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CHAPTER |

DIETARY SPICE CINNAMON AS
IN VIVO MODULATORS OF INSULIN SIGNALING AND IMPACT ON DISEASE

Introduction

Insulin and Insulin like signaling pathway (INS/ILS)

The insulin/insulin like growth factors signaling (INS/ILS) pathway modulates
many cellular functions, such as cell growth, metabolism, stress responses and apoptosis
(Baur & Sinclair, 2006; Lant & Storey, 2010; Prahlad & Morimoto, 2009). The flux
through the ILS is regulated by metabolic (glucose, energy) and mitogenic (growth
factors) signals, and thus is a primary cellular nutrient and growth sensing pathway
(Cersosimo et al., 2012; Towler & Hardie, 2007). Abundance of nutrients, such as
elevation in post-prandial glucose levels are sensed via the synthesis and secretion of
insulin that serves as activating ligand to the insulin growth factor receptors (IGFR) on
cell membranes, resulting in many metabolic effects including, activation of lipid
biosynthesis, protein biosynthesis, glycogenesis, and inhibition of glycolysis,
gluconeogenesis, and lipid oxidation (Bibollet-Bahena & Almazan, 2009; Buzzai et al.,
2005; Dubois et al., 2009; Z. Liu et al., 2009; McManus et al., 2005; Sekine et al., 2007).
Similarly, activation of ILS by Insulin like growth factors (IGF’s) results in activation of
cell replication, differentiation survival, and inhibition of cell death (apoptosis)

(Amcheslavsky et al., 2009; Rattan et al., 2005; Wilsbacher et al., 2008).



Decreased insulin signaling, by caloric restriction or biochemical agents activates
ergogenic metabolic pathways including glycolysis and lipid oxidation (Bruss et al.,
2010; Hipkiss, 2006). Low flux through the ILS also decreases DNA replication,
macromolecular biosynthesis, cell growth and replication (Bocchetta et al., 2008;
Burhans & Weinberger, 2007). Additionally, increased oxidative stress response,
extension of cellular and organismal lifespan have also been linked to downregulation of
insulin signaling (Barbieri et al., 2003; Baur & Sinclair, 2006; Richardson et al., 2004).

The insulin signaling pathway is highly conserved in eukaryote (Barbieri et al.,
2003). In animals, binding of insulin/IGF-1 to transmembrane insulin like growth factor-
1 receptor (IGF-1R) results in conformation change induced activation of an intrinsic
tyrosine kinase (Kato et al., 1993). Phosphorylation of IRS-1 by the tyrosine kinase
results facilitates the recruitment and phosphorylation and of PI3;K that catalyzes the
conversion of PIP, to phophatidylinositol-3, 4, 5-trisphosphate (P1P3) on the plasma
membrane (Niswender et al., 2003). PIP3 is a secondary messenger that binds to the 3’-
phosphoinositide dependent kinase-1 (PDK1) at the PH domain resulting in its activation
(Alessi & Downes, 1998). Active PI;K and PDK-1 can independently phosphorylate and
activate v-Akt Murine Thymoma Viral Oncogene (AKT), which is also called Protein
Kinase-B (PKB) (Vanhaesebroeck & Alessi, 2000). In the cytoplasm AKT
phosphorylates several proteins resulting in the metabolic and mitogenic effects of
insulin. Metabolic effects of ILS are mediated by AKT via the phosphorylation of an
important FOXO (forkhead box, class O) (Stitt et al., 2004). Phosphorylation of FOXO
prevents nuclear translocation and transcriptional activation of genes regulating

glycolysis and lipid oxidation. FOXO also regulates transcription of several antioxidant



enzymes like catalase (CAT) and sod-2 (iron/manganese superoxide dismutase), DNA
repair enzymes and proteins that activate apoptosis and attenuate cell cycle (Nakae et al.,
2001; Rathbone et al., 2008; Sim & Denlinger, 2011; Stahl et al., 2002). Phosphorylation
of AKT also increases glucose uptake by upregulating translocation of glucose
transporter 4 (GLUT-4) to the cell membrane (Russell et al., 1999). Phosphorylation of
AKT also regulates gluconeogenesis by repressing transcription of phosphoenolpyruvate
carboxykinase (PEPCK) and glucose 6-phosphatase (G6pase) (J. Liao et al., 1998).

AKT also regulates several mitogenic functions, such as cell growth, cell division,
cell proliferation and protein synthesis. Phosphorylation of the mammalian target of
rampamycin (mTOR) by AKT results in inactivation of eukaryotic translation initiation
factor 4E binding proteins (4E-BPs) to promotes mRNA translation on ribosome
(Dowling et al., 2010). In Drosophila inhibition of 4E-BPs upregualtes both cell growth
and proliferation (Lachance et al., 2002; Montagne et al., 1999), whereas in mammalian
cells inhibition of 4E-BPs upregualte only cell proliferation (Dowling et al., 2010). Both
mTOR and PDK-1 can independently phosphorylate Serum glucocorticoid-responsive
kinase (SGK) (Biondi et al., 2001; Hong et al., 2008). SGK is known to response
hyperosmotic stress (Bell et al., 2000) and also regulates proliferation and cell-cycle
progression through phosphorylation of  cell-cycle inhibitor p27(kipl) (Toker, 2008).
Moreover like AKT, SGK can also phosphorylate FOXO and inhibit FOXO dependent
gene expression (Brunet et al., 2001).

Phosphatase and Tensin Homolog Deleted on Chromosome 10 (PTEN) can
dephosphorylate PI3K and inhibit further progression of ILS (Maehama & Dixon, 1998).

PP2A and its regulatory subunit B56p (PPTR-1 in C. elegans) dephosphorylate AKT and



inhibit ILS (Padmanabhan et al., 2009; Yan et al., 2008). Conversely heat shock protein
90 (HSP90) binds to AKT and can prevent inactivation of AKT by PP2A-mediated
dephosphorylation (S. Sato et al., 2000). Sirtuin (Sir2 family histone deacetylase) can
deacetylate FOXO in the cytoplasm to facilitate nuclear translocation (Daitoku et al.,
2011). Deacetylation of FOXO in nucleus and mitochondria initiates binding affinity to

the promoter region of several genes.

S - A

Protein
synthesis

Cell proliferation
Protein
Synthesis
Elevation of
Glucose
import

Apoptosis, DNA repair,
glucose metabolism

Figure 1. Model of insulin/insulin like growth factor-1 (INS/IGF-1) signaling
pathway. INS /IGF-1 signaling modulates cell growth, metabolism, stress responses and

apoptosis.



Dysrequlation of INS/ILS and Diseases

ILS is sensitive to nutrient and metabolism changes and it is reported that type 2
diabetes is potentially caused due to dysregulation of ILS (X. Lin et al., 2004; Patil et al.,
2011). Reduced IRS-1 and/or AKT expression, which is identified as insulin resistance,
results in decreasing of glucose uptake due to the downregulation of GLUT4 (H. V. Lin
etal., 2011). Also inhibition of PTEN is reported to decrease insulin resistance through
upregulation of PI3K (Talbot et al., 2012). Dysregulation ILS can promote TGF-i3-
mediated inflammation by insulin stimulated AKT phosphorylation (Remy et al., 2004).
TGF-i signaling is associated with growth inhibitor and apoptosis stimulator and ILS can
regulate TGF-R activity through phosphorylation of Smad3 by AKT, thus suppress
inflammation (Remy et al., 2004). Also activation of ILS induces inflammation by
phosphorylation of AKT its downstream target NF-xB (Michael & Delhase, 2000). ILS
control neuronal oxidative stress through FOXO dependent gene expression and ILS
potentially play key role in neurodegenerative disease, such as Huntington disease,
Alzheimer disease (AD) and Parkinson’s diseases (PD) (Craft & Watson, 2004). The
mechanism of AD is not fully understood, but it is reported that downregulation of IRS-1
is occurred in AD patient brain (Talbot et al., 2012), and decreasing of Rho-activated
protein kinase-1 (ROCK1) via inactivation of FOXO is shown to lower amyloid-§
peptide, AD promoter (Qin et al., 2008). PD is described by massive loss of dopamine
neurons in the substantia nigra (Damier, 1999) and it is reported that IGF-1 has protective
effect against dopamine neurons by its survival and proliferation of neuronal cells (Ebert
et al., 2008). Since ILS regulates apoptosis, cell growth, proliferation and cell cycle, the
dysregulation of ILS can potentially be the causes of cancer development. It is known

that one of causes of human breast cancer is over-expression of IGF-1 (Fukuda et al.,



2002). AKT activated mTOR leads to Hypoxia-inducible factors 1a (HIF-1a) translation
and normally regulates oxygen homeostasis, but it is reported that over expression of
HIF-1a causes tumor-associated angiogenesis and progress colon cancer (Fukuda et al.,
2002). Also PTEN is known as human tumor suppressor by inhibition of PIsK, and PTEN

mutations are found in Brain, Breast, and Prostate Cancer (J. Li et al., 1997).

Cinnamon and INS/ILS

Cinnamon belongs to the family Lauraceae, and the genus Cinnamomum contains
approximately 250 different species of which are widely distributed throughout many
regions. Species of Cinnamomum is known to the traditional medicines of India and
China include C. zeylanicum (Sri Lanka and India), C. tamala (south slopes of
Himalayas), C. burmannii (West Sumatra), and C. pauciflorum (China, India, Assam,
Khassia hills). The Cinnamomum species that commonly sold in the market as cinnamon
today include C. zeylanicum, C. loureirii, C. curmanni, and C. cassia (Chinese
Cinnamon) (Dugoua et al., 2007; R. Wang et al., 2009). Cinnamon has always been
popular for its unique flavor components. More recently, research is advocating the use
of cinnamon for various disease states that are prevalent in today’s society. Cinnamon has
been used since ancient age to treat or relieve symptoms of dyspepsia, gastritis, diabetes,
poor blood circulation, and inflammatory diseases (R. Wang et al., 2009). Cinnamon is
noted to be one of the earliest known spices used by humans, with Chinese texts dating
back to 4,000 years ago. Cinnamon is mentioned in the Bible (Exodus and Proverbs), and
there are reports of cinnamon importation from Egypt to China as early as 2000 BC
(Dugoua et al., 2007). The part of the plant which is most commonly used for the

production of cinnamon includes the thin inner bark of the evergreen tree. Cinnamon oil



and powder are commonly acquired from the dried bark of the plant (Kirkham et al.,
2009; Peterson et al., 2009). Depending on the species of cinnamon, the bioactive
compounds and concentrations at which they are found can vary. The preparation process
of the cinnamon may also cause variations in the levels of bioactive compounds.
Common and cassia cinnamon are known to contain volatile oils such as cinnamaldehyde
(60-80%), eugenol (10%), and trans-cinnamic acid (5-10%). Phenolic compounds which
are identified as approximately 4-10% of cinnamon by volume include condensed
tannins, catechins, and proanthocyanidins. Mono and sesquiterpenes present include
calcium-monoterpene oxalate, gum, mucilage, resin, starch, sugars, and traces of
coumarin (Dugoua et al., 2007). In general, the three major compounds present in
cinnamon include cinnamaldehyde, cinnamyl acetate, and cinnamyl alcohol, which
become converted into cinnamic acid by oxidation and hydrolysis reactions after
ingestion. Cinnamic acid is then converted to benzoate in the liver where it exists as a
sodium salt in the body (Brahmachari et al., 2009). The analysis of cinnamon bark oil
shows 13 active components, with the major compound present as cinnemaldehyde (97%
by volume). Other compounds extracted from cinnamon bark include terpenes such as 6-
cadinene (0.9%), a-copaene (4.6%), and a-amorphene (0.5%) (Gopu et al., 2008; Singh
etal., 2007).

Overall, cinnamon can increase total serum antioxidant status, increase thiols, and
decrease lipid. Cinnamaldehyde is an o,-unsaturated carbonyl derivative which has been
shown to exhibit antioxidant capacity through suppressing Toll-like receptors (TLR)- 4
activation (Youn et al., 2008). TLR4 is the known receptor for LPS, which upon

engagement oligomerizes the receptor and induces the transcriptions factors NF-xB and



IRF3. These two transcription factors code for pro-inflammatory gene products such as
cytokines, COX-2, and inducible NOS. Cinnamaldehyde is able to inhibit LPS-induced
oligomerization of TLR4, thereby downregulating NF-«kB, and the inflammation response
genes towards foreign molecules (Youn et al., 2008). Cinnamon is known to contain the
highest amount of procyanidins (A-type oligomeric form) with potent antioxidant
activity, but the underlying mechanism of their action has not been fully determined (J.
Lu et al., 2010). Advanced glycation end products, or AGEs, are known as the final
products of reactions between sugars and amino groups (Peng et al., 2010). Upon
accumulation in vivo, AGEs can be pro-inflammatory agents which have the ability to
progress the pathogenic disease process, develop complications associated with disease,
or facilitate the aging process. Aqueous cinnamon extract (ACE) is able to act as a
natural antiglycation product through directly trapping reactive carbonyl species (Peng et
al., 2010). The components found in ACE which inhibit the formation of AGEs include
phenolics such as catechins, epicatechins, and procyanidin B2 (Peng et al., 2008a).
Cancer: In vitro as well as in vivo studies show great potential for aqueous
cinnamon extract to induce cellular apoptosis, and inhibit tumor growth and progression.
Cinnamaldehyde a component of cinnamon extract (CE) has been shown to have
antitumor activity towards human solid tumor cells in vitro (Dugoua et al., 2007). This
bioactive component is noted for its ability to block cellular proliferation at the M phase
of the cell cycle (Dugoua et al., 2007) of specific cancer lines such as breast, leukemia,
ovarian, and lung tumor cells both in vitro and in vivo (Koppikar et al., 2010). It should
be noted that cinnamaldehyde is required at higher concentrations than CE to inhibit the

same amount of proliferation on various cancer cells (Singh et al., 2007). While



cinnamaldehyde is noted to exhibit effects at dosages above 20 pM, cinnamon extract is
able to induce the same effect as cinnamaldehyde at concentrations just above 1.28 uM
(Singh et al., 2007). Other studies indicate that cinnamon extract can effectively inhibit
growth factors and other receptors associated with angiogenesis and tumorigenesis.
Binding of vascular endothelial growth factor (VEGF) secreted by cancer cells to two
(VEGFRL1 and VEGFR?2) activates a signal transduction cascade resulting in endothelial
cell morphogenesis and angiogenesis which eventually leads to tumor growth and
metastasis. Treatment with CE considerably reduced the levels of pro-angiogenic factors,
as well as metastasis of tumor tissues through inhibition of associated growth factors
(EGF, VEGF, TGF a and B, Cox-2, HIF-1) (H. K. Kwon et al., 2009). Other in vivo
studies demonstrated that CE treatment suppressed melanoma progression through down-
regulation of NF-xB and AP1, though exact mechanisms of tumorigenesis suppression

are not very well understood (H. K. Kwon et al., 2009; Singh et al., 2007).

Cardiovascular Disease: Recent studies have suggested that intake of cinnamon
may decrease the risk of heart disease through reducing cholesterol and triglyceride levels
(Khan et al., 2003). In mice studies, this reduction is attributed to the formation of
sodium benzoate a metabolic byproduct of cinnamon that can suppress the mevalonate
pathway and reduce cholesterol biosynthesis in vivo in mice (Brahmachari et al., 2009).
In rats that were fed on a high fructose and high fat diet had reduced fat accumulation as
a result of cinnamon treatment (K Couturier et al., 2010). Furthermore, cinnamon
supplementation improved fasting blood sugar, systolic blood pressure, and body
composition in rats that were genetically altered to develop metabolic syndrome

(Ziegenfuss et al., 2006). Research on spontaneously hypertensive rats showed that
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cinnamon supplementation had significant effects on lowering blood pressure in sucrose
fed rats (18% sucrose in diet) and starch fed rats, even though the mechanisms of this

reduction are not clearly understood (Preuss et al., 2006).

Diabetes: Cinnamon and its functional effect against diabetes is perhaps the
longest studied property of cinnamon with the most amounts of resources The most
commonly studied aspects of cinnamon and diabetes include blood glucose control,
Hemoglobin A1C levels, satiety, gastric emptying rate, and gherlin values. Cinnamon has
been shown to increase insulin sensitivity in healthy individuals (O’Keefe et al., 2008;
Solomon & Blannin, 2007). In vivo studies indicate that cinnamon’s effects on insulin
sensitivity may be directly related to its ability to interfere with the insulin-signaling
cascade associated with insulin resistance in type Il diabetics. This interaction results in
reduced glucose and lipid biosynthesis, increased GLUT4 translocation and reduced
systolic blood pressure following ingestion of cinnamon (Solomon & Blannin, 2007).
The bioactive components noted to increase insulin sensitivity include trimeric and
tetrameric type A polyphenols (K Couturier et al., 2010). In vivo evidence suggests that
addition of cinnamon to the diet counteracts insulin resistance brought about through a
high fat/high fructose diet. Rats with elevated glucose rates administered cinnamon
experienced a return of glucose levels to those of the control animals (K Couturier et al.,
2010). This same data also suggests that cinnamon reduces fat accumulation in animal
trials. A study conducted by Dugoa et al., demonstrated that intake of 1, 3 and 6 grams of
cassia cinnamon reduced fasting serum glucose by 18-29%, followed by improvements in
triglyceride levels by 23-30%, LDL by 7-27%, and total cholesterol by 12-26% (2007).

Cinnamon extract given to animals consuming a high fructose diet also helps with the
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prevention of metabolic syndrome (Anderson, 2008; Solomon & Blannin, 2009). The
ingestion of cinnamon at higher doses may potentially influence gastric emptying rate
and postprandial glucose concentrations, as evidenced by reductions in gastric emptying
rates with the ingestion of 6 g of cinnamon (Hlebowicz et al., 2007). The effect of gastric
emptying is believed to improve blood glucose homeostasis through controlling the
amount of carbohydrate which enters the small intestine. However, with every study the
effect on blood glucose concentrations seem to be more noticeable than the lowering of
gastric emptying rate, so it should be noted that gastric emptying is only a partial
mechanism for aiding in the control of blood glucose levels (Hlebowicz et al., 2007).
Advanced glycation end products (AGEs) accumulation in vivo has been associated with
diabetes complications, including neuropathy, nephropathy, retinopathy, and cataracts
(Peng et al., 2008a). As mentioned previously, cinnamon extract exhibits inhibitory
activity towards AGEs by trapping reactive carbonyl species to avoid the accumulation of
AGEs, and ultimately prevent diabetic complications (Peng et al., 2008a).
Neurodegeneration: Neurodegenerative conditions such as AD or neural injury
are characterized by the formation of extracellular plaques and intracellular neurofibillary
tangles (tau), which result in a progressive loss in cognitive function (Peterson et al.,
2009). Promising in vitro research suggests that cinnamon extract is able to inhibit
aggregation of human tau due to the functional properties of proanthocyanidin trimer and
cinnamaldehyde (Peterson et al., 2009). It is speculated that cinnamon extract can delay
induction of neurodegeneration by preventing accumulation of AGEs (Brahmachari et al.,

2009; Peterson et al., 2009).
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It has been suggested that polyphenols such as proanthocyanids found in
cinnamon possess properties that can inhibit the formation of amyloid fibrils in the brain
that are developed during the progression of AD (Peterson et al., 2009). It is believed that
neurofibrillary tangles typical in AD are formed in a downstream path leading to amyloid
formation. Tangles occur when tau proteins accumulate in microtubules and
detrimentally alter normal neuron pathways. The aqueous form of C. zeylanicum has
recently been found to inhibit tau aggregation and filament formation, which are classic
causes of AD (Peterson et al., 2009). Interestingly, the cinnamon extract did not appear to
affect the normal cellular activity of tau proteins, such as microtubule support.
Proanthocyanid trimer molecules but not epicatechin, (which is the main repeating unit of
proanthocyanid trimer) are thought to be the key to the inhibitory activity in cinnamon
extract, as well as cinnamaldehyde. Compared to whole cinnamon extract pure
cinnamaldehyde fraction still exhibited 20% of the inhibitory action that the whole
extract did, showing that there may be multiple beneficial factors from cinnamon
involved in the inhibition of tau formation (Peterson et al., 2009). In genetically
engineered flies overexpressing Amyloid-p4, peptide dietary intake of 75 mg/ml
cinnamon extract showed no statistically significant difference in lifespan or climbing
ability. However, in AD prone, 5XFAD knock-out mice intake of led to a 60% decrease
in the accumulation of toxic AP oligomer (Frydman-Marom et al., 2011). Permeability of
cinnamon bioactive compounds to the brain across the blood brain barrier is not known.
The mechanisms for inhibition of AP aggregation is not clearly understood at this time

and required further investigation.
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Recent research has suggested potential benefits of cinnamon in a variety of
health conditions including cancer, diabetes, heart disease and neurodegeneration;
however, the biochemical and molecular mechanisms behind the bioactive effects of
cinnamon have not been studies comprehensively. Moreover, dose-dependent effects of
cinnamon at dietary relevant levels on critical regulatory pathways (eg. ILS) important in
disease pathology, especially in vivo are sparse. Understanding mechanisms behind
biological functionality cinnamon in various disease models is imperative to accurately
assess the chemotherapeutic potential of cinnamon and cinnamon extracts as functional

foods and pharmaceutical agents.

Methods

Nematode Propagation of INS and Cinnamon Treatment

Transgenic C. elegans strains carrying GFP-promoter fusions of genes relevant to
the daf-2/daf-16 signaling pathway were obtained from the Caenorhabditis Genetics
Center (Minneapolis, MN) (Table 1). Worms were grown on 35 mm or 60 mm culture
plates with Nematode Growth Medium (NGM) (1.7% agar, 0.3% NaCl, 0.25% Peptone,
1mM CaCl, ImM MgSO, 5mg/L Cholesterol, 2.5 mM KPOQO,) at 18-20°C (Brenner,
1974). Media was poured aseptically into culture plates (4.5 ml for 35mm, 10 ml for 60
mm) using a peristaltic pump and allowed to solidify for 36 hours. NGM culture plates
were then inoculated with 50 pl of Escherichia coli OP50 overnight cultures and
incubated for 8 hours at 37°C. Strains of C. elegans were maintained by picking 2-3

young adult worms onto freshly inoculated NGM plates every 4-7 days.
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As a control, NGM culture plates were prepared and inoculated as described
previously. Treatment plates were made by supplementing NGM with aqueous extracts of
cinnamon to final concentrations of 1 mg/ml, 5 mg/ml and 10 mg/ml. Aqueous
extractions of cinnamon was prepared by heating 1.5g of the spice in 30 mL of distilled
water, while stirring with a magnetic stir bar at 200 rpm for 30 minutes at 60°C. The
mixture was then vacuum filtered and centrifuged for 10 minutes at 4000 rpm. The
supernatant was filter sterilized by passing through a 0.2um syringe filter and added to
the treatment medium just prior to pouring (Caldicott et al., 1994). After 36 hours,
treatment plates were inoculated with 50 pL of E. coli OP50 supplemented with the
appropriate concentration of cinnamon extract (1 mg/ml, 5 mg/ml or 10 mg/ml) and
incubated for 8 hours at 37°C. Two young adult worms were transferred to each plate,
and allowed to lay hundreds of egg, hatch and grow to the young adult stage. This
procedure was repeated with each strain. A minimum of 5 plates was used for each

concentration.
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Table 1. List of C. elegans strains used to evaluate dose-dependent effects of aqueous spice
extracts on the daf-2/daf-16 signaling pathway. Included are the C. elegans gene names and
their human equivalents. Information obtained from www.wormbase.org.

Strain Gene Human Homolog Wormbase Gene ID
GR1352 | daf-16x | Forkhead Box O (FOXO) WBGene00000912
TJ356 daf-16 Forkhead Box O (FOXO) WBGene00000912
BC14074 | daf-2 Insulin/Insulin growth factor (IGF) receptor WBGene00000898
BC10837 | age-1 Phoshoinositide 3-kinase (PI3K) WBGene00000090
BC10950 | let-92 Protein Phosphatase 2A (let-92) WBGene00002363
BC14613 | pptr-1 Protein Phosphatase 2A regulatory subunit B563 | WBGene00012348
CF1553 | sod-3 Iron/Manganese superoxide dismutase WBGene00004932
BC13632 | sod-4 Copper/Zinc superoxide dismutase WBGene00004933
GA800 ctl Catalase (ctl-1, ctl-2 and ctl-3) WBGene00000830,
WBGene00000831,
WBGene00013220
respectively
UL3294 | sir-2.1 Sirtuin 2 WBGene00004800
UL3351 |sir-2.1 Sirtuin 2 WBGene00004800
CF2266 ins-7 Insulin/Insulin groth factor (IGF)-1-like peptide | WBGene00002090
GR1455 | daf-28 Insulin-4 (ins-4), Human insulin WBGene00000920
BL5752 ida-1 Type | diabetes autoantigens 1A-1/phogrin WBGene00002048

Fluorescence Imaging and Quantification

Images of 10 total adult worms from 5 plates were captured using the Nikon

SMZ1500 fluorescence microscope with Ril CCD camera. Prior to capturing the images,

worms were temporarily immobilized by chilling the cultures on ice for 15 minutes.

Relative fluorescence, with respect to control, was quantified using the National Institute

of Health’s Image] software (Iser & Wolkow, 2007).

Statistical Analysis

Fold change in relative fluorescence was calculated between controls and each

treatment concentration. Statistical analysis of data was performed using a two-tailed
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Student’s t test. p values < 0.05 were considered statistically significant relative to

control.

Results

Effect of Cinnamon on INS/ILS

Treatment with aqueous cinnamon extract resulted in an overall upregulation of
multiple genes in the daf-2/daf-16 pathway. Expression of daf-2 (BC14074), the C.
elegans insulin/IGF receptor ortholog, was significantly upregulated in response to all
cinnamon treatments. Changes in relative fluorescence (RF) values were dose-dependent
at concentrations of 1 mg/ml (RF= 1.039, p=0.004), 5 mg/ml (RF=1.560, p=0.000) and
10 mg/ml (RF=2.208, p=0.001) (Table 2). A similar trend was observed in the
expression of age-1 (BC10837), the p110 catalytic subunit of phosphoinositide 3-kinase
(PI15K), an ortholog of the mammalian PI3K subunit. Relative to control, expression of
age-1 increased by fold changes of 1.36 (p=0.000), 3.05, (p=0.000), and 4.18, (p=0.000),
in response to treatments at 1 mg/ml, 5 mg/ml and 10 mg/ml, respectively (Table 2).
Upregulation of let-92 (BC10950), which encodes the catalytic subunit for protein
phosphatase 2A (PP2A) in C. elegans, occurred at both 1 mg/ml (RF=1.019, p=0.005)
and 5 mg/ml (RF=1.116, p=0.002); however, at a dosage of 10 mg/ml, no change was
observed in the expression of let-92, relative to control (Table 2). Expression of pptr-1
(BC14613), a PP2A regulatory subunit, did not change in response to cinnamon at 1
mg/ml; however, significant upregulation was noted at 5 mg/ml (RF=1.117, p=0.004)
and 10 mg/ml (RF= 1.110, p=0.002) (Table 2). Expression of the C. elegans FOXO
homolog, daf-16, was evaluated using two strains (TJ356, GR1352), Significant

upregulation of daf-16 (TJ356) was observed in response to treatments of 1 mg/ml
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(RF=1.069, p=0.010) and 10 mg/ml (RF=1.043, p=0.013). Expression of daf-/6a
(GR1352), an isoform of daf-16, did not change in response to cinnamon treatments
(Table 2). Expression of sod-3 (CF1553), which is under positive regulation of daf-16
transcription, decreased in response to cinnamon concentrations of 1 mg/ml (RF=0.425,
p=0.011), 5 mg/ml (RF=0.354, p=0.004) and 10 mg/ml (RF=0.545, p=0.023) (Table 2).
Relative to control, the expression of ctl (GA800), which encodes three C. elegans
catalases, did not significantly differ at concentrations of 1 mg/ml or 5 mg/ml; a decrease
in ctl expression was observed in response to treatment with 10 mg/ml (RF=0.9009,
p=0.032). Expression of sod-4 (BC13632), an extracellular superoxide dismutase,
decreased in response to 1 mg/ml (RF=0.655, p=0.000) however, when the dosage of
cinnamon was increased to 5 mg/ml, the expression of sod-4 increased by 1.23 fold
(p=0.000). A further increase in the dosage of cinnamon to 10 mg/ml resulted in a higher
fold change of 1.34 (p=0.000) (Table 2). Increased expression of ins-7 (CF2266), which
encodes one of insulin-like peptides works in intestinal cells, was dose dependent, with
relative fluorescence values of 1.152 (p=0.002), 1.967 (p=0.000), and 2.386 (p=0.000) in
response to concentrations of 1 mg/ml, 5 mg/ml and 10 mg/ml, respectively (Table 2).
Expression of daf-28 (GR1455), which encodes an ortholog of human insulin, was
reduced at a dosage of 1 mg/ml (RF=0.892, p=0.000). However, upregulation of daf-28
was noted at 5 mg/ml (RF=1.267, p=0.000) and 10 mg/ml (RF=1.656, p=0.000) (Table
2). Relative to control, expression of ida-1 (BL5752), an ortholog of the gene that
encodes the mammalian type-1 diabetes autoantigens, was unchanged at a cinnamon
concentration of 1 mg/ml. An upregulation of ida-1 expression was noted at

concentrations of 5 mg/ml (RF=1.256, p=0.000) and 10 mg/ml (RF=1.628, p=0.000)
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(Table 2). Expression of sir2.1 (UL3295, UL3351), a gene which functions upstream of
daf-16 and is positively correlated with increased lifespan in C. elegans, was upregulated
in strain UL3295 at a concentration of 1 mg/ml (RF=1.490, p=0.022); while the same
dosage resulted in the downregulation of sir2.1 in UL3351 (RF=0.878, p=0.000).
Upregulation of sir2.1 was noted in both strains, in response to cinnamon treatments of 5
mg/ml (UL3295: RF=2.740, p=0.022; UL3351: RF=1.555 p=0.000) and 10 mg/ml

(UL3294: RF=4.167, p=0.000; UL3351: RF= 2.968, p=0.000) (Table 2).

Table 2. Dose-dependent effect of cinnamon treatments on fold-change in gene
expression relative to control (RF=relative fluorescence).

Cinnamon Concentration

GENE "1 mg/ml 5 mg/ml 10 mg/m

RF SE pvalue | RF SE p value RF SE p value

daf-16a | 0.846 0.016 | 0.379 0.854 | 0.042 | 0.265 0.875 0.022 | 0.225

daf-16 1.069 0.046 | 0.010 0.842 | 0.061 | 0.222 1.043 0.050 | 0.013

daf-2 1.039 0.096 | 0.004 1.560 | 0.060 | 0.000 2.208 0.400 | 0.001

age-1 1.363 0.080 | 0.000 3.055 | 0.196 | 0.000 4.176 0.183 | 0.000

let-92 1.019 0.115 | 0.005 1.116 | 0.118 | 0.002 1.015 0.139 | 0.064

pptr-1 0.981 0.089 | 0.166 1.117 | 0.123 | 0.004 1.110 0.060 | 0.002

sod-3 0.425 0.064 | 0.011 0.354 | 0.081 | 0.004 0.545 0.126 | 0.023

sod-4 0.655 0.026 | 0.000 1.226 | 0.046 | 0.000 1.341 0.106 | 0.000

ctl 1.008 0.054 | 0.380 1.022 | 0.021 | 0.187 0.909 0.069 | 0.032

sir2.1 1.490 0.264 | 0.022 2.740 | 0.526 | 0.004 4.167 0.601 | 0.000

sir2.1 0.878 0.022 | 0.000 1.555 | 0.045 | 0.000 2.968 0.149 | 0.000

ins-7 1.152 0.044 | 0.002 1.967 | 0.050 | 0.000 2.386 0.073 | 0.000

daf-28 0.892 0.046 | 0.000 1.267 | 0.043 | 0.000 1.656 0.140 | 0.000

ida-1 0.955 0.036 | 0.093 1.256 | 0.040 | 0.000 1.628 0.060 | 0.000

Cinnamon was tested at 1 mg/ml, 5 mg/ml, and 10 mg/ml concentrations, quantification of
fluorescence expressed as RF (Relative Fluorescence) + SE (Standard Error). N=8.
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Discussion

Insulin Signaling in Response to Cinnamon

The C. elegans homolog of insulin receptor, daf-2 binds to insulin like peptides
resulting in the activation of a phosphorylation cascade with mitogenic and metabolic
implications. An active daf-2 mediated signaling has been linked to increased metabolism
and growth and proliferation. Consequently it has also been associated with a down
regulation of redox stress response mechanisms. In response to cinnamon treatment the
expression of daf-2 was significantly upregulated, thus increasing the number of available

insulin binding membrane receptor sites.

A conformational change resulting from the binding of insulin to insulin receptor
activates an intrinsic tyrosine kinase that phosphorylates the cytoplasmic domain of the
insulin receptor and serves as a docking site for IRS, facilitate interaction and activation
of PIzK(age-1). In our results we noted that treatment with cinnamon resulted in a

significant upregulation of age-1 expression in C. elegans (Prahlad & Morimoto, 2009).

An active age-1 phosphorylates the transmembrane lipid PIP; to release the
secondary messenged PIP3;. Cytoplasmic PIP3 diffuses to allosteric site of another kinase
PDK-1 resulting in its activation. An active PDK-1 in turn phosphorylates and activates a
broad spectrum cytoplasmic kinase PIsK/AKT (Lant & Storey, 2010). Several
cytoplasmic proteins including the transcription factors are phosphorylation substrates for
active PIsK/AKT, their activation or inactivation in response to PI3sK mediated
phosphorylation regulates cellular processes. FOXO/daf-16 is an important transcription
factor that regulates the expression of several antioxidant stress response genes such as

superoxide dismutase and catalase (Barbieri et al., 2003).
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However, daf-16 is also a substrate for PIsK/AKT and its phosphorylation causes
cytoplasmic retention of daf-16 preventing its nuclear translocation and thus inhibiting
the expression genes under transcriptional regulation of daf-16 (Hoogewijs et al., 2008).
In response to cinnamon, our results showed that the expression of daf-16 only increased
marginally, however, the expression of mitochondrial Cu/Mn sod-3 was significantly
downregulated, suggesting a possible inactivation of daf-16 and its cytoplasmic retention.
Several protein phosphatases have been identified that can dephosphorylate and inhibit

this signaling cascade.

