentration
Ultrapure water 290 ml

1 M Tris-HCL (pH 6.7) 0.50 ml 125 mM
10% (w/v) SDS 0.04 ml 0.1 % (w/v)
30% (w/v) acrylamide/bis (29:1) 0.53 ml 4.0 % (w/v)
10% (w/v) ammonium persulfate 24 ul 0.05 9% (w/v)
TEMED 4 pul 0.10 % (v/Vv)
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