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CHAPTER |
INTRODUCTION

Diabetes is one of the largest global health emergencies of the 21% century.
Each year more and more people live with this condition, which occurred in
developing countries due to rapid and ongoing socioeconomic transition in life-
changing complications. In 2013, the International Diabetes Federation (IDF)
estimated that 382 million people had diabetes worldwide, and by 2035, this was
predicted to rise to 592 million. Eighty percent live in low- and middle-income
countries, and of the total, more than 60% live in Asia, with almost one-third in China
(Nanditha et al. 2016). In addition, the current status of diabetes was 78.3 million
people in South East Asia as well as Thailand (~ 4 million people) by year 2015
(International Diabetes Federation, 2015). The prevalence of both type | (TLDM) and
type 2 diabetes (T2DM) has increased significantly during recent decades. Although,
T2DM being much more common, has been the main driver for the increase in global
diabetes prevalence (Guariguata et al. 2014).

Type 2 or non-insulin-dependent diabetes mellitus (NIDDM), which accounts
for ~90% of all cases of this disease, is characterized by insulin resistance. That is, an
inability of the tissues to respond to the insulin hormone that higher-than-normal
concentrations of insulin are required to maintain normoglycemia (DeFronzo et al.
2014). Insulin is a hormone produced in the pancreas. It is required to transport
glucose from the bloodstream into the body’s cells where it is used as energy. In this
pathology, the liver plays an importance role in the control of the whole body
metabolism of energy nutrients (Klover and Mooney 2004). The lack, or
ineffectiveness, of insulin in a person with diabetes result in remained glucose
circulating in the blood. Over time, this organ is not able to control glucose
homeostasis. There is a miss-regulation of the insulin pathway resulting in high levels
of glucose in the blood (known as hyperglycemia). The hyperglycemia causes damage
to many tissues in the body, leading to the development of classical symptoms of
polyuria (frequent urination), polydipsia (increased thirst) and polyphagia (increased
hunger) (Gardner et al. 2011). At the cellular level, insulin binds and activates the

insulin receptor (IR) by phosphorylating key tyrosine residues. This is followed by
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tyrosine phosphorylation of insulin receptor substrates (IRS) and subsequent
activation of the phosphatidylinositol 3-kinase (PI3K)/protein kinase B (PKB/AKT)
pathway. AKT stimulation leads to the inhibition of glycogen synthase kinase-3
(GSK-3) by phosphorylation. This leads to dephosphorylation of substrates of GSK3
including glycogen synthase (GS) due to glycogen synthesis activation (Figure 1.1)
(Cohen and Frame 2001). The insufficient strength of insulin signaling altered the
final substrates of insulin action involved in multiple metabolic and mitogenic aspects
of cellular function such as high activated glycogen synthase kinase 3 (GSK-3)
protein (Ginsberg 2000).

Insulin O:O

- p.p

Glycogen ) «——— "Glycogen'.‘ » Glycogen
/ s _synthase synthesis

(less active) (more active)

Figure 1.1 The outline of the signaling pathway by which insulin inhibits GSK-3 and
stimulates glycogen synthase (Cohen and Goedert 2004).

Interestingly, an elevated level of GSK-3 has been observed in diabetic and
obese strains of mice (Eldar-Finkelman et al. 1999). GSK-3 is a serine-threonine
protein kinase originally discovered in the context of its involvement in regulating
glycogen synthase (Embi et al. 1980). GSK-3 is evolutionarily conserved and consists
of 2 isoforms encoded by 2 different genes in mammalians, GSK3a (51 kDa) and
GSK3p (46 kDa). There are 95% identical at the amino acid level, whereas the amino-
and carboxy-termini are less conserved (Woodgett 2001). In addition to its role in
regulating glycogen synthase, GSK-3 has been implicated in other aspects of glucose
homeostasis, including the phosphorylation of insulin receptor IRS-1, a potential

inhibitory mechanism for insulin resistance in type 2 diabetes (Liberman and Eldar-
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Finkelman 2005) and involves in activation of the hepatic gluconeogenesis through
the modulation of the gluconeogenic enzymes, phosphoenolpyruvate carboxykinase
(PEPCK) and glucose 6 phosphatase (G6Pase) (Lochhead et al. 2001).

As insulin induces the inhibition of GSK-3, small molecules that inhibit this
protein kinase possibly expected to mimic some of the actions of insulin, such as its
ability to activate glycogen synthase and stimulate the conversion of glucose to
glycogen that lead to lower blood glucose by inhibiting the production of glucose by
the liver and some GSK3 inhibitors have recently been reported to lower blood
glucose levels in vivo (Norman 2001). Consequently, GSK-3 has recently emerged as
one of the most attractive therapeutic targets for the development of selective
inhibitors as promising new drugs for type 2 diabetes. Several potent GSK-3f
inhibitors have been developed by pharmaceutical companies in preclinical models
for diabetes treatment (Nakada et al. 2011).

In eukaryotes, MCK1 in yeast Saccharomyces cerevisiae is an ortholog gene
coding for glycogen synthase kinase 3p (GSK-34) in human which has been
implicated in many cellular functions. Mckl protein promotes cell separation via
controlling the fidelity of mitotic chromosome transmission and the induction of
meiosis (Shero and Hieter 1991). Moreover, Mckl involves in Ca®*-signaling
pathway in yeast S. cerevisiae that play roles in the regulation of diverse cellular
processes, such as T-cell activation, secretion, muscle contraction, neurotransmitter
release and probably many more (Clapham 1995).

In the yeast, S. cerevisiae, calcium signaling pathways regulate G2/M cell
cycle progression. Inappropriate activation of the Ca”*-signaling pathways in S.
cerevisiae causes a deleterious physiological effect and various defects, including
growth defects in the zds1-null mutant yeast (Mizunuma et al. 1998). Based on these
observed phenotypes, and in particular the fact that the delayed G2 progression
caused a loss of proliferation in the presence of calcium ions, a unique positive
screening system utilizing the Azds1 yeast strain as indicator cells has been developed
(Shitamukai et al. 2000). The Azdsl yeast- based assay is likely to detect inhibitors of
the calcium dependent pathway targets. Small-molecule inhibitors of the Ca?*
signaling in humans are of great medical importance, since Ca** signaling in

mammalian cells plays pivotal roles in the regulation of diverse cellular processes,
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including T-cell activation, secretion, motility, and apoptosis (Foskett et al., 2007,
Mizunuma et al., 1998) . Generally, small molecule inhibitors of Ca**-dependent
signaling pathways exert their physiological effects by an evolutionary conserved
manner throughout eukaryotes (Mager and Winderickx 2005). Consequentially,
inhibitors found to be functional in yeast may well be active in relevance to human.

Boonkerd et al. (2011) reported the extensive screening study using Azdsl
mutant yeast-based assay and found that the crude extract of Kaempferia parviflora
Wall. Ex. Baker contained a potent inhibitory activity. K. parviflora is a member of
Zingiberaceae (ginger) family, locally known in Thailand as Black Galingale or Kra-
chai-dam. Members of this family, including K. parviflora, are traditionally very
popular for health promotion (Putiyanan et al. 2008). The rhizomes of K. parviflora
have been used as a traditional medicine for various purposes, including the treatment
of leucorrhea, oral diseases (Chomchalow et al., 2003; Sudwan et al., 2005) , stomach
ache, flatulence, digestive disorders, gastric ulcer as well as diuresis and tonic
(Wattanapitayakul et al. 2007). Recently, Boonkerd et al. (2014) reported that a
flavonoid 5-hydroxy-3,7-dimethoxyflavone or designated as 5-OH-3,7-DMF from K.
parviflora exhibited an inhibitory activity against the Ca**-induced G2 cell-cycle
arrest. Although, the molecular mechanism of 5-OH-3,7-DMF in yeast still unknown
and needed to be investigated.

This research aimed to investigate the molecular target of 5-OH-3,7-DMF
from K. parviflora in Ca**-signaling pathways in yeast and characterize the
biochemical activity of 5-OH-3,7-DMF on inhibition of GSK-3f activity in vitro.
Furthermore, the role of 5-OH-3,7-DMF and K. parviflora crude extract (CE) against
insulin restraint HepG2 cell line as a type 2 diabetes cell model will be investigated.

1.1 Research methodologies

1.1.1 To investigate the molecular target of 5-OH-3,7-DMF in the Ca?'-
signaling pathways using yeast genetic method.

1.1.2 To characterize the biochemical activity of 5-OH-3,7-DMF in vitro in
human GSK-3p inhibition and pattern of inhibition by Kinase Glo® Plus luminescent

kinase assay platform.
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1.1.3 To determine the cytotoxic effect of 5-OH-3,7-DMF on human hepatic
HepG2 cell line by MTT Proliferation assay.

1.1.4 To establish insulin restraint HepG2 cell model and determine the
toxicity of high glucose condition by MTT Proliferation assay. The effect of 5-OH-
3,7-DMF in insulin restraint HepG2 cell model on the expression level of GSK-3
protein will be investigated by Western blot analysis and the expression level of
G6Pase mRNA will be determined by RT-PCR.

1.1.5 To investigate the effect of 5-OH-3,7-DMF treatment in insulin restraint
HepG2 cell model on the expression level of Glycogen synthase (GS) protein by

Western blot analysis and glycogen content.

1.2 Expected outcomes

1.2.1 Understand the molecular target of 5-OH-3,7-DMF in the Ca**-signaling
pathways (ortholog with GSK-35) in yeast.

1.2.2 Understand the role of inhibition pattern of 5-OH-3,7-DMF as a GSK-3f3
inhibitor on human GSK-3p activity in vitro.

1.2.3 Understand the molecular mechanism of 5-OH-3,7-DMF in type 2
diabetes HepG2 cell line.
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CHAPTER I
LITERATURE REVIEWS

2.1 Literature reviews of Kaempferia parviflora Wall. ex Baker

Kaempferia Parviflora Wall. Ex. Baker (KP) is a member of Zingiberaceae
family (ginger family), locally known in Thailand as Black Galingale or Kra-chai-
dam (Figure 2.1). Members of this family, including KP, has been used in folk
medicine reportedly for health promotion and stimulation (Putiyanan et al. 2008).
Several pharmacological responses to the rhizomes of KP, locally known as Thai
ginseng and its components have been claimed for various purposes, including the
treatment of leucorrhea, oral diseases (Chomchalow et al., 2003; Sudwan et al.,
2005), stomach ache, flatulence, digestive disorders, gastric ulcer as well as diuresis

and tonic (Wattanapitayakul et al. 2007).

(b.) Flowers

Figure 2.1 The characteristics of Kaempferia Parviflora Wall. Ex. Baker, (a.); A
stemLess, small, rhizomatous herb, up to 20 cm tall. Leaves 1-several, 8-16 cm long,
obovate to elliptic, slightly unequal sided, acute or acuminate, base, subcordate,
peliole short, channeled. (b.); Flowers few in a sessile central tuft, corolla white, lip
ovate-cuneate, emerginate, white with purple blotch at the middle. (c.); Rhizome

small, deep purple within (Modified form http://www.kasetinfo.com)



20

KP is a herb that has some historical and medicinal usage for treating
metabolic ailments and improving vitality in Thailand as an aphrodisiac compound
and physical enhancer. Currently, the research on Thai Ginseng appears to be a good
source of a class of bioflavonoid compounds with methoxy groups, known as
methoxyflavones. Flavonoids are demonstrated as the major constituents and
proposed to contribute the biological effects. Phytochemical investigations have
shown that the rhizome of KP contains the following: (1.) 5-hydroxy-7-
methoxyflavone, (2.) 5-hydroxy-3,7-dimethoxyflavone, (3.) 5,7-dimethoxyflavone,
(4.) 3,5,7-trimethoxyflavone, (5.) 5-hydroxy-3,7,4'-trimethoxyflavone, (6.) 5-hydroxy
-7,4'-dimethoxyflavone, (7.) 5-hydroxy-3,7,3',4'-tetramethoxyflavone, (8.) 5,7,4'-
trimethoxyflavone, (9.) 3.5,7,4'-tetramethoxyflavone, (10.) 5,7,3'.4'-tetramethoxy
flavone, (11.) 3,5,7,3",4"-pentamethoxyflavone (Sutthanut et al. 2007) (Figure 2.2).

Among these mentioned flavonoids, Azuma et al. (2011) reported that 5,7-
dimethoxyflavone, flavonoid compounds from KP including 5,3'-dihydroxy-3,7,4'-
trimethoxyflavone,  3,5,7-trimethoxyflavone and  5-hydroxy-7-methoxyflavone
showed potent antimutagenic activity (ICso = 0.40 — 0.47 nmol/plate) and also showed
a-glucosidase inhibitory effect including 5,7,3',4'-tetramethoxyflavone exhibited the
highest activity (ICsp = 20.4 uM), followed by 5,7,4'-trimethoxyflavone (54.3 uM)
and 3,5,7,3",4"-pentamethoxyflavone (64.3 uM).

Moreover, flavonoid compounds 5,7,4'-trimethoxyflavone and 5,7,3’,4'-tetra
methoxyflavone exhibited antiplasmodial activity against Plasmodium falciparum,
with ICsp values of 3.70 and 4.06 mg/mL, respectively. the compound 3,5,7,4-
tetramethoxyflavone and 5,7,4'-trimethoxyflavone possessed antifungal activity
against Candida albicans with respective 1Csy values of 39.71 and 17.63 mg/mL, and
also showed mild anti-mycobacterial activity with the minimum inhibitory
concentrations (MIC) of 200 and 50 mg/mL, respectively (Yenjai et al., 2004, 2007;
Kumme et al., 2008).

Seven methoxyflavones were isolated from the hexane fraction of
KP and were tested for their anti-inflammatory effects. Among those isolated
compounds, 5-hydroxy-3,7,3',4'-tetramethoxyflavone exhibited the highest activity

against nitric oxide (NO) release with an ICs, value of 16.1 pM, followed by
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5-hydroxy-7,4'-dimethoxyflavone (ICsp 24.5 puM) and 5-hydroxy-3,7,4'-trimethoxy
flavone (ICsp 30.6 uM) (Tewtrakul et al. 2009).

Interestingly, 5-hydroxy-3,7,3',4'-tetramethoxyflavone was also tested on
LPS-induced prostaglandin E2 (PGE2) and tumor necrosis factor-alpha (TNF-a)
release from RAW?264.7 cells and revealed appreciable inhibitory effect on PGE,
release (ICso = 16.3 uM), but inactive on TNF-a (ICso > 100 uM) (Tewtrakul et al.
2009). Furthermore, this compound showed the activity against inducible nitric oxide
synthase (INOS) and cyclooxygenase-2 (COX-2) mRNA expressions and also
suppressed mRNA expression of iNOS in dose-dependent manners, whereas COX-2
MRNA expression was partly affected. According to the in vivo study, the chloroform
and hexane fractions decreased rat paw edema greater than the ethanolic, ethyl acetate
and water fractions (Sae-wong et al. 2009).

Not only the biological activity from pure compound of KP rhizomes but
crude KP extract exhibited antidepressive (Wattanathorn et al. 2007), anticancer (Wen
et al., 2005; Banjerdpongchai et al., 2008; Leardkamolkarn et al., 2009; Wudtiwai et
al., 2011) cardioprotective (Tep-areenan et al., 2010; Malakul et al., 2011) and anti-
obesity activity (Akase et al. 2011) in animal models. In addition, KP extract showed
significant inhibitory acetylcholinesterase (AChE) and butyrylcholinesterase (BChE)
activity activities in vitro (Sawasdee et al. 2009) and showed inhibition of P-
glycoprotein function and multidrug resistance associated-proteins (MRP)-mediated
transport in A549 cells (Patanasethanont et al. 2007).

A previous screening study using this Azdsl mutant yeast-based assay
revealed that the crude extract of KP possessed a potent inhibitory activity against
Ca®*-signaling in yeast (Boonkerd et al. 2011). In 2014, Boonkerd et al. reported that
a 5-hydroxy-3,7-dimethoxyflavone designated as 5-OH-3,7-DMF from KP exhibited
an inhibitory activity against the Ca®*-induced G2 cell-cycle arrest in S. cerevisiae.

Due to the flavonoid compounds of KP has a variety of mechanisms which

indicates that KP is one of the potential plants for medical development.
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2.2 Calcium signaling pathways in S. cerevisiae

The search for novel drugs is still one of a major interest in the research
especially in the health related area since infectious diseases are still a global problem.
This is because of the development and spread of drug-resistant pathogens (Espinal et
al. 2001) and the undesired side effects of the currently used drugs.