In C. elegans let-92 (protein phosphatase 2A PP2A), and its regulatory subunit
pptr-1 are known to dephosphorylate and inactivate AKT thus preventing cytosolic
retention and facilitating nuclear translocation FOXO/daf-16 (Lant & Storey, 2010; Shaw
& Dillin, 2009). In response to cinnamon treatment, we only noted a marginal increase in
the expression of let-92 and pptr-1 confirming that decreased expression of sod-3 was

indeed due to daf-2 mediated phosphorylation of daf-16.

To confirm if the daf-2 signal was truly active, we also looked at the expression of
some genes that are positively regulated by daf-2. In response to cinnamon treatments,

we observed that expression of ins-7 and ida-1 were significantly upregulated.

Insulin-7 (ins-7) has been identified as a putative agonist for daf-2 (Murphy et al.,
2007) and is positively regulated by the daf-2 cascade in a feed-forward manner
negatively regulated by active daf-16 (Murphy et al., 2007). Recently ins-7 RNA. in C.
elegans was shown to promote life extension by inhibiting daf-2, which resulted in

increased daf-16 nuclear entry and increased expression of sod-3 (Murphy et al., 2007).
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In C. elegans ida-1, while in mammals (IA-2) expression is extended to
pancreatic islet, adrenal medullary and pituitary cells (Zahn et al., 2001). The human IA-
2 homologue in C. elegans, ida-1 is expressed in peptidergic neurons and plays an
important role in the regulation of secretory pathways of neuroendocrine cells such as
pancreatic beta cells (Cai et al., 2009). In C. elegans ida-1 causes exocytosis of dense-
core vesicles and in humans IA-2 has been shown to be induced by insulin (Torii, 2009).
Mutations in and ida-1 and its deletion has shown to impair neuroendocrine processes
insulin secretion (Torii, 2009). Upregulation in the expression of both ins-7 and ida-1 in
response to cinnamon treatment suggests an active daf-2 signaling mediated active

insulin signaling cascade.

Moreover, the expression of daf-28 an ortholog of mammalian insulin (INS-4)
was also significantly upregulated in response to cinnamon treatment, however, it must
be noted that unlike ins-7, expression of daf-28 is not regulated by daf-2 and it is also is
known to positively regulate the expression and nuclear translocation of daf-16 (Li et al.,
2003). An upregulation in expression of daf-28 in response to cinnamon suggest a
possible tissue specific positive effect of cinnamon on neuronal growth and also an
elevation in the daf-16 mediated stress response in the ASJ and ASN neurons in C.

elegans.

The gene ctl codes for three isoforms of the antioxidant enzyme catalase
(Henderson et al., 2006) in C. elegans and is under positive transcriptional regulation of
daf-16. In our study, we noted that in response to cinnamon treatment, the expression of
ctl did not change significantly. Unlike sod-3 which is strictly regulated by daf-16 alone,

expression of ctl is also under regulation of reactive oxygen and other metabolic
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processes that enhance redox stress and is therefore considered an important indicator of
cellular redox stress (Henderson et al., 2006). Therefore, a relatively constant expression
of catalase upon treatment with cinnamon may reflect an enhanced oxidative stress

response and redox balance perhaps via other mechanisms.

There is emerging evidence that shown a delineation in the activity of sod-3 and
ctl during conditions of oxidative stress. Recently, in age-1 mutants the expression of
sod-3 and ctl-1/2 increased during oxidative stress, however, in daf-16 mutants, under the
same conditions of hyperoxia, only sod-3 expression decreased (Yanase et al., 2002). In
C. elegans treatment with standardized extracts of Ginkgo biloba have been shown to
decrease expression of stress inducible ctl genes during oxidative stress and under

physiological conditions (Kampkotter et al., 2007).

The expression of sod-4, which is an extracellular Cu/Zn SOD and is important in
redox balance in the extracellular matrix, was increased significantly upon treatment with
cinnamon. However, unlike sod-3 it has not been identified as a direct downstream target
of daf-16 protein (Murphy et al., 2007). Clearly treatment with cinnamon resulted in
activation of daf-2 signaling, however, contrary to expected results, even though there
was a downregulation in the expression of daf-2, enhanced oxidative stress and decreased
longitivity were not noted. These results suggest that cinnamon treatment resulted

physiological redox balance even in the presence of an active daf-2 signaling cascade.

Sir2.1, which has a human homolog of sirtuin 2 (Sir2) is a small NAD+
dependent histone deacetylase that can independently activate FOXO/daf-16 by

increasing its interaction with 14-3-3 protein (Lamming et al., 2004; Rizki et al., 2011; Y.
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Wang et al., 2006). However, as described previously, in our studies, treatment with
cinnamon did not result in any increase in the expression of genes positively regulated by
daf-16, suggesting an alternate mechanism of stress reduction. In a separate pathway, sir-
2.1 acts to repress the expression of abu-11 and a number of other pgn family genes
believed to be involved in regulating protein folding within the endoplasmic reticulum
(Viswanathan et al., 2005). Cinnamon via sir-2.1, may upregulate the expression of abu-
11 and other abu/pgn genes, potentially functioning to decrease ER stress ultimately
resulting in enhanced redox balance and increase in lifespan (Viswanathan et al., 2005).
Weather cinnamon treatment actually results in repression of ER stress and increased

lifespan in C. elegans will be explored in future experiments.

Conclusion

Based on our preliminary results and study of literature survey we hypothesize
that dietary cinnamon can modulate other important pathways in eukaryotic systems that
regulate stress response signaling, such as Nrf2/ARE, HIF, HSP/UPR, MAPK and TGF-p.
Positive modulation of stress response signaling by cinnamon may prove to be beneficial

in management of neurodegenerative diseases that can result from their dysregulation.



CHAPTER I

CINNAMOMUM VERUM MODULATES NRF2/ARE (SKN-1/ARE) GENE
EXPRESSION IN C. ELEGANS

Introduction

Nrf2/skn-1 Signaling Pathway

Expression of basic leucine zipper transcription factor, NF-E2—related factor (Nrf-
2) is controlled by oxidative stress and PI3K/Akt activities (Furukawa et al., 2010). It is
reported to regulate antioxidative species against mitochondrial production of reactive
oxygen species (ROS), phase Il detoxification proteins and mitochondrial biogenesis (H.
C. Huang et al., 2000; Suliman et al., 2007). In absence of oxidative stress Nrf2 exist in
the cytoplasm bound with Kelch-like ECH-associated protein-1 (Keap-1) and GSK-3
which inhibit Nrf-2 nuclear translocation. In conditions of oxidative stress or caloric
restriction, Nrf-2 translocates to the nucleus and binds to the many Nrf-2 dependent
transcriptional factors, including antioxidant response element (ARE) (J. A. Johnson et
al., 2009). ARE is present at the promoter region of genes for regulation of antioxidation
and phase Il detoxification. These genes include mitochondrial superoxide dismutase
(SOD2), glutathione synthetase (GSS), glutathione reductase (GSR), glutathione S-
transferase (GST), glutathione peroxidase (GPx), thioredoxin (TRX), thioredoxin

reductase (TRXR), hemeoxygenase-1 (HO-1) and NAD(P)H quinone oxidoreductase 1

24
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(NQO1) (Bardag-Gorce et al., 2011; Konstantinopoulos et al., 2011; Piantadosi et al.,
2008; Tanito et al., 2007). Thus, increasing these antioxidative and detoxifying gene
transcription via activation of Nrf-2 signaling is considered to play key role in
neuroprotection, anticarcinogenicity, anti-inflammatory, and the aging processes. A
number of studies have been done on the effect of phytochemicals from dietary spices
and herbs as new potential prevention or treatment options against aging and age-related
diseases, such as neurodegeneration and carcinogenesis. Some phytochemicals are known
to modulate antioxidative gene expression and have potential benefit against aging and
age-related diseases; for example, green tea catechins are shown to have antiangiogenic
effect against colorectal cancer in animal models (Sukhthankar et al., 2008). Other
studies reported that tea polyphenols modulate gene expression of Nrf2/ARE signaling
and have protective effect against age related disease by inducing antioxidant and
detoxifying enzymes (Na & Surh, 2008). Cinnamomun (cinnamon) has been known to
the traditional spices and medicines since ancient age and in recent studies it is shown to
have antioxidant, antidiabetic, antitumorigenesis and anti-inflammatory properties
(Dugoua et al., 2007; X. Lin et al., 2004; R. Wang et al., 2009). For example, cinnamon
polyphenol proanthocyanidins are shown to have antioxidative activity and prevent
advance glycation endproducts as reactive carbonyl scavenger and prevent inflammation
(Peng et al., 2008a). Trimeric and tetrameric type A polyphenols of cinnamon is noted to
increase insulin sensitivity and have anti-diabetic properties (K Couturier et al., 2010).
Cinnamon bioactive components are reported to suppress tumorigenesis by inhibiting
angiogenesis and increase apoptosis of tumor cells (H. K. Kwon et al., 2010). In addition

to these protective effects of cinnamon components, cinnamaldehyde (CA) was reported
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to react with thiol groups of Keap1/Nrf2 and activate ARE mediated gene expression (T.-
C. Huang et al., 2011). Activation of Nrf2-dependent gene is considered to have potent
chemotherapeutic activities against cancer. It was reported that ethanol extract of
cinnamon and aqueous cinnamon extract upregulated Nrf2 and its Nrf-2 dependent gene
transcription and in cultured human epithelial colon cells in vitro (Georg Thomas
Wondrak et al., 2010). Also potent therapeutic properties of cinnamon mediated by Nrf2
were reported against diabetic nephropathy in mice study, atherosclerosis in vitro and
skin cell photo-oxidative stress in vitro (Jiang et al., 2010; Georg T Wondrak et al.,
2008). In this study, we examined the effect of dietary cinnamon extract on modulation

of Nrf2/ARE related gene expression in C. elegans model.
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Figure 2. Nuclear factor-erythroid-2 related factor-2 (Nrf-2) signaling model. Nrf-2 is
dissociated from Keapl and translocates to the nucleus, then binds to the prompter region of the
antioxidant response element (ARE). While expression of genes that function as redox sensors

were also evaluated.

Methods

Nematode Propagation of Nrf-2/skn-1 Signaling Pathway and Cinnamon

Treatment

C. elegans with GFP promoter constructs of genes relevant to skn-1/ARE (Human
Nrf2/ARE) pathway (Table 3) obtained from the Caenorhabditis Genetics Center were

used to study the effect of cinnamon on the expression and activity of genes regulated by
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skn-1/Nrf2/ARE system. C. elegans treatment propagation and quantification of gene

expression were done using methods described above in chapter 1.

Table 3. List of C. elegans genes evaluated by strain, and their human equivalents in Skn-1
signaling. Information obtained from www.wormbase.org.

SKN-1
Strain Gene Human Homolog Wormbase-Gene ID

Nuclear factor-erythroid-2 related

LG326 skn-1 factor-2 (Nrf2) transcription factor | WBGene00004804
GATAA4-6 transcription factors-

MR142 elt-2 primarily intestinal WBGene00001250
GATAA4-6 transcription factors-

MR164 elt-2 primarily intestinal WBGene00001250
GATAA4-6 transcription factors-

OH7631 | elt-2 neuronal WBGene00001250

BC12667 | gss-1 Glutathione synthetase (GSS) WBGene00010941
Glutathione diSulfide Reductase

BC11072 | gsr-1 (GSR) WBGene00008117

BC13348 | gst-4 Glutathione S-Transferase (GST) WBGene00001752

CL2166 gst-4 Glutathione S-Transferase (GST) WBGene00001752

CL2122 mtl-2 Metallothioneins (MTL) WBGene00003474

BC14279 | isp-1 Iron sulfur protein (ISP) WBGene00002162

OE3010 | trx-1 Thioredoxin (TRX) WBGene00015062

BC13081 |trx-1D Thioredoxin (TRX) driven (D) WBGene00015062

BC12017 |trxr-2D | | hioredoxinreductase (TRXR) | \y/geneno014028
driven (D)

BC12039 | glrx-21 D | Glutaredoxin (GLRX) driven (D) WBGene00022663

Results

Effects of Cinnamon Nrf2/ARE Signaling

The effect of aqueous cinnamon extract on expression of skn-1 (homolog of the
mammalian nrf-1 gene) and several genes downstream of skn-1, was evaluated at

cinnamon concentrations of 1 mg/ml, 5 mg/ml and 10 mg/ml. In C. elegans, skn-1
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functions within the p38 MAP-Kinase pathway to regulate the oxidative stress response.
In response to treatment with cinnamon, dose-dependent upregulation of skn-1 (LG326)
was observed, relative to control. At a concentration of 1 mg/ml, relative fluorescence of
skn-1 was 1.130 (p=0.001), while increased dosages of cinnamon at 5 mg/ml and 10
mg/ml resulted in fold changes of 1.435 (p=0.002) and 1.680 (p=0.000), respectively
(Table 4). Expression of elt-2, a gene downstream of skn-1, was evaluated in three strains
(OH7631, MR142, MR164). In strain OH7631, elt-2 expression increased, relative to
control, in response to cinnamon concentrations of 1 mg/ml, 5 mg/ml and 10 mg/ml with
relative fluorescence values of 1.121 (p=0.020), 1.449 (p=0.000) and 1.811 (p=0.000),
respectively (Table 4). A similar dose-dependent trend was observed in elt-2 expression
when evaluated in strain MR142. At a concentration of 1 mg/ml, expression of elt-2
(MR142) increased by a fold change of 1.419 (p=0.000), and when the dosage was
increased to 5 mg/ml and 10 mg/ml, relative fluorescence values were 1.745 (p=0.000)
and 2.542 (p=0.000), respectively. In strain MR164, expression of elt-2 was unchanged
at a concentration of 1 mg/ml; however, in response to 5 mg/ml and 10 mg/ml, relative
fluorescence values were 1.218 (p=0.005) and 1.237 (p=0.002), respectively (Table 4).
The C. elegans gene gsy-1 (BC12667), an ortholog of the human glutathione synthase
gene, was unchanged at concentrations of 1 mg/ml and 5 mg/ml. At a concentration of 10
mg/ml, expression of gsy-1 increased by a fold-change of 1.912 (p=0.000), relative to
control (Table 4). Upregulation of gsr-1 (BC11072), an ortholog of the human
mitochondrial glutathione reductase, was observed in response to cinnamon
concentrations of 1 mg/ml (RF=1.132, p=0.000) and 5 mg/ml (RF=1.426, p=0.000);

however, relative to control, at a dosage of 10 mg/ml, no change in gsr-1 expression was
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observed (Table 4). Expression of gst-4, a gene driven by glutathione s-transferase, was
evaluated in strains BC13348 and CL2166. In both strains, significant dose-dependent
upregulation of gst-4 was observed (Table 4). Relative to control, fold changes of 1.423
(p=0.009), 2.352 (p=0.000) and 2.495 (p=0.000) were observed in strain BC13348 in
response to treatments with 1 mg/ml, 5 mg/ml and 10 mg/ml, respectively. In strain
CL2166, fold changes of 1.349 (p=0.009), 1.873 (p=0.019) and 2.558 (p=0.032), were
observed in response to treatments at 1 mg/ml, 5 mg/ml and 10 mg/ml, respectively.
Expression of mtl-2 a gene which encodes for one of two metallothioneins, a protein
which functions in metal detoxification and homeostasis, was unchanged at all
concentrations of cinnamon. Expression of isp-1 (BC14279), a gene involved in the
expression of an iron-sulfur protein in C. elegans, was reduced, relative to control, when
treated with cinnamon at 5 mg/ml (RF=0.765, p=0.000) and 10 mg/ml (RF=0.797,
p=0.007); no change was observed in response to treatment with 1 mg/ml (Table 4).
Thioredoxin-encoding, trx-1 (OE3010), is required for normal adult lifespan in C.
elegans. In response to cinnamon dosages of 1 mg/ml, 5 mg/ml, and 10 mg/ml,
expression of trx-1 increased dose-dependently, with fold changes of 1.138 (p=0.000),
1.729 (p=0.000) and 2.141 (p=0.000), respectively. A gene driven by trx-1, trx-1-D
(BC13081) was observed to have a lower expression, relative to control, when treated
with cinnamon at a concentration of 1 mg/ml (RF= 0.632, p=0.000). At 5 mg/ml, no
change in trx-1-D expression was observed, however, in response to treatment at 10
mg/ml, a fold change of 1.465 (p=0.022) was noted. Expression of trxr-2-D (BC12017),
a gene driven by thioredoxin reductase, increased dose dependently in response to

cinnamon treatments. At a concentrations of 1 mg/ml, expression of trxr-2-D increased
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by a fold change of 1.959 (p=0.000) and when the dosage was increased to 5 mg/ml and

10 mg/ml, relative fluorescence was 2.948 (p=0.000) and 3.405 (p=0.000) (Table 4). The

expression of glrx-2-D (BC12039), a gene driven by glutaredoxin and related proteins,

was also observed to increase, dose-dependently, in response to cinnamon treatment at 1

mg/ml, 5 mg/ml and 10 mg/ml, relative fluorescence, compared to control, was 1.396

(p=0.000), 2.290 (p=0.001) and 2.867 (p=0.000), respectively (Table 4).

Table 4. Dose-dependent effect of cinnamon treatments on fold-change in gene

expression relative to control.

Cinnamon Concentration

GENE 1 mg/ml 5 mg/ml 10 mg/ml

RF SE | pvalue RF SE | pvalue RF SE | pvalue
skn-1 1.130 | 0.035 0.001 | 1.435| 0.127 0.002 | 1.680| 0.074 0.000
elt-2 1121 | 0.146 0.020 | 1.449| 0.130 0.000| 1.811| 0.209 0.000
elt-2 1419 | 0.147 0.000 | 1.745| 0.120 0.000 | 2542 | 0.452 0.001
elt-2 1.143 | 0.118 0.061 | 1.218| 0.093 0.005| 1.237| 0.088 0.002
gss-1 0.844 0.063 0.104 0.827 0.060 0.131 1.912 0.266 0.000
gsr-1 1.132 0.044 0.000 1.426 0.077 0.000 1.168 0.141 0.119
gst-4 1.423 | 0.131 0.009 | 2352 | 0.284 0.000| 2.495| 0.211 0.000
gst-4 1.349 | 0.177 0.001| 1.873| 0.211 0.019| 2558| 0.125 0.032
mtl-2 0.389 | 0.129 0.140 | 0.481 | 0.057 0.066 | 0.469 | 0.055 0.119
isp-1 0.984 | 0.165 0.150 | 0.765| 0.185 0.009 | 0.797 | 0.290 0.007
trx-1 1.138 0.044 0.000 1.729 0.147 0.000 2.141 0.169 0.000
trx-1-D 0.632 | 0.045 0.000 | 0.998 | 0.191 0.339| 1.465| 0.315 0.022
trxr-2-D 1.959 | 0.060 0.000 | 2.948| 0.159 0.000 | 3.405| 0.167 0.000
glrx-21-D 1.396 | 0.112 0.000 | 2.290| 0.336 0.001| 2.867| 0.301 0.000

Cinnamon was tested at 1 mg/ml, 5 mg/ml, and 10 mg/ml concentrations, quantification of
fluorescence expressed as RF (Relative Fluorescence) + SE (Standard Error). N=8.
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Discussion

Nrf2/ARE Signaling in Response to Cinnamon

The C. elegans homolog of basic leucine zipper transcription factor Nrf2, skn-1
regulates level of antioxidants, phase Il detoxification enzymes and glutathione synthesis
(H. C. Huang et al., 2000; Suliman et al., 2007). Skn-1 is involved in intestinal cell and
ASI neuron development of C. elegans (Tullet et al., 2008). And similar to daf-16,
decreasing of daf-2 signaling increase skn-1 nucleus translocation, and response to
oxidative stress (Bishop & Guarente, 2007), thus modification of skn-1 has potential
benefit on neurodegenerative diseases and longevity (Dostal et al., 2010). In response to
cinnamon treatment the expression of skn-1 was significantly upregulated, suggesting a
possible activation of skn-1 dependent antioxidant proteins and phase Il detoxification

pathway.

C. elegans GATA-type transcription factor elt-2 is required for differentiation of
the post embryonic intestinal cell (McGhee et al., 2007). Skn-1 signaling is also involved
in intestinal cell differentiation, and it is reported that elt-2 is indirectly or potentially
directly regulated by skn-1 (Maduro, 2009). To confirm if elt-2 is truly active, three
strains (M142, M164 and OH7631) were used to check their GFP level. In response to
cinnamon treatment, we observed that in all three strains elt-2 expression were increased

(Table 4), suggesting active skn-1 signaling and its dependent gene transcription.

Mtl-2 is C. elegans metallothionein, which expresses in intestinal cell have metal
detoxification and heat shock response properties (Haga et al., 2003). In mammal,

metallothionein promoter region is overlapped with Nrf-2 dependent transcriptional
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element ARE, and it is indicated mtl-2 protects cell from free radical damage along with
other detoxification enzymes (Haga et al., 2003). In C. elegans mtl-2 is not directly
upregulated by skn-1 gene, but it is regulated via elt-2 gene in the intestine and protect
cells against cadmium exposure (Roh et al., 2009; Tvermoes et al., 2010). In response to
cinnamon treatment, there was no significant difference of mtl-2 gene expression (Table

4).

The gene isp-1 codes the electron transport complex Il subunit in mitochondria
membrane and it is reported that the expression of isp-1 related to extension of lifespan
(Van Raamsdonk & Hekimi, 2009). Isp-1 is involved in respiration of mitochondria, thus
upregulation of isp-1 expression indicates increasing of reactive oxygen spices (ROS). It
is reported that loss-of-function mutation of isp-1 results in low endogenous ROS
production and increased life span of C. elegans (Feng et al., 2001). Also, it was observed
that mild inhibition of respiration cause hypoxia condition and increased ROS level
slightly, which activate hif-1 and hif-1 target genes expression and extend lifespan of C.
elegans (S.-J. Lee et al., 2010). In response to cinnamon treatment isp-1 expression was
downregulated and hif-1a expression was significantly upregulated, suggesting activation

of skn-1 and possible lifespan extension via increasing hif-1 target genes.

C. elegans gss-1 is the gene which codes human orthologous glutathione
synthetase (GSS). Glutathione is synthesized by two enzymes y-glutamylcysteine and
GSS from glutamic acid, thus gss-1 limit rate of glutathione synthesis rate. Glutathione is
an important antioxidant protein to protect cell from ROS and it is involved in phase |
and phase Il detoxification by neutralizing free radicals. It is indicated that the

transcription of gss-1 is induced by skn-1 (An & Blackwell, 2003). Upregulation in the
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expression of gss-1 in response to cinnamon treatment suggests an active skn-1 signaling

and increasing protection against ROS damage.

Gutathione disulfide reductase (GSR) is another protein that control redox balance.
GSR is one of the enzymes of glutathione metabolism and catalyzes the reduction of
oxidized glutathione (GSSG) along with cofactor NADPH and recycle GSH. The C.
elegans gene gsr-1 is an ortholog of mammalian GSR and it is predicted to be regulated
by skn-1/Nrf-2 (An & Blackwell, 2003). The expression of gsr-1 was also significantly
upregulated in response to cinnamon treatment, suggesting increasing of GSH

regeneration and keeping cellular redox balance.

Glutathione S-transferase (GST) is a type 1l detoxification enzyme which
catalyzes binding of GSH to foreign compounds. The gene gst-4 is one of C. elegans
GSTs which is regulated by skn-1 (Park et al., 2009). One study reported that
upregulation of gst-4 increased protection against various stresses including oxidative
stress, but did not affect lifespan (Leiers et al., 2003). Whereas, another study reported
that diallyl trisulfide (DATS) of garlic upregulates skn-1 dependent gene transcriptions
and increase mean lifespan but not maximal lifespan (Powolny et al., 2011). The
mechanism of extension of lifespan and gst-4 expression is still unclear, but it indicated
that increasing of the expression of gst-4 have protective effect against stress induced
dysfunction. In response to cinnamon extract, the expression of gst-4 was significantly
increased compared with control, suggesting cinnamon treatment increase oxidative

stress response via the glutathione system.
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The gene glrx-21 codes C. elegans glutaredoxin, which is an ortholog of the
human glutaredoxin-2 protein (Sagemark et al., 2007). Reduced active form of glrx-21 is
maintained by GSH and protects cell from selenium-induced reductions in C. elegans
(Morgan et al., 2010). The expression of glrx-21 is not regulated by skn-1 signaling. An
upregulation in expression of glrx-21 in response to cinnamon suggests a possible

positive effect of cinnamon on metal toxicity.

Thioredoxin (TRX) is a major antioxidant protein in cell universally presenting in
organisms from archaea to humans. TRX contains SH group and promotes the reduction
of disulfide bonds of proteins and recycled with NADPH and thioredoxin reductase
(TRXR) (Arnér & Holmgren, 2000). In C. elegans, trx-1 is one of ARE response genes
expressed in ASJ sensory neurons (Oliveira et al., 2009) and it is reported that loss-of-
function mutation of trx-1 decreased lifespan of worm (Miranda-Vizuete et al., 2006). It
is also indicated that upregulation of trx-1 in neurons induced by dietary restriction
increased lifespan of C. elegans. To confirm the trx-1 expression change, two strains
(OE3010 and BC13081) were used. In response to cinnamon treatment average of the
expression of trx-1 was upregulated, suggesting active skn-1 signaling and increasing of
antioxidative activity in neurons. Also in response to cinnamon treatment mitochondrial
form thioredoxin reductases trxr-2 was upregulated, which suggesting whole thioredoxin
system was activated. Recently it is reported that overexpression of trxr-2 strongly
decreased B-amyloid peptide and amyloid deposits in C. elegans model, thus cinnamon

treatment has possible benefit to Alzheimer’s disease.
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Conclusion

The present study showed the effect of cinnamon extract on modification of Nrf-
2/skn-1 signaling in vivo, and many of these effects occur in a dose-dependent manner.
The Nrf-2/skn-1 signaling pathway regulate phase 2 detoxification genes, thus it is
important pathway to protect cellular function from free radicals. Nrf-2/skn-1 signaling
has been indicated to influence inflammation, apoptosis, lifespan and neurodegenerative
diseases. Therefore, cinnamon properties of activation of Nrf-2/skn-1 may help as target

molecules of neurodegenerative diseases by its stress responding activity.
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CHAPTER 111
THE IN VIVO EFFECT OF CINNAMOMUM VERUM ON HYPOXIA INDUCIBLE

FACTOR, APOPTOSIS, AND CELL CYCLE REGULATION IN C. ELEGANS

Introduction

HIF-1 signaling pathway

Hypoxia-inducible factor 1 (HIF-1) protein is induced in hypoxia condition and
functions as a transcription factor complex of hypoxia responsive element (HRE). HIF-1
plays a key role in managing energy metabolism (G. Semenza & Roth, 1994) , cell
proliferation (Heiden & Cantley, 2009), cell death and survival (Mazure & Pouysségur,
2010), mitochondrial autophagy (H. Zhang et al., 2008), metastasis (Erler et al., 2006)
and angiogenesis (Yamakuchi et al., 2010). HIF-1 is heterodimeric transcription factor
consisting of HIF-1o and HIF-1f subunit. HIF-1a subunit is regulated by level of oxygen,
but the expression of HIF-1p subunit is constitutive (G. L. Semenza, 2009). Expression of
HIF-1a subunit is increased by several different pathways, such as PIsK-AKT signaling
pathway, TGF-f signaling pathway, NF-kB signaling pathway and MAPK pathway
(BelAiba & Bonello, 2007; Frede et al., 2006; Mwaikambo et al., 2009). Thus, inhibition
of these signaling causes modulation of various HRE dependent transcriptions. One of
the HIF-1 inhibitor is PTEN. Since PTEN inhibit PIsK-AKT signaling pathway,

increasing expression of PTEN negatively regulate transcription of HIF-1a
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(Emerling et al., 2008). Also under normoxia condition proline residue of HIF-1o/ HIF-
1B is hydroxylated by enzymes, such as prolyl hydroxylases (PHD) and factor inhibiting
HIF (FIH) (H. Zhang et al., 2007). Hydroxylated HIF-1a become oxygen-dependent
protein which contains von Hippel Lindau E3 ubiquitin ligase (VHL) binding site, thus
VHL can bind to hydroxylated HIF-1 o and targeted to the proteasome degradation (H.
Zhang et al., 2007). Therefore, under the normoxia condition HIF-1a is inactivated and
HRE dependent transcriptions will not be upregulated. On the contrary, under the
hypoxia condition PHD and FIH hydroxylase activity is restricted, and stable HIF-1
translocates to the nuclear and binds with HRE and increase HIF-1 responsive genes

(Berra et al., 2003).

HRE dependent transcription increases various genes, such as immune responsive
genes, angiogenesis genes, cell proliferation genes, iron metabolism genes, energy
metabolism genes (Glover et al., 2011; Haase, 2010). As a part of immune response, it is
reported that HIF-1a regulate immune system by increasing antimicrobial peptides and
macrophage activity (Zinkernagel et al., 2007). HIF-1a. is also known to increase glucose
metabolism and growth factor, such as glucose transporter 1, IGF2, and TGF-a (G. L.
Semenza, 2012). Stimulation of HIF-1a increase vascular endothelial growth factor
(VEGF) production and mediate angiogenesis (Ferrara et al., 2007). Also increasing
epithelial levels of HIF-1a leads to induction of NF-kB and IL-8 and mediating
angiogenesis is observed in cancer cell (Lurje et al., 2008; Végran et al., 2011). One of
HIF-1 responsive protein adrenomedullin (ADM) is one of the regulatory factors to
control angiogenesis and angiogenesis-dependent diseases (Fernandez-Sauze et al.,

2004). ADM also promotes endothelial cell proliferation and has cardioprotective
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properties by preventing apoptosis (Hamid & Baxter, 2006). HRE dependent

transcription is also involved in the increase of iron homeostasis. In a mice study, it is

reported that in condition of hypoxia, HIF-2 a bind with HRE and increase transferrin,

ceruloplasmin, ferroportin, and erythropoietin in order to increase oxygen level

(Mastrogiannaki & Matak, 2009). Thus, HIF-1 signaling responds to oxygen level and

regulates cell survival and cell death via regulating IGF2, TGF-o. and MAPK signalings.
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Figure 3. Hypoxia inducible factor-1 (HIF-1) signaling model. Under normal oxygen
conditions (normoxia) HIF-1a. is hydroxylated and ubiquitinated by HIF-1a inihibitor and
targeted for proteasomal degradation. Under low oxygen conditions (hypoxia), HIF-1a and HIF-
1B complex bind to hypoxia responsive element (HRE) and response to hypoxia condition.
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Apoptotic Signaling

Apoptotic signaling is activated through extrinsic and intrinsic induction and also
many pathways are involved in this apoptosis signaling in neuronal cell (Perera &
Bardeesy, 2011). Extrinsic induction of apoptosis is activated when proapoptotic ligands,
such as cytokines and death factors, bind to cytokines receptor or Fas receptor (Kong et
al., 2001; C. Vincent et al., 2009). Oxidative stress and inflammation is involved in
activating these receptors because various ligands of these receptors are induced or
activated by oxidative stress and inflammation (Reuter et al., 2010). These signaling
increase apoptosis signaling via activating of caspase-3 and caspase-8 and cause cell
death of neurons (Sharifi et al., 2009). Intrinsic induction of apoptosis is activated
through ER stress and mitochondrial stress (Martinez et al., 2010; Petit et al., 2003). ER
stress increase enzymatic activities of caspase-12, then caspase-12 activate caspase-3 and
caspase-9 which cause neuronal cell death (Martinez et al., 2010). Intrinsic induction of
apoptosis is also mediated by mitochondrial stress (Petit et al., 2003). When
mitochondria was damaged by U.V. or oxidative stress, cytochrome c is secreted from
mitochondria due to increase of permeability of the mitochondrial membrane,
cytochrome c then forms a complex with apoptotic protease activating factor-1 (Apaf-1)
which activate caspase-9,-7 and -3 and cause apoptosis in neuronal cell (C. E. Johnson et

al., 2007).

For activating pro-apoptosis signaling and anti-apoptosis signaling B-cell
lymphoma 2 (Bcl-2) family proteins are reported to play important roles. Bcl-2 family
proteins, Bcl-2 , Bel-xL and Bcl-w are classified as anti-apoptotic proteins, which share

four domains BH1, 2, 3 and 4 (Chipuk et al., 2010). Other Bcl-2 family proteins, Bax and
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Bak are classified as pro-apoptotic proteins which share multi-domain of BH1, 2 and 3
(Chipuk et al., 2010). Also Bid, Bil, Bad, Bim and Bmf are classified as pro-apoptotic
protein, but these protein share only BH3 domain, thus these are also called BH3-only

proteins (Chipuk et al., 2010).

In normal condition, ced-9, homolog of human Bcl-2, suppresses apoptosis by
binding with ced-4, homolog of apoptotic protease activating factor 1 (APAF1) or with
bec-1, beclin-1 homolog in C. elegans neuronal cell (Y. Lu et al., 2011; Nehme et al.,
2010). And an anti-apoptotic zinc-finger transcriptional repressor of the Snail/Slug family
CES-1 (ces-1 in C. elegans) is reported to bind and repress expression of the BH3-
proapoptotic gene egl-1 and prevent the death of motor neuronal cells (Hirose et al.,
2010; Thellmann, 2003). The mechanism remain unclear but when Ces-1 was negatively
regulated by Ces-2 or other environmental factors, when the mitochondrial C. elegans

BH3-only protein egl-1 will be activated (Hatzold & Conradt, 2008).

When egl-1 binds to ced-9 protein, the complex of ced-9 with ced-4 or bec-1 will
be broken and ced-4 and bec-1 will be released (Pinan-Lucarre et al., 2012). Free ced-4
activate caspases, which results to cause apoptosis and regenerate neuronal cell (Pinan-
Lucarre et al., 2012). Also free bec-1 is suggested to be cleaved by caspase and its
fragments does not increase autophagy but increase apoptosis signaling (Wirawan et al.,

2010).
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Figure 4. Autophagy and apoptosis signaling model. BH3 domain only protein egl-1 bind with
Bcl-2/ced-9 protein and activate autophagy protein Beclin and pro-apoptotic protein Apaf-1.

Requlation of the Autophagy

After cell goes into apoptotic signaling, dead cell is engulfed by macroglial cell in
neuron to inhibit increase of extracellular misfolded and unfolded which cause neuronal
toxicity (Origasa et al., 2001). It is reported that BH3 only protein binds with Bc-2 and
release Beclin-1 and free Beclin-1 make a complex with class the 111 PI3 kinase LET-
512/Vps34 and trigger autophagy and endocytosis (Takacs-Vellai et al., 2005).
Accumulation of extracellular apoptotic cells and misfolded or unfolded proteins cause

extracellular toxicity, thus clearance of extracellular proteins and apoptotic cell is
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important. It is reported that increase of Beclin-1 decreased extracellular synaptic protein
a-synuclein and decreased development of Parkinson’s disease (PD) in vitro study
(Spencer et al., 2009). In C. elegans ced-5/Dock180, and ced-12/ELMO is reported to

increase promotion of the basolateral recycling (Sun et al., 2012).

Ced-5 and ced-12 are activated by RhoG and make a complex, and then this
complex promotes endocytic trafficking of ced-10, which is homolog of Rac protein
(Moreira & Barcinski, 2004). On the cell membrane, Rac protein recognizes misfolded
proteins of apoptotic cells and uptake these to reduce extracellular toxicity from apoptotic
cells (Moreira & Barcinski, 2004). Also, the transmembrane low density lipoprotein
receptor molecule CD91 (ced-1 in C. elegans) binds and recognizes the extracellular
apoptotic cell proteins and promotes cell corpse engulfment of apoptosis cell (Moreira &

Barcinski, 2004; Wang et al., 2011).
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Figure 5. Phagocytic signaling involved in the uptake of apoptotic cells. CD91 receptor can
recognize apoptotic cell and send misfolding proteins to endosomatic degradation.

Cinnamon Treatment for Modification of HIF, Apoptotic and Autophagy

Signaling

There are several natural compounds containing potential compounds to modulate
HIF-1 and apoptotic signaling and regulate cell death and cell survival (Nagle & Zhou,
2006; Xia et al.,2012). Cinnamon is reported to have potent therapeutic properties to
decrease tumors because cinnamon is one of spices containing high level of bioactive

compounds, such as polyphenols and procyanidins (Gu et al., 2004). Cinnamon extract is
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suggested to reduce HIF-1a expression in vitro tumor cell culture study (H. K. Kwon et
al., 2009). Also cinnamon is reported to inhibit vascular endothelial growth factor
(VEGF) activity, thus considered to inhibit angiogenesis and potentially prevent cancer
progression. In addition, in vitro study shown cinnamon extract to be a potent
chemopreventive drug in cervical cancer because cinnamon extract reduced
metalloproteinase-2 (MMP-2) activity and decrease mitochondrial membrane potential (J.
Lu et al., 2010). However, cinnamon extract is also known to mimic insulin like
properties and increase insulin signaling, which result in cell survival (Kirkham et al.,
2009). There is little known about the affect cinnamon on hypoxia, apoptosis,
phagocytosis and cell cycle regulation in vivo model and there are contradictory studies
among cinnamon extract, we explored the interaction between cinnamon extract and key

molecular.
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Nematode Propagation of HIF-1/Apoptosis/Autophagy Signaling and Cinnamon

Treatment

C. elegans with GFP promoter constructs of genes relevant to HIF-

1/Apoptosis/Autophagy signaling (Table 5) were obtained from the Caenorhabditis

Genetics Center. The effect of cinnamon aqueous treatment on the gene expression of

HIF-1/Apoptosis/Autophagy signaling was evaluated using in vivo C. elegans model, as

previously described in chapter 1.

Table 5. List of C. elegans genes in the HIF-1/Apoptosis/Autophagy pathways to be
evaluated by strain, and their human equivalents. Information obtained from

WWW.WOI’mbaSE.Ol‘g.

Hypoxia Induced Factor/Apoptosis/Cell Cycle
Strain Gene Human Homolog WormbIaDse-Gene
OH7688 | hif-1 Hypoxia-induced factor 1 WBGene00001851
OH7692 | hif-1 Hypoxia-induced factor 1 WBGene00001851
ZG494 | egl-9 Prolyl hydroxylase (PHD) WBGene00001178
BC16164 | fih Factor inhibiting HIF WBGene00017304
UL1606 | aha-1 Ar){:azgfgggtff’(c%ﬁ%’taﬁ Q_“lcéear WBGene00000095
SD1444 %’;2 Cytochrome P450 (CYP3A) WBGene00007964
I e e e K
BC11395 | bec-1 Autophagy regulating protein Beclin-1 WBGene00000247
XR-6 ced-4 Apoptotic protease activating factor 1 WBGene00000418
WS5770 | ced-4 Apoptotic protease activating factor 1 WBGene00000418
MD701 | ced-1 CD91-Low Density Lipoprotein Receptor | WBGene00002989
CU1546 | ced-1 CD91-Low Density Lipoprotein Receptor | WBGene00000415
NK785 | ced-5 Protein DOCK180 WBGene00000419
MT10865 | ced-10 | 0TS RE B e o M | WBGene00000424
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Results

Effect of Cinnamon on the HIF-1/Apoptosis/Autophaqy Signaling

Expression of first hif-1 (OH7688), which encodes an ortholog of the mammalian
hypoxia-induced factor HIF-1a was significantly higher at 5 mg/ml and 10 mg/ml of
cinnamon extract compared to control (Table 6). RF value of hif-1 at 5 mg/ml cinnamon
treatment was 1.43 (p=0.010) and at 10 mg/ml it was 1.97 (p=0.000). At 1 mg/ml of
cinnamon extract, RF value of hif-1 was significantly lower and it was 0.94 (p=0.040).
Expression of second hif-1 strain (OH7692) was significantly upregulated at 1 mg/ml, 5
mg/ml and 10 mg/ml cinnamon treatment relative to control (Table 6). RF value of hif-1
at 1 mg/ml cinnamon treatment was 1.23 (p=0.000),at 5 mg/ml it was 2.52 (p=0.000) and
at 10 mg/ml it was 3.82 (p=0.001). Expression of fkh-6 (DZ325), which encodes one of
C. elegans forkhead transcription factors, was significantly lower than control at all three
concentrations of cinnamon extract (Table 6). RF value of fkh-6 at 1 mg/ml, 5 mg/ml and
10 mg/ml cinnamon treatment was 1.29 (p=0.001), 2.64 (p=0.001) and 3.22 (p=0.001)
respectively. FO9F7.7a (BC16164) encodes hypoxia-inducible factor asparaginyl
hydroxylase (FIH-1) which belong to iron (11) and 2-oxoglutarate-dependent dioxygenase
family and regulates HIF stability. Expression of FO9F7.7a was evaluated and it was
significantly upregulated at all three concentrations of cinnamon treatment relative to
control (Table 6). RF value FO9F7.7a at 1 mg/ml was 1.29 (p=0.001), at 5 mg/ml it was
2.64 (p=0.000) and at 10 mg/ml it was 3.22 (p=0.004). Expression of aha-1 (UL1606),
which encodes an ortholog of human aryl-hydrocarbon receptor nuclear translocator and
form hetero-dimer with HIF-1 and AHR-1 and binds hypoxia response element, was

evaluated. Expression of aha-1 was significantly lower than control at 1 mg/ml and 5
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mg/ml cinnamon treatment, but it was significantly higher at 10 mg/ml cinnamon extract
(Table 6). At 1 mg/ml and 5 mg/ml cinnamon treatment RF value of aha-1 was 0.62
(p=0.010) and 0.61 (p=0.001) respectively and at 10 mg/ml it was and 2.26(p=0.008)
respectively. Expression of cyp-25A2 (SD1444), which encodes cytochrome P450
CYP3/CYP5/CYP6/CYP9 subfamilies, was significantly upregulated relative to control
at all three concentration of cinnamon treatment (Table 6). One mg/ml cinnamon
treatment RF value of cyp-25A2 was 1.07 (p=0.044). At 5 mg/ml and 10 mg/ml
cinnamon treatment RF values cyp-25A2 were 1.69 (p=0.000) and 1.92 (p=0.000)
respectively. Expression of egl-1 (BC11941), which encodes a protein containing a
region similar to the BH3 domain of mammalian cell death activator, was evaluated.
Expression of egl-1 at all three concentrations of cinnamon extract was significantly
higher than control (Table 6). RF values of egl-1 at 1 mg/ml, 5 mg/ml and 10 mg/mi
cinnamon treatment were 1.00 (p=0.042), 1.62 (p=0.000) and 2.36 (p=0.000)
respectively. Expression of bec-1 (BC11395), which encodes a coiled-coil protein
homolog to the Beclin-1 (human autophagy) protein, was significantly upregulated
relative to control at 1 mg/ml and 5 mg/ml of cinnamon extract, but at 10 mg/ml it was
not significant (Table 6). RF value of bec-1 at 1 mg/ml, 5 mg/ml and 10 mg/ml was 1.09
(p=0.000), 1.29 (p=0.000) and 1.07 (p=0.225) respectively. Expression of egl-9
(2G494), which encodes dioxygenase and downregulate hif-1, was higher than control at
all three concentrations of cinnamon extract, but only at 10 mg/ml cinnamon treatment
there was significant different (Table 6). RF values of egl-9 at 1 mg/ml, 5 mg/ml and 10
mg/ml cinnamon treatment were 2.06 (p=0.000), 2.95 (p=0.199) and 2.76 (p=0.002)

respectively. Expression of ced-5 (NK785), which encodes human DOCK180-like
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protein and is necessary for engulfing cell, was significantly higher than control at 1
mg/ml cinnamon treatment, but at 10 mg/ml cinnamon treatment it was significantly
lower (Table 6). RF values of ced-5 at 1 mg/ml cinnamon treatment was 1.07 (p=0.033)
and at 10 mg/ml it was 0.95 (p=0.044). There was no significant effect of 5 mg/ml
cinnamon treatment on ced-5 expression. Expression of first ced-4 strain (XR6), which
encodes protein initiating programmed cell death pathway, was significantly higher than
control at all three concentration of cinnamon treatment. RF values of ced-4 at 1 mg/ml, 5
mg/ml and 10 mg/ml cinnamon treatment was 1.37 (p=0.000) 2.02 (p=0.000) and 2.91
(p=0.000) respectively. Similarly, expression of second ced-4 (WS5770) was higher than
control at all three concentrations of cinnamon treatment (Table 6). RF values of ced-4 at
1 mg/ml, 5 mg/ml and 10 mg/ml were 1.56 (p=0.000), 1.52 (p=0.000) and 1.71
(p=0.000) respectively. Expression of the ced-10 (MT10865), which is encodes protein
homologous to human GTPase RACL1 protein and is functions in the engulfing cell during
apoptosis, was evaluated. Expression of the ced-10 at all three concentrations of
cinnamon extract was significantly lower than control (Table 6). RF value of ced-10 at 1
mg/ml of cinnamon treatment was 0.68 (p=0.000), at 5 mg/ml it was 0.76 (p=0.001) and
at 10 mg/ml it was 0.69 (p=0.002). Expression of the first ced-1 strain (MD701), which
encodes transmembrane receptor protein placed on phagocytic cell and is required for
engulfment, was significantly upregulated relative to control at all three concentrations of
cinnamon extract (Table 6). RF values of ced-1 at 1 mg/ml, 5 mg/ml and 10 mg/mi
cinnamon treatment were 1.23 (p=0.000), 2.07 (p=0.000) and 1.68 (p=0.000)
respectively. Similarly expression of the second ced-1 strain (CU1546) at 5 mg/ml and 10

mg/ml cinnamon treatment was significantly higher than control; however, at 1 mg/ml
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cinnamon treatment it was significantly lower than control (Table 6). RF values of ced-1

at 5 mg/ml and 10 mg/ml cinnamon treatment were 1.24 (p=0.000) and 1.68 (p=0.000)

respectively, and it was 0.86 (p=0.000) at 1 mg/ml cinnamon treatment.

Table 6. Dose dependent effect of cinnamon treatment on fold-change in gene expression
relative to control. Bold and italic number indicates significantly lower than control. p<0.05

Cinnamon Concentration

GENE 1 mg/ml 5mg/ml 10mg/ml

RF SE | pvalue RF SE | pvalue RF SE | pvalue
hif-1 0.936 0.043 0.040 1.429 0.158 0.010 1.972 0.150 0.000
hif-1 1.225 0.044 0.000 2.524 0.124 0.000 3.820 0.560 0.001
FO9F7.7.a 1.286 0.079 0.001 2.639 0.126 0.000 3.215 0.498 0.004
aha-1 0.615 0.142 0.010 0.609 0.069 0.000 2.255 | 0.417 0.008
cyp-25A2 1.066 0.060 0.044 1.690 0.064 | 0.000 1916 | 0.121 0.000
egl-1 1.004 0.037 0.042 1.615 0.063 0.000 2.364 | 0.124 0.000
bec-1 1.092 0.037 0.000 1.290 0.059 0.000 1.072 0.162 0.225
egl-9 2.063 0.087 0.226 2.951 0.278 0.199 2.764 0.479 0.002
ced-5 1.071 0.106 0.033 0.934 0.067 0.183 0.945 0.079 0.044
ced-4 1.372 0.084 0.000 2.019 0.142 0.000 2913 | 0.244 0.000
ced-4 1.556 0.097 0.000 1.518 0.095 0.000 1.711 0.132 0.000
ced-10 0.683 0.088 0.000 0.756 0.093 0.001 0.688 | 0.084 0.002
ced-1 1.234 0.083 0.000 2.073 0.145 0.000 1.683 0.119 0.000
ced-1 0.855 0.043 0.000 1.236 0.049 0.000 1.684 0.138 0.000

Cinnamon was tested at 1 mg/ml, 5 mg/ml, and 10 mg/ml concentrations, quantification of

fluorescence expressed as RF (Relative Fluorescence) + SE (Standard Error). N=8.
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Discussion

HIF-1/Apoptosis/Autophagy Signaling in Response to Cinnamon

Hypoxia condition is known to be regulated by HIF-1 signaling by activating
many HRE dependent transcription and apoptosis and autophagy signaling (Greijer &
van der Wall, 2004; Papandreou et al., 2008). Optimal management of oxygen levels at
both cellular and organismal level is critical for overall health of the system. Conditions
of hyperoxia are managed by Nrf2/ARE (Godman et al., 2010), whereas conditions of
hypoxia are now understood to be managed by HIF-1 signaling (Chang & Bargmann,
2008). HIF-1 signaling regulate apoptotic signaling carefully controlling pro-apoptotic
and anti-apoptotic proteins transcription, thus balance of activation of these factors are
important since unregulated HIF-1 signaling is activated with concerned to contribute to
develop tumors (Shen et al., 2005). In our studies we examined the effects of cinnamon
on various critical factors involved in HIF, apoptotic and autophagy signaling. In hypoxia
condition C. elegans hif-1, homolog of human HIF-1a interact with C. elegans HIF-1p or
ARNT is aha-1, and bind to the HRE to increase HRE dependent gene transcription and
directly and indirectly control energy metabolism (Zhang et al., 2009). We observed an
increase in the expression of hif-1/HIF-1a in response to cinnamon treatment (Table 6).
On the other hand, HIF-1 levels are not influenced by level of oxygen in the cell
(Denison & Nagy, 2003). HIF-1p forms a complex with HIF-10 or AhR(aryl
hydrocarbon receptor) to increase various genes expression via HRE and AHRE
transcriptions (Denison & Nagy, 2003). The expression of aha-1 (C. elegans HIF-1p)
was found to be downregulated at lower concentration but it was significant upregulated

at the highest concentration of cinnamon treatment (Table 6). These data suggests
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upregulation of downstream gene of HIF-1 signaling. However, in normoxia condition
HIF-1 is regulated several proteins. FIH (fih-1 in C. elegans) is one of proteins to inhibit
hif-1/HIF-1a activity normal oxygen levels by hydroxylated of asparagine residue of the
C-terminal activation domain (CAD) of HIF-1a./ HIF-1p complex (Lando et al., 2002).
Also PHD-1 (egl-9 in C. elegans) hydroxylate proline residue of HIF-1a (Shao et al.,
2009). Hydroxylated HIF-1a bind with von Hippel Lindau E3 ubiquitin ligase (VHL)
and targeted for proteasomal degradation, thus inhibiting HRE and AHRE
transcription under normoxia condition (H. Zhang et al., 2007). In response to
cinnamon extract we observed the expression of FIH was decreased and the
expression of PHD-1 was increased (Table 6). The data indicated potential inhibition of
HRE /AHRE transcription not by inhibition of HIF-10./ HIF-1B complex by FIH, but by
degradation of HIF-1a targeted by PHD-1 proteins. However, we observed increasing of
HIF-1a / HIF-1B, thus to confirm if HRE /AHRE transcription is modulated by cinnamon
extract, we examined the expression of AHR/ARNT target genes cytochrome
P450/CYP3A (cyp-25a2 in C. elegans) (Nebert et al., 2004) in response to cinnamon
extract. We observed several fold upregulation of CYP3A in response to cinnamon
treatment (Table 6). This suggests that although the expression of HIF-1 degenerative
protein is increased overall HIF-10./ HIF-1p expression was exceeded over PHD-1

protein and increased HRE/AHRE signaling in response to cinnamon extract.

Apoptotic pathway of higher animal and C. elegans share consisting genes, such
as egl-1, ced-9/Bcl-2, and ced-4/Apaf-1 (Hirose et al., 2010). As we mentioned
previously in non-autophagy condition, anti-apoptotic protein Bcl-2 bind with Apaf-1 and

Beclin-1 and prevent activating apoptotic signaling (Y. Lu et al., 2011; Nehme et al.,
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2010). But when BH-3 only protein binds to Bcl-2 or Bcl-2 is phosphorylated, complex
of Bcl-2/Apaf-1 will be broken and Apaf-1 will be released (C. E. Johnson et al., 2007).
Apaf-1 activate caspase-9, and caspase further activate caspase-3 and -7, thus apoptotic
signaling will be increased and cause cell death (C. E. Johnson et al., 2007). We
observed the increase of the expression of all three pro-apoptotic proteins egl-1/BH3-only
protein, and ced-4/Apaf-1 in response to cinnamon extract (Table 6). These data may

suggest that toxic compounds, in whole cinnamon extract increased apoptotic signaling.

We also wanted to examine the expression of gene related to phagocytosis in
response to cinnamon treatment to evaluate clearance of apoptotic cells. Therefore, we
looked at the expression of genes related to autophagy, such as bec-1, ced-1, ced-5 and
ced-10 in C. elegnas.Bcl-2 homolog ced-9 is also reported to binds with beclin-1 and
inhibit autophagy (Spencer et al., 2009; Wirawan et al., 2010). It is reported that increase
of Beclin-1 decreased extracellular synaptic protein a-synuclein and decreased
development of PD in vitro (Spencer et al., 2009). Thus, our result may indicate possible
beneficial effect of cinnamon extract on neurodegenerative disease. In addition, it is
reported the transmembrane low density lipoprotein receptor molecule CD91 (ced-1 in C.
elegans) binds and recognizes the extracellular apoptotic cell proteins and engulf
apoptotic cells (Moreira & Barcinski, 2004; Wang et al., 2011). Ced-1/CD91 expression
in response to cinnamon treatment was upregulated (Table 6), suggesting possible
clearance of apoptotic cell. Also in C. elegans ced-5/Dock180, and ced-12/ELMO is
shown to increase increasing the efficiency of phagocytosis (Sun et al., 2012). RhoG
protein activate ced-5 and ced-12 and make complex then endocytic trafficking of ced-10 (C.

elegans Racl) is promoted (Moreira & Barcinski, 2004). We observed that the expression of
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both ced-5/Dock180 and ced-10/Rac-1 were decreased in response to cinnamon extract
(Table 6). Our result of autophagy genes indicated increase in bec-1, which increase
autophagy gene transcription and in ced-1, which utilize nutrient uptake and reduce
oxidative LDL, but decreased in other apoptotic cell clearance gene ced-5/Dock180 and

ced-10/Rac-1.

Conclusion

The overall effects of cinnamon on four important signaling pathways HIF-1,
apoptosis, phagocytosis, and autophagy regulation were evaluated. Our result indicates
that there was a marginal increase in HIF-1 signaling in response to cinnamon treatment.
However, the result of increase in gene expression of apoptotic and decrease in gene
expression of autophagy was inconsistent. Whole cinnamon extract containing various
compounds, thus it is reported that cinnamon is involving in inhibition of tumor and
cancer and cinnamon mimic insulin signaling and increase cell survival. This may
indicate importance of fractionation of whole cinnamon extract. Clearance of apoptotic
cell is important to reduced misfolded and unfolded protein in extracellular condition to
reduce neurotoxicity. One of fractions may contain more anti-apoptotic and more
autophagy protein and have beneficial effect on neurodegenerative diseases. Suggesting

further investigation of cinnamon treatment on gene related to autophagy.



CHAPTER IV

TREATMENT WITH CINNAMON ON THE HSP AND UPR PATHWAYS

Introduction

Hypoxia Signaling Pathway and Unfolded Protein Response Signaling

Whenever translation takes place in ribosome, polypeptides, which are also called
unfolded protein, are synthesis, then heat shock proteins (HSPs), such as HSP70 and
HSP90 binds to unfolded proteins and facilitate unfolded proteins to proper folding in
cytoplasm (Pratt & Morishima, 2010). However, not all proteins are folded properly, and
high accumulations of unfolded or misfolded is reported to cause intracellular toxicity
and contribute to cell death (Jager et al., 2012; Loewen & Feany, 2010). These misfolded
or unfolded proteins trapped in cytoplasm or endoplasmic reticulum (ER) and induce the
expression of stress response protein, such as HSPs, IRE, PERK, and ATF-6 (Badiola et

al., 2011; Gorman et al., 2012).

There are four main canonical response pathways to manage unfolded proteins via
UPR signaling and HSP. PKR-related ER kinase (PERK) is one of receptors to detect ER
stress at the ER lumen, which normally bind with BIP (GRP78) (Samali et al., 2010).
When unfolded protein binds to BIP and dissociate BIP/PERK complex, PERK become
active and phosphorylate eukaryotic initiation factor 2 initiation factor 2o (eIF2) (Samali

et al., 2010). Phosphorylated elF2a inhibit Cap-dependent translation and ATF4

55
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transcriptional factor, thus ATF4 bind to promoter region site and increase gene
associated to amino acid transport, chaperones (GRP78, GRP94), redox reaction, stress
response proteins and CHOP (Harding et al., 2000; Yoshizawa & Hinoi, 2009). CHOP
directly downregulates expression of Bcl-2 protein, thus increase beclin-1 dependent
autophagy (Szegezdi et al., 2009). Also, PERK is known to activate Nrf2 and its target
genes, such as GST, GSH and HO-1, thus activation of UPR signaling also involved in

managing cellular redox condition (Szegezdi et al., 2009).

Activating transcription factor-6 (ATF-6) presents on ER membrane is also
activated by dissociation of BIP by unfolded protein, and activated ATF-6 is reported to
cause ATF-6 translocation to Golgi and become active transcriptional factor by cleavage
(Y. Sato et al., 2011). Cleaved ATF-6 increase transcription of various genes, such as,
CHOP, chaperones (GRP78, GRP94) and XBP-1u mRNA, thus reduce ER (Okada et al.,

2002).

Inositol-requiring protein-1 (IRE-1) present on the membrane of ER, thus it can
detect accumulation unfolded proteins in site of IRE-1 ER lumen region (Back et al.,
2005). By binding of unfolded protein to BIP in the ER lumen, BIP become dissociated
and RNase of IRE-1 at cytosolic region is activated then splice XBP1u mRNA to produce
XBP1s mRNA (Deegan et al., 2012). XBP1s mRNA is translated and makes XBP1s
protein, then XBP1s, as a transcriptional factor, translocates to the nucleus and bind to
promoter region, thus activate numbers of gene transcripation such as BiP, PDI,
HSP40/70, p58'7* protein disulfide isomerase (PDI), and 4-prorin hydrosyrase to manage
for proper folding (Gupta et al., 2010; Yaohua Liu et al., 2012). Also, activation of IRE-1

recruits tumor necrosis factor-a (TNF-a) receptor-associated factor 2 (TRAF-2) and
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makes a complex, which then recruits apoptosis-signal regulating kinase 1 (ASK-1)
(Deegan et al., 2012). IRE-1/TRAF-2/ASK-1 complex phosphorylate Bcl-2 and p38
MAPK, and phosphorylated Bcl-2 is dissociated from Beclin, thus increase autophagy
(Deegan et al., 2012). In addition, XBP-1s is reported to increase FoxO1 expression
individually, thus involved in neuronal cell survival, autophagy and gluconeogenesis

(Deegan et al., 2012; Sha et al., 2011).

As it is described, UPR signaling is essential to decrease misfolded and unfolded
proteins. When UPR signaling is dysregulated, misfolded or unfolded protein
accumulates and increase toxicity and activates apoptosis signaling (Fribley & Miller,
2011). C. elegans gene abu-1 is reported to manage ER stress when regular UPR
signaling is blocked, which is called noncanonical UPR pathway (Urano et al., 2002).
Thus, we decided to evaluate the expression of UPR gene as well as abu-1 as to check

whether canonical UPR signaling is blocked or not.

As well as UPR signaling HSPs also manage misfolded or unfolded protein
induced stress. HSP70 and HSP90 are normally bound to heat shock factor-1 (HSF-1)
and stay inactive, but when ER stress increase HSP70/HSP90 are dissociated from HSF-1
and immediately bind to unfolded proteins to decrease ER stress (Wieten & Zee, 2010).
Also dissociated HSF-1 become transcriptional factor and translocate to the nuclear
(Hayashida et al., 2011). HSF-1 binds to promoter regions of various genes to manage
unfolded and misfolded protein further facilitate HSP transcription (Hayashida et al.,
2011). Also, HSF-1 can be regulated by several growth signaling, such as insulin like
growth factor signaling (IGF), INK/MAPK signaling (Prahlad & Morimoto, 2009). In C.

elegans HSF-1 monomers were phosphorylated via stress induced hyperphosphorylation,
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IGF or INK/MAPK signaling and are trimerized (Prahlad & Morimoto, 2009).
Trimerized phosphorylated HSF-1 become transcriptional, which bind to heat shock
element site (HSE) factor and increase further HSP transcription (Prahlad & Morimoto,

2009).

One of the sources to increase unfolded protein comes from apoptosis cell. When
scavenger receptor bind to apoptotic cell, it become transcription factor which get into
nucleus and increase expression of UPR signaling (Devries-Seimon et al., 2005). In C.
elegans it is reported that receptor mediated endocytosis 8 (rme-8) facilitate this process
by trafficking early endosomes with ced-1 (CD91 low density lipoprotein receptor) (Shi
et al., 2009). When rme-8 are increased on cell membrane, cell engulfs apoptotic cell and
produce endosome and endosome eventually fuse to lysosome for degradation (Shi et al.,
2009). Dynamin, which is GTPase scavenger receptor, helps engulfment activity of rme-8
and produce endosome containing numbers of misfolded proteins (Shi et al., 2009). Rme-
8 is also required for activation HSP70 and hydrate ATP and remove inhibitory protein of
HSP70 and decrease cytosol unfolded protein induced stress and ER stress (Girard &

McPherson, 2008; Meimaridou et al., 2009).
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Figure 6. The heat shock protein response (Hsp) and the unfolded protein response (UPR)
signaling model. Accumulation of unfolded protein upregulates HSP/UPR signaling and
activation of HSP/UPR signaling lead to increase HSPs.

HSP/UPR Link to Neurodegeneration

UPR signaling is known to play important roles in neuronal protection from
unfolded protein induced neurotoxicity, thus dysfunction of UPR is known to be involved
in clinical neuronal diseases, such as Alzheimer’s disease (AD) and Parkinson’s disease
(PD), (H. Gao & Hong, 2008). Accumulation of Amyloid .42 is known to be involved in
progression of AD, and it has been reported that lowering of HSF-1 levels in AD brain
(Magrané et al., 2005). Lowering C. elegans HSP hsp16.2 have been shown to be

associated with formation of AP;.42 peptide aggregator plaques (Fonte et al., 2008). Thus,
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the mechanism is not clear, but it is suggested that dysregulation of HSP is involved in
progression of AD like symptom (Fonte et al., 2008; Kirbach & Golenhofen, 2011). Also,
Hsp70 activity in PD patient neuronal cell is reported to involved in reducing a-synuclein
misfolding and prevent the formation of neurotoxic neurofribrillary tangles known as
Lewy bodies (Arawaka et al., 2010; Malkus et al., 2009). Thus, HSP/UPR regulation is

interested in drug target for neurodegenerative disease therapy.

Cinnamon on Neurodegenerative Conditions/Protein Homeostasis

As previously described cinnamon contains rich bioactive compounds, such as
polyphenols and procyanidins, thus it is interested in therapeutic research for
neurodegenerative diseases (Gu et al., 2004). It is reported that cinnamaldehyde increases
insulin signaling and suppress NF-kB mediated inflammation by activating oxidative
stress response proteins via Nrf-2 activation (B.-C. Liao et al., 2008), thus it is indicated
that cinnamon is involved in UPR signaling. Also, recent studies indicated cinnamon
extract may decrease neurotoxicity by reducing misfolded a-synuclein by stabilizing the
soluble oligomeric phase in vivo in fly model (Shaltiel-Karyo et al., 2012). Also, UPR
signaling plays essential role to manage misfolded protein, but aggregation of misfolded
a-synuclein is known to involve PD progression, and cinnamon extract is known to
reduce aggregation (Shaltiel-Karyo et al., 2012).In addition, cinnamon extract is
suggested to reduce HIF-1a expression and inhibit tumor growth in vitro tumor cell
culture study (H. K. Kwon et al., 2009). Provided these evidences suggested the possible
like between HSP/UPR signaling and cinnamon, but in vivo research of cinnamon extract
on HSP/UPR signaling is not well known. Thus, we investigated the effect of cinnamon

extract on HSP/UPR signaling gene using in vivo C. elegans model.
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C. elegans with GFP promoter constructs of genes relevant to Hsp/UPR pathways

(Table 7) obtained from the Caenorhabditis Genetics Center were used to study the effect

of cinnamon on the expression and activity of genes regulated by Hsp/UPR pathways. C.

elegans treatment propagation and quantification of gene expression were done using

methods described above in chapter 1.

Table 7. List of C. elegans genes in the Hsp/UPR pathway to be evaluated by strain, and
their human equivalents. Information obtained from www.wormbase.org.

Heat Shock Protein/ Unfolded Protein Response
Strain Gene Human Homolog Wormbase-Gene ID
16-kD heat shock protein; aB
CL2070 hsp16.2 D crystalline driven (D) WBGene00002016
Driven by heat shock protein-
16.2,and heat shock protein-16.41; | WBGene00002016;
GS1826 phsp aB crystalline WBGene00002018
SJ6 hsp-4 Immunoglobulin binding (Bip) WBGene00002008
BC13292 dyn-1 Dynamin GTPase WBGene00001130
Activated in Blocked Unfolded
SJ4063 abu-1 Protein Response WBGene00000024
DH1336 rme-8 Receptor Mediated Endocytosis WBGene00004378
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Results

Effect of Cinnamon on HSP/UPR Signaling

Effect of cinnamon extracts on the expression of hsp16.2 (NL3401), which
encodes HSP16 family heat shock protein and interact with beta amyloid peptide, was
evaluated. Expression of hsp16.2 was significantly lower than control at 1 mg/ml
cinnamon extract, but at 5 mg/ml and 10 mg/ml it was significantly higher than control
(Table 8). RE values of hsp16.2 at 1 mg/ml cinnamon treatment was 0.43 (p=0.000) and
at 5 mg/ml and 10 mg/ml cinnamon treatment it was 1.23 (p=0.004) and 1.22 (p=0.003)
respectively. Effect of cinnamon extract on the expression of hsp-4 (SJ6), which encodes
heat shock protein homologs of the mammalian ER chaperone GRP78/BiP and ER stress
reporter, was evaluated. Expression of hsp-4 (SJ6) was significantly downregulated than
control at all three concentration of cinnamon extract (Table 8). RF value of hsp-4 at 1
mg/ml of cinnamon treatment was 0.76 (p=0.000) and it was 0.89 (p=0.008) at 5 mg/ml
and it was 0.89 (p=0.008) at 10 mg/ml. Expression of phsp (GS1826), which encodes
heat shock proteins driven by hsp-16.2 and hsp-16.41 and is secreted in body cavity and
coelomocytes, was significantly higher than control at all three concentration (Table 8).
RF values of phsp at 1 mg/ml, 5 mg/ml 10 mg/ml cinnamon treatment were 2.34
(p=0.000), 3.42 (p=0.000) and 4.05 (p=0.000) respectively. Expression of dyn-1
(BC13292), which encodes GTPase orthologous to mammalian dynamin and is regulated
CED-1 expression, was downregulated at all three concentration, but there was no
significant difference to control (Table 8). Expression of abu-1 (SJ4063), which encodes
a transmembrane protein in endoplasmic reticulum and is expressed by blockage of the

unfolded protein response, was significantly lower than control at all three concentrations
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of cinnamon treatment (Table 8). RF values of abu-1 at 1 mg/ml, 5 mg/ml and 10 mg/ml
were 0.62 (p=0.000), 0.59 (p=0.000) and 0.53 (p=0.000) respectively. Expression of
rme-8 (DH1336), which encodes J-domain protein in coelomocytes and other cells and is
required for endocytosis, was significantly upregulated relative to control at all three
concentration (Table 8). At 1 mg/ml cinnamon treatment RF value of rme-8 was 1.14

(p=0.000), at 5 mg/ml it was 1.50 (p=0.000) and at 10 mg/ml it was 2.01 (p=0.000).

Table 8. Dose dependent effect of cinnamon treatments on fold-change in gene expression
relative to control.

Cinnamon Concentration

GENE 1 mg/ml 5mg/ml 10mg/ml

RF SE | pvalue RF SE | pvalue RF SE | pvalue
hsp-16.2 0.426 | 0.034 0.000 | 1.230| 0.042 0.004 | 1.216| 0.081 0.000
phsp 2.339 | 0.047 0.000 | 3417 | 0.111 0.000 | 4.048| 0.171 0.000
hsp-4 0.763 | 0.049 0.000 | 0.891| 0.076 0.008 | 0.920| 0.071 0.029
dyn-1 0.863 | 0.141 0.252 | 0.828 | 0.141 0.164 | 0.893| 0.146 0.317
abu-1 0.618 | 0.031 0.000 | 0.591| 0.055 0.000| 0.526 | 0.034 0.000
rme-8 1.143 | 0.041 0.000 | 1.495| 0.052 0.000 | 2.006 | 0.082 0.000

Cinnamon was tested at 1 mg/ml, 5 mg/ml, and 10 mg/ml concentrations, quantification of
fluorescence expressed as RF (Relative Fluorescence) + SE (Standard Error). N=8.

Discussion

HSP/UPR Signaling in Response to Cinnamon

It is reported C. elegans heat shock protein hsp16.2 may have protective effect
against neurotoxicity induced by metal exposure on neuronal condition in vivo C. elegans
study (D. Wang & Xing, 2009). Also, overexpression of hsp16.2 is reported to suppress
neurotoxicity induced by amyloid-f3 aggregation in a C. elegans AD model (Fonte, Kipp,
Yerg, et al., 2008). In response to cinnamon extract, expression of C. elegans HSP family

hsp16.2 was reduced in low concentration, but at higher concentration the expression was
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significantly increased (Table 8). We also evaluated phsp, which is a gene share promoter
region with hsp16.2 to confirm if hsp16.2 is really changed in response to cinnamon
extract. We observed several fold increase of phsp (Table 8), which also suggested
increase of expression of C. elegans heat shock protein hsp16.2 in response to cinnamon

treatment.