Intracellular calcium ion (Ca®*) concentration in eukaryotic organisms serves
as a universal secondary messenger that helps translate extracellular stimuli to
intracellular responses in numerous biological processes, including cell proliferation,
membrane fusion, cytoskeleton organization, gene transcription, cell polarization,
fertilization, development, motility, memory, and apoptosis (Clapham 1995). In
Saccharomyces cerevisiae, Ca**-signaling pathways have been implicated in the
regulation of G2/M cell-cycle progression as shown in Figure 2.3. The Ca** signal-
dependent cell-cycle regulation in S. cerevisiae was identified by genetic
investigations of the physiological effects of exogenous CaCl, on mutant strains
lacking the ZDS1 gene (Shitamukai et al. 2000). The ZDS1 gene is an enigmatic gene
identified in numerous genetic screenings for its ability to suppress the phenotypes
caused by defects in various genes when it is overexpressed on a high-copy vector,
and it was so named for this capability call zillions of different screens. The genetic
interactions of the ZDS1 gene revealed by the screenings procedure including
mutations in the CDC42 gene encoding a GTPase involved in the regulation of cell
polarity (Bi and Pringle 1996), a specific allele (cdc28-1N) of the CDC28 gene
encoding a protein kinase required for cell-cycle progression (Yu et al. 1996), the hsl1
and hsl7 mutations (Ma et al. 1996), and numerous other genes involved in multiple
processes (Tsuchiya et al. 1996; Schwer et al. 1998; Roy and Runge 2000; Sekiya-
Kawasaki et al. 2002) . The function of Zds1 is required for transcriptional repression
of the SWE1 gene, encoding a negative regulator of the Cdc28/Clb complex, and the
CLN2 gene, encoding a G2 cyclin, in the G2 phase (Ma et al. 1996). Swel kinase
specifically inhibits a G2 form of Cdc28 by phosphorylating it at Tyr19 (Booher et al.
1993), and delays the onset of mitosis. Although Zds1 (and its homolog Zds2) appears
to be important in a wide range of cellular events, its biochemical function is still
obscure. In the presence of high levels of exogenous CaCl,, the cellular Ca?* level is

forced to rise due to the increased concentration of gradient across the plasma



24

membrane, resulting in hyperactivation of cellular Ca®* signaling. Null alleles of the
ZDS1 gene on the W303 strain background exhibited a characteristic phenotype when
cultivated in the presence of high external CaCl,, showing a growth defect that was
expressed by characteristic cellular changes, such as the formation of an elongated
bud and the inhibition of the cell cycle in the G2 phase. Whereas the wild-type W303
strain did not show Ca**-sensitive phenotypes under similar conditions. The mutant
strain exhibited no obvious phenotype in the presence of other solutes at
concentrations that gave an osmolality equivalent to that of the high CaCl,
(Mizunuma et al. 1998). Because the Ca®*-dependent phenotypes were canceled by
deletion of the genes for calcineurin and Swel individually, the effect of Ca** must be
exerted through the activation of calcineurin and Swel. As mentioned above,
calcineurin and the Mpkl MAPK cascade cooperate in the regulation of various
cellular events (Garrett-Engele et al. 1995; Nakamura et al. 1996; Nakamura et al.
1997) . The Ca®*-induced phenotypes were also suppressed by the deletion of a
component of the MAPK cascade, such as Mpkl (MAPK) or Bckl (MAPK kinase
kinase), suggesting that calcineurin and the Mpkl MAPK cascade collaborate in the
Ca**-dependent regulation of the cell cycle and morphogenesis. Detailed genetic
analysis of this mechanism has demonstrated that calcineurin elevates Swel (and
CIn2) expression at the transcriptional level. Whereas the Mpkl MAPK cascade
activates Swel at the post-translational level. Both of these pathways are essential for
the elevation and activation of Swel and CIn2, leading to the G2 cell-cycle inhibition
and polarized bud growth (Mizunuma et al. 1998; Mizunuma et al. 2001; Mizunuma
et al. 2004). Although, the mechanism of the calcineurin-dependent activation of
SWE1 and CLN2 transcription is not well understood. The level of the SWE1
transcript oscillates during the cell cycle. The calcineurin-dependent pathways are
required to sustain a high SWE1 mRNA level in the G2 phase, when its level normally
(in the absence of Ca®") declines to a low level. On the other hand, the Mpk1 pathway
activates Swel by inhibiting Hsll, a Niml-related kinase that phosphorylates and
negatively regulates Swel, leading to inhibition of the cell-cycle entry into mitosis
(Barral et al. 1999; Ma et al. 1996; Mizunuma et al. 1998; Tanaka and Nojima 1996).
The MCK1 gene was genetically defined as a signaling component that acts in

the downstream of the Mpkl MAPK pathway. In accordance with this scheme, all of



25

the known Ca**-related phenotypes exhibited by the Azds1 strain were alleviated by
the Amckl mutation (Miyakawa and Mizunuma 2007). Further analyses have
demonstrated that Mckl promotes the Ca?*-induced degradation of Hsl1,
phosphorylated directly by Mck1 leading to an inhibitory kinase of Swel. Induction
of MCK1 mRNA by Ca®* occurs in a manner dependent on the Mpkl pathway.
However, elevation of the Mck1 level by Ca?* was observed reproducibly, but only to
a modest extent, suggesting that there are additional mechanisms of the regulation of
Mckl by Ca?* signaling (Mizunuma, unpublished result; Miyakawa and Mizunuma
2007). The degradation of Hsl1 is rigorously regulated by Ca* signals, as suggested
by the cooperative regulation of the degradation by calcineurin and the Mpk1-Mck1l
pathway. Dephosphorylation of phospho-Hsll in vivo occurred in a calcineurin-
dependent manner, and calcineurin and Hsl1 were co-precipitated in
immunoprecipitation experiments (Mizunuma et al. 2001). Subsequent genetic and
molecular analyses of this mechanism have demonstrated that Mck1 and calcineurin
cooperatively regulate the delocalization of Hsl1 from the bud neck. The elaborate,
calcineurin-dependent, mechanism of Hsl1 degradation appears to be required for the
degradation of Hsll during the cell-cycle stages when the activity of the anaphase-
promoting complex (APC) is low (during S, G2, and early M phases) (Miyakawa and
Mizunuma 2007). In addition, A mck1l mutants do not eliminate Clb2-Cdk1 activity as
efficiently as wild type cells at the end of mitosis. McQueen et al. (2012)
demonstrated that Mckl interacts with both Mihl and Clb2 but does not promote
degradation of these proteins and Clb2-Cdk1 activity is inhibited in vitro by the Mck1
kinase at the end of mitosis.
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Figure 2.3 Model for the Ca’*-signaling pathways that regulate G2/M cell cycle
progression in S. cerevisiae represents potential target molecules of the drugs that are
expected to be isolated by Azdsl yeast-based screening system (modified from
Shitamukai et al., 2000).

Because hyper-activated Ca®" signaling in yeast causes defective cell growth,
it was assumed that exogenous inhibitors of the regulatory pathway could lead to the
suppression of the deleterious effects of the Ca** signaling, allowing the cells to
resume growth. To apply this idea to drug screening based on the observation of
phenotypes, and in particular the fact that the delayed G2 progression caused a loss of
proliferation in the presence of calcium ions. The Azdsl yeast-based assay is likely to
detect inhibitors of the calcium dependent pathway targets. This unique positive
screening system utilizing the Azds1 yeast strain as indicator cells has been developed
(Shitamukai et al. 2000). The inhibitory substances of this pathway can be detected
positively by their ability to give rise to cell growth. Since small molecule inhibitors
of Ca**-dependent signaling pathways exert their physiological effects by an
evolutionary conserved manner throughout eukaryotes (Mager and Winderickx 2005).
Consequentially, inhibitors that are found to be functional in yeast may well be active
in relevance to human, inhibiting target molecules that share common features

structurally and functionally.
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Therefore, the yeast-based procedures appear to provide a very convenient
drug screening system. The unique features of this screening system may be

summarized as follows (Miyakawa and Mizunuma 2007) :

1) Because detection of the active substances is based on their positive effects
on the growth of assay cells, cytotoxic compounds are not selected by the
screening. Very crude samples, such as culture filtrates of microorganisms or

plant extracts, are applicable for these screening.

2) Because the only cause for growth inhibition of the assay cells is the hyper-
activation of Ca®*-signaling, the molecules giving a restoration of growth are

probably directed toward this pathway.

3) According to this procedure, potential targets as drugs of medical interest
for the small molecule Ca®*-signaling inhibitors are calcineurin (anti-
inflammatory agents), GSK-3 family protein kinases (type 2 diabetes and
Alzheimer’s disease), protein kinase C and heat shock protein 90 or HSP90
(anti-cancer drugs) ((Boonkerd et al. 2011; Shitamukai et al. 2000).

4) Once the active substance is identified, the powerful genetic techniques
available in the use of yeast provide valuable tools to identify the drug target

of this pathway.

2.3 Yeast MCK1, a human ortholog GSK-3 gene which encodes glycogen synthase
kinase-3 family protein kinase

The MCK1 gene in yeast encodes a human glycogen synthase kinase-3 (GSK-
3) family protein kinase (Andoh et al., 2000). Four of GSK-3 family protein kinase
homologs identified in the yeast genome. The other kinases of this family (MDS1,
YGK3, and MRK1) appear to contribute only trivially to this signaling pathway
(Neigeborn and Mitchell 1991). Glycogen synthase kinase-3 (GSK-3) is expressed in
all tissues and is a member of the protein kinase family, a group of enzymes that
catalyze the transfer of a phosphate group from adenosine triphosphate (ATP) to

target substrates.
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Eukaryotic organisms contain homologous forms of GSK-3 with a high degree
of similarity. In mammals, there are two isoforms of GSK-3, including GSK-3a and
GSK-3p, which are encoded by separate genes (Woodgett 1990). GSK-3a (51 kDa)
has a slightly higher molecular weight than that of GSK-3p (47 kDa). The extra length
of GSK-3a is due to the presence of an additional 63 amino acid residues at the N-
terminus. Although both isoforms are structurally quite similar, they are functionally
different (Hoeflich et al. 2000).
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Figure 2.4 (a.); Model structure of GSK-3p3 (Ter Haar et al. 2001), (b.); Schematic
representations of mammalian GSK-3a and GSK-3f. Sites of serine and tyrosine
phosphorylation are indicated with blue arrowheads. The glycine-rich N-terminal
domain unique to GSK-3a and the conserved kinase domain shared by both isoforms
are highlighted (Woodgett 2001).
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A detailed structural and functional analysis of GSK-3f reported by Ter Haar
et al. (2001) is depicted in Figure 2.4 (a.). There are two major GSK-3B domains: a
B-strand domain present at the N-terminus between amino acid residues 25-138 and a-
helical domain present at the C-terminus between amino acid residues 139-343. An
ATP-binding site presents at the interface of the two domains that is adjoined by a
glycine-rich loop and hinge region. The catalytic activity of GSK-3p is regulated by
phosphorylation at two different sites. Phosphorylation of the Ser9 site inactivates
GSK-3p, whereas phosphorylation at Tyr216 within the activation loop increases its
catalytic activity. For GSK-3a, phosphorylation at Ser21 renders it inactive and
phosphorylation at Tyr279 increases its catalytic activity, Figure 2.4 (b.) (Woodgett
2001).

GSK-3 is a serine/threonine kinase, and thus transfers a phosphate group to
either the serine or threonine residues of its substrates (Doble and Woodgett 2003).
The mechanism of phosphorylation regulates various complex biological processes,
including metabolism (glucose regulation) (Summers et al., 1999; Lochhead et al.,
2001), cell signaling (Watkins et al., 2014; Maurer et al., 2014; Montori-Grau et al.,
2013), cellular transport (Singh et al., 2014; Song et al., 2014; Yucel and Oro, 2011),
apoptosis (Kuemmerle 2005), proliferation, and intracellular communication
(Manning et al. 2002). Phosphorylation is a key regulatory step that initiates,
enhances, or inhibits the function of a target substrate. GSK-3 has emerged as an
important target for drug development and medical imaging in various diseases. Since
the isolation of GSK-3 from rabbit skeletal muscle in 1980 (Embi et al. 1980), its role
and participation in glucose metabolism has been extensively studied. A primary
function of GSK-3 is the regulation of the activity of glycogen synthase (GS), an
enzyme that mediates the conversion of glucose to glycogen (Woodgett and Cohen
1984). Elevated expression and over-activity of GSK-3 are associated with insulin
resistance in type 2 diabetes (Pandey and DeGrado 2016). Therefore, GSK-3
inhibitors are under development for the treatment of type 2 diabetes (Nikoulina et al.
2000; Peat et al. 2004). GSK-3p associate in many neurodegenerative diseases (Eldar-
Finkelman et al. 1999a) including Parkinson's disease (PD), Alzheimer's disease
involve in the phosphorylation of tau protein (Llorens-Maritin et al. 2014), and

Huntington's disease (HD), Lim et al. (2014) observed higher levels of
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phosphorylated GSK-3 in post-mortem human HD brain samples correlated with
disrupted energy metabolism in two transgenic mouse models. The hypothesis that
inhibition of GSK-3f activity may protect dopaminergic neurons (Li et al. 2014).
GSK-3 regulatory activity is associated with acquired immunodeficiency syndrome
(AIDS) (Dewhurst et al. 2007; Zhou et al. 2013), malaria (Garcia et al. 2011),
inflammation (Beurel and Jope 2010) and canonical Wnt/B-catenin pathways (Chen et
al. 2014).

Clearly, GSK-3 is an important regulator of metabolic and signaling functions
that are associated with a broad spectrum of disease areas, motivating extensive

efforts on the GSK-3 inhibitor development.

2.4 Role of GSK-3 in insulin resistance and type 2 diabetes

Diabetes is one of the largest global health emergencies of the 21% century. In
2013, the International Diabetes Federation (IDF) estimated that 382 million people
had diabetes worldwide. By 2035, this was predicted to rise to 592 million. Eighty
percent live in low- and middle-income countries; Of the total, more than 60% live in
Asia, with almost one-third in China (Nanditha et al. 2016). In addition, the current
status of diabetes was 78.3 million people in South East Asia as well as Thailand
(~4 million people) by year 2015 (International Diabetes Federation, 2015). Although,
Type 2 diabetes (T2DM) being much more common, has been the main driver for the
increase in global diabetes prevalence (Guariguata et al. 2014).

T2DM or non-insulin-dependent diabetes mellitus (NIDDM), which accounts
for ~90% of all cases of this disease, is characterized by insulin resistance. That is an
inability of the tissues to respond to the insulin hormone that higher-than-normal
concentrations of insulin are required to maintain normoglycemia (DeFronzo et al.
2014). Insulin is a hormone produced in the pancreas. It is required to transport
glucose from the bloodstream into the body’s cells where it is used as energy. In this
pathology, the liver plays an importance role in the control of the whole body
metabolism of energy nutrients (Klover and Mooney 2004). The lack or
ineffectiveness of insulin in a person with diabetes cause remained glucose circulating
in the blood. Over time, this organ is not able to control glucose homeostasis. There is

a miss-regulation of the insulin pathway resulting high levels of glucose in the blood
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(known as hyperglycemia) causes damage to many tissues in the body; As a
consequence, the development of classical symptoms of polyuria (frequent urination),
polydipsia (increased thirst) and polyphagia (increased hunger) (Gardner et al. 2011).
At the cellular level, insulin binds and activates the insulin receptor (IR) by
phosphorylating key tyrosine residues. This is followed by tyrosine phosphorylation
of insulin receptor substrates (IRS) and subsequent activation of the phospha-
tidylinositol 3-kinase (P13K)/protein kinase B (PKB/AKT) pathway. AKT stimulation
leads to the inhibition of glycogen synthase kinase-3 (GSK-3) by phosphorylation,
resulting in the dephosphorylation of substrates of GSK3 including glycogen synthase
(GS) cause glycogen synthesis activation (Cohen and Frame 2001) (Figure 2.5). The
insufficient strength of insulin signaling altered the final substrates of insulin action
involved in multiple metabolic and mitogenic aspects of cellular function such as high

activated glycogen synthase kinase-3 (GSK-3) protein (Ginsberg 2000).
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Figure 2.5 The insulin signaling pathway by which inhibits GSK-3 and results in the

stimulation of glycogen synthesis (modified from Cohen and Frame, 2001).

Interestingly, elevated level of GSK-3 has been observed in diabetic and obese
strains of mice (Eldar-Finkelman et al. 1999). In addition to its role in regulating

glycogen synthase, GSK-3 has been implicated in other aspects of glucose
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homeostasis, including the phosphorylation of insulin receptor IRS-1, a potential
inhibitory mechanism for insulin resistance in T2DM (Liberman and Eldar-Finkelman
2005). In addition GSK-3 involves in activation of the hepatic gluconeogenesis
through the modulation of the gluconeogenic enzymes, phosphoenolpyruvate
carboxykinase (PEPCK) and glucose 6 phosphatase (G6Pase) (Lochhead et al. 2001).
The involvement of GSK-3 in diabetes was further demonstrated in two model
systems: First, in fat tissue of obese diabetic mice, where GSK-3 activity was found to
be two fold higher than in control mice (Eldar-Finkelman et al. 1999). Second, in
skeletal muscle of patients with T2DM, where GSK-3 activity and expression levels
were significantly higher than in healthy individuals (Nikoulina et al. 2000). Thus, in
insulin-sensitive tissue directly involved in the pathogenesis of T2DM, GSK-3
activity is higher than normal and seemingly contributes to impairment of insulin
action.

Eldar-Finkelman et al. (1999) reported that GSK-3 was shown to phosphor-
rylate IRS-1, which impair the insulin signaling. IRS-1 is the immediate substrate of
insulin receptor tyrosine kinase, which phosphorylates the protein on multiple
tyrosine residues in response to insulin (Cohen and Frame 2001). This was
demonstrated by Tanti et al. (1994), the treatment in 3T3-L1 adipocytes cells with
okadaic, a protein phosphatase inhibitor, followed by hyperphosphorylation of IRS-1
on serine/threonine residues led to inhibition of the insulin signaling pathway. These
data suggest that the serine/threonine phosphorylation of IRS-1 might represent a key
regulatory mechanism of insulin action.

According to insulin induces the inhibition of GSK-3, small molecules that
inhibit this protein kinase possibly expected to mimic some of the actions of insulin,
such as its ability to activate glycogen synthase and stimulate the conversion of
glucose to glycogen that lead to lower blood glucose by inhibiting the production of
glucose by the liver. Some GSK-3 inhibitors have recently been reported to lower
blood glucose levels in vivo (Norman 2001). Consequently, GSK-3 has recently
emerged as one of the most attractive therapeutic targets for the development of
selective inhibitors as promising new drugs for T2DM. Several potent GSK-3p
inhibitors have been developed by pharmaceutical companies in preclinical models
for diabetes treatment (Nakada et al. 2011).
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2.5 GSK-3 inhibitors: Therapeutic targets for type 2 diabetes Mellitus

Inhibition of GSK-3 will have therapeutic benefit and intensive efforts have
been made in the search for and design of selective GSK-3 inhibitors. The reported
GSK-3B inhibitors are of diverse chemotypes and mechanisms of action. These
include inhibitors isolated from natural sources, cations, and synthetic small
molecules (Eldar-Finkelman and Martinez 2011). Regarding the mechanism of
protein or enzyme inhibition that are ATP-competitive inhibitors, non-ATP-
competitive inhibitors, and substrate-competitive inhibitors (Eldar-Finkelman and
Martinez 2011) (Figure 2.6).