Also, we evaluated the expression of C. elegans hsp-4, which is homolog of
human UPR signaling related protein glucose-regulated protein 78 (GRP78, also called
BIP). BIP is reported to be regulated by IRE1, PERK and ATF6 signaling via
upregulation of transcriptional factors XBP1s, ATF6 and ATF4 when unfolded protein
bind to BIP and dissociated from these receptors (Back et al., 2005; Badiola et al., 2011;
Kishi et al., 2010). In response to cinnamon treatment we observed reduction of gene the
expression of hsp-4 (Table 8). At low concentration of cinnamon the gene expression of
hsp-4 was more suppressed than higher concentration of cinnamon, which suggesting BIP

level are changing in response to cinnamon treatment dosage.

Another C. elegans gene abu-1 is similar to mammalian scavenger receptor,
which is present on ER membrane and response to ER stress to manage unfolded protein
when regular UPR signaling is blocked (Urano et al., 2002). We observed reduced
expression of abu-1 in response to cinnamon extract (Table 8); suggesting UPR signaling

was not blocked in response to cinnamon extract.

Also, to evaluate other protein to increase engulfment of apoptotic cell and
response to ER stress we have evaluated the expression of C. elegans dynamin homolog

dyn-1 and C. elegans receptor mediated endocytosis (RME) gene rme-8 in response to
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cinnamon extract. RME protein is reported to facilitate engulfment of apoptotic cell and
help trafficking early endosome process (Shi et al., 2009). When RME recognized
apoptotic cell protein or unfolded protein, with help of GTPase protein dynamin REM
can engulf extracellular apoptotic proteins or unfolded proteins and transport to ER. Also,
RME can help HSP activity to reduce ER stress (Girard & McPherson, 2008;
Meimaridou et al., 2009). We observed increased expression of rme-8, but there was no
significant change in expression of dyn-1 in response to cinnamon extract (Table 8). Our
observation of increase of HSP and RME protein in response to cinnamon treatment may

indicate activation of HSP via RME activity.

Conclusion

Heat shock protein and UPR signaling play important roles in managing of ER
stress and unfolded protein induce intrinsic toxicity, thus it regulation of HSP and UPR
signaling is suggested to involved in neurodegenerative diseases, such as AD and PD
(Fonte, Kipp, I, et al., 2008; Wieten & Zee, 2010). Thus, we evaluated the expression of
gene related to HSP and UPR signaling in C. elegans in response to cinnamon extract.
We observed increase of hsp16.2, phsp, and rme-8 gene expression, suggesting cinnamon
treatment provides improved handling of intracellular unfolded protein via HSP and
autophagy, but interestingly we observed decrease of UPR signaling gene hsp-4
expression in response to cinnamon extract. Also, abu-1 is known to upregulated when
UPR signaling is blocked (Urano et al., 2002) and we also observed decrease of gene
expression of abu-1, suggesting UPR signaling was not blocked and there was no ER

stress increase in response to cinnamon extract.
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It is considered that there are two ways to increase HSP expression. One is
unfolded or misfolded protein induced stress and the other is phosphorylation of HSF-1
phosphorylation via IGF signaling and MAPK. In C. elegans it is reported that
phosphorylated HSF-1 make trimerized complex which bind to heat shock element site
(HSE) and increase transcription of HSP (Prahlad & Morimoto, 2009). Because we did
not see increase of ER in expression of hsp-4, our upregulation of HSPs may indicated to
be activated by these phosphorylation of HSF-1. Decrease in hsp-4, suggests that there is
low level of ER stress, and downregulation of abu-1 suggests that the canonical UPR
signaling is properly functioning in C. elegans, because we know abu-1 become active
only when there is some type of trouble in UPR signaling mediated IRE1, ATF6 and
PERK. Upregulation in rme-8 along with previously reported increase in expressoin of
ced-1 gene suggests that upon treatment of cinnamon the number of receptors on the cell
surface required for recognition of unfolded, misfolded proteins or apoptotic cell is
increased. Thus, there is neurodegenerative condition these receptors actively bind to
misfolded, unfolded or apoptotic cells and quickly remove it. Therefore, it could indicate

potential preparedness for misfolded, unfolded protein induced toxicity.

In conclusion our data suggests cinnamon’s insulin like function increases insulin
signaling and activates HSP expression via phosphorylation of HSF-1. And treatment of
cinnamon results in enhances ability of the cell to handle misfolded, unfolded or
apoptotic cell, for removing aggregated protein toxicity and recycling. These two

mechanisms could potentially indicate neuroprotective effect of cinnamon.



CHAPTER V
THE IN VIVO EFFECT OF CINNAMON EXTRACT ON MAPK SIGNALING

Introduction

Mitogen activated kinase (MAPK ) is known to be involved in many cell
functions, such as cell growth, differentiation, development, inflammation, immunity and
apoptosis, thus MAPK signaling responses to oxidative stress, metal stress and microbial
infection (Cargnello & Roux, 2011; Junttila et al., 2008; Kim & Choi, 2010). There are
four different MAPK signaling (Erk, JNK, p38 and Erk4) and these pathways are
activated by various factors, such as growth factors, cytokines, environmental stresses,
osmotic stress, death signaling molecule, U.V. and oxidative stress (Cuadrado & Nebreda,
2010; Hsieh et al., 2010; G. Huang et al., 2009). Since MAPK signaling is involved in
many cellular functions, dysregulation of this signaling is reported to be associated with
cancer, immune disease and neurodegenerative diseases (Carracedo & Ma, 2008; Kim &
Choi, 2010; Moyes et al., 2010). The complete mechanism of MAPK signaling remains
unclear because of complex network with four signaling and other growth factor
signaling (Yu et al., 2012); therefore, there are various researches of this signaling for

therapeutic aims.

Requlation and Dysrequlation of the MAPK Cascade

As described before many MAPK signaling has been identified in eukaryote and

higher animal as well. Even though the diversity of this pathway is different among
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different species, the fundamental function of this pathway is highly conserved. In C.
elegans p38 MAPK signaling activation is initiated by toll-like receptor (TIR) containing
protein tir-1. Tir-1 is reported to regulate both innate immunity, neuronal differentiation
and injury ( Hayakawa et al., 2011; Jenkins & Mansell, 2010). C. elegans tir-1is
homologous to human SARM, which is involved TLR signaling, but since TLR signaling
and MAPK signaling shares their pathways, in C. elegans it is works at upstream
activator of p38 MAPK signaling pathway (Silverman et al., 2009). Tir-1
phosphorylates and activates C. elegans MAP3K (nsy-1), which is homolog of human
ASK-1 and also reported to activate JNK and involved in apoptotic signaling (G. Huang
et al., 2009). Then, nsy-1 further phosphorylate and activates MAP2K (sek-1), which
then phosphorylate and activate p38 MAPK (pmk-1) ( Hayakawa et al., 2011).
Phosphorylated pmk-1 translocates to the nucleus and activate transcription factor, which
then initiates many gene transcriptions, such as and neuropeptide-like peptide nlp-29 and
antimicrobial peptide amp (Ziegler et al., 2009). Pmk-1 is also involved in inhibition of GSK-
3 independently with PI;K/AKT signaling (Thornton & Pedraza-Alva, 2008). Active
GSK-3 in axon decreases their ability to stabilize microtubules and it is reported to cause
apoptosis, thus it is considered p38 MAPK pathway plays important role in protection of
axon (Thornton & Pedraza-Alva, 2008). Pmk-1can be dephosphorylated by phosphatase
PP2A let-92, thus expression of pmk-1 and let-92 play important role in regulation of cell

survival (Junttila et al., 2008).
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Figure 7. p38 mitogen activated kinase (MAPK) signaling model. p38 MAPK
signaling response to cell stress and microbial infection.
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Neurodegenerative Disease and p38 MAPK Signaling

Recent study reported that dysfunction of p38 or INK of MAPK signaling is
involved in development of Alzheimer's disease (AD), Parkinson's disease (PD),
amyotrophic lateral sclerosis (ALS) due to its effects on development and apoptosis (Kim
& Choi, 2010). It is reported that overexpression of p38 in microglia, astrocyte and
neuron may increase inflammation, excitotoxicity and synaptic plasticity via upregulation
of TNF-a, IL-1pB and nitric oxide (Munoz & Ammit, 2010). Also, accumulation of

amyloid B plaques and overexpression of p38 were reported to involve tau
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phosphorylation, thus it is suggested that p38 MAPK signaling dysfunction may
contribute to PD (Munoz & Ammit, 2010). Also, activation of p38 MAPK signaling and
inflammation via NF-xB was observed in MPTP treated mice brain, and it is reported
upregulation of JINK mediated by ASK1 and MAPK increase neuronal cell death, thus
p38 MAPK is considered to play important role in PD. Also, p38 can phosphorylate
GSK-3 along with PIsK/AKT, p38 MAPK is shown to involved in axonal regeneration
(Thornton & Pedraza-Alva, 2008). As described activity of p38 MAPK regulate many
cellular function, however during several pathology p38 MAPK is shown to be
hyperactive, which have results in progression of neurodegenerative disease therefore
proper regulation of MAPK signaling may become therapeutic target of

neurodegenerative disease.

Cinnamon and p38 MAPK Signaling

P38 MAPK signaling is known to be involved in memory function because p38
indirectly increase expression of eEF2, which plays important role in developing
synapses (Roux & Blenis, 2004). Recent study shown p38 MAPK signaling regulate
inflammation in the accessory nerve, such as glial cell and astrocyte, which are important
cell to stabilize proper neuron condition (Xie, Li, et al., 2010). Thus, modulating of p38
MAPK signaling of these cells plays important role in prevention and inhibition of
progression of neurodegenerative disease (Xie, Li, et al., 2010). Cinnamon is reported to
inhibit IFN-y expression in activated T cells via inhibition of p38, JNK, ERK1/2, and
STAT4 signaling and increases inflammation (Lee et al. 2011). Also, polyphenols of
cinnamon is reported to be involved in proliferation of cell by regulating cell cycle via

p38 MAPK signaling (Schoene et al., 2009). In addition cinnamon is reported to be
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involved with inhibition of inflammation, thus immunomodulatory action of cinnamon
bark of interests for neurodegenerative disease treatment. Because it is known that stress
response signaling is involved in neurodegenerative disease, especially recent report of
p38 MAPK signaling involvement in development of neurodegenerative disease (Munoz
& Ammit, 2010), we have investigated the effect of cinnamon extract on modulation of

p38 MAPK signaling using in vivo C. elegans model.

Methods

Nematode Propagation of MAPK pathway and Cinnamon Treatment

C. elegans with GFP promoter constructs of genes relevant to MAPK signaling
pathway (Table 9) obtained from the Caenorhabditis Genetics Center were used to study
the effect of cinnamon on the expression and activity of genes regulated by the MAPK
system. C. elegans treatment propagation and quantification of gene expression were

done using methods described above in chapter 1.

Table 9. List of C. elegans genes in the MAPK pathway to be evaluated by strain, and their
human equivalents. Information obtained from www.wormbase.org.

Mitogen Activated Protein Kinase Signaling Cascade
Strain Gene Human Homolog Wormbase-Gene ID

Toll-interleukin 1 receptor

BC11466 | tir-1 domain-containing protein SARM | WBGene00006575
(MAP3K) Apoptosis signal-

BC10545 | nsy-1 regulating kinase (ASK) WBGene00003822
(MAPK) Human p38 mitogen-

DA1750 pmk-1 activated protein kinase WBGene00004055
Antimicrobial, neuropeptide-like

1G692 nlp-29 protein WBGene00003767
Antimicrobial, neuropeptide-like

1G274 nip-29 D | protein driven (D) WBGene00003767
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Results

Effect of Cinnamon on the p38 MAPK Signaling

Effect of cinnamon extracts on expression of tir-1 (BC11466), which encodes the
C. elegans ortholog of the human Toll/interleukin-1 receptor (TIR) domain-containing
protein SARM and functions innate immunity and proper localization of NSY-1/MAPK
to post-synaptic regions, was evaluated. Expression of tir-1 was significantly lower than
control at 1 mg/ml cinnamon treatment, but it was significantly higher at 10 mg/ml
(Table 10). RF value of tir-1 at 1 mg/ml cinnamon treatment was 0.60 (p=0.000) and at
10 mg/ml it was 1.11 (p=0.015). There was no significant effect of cinnamon extract on
expression of tir-1 at 5 mg/ml. Expression of nsy-1 (BC10545), which encodes a
homolog of the human MAP3K ASK1, was significantly downregulated at all three
concentration relative to control (Table 10). RF values of nsy-1 at 1 mg/ml, 5 mg/ml and
10 mg/ml cinnamon treatment were 0.50 (p=0.015), 0.66 (p=0.049), and 0.62 (p=0.048)
respectively. Expression of pmk-1 (DA1750), which encodes mitogen-activated protein
kinase (MAPK) ortholog to human p38 MAPK and is required for program cell death
was evaluated. Expression of pmk-1 was significantly higher than control at 5 mg/ml and
10 mg/ml of cinnamon extract (Table 10). RF value of pmk-1 at 5 mg/ml of cinnamon
treatment was 1.58 (p=0.001) and it was 1.65 (p=0.007) at 10 mg/ml cinnamon treatment.
At 1 mg/ml of cinnamon treatment expression of pmk-1 was not significantly different
from control. Effect of cinnamon extracts on expression of Pnlp-29 (1G692), which
encodes nlp-29 promoter-driven antimicrobial proteins and is expressed by bacterial and
fungal infection, was evaluated. Expression of Pnlp-29 was significantly lower than

control at 5 mg/ml and 10 mg/ml cinnamon treatment (Table 10). RF values of Pnlp-29 at
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5 mg/ml and 10 mg/ml were 0.40 (p=0.002) and 0.47 (p=0.048) respectively. There was
no significant difference compared to control at 1 mg/ml cinnamon treatment. Expression
of Pnlp-29 (1G274) was significantly downregulated relative to control at all three
concentrations of cinnamon treatment (Table 10). At 1 mg/ml cinnamon treatment RF
value of Pnlp-29 was 0.19 (p=0.002), at 5 mg/ml it was 0.30 (p=0.004) and at 10 mg/mi

it was 0.42 (p=0.009).

Table 10. Dose dependent effect of cinnamon treatments on fold-change in gene expression
relative to control. Bold and italic number indicates significantly lower than control. p<0.05

Cinnamon Concentration

GENE 1 mg/ml 5mg/ml 10mg/ml

RF SE | pvalue RF SE | pvalue RF SE | pvalue
tir-1 0.603 0.053 0.000 0.906 0.134 0.340 1.112 0.197 0.015
nsy-1 0.499 0.047 0.015 0.656 0.113 0.049 0.632 0.095 0.048
pmk-1 1.146 0.134 0.144 1.579 0.126 0.001 1.646 0.208 0.007
nlp-29 0.411 0.244 0.127 0.401 0.115 0.002 0.470 0.169 0.048
nlp-29D 0.192 0.063 0.002 0.304 0.102 0.004 0.418 0.122 0.009

Cinnamon was tested at 1 mg/ml, 5 mg/ml, and 10 mg/ml concentrations, quantification of
fluorescence expressed as RF (Relative Fluorescence) + SE (Standard Error). N=8.

Discussion

MAPK Signaling in Response to Cinamon

The regulation of p38 MAPK signaling is considered to play important roles in
neurodegenerative disease development since MAPK signaling responses to various
stresses and regulates inflammation, apoptotic, cell growth, cell survival and microbial
infection in neuronal tissue (Cargnello & Roux, 2011; Junttila et al., 2008; Kim & Choi,

2010). The mechanism remains unclear, but it is suggested in C. elegans p38 MAPK
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signaling tir-1 activation initiate the signaling cascade and control innate immunity and

neuronal differentiation ( Hayakawa et al., 2011; Jenkins & Mansell, 2010).

We observed decrease of expression of tir-1 at low concentration, but observed
increase of expression at high concentration of cinnamon extract (Table 10). It is reported
that multiple proteins, such as tpa-1, dkf-2, pkc-3, and dapk-1, are involved in regulation
of tir-1 (Irazoqui et al., 2010). Our result shows change in expression of tir-1 with dose
dependent manner in response to cinnamon extract. Thus our data may suggest cinnamon
extract had effect on expression of tir-1, but at low concentration and high concentration

cinnamon extract may act on different protein involved in tir-1 expression.

Downstream of tir-1, we observed downregulation of nsy-1/ASK-1; however,
interestingly we observed upregulation of pmk-1/p38 in response to cinnamon extract
(Table 10). In previous chapter, we observed ER stress was not increased in response to
cinnamon extract, and it is known that nsy-1/ASK-1 is also activated via upregulation of
IRE-1/TRAF-2 activity induced by ES stress. This data may indicate the expression of
nsy-1/ASK-1 was not increased even in response to upregulation of tir-1 because of low
ER stress. ASK-1 can increase inflammation and autophagy via activating JNK and Bcl-2
proteins, it is also suggested cinnamon treatment may not increase inflammation via nsy-

1/ASK-1 activity.

Even though we did not see increase of nsy-1/ASK-1, the expression of pmk-1
p38 MAPK homolog was increased in response to cinnamon extract (Table 10).
Activation of pmk-1 is regulated by tir-1 and sek-1, but expression of pmk-1 is regulated

by ROS, DNA damage and osmotic stress (Thornton & Rincon, 2009). In previous
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chapter we observed increase of insulin signaling, but interestingly observed increase of
skn-1 dependent gene transcription (Table 2 & 4). Thus our data may explain
upregulation of these gene transcriptions came from overall increase of p38 MAPK

signaling.

We observed increase of the expression of pmk-1/p38 MAPK in response to
cinnamon extract, however, we did not see an increase in the in the expression nlp-29 and
nlp-29 driven, which is downstream of pmk-1 (Table 10). The activity of pmk-1/p38 is
suggested to be regulated by other protein. For example, PP2A and VHP are reported to
reduce activity of p38 MAPK and mek-1 is reported to increase p38 MAPK activity
(Junttila et al., 2008; Yu et al., 2012). The decrease of expression of nlp-29 and its driven
gene may indicate inhibition of pmk-1. Also it is reported that sage treatment also
increased the gene expression of pmk-1, but it decreased nlp-29 and nlp-29D gene
expression in C. elegans model (Jamison, 2012). Since Jamison’s (2012) and our worms
were not given microbial stress and our data indicates increase of p38 MAPK signaling,
over expression of unnecessary anti-microbial peptide nlp-29 may trigger proteasome
degeneration and decrease amount of peptides. Then, it is suggested that decrease amount

of nlp-29 may cause decrease of it driven gene nlp-29D.
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Conclusion

We evaluated the effect of cinnamon on p38 MAPK signaling because it is
reported that MAPK signaling is involved to response various stress and proper
regulation of p38 MAPK is essential to inhibit neurodegenerative disorders. We did not
seen overall increase of MAPK signaling, but observed increase of pmk-1/p38 MAPK
gene expression in response to cinnamon extract. Previously we observed increase of skn-
1 dependent transcription even in increase of insulin signaling (Table 4). It is reported
pmk-1 phosphorylates skn-1 and increase stress response genes, such as gst-1, gss-1, gsr-
1 and trx-1to response redox homeostatic, thus this data may suggest cinnamon treatment
increase p38 MAPK expression and manage intracellular stress. Oxidative stress is
considered to be involved in development of neurodegenerative disease, such as PD and
AD. Thus, cinnamon extract may have beneficial effects on inhibition of these diseases.
Also, pmk-1 is important to inhibit GSK-3 activity along with insulin signaling (Thornton
& Pedraza-Alva, 2008), thus our result may suggest cinnamon’s potential bioactivity to
increase cell survival and formation of axon. Cinnamon extract as well as sage extract did
not increase nlp-29 and its driven gene. Since worms were not infected by microbe, nlp-
29 gene might be degenerated and decrease its driven gene, which suggests changing

target gene in future research to study p38 MAPK signaling in C. elegans study.



CHAPTER VI
THE IN VIVO MODULATION OF TGF- SIGNALING IN RESPONSE TO

CINNAMON TREATMENTS

Introduction

TGF-B Signaling Pathway

Transforming growth factor (TGF)-p signaling is often known to be activated by
many ligands, such as activin which promotes spermatogenesis and synthesis of follicle-
stimulating hormone (FSH), and bone morphogenetic protein (BMP) which is cytokine to
control bone formation, tissue homeostasis and regeneration (Knight & Glister, 2006;
Nistala et al., 2010). Genetic defect of this signaling is known to cause progression and
development of cancer, pulmonary arterial hypertension and telangiectasia (Goumans et
al., 2009; Tian & Schiemann, 2009). In neuronal cell, TGF-f signaling regulates cell
developmental processes and cell proliferation, also in response to neuronal injury and
stress (Hawryluk et al., 2012; Krieglstein et al., 2011). When TGF-fs superfamily
proteins bind to TGF-B signaling receptor type | and 11, these receptors forms a
heterocomplex and activate Smad-2/3 or Smad-1/5/8 by phosphorylation (Kang et al.,
2009). Phosphorylated Smad proteins make complex with Smad4 and translocates to the

nucleus, then its complex binds with CBP and regulates various transcription

7
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(Kang et al., 2009). Activation of TGF-B receptors can influence PIsK/AKT signaling as
well as MAKRP signaling, including Erk, JNK and p38 MAPK signaling (Kang et al.,

2009).

INS

Type Il
receptor

$i85

Type |
receptor

Type Il Type |
_receptor  receptor

IGFR/daf-2

Antimicrobial FOX0/
peptides -I

Stress response
Development, anti-
inflammatory

NESE R
Nucleus

Figure 8. Transforming growth factor B (TGF-p) signaling in parallel with insulin/insulin
growth factor (IGF) signaling.

Neurodegenerative Disease and TGF-B Signaling

In Alzheimer’s disease (AD) patient brain, reduced TGF-f signaling are seen and
suggested to progress formation of neurofibrillary tangles of aggregates of -amyloid
(AP), especially ABi.42 (Caraci et al., 2011). It is reported reduction of TGF-f signaling

reduce trophic support of neuron from glial cell and also reduce anti-inflammatory
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proteins, thus it is considered to promote progression of AD (Caraci et al., 2010).
However, overexpression of TGF-f signaling is reported to increase neuronal apoptosis
and reduce phagocytosis, thus increases accumulation of aggregated Ap which may

contribute to AD ( Lee et al., 2010).

Also, reduction of TGF-f is reported to trigger apoptosis and suggested to
contribute to development of Parkinson’s disease (PD) due to increase of ROS formation
of microglia (L. Qian et al., 2008). Activation of TGF-B in macroglial cell attributes to
inhibit PHOX induced ROS production via prevention of Erk activity, thus activation of
TGF-p may play important role in preventing PD progression through reducing (L. Qian
et al., 2008). Since there are controversial effects of TGF- B on neurodegenerative
diseases, homeostatic regulation of TGF-p signaling may play essential roles on

management of these diseases.

Modulation of TGF-B Signaling with Cinnamon extract

Cinnamon is one of spices that contains many bioactive compounds, thus recent
study reported the effect of cinnamon extract on modulating many gene expressions (Gu
et al., 2004). Related to the TGF- Bsignaling, cinnamon extract is reported to increase
expression levels TGF- B, thus cinnamon is suggested to have anti-inflammatory effect
(H.-K. Kwon et al., 2011). Inflammation is known as one of risk factors of
neurodegenerative disease, since inflammation increase peptide aggregation or
production of ROS, which results in damage nerve tissues and may contribute to PD and
AD (Lucas et al., 2006). However, in higher concentration of cinnamon extract is also
reported as anti-angiogenic, pro-apoptotic compounds by reducing MAPK signaling

including TGF- B pathway (H. K. Kwon et al., 2009), thus concentration of cinnamon
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extracts and removing pro-apoptotic compounds of cinnamon may be important for
therapeutic purpose. Thus, we evaluated the expression of genes relevant to TGF-3

signaling in response to cinnamon treatments using a transgenic C. elegans model.

Methods

Nematode Propagation of TGF-B signaling pathway and Cinnamon Treatment

C. elegans with GFP promoter constructs of genes relevant to the TGF-j
signaling pathway (Table 11) obtained from the Caenorhabditis Genetics Center were
used to study the effect of cinnamon on the expression and activity of genes regulated by
TGF-B system. C. elegans treatment propagation and quantification of gene expression

were done using methods described above in chapter 1.

Table 11. List of C. elegans genes in TGF-p pathway to be evaluated by strain, and their
human equivalents. Information obtained from www.wormbase.org.

Transforming Growth Factor Beta

Strain Gene Human Homolog Wormbase-Gene 1D

Transforming growth factor f3-
bone morphogenetic protein 5
BW1940 | dbl-1 (BMP5) WBGene00000936

Transforming growth factor -
related proteins, Growth
differentiation factor 11 (GDF11)
FK181 daf-7 (BMG-family) WBGene00000903

Cytochrome P450 (CYP2

subfamily) steroidogenic or fatty
AA278 daf-9 acid hydroxylase WBGene00000905
Nuclear receptor (Vitamin D
AA120 daf-12 Receptor) WBGene00000908




81

Results

Effect of Cinnamon on TGF-B Signaling

The expression of dbl-1 (BW1940), which encodes the C. elegans ortholog of the
human Transforming growth factor -bone morphogenetic protein 5 (BMP5), was
downregulated at 1 mg/ml (RF=.0837, p= 0.000), and 10 mg/ml (RF=0.837, p= 0.005) of
cinnamon but was no different from control at 5 mg/ml (Table 12). In response to
cinnamon the expression of daf-9 (AA278), which codes C. elegans cytochrome P450,
was significantly decreased at 5 mg/ml concentration (Table 12). RF value of daf-9 at 5
mg/ml cinnamon treatment was 0.65 (p=0.042), but there was no significant difference at
concentration of 1 mg/ml and 10 mg/ml cinnamon treatment. Upregulations of expression
of daf-12 (AA120), which encode protein homologous to human vitamin D receptor were
seen in response to cinnamon at 1 mg/ml (RF=1.28, p=0.037), 5 mg/ml (RF=1.31,
p=0.027), and 10 mg/ml (RF=1.29, p=0.030) (Table 12). Effect of cinnamon extracts on
expression of daf-7 (FK181), which codes transforming growth factor beta (TGF-p), was
evaluated. Expression of daf-7 at 5 mg/ml cinnamon treatment was significantly
decreased (RF=0.996, p= 0.010), but at 10 mg/ml cinnamon treatment it was
significantly increased (RF=2.171, p= 0.000) (Table 12). The expression of daf-7 was

not significant in response to 1 mg/ml cinnamon treatment.
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Table 12. Dose dependent effect of cinnamon treatments on fold-change in gene expression
relative to control.

Cinnamon Concentration

GENE

1 mg/ml 5 mg/ml 10 mg/ml
RF SE | pvalue RF SE | pvalue RF SE | pvalue
dbl-1 0.837 0.098 0.000 1.017 0.076 0.089 0.837 0.131 0.005
daf-7 1.008 0.120 0.180 0.996 0.078 0.010 2.171 0.387 0.000
daf-9 0.589 0.028 0.056 0.650 0.101 0.042 1.016 0.102 0.063
daf-12 1.282 0.117 0.037 1.315 0.082 0.027 1.294 0.086 0.030

Cinnamon was tested at 1 mg/ml, 5 mg/ml, and 10 mg/ml concentrations, quantification of
fluorescence expressed as RF (Relative Fluorescence) + SE (Standard Error). N=8

Discussion

TGF-B Signaling in Response to Cinnamon

This TGF-p signaling is paracrine factor to regulate many hormone and cellular
function, such as cell proliferation, cell differentiation and inflammation, and it is well
conserved from nematodes to humans (Clarke et al., 2012). C. elegans TGF-p family
members protein daf-7 binds with TGF-f receptor I /11 and activates downstream of TGF-
B signaling daf-9 and inactivate daf-12 (Motola et al., 2006). In response to cinnamon
extract, we observed several fold increase in highest concentration, but did not significant
difference in low concentration (Table 12). However, downstream of daf-7 we observed
decrease of expression of daf-9, and observed increase of daf-12 (Table 12). C. elgans
daf-9 and daf-12 is also suggested be regulated by daf-2 activation (Jia et al., 2002), our
data also shown cinnamon extract increased expression of daf-16 (Table 2). Since daf-16
inhibits daf-9 activity and results in activation of daf-12, our data may suggest overall
activation of TGF-f signaling. It is also reported that increase of daf-12 expression

suppressed daf-9 expression (Jeong et al., 2010), thus decrease of expression of daf-9
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may confirm increase of daf-12 expression in response to cinnamon extract. When daf-7
levels are high, it typically indicates low stress, and it binds to TGF-f thereby activating
the signaling cascade resulting in the overall activation of daf-9 which encodes a
cytochrome P450 (CYP450) enzyme that increases cholesterol delivery to cells and

causes cells to grow and differentiate (Prahlad & Morimoto, 2008).

In our result we found an overall increase of daf-7 and daf-2 initiated TGF-3
signaling. Even decrease and no significant difference of daf-7 in lower concentration,
daf-12 was significantly upregulated in all concentration, suggesting perhaps
upregulation of daf-12 was mainly mediated by daf-2 upregulation. In C. elegans it is
reported that daf-12 is essential for extension of longevity due to its stress response
properties (Jeong et al., 2010). Also, recently TGF- B anti-inflammatory activity is
interested in therapeutic target of neurodegenerative diseases (Appel et al., 2010). These
anti-inflammatory properties may be beneficial for AD due to decreased ROS production
and Ap protein aggregation (Soler-Lopez et al., 2012), thus upregulation of TGF-3
signaling in response to cinnamon extract may indicate potential cinnamon therapeutic

effects against neurodegenerative disease.

Conclusion

In response to cinnamon treatment we observed overall increase of TGF-3 signaling.
We did not observed increase of daf-7 expression in lowest concentration of cinnamon
extract, thus at lowest concentration daf-12 expression is suggested to be increased by
daf-16 upregulation. Decrease of daf-9 expression may due to daf-12 negative feedback

of the expression of daf-9. Overall activation of this signaling in response to cinnamon
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extract may suggest beneficial effects of cinnamon extract. Over expression of TGF-3
signaling cause negative effect on neurodegenerative disease pathway (H. K. Kwon et al.,
2009), thus careful regulation of this signaling and proper concentration of cinnamon
extract is important. Also fractionation and removing apoptotic compounds from whole

cinnamon extract may be needed to get optimum benefit from cinnamon extract.



CHAPTER VII
CINNAMON DELAYS SYMPTOMS OF EXPERIMENTALLY INDUCED

ALZHEIMER’S DISEASE IN C. ELEGANS

Introduction

Alzheimer’s Disease Mechanism and Symptom

As average age rises in developed countries, cognitive disorders
neurodegenerative diseases such as Alzheimer’s diseases (AD) are increasing in elderly
population. In the worldwide it is estimated that 26.6 million people, who were aged
>65 years, living with AD in 2006 and by 2050 the prevalence of AD would grow to 106
million (Brookmeyer et al., 2007). Oxidative stress, tau protein or amyloid beta peptide
are considered as possible etiological factor of AD, however the exact mechanism of AD

remain unclear (Hung et al., 2008; Kitazawa et al., 2009; Murray et al., 2007) .

Oxidative stress is considered to involve to AD because of oxidative stress causes
multiple damages to neuronal cell. It is reported that lipid peroxidation and its neurotoxic
by-products 4-hydroxynonenal (HNE) and acrolein increased in AD brain (Williams et al.,
2006). Mitochondrial membrane lipids vulnerable to oxidative stress, thus oxidative
stress cause loss of function of mitochondria and cause further increase of ROS and kills
neuronal cells (Harper & Bevilacqua, 2004). Also it is reported that reduction of nicotinic

acetylcholine receptors (nAChRs) on neuron is disrupted by oxidative stress and
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contribute to progression of AD (Picciotto & Zoli, 2008). nAChR agonists also increases
the blood flow of the cerebral cortex as well as hippocampus and olfactory bulb, and it is
known that number of NAChR on neuronal cell membrane significantly decrease with age
(Shiba et al., 2006). Decreasing of nAchR decrease blood flow on neuronal cell and cause
neuronal atrophy, thus drug to decrease oxidative stress in neuronal cell and inhibits

degeneration of nAchR is interested for AD treatment.

Tau protein is also considered as one of major etiological factors of AD because it
is reported that hyperphosphrylation of tau protein promotes neurofibrillary tangles and
causes apoptosis activation (Cripps et al., 2006). Tau protein is one of the microtubule-
associated protein, which stabilizes and promotes polymerization of microtubules and
transport mitochondria in the axon (McVicker et al., 2011). However, in AD brain
hyperphosphorylation of tau protein is observed, which is caused by increase of ROS or
overexpression of CDK5 or GSK-3 via AKT gene (Hanger et al., 2009). When tau
protein is hyperphosphorylated, neurofibrillary tangles are produced, thus inhibit
mitochondria transportation in the axon and promote apoptosis (Shahpasand et al., 2012).
The exact mechanism of neurotoxicity of tau protein is still unclear, but therapeutic
efficacy of inhibitors of the phosphorylation of tau protein and anti-tau neurofibrillary

tangles are investigated against AD.

Also accumulation of extracellular and intracellular misfolding and aggregation of
amyloid B peptides, especially amyloid B1.42 deposition is reported to progress AD (Flood
et al., 2009; Knobloch et al., 2007). Amyloid precursor protein (APP) plays an essential
role in growth repairing nerve cells, but it is reported to lead neuronal dysfunction and

progression AD when one of cleaved APP AP1.42 peptides increase in brain, (Kandimalla
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etal.,, 2009) . In C. elegans it is revealed that increase in daf-16 and hsf-1 and reducing
insulin signaling decrease neurotoxicity of AP.4 peptides (E Cohen & Dillin, 2008;
Ehud Cohen et al., 2006). AP;.42 peptides is reported to block postsynaptic neuron
receptors, such as AMPA receptor (AMPAR), N-methyl-D-aspartate receptor (NMDAR)
and acetylcholine receptors (AchR) and progress cognitive dysfunction by activating

apoptosis signaling (Lipton, 2004; Rui et al., 2010; P. Wang et al., 2005).
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Figure 9. Possible molecular mechanisms behind development of Alzheimer’s disease.
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Cinnamon for Management of Alzheimer’s Disease

AD is a neurodegenerative basis of age-related cognitive decline disease which

brain function is reduced by formation of extracellular Ap peptides plaques and
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intracellular neurofibillary tangles (tau) (Albert et al., 2011). Recent in vitro emerging
research suggests that cinnamon extract has beneficial properties to reduce tau
aggregation and filament formation associated with AD due to the functional properties
of proanthocyanidin trimer and cinnamaldehyde (Peterson et al., 2009). The microtubule-
associated protein tau stabilize translocation activity of microtubules in the axon, but
hyperphosphrylated tau protein is known to become neurofibrillary tangles and promote
apoptosis which may contribute AD (McVicker et al., 2011; Shahpasand et al., 2012).
Recent in vitro studies shown that cinnamon polyphenols and a procyanidin type A trimer
from cinnamon extract have inhibition effect on glial cell swelling and protective effect
on mitochondrial function (K S Panickar et al., 2012; Kiran S Panickar et al., 2009),
indicating a potential to inhibition effect against tau aggregation and filament formation.
Furthermore, in vivo fly and mice and model studies suggested aqueous cinnamon extract
has anti-amyloid aggregation properties which led to improvement in cognitive behavior
(Frydman-Marom et al., 2011). The precise mechanism is not fully understood, but it is
assumed that fibrillar AP, especially ABi-42 is thought to cause neurotoxicity, which
contribute to development of AD (Sakono & Zako, 2010). Cell culture in vitro studies
and in vivo flies and mice models have shown that orally intake of cinnamon extract
inhibit AP aggregation and reduced neurotoxicity of amyloid fibrils thereby increased
cognitive performance (Frydman-Marom et al., 2011). The mechanisms of interaction of
cinnamon extract and APP for inhibition of amyloid fibrils remain unclear therefore

furthered investigation is required.

Also it is assumed that type 2 diabetes patients associated with insulin resistance

frequently develop AD because of increase of neuritic plaques and oxidative stress,
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decreasing glucose transporter and overactivation of GSK-3p (Deng et al., 2009;
Matsuzaki et al., 2010). Cinnamon polyphenols has recently been found to improves
insulin sensitivity via regulating insulin signaling in animal model (K Couturier et al.,
2010; Karine Couturier et al., 2011), thus it is suggested that consumption of cinnamon

extract intake has potential benefits on inhibition of AD progression.

Despite these emerging findings, the mechanism of cinnamon in effecting gene
expression related various symptoms of AD and amyloid B peptide accumulation in vivo
is not clearly understood at this time and required further investigation. Therefore in this
research we have decided to evaluate the effectiveness of cinnamon extract at reducing

amyloid B peptide induced paralysis in a novel C. elegans model.

Methods

Fractionation of Cinnamon extract

As described previously aqueous extracts (AE) of cinnamon was prepared by
heating 1.5g of the herb in 30mL of distilled water at 60°C for 30 minutes. The mixture
was vacuum-filtered through Whatman filter paper, and filter sterilized. Using solvent
fractionation aqueous extract of Cinnamon will be fractionated based on polarity as well
as charge and mad polar acidic (PA), polar basic (PB) and polar neutral (PN) fractions
from AE of cinnamon (Figure 10). The extract and its fractions of cinnamon extract was

used to evaluate its effect on the neurodegeneration model.
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Figure 10. Method of solvent fractionation to collect samples of varying polarity and charge.

Nematode Propagation and Treatment

Transgenic C. elegans strain CL4176 was used for AD assay and the transgenic
strain was obtained from the Caenorhabditis Genetics Center. Strain CL4176 has been
commonly used for AD in C. elegans model and construction of CL4176 [smg-1
(cc546ts)] is previously described (Link et al., 2003). CL4176 contains a temperature
sensitive mutation smg-1, thus at temperature 25°C CL4176 induce amyloid 3 protein to
the body and muscle and will develop paralysis (Table 13). NGM and treatment plates
were made as previously described in chapter 1 (Caldicott et al., 1994). 60 mm plates

were used for NGM and cinnamon treatment plates and 100 pL of ten times concentrated
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E. coli strain OP50 with or without cinnamon treatment were pipetted to plates. For
treatment plate cinnamon AE, PA, PB or PN fractions were added to make 0.1% v/v.
After overnight incubation at room temperature 25°C, plates were treated by UV light to
inactivate E. coli OP50 using a Stratagene UV Stratalinker 2400. C. elegans model AD
assays were performed as described previously (Dostal & Link, 2010). CL4176 strain
worms were synchronized before the experiment to induce amyloid B protein at same life
stage. Second days gravid adults were transferred to NGM or treatment plates and
allowed to lay eggs for two to three hours. After removing gravid adults from plates,
worms were grown to L3 stages in 16°C incubator. When worms were reached L3 stage,
worms were moved in 25 °C incubator and amyloid B-induced paralysis was initiated as
previously described (Dostal & Link, 2010). Twenty hours after the initiation, the
mobility of worms was scored and scoring continued in 2 hour increments until worms
are paralyzed. Worms that did not move even poke by a platinum wire or worms that

were paralyzed whole body except head part were scored as paralyzed worms.

Table 13. C. elegans transgenic gene to be evaluated in AD assay and the human equivalent.
Information obtained from www.wormbase.org.

Strain Gene Human Homolog Construction
CL4176 ABeta4?2 Amyloid B1.4» smg-1 (cc546ts); dvls27
Results

Effect of Cinnamon in C. elegans Alzheimer’s Neurodegeneration Model

In a transgenic C. elegnas model of AD (CL4176), the protective effect of cinnamon
extracts on Amyloid B,.4, induced neurotoxicity was examined. CL4176 worms were heat

treated in 25°C incubator for 20 hours to induce Amyloid 3142 and number of non-
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paralyzed worms and paralyzed worms were scored up to 38 hours. Figure 11 shown the
result of the Amyloid By.4, induced paralysis on no treatment plates (control). Time post
induction of 50% paralysis of worms (PTso) caused by AB on control plates was 30.0
hours and at 36 hours all worms were scored as paralysis (Fig. 11). Worms that treated
with 0.1% (v/v) cinnamon AE the time to PTsowas 27.8 hours, which was 2.2 hours
hastening paralysis compared with control (Fig. 11). Similarly, PTs of 0.1% (v/v)
cinnamon PA and PB treatments were 29.6 hours and 29.5 hours respectively (Fig. 12
and Fig. 13). Even hastening time is smaller than 0.1% (v/v) cinnamon AE, it suggested
0.1% (v/v) cinnamon PA and PB hastens paralysis compared with control. However, in
contrast to 0.1% (v/v) cinnamon AE, PA and PB extract the time to PTso 0f 0.1% (v/v)
cinnamon PN treatment was 31.3 hours, which was 1.28 hours delaying paralysis
compared to control with no treatment (Fig. 14). It is reported that Ginkgo biloba leaf
extract delayed paralysis of transgenic strain C. elegans CL4176 by inhibiting Ap
oligomers (Wu et al., 2006), suggesting 0.1% cinnamon PN extract share similar

mechanism of action.
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Effect of Cinnamon on AB ,_4, induced paralysis
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Figure 11. Mobility curve indicating percent of population mobile with AE treatment per
time after 25°C temperature upshift.
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Figure 12. Mobility curve indicating percent of population mobile with PA treatment per
time after 25°C temperature upshift.



94

Effect of Cinnamon on AB ,_4, induced paralysis
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Figure 13. Mobility curve indicating percent of population mobile with PB treatment per
time after 25°C temperature upshift.
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Figure 14. Mobility curve indicating percent of population moblie with PN treatment per
time after 25°C temperature upshift.
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Discussion

Effect of Cinnamon on Paralysis in Alzheimer’s Disease Model

Alzheimer’s disease is one of the most common cognitive or neurodegenerative
disorder in the world population (Brookmeyer et al., 2007), but the mechanism of AD
remain unclear because multiple factors are involved in the etiology of AD. Formation of
neurofibrillary tangles of tau protein, accumulation of AB1.4> peptides and dysregulation
of stress response pathways have been implicated to development of neurodegenerative
diseases (Caraci et al., 2012; De Felice et al., 2009; Di Domenico et al., 2010; Ying Liu

et al., 2008; Munoz & Ammit, 2010; Riley et al., 2010).

We have evaluated the effect of aqueous cinnamon extract on different stress
response pathways, such as those mediated by ILS, Nrf-2/ARE, MAPK, HIF-1, Hsp/UPR,
TGF-p. The present study was designed to investigate the effect of cinnamon and its

fractions on delaying AB;.4, induced paralysis in vivo using C. elegans model.

As mentioned previously our result suggests that polar neutral (PN) cinnamon
fraction was most effective for delaying Ap,.4, induced paralysis (Fig. 14). Similar
research conducted by the other group have shown that oral intake of cinnamon agqueous
extracts (AE) significantly reduced amyloid oligomerization and improved cognitive
function associated with AD using in vivo fly as well as mice model (Frydman-Marom et
al., 2011). However in our result delaying in paralysis was noted only with PN fraction of
cinnamon, but not with AE, PA or PB fraction. Our result suggested that the possible
presence of bioactive compound responsible for this delaying paralysis is PN in nature.

The disparity in results observed with the fly and mice model compared to our model
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suggests that there is a possible difference between the bioavailability and absorption of
this polar fraction in C. elegans versus higher animals. C. elegans possess very
rudimentary digestive system (Kormish et al., 2010), and perhaps the concentration of
bioactive ingredients present in the whole cinnamon extract might not be adequately

metabolized and activated to have the desired effects.

It has also been reported that cinnamon contributes to lowing blood glucose level
by mimicking biochemical processes of insulin (Kirkham et al., 2009). In previous
chapter we have reported increase in expression gene involved in insulin signaling, such
as daf-2, age-1, daf-16, let-92, daf-28, ins-7 and ida-1 (Table 2). This is important
because insulin resistance has previously been shown to be important in induction of
neurodegeneration, possibly because of ether glycation of proteins, induction of oxidative
stress which causes accumulation of improper processing toxic protein causing cell death;
therefore, activation of insulin signaling may ameliorate many of the these effects
associated with insulin resistance and improve cell survival (Talbot et al., 2012). Insulin
signaling is also known to be mitogenic, thus activation of insulin signaling can down
regulate many of genes involving in pro-apoptotic signaling causing and also
concomitantly improve the expression of gene involved in promoting cell growth and cell
division (Baur & Sinclair, 2006; Lant & Storey, 2010; Prahlad & Morimoto, 2009).
Therefore, overall effects of cinnamon on reducing Api-42 peptide induce
neurodegeneration could be due to these mechanism. However, under normal
circumstance activation of insulin/daf-2 signaling should result in inactivation and

cytosolic localization of daf-16 (FOXO) as well as of skn-1 (Nrf-2) (Lant & Storey, 2010;
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Prahlad & Morimoto, 2009). Interestingly we observed increase in expression of daf-16

and skn-1 in response to cinnamon extract (Table 2 & 4).

This may indicates increase of sir2.1, ortholog of human Sir2, and let-92, ortholog
of human PP2A may deacetylate and dephosphorylate, which activate daf-16 (Table 2).
In C. elegans model it is revealed that increase of daf-16 and skn-1 expression reduced
redox homeostasis and neurotoxicity of ABi.4> peptides in the neuronal cell (E Cohen &
A Dillin, 2008; Ehud Cohen et al., 2006). Also Protein phosphatase 2 (PP2A) is known to
dephosphorylate GSK-3 and inhibit hyperphosphorylation of tau protein, which results in
prevention of neurofibillary tangles formation (W. Qian et al., 2010). Although we did
not specifically test neurofibrillary tangle formation, these finding may explain anti-

neurodegnerative effects of cinnamon PN extract.

Also, we observed increase of pmk-1, ortholog to human p38 MAPK in response
to cinnamon extract (Table 10).GSK-3 has been shown to hyperphosphorylates tau
protein, which has been shown to be involved in oligomerization of AB;.4; in
neurodegenerative condition (Hanger et al., 2009). And active insulin signaling and
MAPK signaling suggests that there is inhibition of GSK-3 activity, which may perhaps
contributes to decrease in oligomerization of Ap;.42 upon its induction after thermal stress
in C. elegans (Hanger et al., 2009) . Although the mechanism of the interaction between
cinnamon PN fraction and GSK-3, it is assumed that increase of insulin signaling, daf-16,
skn-1 and MAPK signaling in response to cinnamon PN inhibited GSK-3 activity and

reduced A oligomer induced paralysis.
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In addition, insulin signaling involves in trafficking of AMPA receptor (AMPAR),
N-methyl-D-aspartate receptor (NMDAR), acetylcholine receptors (AchR) and glucose
transporter (GLUT), which help the intracellular signal transduction system of neuron (M.
de la Monte, 2012; Shonesy et al., 2012). Accumulation of AB;.4, peptides blocks these
postsynaptic neuron receptors and activate apoptosis signaling, which results in
contribution of the neuropathology of AD (Lipton, 2004; Rui et al., 2010; P. Wang et al.,
2005). Taken together, these data implicate upregulation of insulin signaling and stress
response genes in response to cinnamon may suggest decreasing neurotoxicity of ABi.42

peptides.

When intracellular or extracellular misfolded proteins are accumulated, it result in
activation of UPR signaling (Salminen et al., 2009). UPR signaling function to reduce
protein toxicity induced cell death by increase in the degradation of misfolded protein or
uptaking and stabilizing misfolded proteins by heat shock proteins (Salminen et al., 2009).
In a previous study we have reported several fold increase in gene expression of hsp16.2
and phsp, which share the same promoter (Table. 8). Recent findings shows that
constitutive overexpression of hsp-16.2 expression reduce the formation of amyloid 3
plaques in vivo C. elegans (Fonte, Kipp, II, et al., 2008). The delaying in paralysis is
perhaps due to the stabilization of the initially induced Ap;.42 peptides upon thermal
shock in C. elegans. However, during late stage of induction A4, peptides formation of
stress cellular oligomers of Ap;.42 eventually result in aggregation and plaques formation.
One mechanism to reduce this plaques formation is to reuptake AP;.4, peptides
intracellularly either stabilized or degraded. HSP70 and its co-activator rme-8 in C.

elegans are known to increase receptor mediated endocytosis of misfolded protein
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(Meimaridou et al., 2009). Treatment with the cinnamon results in increased expression
of rme-8, perhaps suggesting that initial oligomers of AB;.4, peptides are being
endocytosis intracellularly and stabilized or degenerated which also be contributing factor

to delaying paralysis.

Conclusion

We found that cinnamon PN treatment had positive effect on delaying the
paralysis induced by AP neurotoxicity in vivo C. elegans model. Our previous study
showed increase of insulin signaling and daf-16, hsp-16.2, pmk-1 and let-92 gene
expression in response to cinnamon AE treatment. We found that increase of time post
induction of 50% paralysis of worms (PTs) in response to cinnamon PN treatment, but
not to cinnamon AE, PA and PB treatment. This indicated cinnamon PN fraction may
have potential therapeutic effects on slowing the progression of AD induced by AB
neurotoxicity. In our future experiments we will attempt to characterize the chemical
nature of the PN fractions of cinnamon, and further evaluate the neurodegenerative

properties.



CHAPTER VIII
CINNAMOMUM VERUM AMELIORATES MPP" INDUCED PARKINSON’S

DISEASE IN C. ELEGANS

Introduction

Parkinson’s Disease Signs and Symptoms

Parkinson’s disease (PD) is the second most common progressive
neurodegenerative disease caused by degeneration of nigrostriatal motor neuron and
causes trembling limbs, fatigue or localized muscle pain (Hirsch & Hunot, 2009). It is
found that some mutation of genes are associated to molecular dysfunction of oxidative
stress and inflammation leading in to familial PD (Schulz, 2008); however, in majority
cases of PD the result of complex environmental and genetic factors produced
endogenously neurotoxins and progress PD (Banerjee et al., 2009). The mechanism of
action of causation and progression PD remain unclear, but oxidative stress,
inflammation, dysfunction of microglia, and increase of misfolding of alpha-synuclein

are considered as major factors to develop PD (Whitton, 2007).

Dopamine Signaling

In normal state, L-DOPA is biosynthesized from L-tyrosine, then it is converted
by enzyme tyrosine hydroxylase (TH) to form dopamine in the dopaminergic neurons

100
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(Nakashima et al., 2011). When dopamine is released from substantia nigra pars
compacta (SNpc), it binds to D1 type receptor and D2 type receptor resulting in increase
or decrease of PKA, then send signal to muscle through controlling N-
Nitrosodimethylamine (NDMA) receptor, AMPA receptor and Na+/Ca2+ channels, Na +,
K +-ATPase via phospohorylation or dephosphorylation of DARPP-32 (Yuste et al.,
2012). Also, it is known that NDMA and AMPA receptor can be bound by glutamic acid,
nicotine and acetylcholine and increase excitability (Akaike & Takada-Takatori, 2010).
Through these excitability, corticobulbar tracts regulates substantia nigra pars reticulata
and thalamus by controlling the balance of direct pathway through D1 receptors of
excitatory and indirect pathway through D2 receptors of inhibitory (Nishi et al., 2011).
Also for feedback inhibition, D2 receptors present on SNpc, and negatively regulate
dopamine releasing via inhibition of cAMP when dopamine bind to D2 receptors (Nishi

& Snyder, 2010).

PD is caused by depletion of dopamine in the striatum via developing of
degenerated dopamine neurons in the substantia nigra pars compacta (Hara et al., 2010).
When dopamine neurons is loss in PD, D1 type and D2 type dopamine receptor do not
bind to dopamine and the pathway to the internal segment of the globus pallidus is
overexcited, thus result in suppression of the activity of the cerebral cortex and the
thalamus in the end (Hara et al., 2010). Depletion or degeneration of dopamine neuron is
mainly caused by over-activation of microglia, increasing ROS and misfolding of alpha-

synuclein (Whitton, 2007).

It is reported that over-activation of microglia increase neurotoxicity because it

increase production of ROS and leads to cell death by increasing apoptosis signaling
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(Xie, Li, et al., 2010). Microglia is a type of glial cells present in the cerebrospinal and
has macrophage-like phagocytosis (Sierra et al., 2010). Heme oxygenase-1 (HO-

1) ,Lipopolysaccharide (LPS), and opioids are reported to induce microglia activation
(Chinta et al., 2012; Jack et al., 2005; Xie, Li, et al., 2010) , and these compounds
commonly activate p38 MAPK and JNK signaling in resulting apoptosis in
dopaminergic neurons (Xie, Wang, et al., 2010). Also, apoptosis signal-regulating
kinase-1 (ASK-1) is one of MAP3K, and it is reported as one of causation of PD (W.
Yang et al., 2009). Similar to 1-methyl-4-phenyl-pyridinium (MPP"), paraquat is
suggested to cause PD like symptom by inducing neuronal cell death (W. Yang et al.,
2009). Paraquat is reported to activate ER stress receptors IRE-1 and produce ROS in
substantia nigra pars compacta, then activate ASK1-dependent apoptosis resulting in
progress Parkinson’s like symptom (Karunakaran et al., 2007). Thus, molecules what

inhibit pro-apoptosis pathway are targeted for therapeutic intervention in PD.

Since anti-inflammatory drugs, such as ibuprofen, slow the progression of PD, it
is known that inflammation is one of causes of PD (X. Gao et al., 2011). Inflammation of
PNpc is caused by neuronal injury, oxidative stress or infection, and increase cytokines,
IL-1B and TNF-a (Dantzer et al., 2008; Whitton, 2007). These cytokines increase pro-
apoptosis signaling via Nf-kB and enhance transcription levels of apoptosis genes, thus
suggested to trigger neurodegeneration in PD (Whitton, 2007). It is considered that
ibuprofen antagonize the action of pro-apoptosis transcription factors, such as NF-«xB,
Ap-1 and NFAT by reduction of PPARY expression (X. Gao et al., 2011), thus it is

interested as therapeutic potential of PD.
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Additionally, it is reported that misfolding of a-synuclein is involved to develop
PD (Yakunin et al., 2012). Lewy bodies are circular and eosinophilic cytoplasmic
inclusions appearing in central and peripheral neurons, which are made of misfolding o-
synuclein (Duda et al., 2000). Ubiquitin ligase parkin is normally bound with ubiquitin-
conjugating enzyme along with HSP70 and CHIP , and ubiquitinate misfolded o-
synuclein, thus misfolded a-synuclein will be targeted for proteosomal degradation
(Witt, 2010). Thus, dysfunction of parkin, ubiquitin-conjugating enzyme, HSP70 or
CHIP is reported to associate to PD (Witt, 2010). Also, a-synuclein is associated with
Sept4 protein, and decreasing of Sept4 is reported for increasing of misfolded a-synuclein,
thus Sept4 is considered for suppression of misfolding a-synuclein neurotoxicity
(Shehadeh et al., 2009). In addition, misfolded a-synuclein is normally degenerated by
lysosome, thus lysosomal activity plays important role in protein clearance to slow
progression of PD (Chu et al., 2009). It is reported that in vivo mice research for
degradation of misfolded a-synuclein chaperone-mediated autophagy (CMA) by
lysosome played important role for anti-neurotoxicity associated with PD (Mak et al.,
2010). Thus, both of decrease degradation of a-synuclein caused by dysfunction of
parkin and lysosome can result in accumulation of high levels of misfolded a-synuclein

and can lead to neuronal cell death (Mosharov et al., 2009).

Cinnamon and Parkinson’s Disease

The exact mechanism of causing PD remain unclear, but it is reported that
majority causes of PD is initiated by neurotoxins caused from aging and environmental
factors (Banerjee et al., 2009). It is well known that 1-methyl-4-phenyl-1 ,2,3,6-

tetrahydropyridine (MPTP) cause the injury of nerve cells in the substantia nigra resulting
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in Parkinson like symptom (Chen & Vargas, 2009). When MPTP passes through the
blood-brain barrier, it is converted to 1-methyl-4-phenylpyridinium ion (MPP *) and
taken into substantia nigra neurons, then MPP is incorporated into the mitochondria and
suppress the NADH dehydrogenase (complex 1) in the electron transport chain increase
ROS, thus MPP causes cell death (Marella et al., 2009). MPTP and MPP do not exist in
nature, but oxidative stress and inflammation is considered to be involved in causing PD

(Whitton, 2007).

Insulin signaling is one of the pathways to regulate inflammation, and it is
reported that cinnamon extract mimic biochemical properties of insulin and reduced
inflammation caused neuronal injury in vivo mice model (Azab et al., 2011). Neuronal
inflammation caused by increase of ROS is assumed to involved in progression of PD
because it activate apoptosis signaling and degenerate dopaminergic neurons (Xie, C.
Wang, et al., 2010). Active microglia and their pro-apoptotic protein in activating JNK
signaling via inflammatory cytokines MAPK are known to involved PD, but it is reported
that cinnamon compound cinnamaldehyde increase insulin signaling and suppress Nrf-2
mediated inflammation (B.-C. Liao et al., 2008). Also it is reported that sodium benzoate
(NaB), a metabolite of cinnamon, reduced the activity of NF-kB and expression of iNOS,
thus NaB has neuroprotective effect on PD via modulation of pro-inflammatory pathway

and p21® (Brahmachari et al., 2009).

Misfolded a-synuclein is reported be involved for development of PD because it
contributes to a-synuclein aggregation in Lewy boddies (Yakunin et al., 2012), but
recent studies shown that cinnamon extract may protect neurotoxicity of misfolded a-

synuclein by stabilizing the soluble oligomeric phase in vivo fly model (Shaltiel-Karyo et
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al., 2012). Also, it is reported that ROS produced by mitochondria increase misfolded a-
synuclein which contribute to the development of PD, but recent studies reported that
cinnamon polyphenols and a procyanidin type A trimer from cinnamon extract attenuate
glial cell swelling and mitochondrial dysfunction (K S Panickar et al., 2012; Kiran S
Panickar et al., 2009). Thus, cinnamon is suggested to have potential protective effects on

misfolded a-synuclein induce neurotoxicity to contribute PD.

In addition, type 2 diabetes patients is known to be associated with insulin
resistance and frequently develop PD mainly because of mitochondrial dysfunction
(Aviles-Olmos et al., 2012). Recent studies shown polyphenols from cinnamon extracts
reduced insulin resistance in vivo animal study (K Couturier et al., 2010; Karine
Couturier et al., 2011), thus it is suggested that cinnamon extract has potential therapeutic
effect on PD. The effect of cinnamon on PD related phenotypic changes are not very well

understood.

The excitation toxicity mediated causes for PD have not been investigated,
therefore in this thesis, we have looked at the effect of cinnamon extract and it fractions
on reducing L-glutamate (LG) and NDMA induced excitation toxicity in chick primary
neural retina culture. LG and NDMA are reported to cause PD like symptoms because
these increase excitotoxicity in neuronal cell and cause cell death (Nishi et al., 2011). In
this research we evaluated the effectiveness of cinnamon on delaying PD like paralysis
induced by MPP™ treatment using in vivo C. elegans model and delaying PD like
neurotoxicity induced by LG and NDMA treatment using in vitro chick primary neural

retina cell culture.
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Figure 15. Parkinson’s disease like symptoms model induced by MPP* and L-glutamate and
NDMA.

Methods

Chick Retinal neurons viability assay

Retinal neurons were prepared from 8-day-old chick embryos by dissecting the
eye and removing the pigmented epithelial tissue to expose the retina (Louzada et al.,
2004). Retinas were dissected from several developing embryos under sterile conditions
in a calcium/magnesium-free solution. Trypsinization (0.05% trypsin) was carried out for
10 min at 37°C in calcium/magnesium-free solution and the dissociated tissue was

centrifuged for 2 min at 2000 rpm to remove all cell and tissue debris. The supernatant
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was discarded, and the pellet was carefully resuspended in Basal Medium Eagle (BME)
supplemented with 5% (v/v) fetal calf serum and mechanically dissociated by gently
pipetting the tissue 10 to 20 times. Final concentration retinal cell was around 105
cells/ml. Five hundred pl the cell suspension was added to poly-L-lysine-coated 24 wells
plates. 24 wells plates were incubated with 500 pl of 20 pug/ml poly-L-lysine
hydrobromide per each well for 24 hours. The wells were then washed three times with
500 pl sterile distilled water to remove excess poly-L-lysine. Cultures were kept at 37°C
in a humidified atmosphere of 92% air and 8% CO2 and the medium was changed 24
hours after plating. Excitation toxicity was induced by the addition of 400 uM of L-
glutamate (LG) or N-Nitrosodimethylamine (NDMA\). For neuroprotection assays, sterile
aqueous extract of cinnamon (AE), polar acidic (PA), polar basic (PB), and polar neutral
(PN) fractions were added at 0.1% (v/v) or 0.25% (v/v). Cinnamon aqueous extracts and
fractions were prepared previously described in chapter 7. Cell survival and viability was
evaluated 48 hours after addition of treatments to the cultures using the trypan blue
exclusion method. Individual wells were also imaged under transmitted light using Nikon

Ti Research microscope equipped with Qi CCD camera.

Nematode Propagation and Treatment for Parkinson’s disease assay

The wild type C. elegans strain N2 was obtained from Caenorhabditis Genetics
Center. The neurotoxin MPP* was used to induce Parkinson’s like symptom by
intracellular oxidative stress and neurodegeneration (Braungart & Gerlach, 2004). N2
strains were propagated as previously mentioned (Brenner, 1974).N2 worms were age

synchronized and synchronized gravid adults were allowed to lay eggs on NGM plates.
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After removing gravid adults from plates, eggs were incubated to hatch and synchronized
L1 worms were pipetted out by with S-complete liquid media (0.59% NaCl, 5% 1M
KPO4, 5 mg/ml Cholesterol in ethanol) (Fabian & Johnson, 1994) into a sterile 50 ml
Falcon tube. Then, worms were washed by S-complete liquid media (97.7% S-basal, 1%
potassium citrate, 1% trace metals, 0.3% CaCl,, 0.3% MgSO,) and E. coli OP50 yielding
a 5 mg/ml was added food supply (Fabian & Johnson, 1994). 40 ul of S-Complete
(around 17-23worms) and 10pul of ICgo MPP* (treatment group) or 10 pl (control group)
were pipetted to a 96 well plate, and also cinnamon extracts and its fractions (AE, PA,
PB, or PN), which were prepared as previously described, were added to reach 0.1% v/v
concentration to treatment groups. The mobility of worms was scored as unparalyzed and

paralyzed after 48 hours incubation.

Results

The Effect of Cinnamon extract and Cinnamon Fractions on LG and NDMA on

Excitation Neurotoxicity in Chick Primary Neural retina Culture

Figure 16 represents effects of 400 uM of L-glutamate (LG) or 400 uM of N-
Nitrosodimethylamine (NDMA) on of PD on chick primary neural retina cultures.
Compared with control, neurotoxicity was seen in neural retina cultures treated with LG
or NDMA. After 48 hours, cell viability in chick primary neural retina culture in response
to LG treatment was 77 % (p<<0.05) of control, and in response to NDMA treatment it
was 86% (p<0.05) of control (Fig. 16). When chick primary neural retina culture was

treated only with 0.1 % (v/v) and 0.25 % (v/v) cinnamon aqueous (AE) extracts and
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cinnamon fractions, such as polar acidic (PA), polar basic (PB), and polar neutral (PN)
for 48 hours, there was no significant effect on cell viability in primary neural retina
relative to control, except 0.1% (v/v) PA and 0.1% (v/v) PB extracts (Fig. 17).

In response to 1.0% (v/v) and 0.25% (v/v) cinnamon AE/400 uM LG co-
treatment, cell viability in the neural retina culture after 48 hours were121% (p<0.05) and
128% (p<0.05) of 400 uM LG treatment alone respectively (Fig. 18). In response to
1.0% (v/v) and 0.25% (v/v) cinnamon PA/400 uM LG co-treatment, cell viability in the
neural retina culture after 48 hours were117% (p<0.05) and 115% (p<0.05) of 400 uM
LG treatment alone respectively (Fig. 18). In response to 1.0% (v/v) and 0.25% (v/v)
cinnamon PB/400 uM LG co-treatment, cell viability in the neural retina culture after 48
hours were107% (p<0.05) and 110% (p<0.05) of 400 uM LG treatment alone
respectively (Fig. 18). In response to 1.0% (v/v) and 0.25% (v/v) cinnamon PN/400 uM
LG co-treatment, cell viability in the neural retina culture after 48 hours were130%
(p<0.05) and 123% (p<0.05) of 400 uM LG treatment alone respectively (Fig. 18).

In response to 1.0% (v/v) and 0.25% (v/v) cinnamon AE/400 uM NDMA co-
treatment, cell viability in the neural retina culture after 48 hours were121% (p<0.05) and
130% (p<0.05) of 400 uM NDMA treatment alone respectively (Fig. 19). In response to
0.25% (v/v) cinnamon PA/400 uM NDMA co-treatment, cell viability in the neural retina
culture after 48 hours was 110% (p<0.05) of 400 UM NDMA treatment alone, but in
1.0% (v/v) cinnamon PA/400 uM NDMA co-treatment there was no significant
difference (Fig. 19). In response to 1.0% (v/v) and 0.25% (v/v) cinnamon PB/400 puM
NDMA co-treatment, cell viability in the neural retina culture after 48 hours were123%

(p<0.05) and 128% (p<0.05) of 400 uM NDMA treatment alone respectively (Fig. 19).
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In response to 1.0% (v/v) and 0.25% (v/v) cinnamon PN/400 uM NDMA co-treatment,
cell viability in the neural retina culture after 48 hours were115% (p<0.05) and 108%

(p<0.05) of 400 uM NDMA treatment alone respectively (Fig. 19).
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Figure 16: Neurotoxic effects of L-glutamate (400 uM) or NDMA (400 M) on primary
neural retina cultured in BEM after 48 hours of treatment. (*) p <0.05
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Figure 17. Effects of aqueous extract (AE) of cinnamon or one of its fractions, polar acidic
(PA), polar basic (PB), and polar neutral (PN) at 0.1-0.25 % (v/v) for 48 hours on primary
neural retina cultures. (*) p<0.05
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(PA), polar basic (PB), and polar neutral (PN) at 0.1-0.25 % (v/v) for 48 hours on L-
glutamate (400 uM) induced neurotoxicity in primary neural retina cultures. (*) p <0.05
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Figure 19. Effects of aqueous extract (AE) of cinnamon or one of its fractions, polar acidic
(PA), polar basic (PB), and polar neutral (PN) at 0.1-0.25 % (v/v) for 48 hours on NDMA
(400 uM) induced neurotoxicity in primary neural retina cultures. (*) p < 0.05
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Effect of Cinnamon on MPP™ induced Paralysis in C. elegans after 48 hours

1-methyl-4-phenylpyridinium (MPP™) kills dopaminergic neurons by inhibiting
production of ATP and preventing mitochondrial DNA replication of NADPH
dehydrogenase (complex I) (Cochemé & Murphy, 2008). When C. elegans worms are
treated with MPP”, worm’s dopaminergic neurons are destroyed and cause paralysis.
Wild type strain (N2) C. elegans was co-treated with MPP™ and 0.1% cinnamon AE, PA,
PB and PN extracts for 48 hours and the effect of cinnamon extracts on delaying

paralysis of worms was evaluated.

Mobility of worms was recorded as either unparalyzed or paralyzed. In control
(without MPP"), all worms scored as unparalyzed after 48 hours; whereas, 45.3% worms
which were exposed to 1Cq dose of MPP™ were scored as paralyzed (Fig. 20). Worms,
which were co-treated with MPP*/0.1% (v/v) cinnamon AE for 48 hours, 79.0 %
paralyzed (Fig. 20), which was 33.7% more paralysis compared with MPP™ treatment
only. Worms, which were co-treated with MPP*/0.1% (v/v) cinnamon PB for 48 hours,
65.0% paralyzed (Fig. 20), which was 19.7% more paralysis compared with MPP”
treatment only. Worms, which were co-treated with MPP*/0.1% (v/v) cinnamon PN for
48 hours, 46.5% paralyzed (Fig. 20), which was 1.3% more paralysis compared with
MPP™ treatment only. However, worms, which were co-treated with MPP*/0.1% (v/v)
cinnamon PA for 48 hours, 33.4% paralyzed (Fig. 20), which was 11.9% less paralysis

compared with MPP* treatment only.
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Effect of cinnamon on MPP" induced paralysis
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Figure 20. Mobility (%) of worm after 48 hours treatment without MPP™ (control), with
MPP* (MPP"), MPP™ with cinnamon aqueous extract (AE MPP"), polar acidic fraction (PA
MPP™), polar basic fraction (PB MPP") and polar neutral fraction (PN MPP")

Discussion

Effect of Cinnamon on Chemically Induced Parkinson’s Like Symptoms

The mechanisms of Parkinson’s disease (PD) remain unclear, but it is reported
that familial PD is rare and majority of PD is caused by neurotoxicity and environmental
factors. It is well known that MPTP induce neurodegeneration because it is converted to
MPP™ in the dopaminergic neuron and increase ROS mediated neuronal cell death,
resulting in PD like symptoms (Chen & Vargas, 2009). Since oxidative stress,
inflammation, dysfunction of microglia, and increase of misfolding of alpha-synuclein
are suggested to be involved in the progression of PD (Whitton, 2007). Previously we
have evaluated the effects of aqueous cinnamon extract on stress response pathways, such

as ILS, Nrf-2/ARE, MAPK, HIF-1, HSP/UPR, TIR-1 and TGF-p.
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The present study was designed to investigate the neuroprotective effect of
cinnamon on delaying PD like paralysis induced by MPP™ treatment and its factions on
L-glutamate (LG) and N-Nitrosodimethylamine (NDMA\) induced neurotoxicity using
chick primary neuronal neural retina culture, additionally we also investigated the effect
of cinnamon and cinnamon fractions on PD like paralysis induced by MPP* neurotoxin

using in vivo C. elegans model.