(a_) Substrates: — I (b) Substrates:

Protein substrate Protein substrate

Reaction (i):

Uninhibited AT AR ,’
2 l

)

1)
ATP-competitive V‘

inhibitor OH
ATP-noncompetitive
inhibitor
e l
Products: o @ ﬁ
Products:

OH
Phosphorylated SO
protein product

Figure 2.6 The reaction catalyzed by protein kinases and the general principle of

Protein kinase

ATP-competitive inhibitors and ATP-noncompetitive inhibitors of protein kinases.
(a.) The uninhibited reaction, protein kinases (black) catalyst the transfer of the
phosphate group of ATP (yellow) to specific hydroxyl groups (-OH) of amino acids
within their protein substrates (orange). The resulting products are ADP and the
phosphorylated protein product. (b) Two different mechanisms of inhibition, ATP-
competitive inhibition, in which the inhibitor (red, with some similarity to ATP)
competes with ATP for the ATP-binding site of the kinase. For ATP-noncompetitive
inhibition, in which the inhibitor competes with the protein substrate for the protein-
substrate-binding site of the kinase. In both reactions, there is no phosphorylation of
the hydroxyl group of the protein substrate, and thus no phosphorylated protein
product is formed (modified from Bogoyevitch, 2005) .



34

Clinical Prospects of GSK-3 in therapy, the involvement and association of
GSK-3 in the pathogenesis of a wide variety of diseases makes it an important
therapeutic and imaging target. The potential of GSK-3f inhibition in diabetes,
bipolar disorder, and Alzheimer’s disease has already been identified. Considerable
progress has been made in the development of various GSK-3p—inhibitory molecules.
Clinical Studies on GSK-3 Inhibitors of the developed GSK-3 inhibitors, only a few
have reached clinical trials in human subjects. Clinical studies that have resulted in
peer-reviewed articles along with studies listed on clinical trials.gov for GSK-3
inhibitors including; Tideglusib (Hicks et al. 2010), LY2090314 (Vasdev et al. 2005),
Enzastaurin (Paquet et al. 2009) and lithium chloride (Cole et al. 2014) in Table 2.1.

Table 2.1 GSK-3p Inhibitors under clinical Investigation

Compound No Structure of GSK-3
it P N‘ . inhibitors tested ICs Value (nm) Type of Disease(s)
(lit. com. No.) clinically
['ridcggdlusib} 0 O Alzheimer's disease,
(NPO31112) )L Q GSK-3p =60 progressive
(NP-12) }7 I supranuclear palsy
s
o
o
H
j HNH
|
95 F GSK-3a=15 Pancreatic cancer,
(LY2090314) GSK-3p =09 leukemia
@ PKC (protein
96 (Enzastaurin, \ Kmﬂ:‘;f’zlf: 06 Recurrent glioma,
LY317615) ) ovarian cancer,
suppresses GSK-
" 3
N
=
| =
97 - . GSK-3p =20 Alzheimer’s disease,
{Lithium) Lithium Chioride mM (Ki) bipolar disorder

(Modified from Pandey and DeGrado (2016))
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According to T2DM also end up needing insulin to survive. Therefore, as in
many other diseases, early diagnosis and treatment are the most important. Metformin
is still the drug that is used most commonly to treat T2DM. The main effect of this
drug from the biguanide family is to acutely decrease hepatic glucose production,
mostly through a mild and transient inhibition of the mitochondrial respiratory chain
complex 1. In addition, the resulting decrease in hepatic energy status activates AMPK
(AMP-activated protein kinase), a cellular metabolic sensor, providing a generally
accepted mechanism for the action of metformin on hepatic gluconeogenesis. The
demonstration that respiratory chain complex I, but not AMPK, is the primary target
of metformin was recently strengthened by showing that the metabolic effect of the
drug is preserved in liver-specific AMPK-deficient mice. Beyond its effect on glucose
metabolism, metformin has been reported to restore ovarian function in PCOS
(polycystic ovary syndrome), reduce fatty liver, and to lower microvascular and
macrovascular complications associated with T2DM (Viollet et al. 2012). Also, as
discussed later, metformin does not exert its effect by switching on the insulin
signaling pathway; it is therefore unlikely to alleviate all the long-term effects of the

disease. Therefore, improved drugs to treat diabetes are needed urgently.

The level of blood glucose is largely determined by the rate at which glucose
is taken up by skeletal muscle and liver and converted into glycogen, and by the rate
at which it is produced by the liver, these seem that GSK-3 inhibitors might be
beneficial for the treatment of diabetes. Therefore, drugs that inhibit GSK-3 could
mimic the ability of insulin to promote the conversion of glucose to glycogen,
overcoming the resistance to insulin, which seems to be caused by blockade of the
pathway at the level of the insulin receptor (IRS) proteins. Indeed, lithium ions, which
inhibit GSK-3 relatively specifically in vitro (Davies et al. 2000; Klein and Melton
1996; Stambolic et al. 1996) were shown many years ago to activate glycogen
synthase and to stimulate the synthesis of glycogen in muscle (Cheng et al. 1983).

GSK-3 inhibitors, SB 216763 and SB 415286 (Figure 2.7) inhibited GSK-3
much more potently than lithium, like lithium ions, activated glycogen synthase and
accelerated the conversion of glucose to glycogen in a human liver cell line (Coghlan
et al. 2000). Other members of this compound class were subsequently reported to

normalize blood glucose levels in vivo (Norman 2001).
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Me Cl spa216763 SB-415286

(@) (b.)
Figure 2.7 The chemical structures of (a.); SB-216763 is 3-(2,4-dichlorophenyl)-4-(1-
methyl-1H-indol-3-yl)-1H-pyrrole-2,5-dione. (b.); SB-415286 is 3-(3-chloro-4-hy
droxyphenylamino)-4-(2-nitrophenyl)-1H-pyrrole-2,5-dione (Coghlan et al. 2000).

Interestingly, SB 216763, SB 415286 and lithium ions were found to mimic
another action to suppress transcription of phosphoenolpyruvate carboxykinase
(PEPCK) and glucose 6-phosphatase (G6Pase) (Lochhead and Thompson 2001), the
key rate-limiting enzymes of gluconeogenesis. These data suggested that GSK-3
inhibitors might be able to suppress the production of glucose by the liver, as well as
enhance its conversion into glycogen. Moreover, a number of other potent inhibitors
of GSK-3 such as indirubins (Leclerc et al. 2001; Meijer et al. 2003;
Polychronopoulos et al. 2004), paullones (Leost et al. 2000) and hymenialdisine
(Meijer et al. 2000), inhibited some other protein kinases (Polychronopoulos et al.
2004), including the cyclin-dependent protein kinases (CDKSs), which GSK-3 is most
closely related in sequence. Whereas, lithium ions do not inhibit CDKs, but also
inhibit some non-kinase targets, such as inositol monophosphatase and histone
deacetylase (Phiel and Klein 2001). Lithium ions is ATP-noncompetitive inhibitors, in
contrast to all the other compounds mentioned above that are ATP-competitive.

Finally, the interested GSK-3 inhibitors are effectively lowering blood glucose
level in rodent models of T2DM; Their effects occurred primarily through an increase

in hepatic glycogen synthesis and a decrease in hepatic gluconeogenesis.
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3.1 Instruments used in this thesis

CO; incubator (Thermo Scientific, USA)

Incubator (Thermo Scientific, USA)

Amersham HyperfilmTM ECL (GE healthcare, Sweden)
AmershamTM HybondTM 0.45 (GE healthcare, Sweden)

Autoclave MLS 3020 (Sanyo, Japan)

Balance AG285 PG2002-S and PB3002 (Mettler Toledo, Switzerland)
Beaker (Pyrex, USA)

Bench-top centrifuge 2600 (Denvelle, Germany)
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Bottle for culture media (tissue culture) 100 mL (Corning Incorporation, USA)

[EY
o

. Centrifuge tubes 15 and 50 mL (Corning Incorporation, USA)

-
-

. Cover slips (Nissho Nipro, Japan)
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. Cryotube (NUNCTM, Denmark)
. Deep freezer -80°C ULT1786 (Forma Scientific, USA)
. Deep freezer -20°C MDF-U332 (Sanyo Electric, Japan)

T S =
g N W

. Disposable syringe (Nissho Nipro, Japan)
. DNA Thermal Cycle T100TM (Bio-Rad, USA)

N
~N o

. Filter paper (Whatman, England)

=
oo

. Gel Documentation and Quantity One version 4.4.1(Bio-Rad, USA)

=
O

. Haemacytometer (Mettler Toledo, Switzerland)

N
o

. Hot air oven UE (Memmert, Germany)

N
[y

. Hypercassatte™ (Amersham biosciences, UK)

N
N

. Invert microscope (Olympus, USA)

N
w

. Laminar flow clean model V4 (LAB Service, Thailand)

N
S

. Measuring cylinder (Pyrex, USA)
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Microcentrifuge tube 15 and 50 mL (Corning Incorporation, USA)
Microcentrifuge tube 1.5 mL (Axygen Scientific, USA)

Micropipette P10, P20, P100, P200 and P1000 (Gilson, France)

Microplate reader Elx 800 (Bio-tek instrument, USA)

Microwave oven (Samsung, Korea)

Optizen Nano Q (KAIA Bio-Ingenieria, Korea)

Parafilm (Parafilm®M, USA)

PCR tube 200 pl (Corning Incorporation, USA)

pH meter S-20K (Mettler-Toledo, Switzerland)

Pipette aid (Drummond, USA)

Polyvinylidine fluoride (PVDF) membrane 0.45 um (GE healthcare, Sweden)
Power supply for electrophoresis (Bio-Rad, USA)

Refrigerator Tiara (Mitsubishi electric)

Seropipette 5 and 10 mL (Pyrex, USA)

Synergy™ HT Multi-Detection Microplate Reader (Bio-tek, USA)
SDS-polyacrylamide gel electrophoresis, Protein 21 System (Bio-Rad, USA)
Semi-dry electrophoretic transfer cell, Trans-Blot® SD (Bio-Rad, USA)
Sonicator RK100 (BANDELIN, Germany)

Stainless Alcohol burner

Syringe filter CA-CN 13 mm 0.45 um (Restek, Thailand)

Thermo-block MylabTH Thermo-Block SLTDB-120 (Seoul in Bioscience,

Korea)

Tissue culture Flask 25 and 75 cm3 (Corning Incorporation, USA)
Tissue culture plate 6, 12, 24 and 96 well (NUNCTM, Denmark)
Vortex mixer Genie 2 G-560E (Scientific Industries, USA)

Water bath (Memmert, USA)
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3.2 Chemicals

© © N o g B~ w Db -
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23.
24,
25.
26.
27.

Absolute ethanol (Lab Scan analytical science, USA)

Absolute methanol (Merck, Germany)

Acetic acid (Lab Scan analytical science, USA)

Acrylamide-solution (40%) Mix 37.5:1 (Sigma, USA)

Ammonium bicarbonate (Sigma, USA)

Ammonium persulfate (Bio Basic inc, Canada)

Anti-rabbit 19G, HRP-linked antibody; catalog#7074S (Cell signaling, USA)
BCA™ protein assay (Thermo Scientific, USA)

B-mercapto-ethanol (Sigma, USA)

. Bromophenol blue (Sigma, USA)

. Clarity™ Western ECL substrate (Bio-Rad, USA)
. Chloroform (Lab Scan analytical science, USA)

. Copper sulfate (Fisher Scienctific, UK)

. Developer (Carestream Health Inc, USA)

. DNA ladder 100 bp (Fermentas, Canada)

. Diethylpyrocarbonate (DEPC) (Sigma, USA)

. Dimethyl sulfoxide (DMSQ) (Amesco, USA)

. ANTPs mix (Fermentas, Canada)

. Fetal Bovine Serum (FBS) (Hyclone, UK)

. Fixer (Kodak, USA)

. FK506; catalog #445643 (Abcam, USA)

. Goat Anti-Mouse 1gG Antibody, Peroxidase Conjugated, H+L; catalog #AP124P

(Merck, Germany)

Glycerol (Carlo ERBA, France)

Glycogen assay kit; catalog #MAKO016 (Sigma, USA)

GSK-3p Inhibitor [; catalog #361540 (Merck, USA)

GSKa3 substrate peptide; catalog #12-533 (Merck, Germany)
GSK-3p Protein active enzyme; catalog #14-306(Merck, Germany)
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HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (Hyclone, UK)
Hydrochloric acid (HCI) (LAB-SCAN, Ireland)

Isopropanol (Merck, Germany)

Kinase-Glo® Luminescent Kinase Assay (Promega, USA)

Magnesium chloride (MgClI2) (Merck, Germany)

Magnesium sulfate (MgSO4) (Merck, Germany)

Mouse anti-phospho-GSK-3p (Ser9); catalog #05-643 (Merck, Germany)
Mouse anti-GSK3 (o/p); catalog #05-412 (Merck, Germany)

Mouse anti-phospho-GSK3 (Tyr279/Tyr216); catalog #05-413 (Merck,

Germany)

Mouse anti-Actin, clone C4; catalog #MAB1501 (Merck, Germany)
MTT (3-(4 5-dimethylthiazol-2-yl)-2 5-diphenyltetrazolium bromide) (Bio Basic
inc, Canada)

Nonidet P-40 (Bio Basic inc, Canada)

Penicillin (General Drugs House, Thailand)

Phosphatase inhibitor cocktail 2 (Sigma, USA)

Potassium chloride (KCI) (Merck, Germany)

Protease inhibitor (Sigma, USA)

Rabbit anti-Phospho-GSK3 (Ser21); catalog#3886 (Cell signaling, USA)
Rabbit anti-Phospho-GS (Ser641); catalog#3891 (Cell signaling, USA)
Random hexamer (Fermentas, Canada)

Reverse transcriptase (Fermentas, Canada)

Ribonuclease inhibitor (Fermentas, Canada)

RPMI 1640 (Hyclone, UK)

Streptomycin (AppliChem, USA)

SDS (sodium dodecyl sulfate) (C12H250S03) (Sigma, USA)

Sodium di-hydrogen phosphate (Na2HPO,) (Merck, Germany)

Sodium hydroxide (NaOH) (Merck, Germany)

Sodium pyruvate (Hyclone, UK)
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56.
57.
58.
59.
60.
61.
62.

Taq DNA polymerase (Fermentas, Canada)

TEMED (N, N, N, N-Tetramethyethylenediamide) (Bio Basic inc, Canada)
Tris buffer pH 6.8 (Preparation is described in appendix)

Tris buffer pH 7.5 (Preparation is described in appendix)

Tris buffer pH 8.8 (Preparation is described in appendix)

TriZol reagent (Invitrogen, USA)

Trypan blue 0.5% wi/v (Hyclone, UK)

Tween 20 (Sigma, USA)
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3.3 Primer sequences and conditions used in real-time PCR (RT-PCR)

Table 3.1 Primer sequences and conditions used in real-time PCR (RT-PCR)

Nucleotide Annealing Product size
Gene Reference
sequence temp.(°C) (bp)
Fwd: 5'-TCATCTTGGTGT
CCGTGATCG-3’ (Kang et al.
G6Pase 57 220
Rev: 5-TTTATCAGGGGC 2010)
ACGGAAGTG-3’
Fwd: 5'-TTCCTTCCTGG
_ GCATGGAGT-3' (Kang et al.
S-actin 55 180
Rev: 5- CCAGGGCAGTG 2010)
ATCTCCTTC-3’
3.4 Antibody for Western blot analysis
Table 3.2 Antibody for Western blot analysis
) Ratio Ratio
Antigen . : : : : .
(1°antibody:bloking solution) (2°antibody:bloking solution)
GSK3 Mouse anti-GSK3 1:2,000 Anti-mouse 1gG-H+L 1:4,000
P-GSK3p Mouse anti-P-GSK3p (ser9) 1:500  Anti-mouse 1gG-H+L 1:2,000
P-GSK3a  Rabbit anti-P-GSK3p (ser21) 1:500  Anti-rabbit IgG-HRP 1:4,000

P-GSK3w/p Mouse anti-P-GSK3a/f

GS
P-GS

B-actin

(Tyr279/Tyr216) 1:500
Rabbit anti-GS 1:2000

Rabbit anti-P-GS (Ser641) 1:1,000
Mouse anti-p-actin 1:4,000

Anti-mouse 1gG-H+L 1:2,000

Anti-rabbit 1IgG-HRP 1:4,000
Anti-rabbit 1IgG-HRP 1:4,000
Anti-mouse 1gG-H+L 1:4,000
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All mutant strains of S. cerevisiae were obtained from Prof. Tokichi

Miyakawa, Hiroshima University. Details of the strains were listed in Table 3.3.