LG and NDMA both activate NDMA receptor and increase excitation of direct
and indirect pathway and control substantia nigra pars reticulata and thalamus (Nishi et
al., 2011). MPP"and 6-hydroxydopamine (6-OHDA) are known to produce
neurotoxicity and progress PD like symptom because these inhibit glutamate reuptake
into axon and cause accumulation of dopamine in vivo and in vitro study (Y. Yang et al.,
2005), and excessive activation NDMA receptor also cause excitotoxicity and leads
dopaminergic neural cell death and contribute to PD like symptoms (Sheldon & Robinson,

2007).

In chick primary neuronal neural retina cultures study, we treated cell culture by
400 uM LG and NDMA for 48 hours and induced neurotoxicity by over exciting NDMA
receptor (Fig. 17) and examined if co-treatment with cinnamon extract and its fractions
protect neuron from LG and NDMA induced excitotoxicity (Fig. 19 and Fig. 20). We
have revealed that cinnamon aqueous extract and its fractions were effective for protect
neural retina from LG and NDMA induced excitotoxicity, and especially cinnamon polar

basic (PB) was most effective (Fig. 19 and Fig. 20).
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Previous studies suggested that activating insulin signaling have neuroprotective
effect on dopaminergic neurons SNpc (Quesada et al., 2008). However, treatment of
neurons with NDMA is reported to cause decrease of Akt activity by dephosphorylation
and suggested to induced NDMA mediated neuronal apoptosis (Yitao Liu et al., 2007).
Cinnamon is described as mimic of biochemical properties of insulin and it is reported
that cinnamon increased insulin signaling in vivo mice model (Azab et al., 2011), which
may explain our observation of neuroprotective effect on LG and NDMA treated chick
primary neural retina cluture. Also TGF-p signaling is known to inhibit apoptosis and
enhance cell survival, and it is reported to be involved inhibition of NDMAR mediated
excitotoxicity (Krieglstein et al., 2011). Our previous results shown that cinnamon extract
significantly increased C. elegnas daf-7 gene, which codes ortholog of TGF- (Table
21).Thus, it is suggested that both increase of insulin signaling and TGF-f by cinnamon

treatment may contribute to protect neural retina cell.

Also, out result shown co-treatment of cinnamon polar acidic fraction (PA) and
MPP" decreased paralysis of worms compared with MPP™ only treatment (Fig. 18). In
cinnamon AE, PB and PN treatment, we did not observed positive neuroprotective effects,
which suggest cinnamon PN fraction may contains neuroprotective compounds to MPP*

induced PD symptoms.

In previous result, cinnamon AE increased the Nrf2/ARE signaling cascade and
oxidative protection genes, such as skn-1, elt-2, gss-1, gsr-1, gst-4, trx-1, trx-1-D, trxr-2-
D and glrx-21-D in vivo C. elegans model (Table 4). Researches indicated that
dysregulation of Nrf-2 pathway is involved in neurodegeration because of dysregulation

of redox condition in neuron , thus this pathway is associated to neuroprotection against
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neurodegenerative diseases such as PD (Cook et al., 2011; Mazzio et al., 2011; Tufekci et
al., 2011; van Muiswinkel & Kuiperij, 2005). Though cinnamon extract increased insulin
signaling, we observed increase of stress responsive transcription factors skn-1 (Table

2and Table 4).

The mechanism of stress responsive transcription factors and PD remain unclear,
but some studies reported redox equilibrium in neuronal cell and PD development is
associated. For example, we observed cinnamon extract increased the expression of genes
relative to glutathione, such as gst-4 and gss-1, but it is reported that reduction of
glutathione expression may contribute to PD development (Martin & Teismann, 2009).
Also we found that cinnamon extract increases thioredoxin expression and it is reported
that thioredoxin may play important role to maintain the redox condition of neuron
because thioredoxin reduces oxidative stress induced by MPP* (Bai et al., 2002) . These
finding may explain the reasons to reduced MPP*, LG and NDMA induced neurotoxicity

by cinnamon treatment.

It is reported that diabetes mellitus is associated with the risk of PD because of the
dysfunction mitochondrial and abnormality of glucose metabolism (Schernhammer et al.,
2011; Xu et al., 2011). Hyperglycemia mediated by diabetes mellitus is reported to cause
advanced glycation end-products (AGE), which cause mitochondria dysfunction and
increase ROS (Edwards et al., 2010; A. M. Vincent et al., 2007). Thus, AGE is associated
to reduce of ATP production because of the dysfunction of mitochondrial (Petersen &
Dufour, 2004), and increase insulin resistance (Tan & Shiu, 2011), thus diabetes is
considered as risk of developing PD. Intake of cinnamon is known to inhibit formation of

AGE and reduced oxidative stress (Peng et al., 2008b; Roussel et al., 2009). This
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reducing AGE property of Cinnamon may contribute our results to delaying neurotoxicity

in our models.

Also, we observed proteins associated with clearance of extracellular misfolded
proteins, such as bec-1 and ced-4 in previous chapter (Table 5).1t is reported that increase
of Beclin-1 decreased extracellular synaptic protein a-synuclein and decreased
development of PD in vitro study (Spencer et al., 2009). Cinnamon is known to mimic
insulin and increase insulin signaling cascade, thus, even excitation of NDMA receptor
inhibits Akt signaling, and perhaps cinnamon extract may inhibit the effect of LG and
NDMA on accumulation of dopamine. Also previous section we found that cinnamon
increase insulin signaling, thus effect of cinnamon overcome effect of apoptosis by

promoting neuronal cell growth and cell survival.

Conclusion

Our results indicate cinnamon extract and its fractions, especially cinnamon PN
treatment reduced LG and NDMA induced excitotoxicity in primary chick neural retina
culture, and we also observed cinnamon PA fraction delay MPP* induced

neurodegeneration which contribute to PD like symptoms in vivo C. elegans.

We previously observed increasing of apoptotic signaling gene expression in
response to cinnamon whole AE, but interestingly, in MPP* induced neurotoxicity and
hyper activated NDMA receptor induced neurotoxicity, different cinnamon fractions
show neuroprotective effects. It is reported cinnamon contains proapoptotic compounds

and inhibit tumor growth (B.-C. Liao et al., 2008), and we observed increase of MPP*
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induced paralysis in whole and other fractions. On the other hand, cinnamon is well
known to mimic insulin and increase insulin signaling cascade, and increasing cell
growth and cell survival via insulin signaling, which perhaps inhibit the effect of
excitotoxicity caused cell death induced by LG and NDMA accumulation. Also, the
effects of cinnamon extract on increasing Nrf-2 signaling, especially glutaredoxin and
thioredoxin mediated redox modulation, suggested cinnamon extract maintaining redox
condition of neuronal cell by reducing oxidative stress. Whole cinnamon extract may
have both pro- and anti- apoptotic properties, thus our data suggest the importance of
fractionation and removing proapoptotic compounds from whole cinnamon extract. This
was also clearly indicated by looking at the prevention of neuronal degradation of

dopaminergic neurons with cinnamon co-treatments in future research.



GENERAL CONCLUSION

Cinnamon is reported as one of spices containing rich bioactive phytochemical
compounds, and it is studied for its therapeutic potentials for many diseases. In this
research we investigated the effects of cinnamon comprehensively among multiple stress
response signaling pathways which are involved in neurodegenerative diseases using in
vivo C. elegans model. In this thesis | found that cinnamon extract mimics insulin like
properties and activates insulin signaling. Interestingly, I also found that cinnamon
increased signaling related to redox homeostasis, heat shock proteins, anti-inflammatory,
anti-apoptotic and autophagy. However, cinnamon also increased pro-apoptotic and
phase | detoxification genes expression suggesting a potential toxic effect of certain
bioactive compounds. These findings may suggest beneficial effects of cinnamon on
neurodegenerative diseases, but also indicate that these effects may be dosage related and
specific to only certain bioactives in cinnamon. | also investigated the neuroprotective
effects of cinnamon and its fractions in in vivo c. elegans and in vitro primary cell
culture models for neurotoxicity. For Alzheimer’s disease model and Parkinson’s disease
model, cinnamon extract and some of its fractions had potential neuroprotective effects in
both in vitro chick primary neural retina cell culture models and in vivo C. elegans
model. Based on these results, a future investigation on the HPLC-MS identification of
bioactive compounds in cinnamon and evaluation of its neuroprotective effect in more

complex models of neurodegeneration is highly merited.

121



REFERENCES

Akaike, A., & Takada-Takatori, Y. (2010). Mechanisms of neuroprotective effects of
nicotine and acetylcholinesterase inhibitors: role of 1£4 and 1+7 receptors in
neuroprotection. Journal of molecular ..., 40(1-2), 211-6. doi:10.1007/s12031-009-
9236-1

Albert, M. S., DeKosky, S. T., Dickson, D., Dubois, B., Feldman, H. H., Fox, N. C,, ...
Phelps, C. H. (2011). The diagnosis of mild cognitive impairment due to
Alzheimer’s disease: recommendations from the National Institute on Aging-
Alzheimer's Association workgroups on diagnostic guidelines for Alzheimer's
disease. Alzheimer’s & dementia : the journal of the Alzheimer's Association, 7(3),
270-9. doi:10.1016/j.jalz.2011.03.008

Alessi, D. R., & Downes, C. P. (1998). The role of PI 3-kinase in insulin action.
Biochimica et biophysica acta, 1436(1-2), 151-64. Retrieved from
http://www.ncbi.nlm.nih.gov/pubmed/9838087

Amcheslavsky, A., Jiang, J., & Ip, Y. T. (2009). Tissue damage-induced intestinal stem
cell division in Drosophila. Cell stem cell, 4(1), 49-61.
d0i:10.1016/j.stem.2008.10.016

An, J. H., & Blackwell, T. K. (2003). SKN-1 links C. elegans mesendodermal
specification to a conserved oxidative stress response. Genes & development,
17(15), 1882-93. d0i:10.1101/gad.1107803

Anderson, R. (2008). Chromium and polyphenols from cinnamon improve insulin
sensitivity. The Proceedings of the Nutrition Society, 67(1), 48-53.
doi:10.1017/S0029665108006010

Appel, S. H., Beers, D. R., & Henkel, J. S. (2010). T cell-microglial dialogue in
Parkinson’s disease and amyotrophic lateral sclerosis: are we listening? Trends in
immunology, 31(1), 7-17. doi:10.1016/].it.2009.09.003

Arawaka, S., Machiya, Y., & Kato, T. (2010). Heat Shock Proteins as Suppressors of
Accumulation of Toxic Prefibrillar Intermediates and Misfolded Proteins in
Neurodegenerative Diseases. Proteins, 17, 158-166.

Arnér, E. S., & Holmgren, a. (2000). Physiological functions of thioredoxin and

thioredoxin reductase. European journal of biochemistry / FEBS, 267(20), 6102-9.
Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/11012661

122



123

Aviles-Olmos, 1., Limousin, P., Lees, A., & Foltynie, T. (2012). Parkinson’s disease,
insulin resistance and novel agents of neuroprotection. Brain : a journal of
neurology. doi:10.1093/brain/aws009

Azab, K. S., Mostafa, A.-H. a, Ali, E. M. M., & Abdel-Aziz, M. a S. (2011). Cinnamon
extract ameliorates ionizing radiation-induced cellular injury in rats. Ecotoxicology
and environmental safety, 74(8), 2324-9. doi:10.1016/j.ecoenv.2011.06.016

Back, S. H., Schroder, M., Lee, K., Zhang, K., & Kaufman, R. J. (2005). ER stress
signaling by regulated splicing: IRE1J/HAC1/XBP1. Methods (San Diego, Calif.),
35(4), 395-416. doi:10.1016/j.ymeth.2005.03.001

Badiola, N., Penas, C., Mifiano-Molina, a, Barneda-Zahonero, B., Fadd, R., Sanchez-
Opazo, G., ... Rodriguez-Alvarez, J. (2011). Induction of ER stress in response to
oxygen-glucose deprivation of cortical cultures involves the activation of the PERK
and IRE-1 pathways and of caspase-12. Cell death & disease, 2, e149.
d0i:10.1038/cddis.2011.31

Bai, J., Nakamura, H., Hattori, I., Tanito, M., & Yodoi, J. (2002). Thioredoxin suppresses
1-methyl-4-phenylpyridinium-induced neurotoxicity in rat PC12 cells. Neuroscience
letters, 321(1-2), 81-4. Retrieved from
http://www.ncbi.nlm.nih.gov/pubmed/11872262

Banerjee, R., Starkov, A. a, Beal, M. F., & Thomas, B. (2009). Mitochondrial
dysfunction in the limelight of Parkinson’s disease pathogenesis. Biochimica et
biophysica acta, 1792(7), 651-63. doi:10.1016/j.bbadis.2008.11.007

Barbieri, M., Bonafe, M., Franceschi, C., & Paolisso, G. (2003). Insulin/IGF-I-signaling
pathway: an evolutionarily conserved mechanism of longevity from yeast to
humans. American journal of physiology. Endocrinology and metabolism, 285(5),
E1064-71. doi:10.1152/ajpendo.00296.2003

Bardag-Gorce, F., Oliva, J., Lin, A., Li, J., French, B. a, & French, S. W. (2011).
Proteasome inhibitor up regulates liver antioxidative enzymes in rat model of
alcoholic liver disease. Experimental and molecular pathology, 90(1), 123-30.
doi:10.1016/j.yexmp.2010.10.013

Baur, J. A., & Sinclair, D. A. (2006). Therapeutic potential of resveratrol: the in vivo
evidence. Nature reviews. Drug discovery, 5(6), 493-506. doi:10.1038/nrd2060

BelAiba, R., & Bonello, S. (2007). Hypoxia up-regulates hypoxia-inducible factor-1a
transcription by involving phosphatidylinositol 3-kinase and nuclear factor kB in
pulmonary artery smooth muscle. Molecular biology of, 18(December), 4691-4697.
doi:10.1091/mbc.EQ7



124

Bell, L. M., Leong, M. L., Kim, B., Wang, E., Park, J., Hemmings, B. a, & Firestone, G.
L. (2000). Hyperosmotic stress stimulates promoter activity and regulates cellular
utilization of the serum- and glucocorticoid-inducible protein kinase (Sgk) by a p38
MAPK-dependent pathway. The Journal of biological chemistry, 275(33), 25262
72. d0i:10.1074/jbc.M002076200

Berra, E., Benizri, E., Ginouves, A., Volmat, V., Roux, D., & Pouysségur, J. (2003). HIF
prolyl-hydroxylase 2 is the key oxygen sensor setting low steady-state levels of HIF-
lalpha in normoxia. The EMBO journal, 22(16), 4082-90.
doi:10.1093/emboj/cdg392

Bibollet-Bahena, O., & Almazan, G. (2009). IGF-1-stimulated protein synthesis in
oligodendrocyte progenitors requires PI3K/mTOR/Akt and MEK/ERK pathways.
Journal of neurochemistry, 109(5), 1440-51. doi:10.1111/].1471-4159.2009.06071.x

Biondi, R. M., Kieloch, a, Currie, R. a, Deak, M., & Alessi, D. R. (2001). The PIF-
binding pocket in PDK1 is essential for activation of S6K and SGK, but not PKB.
The EMBO journal, 20(16), 4380-90. doi:10.1093/emb0j/20.16.4380

Bishop, N. A., & Guarente, L. (2007). Two neurons mediate diet-restriction-induced
longevity in C. elegans. Nature, 447(7144), 545-549. Retrieved from
http://www.ncbi.nlm.nih.gov/pubmed/17538612

Bocchetta, M., Eliasz, S., De Marco, M. A., Rudzinski, J., Zhang, L., & Carbone, M.
(2008). The SV40 large T antigen-p53 complexes bind and activate the insulin-like
growth factor-1 promoter stimulating cell growth. Cancer research, 68(4), 1022-9.
d0i:10.1158/0008-5472.CAN-07-5203

Brahmachari, S., Jana, A., & Pahan, K. (2009). Sodium benzoate, a metabolite of
cinnamon and a food additive, reduces microglial and astroglial inflammatory
responses. Journal of immunology (Baltimore, Md. : 1950), 183(9), 5917-27.
doi:10.4049/jimmunol.0803336

Braungart, E., & Gerlach, M. (2004). Caenorhabditis elegans MPP+ Model of
Parkinson’s Disease for High-Throughput Drug Screenings. Neurodegenerative ...,
175-183. doi:10.1159/000080983

Brenner, S. (1974). The genetics of Caenorhabditis elegans. Genetics, 77(1), 71-94.
Retrieved from http://www.genetics.org/content/77/1/71.short

Brookmeyer, R., Johnson, E., Ziegler-Graham, K., & Arrighi, H. M. (2007). Forecasting
the global burden of Alzheimer’s disease. Alzheimer’s & dementia : the journal of
the Alzheimer's Association, 3(3), 186-91. doi:10.1016/j.jalz.2007.04.381



125

Brunet, A., Park, J., Tran, H., Hu, L. S., Hemmings, B. A., & Greenberg, M. E. (2001).
Protein kinase SGK mediates survival signals by phosphorylating the forkhead
transcription factor FKHRL1 (FOXO3a). Molecular and cellular biology, 21(3),
952-965. d0i:10.1128/MCB.21.3.952

Bruss, M. D., Khambatta, C. F., Ruby, M. a, Aggarwal, I., & Hellerstein, M. K. (2010).
Calorie restriction increases fatty acid synthesis and whole body fat oxidation rates.
American journal of physiology. Endocrinology and metabolism, 298(1), E108-16.
doi:10.1152/ajpendo.00524.2009

Burhans, W. C., & Weinberger, M. (2007). DNA replication stress, genome instability
and aging. Nucleic acids research, 35(22), 7545-56. doi:10.1093/nar/gkm1059

Buzzai, M., Bauer, D. E., Jones, R. G., Deberardinis, R. J., Hatzivassiliou, G., Elstrom, R.
L., & Thompson, C. B. (2005). The glucose dependence of Akt-transformed cells
can be reversed by pharmacologic activation of fatty acid beta-oxidation. Oncogene,
24(26), 4165-73. doi:10.1038/sj.0nc.1208622

Cai, T., Hirai, H., Fukushige, T., Yu, P., Zhang, G., Notkins, A. L., & Krause, M. (2009).
Loss of the transcriptional repressor PAG-3/Gfi-1 results in enhanced neurosecretion
that is dependent on the dense-core vesicle membrane protein IDA-1/1A-2. PLoS
genetics, 5(4), e1000447. doi:10.1371/journal.pgen.1000447

Caldicott, 1., Larsen, P., & Riddle, D. (1994). Laboratory cultivation of Caenorhabditis
elegans and other free-living nematodes. In Cell Biology: A Laboratory Handbook,
389-397. Retrieved from http://www.citeulike.org/group/6190/article/3276971

Caraci, F., Copani, A., Nicoletti, F., & Drago, F. (2010). Depression and Alzheimer’s
disease: neurobiological links and common pharmacological targets. European
journal of pharmacology, 626(1), 64—-71. doi:10.1016/j.ejphar.2009.10.022

Caraci, F., Molinaro, G., Battaglia, G., Giuffrida, M. L., Riozzi, B., Traficante, A., ...
Copani, A. (2011). Targeting Group Il Metabotropic Glutamate (mGlu) Receptors
for the Treatment of Psychosis Associated with Alzheimer’s Disease: Selective
Activation of mGlu2 Receptors Amplifies B-Amyloid Toxicity in Cultured Neurons,
Whereas Dual Activation of mGlu2 and m. Molecular pharmacology, 79(3), 618—
626. doi:10.1124/mol.110.067488.antipsychotics

Caraci, F., Spampinato, S., Sortino, M. A., Bosco, P., Battaglia, G., Bruno, V., Drago, F.,
Nicoletti, F., & Copani, A. (2012). Dysfunction of TGF-B1 signaling in Alzheimer’s
disease: perspectives for neuroprotection. Cell and tissue research, 347(1), 291-301.
doi:10.1007/s00441-011-1230-6

Cargnello, M., & Roux, P. P. (2011). Activation and function of the MAPKSs and their
substrates, the MAPK-activated protein kinases. Microbiology and molecular
biology reviews : MMBR, 75(1), 50-83. doi:10.1128/MMBR.00031-10



126

Carracedo, A., & Ma, L. (2008). Inhibition of MTORC1 leads to MAPK pathway
activation through a PI3K-dependent feedback loop in human cancer. The Journal of
clinical ..., 118(9). d0i:10.1172/JCI34739.tion

Cersosimo, E., Xu, X., & Musi, N. (2012). Potential role of insulin signaling on vascular
smooth muscle cell migration, proliferation, and inflammation pathways. American
journal of physiology. Cell physiology, 302(4), C652—7.
doi:10.1152/ajpcell.00022.2011

Chang, A. J., & Bargmann, C. I. (2008). Hypoxia and the HIF-1 transcriptional pathway
reorganize a neuronal circuit for oxygen-dependent behavior in Caenorhabditis
elegans. Proceedings of the National Academy of Sciences of the United States of
America, 105(20), 7321-6. doi:10.1073/pnas.0802164105

Chen, P., & Vargas, M. (2009). Nrf2-mediated neuroprotection in the MPTP mouse
model of Parkinson’s disease: Critical role for the astrocyte. Proceedings of the ...,
(38), 1-6. Retrieved from http://www.pnas.org/content/106/8/2933.short

Chinta, S. J., Rajagopalan, S., Ganesan, A., & Andersen, J. K. (2012). A possible novel
anti-inflammatory mechanism for the pharmacological prolyl hydroxylase inhibitor
3,4-dihydroxybenzoate: implications for use as a therapeutic for Parkinson’s disease.
Parkinson’s disease, 2012, 364684. doi:10.1155/2012/364684

Chipuk, J. E., Moldoveanu, T., LIambi, F., Parsons, M. J., & Green, D. R. (2010). The
BCL-2 family reunion. Molecular cell, 37(3), 299-310.
doi:10.1016/j.molcel.2010.01.025

Chu, Y., Dodiya, H., Aebischer, P., Olanow, C. W., & Kordower, J. H. (2009).
Alterations in lysosomal and proteasomal markers in Parkinson’s disease:
relationship to alpha-synuclein inclusions. Neurobiology of disease, 35(3), 385-98.
d0i:10.1016/j.nbd.2009.05.023

Clarke, S. L., VanderMeer, J. E., Wenger, A. M., Schaar, B. T., Ahituv, N., & Bejerano,
G. (2012). Human developmental enhancers conserved between deuterostomes and
protostomes. PLoS genetics, 8(8), €1002852. doi:10.1371/journal.pgen.1002852

Cochemé, H. M., & Murphy, M. P. (2008). Complex | is the major site of mitochondrial
superoxide production by paraquat. The Journal of biological chemistry, 283(4),
1786-98. doi:10.1074/jbc.M708597200

Cohen, E, & Dillin, A. (2008). The insulin paradox: aging, proteotoxicity and
neurodegeneration. Nature Reviews Neuroscience, 9(10), 759-767.
doi:10.1038/nrn2474.The



127

Cohen, Ehud, Bieschke, J., Perciavalle, R. M., Kelly, J. W., & Dillin, A. (2006).
Opposing activities protect against age-onset proteotoxicity. Science (New York,
N.Y.), 313(5793), 1604-10. doi:10.1126/science.1124646

Cook, A. L., Vitale, A. M., Ravishankar, S., Matigian, N., Sutherland, G. T., Shan, J., ...
Wood, S. a. (2011). NRF2 activation restores disease related metabolic deficiencies
in olfactory neurosphere-derived cells from patients with sporadic Parkinson’s
disease. PloS one, 6(7), €21907. doi:10.1371/journal.pone.0021907

Couturier, K, Batandier, C., Awada, M., Hininger-Favier, 1., Canini, F., Anderson, R.,
Leverve, X., & Roussel, a M. (2010). Cinnamon improves insulin sensitivity and
alters the body composition in an animal model of the metabolic syndrome. Archives
of biochemistry and biophysics, 501(1), 158-61. doi:10.1016/j.abb.2010.05.032

Couturier, Karine, Qin, B., Batandier, C., Awada, M., Hininger-Favier, I., Canini, F.,
Leverve, X., Roussel, A. M., & Anderson, R. a. (2011). Cinnamon increases liver
glycogen in an animal model of insulin resistance. Metabolism: clinical and
experimental, 60(11), 1590-7. doi:10.1016/j.metabol.2011.03.016

Craft, S., & Watson, G. S. (2004). Insulin and neurodegenerative disease: shared and
specific mechanisms. Lancet neurology, 3(3), 169-78. doi:10.1016/S1474-
4422(04)00681-7

Cripps, D., Thomas, S. N., Jeng, Y., Yang, F., Davies, P., & Yang, A. J. (2006).
Alzheimer disease-specific conformation of hyperphosphorylated paired helical
filament-Tau is polyubiquitinated through Lys-48, Lys-11, and Lys-6 ubiquitin
conjugation. The Journal of biological chemistry, 281(16), 10825-38.
d0i:10.1074/jbc.M512786200

Cuadrado, A., & Nebreda, A. (2010). Mechanisms and functions of p38 MAPK
signalling. Biochem. J, 429(3), 403-17. doi:10.1042/BJ20100323

Daitoku, H., Sakamaki, J.-1., & Fukamizu, A. (2011). Regulation of FoxO transcription
factors by acetylation and protein-protein interactions. Biochimica et biophysica
acta, 1813(11), 1954-1960. doi:10.1016/j.bbamcr.2011.03.001

Damier, P. (1999). The substantia nigra of the human brain: 1l. Patterns of loss of
dopamine-containing neurons in Parkinson’s disease. Brain, 122(8), 1437-1448.
doi:10.1093/brain/122.8.1437

Dantzer, R., O’Connor, J. C., Freund, G. G., Johnson, R. W., & Kelley, K. W. (2008).
From inflammation to sickness and depression: when the immune system subjugates
the brain. Nature reviews. Neuroscience, 9(1), 46-56. doi:10.1038/nrn2297



128

De Felice, F. G., Vieira, M. N. N., Bomfim, T. R., Decker, H., Velasco, P. T., Lambert,
M. P., ... Klein, W. L. (2009). Protection of synapses against Alzheimer’s-linked
toxins: insulin signaling prevents the pathogenic binding of Abeta oligomers.
Proceedings of the National Academy of Sciences of the United States of America,
106(6), 1971-6. doi:10.1073/pnas.0809158106

Deegan, S., Saveljeva, S., Gorman, A. M., & Samali, A. (2012). Stress-induced self-
cannibalism: on the regulation of autophagy by endoplasmic reticulum stress.
Cellular and molecular life sciences : CMLS. do0i:10.1007/s00018-012-1173-4

Deng, Y., Li, B, Liu, Y., Igbal, K., Grundke-Igbal, I., & Gong, C.-X. (2009).
Dysregulation of insulin signaling, glucose transporters, O-GIcNAcylation, and
phosphorylation of tau and neurofilaments in the brain: Implication for Alzheimer’s
disease. The American journal of pathology, 175(5), 2089-98.
doi:10.2353/ajpath.2009.090157

Denison, M. S., & Nagy, S. R. (2003). Activation of the aryl hydrocarbon receptor by
structurally diverse exogenous and endogenous chemicals. Annual review of
pharmacology and toxicology, 43, 309-34.
doi:10.1146/annurev.pharmtox.43.100901.135828

Devries-Seimon, T., Li, Y., Yao, P. M., Stone, E., Wang, Y., Davis, R. J., Flavell, R., &
Tabas, 1. (2005). Cholesterol-induced macrophage apoptosis requires ER stress
pathways and engagement of the type A scavenger receptor. The Journal of cell
biology, 171(1), 61-73. doi:10.1083/jcbh.200502078

Di Domenico, F., Sultana, R., Tiu, G. F., Scheff, N. N., Perluigi, M., Cini, C., &
Butterfield, D. A. (2010). Protein levels of heat shock proteins 27, 32, 60, 70, 90 and
thioredoxin-1 in amnestic mild cognitive impairment: an investigation on the role of
cellular stress response in the progression of Alzheimer disease. Brain research,
1333, 72-81. d0i:10.1016/j.brainres.2010.03.085

Dostal, V., & Link, C. (2010). Assaying 1-amyloid Toxicity using a Transgenic C.
elegans Model. Journal of visualized experiments: JoVE, (44), 10-12.
d0i:10.3791/2252

Dostal, V., Roberts, C. M., & Link, C. D. (2010). Genetic mechanisms of coffee extract
protection in a Caenorhabditis elegans model of f-amyloid peptide toxicity.
Genetics, 186(3), 857-66. doi:10.1534/genetics.110.120436

Dowling, R. J. O., Topisirovic, I., Alain, T., Bidinosti, M., Fonseca, B. D., Petroulakis,
E., ... Sonenberg, N. (2010). mTORC1-mediated cell proliferation, but not cell
growth, controlled by the 4E-BPs. Science, 328(5982), 1172.
doi:10.1126/science.1187532.mTORC1-mediated



129

Dubois, F., Vandermoere, F., Gernez, A., Murphy, J., Toth, R., Chen, S., Geraghty, K.
M., Morrice, N. a, & MacKintosh, C. (2009). Differential 14-3-3 affinity capture
reveals new downstream targets of phosphatidylinositol 3-kinase signaling.
Molecular & cellular proteomics : MCP, 8(11), 2487-99.
doi:10.1074/mcp.M800544-MCP200

Duda, J. E., Lee, V. M., & Trojanowski, J. Q. (2000). Neuropathology of synuclein
aggregates. Journal of Neuroscience Research, 61(2), 121-127. Retrieved from
http://lwwwa3.interscience.wiley.com/journal/72509182/abstract

Dugoua, J.-J., Seely, D., Perri, D., Cooley, K., Forelli, T., Mills, E., & Koren, G. (2007).
From type 2 diabetes to antioxidant activity: a systematic review of the safety and
efficacy of common and cassia cinnamon bark. Canadian journal of physiology and
pharmacology, 85(9), 837-47. doi:10.1139/Y07-080

Ebert, A. D., Beres, A. J., Barber, A. E., & Svendsen, C. N. (2008). Human neural
progenitor cells over-expressing IGF-1 protect dopamine neurons and restore
function in a rat model of Parkinson’s disease. Experimental neurology, 209(1),
213-23. doi:10.1016/j.expneurol.2007.09.022

Edwards, J. L., Quattrini, a, Lentz, S. I., Figueroa-Romero, C., Cerri, F., Backus, C.,
Hong, Y., & Feldman, E. L. (2010). Diabetes regulates mitochondrial biogenesis and
fission in mouse neurons. Diabetologia, 53(1), 160-9. doi:10.1007/s00125-009-
1553-y

Emerling, B. M., Weinberg, F., Liu, J.-L., Mak, T. W., & Chandel, N. S. (2008). PTEN
regulates p300-dependent hypoxia-inducible factor 1 transcriptional activity through
Forkhead transcription factor 3a (FOXO3a). Proceedings of the National Academy
of Sciences of the United States of America, 105(7), 2622—7.
d0i:10.1073/pnas.0706790105

Erler, J. T., Bennewith, K. L., Nicolau, M., Dornhéfer, N., Kong, C., Le, Q.-T., Chi, J.-T.
A., Jeffrey, S. S., & Giaccia, A. J. (2006). Lysyl oxidase is essential for hypoxia-
induced metastasis. Nature, 440(7088), 1222-6. doi:10.1038/nature04695

Fabian, T. J., & Johnson, T. E. (1994). Production of age-synchronous mass cultures of
Caenorhabditis elegans. The Journals of gerontology, 49(4), 145-156. Retrieved
from http://cat.inist.fr/?aModele=afficheN&cpsidt=4272762

Feng, J., Bussiére, F., & Hekimi, S. (2001). Mitochondrial electron transport is a key
determinant of life span in Caenorhabditis elegans. Developmental cell, 1(5), 633—
44, Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/11709184



130

Fernandez-Sauze, S., Delfino, C., Mabrouk, K., Dussert, C., Chinot, O., Martin, P.-M.,
Grisoli, F., Ouafik, L., & Boudouresque, F. (2004). Effects of adrenomedullin on
endothelial cells in the multistep process of angiogenesis: involvement of
CRLR/RAMP2 and CRLR/RAMP3 receptors. International journal of cancer.
Journal international du cancer, 108(6), 797—804. doi:10.1002/ijc.11663

Ferrara, N., Mass, R. D., Campa, C., & Kim, R. (2007). Targeting VEGF-A to treat
cancer and age-related macular degeneration. Annual review of medicine, 58, 491
504. doi:10.1146/annurev.med.58.061705.145635

Flood, D. G,, Lin, Y.-G., Lang, D. M., Trusko, S. P., Hirsch, J. D., Savage, M. J., Scott,
R. W., & Howland, D. S. (2009). A transgenic rat model of Alzheimer’s disease
with extracellular Abeta deposition. Neurobiology of aging, 30(7), 1078-90.
doi:10.1016/j.neurobiolaging.2007.10.006

Fonte, V., Kipp, D., Il1,J. Y., & Merin, D. (2008). Suppression of in vivo Tz-amyloid
peptide toxicity by overexpression of the HSP-16.2 small chaperone protein. Journal
of Biological ..., 283(2), 784—791. Retrieved from
http://www.jbc.org/content/283/2/784.short

Fonte, V., Kipp, D. R., Yerg, J., Merin, D., Forrestal, M., Wagner, E., Roberts, C. M., &
Link, C. D. (2008). Suppression of in Vivo -Amyloid Peptide Toxicity by
Overexpression of the HSP-16.2 Small Chaperone Protein.pdf. The Journal of
biological chemistry, 283(2), 784-791.

Frede, S., Stockmann, C., Freitag, P., & Fandrey, J. (2006). Bacterial lipopolysaccharide
induces HIF-1 activation in human monocytes via p44/42 MAPK and NF-kappaB.
The Biochemical journal, 396(3), 517-27. doi:10.1042/BJ20051839

Fribley, A., & Miller, J. (2011). Large-scale analysis of UPR-mediated apoptosis in
human cells. Methods in .... d0i:10.1016/B978-0-12-385928-0.00004-3.Large-scale

Frydman-Marom, A., Levin, A., Farfara, D., Benromano, T., Scherzer-Attali, R., Peled,
S., ... Ovadia, M. (2011). Orally administrated cinnamon extract reduces 3-amyloid
oligomerization and corrects cognitive impairment in Alzheimer’s disease animal
models. PloS one, 6(1), e16564. doi:10.1371/journal.pone.0016564

Fukuda, R., Hirota, K., Fan, F., Jung, Y. D., Ellis, L. M., & Semenza, G. L. (2002).
Insulin-like growth factor 1 induces hypoxia-inducible factor 1-mediated vascular
endothelial growth factor expression, which is dependent on MAP kinase and
phosphatidylinositol 3-kinase signaling in colon cancer cells. The Journal of
biological chemistry, 277(41), 38205-11. doi:10.1074/jbc.M203781200



131

Furukawa, Y., Urano, T., Minamimura, MisatoFurukawa Y, Urano T, Minamimura M,
Nakajima M, Okuyama S, Furukawa S. 4-Methylcatechol-induced heme oxygenase-
1 exerts a protective effect against oxidative stress in cultured neural
stem/progenitor cells via PI3 kinase/Akt pathway. Biom, 2010;31(1):45-52,
Nakajima, M., Okuyama, S., & Furukawa, S. (2010). 4-Methylcatechol-induced
heme oxygenase-1 exerts a protective effect against oxidative stress in cultured
neural stem/progenitor cells via P13 kinase/Akt pathway. Biomedical research
(Tokyo, Japan), 31(1), 45-52. Retrieved from
http://www.ncbi.nlm.nih.gov/pubmed/20203419

Gao, H., & Hong, J. (2008). Why neurodegenerative diseases are progressive:
uncontrolled inflammation drives disease progression. Trends in immunology, 29(8),
357-65. doi:10.1016/j.it.2008.05.002

Gao, X., Chen, H., Schwarzschild, M. A., & Ascherio, A. (2011). Use of ibuprofen and
risk of Parkinson disease. Neurology, 76(10), 863—869. Retrieved from
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3059148&tool=pmcentr
ez&rendertype=abstract

Girard, M., & McPherson, P. S. (2008). RME-8 regulates trafficking of the epidermal
growth factor receptor. FEBS letters, 582(6), 961-6.
doi:10.1016/j.febslet.2008.02.042

Glover, L. E., Irizarry, K., Scully, M., Campbell, E. L., Bowers, B. E., Aherne, C. M.,
Kominsky, D. J., MacManus, C. F., & Colgan, S. P. (2011). IFN-y attenuates
hypoxia-inducible factor (HIF) activity in intestinal epithelial cells through
transcriptional repression of HIF-1p. Journal of immunology (Baltimore, Md. :
1950), 186(3), 1790-8. doi:10.4049/jimmunol.1001442

Godman, C. a, Joshi, R., Giardina, C., Perdrizet, G., & Hightower, L. E. (2010).
Hyperbaric oxygen treatment induces antioxidant gene expression. Annals of the
New York Academy of Sciences, 1197, 178-83. doi:10.1111/j.1749-
6632.2009.05393.x

Gopu, C. L., Aher, S., Mehta, H., Paradkar, a R., & Mahadik, K. R. (2008). Simultaneous
determination of cinnamaldehyde, eugenol and piperine by HPTLC densitometric
method. Phytochemical analysis : PCA, 19(2), 116-21. doi:10.1002/pca.1022

Gorman, A. M., Healy, S. J. M., Jager, R., & Samali, A. (2012). Stress management at
the ER: regulators of ER stress-induced apoptosis. Pharmacology & therapeutics,
134(3), 306-16. doi:10.1016/j.pharmthera.2012.02.003

Goumans, M.-J., Liu, Z., & ten Dijke, P. (2009). TGF-beta signaling in vascular biology
and dysfunction. Cell research, 19(1), 116-27. doi:10.1038/cr.2008.326



132

Greijer, a E., & van der Wall, E. (2004). The role of hypoxia inducible factor 1 (HIF-1) in
hypoxia induced apoptosis. Journal of clinical pathology, 57(10), 1009-14.
d0i:10.1136/jcp.2003.015032

Gu, L., Kelm, M. A., Hammerstone, J. F., Beecher, G., Holden, J., Haytowitz, D.,
Gebhardt, S., & Prior, R. L. (2004). Concentrations of Proanthocyanidins in
Common Foods and Estimations of. J. Nutr, (134), 613-617.

Gupta, S., Deepti, A., Deegan, S., Lisbona, F., Hetz, C., & Samali, A. (2010). HSP72
protects cells from ER stress-induced apoptosis via enhancement of IRElalpha-
XBP1 signaling through a physical interaction. PLoS biology, 8(7), e1000410.
doi:10.1371/journal.pbio.1000410

Haase, V. (2010). Hypoxic regulation of erythropoiesis and iron metabolism. Science’s
STKE, 37232. doi:10.1152/ajprenal.00174.2010.

Hamid, S. a, & Baxter, G. F. (2006). A critical cytoprotective role of endogenous
adrenomedullin in acute myocardial infarction. Journal of molecular and cellular
cardiology, 41(2), 360-3. doi:10.1016/j.yjmcc.2006.05.017

Hanger, D. P., Anderton, B. H., & Noble, W. (2009). Tau phosphorylation: the
therapeutic challenge for neurodegenerative disease. Trends in molecular medicine,
15(3), 112-9. doi:10.1016/j.molmed.2009.01.003

Haqa, F., Mahoneya, M., & Koropatnicka, J. (2003). Signaling events for metallothionein
induction. Mutation Research/Fundamental and Molecular Mechanisms of
Mutagenesis, 533(1-2), 211-226. doi:10.1016/j.mrfmmm.2003.07.014

Hara, M., Fukui, R., Hieda, E., Kuroiwa, M., Bateup, H. S., Kano, T., Greengard, P., &
Nishi, A. (2010). Role of adrenoceptors in the regulation of dopamine/DARPP-32
signaling in neostriatal neurons. Journal of neurochemistry, 113(4), 1046-59.
d0i:10.1111/j.1471-4159.2010.06668.x

Harding, H. P., Zhang, Y., Bertolotti, a, Zeng, H., & Ron, D. (2000). Perk is essential for
translational regulation and cell survival during the unfolded protein response.
Molecular cell, 5(5), 897-904. Retrieved from
http://www.ncbi.nlm.nih.gov/pubmed/10882126

Harper, M.-E., & Bevilacqua, L. (2004). Ageing, oxidative stress, and mitochondrial
uncoupling. Acta physiologica ..., 182(4), 321-31. doi:10.1111/].1365-
201X.2004.01370.x

Hatzold, J., & Conradt, B. (2008). Control of apoptosis by asymmetric cell division.
PLoS biology, 6(4), €84. doi:10.1371/journal.pbio.0060084



133

Hawryluk, G. W. J., Mothe, A., Wang, J., Wang, S., Tator, C., & Fehlings, M. G. (2012).
An in vivo characterization of trophic factor production following neural precursor
cell or bone marrow stromal cell transplantation for spinal cord injury. Stem cells
and development, 21(12), 2222-38. doi:10.1089/scd.2011.0596

Hayakawa, T., Kato, K., Hayakawa, R., Hisamoto, N., Matsumoto, K., Takeda, K., &
Ichijo, H. (2011). Regulation of anoxic death in Caenorhabditis elegans by
mammalian apoptosis signal-regulating kinase (ASK) family proteins. Genetics,
187(3), 785-92. doi:10.1534/genetics.110.124883

Hayashida, N., Fujimoto, M., & Nakai, A. (2011). Transcription factor cooperativity with
heat shock factor 1. Transcription, 2(2), 91-94. do0i:10.4161/trns.2.2.14962

Heiden, M. V., & Cantley, L. (2009). Understanding the Warburg effect: the metabolic
requirements of cell proliferation. Science’s, 324(May), 1029-1033. Retrieved from
http://stke.sciencemag.org/cgi/content/abstract/sci;324/5930/1029

Henderson, S. T., Bonafé, M., & Johnson, T. E. (2006). daf-16 protects the nematode
Caenorhabditis elegans during food deprivation. The journals of gerontology Series
A Biological sciences and medical sciences, 61(5), 444-460. Retrieved from
http://www.ncbi.nlm.nih.gov/pubmed/16720740

Hipkiss, A. R. (2006, January). On the mechanisms of ageing suppression by dietary
restriction-is persistent glycolysis the problem? Mechanisms of Ageing and
Development. doi:10.1016/j.mad.2005.09.006

Hirose, T., Galvin, B., & Horvitz, H. (2010). Six and Eya promote apoptosis through
direct transcriptional activation of the proapoptotic BH3-only gene egl-1 in
Caenorhabditis elegans. Proceedings of the ..., 107(35), 15479-84.
d0i:10.1073/pnas.1010023107

Hirsch, E. C., & Hunot, S. (2009). Neuroinflammation in Parkinson’s disease: a target for
neuroprotection? Lancet neurology, 8(4), 382-97. doi:10.1016/S1474-
4422(09)70062-6

Hlebowicz, J., Darwiche, G., Bjorgell, O., & Almér, L.-O. (2007). Effect of cinnamon on
postprandial blood glucose, gastric emptying, and satiety in healthy subjects. The
American journal of clinical nutrition, 85(6), 1552—6. Retrieved from
http://www.ncbi.nlm.nih.gov/pubmed/17556692

Hong, F., Larrea, M. D., Doughty, C., Kwiatkowski, D. J., Squillace, R., & Slingerland,
J. M. (2008). mTOR-raptor binds and activates SGK1 to regulate p27
phosphorylation. Molecular cell, 30(6), 701-11. doi:10.1016/j.molcel.2008.04.027



134

Hoogewijs, D., Houthoofd, K., Matthijssens, F., Vandesompele, J., & Vanfleteren, J. R.
(2008). Selection and validation of a set of reliable reference genes for quantitative
sod gene expression analysis in C. elegans. BMC molecular biology, 9, 9.
doi:10.1186/1471-2199-9-9

Hsieh, C.-C., Kuro-0, M., Rosenblatt, K. P., Brobey, R., & Papaconstantinou, J. (2010).
The ASK1-Signalosome regulates p38 MAPK activity in response to levels of
endogenous oxidative stress in the Klotho mouse models of aging. Aging, 2(9), 597—
611. Retrieved from
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2984608&tool=pmcentr
ez&rendertype=abstract

Huang, G., Shi, L. Z., & Chi, H. (2009). Regulation of JNK and p38 MAPK in the
immune system: signal integration, propagation and termination. Cytokine, 48(3),
161-9. doi:10.1016/j.cyt0.2009.08.002

Huang, H. C., Nguyen, T., & Pickett, C. B. (2000). Regulation of the antioxidant
response element by protein kinase C-mediated phosphorylation of NF-E2-related
factor 2. Proceedings of the National Academy of Sciences of the United States of
America, 97(23), 12475-80. doi:10.1073/pnas.220418997

Huang, T.-C., Chung, Y.-L., Wu, M.-L., & Chuang, S.-M. (2011). Cinnamaldehyde
enhances Nrf2 nuclear translocation to upregulate phase Il detoxifying enzyme
expression in HepG2 cells. Journal of agricultural and food chemistry, 59(9), 5164—
71. doi:10.1021/jf20057%h

Hung, L. W., Ciccotosto, G. D., Giannakis, E., Tew, D. J., Perez, K., Masters, C. L.,
Cappai, R., Wade, J. D., & Barnham, K. J. (2008). Amyloid-beta peptide (Abeta)
neurotoxicity is modulated by the rate of peptide aggregation: Abeta dimers and
trimers correlate with neurotoxicity. The Journal of neuroscience : the official
journal of the Society for Neuroscience, 28(46), 11950-8.
d0i:10.1523/JNEUROSCI.3916-08.2008

Irazoqui, J., Urbach, J., & Ausubel, F. (2010). Evolution of host innate defence: insights
from Caenorhabditis elegans and primitive invertebrates. Nature Reviews
Immunology, 10(1), 47-58. doi:10.1038/nri2689.Evolution

Jack, C. S., Arbour, N., Manusow, J., Montgrain, V., Blain, M., McCrea, E., Shapiro, A.,
& Antel, J. P. (2005). TLR signaling tailors innate immune responses in human
microglia and astrocytes. Journal of immunology (Baltimore, Md. : 1950), 175(7),
4320-30. Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/16177072

Jamison, B. Y. (2012). ANTI-NEURODEGENERATIVE EFFECTS OF SAGE (SALVIA
OFFICINALIS) VIA MODULATION OF STRESS RESPONSE SIGNALING IN C.
ELEGANS. Texas State University-San Marcos.



135

Jenkins, K. a, & Mansell, A. (2010). TIR-containing adaptors in Toll-like receptor
signalling. Cytokine, 49(3), 237-44. doi:10.1016/j.cyt0.2009.01.009

Jeong, M.-H., Kawasaki, I., & Shim, Y.-H. (2010). A circulatory transcriptional
regulation among daf-9, daf-12, and daf-16 mediates larval development upon
cholesterol starvation in Caenorhabditis elegans. Developmental dynamics : an
official publication of the American Association of Anatomists, 239(7), 1931-40.
d0i:10.1002/dvdy.22322

Jia, K., Albert, P. S., & Riddle, D. L. (2002). DAF-9, a cytochrome P450 regulating C.
elegans larval development and adult longevity. Development (Cambridge,
England), 129(1), 221-31. Retrieved from
http://www.ncbi.nlm.nih.gov/pubmed/11782415

Jiang, T., Huang, Z., Lin, Y., Zhang, Z., Fang, D., & Zhang, D. D. (2010). The protective
role of Nrf2 in streptozotocin-induced diabetic nephropathy. Diabetes, 59, 850-860.
d0i:10.2337/db09-1342.

Johnson, C. E., Huang, Y. Y., Parrish, A. B., Smith, M. L., Vaughn, A. E., Zhang, Q., ...
Deshmukh, M. (2007). Differential Apaf-1 levels allow cytochrome c to induce
apoptosis in brain tumors but not in normal neural tissues. Proceedings of the
National Academy of Sciences of the United States of America, 104(52), 20820-5.
d0i:10.1073/pnas.0709101105

Johnson, J. A., Johnson, D. A,, Kraft, A. D., & Calkins, M. J. (2009). The Nrf2-ARE
pathway: an indicator and modulator of oxidative stress in neurodegeneration.
Neurodegeneration, 2, 61-69. doi:10.1196/annals.1427.036.The

Junttila, M. R., Li, S.-P., & Westermarck, J. (2008). Phosphatase-mediated crosstalk
between MAPK signaling pathways in the regulation of cell survival. FASEB

journal : official publication of the Federation of American Societies for
Experimental Biology, 22(4), 954-65. doi:10.1096/fj.06-7859rev

Jager, R., Bertrand, M. J. M., Gorman, A. M., Vandenabeele, P., & Samali, A. (2012).
The unfolded protein response at the crossroads of cellular life and death during
endoplasmic reticulum stress. Biology of the cell / under the auspices of the
European Cell Biology Organization, 104(5), 259-70. doi:10.1111/boc.201100055

Kampkaotter, A., Gombitang Nkwonkam, C., Zurawski, R. F., Timpel, C., Chovolou, Y.,
Witjen, W., & Kahl, R. (2007). Effects of the flavonoids kaempferol and fisetin on
thermotolerance, oxidative stress and FoxO transcription factor DAF-16 in the
model organism Caenorhabditis elegans. Archives of toxicology, 81(12), 849-58.
doi:10.1007/s00204-007-0215-4



136

Kandimalla, K. K., Scott, O. G., Fulzele, S., Davidson, M. W., & Poduslo, J. F. (2009).
Mechanism of neuronal versus endothelial cell uptake of Alzheimer’s disease
amyloid beta protein. PloS one, 4(2), e4627. doi:10.1371/journal.pone.0004627

Kang, J., Liu, C., & Derynck, R. (2009). New regulatory mechanisms of TGF-1° receptor
function. Trends in cell biology, 19(8), 385-94. doi:10.1016/j.tch.2009.05.008

Karunakaran, S., Diwakar, L., Saeed, U., Agarwal, V., Ramakrishnan, S., lyengar, S., &
Ravindranath, V. (2007). Activation of apoptosis signal regulating kinase 1 (ASK1)
and translocation of death-associated protein, Daxx, in substantia nigra pars
compacta in a mouse model of Parkinson’s disease: protection by alpha-lipoic acid.
FASEB journal : official publication of the Federation of American Societies for
Experimental Biology, 21(9), 2226-36. doi:10.1096/fj.06-7580com

Kato, H., Faria, T., Stannard, B., & Roberts, C. (1993). Role of tyrosine kinase activity in
signal transduction by the insulin-like growth factor-1 (IGF-1) receptor.
Characterization of kinase-deficient IGF-I receptors and the. Journal of Biological,
(4), 2655-2661. Retrieved from http://www.jbc.org/content/268/4/2655.short

Khan, A., Safdar, M., Ali Khan, M. M., Khattak, K. N., & Anderson, R. (2003).
Cinnamon improves glucose and lipids of people with type 2 diabetes. Diabetes
care, 26(12), 3215-8. Retrieved from
http://www.ncbi.nlm.nih.gov/pubmed/14633804

Kim, E. K., & Choi, E.-J. (2010). Pathological roles of MAPK signaling pathways in
human diseases. Biochimica et biophysica acta, 1802(4), 396-405.
doi:10.1016/j.bbadis.2009.12.009

Kirbach, B. B., & Golenhofen, N. (2011). Differential expression and induction of small
heat shock proteins in rat brain and cultured hippocampal neurons. Journal of
neuroscience research, 89(2), 162—75. doi:10.1002/jnr.22536

Kirkham, S., Akilen, R., Sharma, S., & Tsiami, a. (2009). The potential of cinnamon to
reduce blood glucose levels in patients with type 2 diabetes and insulin resistance.
Diabetes, obesity & metabolism, 11(12), 1100-13. doi:10.1111/j.1463-
1326.2009.01094.x

Kishi, S., Shimoke, K., Nakatani, Y., Shimada, T., Okumura, N., Nagai, K., Shin-Ya, K.,
& lkeuchi, T. (2010). Nerve growth factor attenuates 2-deoxy-d-glucose-triggered
endoplasmic reticulum stress-mediated apoptosis via enhanced expression of
GRP78. Neuroscience research, 66(1), 14-21. doi:10.1016/j.neures.2009.09.003

Kitazawa, M., Cheng, D., & Laferla, F. M. (2009). Chronic copper exposure exacerbates
both amyloid and tau pathology and selectively dysregulates cdk5 in a mouse model
of AD. Journal of neurochemistry, 108(6), 1550-60. doi:10.1111/j.1471-
4159.2009.05901.x



137

Knight, P. G., & Glister, C. (2006). TGF-beta superfamily members and ovarian follicle
development. Reproduction (Cambridge, England), 132(2), 191-206.
doi:10.1530/rep.1.01074

Knobloch, M., Konietzko, U., Krebs, D. C., & Nitsch, R. M. (2007). Intracellular Abeta
and cognitive deficits precede beta-amyloid deposition in transgenic arcAbeta mice.
Neurobiology of aging, 28(9), 1297-306. doi:10.1016/j.neurobiolaging.2006.06.019

Kong, A., Yu, R., Hebbar, V., & Chen, C. (2001). Signal transduction events elicited by
cancer prevention compounds. Mutation Research/ ..., 480-481, 231-41. Retrieved
from http://www.sciencedirect.com/science/article/pii/S0027510701001828

Konstantinopoulos, P. a, Spentzos, D., Fountzilas, E., Francoeur, N., Sanisetty, S.,
Grammatikos, A. P., Hecht, J. L., & Cannistra, S. a. (2011). Keapl mutations and
Nrf2 pathway activation in epithelial ovarian cancer. Cancer research, 71(15),
5081-9. doi:10.1158/0008-5472.CAN-10-4668

Koppikar, S. J., Choudhari, A. S., Suryavanshi, S. a, Kumari, S., Chattopadhyay, S., &
Kaul-Ghanekar, R. (2010). Agueous cinnamon extract (ACE-c) from the bark of
Cinnamomum cassia causes apoptosis in human cervical cancer cell line (SiHa)
through loss of mitochondrial membrane potential. BMC cancer, 10, 210.
doi:10.1186/1471-2407-10-210

Kormish, J. D., Gaudet, J., & McGheg, J. D. (2010). Development of the C. elegans
digestive tract. Current opinion in genetics & development, 20(4), 346-54.
doi:10.1016/j.gde.2010.04.012

Krieglstein, K., Zheng, F., Unsicker, K., & Alzheimer, C. (2011). More than being
protective: functional roles for TGF-f/activin signaling pathways at central
synapses. Trends in neurosciences, 34(8), 421-9. doi:10.1016/j.tins.2011.06.002

Kwon, H. K., Hwang, J. S., So, J. S., Lee, C. G., Sahoo, A., Ryu, J. H., ... Im, S. H.
(2010). Cinnamon extract induces tumor cell death through inhibition of NFkappaB
and AP1. BMC cancer, 10, 392. d0i:10.1186/1471-2407-10-392

Kwon, H. K., Jeon, W. K., Hwang, J. S., Lee, C. G., So, J. S., Park, J. A., Ko, B. S., &
Im, S. H. (2009). Cinnamon extract suppresses tumor progression by modulating
angiogenesis and the effector function of CD8+ T cells. Cancer letters, 278(2), 174—
82. do0i:10.1016/j.canlet.2009.01.015

Kwon, H.-K., Hwang, J.-S., Lee, C.-G., So, J.-S., Sahoo, A., Im, C.-R., ... Im, S.-H.
(2011). Cinnamon extract suppresses experimental colitis through modulation of
antigen-presenting cells. World journal of gastroenterology : WJG, 17(8), 976-86.
doi:10.3748/wjg.v17.i8.976



138

Lachance, P., Miron, M., & Raught, B. (2002). Phosphorylation of eukaryotic translation
initiation factor 4E is critical for growth. Molecular and cellular biology, 22(6),
1656-1663. doi:10.1128/MCB.22.6.1656

Lamming, D. W., Wood, J. G., & Sinclair, D. a. (2004). Small molecules that regulate
lifespan: evidence for xenohormesis. Molecular microbiology, 53(4), 1003-9.
d0i:10.1111/j.1365-2958.2004.04209.x

Lando, D., Peet, D. J., Gorman, J. J., Whelan, D. A., Whitelaw, M. L., & Bruick, R. K.
(2002). FIH-1 is an asparaginyl hydroxylase enzyme that regulates the
transcriptional activity of hypoxia-inducible factor. Genes & Development, (214),
1466-1471. doi:10.1101/gad.991402.1466

Lant, B., & Storey, K. B. (2010). An overview of stress response and hypometabolic
strategies in Caenorhabditis elegans: conserved and contrasting signals with the
mammalian system. International journal of biological sciences, 6(1), 9-50.
Retrieved from
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2808051&tool=pmcentr
ez&rendertype=abstract

Lee, M.-H., Lin, S.-R., Chang, J.-Y., Schultz, L., Heath, J., Hsu, L.-J., ... Chang, N.-S.
(2010). TGF-p induces TIAF1 self-aggregation via type Il receptor-independent

signaling that leads to generation of amyloid 3 plaques in Alzheimer’s disease. Cell
death & disease, 1(12), e110. doi:10.1038/cddis.2010.83

Lee, S.-J., Hwang, A. B., & Kenyon, C. (2010). Inhibition of respiration extends C.
elegans life span via reactive oxygen species that increase HIF-1 activity. Current
biology : CB, 20(23), 2131-6. d0i:10.1016/j.cub.2010.10.057

Leiers, B., Kampkotter, A., Grevelding, C. G., Link, C. D., Johnson, T. E., & Henkle-
Dihrsen, K. (2003). A stress-responsive glutathione S-transferase confers resistance
to oxidative stress in Caenorhabditis elegans. Free Radical Biology and Medicine,
34(11), 1405-1415. doi:10.1016/S0891-5849(03)00102-3

Li, J., Yen, C., Liaw, D., Podsypanina, K., & Bose, S. (1997). PTEN, a putative protein
tyrosine phosphatase gene mutated in human brain, breast, and prostate cancer.
science, 275(5308), 1943-1947. doi:10.1126/science.275.5308.1943

Li, W., Kennedy, S. G., & Ruvkun, G. (2003). daf-28 encodes a C. elegans insulin
superfamily member that is regulated by environmental cues and acts in the DAF-2
signaling pathway. Genes & Development, 17(7), 844-858.
doi:10.1101/gad.1066503.causes



139

Liao, B.-C., Hsieh, C.-W., Liu, Y.-C., Tzeng, T.-T., Sun, Y.-W., & Wung, B.-S. (2008).
Cinnamaldehyde inhibits the tumor necrosis factor-alpha-induced expression of cell
adhesion molecules in endothelial cells by suppressing NF-kappaB activation:
effects upon IkappaB and Nrf2. Toxicology and applied pharmacology, 229(2),
161-71. doi:10.1016/j.taap.2008.01.021

Liao, J., Barthel, a, Nakatani, K., & Roth, R. a. (1998). Activation of protein kinase
B/AKkt is sufficient to repress the glucocorticoid and cAMP induction of
phosphoenolpyruvate carboxykinase gene. The Journal of biological chemistry,
273(42), 27320-4. Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/9765258

Lin, H. V., Ren, H., Samuel, V. T., Lee, H.-Y., Lu, T. Y., Shulman, G. I., & Accili, D.
(2011). Diabetes in mice with selective impairment of insulin action in Glut4-
expressing tissues. Diabetes, 60(3), 700—709. Retrieved from
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3046830&tool=pmcentr
ez&rendertype=abstract

Lin, X., Taguchi, A., Park, S., Kushner, J. A., Li, F., Li, Y., White, M. F., & others.
(2004). Dysregulation of insulin receptor substrate 2 in beta cells and brain causes
obesity and diabetes. Journal of Clinical Investigation, 114(7), 908-916.
doi:10.1172/JC1200422217.908

Link, C., Taft, A., Kapulkin, V., Duke, K., & Kim, S. (2003). Gene expression analysis in
a transgenic Caenorhabditis elegans Alzheimer’s disease model. Neurobiology of ...,
24(3), 397-413. doi:10.1016/S0197-4580(02)00224-5

Lipton, S. (2004). Failures and successes of NMDA receptor antagonists: molecular basis
for the use of open-channel blockers like memantine in the treatment of acute and
chronic neurologic insults. NeuroRx, 1(1), 101-10. doi:10.1602/neurorx.1.1.101

Liu, Yaohua, Sakamoto, H., Adachi, M., Zhao, S., Ukai, W., Hashimoto, E., ...
Shinomura, Y. (2012). Heat stress activates ER stress signals which suppress the
heat shock response, an effect occurring preferentially in the cortex in rats.
Molecular biology reports, 39(4), 3987-93. d0i:10.1007/s11033-011-1179-2

Liu, Ying, Liu, F., Igbal, K., Grundke-Igbal, 1., & Gong, C.-X. (2008). Decreased glucose
transporters correlate to abnormal hyperphosphorylation of tau in Alzheimer disease.
FEBS letters, 582(2), 359-64. doi:10.1016/j.febslet.2007.12.035

Liu, Yitao, Wong, T. P., Aarts, M., Rooyakkers, A., Liu, L., Lai, T.W., ... Wang, Y. T.
(2007). NMDA receptor subunits have differential roles in mediating excitotoxic
neuronal death both in vitro and in vivo. The Journal of neuroscience : the official
journal of the Society for Neuroscience, 27(11), 2846-57.
doi:10.1523/JNEUROSCI.0116-07.2007



140

Liu, Z., Rudd, M. D., Hernandez-Gonzalez, I., Gonzalez-Robayna, I., Fan, H.-Y .,
Zeleznik, A. J., & Richards, J. S. (2009, May). FSH and FOXOL1 regulate genes in
the sterol/steroid and lipid biosynthetic pathways in granulosa cells. In Molecular
Endocrinology. doi:10.1210/me.2008-0412

Loewen, C. a, & Feany, M. B. (2010). The unfolded protein response protects from tau
neurotoxicity in vivo. PloS one, 5(9), 1-6. doi:10.1371/journal.pone.0013084

Louzada, P. R., Paula Lima, A. C., Mendonca-Silva, D. L., Noél, F., De Mello, F. G., &
Ferreira, S. T. (2004). Taurine prevents the neurotoxicity of beta-amyloid and
glutamate receptor agonists: activation of GABA receptors and possible implications
for Alzheimer’s disease and other neurological disorders. FASEB journal : official
publication of the Federation of American Societies for Experimental Biology,
18(3), 511-8. doi:10.1096/fj.03-0739com

Lu, J., Zhang, K., Nam, S., Anderson, R. a, Jove, R., & Wen, W. (2010). Novel
angiogenesis inhibitory activity in cinnamon extract blocks VEGFR2 kinase and
downstream signaling. Carcinogenesis, 31(3), 481-8. doi:10.1093/carcin/bgp292

Lu, Y., Rolland, S. G., & Conradt, B. (2011). A molecular switch that governs
mitochondrial fusion and fission mediated by the BCL2-like protein CED-9 of
Caenorhabditis elegans. Proceedings of the National Academy of Sciences of the
United States of America, 108(41), E813-22. doi:10.1073/pnas.1103218108

Lucas, S.-M., Rothwell, N. J., & Gibson, R. M. (2006). The role of inflammation in CNS
injury and disease. British journal of pharmacology, 147 Suppl , S232-40.
d0i:10.1038/sj.bjp.0706400

Lurje, G., Zhang, W., Schultheis, a M., Yang, D., Groshen, S., Hendifar, a E., ... Lenz,
H.-J. (2008). Polymorphisms in VEGF and IL-8 predict tumor recurrence in stage 111
colon cancer. Annals of oncology : official journal of the European Society for
Medical Oncology / ESMO, 19(10), 1734-41. doi:10.1093/annonc/mdn368

M. de la Monte, S. (2012). Brain Insulin Resistance and Deficiency as Therapeutic
Targets in Alzheimer’s Disease. Current Alzheimer Research, 9(1), 35-66.
d0i:10.2174/156720512799015037

Maduro, M. F. (2009). Structure and evolution of the C. elegans embryonic
endomesoderm network. Biochimica et biophysica acta, 1789(4), 250-60.
doi:10.1016/j.bbagrm.2008.07.013

Maehama, T., & Dixon, J. E. (1998). The tumor suppressor, PTEN/MMAC1,
dephosphorylates the lipid second messenger, phosphatidylinositol 3,4,5-
trisphosphate. The Journal of biological chemistry, 273(22), 13375-8. Retrieved
from http://www.ncbi.nIlm.nih.gov/pubmed/11356844



141

Magrang, J., Rosen, K. M., Smith, R. C., Walsh, K., Gouras, G. K., & Querfurth, H. W.
(2005). Intraneuronal beta-amyloid expression downregulates the Akt survival
pathway and blunts the stress response. The Journal of neuroscience : the official
journal of the Society for Neuroscience, 25(47), 10960-9.
d0i:10.1523/JNEUROSCI.1723-05.2005

Mak, S. K., McCormack, A. L., Manning-Bog, A. B., Cuervo, A. M., & Di Monte, D. a.
(2010). Lysosomal degradation of alpha-synuclein in vivo. The Journal of biological
chemistry, 285(18), 13621-9. doi:10.1074/jbc.M109.074617

Malkus, K. a, Tsika, E., & Ischiropoulos, H. (2009). Oxidative modifications,
mitochondrial dysfunction, and impaired protein degradation in Parkinson’s disease:
how neurons are lost in the Bermuda triangle. Molecular neurodegeneration, 4, 24.
d0i:10.1186/1750-1326-4-24

Marella, M., Seo, B. B., Yagi, T., & Matsuno-Yagi, A. (2009). Parkinson’s disease and
mitochondrial complex I: a perspective on the Ndil therapy. Journal of
bioenergetics and biomembranes, 41(6), 493—7. doi:10.1007/s10863-009-9249-z

Martin, H., & Teismann, P. (2009). Glutathione—a review on its role and significance in
Parkinson’s disease. The FASEB Journal. Retrieved from
http://www.fasebj.org/content/23/10/3263.short

Martinez, J. a, Zhang, Z., Svetlov, S. I., Hayes, R. L., Wang, K. K., & Larner, S. F.
(2010). Calpain and caspase processing of caspase-12 contribute to the ER stress-
induced cell death pathway in differentiated PC12 cells. Apoptosis : an international
journal on programmed cell death, 15(12), 1480-93. d0i:10.1007/s10495-010-0526-
4

Mastrogiannaki, M., & Matak, P. (2009). HIF-2, but not HIF-1, promotes iron absorption
in mice. The Journal of clinical ..., 119(5). d0i:10.1172/JC138499.the

Matsuzaki, T., Sasaki, K., Tanizaki, Y., Hata, J., Fujimi, K., Matsui, Y., ... Iwaki, T.
(2010). Insulin resistance is associated with the pathology of Alzheimer disease: the
Hisayama study. Neurology, 75(9), 764—770. Retrieved from
http://www.ncbi.nlm.nih.gov/pubmed/20739649

Mazure, N. M., & Pouyssegur, J. (2010). Hypoxia-induced autophagy: cell death or cell
survival? Current opinion in cell biology, 22(2), 177-80.
doi:10.1016/j.ceb.2009.11.015

Mazzio, E. a, Close, F., & Soliman, K. F. a. (2011). The biochemical and cellular basis
for nutraceutical strategies to attenuate neurodegeneration in Parkinson’s disease.
International journal of molecular sciences, 12(1), 506—69.
d0i:10.3390/ijms12010506



142

McGhee, J. D., Sleumer, M. C., Bilenky, M., Wong, K., McKay, S. J., Goszczynski, B.,
... Robertson, a G. (2007). The ELT-2 GATA-factor and the global regulation of
transcription in the C. elegans intestine. Developmental biology, 302(2), 627-45.
doi:10.1016/j.ydbio.2006.10.024

McManus, E. J., Sakamoto, K., Armit, L. J., Ronaldson, L., Shpiro, N., Marquez, R., &
Alessi, D. R. (2005). Role that phosphorylation of GSK3 plays in insulin and Wnt
signalling defined by knockin analysis. The EMBO journal, 24(8), 1571-83.
d0i:10.1038/sj.emboj.7600633

McVicker, D. P., Chrin, L. R., & Berger, C. L. (2011). The nucleotide-binding state of
microtubules modulates kinesin processivity and the ability of Tau to inhibit
kinesin-mediated transport. The Journal of biological chemistry, 286(50), 42873-80.
doi:10.1074/jbc.M111.292987

Meimaridou, E., Gooljar, S. B., & Chapple, J. P. (2009). From hatching to dispatching:
the multiple cellular roles of the Hsp70 molecular chaperone machinery. Journal of
molecular endocrinology, 42(1), 1-9. doi:10.1677/JME-08-0116

Michael, K., & Delhase, M. (2000). The I B kinase ( IKK) and NF- B : key elements of
proinflammatory signalling. Immunology, 12, 85-98.