Table 3. 3 S. cerevisiae strains used in this study

Strain Genotype Source of reference
YNS17 MAT atrpl leu2 ade2 ura3 his3 canl-1 Miyakawa T, Hiroshima
zds1::TRP1 syrl::HIS3 pdrl::hisG-URA3- University
hisG pdr3::hisG-URA3-hisG (Chanklan et al. 2008)
YRC1 MAT aade2-1 can/-100 his3-11,15 leu2- Miyakawa T, Hiroshima
3,112 trpl-1 ura3-1 zds/::TRP erg3.:HIS3 University
pdr/::hisG pdr3::hisG GALI- (Chanklan et al. 2008)
CMP2AC::URA3
YRC2 MAT atrpl leu2 ade2 ura3 his3 canl-1 Miyakawa T, Hiroshima
swel::GALp-SWE1-HA::LEUZ2 syrl::HIS3 University
pdri::hisG-ura3-hisG pdr3::hisG-URA3-hisG  (Chanklan et al. 2008)
NSC1 MATa ade2-1 canl-100 his3-11,15 leu2-3,112 Wangkangwan et al.,
trpl-1 ura3-1 zdsl::TRP erg3::HIS3 2009
pdrl::hisG pdr3::hisG pYES2::GAL1p-MPK1
NSC2 MAT a ade2-1 canl1-100 his3-11,15 leu2- Wangkangwan et al.,

3,112 trp1-1 ura3-1 zdsl::TRP erg3::HIS3
pdrl::hisG pdr3::hisG pYES2::GAL1p-MCK1

2009

S. cerevisiae mutant cells were cultivated on YPAUD (yeast extract peptone

dextrose supplemented with adenine and uracil) or YPR (yeast extract peptone

raffinose) medium at 30°C with shaking at 200 rpm for 2 d. For yeast transformants

bearing plasmid with URA3 marker, the cells were cultivated in SR-Ura (synthetic

complete uracil drop out medium with 2% raffinose).
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3.6 Source of 5-hydroxy-3,7-dimethoxyflavone

5-hydroxy-3,7-dimethoxyflavone or 5-OH-3,7-DMF from K. parviflora was
previously isolated, identified and reported in Boonkerd et al., 2014.

3.6 Effect of 5-OH-3,7-DMF on growth of Azds1 cells (YNS17 strain)

To see whether 5-OH-3,7-DMF inhibited the Ca?*-signaling pathways or not,
phenotype of Azdsl cells was observed. If 5-OH-3,7-DMF could inhibit the Ca®*-
signaling pathways, then the growth defect phenotypes should be alleviated. In the
experiment, yeast YNS17 cells were seeded at 5x10° cells/mL in YPAUD broth either
in the presence or absence of 5-OH-3,7-DMF including 500, 250 and 125 uM (250
nM FK506 or 1.5% DMSO as positive and negative controls) at 30 °C for 30 min
before the addition 100 mM CaCl; in YPAUD medium and cultured at 30°C. The
growth of Azdsl cells was monitored. Samples were taken every 4 h until 20 h for
measurement of the cell density with a hemocytometer under light microscopy with

appropriate dilution.

3.7 Effect of 5-OH-3,7-DMF on Azds1 cells overexpressed calcineurin (YRC1

strain)

The growth-promoting effect of 5-OH-3,7-DMF in the YRC1 strain was
evaluated in liquid culture in YPG (yeast extract peptone raffinose supplemented with
2% galactose) medium. YRC1 cells were seeded at 5x10° cells/mL in YPR broth and
cultured at 30°C with various concentrations of 5-OH-3,7-DMF including 500, 250
and 125 uM (250 nM FK506 or 1.5% DMSO as positive and negative controls) for 30
min before the addition of 2% galactose in YPR medium and cultured at 30°C.
Samples were taken every 12 h until 48 h for measurement of the cell density with a

hemocytometer under light microscopy with appropriate dilution.
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3.8 Effect of 5-OH-3,7-DMF on Azdsl cells overexpressed Swel (YRC2 strain)

The growth-promoting effect of 5-OH-3,7-DMF in the YRC2 strain was
observed in liquid culture in YPG medium. YRC2 cells were seeded at 5x10°
cells/mL in YPR broth and cultured at 30°C with various concentrations of 5-OH-3,7-
DMF including 500, 250 and 125 pM (10 pM radicicol or DMSO as positive and
negative controls) for 30 min before the addition of 2% galactose in YPR medium and
cultured at 30°C. Samples were taken every 12 h until 48 h for measurement of the

cell density with a hemocytometer under light microscopy with appropriated dilution.
3.9 Effect of 5-OH-3,7-DMF on Azds1 cells overexpressed Mpk1 (NSC1 strain)

The growth-promoting effect of 5-OH-3,7-DMF in the NSC1 strain was
studied in liquid culture in SR-Ura medium. NSC1 cells were seeded at 5x10°
cells/mL in YPR broth and cultured at 30°C with various concentrations of 5-OH-3,7-
DMF including 500, 250 and 125 uM (DMSO as negative controls) for 30 min before
the addition of 2% galactose in YPR medium and cultured at 30°C. Samples were
taken every 12 h until 48 h for measurement of the cell density with a hemocytometer

under light microscopy with appropriated dilution.
3.10 Effect of 5-OH-3,7-DMF on Azds1 cells overexpressed Mck1 (NSC2 strain)

The growth-promoting effect of 5-OH-3,7-DMF in the NSC2 strain was
monitored in liquid culture in SR-Ura medium. NSC2 cells were seeded at 5x10°
cells/mL in YPR broth and cultured at 30°C with various concentrations of 5-OH-3,7-
DMF including 500, 250 and 125 pM (10 pM GSK-3f inhibitor I or DMSO as
positive and negative controls) for 30 min before the addition of 2% galactose in YPR
medium and cultured at 30°C. Samples were taken every 12 h until 48 h for
measurement of the cell density with a hemocytometer under light microscopy with

appropriated dilution.
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3.11 In vitro GSK-3p activity assay

3.11.1 Kinase-Glo® luminescent kinase assay platform

The Kinase-Glo® luminescent kinase assay platform provided a homogeneous,
high-throughput screening method for measuring kinase activity by quantitating the
amount of ATP remaining in solution following a kinase reaction. The Kinase-Glo®
Assays were performed in a single well of a multiwell plate by adding a volume of
Kinase-Glo® Reagent equal to the volume of a complete kinase reaction and
measuring luminescence (Figures 3.1). The luminescent signals were correlated with

the amount of ATP present and were inversely correlated with the amount of kinase

activity.
OH 0OPO;?
(o]
HO 8 N o Luciferase He S - ©
\©:/>_</ +ATP #1120, —— %, \©:/>_</]/ + AMP + PPi + CO,
N s Mg N N
Beetle Luciferin Oxyluciferin

Figure 3. 1 The Kinase-Glo® Assay reactions modified form www.promega.com.
The kinase reaction is conducted under the appropriate conditions. ATP remaining at
the time that the reagent is added is used as a substrate by the Ultra-Glo™ Luciferase
to catalyze the mono-oxygenation of luciferin. The luciferase reaction produces one
photon of light per turnover. Luminescence is inversely related to kinase activity
(Promega, USA).

3.12 Optimization of GSK-3p kinase Reaction Conditions

Kinase-Glo® plus assays were performed in assay buffer using white
96-well plates in total volume of 50 ul per well and constant ATP concentrations at
100 uM. The assay was optimized with regard to enzyme concentration, substrate and

concentration and incubation time.
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3.12.1 ATP standard curve

The ATP concentration was prepared in a serial dilutions across the plate
using 140, 120, 100, 80, 60, 40, 20, 18, 16, 14, 12, 10, 8, 6, 4, 2, 0 uM in the
reaction buffer (40 mM Tris pH 7.5, 20 mM MgCl; and 0.1 mg/mL BSA) in
total volume of 50 ul prior to addition of equal volume of reaction Kinase-
Glo® plus reagent. The reaction solution mixed well and incubated at room
temperature for 10 min to stabilize the luminescent signal. The reaction was
measured the Glow-type luminescence signal using a Synergy HT Multi-Mode

microplate reader (BioTek® Instruments Inc., Vermont, USA).

3.12.2 Determination of optimal substrate concentration

The peptide kinase substrate concentrations were prepared as a serial
dilutions across the plate using 150, 100, 90, 80, 70, 60, 50, 25, 12.5, 0 uM
and were mixed with a constant concentration of GSK-3p active enzyme (100
uM) and ATP (100 pM) in the reaction buffer (40 mM Tris pH 7.5, 20 mM
MgCl; and 0.1 mg/mL BSA) in total volume of 50 pl. For a control, the same
titration without GSK-3f3 active enzyme was performed. The reaction were
mixed well and incubated at room temperature for 180 min. Then, equal
volume of reaction Kinase-Glo® plus reagent was added to stop enzyme
reaction and incubated at room temperature for 10 min to stabilize the
luminescent signal. The luminescence signal was measured using multimode
microplate reader. The optimal kinase substrate concentration was obtained by
comparing kinase reaction wells that having largest change in luminescence to
wells that did not contain kinase or the enzyme reaction at the early stationary

phase of enzyme reaction.
3.12.3 Determination of the optimal amount of GSK-3p kinase

The GSK-3p active enzyme concentrations were made as a serial
dilutions across the plate using 150, 100, 50, 25, 12.5, 0 uM and were mixed
with a constant concentration of peptide kinase substrate (100 uM) and ATP
(100 pM) in the reaction buffer (40 mM Tris pH 7.5, 20 mM MgCl, and 0.1
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mg/mL BSA) in total volume of 50 pl. As a control, the same titration without
peptide kinase substrate was performed. The reaction was mixed well and
incubated at room temperature for 180 min. Equal volume of reaction Kinase-
Glo® plus reagent was added to stop enzyme reaction and the plate was
incubated at room temperature for 10 min to stabilize the luminescent signal.
The luminescence signal was measured using multimode microplate reader.
The kinase concentration which resulted in the largest change in luminescence
when comparing kinase reaction wells to wells that did not contain kinase or
the enzyme reaction at the early stationary phase of enzyme reaction was the

optimal kinase concentration.
3.13 Determination of the GSK-3p enzyme activity

GSK-3B assays were performed using the Kinase Glo® Plus luminescent
kinase assay platform in a white flat bottom 96-well plate. The optimized peptide
kinase substrate concentration (100 uM) was mixed with recombinant human GSK-38
(100 uM or 0.01098 unit) in a total volume of 50 ul of assay buffer (40 mM Tris pH
7.5, 20 mM MgCl; and 0.1 mg/mL BSA) containing 100 uM ATP. The reaction
contents were mixed and incubated at room temperature. The reaction Kinase-Glo®
plus reagent of 50 pl was added and mixed well at 0, 30, 45, 60, 75, 90, 105 and 120
min of reaction time mixed well and incubated at room temperature for 10 min to
stabilize the luminescent signal. Then, the plate was measured of the luminescence

signal using multimode microplate reader.
3.14 Determination of the Km and Vmax of GSK-3p enzyme

The peptide kinase substrate concentrations were made in a serial dilutions
across the plate using 0, 10, 25, 50, 80, 100 uM with a constant concentration of
human GSK-3f (0.01098 unit) and ATP (100 uM) in the reaction buffer (40 mM Tris
pH 7.5, 20 mM MgCl, and 0.1 mg/mL BSA) in total volume of 50 ul. The reaction
contents were mixed and incubated at room temperature. The reaction Kinase-Glo®
plus reagent of 50 pl was added at 0, 30, 45, 60, 75, 90, 105 and 120 min of reaction

time in each peptide kinase substrate concentration. The reaction were mixed well
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and incubated at room temperature for 10 min to stabilize the luminescent signal and
was measured of the luminescence signal using multimode microplate reader. The Km
and Vmax values were measured using Michaelis-Menten kinetic and Lineweaver-

Burk plotting using GraphPad Prism® software.

3.15 Determination of 1Csy value and percentage of inhibition of 5-OH-3,7-DMF
in inhibitory activity of human GSK-3p

GSK-3p assays performed in a white flat bottom 96-well plate with peptide
kinase substrate (100 uM) were mixed with recombinant human GSK-3§ (0.01098
unit) in a total volume of 50 pl of assay buffer (40 mM Tris (pH 7.5), 20 mM MgCl,
and 1.5 uM BSA) containing 100 uM ATP in the presence of inhibitor in varying
concentrations of 0, 10, 20, 50 uM of 5-OH-3,7-DMF or GSK-3f inhibitor I (a
positive control) and DMSO (a negative control). The reaction contents were mixed
well and incubated at room temperature for 2 h. The enzymatic reaction was stopped
by addition of 50 pl of reaction Kinase-Glo® plus reagent and incubatea at room
temperature for 10 min to stabilize the luminescent signal. Prior to measurement of
the Glow-type luminescence signal using microplate reader. The ICsq of the inhibitor
was analyzed using GraphPad Prism® sigmoidal dose-response (normalized
response) software. The percentage of inhibition were performed in the same
condition containing 100 uM of 5-OH-3,7-DMF or 100 puM GSK-3p inhibitor I (a
positive control) and DMSO (a negative control). The percentage of inhibition was

calculated as follows:

sample — control 1(with substrate)

Inhibition (%) = 100

. - X
control 2 (without substrate)- control 1(with substrate)
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3.16 Determination of the inhibition pattern of 5-OH-3,7-DMF on human GSK-
3P protein

ATP-competitive analysis was performed with varying both ATP levels (20,
50 and 100 uM) and 5-OH-3,7-DMF concentrations (0, 10, 20 and 50 puM) with a
constant concentration of peptide kinase substrate (100 uM) and recombinant human
GSK-3p (0.01098 unit) in 50 pl of assay buffer (40 mM Tris (pH 7.5), 20 mM MgCl,
and 1.5 uM BSA). The reaction was mixed well and incubated at room temperature
before adding of 50 pl of reaction Kinase-Glo® plus reagent at 0, 30, 60, 90 and 120
mins of reaction time in each condition and incubated at room temperature for 10
mins to stabilize the luminescent signal. The luminescence signal was measured using
multimode microplate reader. In substrate-competitive inhibition, both peptide kinase
substrate (10, 25, 50 and 100 uM) and 5-OH-3,7-DMF concentrations (0, 10, 20 and
50 uM) were varied in their concentration with a constant concentration Of
recombinant human GSK-3B (0.011 unit) and ATP level (100 uM). The Km and
Vmax value were analyzed using Michaelis-Menten kinetic and Lineweaver-Burk
plotting. The K; value was measured by Dexon plotting using GraphPad Prism®

software.
3.17 Human cancer cell line

Human hepatoma HepG2 cells ATCC number HB-8065 was obtained from
the Institute of Biotechnology and Genetic Engineering, Chulalongkorn University.

3.18 Cell culture

HepG2 cells were cultured in RPMI-1640 with L-Glutamine supplemented
with 10% fetal bovine serum, 10° U/mL penicillin, 500 mg/mL streptomycin, sodium
pyruvate and HEPES. The cells were maintained at 37°C in a humidified incubator in
5% CO, containing atmosphere. The cells were examined under microscope. The

media was changed every 2 - 3 d.
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3.19 Cell subculturing of HepG2 (adherent cells)

The complete medium was brought to 37°C in the water bath. After removing
and discarding the medium. The cells were gently washed with PBS (phosphate
buffered saline). After removing the buffer the pre-warmed trypsin was added to
cover the cell layer. The T-flask was gently rocked to get complete coverage of the
cell layer. The cells were incubated at 37°C in 5% CO, for approximately 5-10 min.
The cells were observed under microscope. Then, the complete medium (twice the
volume used for the trypsin) was added to the flask containing detached cells, and the
cells were dispersed by pipetting over the cell layer surface several times. The cells
were transferred to centrifuge tube and centrifuged at 1000xg for 5 min then
removing the supernatant. Cell pellet were resuspended in complete medium. The
cells suspensions were transferred to complete medium by determining the total
number of cells and percent viability. The cultures were incubated at 37°C in 5% CO,

containing atmosphere.
3.20 Cryopreservation procedure

The freezing medium (Appendix A) was prepared for cell culture. The cells
were collected by centrifuged for 5 min at 1000 x g and resuspended in freezing
medium. Then, 1 mL of the cell suspensions were added to each of the vial and
sealed. The vial was placed into 4°C or on ice and quickly transferred to a liquid

nitrogen tank or -80°C freezer.
3.21 Recovery of cryopreserved cells

A complete medium was prepared in T-flask. The vial from liquid nitrogen or
-80°C freezer was quickly removed and thawed by gentle agitation at 37°C. The cell
suspensions were transfer to sterile centrifuge tube containing 5 mL of RPMI-1640
medium free serum and centrifuged at 1000x g for 5 min. The supernatant was
discarded and resuspended in 1- 2 mL of complete medium. The cell pellets were
gently mixed to loosen the pellet before transferring the cell suspension into the

medium in T-flask the cell culture was checked for sterility and viability after 24 h.
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3.22 Trypan blue dye exclusion test

Cells were trypsinized and transferred for centrifugation. The supernatant was
discarded, then 1 mL complete media was added. Fourty microliter of the cell
suspension was transferred to a new microcentrifuge tube. Equal volume of 0.5%
(w/v) trypan blue was added and mixed. Then, 10 ul of the cell suspensions were
transferred to hemocytometer for counting. Finally, the unstained cells were counted

under microscope and the cell viability was calculated using the formula as follow:
Cell viability (cells/mL) = (unstained cells / 4) x 10* x 2
3.23 MTT viability assay

MTT viability assay which is a modified colorimetric method (Mosmann,
1983). The HepG2 cells were seeded in 96-well plates at a concentration of 5x10*
cells/well in 100 pl RPMI complete medium containing 10% fetal bovine serum
(FBS). The culture was incubated at 37°C in humidified atmosphere of 5% CO,. The
cells were allowed to attach to the surface of well for at least 24 h. After that, the
medium was changed to 100 pl RPMI complete medium; 10% FBS, One hundred
microliter containing 0.5% DMSO and with or without varied concentrations of crude
extracted of test samples and were incubated for 1 d. Subsequently, 10 pl of 5 mg/mL
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) was added to
each well, and cells were incubated for an additional 4 h at 37 °C in a humidified
atmosphere of 5% CO, . Finally, 100 pl of isopropanol was added to each well. The
optical density of the dissolved material was measured by a microplatereader at 540
nm. The cell survival was expressed as percentage of viable cells of treated samples to
control samples. The test was performed in triplicates.

OD test average — OD blank average

OViability = x100
/Viability OD control cell average - OD blank average

OD test average = The average value of optical density of treated cells
OD control cell average = The average value of optical density of cells in complete
medium

OD blank average = The average value of optical density of medium
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3.24 Insulin-resistant HepG2 cell model (IRM)

Human HepG2 cells were grown in 2 mL RPMI medium supplemented with
10% FBS, 10° U/mL penicillin, 500 mg/mL streptomycin, sodium pyruvate and
HEPES. Cells were maintained at 37 °C in a humidified atmosphere of 5% CO,. After
plating in 6-well for 24 h at a concentration of 1x10° cells/well, the medium was
changed to 2 mL RPMI containing various concentrations of D-glucose (10, 20, 30,
40, 50 mM), FBS-free medium. Subsequently, the medium was exchanged with FBS-
free medium containing 25 mM D-glucose with various concentration of insulin (100,
10, 1, 0.1, 0.01 pM) also called “high glucose and high insulin medium” (HGHI). The

incubation was conducted in this medium for 24 h.

3.25 Effect of 5-OH-3,7-DMF on insulin-resistant HepG2 cell model

Human HepG2 cells were grown in 2 mL RPMI medium supplemented with
10% FBS, 10° U/mL penicillin, 500 mg/mL streptomycin, sodium pyruvate and
HEPES. Cells were maintained at 37 °C in a humidified atmosphere of 5% CO,. The
treatment group was separated into two groups. First, the cells were treated before
IRM induction (pre-treatment) as follows; After plating in 6-well for 24 h at a
concentration of 1x10° cells/well, the medium was changed to 2 mL RPMI containing
25 mM D-glucose, 0.5% DMSO, FBS-free medium supplemented with or without
various concentrations of CE (15, 10, 5 pg/mL), 5-OH-3,7-DMF (62.5, 31.25, 15.625
M) compared to both of positive controls, GSK-3f Inhibitor I (20, 10 uM) and LiCl
(10, 1, 0.5 mM). Subsequently, the medium was exchanged with FBS-free medium 25
mM D-glucose containing 500 nM insulin (HGHI). Second, the cells were treated
after IRM induction (post-treatment) as follows; After plating in 6-well for 24 h at a
concentration of 1x10° cells/well, the medium was changed to 2 mL RPMI containing
25 mM D-glucose, 0.5% DMSO, FBS-free medium. Subsequently, the medium was
exchanged with FBS-free medium 25 mM D-glucose containing 500 nM insulin
(HGHI) supplemented with CE (15 pg/mL), 5-OH-3,7-DMF (62.5 pM) compared to
the both of positive controls, GSK-3f Inhibitor I (20 uM) and LiCl (10 mM). The

incubation was conducted in this medium for 24 h then the cells were harvested.
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3.26 Determination of glycogen content

To measure the content of glycogen, Glycogen Assay Kit (Sigma, USA) was
used. HepG2 cells were seeded in 6-well plates at a density of 1x10° cells/well in 2
mL RPMI medium supplemented with 10% FBS, 10° U/mL penicillin, 500 mg/mL
streptomycin, sodium pyruvate and HEPES. Following 24 h of stabilization, the cells
were treated with or without sample as in previous described method in section 3.25.
After harvesting, cells were washed twice with cold phosphate buffer saline (PBS)
and resuspended in 200 pl of double distilled water (ddH,O) on ice; The cells were
homogenized quickly by pipetting up and down a few times. Then, the homogenates
were boiled for 10 min to inactivate enzymes in the samples. The boiled samples were
centrifuged at 18,000 xg for 10 min at 4°C to remove any insoluble materials. The,
supernatant were collected and transferred to new tubes. The samples were adjusted to
a final volume of 50 ul with the Hydrolysis Buffer in 96-well plate. Two microliter of
the Hydrolysis Enzyme Mix was added, mixed well and incubated for 30 min at room
temperature. Subsequently, Fifty microliter of the Master Reaction Mix (Development
Buffer 46 ul, Development Enzyme Mix 2 pl, Fluorescent Peroxidase Substrate 2 pl)
was added to each of the wells, mixed well using a horizontal shaker or by pipetting.
The reaction was incubated for 30 min at room temperature in dark. The absorbance
was measured at 570 nm (A570). Calculation of the concentration of glycogen using

the formula as follows:

Si/Sy=C
Sa = Amount of glycogen in unknown sample (ug) from standard curve
Sy = Sample volume (ul) added into the wells
C = Concentration of glycogen in sample
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3.27 Western blot analysis

3.27.1 Preparation of protein extract from HepG2 cells

HepG2 cells were seeded on 6-well plates at a density of 1x10° cells/well in 2
mL RPMI medium supplemented with 10% FBS, 10° U/mL penicillin, 500 mg/mL
streptomycin, sodium pyruvate and HEPES at 37°C in a humidified atmosphere of 5%
CO,. The cells were treated with or without sample as described in method in section
3.25. Cells were harvested by centrifugation at 7500xg for 5 min at 4°C. The cell
pellets were then washed with 1 mL of cold PBS and centrifuged at 7500xg for 5
min. After that, the cell pellets were resuspended in 40 pl of cold LIPA buffer (the
preparation is described in appendix B) for 30 min and centrifuged at 12,000xg for 15
min. Finally, the supernatant was transferred into a new microcentrifuge tube and kept
at -80°C.

3.27.2 Protein determination by BCA assay

The standard proteins BCA (2 mg/mL) were added as gradient volume to each
well followed by adding of sample protein (1 pl/well). After that BCA reagent
(Thermo Scientific, USA) was added and the plate was incubated at 37°C for 30 min
in dark. The absorbance was measured at 540 nm by a microplate reader. Then, a
standard curve was plotted using data of various concentration of standard protein and
concentrations of protein samples were determined from the standard curve’s

equation.
3.27.3 SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

Samples were mixed with sample buffer (loading buffer) and boiled in boiling
water for 5 min. The prepared samples and protein marker were loaded into wells of
10% SDS-polyacrylamide by following the protocol as described in Laemmli et al.
(1976). The Electrophoresis was performed with 80 voltages for 150 min.
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3.27.4 Western Blot Analysis

Proteins were transferred onto PVDF membrane. The membrane was blocked in
a blocking buffer (5% of skim milk in PBST (preparation is described in appendix B))
for 60 min. After that, the membrane was incubated with appropriate primary
antibody in the blocking buffer at 4°C overnight, followed by incubation with
appropriate secondary antibody for 1 h at room temperature. The bands were detected
using chemiluminescent reagent (Bio-Rad, USA) and the membrand was exposed to
autoradiographic film (GE healthcare, Sweden); B-actin expression level was used as

a gel loading control.
3.28 Determination of G6Pase expression by real-time PCR
3.28.1 RNA extraction

HepG2 cells were seeded on 6-well plates at a density of 1x10° cells/well in 2
mL RPMI medium supplemented with 10% FBS, 10° U/mL penicillin, 500 mg/mL
streptomycin, sodium pyruvate and HEPES at 37°C in a humidified atmosphere of 5%
CO,. The cells were treated with or without sample as described in method in section
3.25. The cells were harvested by centrifuged at 4200%g for 5 min and the supernatant
was discarded. The cell pellets were resuspended in 1 mL of TriZol reagent
(Invitrogen, USA), incubated at room temperature for 5 min. After that, 200 ul of
chloroform was added; Tubes were vortexed and incubated at room temperature for a
few minutes, and then centrifuged at 12000%g for 15 min at 4°C. The supernatant was
transferred into a new tube. Equal volume of isopropanol was added, follow by
incubation at room temperature for 10 min. Then, tubes were subjected to
centrifugation at 12000xg for 10 min at 4°C. After discarding the supernatant, the
RNA pellet was washed with 1 mL of 75% ethanol and dissolved in DEPC water
(Sigma, USA). After centrifugation at 7500xg for 5 min, supernatant was discarded
and the RNA pellet was dried. RNA will then be dissolved in DEPC water and then
incubated at 60°C for 10 min. The concentration of RNA was measured by
NanoDrop™ spectrophotometers (KAIA Bio-Ingeneiria, Korea) at 260 nm and 280
nm compared to those of DEPC water.
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3.28.2 Generate complementary DNA (cDNA) by reverse transcriptase

To generate complementary DNA (cDNA), the RNA from section 3.28.1
approximately 0.1-1 pg was added into PCR tube, then 1 pl of Random hexamer
primer (Fermentas, Canada) 0.2 pg/ul were added to 12.5 pul by DEPC water. The
tube was mixed and centrifuged about 2-3 second and transferred to DNA Thermal
Cycle T100™ (Bio-Rad, USA) at 65°C for 5 min and 4°C for 5 min, respectively.
Four pl of 5X Reverse Transcriptase buffer (Fermentas, Canada), 2 pl of dNTP Mix
(Fermentas, Canada) at concentration 10 mM and 0.5 pl of Ribonuclease inhibitor
(Fermentas, Canada) at concentration 40 units/ul were added and then mixed and
centrifuged for 2-3 second. The tube was incubated at room temperature for 5 min.
Then 1 pl of Reverse transcriptase (Fermentas, Canada) at concentration 200 units/pl
was added and incubated at room temperature for 10 min. After that, the reaction was
continued at 25°C for 10 min and 42°C for 60 mins on DNA Thermal Cycle T100™
respectively, Finally, the reaction was stopped by heating to 70°C for 10 min and the
cDNA samples were kept at -20°C.

3.28.3 One-step real time polymerase chain reaction (RT-PCR)

The cDNA from section 3.28.2 was used as a template in the reaction and the
specific primers for G6Pase were fwd: 5-TCATCTTGGTGTCCGTGATCG-3' and
rev: 5S-TTTATCAG GGGCACGGAAGTG-3" and the primer used to amplified -
actin were fwd: 5-TTCCTTCCTGGGCATGGAGT-3' and rev: 5'- CCAGGGCAGT
GATCTCCTTC-3' (Kang et al. 2010) at concentration of 10 pM. The reaction was
performed using a DNA Thermal Cycle T100™ follow by adding the components
listed in Table 3.4. The PCR condition was as follows: 95°C for 5 min, followed by
35 cycles of 94°C for 30 sec, 55°C for 30 sec and 72°C for 30 sec. and a final

extension at 72°C for 5 min.
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Table 3. 4 Components and reagents for real time polymerase chain reaction (RT-
PCR)

Component Concentration Volume Final Concentration
Taq Reaction Buffer 10X 2.5 ul 1X
dNTPs 10 mM 0.5l 200 M
Forward Primer 10 uM 0.5 ul 0.2 uM
Reverse Primer 10 uM 0.5 ul 0.2 uM
cDNA lug 4 ul 500 ng
Taq DNA Polymerase 25 units/mL 0.125 pl 0.625 units/mL
Nuclease-free water 16.87 pl

3.29 Statistical analysis

The Tukey’s multiple comparison test, one-way ANOVA were performed to
determine statistical significance of the growth curve of yeast-based assays.

The Dunnett's Multiple Comparison test, one-way ANOVA were performed to
determine statistical significance of percentage of GSK-3B enzyme inhibition, MTT
assay, G6Pase expression, GS expression, GSK-3 expression and glycogen content
assay.

Enzyme kinetic analysis were performed to determine statistical significance
of enzyme kinase activity as follows; Michaelis-Menten analysis, K; analysis,
Competitive inhibitor and non-competitive inhibitor analysis, Normalized response
(sigmoidal dose-response). All of these statistical analyses were performed by
GraphPad Prism®5, USA.
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CHAPTER IV
RESULTS

4.1 5-OH-3,7-DMF could restore growth defect and abnormal bud morphology
of on growth of Azds1 cells (YNS17 strain).

To see whether 5-OH-3,7-DMF inhibited the Ca®*-signals, phenotype of Azds1
cells was observed. The calcium hyperactivation caused growth defect (G2/M delay)
in Azdsl cells (Mizunuma et al. 1998). If 5-OH-3,7-DMF could inhibit the Ca*'-
signals, then the growth defect phenotypes should be alleviated. In the experiment,
yeast Azds1 cells were grown in YPAUD broth either in the presence or absence of 5-
OH-3,7-DMF. The growth of Azds1 cells was monitored. It was found that the growth
of the yeast Azdsl cells was severely defected when cultivated under induced
condition (100 mM CaCly). However, in the presence of 500, 250 and 125 pM 5-OH-
3,7-DMF even cultivated in the induced condition, the growth defect could be
restored to the similar extent as that of control (uninduced condition) in dose
dependent manner and in the presence of 250 nM FK506 (Figure 4.1 (a.)) and restored
the abnormal bud morphology (Figure 4.1 (b.)). The results confirmed that 5-OH-3,7-
DMF has an inhibitory activity against the Ca?*-induced G2 cell-cycle arrest.
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Figure 4.1 The effect of 5-OH-3,7-DMF on the growth of Azds1 mutant yeast YNS17
cells. (a.); The mutant yeast 5x10° cells/mL were cultivated under hyperactivation of
Ca**-signals by 100 mM CaCl, in YPAUD medium in either presence or absence of 5-
OH-3,7-DMF at 30°C with shaking at 200 rpm. The cell density was measured using
hemocytometer every 4 h until 20 h. The data showed values of mean £ SD from the
triplicate experiments. **, ***Significant differences at p-value <0.01 and p-value
<0.001, respectively as compared with the control group using Tukey's multiple
comparison test. (b.); The cell morphology of Azdsl mutant yeast cells under
microscope (X400). The mutant yeast showed elongated cells under induced
condition (100 mM CacCl,) and after treating with 5-OH-3,7-DMF the cells showed

normal bud morphology. % elongated cell = number of elongated cells in 100 cells.
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4.2 5-OH-3,7-DMF targeted MPK1 MAPK cascade of the Ca**-signaling
pathways due to restored growth defect and abnormal bud morphology of Azdsl
cells overexpressed MPK1 gene (NSC1 strain) but did not inhibit the pathways

via calcineurin pathway.

The Ca**-signals in yeast cells were transduced in two parallel pathways:
calcineurin or MPK1 MAPK cascade (Nakamura et al. 1996). To see the effect of 5-
OH-3,7-DMF on calcineurin or Mpkl MAP Kinase, the growth of cells overexpressed
Mpk1 (the NSC1 strain) and overexpressed Calcineurin (the YRC1 strain) was observed
in either presence or absence of 5-OH-3,7-DMF. To induce expression of MPK1 or
CMP2AC, encoding catalytic subunit of calcineurin (Nakamura et al. 1997), under
control of GAL1 promoter, the mutant yeast strains were cultivated in YPR medium
containing 2% galactose in the presence or absence of 500, 250 or 125 pM 5-OH-3,7-
DMF having FK506, a potent calcineurin inhibitor as a positive control. The growths
of the cultures were monitored for 48 h. The results showed that in the presence of 250
nM FK506, the growth defect could be partially alleviated. However, either in the
absence or presence of 5-OH-3,7-DMF, the mutant cells overexpressed CMP2AC (the
YRCL1 strain) showed severely growth defect (Figure 4.2 (a.) and (b.)). On the other hand,
the mutant cells overexpressed MPK1 (the NSC1 strain) showed the growth defect
restoration to the similar extent as that of control (uninduced condition) (Figure 4.3
(@) and (b.)). These results suggested that MPK1 MAPK cascade was the molecular
target of 5-OH-3,7-DMF in the Ca?* -signaling pathways in yeast.
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Figure 4.2 The effect of 5-OH-3,7-DMF on the growth of Azdsl cells overexpressed
CMP2AC. (a.); The YRC1 strain (cmp2::GAL1p-CMP2AC) of 5x10° cells/mL were
cultivated under induced condition in YPR+2% galactose medium in either presence
or absence of 5-OH-3,7-DMF at 30°C with shaking at 200 rpm. The cell density was
measured using hemocytometer every 12 h until 48 h. The data showed values of
mean £ SD from the triplicate experiments. ***Significant differences at p-value <
0.001 as compared with the control group using Tukey's multiple comparison test.
(b.); The cell morphology of mutant yeast cells under microscope (X400). The mutant
yeast showed elongated cells under induced condition (2% galactose) and after
treating with 5-OH-3,7-DMF the cells showed abnormal elongated bud morphology.

% elongated cell = number of elongated cells in 100 cells.
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Figure 4.3 The effect of 5-OH-3,7-DMF on the growth of Azdsl cells overexpressed
MPK1. (a.); The NSC1 strain bearing pYES2::MPK1 of 5x10° cells/mL were
cultivated under induced condition in SR-Ura + 2% galactose medium in either
presence or absence of 5-OH-3,7-DMF at 30°C with shaking at 200 rpm. The cell density
was measured using hemocytometer every 12 h until 48 h. The data showed values of
mean £ SD from the triplicate experiments. ***Significant differences at p-value <
0.001 as compared with the control group using Tukey's multiple comparison test.
(b.); The cell morphology of mutant yeast cells under microscope (X400). The mutant
yeast showed elongated cells under induced condition (2% galactose) and after
treating with 5-OH-3,7-DMF the cells showed normal bud morphology. % elongated

cell = number of elongated cells in 100 cells.
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4.3 Mck1, human ortholog GSK3, a potentail molecular target of 5-OH-3,7-DMF

in the Ca**-signaling pathways.

Mizunuma et al. (2001) used genetic analyses of yeast mutants Ca®*'signaling
pathways and found that Mck1, a component in the pathways, functions downstream
of the Mpk1. To see whether 5-OH-3,7-DMF inhibited the Ca®*-signals at the step of
Mckl or not, phenotype of Azdsl cells overexpressed MCK1 (NSC2 strain) was
observed. The calcium hyperactivation caused growth defect (G2/M delay) in Azdsl
cells (Mizunuma et al. 1998). The Azdsl overexpressed MCK1 cells should show the
similar phenotypes when cultivated under induced condition. If 5-OH-3,7-DMF could
inhibit overexpressed Mckl activity, then the growth defect phenotypes should be
alleviated. To see the effect of 5-OH-3,7-DMF on the overexpressed MCK1 cells, the
yeast transformants were prior grown in SR-Ura at 30 °C then, cultivated in
SG-Ura broth either in the presence or absence of 500, 250 or 125 pM 5-OH-3,7-
DMF while 10 pM GSK-3f inhibitor I was used as positive control. The growth of
Azdsl overexpressed MCK1 cells was monitored. It was found that the growth of the
yeast transformants overexpressed MCK1 showed severe defect when cultivated
under induced condition (2% galactose). However, in the presence of 500, 250 or 125
MM 5-OH-3,7-DMF even cultivated in the induced condition, the growth defect could
be restored to somewhat similar extent as that of control (uninduced condition) in
dose dependent manner (Figure 4.4 (a.) and (b.)). It was able to note that 5-OH-3,7-
DMF up to 500 uM showed no toxicity to the mutant yeast cells (Figure 4.4 (a.)). The
results suggested that Mckl is a possible molecular target of 5-OH-3,7-DMF.



65

NSC?2 strain (pYES2::MCK1 )

(@)

None (1.5% DMSO) o
500 uM 5-OH-3, -DMF Juninducea

10 pM GSK-3b inhibitor I
500 pM 5-OH-3, 7-DMF
Induced

250 pM 5-OH-3, 7-DMF
125 pM 5-QH-3, 7-DMF
None (1.5% DMSOQ)

< u0»r O be

84

6

4

Cell density (xlﬂ7 cells/ml)

Time (h)

(b)) Induced
Uninduced (2% Galactose)

None (1.5% DMSO) None (1.5% DMSO) 5-OH-3.7-DMF
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Figure 4.4 The effect of 5-OH-3,7-DMF on the growth of Azdsl cells overexpressed
MCK1. (a.); The NSC2 strain bearing pYES2::MCK1 of 5x10° cells/mL were
cultivated under induced condition in SR-Ura + 2% galactose medium in either
presence or absence of 5-OH-3,7-DMF at 30°C with shaking at 200 rpm. The cell density
was measured using hemocytometer every 12 h until 48 h. The data showed values of
mean £ SD from the triplicate experiments. ***Significant differences at p-value <
0.001 as compared with the control group using Tukey's multiple comparison test.
(b.); The cell morphology of mutant yeast cells under microscope (X400). The mutant
yeast showed normal bud morphology after treating with 5-OH-3,7-DMF under
induced condition (2% galactose). % elongated cell = number of elongated cells in
100 cells.
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4.4 5-OH-3,7-DMF could not restore the growth defect of Azdsl cells
overexpressed SWE1 of the Ca**-signaling pathway.

In S. cerevisiae, Swel kinase, the kinase downstream of Calcineurin and
MPK1 MAPK cascades in Ca”*-signaling pathways, specifically inhibits a G2 phase
form of Cdc28 by phosphorylating it at Tyrl9 (Booher et al. 1993) and delays the
onset of mitosis. To see the effect of 5-OH-3,7-DMF on Swel, the growth of cells
overexpressed SWEL (the YCR2 strain) was observed in either presence or absence of 5-
OH-3,7-DMF. To induce expression of SWElunder control of GAL1 promoter, the YCR2
strain was cultivated in YPR medium containing 2% galactose either in the presence or
absence of 500, 250 or 125 pM 5-OH-3,7-DMF or 10 uM radicicol, an inhibitor of
Swel (as a positive control) (Chanklan et al. 2008). The growths of the cultures were
monitored for 48 h. The results showed that in the presence of 10 uM radicicol, the
growth defect could be partially alleviated. However, either in the absence or presence of
5-OH-3,7-DMF, the mutant cells showed severe growth defect. In addition, 5-OH-3,7-
DMF could not restore abnormal bud morphology (Figure 4.5 (a.) and (b.)). These results
suggested that Swel was not the molecular target of 5-OH-3,7-DMF in the Ca**-signaling
pathways in yeast.
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Figure 4.5 The effect of 5-OH-3,7-DMF on the growth of Azdsl cells overexpressed
SWEL. (a.); 5x10° cells/mL of the YRC2 strain (swel::GALp-SWE1-HA::LEU2) were
cultivated under induced condition in YPR+2% galactose medium in either presence
or absence of 5-OH-3,7-DMF at 30°C with shaking at 200 rpm. The cell density was
measured using hemocytometer every 12 h until 48 h. The data showed values of
mean £ SD from the triplicate experiments. ***Significant differences at p-value <
0.001 as compared with the control group using Tukey's multiple comparison test.
(b.); The cell morphology of the mutant yeast cells under microscope (X400). The

mutant yeast cells showed abnormal elongated bud morphology after treating with 5-
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OH-3,7-DMF under induced condition (2% galactose). % elongated cell = number of
elongated cells in 100 cells.

4.5 Kinase-Glo® Luminescent Kinase Assay Platform

From the result of the Azdsl yeast - based assay suggested that the likely
molecule target of the bioactive compound 5-OH-3,7-DMF from K. parviflora Wall.
Ex. Baker was MCKZ1, ortholog gene with human GSK-34. Then, to investigate the in
vitro inhibitory activity of 5-OH-3,7-DMF on GSK-3 activity, the Kinase Glo® Plus
luminescent kinase assay platform was employed, using recombinant human GSK-3f3
as an enzyme and phosphopeptide as an in vitro substrate. GSK-3B assays were
performed using the Kinase Glo® Plus luminescent kinase assay platform. To learn
more on the mechanism between kinase enzyme and inhibitor or 5-OH-3,7-DMF and
to find out the inhibition pattern either ATP-competitive inhibition, or non-ATP-
competitive inhibition or substrate-competitive inhibition, GSK-3B assays were
performed using the Kinase Glo® Plus luminescent kinase assay platform in a white
flat bottom 96-well plate. Optimized concentration of peptide kinase substrate (100
uM) was mixed with recombinant human GSK-3 (0.011 unit) in a total volume of 50
ul of assay buffer. To set up the assay, several parameter were optimized (Figure 4.6-
4.10). From a curve of Michaelis-Menten and Lineweaver-Burk, the enzyme Kkinase
reaction showed maximum reaction velocity (Vmax) = 0.003218 pM/min and the
Michaelis constant (Km) = 17.60 uM (Figure 4.11).
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4.5.1 Optimizing kinase reaction conditions

ATP standard curve
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Figure 4.6 A linear relationship exists between the luminescent signal measured and
the ATP concentration in the reaction buffer up to 0 - 140 pM. The lower ATP
concentrations between 0 and 20 uM were also presented in the inset graph and the
correlation coefficient (R?) was 0.9908 for this range. The luminescent signal was
recorded 10 min after addition of an equal volume of Kinase-Glo® reagent. The data
presented were means standard error of the mean of triplicate wells (n = 3). The slope
was the rate of relative luminescence unit (RLU) per 1uM ATP (RLU/1 uM ATP) =
619.3. Curve fitting was performed using GraphPad Prism5® linear regression

software.
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Optimized substrate concentration
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Figure 4.7 A curve of enzyme activity relationship exists between the relative
luminescent signal measured and the peptide kinase substrate concentration in the
reaction buffer 0 - 150 uM and reaction solution were incubated at room temperature
for 180 min. The optimal kinase substrate concentration at the early stationary phase
was 100 pM. The correlation coefficient (R?) was 0.9881 for this range. The
luminescent signal was recorded at 10 min after addition of an equal volume of
Kinase-Glo® reagent. The data presented was means + standard error of the mean of
triplicate wells (n = 3). Curve fitting was performed using GraphPad Prism5®
enzyme Kinetic software.
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Optimized amount of kinase
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Figure 4.8 A curve of enzyme activity relationship exists between the relative
luminescent signal measured and the human GSK-3p active enzyme concentration in
the reaction buffer 0 - 150 pM and reaction solution were incubated at room
temperature for 180 min. The optimal kinase enzyme concentration was at the early
stationary phase 100 pM. The correlation coefficient (R?) was 0.9860 for this range.
The luminescent signal was recorded at 10 min after addition of an equal volume of
Kinase-Glo® reagent. The data presented were means + standard error of the mean of
triplicate wells (n = 3). Curve fitting was performed using GraphPad Prism5® enzyme

kinetic software.



72

Determining the enzyme activity
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Figure 4.9 A curve of enzyme activity relationship exists between the relative
luminescent signals measured and times in the reaction buffer were incubated at room
temperature for 120 min. The luminescent signal was recorded at 10 min after
addition of an equal volume of Kinase-Glo® reagent. The data presented were means
+ standard error of the mean of triplicate wells (n = 3). Curve fitting was performed
using GraphPad Prism5® enzyme kinetic software.
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Figure 4.10 A linear curve fitted from figure 4.9 of enzyme activity relationship
exists between the relative luminescent signals. The data presented were means +
standard error of the mean of triplicate wells (n = 3). The correlation coefficient (R?)
was 0.9860 for this range and the slope of exponential phase was the initial rate of
enzyme kinase reaction ARLU/min = 453.36 and reversal of initial rate of enzyme
kinase reaction to unit of enzyme = 0.01098uM ATP/min and specific activity of
enzyme kinase = 7320.539 puM ATP/min/mg protein. Curve fitting was performed
using GraphPad Prism5® linear regression software.
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The Km and Vmax of enzyme kinase
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Figure 4.11 A curve of Michaelis-Menten and Lineweaver-Burk relationship exists
between the velocity of enzyme activity and peptide kinase substrate concentration
[S] in the reaction buffer was incubated at room temperature for 120 min. The
luminescent signal was recorded at 10 min after addition of an equal volume of
Kinase-Glo® reagent. The maximum reaction velocity (Vmax) = 0.003218 pM/min
and the Michaelis constant (Km) = 17.60 uM. Curve fitting was performed using

GraphPad Prism5® enzyme kinetic (Michaelis-Menten) software.
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4.5.2 In vitro GSK-3p activity assay of 5-OH-3,7-DMF

GSK-3B assays were performed using the Kinase Glo® Plus luminescent
kinase assay platform in a white flat bottom 96-well plate with optimized
concentration of peptide kinase substrate (100 uM) was mixed with recombinant
human GSK-3p (0.011 unit) in a total volume of 50 ul of assay buffer. 5-OH-3,7-DMF
inhibited GSK-3p with an ICso values of 9.72 £ 0.15 uM (Figure 4.12 (a.)) and
showed 85.6 = 7.41 % of inhibition (Figure 4.13) while GSK-3f inhibitor I with an
ICso values of 9.98 + 0.09 uM (Figure 4.12 (b.)) and 82.7 = 11.55 % inhibition
(Figure 4.13) in this study. Interestingly, these results indicated that 5-OH-3,7-DMF is
a high potential GSK-3p inhibitor comparable to the commercial GSK-3 inhibitor I.

(a) (b.)
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Figure 4.12 ICs, determination of in vitro GSK-3p activity inhibition of 5-OH-3,7-
DMF and GSK-3p inhibitor I (as a positive control) using the Kinase-Glo® Plus Assay
were varying concentration 0, 10, 20, 50 uM in the reaction buffer containing 100 uM
ATP. Curve fitting was performed using GraphPad Prism5® sigmoidal dose-response
(normalized response) software.
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Figure 4.13 Percentage inhibition of GSK-33 enzyme activity by 5-OH-3,7-DMF. A
column relationship exists between the percentage of inhibitory enzyme activity
related with luminescence signal remaining after stopping the enzyme reaction. GSK-

3B inhibitors including M@ 100 uM 5-OH-3,7-DMF, 3 100 pM GSK-3p inhibitor I

and control treatment (DMSO). The luminescent signal was recorded at 10 min
after addition of an equal volume of Kinase-Glo® reagent. The data showed values of
mean + SD from the triplicate experiments. *** Significant differences at p-value <

0.001 as compared with the control group using Dunnett's Multiple Comparison test.

4.5.3 5-OH-3,7-DMF is an ATP non-competitive but substrate competitive
GSK-3p inhibitor.

From the previous experiment 5-OH-3,7-DMF and the GSK-3p inhibitor I
inhibited GSK-3f with an ICsy values of 10.12 uM and 10.19 pM, respectively
(Figure 4.12). From Dixon plotting analysis, 5-OH-3,7-DMF exhibited an ATP non-
competitive binding mode to GSK-3p (K; = 13.04 uM, Figure 4.14 (a.)) and showed a
substrate competitive binding mode to GSK-3f by Dixon plot (K; = 53.92 uM, Figure
4.14 (b.)). These results confirmed that 5-OH-3,7-DMF is a novel ATP non-
competitive GSK-3f inhibitor but substrate competitive GSK-3f3 inhibitor that might
be a useful functional compound for treatment of diseases with high level of GSK-3f3

activity such as type-2 diabetes, Alzheimer’s disease and inflammation.
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Figure 4.14 Dixon plot of 5-OH-3,7-DMF against human GSK-3f activity. (a);
Double-reciprocal plot of Kinetic analyses was performed using three ATP
concentrations (20 (o), 50 (e), 100 (A) uM) and four concentrations (0, 10, 20, 50
uM) of 5-OH-3,7-DMF. The GSK-3f activity reaction was performed with a constant
concentration of peptide kinase substrate (100uM). (b.); Double-reciprocal plots of
kinetic analyses were performed using four peptide kinase substrate concentrations
(10 (o), 25 (@), 50 (A), 100(A) uM) and three concentrations (0, 10, 50 uM) of 5-
OH-3,7-DMF with a constant concentration of ATP (100 uM). The GSK-3p reaction
was performed in the reaction buffer for 120 min. Curve fitting was performed using

GraphPad Prism® (linear regression) software.
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4.6 Study of cytotoxic effect of crude extracted of K. parviflora and 5-OH-3,7-
DMF in HepG2 cell lines.

Anti-type 2 diabetes effect of 5-OH-3,7-DMF on a human hepatic cell line
(HepG2) will be used in the insulin resistance model. Since 5-OH-3,7-DMF was
isolated from crude extract of K. parviflora (CE), the cytotoxicity studies in HepG2
cells will evaluated the biological effect of CE and 5-OH-3,7-DMF in parallel. HepG2
cells were exposed to various concentrations of crude extract of K. parviflora (CE)
(50, 40, 30, 20, 10 pg/mL), 5-OH-3,7-DMF (250, 125, 62.5, 31.25,15.63 pM), GSK-
3P Inhibitor I (100, 80, 60, 40, 20, 10 uM) and LiCl (10, 20, 30, 40, 50 mM) as
positive controls and 0.5% DMSO (normal control) in RPMI complete medium. Then
the cells were incubated at 37°C in humidified condition with 5% CO, for 1 d before
subjected to MTT assay. The results showed that HepG2 cell viability reduced to
>30% at 20-30 pg/mL of CE and also showed acute cytotoxic effect at concentration
higher than 40 pg/mL as the % viability sharply declined compared to that of control
(0.5% DMSO) after 1 d of treatment (Figure 4.15 (a.)). Cell viability was reduced to
about 30% when treated with > 125 uM 5-OH-3,7-DMF (Figure 4.15 (b.)). While,
cell viability of HepG2 treated with GSK-3B Inhibitor I reduced around 30% at
concentration 40 uM compared to that of control (0.5% DMSO) (Figure 4.15 (c.)). On
the other hand, cell viability of HepG2 treated with LiCl (another positive control)
was reduced around 20% at 40 mM. Further experiments on investigating of anti-type
2 diabetes effect in HepG2 insulin resistant cell model, the following concentrations
of each compounds were chosen; CE (15,10,5 pg/mL), 5-OH-3,7-DMF (62.5, 31.25,
15.625 uM), GSK-3p Inhibitor I (20, 10 uM) and LiCl (10, 1, 0.5 mM), respectively.
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Figure 4.15 Cytotoxicity of CE, 5-OH-3,7-DMF, GSK-3B Inhibitor I and LiCl on
human hepatoma HepG2 cell lines. The cell viability was measured by MTT assay.
Cells were treated with either varying concentrations of CE (a.) or 5-OH-3,7-DMF
(b.) or GSK-3p Inhibitor I (c.) or LiCl (d.) and 0.5% DMSO (for control treatment) in
RPMI complete medium containing 0.5% DMSO incubated at 37°C in humidified
conditions with 5% CO, for 1 d. The data showed values of mean + SD from the
triplicate experiments. *** Significant differences at p-value < 0.001 as compared

with that of the control group with Dunnett's Multiple Comparison test.
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4.7 Study on insulin-resistant condition induced hepatic gluconeogenesis on the
expression of Glucose-6-phosphatase.

In the hepatocyte, in a situation of insulin resistance, alterations of insulin
signaling stimulates Glucose-6-phophatase (G6Pase) levels, as a key mechanism for
controlling glucose production (gluconeogenesis) in hepatocyte, as well as restrains
the synthesis of glycogen (Klover and Mooney 2004). CE and/or 5-OH-3,7-DMF was
hypothesized to have protective effects on G6Pase levels in cells incubated with high
glucose (25 mM glucose) and high insulin (500 nM insulin) (HGHI) condition. To see
whether both substances were able to modulate the expression of G6Pase, a major
enzyme responsible for the regulation of gluconeogenesis, as well as the production of
the glycogen content, the following experiments were performed. HepG2 cells were
pre-treated with CE (15, 10 or 5 pg/mL), 5-OH-3,7-DMF (62.5, 31.25 or 15.63 uM)
compared to the both of positive controls, GSK-3p Inhibitor I (20 or 10 uM) and LiCl
(10, 1 or 0.5 mM) for 24 h in high glucose medium. Then, later exposed to HGHI
medium for 24 h. Another experiment, the HepG2 cells were post-treated with CE
(15pg/mL), 5-OH-3,7-DMF (62.5 pM), GSK-3B Inhibitor I (20 uM) and LiCl (10
mM) at the changing the medium to HGHI step. Then, total RNAs were isolated from
the treated HepG2 cells to measure the expression level of G6Pase. It was found that
when HpeG2 cells were incubated in HGHI medium, G6Pase was induced rapidly
compared to that of the controls (0.5% DMSO and low glucose (5 mM glucose) with
high insulin (LGHI) medium), which was a normal glucose metabolism condition.
Pre-treatment of HepG2 cells with CE or 5-OH-3,7-DMF led to a comparable
decrease G6Pase gene expression in a dose-dependent manner compared to those of
both positive controls even reduced G6Pase expression at high dose (GSK-3f3
Inhibitor I (20 uM) and LiCl (10 mM)) (Figure 4.16). Interestingly, both CE (as low
as 15 pg/mL) and 5-OH-3,7-DMF (as low as 15.63 uM) showed higher effect on
reduction gluconeogenesis (G6Pase) gene expression at low concentration in insulin-
resistant HepG2 cell model than LiCl or GSK-3p Inhibitor I in pre-treatment. The
result demonstrated that LiCl, a GSK-3 inhibitor on clinical trial (Cole et al. 2014)
showed low protective effect on G6Pase level in HepG2 cells. These results suggested
that 5-OH-3,7-DMF is a novel bioactive compound for modulating glucose

homeostasis in type 2 diabetes disease.
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Figure 4.16 Effect of CE and 5-OH-3,7-DMF on the expression of G6Pase. HepG2
cells were cultured in HGHI medium contained various concentrations of CE (15, 10
or 5 pg/mL), 5-OH-3,7-DMF (62.5, 31.25 or 15.63 uM) compared to the both of
positive controls, GSK-3f Inhibitor I (20 or 10 uM) and LiCI (10, 1 or 0.5 mM) in
pre-treatment or post-treatment for 24 - 48 h. Total RNA were extracted and the
expression of G6Pase was assessed by one-step RT-PCR (a.); bands of representative
experiments. (b.); Relative expression level of G6Pase normalize by -actin. The data
showed values of mean = SD from the triplicate experiments. *** Significant
differences at p-value < 0.05 and < 0.0001 respectively as compared to the HGHI
group with Dunnett's Multiple Comparison test. Control: untreated cells, LGHI: low
glucose (5 mM) high insulin (500 nM), HGHI: high glucose (25 mM) high insulin
(500 nM).
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4.8 5-OH-3,7-DMF could recover glycogen level in insulin-resistant HepG2 cells
through inhibition phosphorylation of glycogen synthase protein (GS).

According to insulin induces the inhibition of GSK-3, small molecules that
inhibit this protein Kinase possibly expected to mimic some of the actions of insulin,
such as its ability to activate glycogen synthase and stimulate the conversion of
glucose to glycogen that lead to lower blood glucose by inhibiting the production of
glucose by the liver (Norman 2001). Elevation level of GSK-3 has been observed in
diabetic and obese strains of mice (Eldar-Finkelman et al. 1999a). In addition, GSK-3
has a role in negative regulation of glycogen synthesis via phosphorylation of
glycogen synthase (GS). In this study, insulin-resistant HepG2 cells were pre-treated
with CE (15, 10 or 5 pg/mL), 5-OH-3,7-DMF (62.5, 31.25 or 15.63 pM) compared to
both of positive controls, GSK-3p Inhibitor I (20 or 10 uM) and LiCl (10, 1 or 0.5
mM), respectively, for 24 h in high glucose medium and then exposed to HGHI
medium for 24 h. Another experiment, the HepG2 cells were post-treated with CE
(15pg/mL), 5-OH-3,7-DMF (62.5 pM), GSK-3B Inhibitor I (20 uM) and LiCl (10
mM) at the changing the medium to HGHI step. Then, cell lysates were prepared and
used for measuring glycogen content by glycogen assay kit. The extracted proteins
were used to determine GS protein level by Western blotting analysis. In previous
experiments, HGHI incubation increased the levels of G6Pase expression but was
totally decreased in cells pre-treated or post-treated with CE or 5-OH-3,7-DMF. In
addition, HepG2 cells in HGHI treatment increased GS phosphorylation at Ser641
(Figure 4.17 (a.) and (b.)) leading to lack of glycogen activity or reducing glycogen
synthesis (Figure 4.18). However, when cells were pre-treated or post-treated with 5-
OH-3,7-DMF cause both reduction of GS phosphorylation and increased in glycogen
content as same as those in the positive controls, LiCl (20mM) and GSK-3f Inhibitor
| (20 uM). In the CE treatment showed slightly decreased in GS phosphorylation and

recovered of glycogen content only in the post-treatment (Figure 4.17 and 4.18).
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Figure 4.17 Effect of CE and 5-OH-3,7-DMF on the expression of Glycogen synthase
(GS). HepG2 cells were cultured in HGHI medium contained various concentrations
of CE (15, 10 or 5 pg/mL) and 5-OH-3,7-DMF (62.5, 31.25 or 15.63 puM) in pre-
treatment or post-treatment for 24 - 48 h. Protein extract samples were prepared and
subjected to Western blotting analysis using anti-GS and anti-p-GS (Ser641) primary
antibodies. B-actin was used as a loading control. (a.); bands of representative
experiments. (b.); Percentage of p-GS/GS band intensity normalize by -actin band
intensity. The data showed values of mean + SD from the triplicate experiments. **,
*** Significant differences at p-value < 0.05 and < 0.0001, respectively as compared
to the HGHI group using Dunnett's Multiple Comparison test. Control: untreated
cells, LGHI: low glucose (5 mM) high insulin (500 nM), HGHI: high glucose (25
mM) high insulin (500 nM).
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Figure 4.18 Effect of CE and 5-OH-3,7-DMF on recovery of glycogen synthesis.
HepG2 cells were cultured in HGHI medium contained various concentrations of CE
(15, 10 or 5 pg/mL) and 5-OH-3,7-DMF (62.5, 31.25 or 15.63 puM) in pre-treatment
or post-treatment for 24 - 48 h. Cell lysates were prepared and subjected to glycogen
content analysis. Glycogen content expressed as concentration (ug/pl) as calculating
with glycogen standard curve (appendix C). The data showed values of mean + SD
from the triplicate experiments. *** Significant differences at p-value < 0.0001 as
compared to the HGHI group with Dunnett's Multiple Comparison test. Control:
untreated cells, LGHI: low glucose (5 mM) high insulin (500 nM), HGHI: high
glucose (25 mM) high insulin (500 nM).
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4.9 5-OH-3,7-DMF abolished the impairment of insulin signaling in insulin-

resistant HepG2 cells model via down regulation of GSK-3.

GSK-3, locates at downstream of insulin signaling pathways, facilitates
glycogen synthesis in the liver, and directly contributes to the activity of GS, which is
the key molecular mediator for metabolic effects of insulin signaling (Whiteman et
al., 2002). Insulin inhibits Ser21 and Ser9 phosphorylation of glycogen synthase
Kinase-3 (GSK3) a and B, respectively, through PI3K and AKT signaling. To
evaluate the potential protective effect of CE and 5-OH-3,7-DMF against the
alterations of glycogen synthesis caused elevate GSK-3 by a HGHI concentration,
phosphorylation of GSK-3a and -p were detected by Western blotting analysis using
specific antibodies against p-GSK-3f (ser9), p-GSK-3a (ser21) and p-GSK-3o0/p
(Tyr279/Tyr216). Treatment of HepG2 cells with HGHI medium during 48 h
activated a significant decrease in the phosphorylated levels of P-Ser-GSK-3a/p and
increased the phosphorylated level of P-Tyr-GSK-3a/p (Figure 4.19), indicated that
insulin signaling was impaired as compared to those controls (0.5% DMSO (control
treatment or LGHI). Interestingly, pre-treatment of HepG2 cells with 5-OH-3,7-DMF
showed increase in the level of p-Ser-9 (Figure 4.19 (a.) and (c.)) and p-Ser-21
(Figure 4.19 (a.) and (b.)) and decrease in the level of p-Tyr-279/216 (Figure 4.19 (a.),
(d.) and (e.)) in the insulin-resistant cells. Post-treatment, 5-OH-3,7-DMF showed
increase in the level of p-Ser-9 (Figure 4.19 (a.) and (c.)) and decrease in P-Tyr-279
(Figure 4.19 (a.) and (d.)). CE did not show the effect on P-GSK-3 in pre-treatment
however, in post-treatment CE showed increase in the level of p-Ser-9 (Figure 4.19
(a.) and (c.)) and decrease in the level of p-Tyr-279 (Figure 4.19 (a.) and (d.)). The
pre-treatment with LiCl caused increase in the phosphorylation level of p-Ser-21
(Figure 4.19 (a.) and (b.)) and p-Tyr-279/216 only at very high concentration (10
mM) (Figure 4.19 (a.), (d.) and (e.)) and showed increase in the level of p-Ser-9
(Figure 4.19 (a.) and (c.)). In post-treatment with LiCl showed increase in both of the
level of p-Ser-9/21 (Figure 4.19 (a.), (b.) and (c.)) but not those of p-Tyr-279/216
level (Figure 4.19 (a.), (d.) and (e.)). GSK-3p Inhibitor I, one of the positive controls,
only increased the phosphorylation level of p-Ser-9 in pre-treatment (Figure 4.19 (a.)
and (c.)) and decreased p-Tyr-216 in post-treatment (Figure 4.19 (a.) and (e.)).
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Figure 4.19 Effect of CE and 5-OH-3,7-DMF on the phosphorylation of GSK-3.
HepG2 cells were cultured in HGHI medium containing various concentrations of CE
(15, 10 or 5 pg/mL) and 5-OH-3,7-DMF (62.5, 31.25 or 15.63 puM) in pre-treatment
or post-treatment for 24 - 48 h. Protein samples were prepared and subjected to
Western blotting analysis using anti-p-GSK-3p (ser9), anti-p-GSK-3a (ser21), anti-p-
GSK-3a/f (Tyr279/Tyr216) and anti-GSK-3a/p primary antibodies. p-actin was used
as a loading control. (a.); bands of representative experiment. (b.); Percentage relating
band intensity of p-GSK-3a (Ser21)/GSK-3a, (c.); p-GSK-3B (Ser9)/GSK-38, (d.); p-
GSK-3a (Tyr279)/GSK-3a, (f.) p-GSK-3f (Tyr216)/GSK-3f, normalized by those of
B-actin band intensity. The data showed values of mean + SD from the triplicate
experiments. *, **. *** Significant differences at p-value < 0.05, < 0.01 and < 0.0001
respectively as compared to the HGHI group using Dunnett's Multiple Comparison
test. Control: untreated cells, LGHI: low glucose (5 mM) high insulin (500 nM),
HGHI: high glucose (25 mM) high insulin (500 nM).



88

CHAPTER V
DISCUSSION AND CONCLUSION

5.1 Discussion

A Azdsl-proliferation procedure assay is a drug screening for small molecules
targeting toward a wide range of the signaling molecules in the Ca**-mediated cell-
cycle regulatory pathways (Shitamukai et al. 2000). This procedure seems to cover a
set of wide range of well conserved, pharmacological interesting molecules as
potential targets (Mizunuma et al. 1998). Hyperactivation of a signaling pathway
often confers deleterious physiological effects including growth defect. Thus, for
example the consequence of MAP Kinase cascades, such as those mediated by Hog1l,
Fus3 and MpkZ1, is poor growth or lethality (Mager and De Kruijff 1995). This type of
inhibitors of the signaling pathways will be selectable as the compounds enable the
cells with the activated signal to adapt to stress condition otherwise prohibiting
growth. The activation of a signaling pathway can be achieved by various procedures.
Additional CaCl, to the medium as one of a convenient and inexpensive mean of the
Ca®*-signal activation. Genetically, the signal activation in yeast can be done by
various conditional mutations that hyperactivate the signaling pathway or by using an
overexpression system with a regulable promoter, such as GAL1-10p (Shitamukai et
al. 2000). From these procedure Boonkerd et al. (2014) examined the biological
activity of 5-OH-3,7-DMF from K. parviflora by addition of CaCl, to hyperactivate
Ca**-signaling in the zds1 null mutant of S. cerevisiae. They demonstrated that 5-OH-
3,7-DMF alleviated the G2/M cell-cycle delay in the Azds1 yeast (YNS17 strain).

The molecular target of 5-OH-3,7-DMF that acts on this pathways was
determined in this study by hyperactivation of the pathway using an overexpression
system under control of GAL1p caused growth defect (G2/M delay) in Azds1 cells and
also caused abnormal bud morphology (Mizunuma et al. 1998). Results from the
overexpression of each gene involved in the pathways suggested that 5-OH-3,7-DMF did
not inhibit at Calcineruin and SWE1 step (Figure 4.2 and 4.5). On the other hand, the
mutant cells overexpressed MPK1 or MCK1 (the NSC1 and NSC2 strain) showed dose
dependent effect of 5-OH-3,7-DMF on restoration of the growth defect and the
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elongated buds in these strains to the similar extent as that of the control (uninduced
condition) (Figure 4.3 and 4.4). Taken together, all of the results suggested that
MCK1 locates at downstream of MPK1 MAPK cascade was a likely molecular target
of 5-OH-3,7-DMF in the Ca**-signaling pathways in yeast. The MCK1 gene was
genetically defined as a signaling component that acts in the downstream of the Mpk1
MAPK pathway. According to this pathway, all of the known Ca**-related phenotypes
exhibited by the Azds1 strain were alleviated by the Amck1l mutation (Mizunuma et al.
2001) seemingly the inhibition of overexpressed MCK1 by 5-OH-3,7-DMF.

The MCKZ1 gene in yeast encodes a human glycogen synthase Kinase-3 (GSK-
3) family protein Kinase (Andoh et al., 2000). Four of GSK-3 family protein Kinase
homologs identified in the yeast genome, the other Kinases of this family (MDS1,
YGK3, and MRK1) appear to contribute only trivially to this signaling pathway
(Neigeborn and Mitchell 1991). Shitamukai et al. (2000) demonstrated that Mckl
protein promotes the Ca®*-induced degradation of Hsl1 protein, an inhibitory Kinase
of Swel protein. Hsll contains several potential phosphorylation sites known as the
consensus sequence for the GSK-33 phosphorylation sites (Plyte et al. 1992). The
GSK-3 functions by phosphorylating a serine or threonine residue on its target
substrate. GSK-3 has been implicated in a number of diseases, including type 2
diabetes mellitus (T2DM). Moreover, the activity of GSK-3 has also been associated
with both pathological features of Alzheimer's disease, namely the buildup of
Amyloid-p (AP) deposits and the formation of neurofibrillary tangles by
hyperphosphorylation of tau proteins (Jope et al. 2007). In addition, GSK-3 also
involves in inflammation, cancer, and bipolar disorder. Hence, 5-OH-3,7-DMF might
be a useful functional bioactive compound for future drug development. Several
bioactive compounds have been reported in effectiveness as a potential GSK-3f3
inhibitor. Yoshida et al. (2013) identified an active compound as falcarindiol from
some Apiaceae vegetables, especially Japanese parsley (Oenanthe javanica) using the
mutant yeast YNS17 strain (zdsI4 erg34 pdriA pdr3A) was discovered as an inhibitor
of glycogen synthase Kinase-3B (GSK-3p). Falcarindiol inhibited GSK-3f3 in an ATP
non-competitive manner with a K; value of 86.9 uM and also suppressed gene
expression of glucose-6-phosphatase (G6Pase) in rat hepatoma H42E (Yoshida et al.
2013).
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Due to the fact that human GSK-34 is an ortholog gene of yeast MCK1, this
study characterized the enzyme inhibitory activity (in vitro) on recombinant GSK-3p
of 5-OH-3,7-DMF using the Kinase Glo® Plus luminescent Kinase assay platform.
5-OH-3,7-DMF strongly inhibited GSK-3 activity with an ICsp value of 9.72 + 0.15
uM (Figure 4.12 (a.)) with an ATP-noncompetitive binding mode by Dixon plot (Ki
=13.04 uM) (figure 4.14 (a.)), but a substrate competitive binding mode to GSK-3
with by Dixon plot (Ki = 53.92 uM) (figure 4.14 (b.)). These results demonstrated that
5-OH-3,7-DMF is a novel ATP-noncompetitive GSK-3 inhibitor dose not interacts
with the ATP-binding pocket instead with the substrate binding site. The substrate
competitive inhibitors are expected to be more specific and safer and resulting in less
toxic effects than ATP-competitive inhibitors. Thus, the 5-OH-3,7-DMF might be a
useful functional compound which exists in K. parviflora, Thai herbs, expected to
prevent type 2 diabetes (T2DM), Alzheimer’s disease and inflammation.

In addition to GSK-3 which have a role in regulating glycogen synthase,
GSK-3 has also been implicated in other aspects of glucose homeostasis, including
the phosphorylation of insulin receptor (IRS1), as one of potential inhibitory
mechanism for insulin resistance in T2DM (Liberman and Eldar-Finkelman 2005) and
involved in activation of the hepatic gluconeogenesis through the modulation of the
gluconeogenic enzymes, phosphoenolpyruvate carboxykinase (PEPCK) and glucose 6
phosphatase (G6Pase) (Lochhead et al. 2001). According to insulin induces the
inhibition of GSK-3, small molecules that inhibit this protein kinase possibly expected
to mimic some of the actions of insulin, such as its ability to activate glycogen
synthase and stimulate the conversion of glucose to glycogen leading to lowering
blood glucose by inhibiting the production of glucose by the liver (Cohen and Goedert
2004).

The result from this study, treatment of insulin-resistant HepG2 cells model
with either CE or 5-OH-3,7-DMF led to a comparable decrease in G6Pase gene
expression in a dose-dependent manner as compared to both of positive controls;
GSK-3f Inhibitor | and LiCl, GSK-3 inhibitor on clinical trials (Cole et al. 2014).
LiCl reduced G6Pase expression at 10 mM (Figure 4.16). Interestingly, CE (as low as
15 pg/mL) and 5-OH-3,7-DMF (as low as 15.3 uM) showed high effectiveness on the

reduction of gluconeogenesis gene expression G6Pase than the LiCl (10 mM) and
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GSK-3 Inhibitor I (20 uM), positive controls either pre-treatment or post-treatment.
Moreover 5-OH-3,7-DMF could restore glycogen levels (Figure 4.17) in insulin-
resistant HepG2 cells through impairing phosphorylation of glycogen synthase protein
(GS) (Figure 4.18). According to the normal insulin signaling state, insulin receptor
substrate-1/-2 (IRS-1/-2) are readily in tyrosine phosphorylated by insulin receptor
(IR) depend on stimulation of insulin (Klover and Mooney 2004). Although, it has
been reported that the involvement of serine phosphorylation of IRS-1 in the
desensitization of insulin caused elevation of GSK-3 by chronic high glucose
treatment (Nakajima et al. 2000). In this regard, 5-OH-3,7-DMF treatment might
prevented the increase in P-(Ser636/639) IRS-1 induced by elevation of GSK-3 in
HGHI medium. Then, subsequently activation AKT pathways leading to activation of
phosphorylation of 5' adenosine monophosphate-activated protein kinase (AMPK),
the regulator of PEPCK and G6Pase expression. Likewise, Cordero-Herrera et al.
(2014) reported that pre-treatment of HepG2 cells, evoked by the high glucose
incubation, with cocoa extract and cocoa polyphenolic extract (its main flavonoids)
repressed levels of PEPCK, one of gluconeogenesis and enhanced glucose production
via activated p-AMPK leading to recovere glycogen content. Therefore, CE
containing 11 flavonoid compounds that some of them might be enhance in inhibition
of G6Pase expression. It have been reported that after type 2 diabetic mice
administrated with CE showed the lowering blood glucose level (Akase et al. 2011;
Promson and Puntheeranurak 2014; Toda et al. 2016). Thus, these results suggested
that CE and 5-OH-3,7-DMF might be a novel compound for modulating the glucose
homeostasis in type 2 diabetes disease (Figure 4.16 - 4.18).

In a situation of hepatic insulin resistance phosphorylation of AKT and its
downstream effectors, GSK-3, decreased and leading to increase in phosphorylation
levels of GS (Klover and Mooney 2004). The involvement of GSK-3 in diabetes was
further demonstrated in two model systems: in fat tissue of obese diabetic mice, where
GSK-3 activity was found to be two fold higher than in control mice (Eldar-
Finkelman et al. 1999a) and in skeletal muscle of patients with T2DM, where GSK-3
activity and expression levels were significantly higher than in healthy
individuals (Nikoulina et al. 2000). Thus, in insulin-sensitive tissue directly involved

in the pathogenesis of T2DM, phosphorylation of GSK-3 was abolished when cells
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were treated with 5-OH-37-DMF to the same extent comparable values to those of
controls when cells were incubated with HGHI medium (Figure 4.19). However, the
CE showed slightly enhances this impairment only at post-treatment.

Taken together, all of the results indicated that 5-OH-3,7-DMF might be a
potential GSK-3 inhibitor (Figure 4.14) that possibly mimic some of the actions of
insulin signaling, such as its ability to activate glycogen synthase (Figure 4.17) and
stimulate the conversion of glucose to glycogen (Figure 4.18) that lead to lower blood
glucose by inhibiting the production of glucose by the liver. Some GSK-3 inhibitors
have recently been reported to lower blood glucose levels in vivo (Norman 2001).
Several potent GSK-3f inhibitors have been developed by pharmaceutical companies
in preclinical models for diabetes treatment (Nakada et al. 2011). Consequently, GSK-
3 has recently emerged as one of the most attractive therapeutic targets for the
development of selective inhibitors as promising new drugs for type 2 diabetes

diseases.
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5.2 Conclusion
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Figure 5.1 Proposed model on mechanism of 5-OH-3,7-DMF on inhibitory activity of
GSK-3 in insulin-resistant HepG2 cell model. The symbols as follow;—| represent
inhibition,l]\represent activation and X represent interception.

In this study 5-OH-3,7-DMF from K. parviflora Well ex. Baker alleviated the
G2/M cell-cycle delay in the Azdsl yeast-based assay (Boonkerd et al. 2014). This
study further characterized the biological activity of the 5-OH-3,7-DMF on Azdsl
yeast-based assay to investigating the molecular target in Ca**-signaling pathways and
characterize the biochemical activity of 5-OH-3,7-DMF in inhibition of GSK-3p
activity in vitro and investigate the role of 5-OH-3,7-DMF and K. parviflora crude
extract (CE) against insulin restraint HepG2 cell line as a type 2 diabetes cell model.
The results could be concluded as follows;

1) MCK1 a molecule downstream of MPK1 was a likely molecular target of 5-
OH-3,7-DMF in the Ca**-signaling pathways in yeast.

2) 5-OH-3,7-DMF strongly inhibited GSK-3p (a human ortholog of yeast
Mckl) activity in vitro with an ICsy value of 9.72 + 0.15 puM in an ATP-
noncompetitive binding mode but substrate competitive binding mode. The substrate

competitive inhibitor is expected to be more specific and safer and resulting in less
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toxic effects than the ATP-competitive inhibitors thus, might be a useful functional

compound for T2DM drug development.

3) 5-OH-3,7-DMF exhibited no cytotoxic to yeast cells with highest
concentration of (500 pM; Figure 4.1 (a.) and (b.)) and up to 62.5 uM in the HepG2
(Fig 4.15 (b.)).

4) In the study on the effect of 5-OH-3,7-DMF in insulin-resistance HepG2
cell model, 5-OH-DMF decreased the level of G6Pase expression (Figure 4.16). This
might be through the inhibition of p-Ser-IRS and resulting in activation of the AKT
pathway (Eldar-Finkelman et al. 1999b). Moreover 5-OH-3,7-DMF could recovered
glycogen content to the same level as that of the two known GSK-3 inhibitors (LiCl
and GSK-3f inhibitor I) through GSK-3 inhibition (Figure 4.18). CE could decrease
in the level of G6Pase expression but did not recover glycogen content. Besides, 5-
OH-3,7-DMF, the CE contained at least 11 flavonoid compounds that some of them
might also enhance in the inhibition of G6Pase expression. The effect of CE on anti-
T2DM in the HepG2 model was supported by the reports that after type 2 diabetic
mice administrated with CE showed the lowering blood glucose level (Akase et al.
2011; Promson and Puntheeranurak 2014; Toda et al. 2016). Thus, CE could possibly

be used as food supplement for modulating glucose homeostasis.

5) The phosphorylation of GSK-3 were abolished in 5-OH-3,7-DMF treated
HepG2 cells cultivated in HGHI condition to the same extent comparable to those of
the known GSK3 inhibitors, LiCl and GSK3p inhibitor I in both pre- and post-
treatments. On the other hand, CE which contained approximately 2% of 5-OH-3,7-
DMF, slightly enhanced this impairment and the effect could only be observed at
post-treatment.

The mechanism of action of 5-OH-3,7-DMF and CE were proposed on figure
5.1. Taken together, all of these results indicated that 5-OH-3,7-DMF might be a
potential GSK-3 inhibitor that possibly mimic some of the actions of insulin
signaling and might be useful for future development of GSK3f selective inhibitors as

a promising new drugs for type 2 diabetes.
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APPENDIX A

Media preparation

Yeast peptone dextrose (YPD)

Yeast extract 109
Peptone 209
Glucose 20 ¢

Dissolved in distilled water up to 1000 mL and autoclaved at 121°C, 15 psi for

20 min.

Yeast peptone adenine uracil dextrose broth (YPAUD broth)

Yeast extract 109
Peptone 209
Glucose 20 ¢
Adenine 400 mg
Uracil 200 mg

Dissolved in distilled water up to 1000 mL and autoclaved at 121°C, 15 psi for

20 min.

Yeast peptone adenine uracil dextrose agar (YPAUD agar)

Yeast extract 10¢
Peptone 209
Glucose 20 ¢
Adenine 400 mg
Uracil 200 mg
Agar 209

Dissolved in distilled water up to 1000 mL and autoclaved at 121°C, 15 psi for

20 min.
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Synthetic complete medium (SC medium)

Yeast nitrogen base without amino acid 6.79

Glucose 20 ¢

Distilled water 1000 mL then adjusted pH up to 4.5 with 1 N NaOH and
autoclaved at 121°C, 15 psi for 20 min, then supplemented with 100 mL 10 x amino

acid without uracil.

Synthetic complete medium agar (SC medium agar)

Yeast nitrogen base without amino acid 6.79
Glucose 20 ¢
Agar 209

Distilled water 1000 mL then adjusted pH up to 4.5 with 1 N NaOH and
autoclaved at 121°C, 15 psi for 20 min, then supplemented with 100 mL 10 x amino

acid without uracil.

1% Raffinose YP medium

Yeast extract 109
Peptone 209
Raffinone 109

Dissolved in distilled water up to 1000 mL and autoclaved at 121°C, 15 psi for

20 min.

1% Raffinose SC medium

Yeast nitrogen base without amino acid 6.79

Raffinone 10¢

Distilled water 1000 mL then adjusted pH up to 4.5 with 1 N NaOH and
autoclaved at 121°C, 15 psi for 20 min, then supplemented with 100 mL 10 x amino

acid without uracil.

10% Galactose
Galactose 10g
ddH,0 90 mL
Autoclaved at 121°C, 15 psi for 20 min



10 x amino acid without uracil

Adenine sulfate
L-Tryptophan
L-Histidine HCI
L-Arginine HCI
L-Methionine
L-Tyrosine
L-Leucine
L-Isoleucine
L-Lysine HCI
L-Phenylalanine
L-Glutamic acid
L-Aspartic acid
L-valine
L-Threonine
L-Serine
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200 mg
200 mg
200 mg
200 mg
200 mg
300 mg
1,000 mg
300 mg
300 mg
500 mg
1000 mg
1,000 mg
1,500 mg
2000 mg
4,000 mg

Dissolved in distilled water up to 1000 mL and autoclaved at 121°C, 15 psi for

20 min.

RPMI-1640 medium (1X) + 2.05 mM L-Glutamine (Complete media)

RPMI-1640 medium 90 mL
Fetal bovine serum 10 mL
Penicillin G (106 U/mL) 0.01 mL
Streptomycin (500 mg/mL) 0.05 mL
Sodium pyruvate 1mL
HEPES 1mL

RPMI-1640 medium (1X) + 2.05 mM L-Glutamine (Free serum media)

RPMI-1640 medium 90 mL
Penicillin G (106 U/mL) 0.01 mL
Streptomycin (500 mg/mL) 0.05 mL
Sodium pyruvate 1mL

HEPES 1mL
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RPMI freezing media
RPMI complete media 9mL
DMSO 1mL

Fetal bovine serum activation
Fetal bovine serum (FBS) must be activated at 56°C for 30 min in water bath

before use.



APPENDIX B

The chemical preparation

Enzyme Kinase assay reaction buffer

1M TrispH 7.5 0.4 mL

1 M MgCl, 0.2mL

2 mg/mL BSA 0.5mL

ddH,O 8.9 mL
2% Agarose gel

Agarose (electrophoresis grade) 1lg

IX TAE 50 mL

Heated on hot plate until all agarose is dissolved (approximately 10 mins).
Reheat for several mins if necessary.

Ethidium Bromide Staining Solution
5 mg/mL ethidium bromide 0.1 mL
dH,0 500 mL

Stored in dark container or wrapped container in aluminum foil

50X TAE buffer
Trisma base 242 g
Acetic acid 57.1 mL
Dissolve Trisma base and acetic acid in 0.5 M pH 8.0 100 mL and adjust to
1000 mL by ddH,O. Autoclaved at 121°C, 15 psi for 15 min.

10% SDS
Dissolve sodium dodecyl sulfate 10 g in distilled water up to 100 mL and
autoclaved at 121°C, 15 psi for 20 min.

10% Ammonium persulfate (APS)
Dissolve the 0.5 g of ammonium persulfate in sterile ddH,O 5 mL. Aliquot
and kept at 4°C.
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Ethanol 70%0
Ethanol 99% 700 mL
ddH20 300 mL

5% StacKing gel

ddH,0 2.975 mL
40% Acrylamide 0.67 mL
1M TrispH 6.8 1.25mL
10% SDS 0.05 mL
10% APS 0.05 mL
TEMED 0.005 mL

10% Separating gel

ddH,O 3.8mL
40% Acrylamide 3.4mL
1 M Tris pH 8.8 2.6 mL
10% SDS 0.1 mL
10% APS 0.1 mL
TEMED 0.01 mL

10X Phosphate buffer saline (PBS, Ca2+, Mg2+ free) pH 7.4

NaCl 80 g
KClI 29
Na;HPO, 14.4 g
KH,PO, 244

Dissolve in ddH,O up to 1 | and adjusted pH up to 7.4 with IN HCl or 1 N
NaOH and autoclaved at 121°C, 15 psi for 15 min.

MTT solution (5mg/mL)
MTT 50 mg
ddH,0 10 mL
Dissolve MTT in ddH,0O and filter by syringe filter pore size 0.45 yuM.
Aliquot 1 mL in microcentrifuge tube and store at 4°C.
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0.04 N HCl in isopropanaol
Add HCI 0.331 mL in 80 mL isopropanaol and adjust volume to 100 mL by

isopropanol.

RIPA solution
1 M Tris-HCI pH 7.4 0.05 mL
0.5 M NaCl 0.3mL
20% NP-40 0.05 mL
10% Sodium deoxycholate 0.05 mL
20% SDS 0.005 mL
Phosphatase inhibitor 0.01 mL
Protease inhibitor (100X) 0.01 mL
ddH,0 525 mL

BCA™ protein assay solution
BCA Reagent A 50 part
BCA Reagent B 1 part

1 M Tris pH 6.8 solution
Dissolve trisma base 12.11 g in ddH,O 80 mL. Adjusted pH up to 6.8 with 1N
HCl or 1 N NaOH and adjust volume to 100 mL. Autoclaved at 121°C, 15 psi for 15

min.

1 M Tris pH 7.5 solution
Dissolve trisma base 12.11 g in ddH,O 80 mL. Adjusted pH up to 7.5 with 1N
HCl or 1 N NaOH and adjust volume to 100 mL. Autoclaved at 121°C, 15 psi for 15

min.

1 M Tris pH 8.8 solution
Dissolve trisma base 90.85 g in ddH,O 400 mL. Adjusted pH up to 8.8 with
1N HCI or 1 N NaOH and adjust volume to 500 mL. Autoclaved at 121°C, 15 psi for

15 min.
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5X Running buffer

Trisma base 151¢g
Glycine 9% g
SDS 54

Dissolve trisma base, glycine and SDS in ddH,O 800 mL and adjust to 1000
mL. Autoclaved at 121°C, 15 psi for 15 min.

Transfer buffer

Trisma base 151¢g
Glycine 2990
SDS 0.37g

Dissolve trisma base, glycine and SDS in ddH,0 800 mL and autoclaved at
121°C, 15 psi for 15 min. Add absolute methanol 200 mL up to 1000 mL.

2X loading buffer

10% SDS 4 mL
Glycerol 87% 2.29 mL
1.0 M Tris pH 6.8 1mL
ddH,0 2.71 mL
Bromphenol blue 0.001¢

Staining buffer
[-mercapto-ethanol 0.1mL
2X loading buffer 0.9 mL

Phosphate buffer saline tween 20 (PBST)
1X Phosphate buffer saline 1000 mL
Tween 20 0.5mL

Developer and Fixer
Developer 1 part : H20 4 part
Fixer 1 part : H20 4 part
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BlocKing solution (5% sKim milk in PBST)
PBST 100 mL
SKim milk 59

ECL Western blot reagent

Solution 1 2 mL
Solution 2 2 mL
DEPC Water

Add 0.01 mL of diethylpyrocarbonate (DEPC) in ddH,0 and mix thoroughly.
Let the DEPC-mixed water incubate for overnight at room temperature. Autoclave at
121°C, 15 psi for 15 min.

70% Ethanol in DEPC water

Absolute ethanol 70 mL

DEPC water 30 mL
2% Agarose gel

1X TAE buffer 20 mL

Agarose gel 049

Ethidiumbromide solution
Dissolve ethidiumbromide in 1X TAE buffer at final concentratiom 10 pg/mL

and store in dark container or wrap container in aluminum foil.

Penicillin G and streptomycin solution
Pencillin G and streptomycin were prepared at final concentration 106 U/mL
and 500 mg/mL in sterile deionized water. The solution were sterilized by filtrating

passed 0.45 um filter, aliquoted and kept at -20°C.
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APPENDIX C
THE GLYCOGEN STANDARD CURVE

Glycogen Standards for Colorimetric Detection

Glycogen Standard (2.0 mg/mL) was diluted with ultrapure water to prepare a
0.2 mg/mL standard solution. Standard solution 0, 2, 4, 6, 8, and 10 pL of the 0.2
mg/mL was added into a 96 well plate, generating O (assay blank), 0.4, 0.8, 1.2, 1.6,
and 2.0 pg/well of glycogen standards. The hydrolysis buffer was added to each well
to bring the volume to 50 pL. The hydrolysis enzyme mix was added 2 pL and mixed
well, incubated for 30 min at room temperature. Subsequently, the Master Reaction
Mix (Development Buffer 46 ul, Development Enzyme Mix 2 pl, Fluorescent
Peroxidase Substrate 2 pl) was added in volume of 50 pl to each of the wells. Mixing
well using a horizontal shaker or by pipetting and incubated the reaction for 30 min at

room temperature in dark. The absorbance was measured at 570 nm.

Standard curve of glycogen

0.4
y = 0.1695x + 0.0102
0.3 R? = 0.995
£
=
2
£ 0.2
=
)
0.1

0.0’ I I 1 1
0.0 0.5 1.0 1.5 2.0

Glycogen (pg/mL)

Figure C.1 Typical glycogen standard calibration curve using colorimetric reading at
OD 570 (a new standard curve must be generated for each assay performed). Curve

fitting was performed using GraphPad Prism®5 (linear regression) software.
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