Miranda-Vizuete, A., Fierro Gonzalez, J. C., Gahmon, G., Burghoorn, J., Navas, P., &
Swoboda, P. (2006). Lifespan decrease in a Caenorhabditis elegans mutant lacking
TRX-1, a thioredoxin expressed in ASJ sensory neurons. FEBS letters, 580(2), 484—
90. doi:10.1016/j.febslet.2005.12.046

Montagne, J., Stewart, M. J., Stocker, H., Hafen, E., Kozma, S. C., & Thomas, G. (1999).
Drosophila S6 kinase: a regulator of cell size. Science, 285(5436), 2126-9.
Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/10497130

Moreira, M. E. C., & Barcinski, M. a. (2004). Apoptotic cell and phagocyte interplay:
recognition and consequences in different cell systems. Anais da Academia
Brasileira de Ciéncias, 76(1), 93-115.

Morgan, K. L., Estevez, A. O., Mueller, C. L., Cacho-Valadez, B., Miranda-Vizuete, A.,
Szewczyk, N. J., & Estevez, M. (2010). The glutaredoxin GLRX-21 functions to
prevent selenium-induced oxidative stress in Caenorhabditis elegans. Toxicological,
118(2), 530-43. doi:10.1093/toxsci/kfq273

Mosharov, E. V., Larsen, K. E., Kanter, E., Phillips, K. A., Wilson, K., Schmitz, Y., ...
Sulzer, D. (2009). Interplay between Cytosolic Dopamine, Calcium, and o-
Synuclein Causes Selective Death of Substantia Nigra Neurons.pdf. Neuron, 62,
218-229.



143

Motola, D. L., Cummins, C. L., Rottiers, V., Sharma, K. K., Li, T., L1, Y., ...
Mangelsdorf, D. J. (2006). Identification of ligands for DAF-12 that govern dauer
formation and reproduction in C. elegans. Cell, 124(6), 1209-23.
d0i:10.1016/j.cell.2006.01.037

Moyes, D. L., Runglall, M., Murciano, C., Shen, C., Nayar, D., Thavaraj, S., ... Naglik, J.
R. (2010). A biphasic innate immune MAPK response discriminates between the
yeast and hyphal forms of Candida albicans in epithelial cells. Cell host & microbe,
8(3), 225-35. doi:10.1016/j.chom.2010.08.002

Munoz, L., & Ammit, A. J. (2010). Targeting p38 MAPK pathway for the treatment of
Alzheimer’s disease. Neuropharmacology, 58(3), 561-8.
doi:10.1016/j.neuropharm.2009.11.010

Murphy, C. T., Lee, S., & Kenyon, C. (2007). Tissue entrainment by feedback regulation
of insulin gene expression in the endoderm of Caenorhabditis elegans. Proceedings
of the National Academy of Sciences of the United States of America, 104, 1-5.

Murray, 1. V. J., Liu, L., Komatsu, H., Uryu, K., Xiao, G., Lawson, J. a, & Axelsen, P. H.
(2007). Membrane-mediated amyloidogenesis and the promotion of oxidative lipid
damage by amyloid beta proteins. The Journal of biological chemistry, 282(13),
9335-45. d0i:10.1074/jbc.M608589200

Mwaikambo, B. R., Yang, C., Chemtob, S., & Hardy, P. (2009). Hypoxia up-regulates
CD36 expression and function via hypoxia-inducible factor-1- and
phosphatidylinositol 3-kinase-dependent mechanisms. The Journal of biological
chemistry, 284(39), 26695-707. doi:10.1074/jbc.M109.033480

Na, H.-K., & Surh, Y.-J. (2008). Modulation of Nrf2-mediated antioxidant and
detoxifying enzyme induction by the green tea polyphenol EGCG. Food and
chemical toxicology : an international journal published for the British Industrial
Biological Research Association, 46(4), 1271-8. doi:10.1016/j.fct.2007.10.006

Nagle, D. G., & Zhou, Y.-D. (2006). Natural Product-Derived Small Molecule Activators
of Hypoxia- Inducible Factor-1 (HIF-1). Curr Pharm Des, 12(21), 2673-2688.

Nakae, J., Kitamura, T., Silver, D. L., Accili, D., & others. (2001). The forkhead
transcription factor Foxol (Fkhr) confers insulin sensitivity onto glucose-6-
phosphatase expression. Journal of Clinical Investigation, 108(9), 1359-1378.
doi:10.1172/JC1200112876.Introduction

Nakashima, A., Mori, K., Kaneko, Y. S., Hayashi, N., Nagatsu, T., & Ota, A. (2011).
Phosphorylation of the N-terminal portion of tyrosine hydroxylase triggers
proteasomal digestion of the enzyme. Biochemical and biophysical research
communications, 407(2), 343—7. doi:10.1016/j.bbrc.2011.03.020



144

Nebert, D. W., Dalton, T. P., Okey, A. B., & Gonzalez, F. J. (2004). Role of aryl
hydrocarbon receptor-mediated induction of the CYP1 enzymes in environmental
toxicity and cancer. The Journal of biological chemistry, 279(23), 23847-50.
doi:10.1074/jbc.R400004200

Nehme, R., Grote, P., Tomasi, T., Loser, S., Holzkamp, H., Schnabel, R., & Conradt, B.
(2010). Transcriptional upregulation of both egl-1 BH3-only and ced-3 caspase is
required for the death of the male-specific CEM neurons. Cell death and
differentiation, 17(8), 1266—76. doi:10.1038/cdd.2010.3

Nishi, A., Kuroiwa, M., & Shuto, T. (2011). Mechanisms for the modulation of dopamine
d(1) receptor signaling in striatal neurons. Frontiers in neuroanatomy, 5(July), 43.
doi:10.3389/fnana.2011.00043

Nishi, A., & Snyder, G. L. (2010). Advanced Research on Dopamine Signaling to
Develop Drugs for the Treatment of Mental Disorders: Biochemical and Behavioral
Profiles of Phosphodiesterase Inhibition in Dopaminergic Neurotransmission.
Journal of Pharmacological Sciences, 114(1), 6-16. doi:10.1254/jphs.10R01FM

Nistala, H., Lee-Arteaga, S., Smaldone, S., Siciliano, G., Carta, L., Ono, R. N, ...
Ramirez, F. (2010). Fibrillin-1 and -2 differentially modulate endogenous TGF-3
and BMP bioavailability during bone formation. The Journal of cell biology, 190(6),
1107-21. doi:10.1083/jcb.201003089

Niswender, K. D., Morrison, C. D., Clegg, D. J., Olson, R., Baskin, D. G., Myers, M. G.,
Seeley, R. J., & Schwartz, M. W. (2003). Insulin activation of phosphatidylinositol
3-kinase in the hypothalamic arcuate nucleus: a key mediator of insulin-induced
anorexia. Diabetes, 52(2), 227-31. Retrieved from
http://www.ncbi.nlm.nih.gov/pubmed/12540590

Okada, T., Yoshida, H., & Akazawa, R. (2002). ATF6) and double-stranded RNA-
activated protein kinase-like endoplasmic reticulum kinase (PERK) in transcription
during the mammalian unfolded protein response. Biochemical ..., 366(Pt 2), 585—
94. doi:10.1042/BJ20020391

Oliveira, R. P., Porter Abate, J., Dilks, K., Landis, J., Ashraf, J., Murphy, C. T., &
Blackwell, T. K. (2009). Condition-adapted stress and longevity gene regulation by
Caenorhabditis elegans SKN-1/Nrf. Aging cell, 8(5), 524-41. d0i:10.1111/j.1474-
9726.2009.00501.x

Origasa, M., Tanaka, S., Suzuki, K., & Tone, S. (2001). Activation of a novel microglial
gene encoding a lysosomal membrane protein in response to neuronal apoptosis.
Molecular brain ..., 88, 1-13. Retrieved from
http://www.sciencedirect.com/science/article/pii/S0169328X01000055



145

O’Keefe, J. H., Gheewala, N. M., & O’Keefe, J. O. (2008). Dietary strategies for
improving post-prandial glucose, lipids, inflammation, and cardiovascular health.
Journal of the American College of Cardiology, 51(3), 249-55.
d0i:10.1016/j.jacc.2007.10.016

Padmanabhan, S., Mukhopadhyay, A., Narasimhan, S. D., Tesz, G., Czech, M. P., &
Tissenbaum, H. a. (2009). A PP2A regulatory subunit regulates C. elegans
insulin/IGF-1 signaling by modulating AKT-1 phosphorylation. Cell, 136(5), 939-
51. do0i:10.1016/j.cell.2009.01.025

Panickar, K S, Polansky, M. M., Graves, D. J., Urban, J. F., & Anderson, R. a. (2012). A
procyanidin type A trimer from cinnamon extract attenuates glial cell swelling and
the reduction in glutamate uptake following ischemia-like injury in vitro.
Neuroscience, 202, 87-98. doi:10.1016/j.neuroscience.2011.11.051

Panickar, Kiran S, Polansky, M. M., & Anderson, R. a. (2009). Cinnamon polyphenols
attenuate cell swelling and mitochondrial dysfunction following oxygen-glucose
deprivation in glial cells. Experimental neurology, 216(2), 420-7.
doi:10.1016/j.expneurol.2008.12.024

Papandreou, I., Lim, a L., Laderoute, K., & Denko, N. C. (2008). Hypoxia signals
autophagy in tumor cells via AMPK activity, independent of HIF-1, BNIP3, and
BNIP3L. Cell death and differentiation, 15(10), 1572—81. doi:10.1038/cdd.2008.84

Park, S.-K., Tedesco, P. M., & Johnson, T. E. (2009). Oxidative stress and longevity in
Caenorhabditis elegans as mediated by SKN-1. Aging cell, 8(3), 258-69.
doi:10.1111/j.1474-9726.2009.00473.x

Patil, S. B., Ghadyale, V. A., Taklikar, S. S., Kulkarni, C. R., & Arvindekar, A. U.
(2011). Insulin secretagogue, alpha-glucosidase and antioxidant activity of some
selected spices in streptozotocin-induced diabetic rats. Plant foods for human
nutrition (Dordrecht, Netherlands), 66(1), 85-90. doi:10.1007/s11130-011-0215-7

Peng, X., Cheng, K.-W., Ma, J., Chen, B., Ho, C.-T., Lo, C., Chen, F., & Wang, M.
(2008a). Cinnamon bark proanthocyanidins as reactive carbonyl scavengers to
prevent the formation of advanced glycation endproducts. Journal of agricultural
and food chemistry, 56(6), 1907-11. doi:10.1021/jf073065v

Peng, X., Cheng, K.-W., Ma, J., Chen, B., Ho, C.-T., Lo, C., Chen, F., & Wang, M.
(2008b). Cinnamon bark proanthocyanidins as reactive carbonyl scavengers to
prevent the formation of advanced glycation endproducts. Journal of agricultural
and food chemistry, 56(6), 1907-11. doi:10.1021/jf073065v



146

Peng, X., Ma, J., Chao, J., Sun, Z., Chang, R. C.-C., Tse, I, Li, E. T. S., Chen, F., &
Wang, M. (2010). Beneficial effects of cinnamon proanthocyanidins on the
formation of specific advanced glycation endproducts and methylglyoxal-induced
impairment on glucose consumption. Journal of agricultural and food chemistry,
58(11), 6692—6. doi:10.1021/jf100538t

Perera, R. M., & Bardeesy, N. (2011). When antioxidants are bad. Cancer Cell,
475(7354), 5-6.

Petersen, K., & Dufour, S. (2004). Impaired mitochondrial activity in the insulin-resistant
offspring of patients with type 2 diabetes. ... England Journal of ..., 350(7), 664—
671. doi:10.1056/NEJM0a031314.Impaired

Peterson, D. W., George, R. C., Scaramozzino, F., LaPointe, N. E., Anderson, R. A.,
Graves, D. J., & Lew, J. (2009). Cinnamon extract inhibits tau aggregation
associated with Alzheimer’s disease in vitro. Journal of Alzheimers disease JAD,
17(3), 585-597.

Petit, F., Arnoult, D., Viollet, L., & Estaquier, J. (2003). Intrinsic and extrinsic pathways
signaling during HIV-1 mediated cell death. Biochimie, 85(8), 795-811.
d0i:10.1016/j.biochi.2003.09.007

Piantadosi, C. a, Carraway, M. S., Babiker, A., & Suliman, H. B. (2008). Heme
oxygenase-1 regulates cardiac mitochondrial biogenesis via Nrf2-mediated
transcriptional control of nuclear respiratory factor-1. Circulation research, 103(11),
1232-40. doi:10.1161/01.RES.0000338597.71702.ad

Picciotto, M. R., & Zoli, M. (2008). Neuroprotection via nAChRs: the role of nAChRs in
neurodegenerative disorders such as Alzheimer’s and Parkinson's disease. Frontiers
in bioscience a journal and virtual library, 13, 492-504. Retrieved from
http://www.ncbi.nlm.nih.gov/pubmed/17981563

Pinan-Lucarre, B., Gabel, C. V., Reina, C. P., Hulme, S. E., Shevkoplyas, S. S., Slone, R.
D., ... Driscoll, M. (2012). The core apoptotic executioner proteins CED-3 and
CED-4 promote initiation of neuronal regeneration in Caenorhabditis elegans. PL0S
biology, 10(5), e1001331. doi:10.1371/journal.pbio.1001331

Powolny, A. a, Singh, S. V., Melov, S., Hubbard, A., & Fisher, A. L. (2011). The garlic
constituent diallyl trisulfide increases the lifespan of C. elegans via skn-1 activation.
Experimental gerontology, 46(6), 441-52. doi:10.1016/j.exger.2011.01.005

Prahlad, V., & Morimoto, R. I. (2008). Integrating the stress response : lessons for
neurodegenerative diseases from C . elegans. Trends in Cell Biology, (December).
doi:10.1016/j.tch.2008.11.002



147

Prahlad, V., & Morimoto, R. I. (2009). Integrating the stress response: lessons for
neurodegenerative diseases from C. elegans. Trends in cell biology, 19(2), 52-61.
d0i:10.1016/j.tch.2008.11.002

Pratt, W., & Morishima, Y. (2010). Role of the Hsp90/Hsp70-Based Chaperone
Machinery in Making Triage Decisions When Proteins Undergo Oxidative and
Toxic Damage. Experimental biology and ..., 235(3), 278-289.
d0i:10.1258/ebm.2009.009250.Role

Preuss, H. G., Echard, B., Polansky, M. M., & Anderson, R. (2006). Whole cinnamon
and aqueous extracts ameliorate sucrose-induced blood pressure elevations in
spontaneously hypertensive rats. Journal of the American College of Nutrition,
25(2), 144-50. Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/16582031

Qian, L., Wei, S., Zhang, D., & Hu, X. (2008). anti-inflammatory and neuroprotective
effects of tgf-1*1 are mediated through the inhibition of erk and p47phox-Ser345
phosphorylation and translocation in microglia. The Journal of immunology, 181,
660-668. Retrieved from http://www.jimmunol.org/content/181/1/660.short

Qian, W, Shi, J., Yin, X,, Igbal, K., Grundke-Igbal, I., Gong, C.-X., & Liu, F. (2010).
PP2A regulates tau phosphorylation directly and also indirectly via activating GSK-
3beta. Journal of Alzheimers disease JAD, 19(4), 1221-1229. Retrieved from
http://www.ncbi.nlm.nih.gov/pubmed/20308788

Qin, W., Zhao, W., Ho, L., Wang, J., Walsh, K., Gandy, S., & Pasinetti, G. M. (2008).
Regulation of forkhead transcription factor FoxO3a contributes to calorie restriction-
induced prevention of Alzheimer’s disease-type amyloid neuropathology and spatial
memory deterioration. Annals of the New York Academy of Sciences, 1147, 335-47.
doi:10.1196/annals.1427.024

Quesada, A., Lee, B. Y., & Micevych, P. E. (2008). PI3 kinase/Akt activation mediates
estrogen and IGF-1 nigral DA neuronal neuroprotection against a unilateral rat
model of Parkinson’s disease. Developmental neurobiology, 68(5), 632—44.
doi:10.1002/dneu.20609

Rathbone, C. R., Booth, F. W., & Lees, S. J. (2008). FoxO3a preferentially induces
p27Kipl expression while impairing muscle precursor cell-cycle progression.
Muscle & nerve, 37(1), 84-9. doi:10.1002/mus.20897

Rattan, R., Giri, S., Singh, A. K., & Singh, 1. (2005). 5-Aminoimidazole-4-carboxamide-
1-beta-D-ribofuranoside inhibits cancer cell proliferation in vitro and in vivo via
AMP-activated protein kinase. The Journal of biological chemistry, 280(47), 39582—
93. d0i:10.1074/jbc.M507443200



148

Remy, I., Montmarquette, A., & Michnick, S. W. (2004). PKB/Akt modulates TGF-beta
signalling through a direct interaction with Smad3. Nature cell biology, 6(4), 358-
65. d0i:10.1038/nch1113

Reuter, S., Gupta, S. C., Chaturvedi, M. M., & Aggarwal, B. B. (2010). Oxidative stress,
inflammation, and cancer: how are they linked? Free radical biology & medicine,
49(11), 1603-16. doi:10.1016/j.freeradbiomed.2010.09.006

Richardson, A., Liu, F., Adamo, M. L., Van Remmen, H., & Nelson, J. F. (2004). The
role of insulin and insulin-like growth factor-1 in mammalian ageing. Best practice
& research. Clinical endocrinology & metabolism, 18(3), 393-406.
d0i:10.1016/j.beem.2004.02.002

Riley, B. E., Kaiser, S. E., Shaler, T. a, Ng, A. C. Y., Hara, T., Hipp, M. S., ... Kopito, R.
R. (2010). Ubiquitin accumulation in autophagy-deficient mice is dependent on the
Nrf2-mediated stress response pathway: a potential role for protein aggregation in
autophagic substrate selection. The Journal of cell biology, 191(3), 537-52.
d0i:10.1083/jcbh.201005012

Rizki, G., lwata, T. N., Li, J., Riedel, C. G., Picard, C. L., Jan, M., Murphy, C. T., & Lee,
S. S. (2011). The Evolutionarily Conserved Longevity Determinants HCF-1 and
SIR-2.1/SIRT1 Collaborate to Regulate DAF-16/FOXO. PL0S genetics, 7(9),
€1002235. doi:10.1371/journal.pgen.1002235

Roh, J.-Y., Park, Y.-J., & Choi, J. (2009). A cadmium toxicity assay using stress
responsive Caenorhabditis elegans mutant strains. Environmental toxicology and
pharmacology, 28(3), 409-13. doi:10.1016/j.etap.2009.07.006

Roussel, A.-M., Hininger, I., Benaraba, R., Ziegenfuss, T. N., & Anderson, R. a. (2009).
Antioxidant effects of a cinnamon extract in people with impaired fasting glucose
that are overweight or obese. Journal of the American College of Nutrition, 28(1),
16-21. Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/19571155

Roux, P., & Blenis, J. (2004). ERK and p38 MAPK-activated protein kinases: a family of
protein kinases with diverse biological functions. Microbiology and molecular
biology reviews, 68(2). doi:10.1128/MMBR.68.2.320

Rui, Y., Gu, J., Yu, K., Hartzell, H. C., & Zheng, J. Q. (2010). Inhibition of AMPA
receptor trafficking at hippocampal synapses by beta-amyloid oligomers: the
mitochondrial contribution. Molecular brain, 3, 10. doi:10.1186/1756-6606-3-10

Russell, R. R., Bergeron, R., Shulman, G. I., & Young, L. H. (1999). Translocation of
myocardial GLUT-4 and increased glucose uptake through activation of AMPK by
AICAR. American Journal of Physiology-Heart and Circulatory Physiology,
277(2), H643-H649. Retrieved from
http://ajpheart.physiology.org/content/277/2/H643.short



149

Sagemark, J., Elgén, T. H., Birglin, T. R., Johansson, C., Holmgren, A., & Berndt, K. D.
(2007). Redox properties and evolution of human glutaredoxins. Proteins:
Structure,, 68(4), 879-892. doi:10.1002/prot

Sakono, M., & Zako, T. (2010). Amyloid oligomers: formation and toxicity of Abeta
oligomers. The FEBS journal, 277(6), 1348-58. doi:10.1111/j.1742-
4658.2010.07568.x

Salminen, A., Kauppinen, A., Suuronen, T., Kaarniranta, K., & Ojala, J. (2009). ER stress
in Alzheimer’s disease: a novel neuronal trigger for inflammation and Alzheimer's
pathology. Journal of neuroinflammation, 6, 41. doi:10.1186/1742-2094-6-41

Samali, A., Fitzgerald, U., Deegan, S., & Gupta, S. (2010). Methods for monitoring
endoplasmic reticulum stress and the unfolded protein response. International
journal of cell biology, 2010, 830307. doi:10.1155/2010/830307

Sato, S., Fujita, N., & Tsuruo, T. (2000). Modulation of Akt kinase activity by binding to
Hsp90. Proceedings of the National Academy of Sciences of the United States of
America, 97(20), 10832-7. doi:10.1073/pnas.170276797

Sato, Y., Nadanaka, S., & Okada, T. (2011). Luminal domain of ATF6 alone is sufficient
for sensing endoplasmic reticulum stress and subsequent transport to the Golgi
apparatus. Cell structure and ..., 47, 35-47. Retrieved from
http://japanlinkcenter.org/JST.JSTAGE/csf/10010?from=Google

Schernhammer, E., Hansen, J., Rugbjerg, K., Wermuth, L., & Ritz, B. (2011). Diabetes
and the risk of developing Parkinson’s disease in Denmark. Diabetes care, 34(5),
1102-8. doi:10.2337/dc10-1333

Schoene, N. W., Kelly, M. a, Polansky, M. M., & Anderson, R. a. (2009). A polyphenol
mixture from cinnamon targets p38 MAP kinase-regulated signaling pathways to
produce G2/M arrest. The Journal of nutritional biochemistry, 20(8), 614—20.
doi:10.1016/j.jnutbio.2008.06.006

Schulz, J. B. (2008). Update on the pathogenesis of Parkinson’s disease. Journal of
neurology, 255 Suppl , 3-7. doi:10.1007/s00415-008-5011-4

Sekine, K., Chen, Y.-R., Kojima, N., Ogata, K., Fukamizu, A., & Miyajima, A. (2007).
Foxo1l links insulin signaling to C/EBPalpha and regulates gluconeogenesis during
liver development. The EMBO journal, 26(15), 3607-15.
doi:10.1038/sj.emboj.7601784

Semenza, G. L. (2009). Regulation of oxygen homeostasis by hypoxia-inducible factor 1.
Physiology (Bethesda, Md.), 24, 97-106. doi:10.1152/physiol.00045.2008



150

Semenza, G. L. (2012). Hypoxia-inducible factors: mediators of cancer progression and
targets for cancer therapy. Trends in pharmacological sciences, 33(4), 207-14.
doi:10.1016/j.tips.2012.01.005

Semenza, G., & Roth, P. (1994). Transcriptional regulation of genes encoding glycolytic
enzymes by hypoxia-inducible factor 1. Journal of biological ..., 0-6. Retrieved
from http://www.jbc.org/content/269/38/23757 .short

Sha, H., He, Y., Yang, L., & Qi, L. (2011). Stressed out about obesity: IRE1T+—XBP1 in
metabolic disorders. Trends in Endocrinology & Metabolism. Retrieved from
http://www.sciencedirect.com/science/article/pii/S1043276011000865

Shahpasand, K., Uemura, I., Saito, T., Asano, T., Hata, K., Shibata, K., Toyoshima, Y.,
Hasegawa, M., & Hisanaga, S.-1. (2012). Regulation of Mitochondrial Transport and
Inter-Microtubule Spacing by Tau Phosphorylation at the Sites
Hyperphosphorylated in Alzheimer’s Disease. The Journal of ..., 32(7), 2430-41.
d0i:10.1523/JNEUROSCI.5927-11.2012

Shaltiel-Karyo, R., Davidi, D., Frenkel-Pinter, M., Ovadia, M., Segal, D., & Gazit, E.
(2012). Differential inhibition of a-synuclein oligomeric and fibrillar assembly in
parkinson’s disease model by cinnamon extract. Biochimica et biophysica acta,
1820(10), 1628-35. doi:10.1016/j.bbagen.2012.04.021

Shao, Z., Zhang, Y., & Powell-Coffman, J. A. (2009). Two distinct roles for EGL-9 in
the regulation of HIF-1-mediated gene expression in Caenorhabditis elegans.
Genetics, 183(3), 821-9. doi:10.1534/genetics.109.107284

Sharifi, A. M., Eslami, H., Larijani, B., & Davoodi, J. (2009). Involvement of caspase-8,
-9, and -3 in high glucose-induced apoptosis in PC12 cells. Neuroscience letters,
459(2), 47-51. d0i:10.1016/j.neulet.2009.03.100

Shaw, R., & Dillin, A. (2009). PPTR-1 Counter AKTs Insulin Signaling. Cell, 6, 816—
818.

Shehadeh, L., Mitsi, G., Adi, N., Bishopric, N., & Papapetropoulos, S. (2009).
Expression of Lewy body protein septin 4 in postmortem brain of Parkinson’s
disease and control subjects. Movement disorders : official journal of the Movement
Disorder Society, 24(2), 204-10. doi:10.1002/mds.22306

Sheldon, A. L., & Robinson, M. B. (2007). The role of glutamate transporters in
neurodegenerative diseases and potential opportunities for intervention.
Neurochemistry international, 51(6-7), 333-55. doi:10.1016/j.neuint.2007.03.012



151

Shen, C., Nettleton, D., Jiang, M., Kim, S. K., & Powell-Coffman, J. A. (2005). Roles of
the HIF-1 hypoxia-inducible factor during hypoxia response in Caenorhabditis
elegans. The Journal of biological chemistry, 280(21), 20580-8.
d0i:10.1074/jbc.M501894200

Shi, A., Sun, L., Banerjee, R., Tobin, M., Zhang, Y., & Grant, B. D. (2009). Regulation
of endosomal clathrin and retromer-mediated endosome to Golgi retrograde
transport by the J-domain protein RME-8. The EMBO journal, 28(21), 3290-302.
d0i:10.1038/emb0j.2009.272

Shiba, K., Machida, T., Uchida, S., & Hotta, H. (2006). Effects of nicotine on regional
blood flow in the olfactory bulb in rats. European journal of pharmacology, 546(1-
3), 148-51. doi:10.1016/j.ejphar.2006.06.057

Shonesy, B. C., Thiruchelvam, K., Parameshwaran, K., Rahman, E. A., Karuppagounder,
S. S., Huggins, K. W., ... Suppiramaniam, V. (2012). Central insulin resistance and
synaptic dysfunction in intracerebroventricular-streptozotocin injected rodents.
Neurobiology of aging, 33(2), 430.e5-18. doi:10.1016/j.neurobiolaging.2010.12.002

Sierra, A., Encinas, J. M., Deudero, J. J. P., Chancey, J. H., Enikolopov, G., Overstreet-
Wadiche, L. S., Tsirka, S. E., & Maletic-Savatic, M. (2010). Microglia shape adult
hippocampal neurogenesis through apoptosis-coupled phagocytosis. Cell stem cell,
7(4), 483-95. doi:10.1016/j.stem.2010.08.014

Silverman, G., Luke, C., & Bhatia, S. (2009). Modeling molecular and cellular aspects of
human disease using the nematode Caenorhabditis elegans. Pediatric ..., 65(1), 10—
18. Retrieved from http://www.nature.com/pr/journal/v65/n1/abs/pr20092a.html

Sim, C., & Denlinger, D. L. (2011). Catalase and superoxide dismutase-2 enhance
survival and protect ovaries during overwintering diapause in the mosquito Culex
pipiens. Journal of insect physiology, 57(5), 628—34.
doi:10.1016/j.jinsphys.2011.01.012

Singh, G., Maurya, S., DeLampasona, M. P., & Catalan, C. a N. (2007). A comparison of
chemical, antioxidant and antimicrobial studies of cinnamon leaf and bark volatile
oils, oleoresins and their constituents. Food and chemical toxicology : an
international journal published for the British Industrial Biological Research
Association, 45(9), 1650-61. doi:10.1016/j.fct.2007.02.031

Soler-Lopez, M., Badiola, N., Zanzoni, A., & Aloy, P. (2012). Towards Alzheimer’s root
cause: ECSIT as an integrating hub between oxidative stress, inflammation and
mitochondrial dysfunction. Hypothetical role of the adapter protein ECSIT in
familial and sporadic Alzheimer's disease pathogenesis. BioEssays : news and
reviews in molecular, cellular and developmental biology, 34(7), 532-41.
d0i:10.1002/bies.201100193



152

Solomon, T. P. J., & Blannin, A. K. (2007). Effects of short-term cinnamon ingestion on
in vivo glucose tolerance. Diabetes, obesity & metabolism, 9(6), 895-901.
d0i:10.1111/j.1463-1326.2006.00694.x

Solomon, T. P. J., & Blannin, A. K. (2009). Changes in glucose tolerance and insulin
sensitivity following 2 weeks of daily cinnamon ingestion in healthy humans.
European journal of applied physiology, 105(6), 969—76. doi:10.1007/s00421-009-
0986-9

Spencer, B., Potkar, R., Trejo, M., Rockenstein, E., Patrick, C., Gindi, R., Adame, A.,
Wyss-Coray, T., & Masliah, E. (2009). Beclin 1 gene transfer activates autophagy
and ameliorates the neurodegenerative pathology in alpha-synuclein models of
Parkinson’s and Lewy body diseases. The Journal of neuroscience : the official
journal of the Society for Neuroscience, 29(43), 13578-88.
d0i:10.1523/JNEUROSCI.4390-09.2009

Stahl, M., Dijkers, P. F., Kops, G. J. P. L., Lens, S. M. a, Coffer, P. J., Burgering, B. M.
T., & Medema, R. H. (2002). The forkhead transcription factor FoxO regulates
transcription of p27Kipl and Bim in response to IL-2. Journal of immunology
(Baltimore, Md. : 1950), 168(10), 5024-31. Retrieved from
http://www.ncbi.nlm.nih.gov/pubmed/11994454

Stitt, T. N., Drujan, D., Clarke, B. a., Panaro, F., Timofeyva, Y., Kline, W. O., Gonzalez,
M., Yancopoulos, G. D., & Glass, D. J. (2004). The IGF-1/PI3K/Akt Pathway
Prevents Expression of Muscle Atrophy-Induced Ubiquitin Ligases by Inhibiting
FOXO Transcription Factors. Molecular Cell, 14(3), 395-403. doi:10.1016/S1097-
2765(04)00211-4

Sukhthankar, M., Yamaguchi, K., & Lee, S. (2008). A green tea component suppresses
posttranslational expression of basic fibroblast growth factor in colorectal cancer.
Gastroenterology, 134(7), 1972-1980. doi:10.1053/j.gastro.2008.02.095.A

Suliman, H. B., Carraway, M. S., Ali, A. S., Reynolds, C. M., Welty-wolf, K. E., &
Piantadosi, C. A. (2007). The CO / HO system reverses inhibition of mitochondrial
biogenesis and prevents murine doxorubicin cardiomyopathy. Changes, 117(12).
doi:10.1172/JC132967.3730

Sun, L., Liu, O., Desali, J., Karbassi, F., Sylvain, M.-A., Shi, A., Zhou, Z., Rocheleau, C.
E., & Grant, B. D. (2012). CED-10/Racl regulates endocytic recycling through the
RAB-5 GAP TBC-2. PLoS genetics, 8(7), e1002785.
doi:10.1371/journal.pgen.1002785

Szegezdi, E., Macdonald, D. C., Ni Chonghaile, T., Gupta, S., & Samali, A. (2009). Bcl-2
family on guard at the ER. American journal of physiology. Cell physiology, 296(5),
C941-53. doi:10.1152/ajpcell.00612.2008



153

Takacs-Vellai, K., Vellai, T., Puoti, A., Passannante, M., Wicky, C., Streit, A., Kovacs,
A. L., & Miiller, F. (2005). Inactivation of the Autophagy Gene bec-1 Triggers
Apoptotic Cell Death in C. elegans. Current biology, 15(16), 1513-7.
doi:10.1016/j.cub.2005.07.035

Talbot, K., Wang, H., & Kazi, H. (2012). Demonstrated brain insulin resistance in
Alzheimer’s disease patients is associated with IGF-1 resistance, IRS-1
dysregulation, and cognitive decline. The Journal of ..., 122(4).
d0i:10.1172/JC159903DS1

Tan, K., & Shiu, S. (2011). Serum advanced glycation end products (AGEs) are
associated with insulin resistance. ... /metabolism research and ..., (June 2010),
488-492. doi:10.1002/dmrr

Tanito, M., Agbaga, M.-P., & Anderson, R. E. (2007). Upregulation of thioredoxin
system via Nrf2-antioxidant responsive element pathway in adaptive-retinal
neuroprotection in vivo and in vitro. Free radical biology & medicine, 42(12),
1838-50. doi:10.1016/j.freeradbiomed.2007.03.018

Thellmann, M. (2003). The Snail-like CES-1 protein of C. elegans can block the
expression of theBH3-only cell-death activator gene egl-1 by antagonizing the
function of bHLH proteins. Development, 130(17), 4057—-4071.
d0i:10.1242/dev.00597

Thornton, T., & Pedraza-Alva, G. (2008). Phosphorylation by p38 MAPK as an
Alternative Pathway for GSK3 {beta} Inactivation. Science ..., 320(May), 667—670.
Retrieved from http://stke.sciencemag.org/cgi/content/abstract/sci;320/5876/667

Thornton, T., & Rincon, M. (2009). Non-classical p38 map kinase functions: cell cycle
checkpoints and survival. International journal of biological ..., 5(1). Retrieved
from http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2610339/

Tian, M., & Schiemann, W. P. (2009). The TGF-beta paradox in human cancer: an
update. Future Oncol, 5(2), 259-271. doi:10.2217/14796694.5.2.259.The

Toker, A. (2008). mTOR and Akt signaling in cancer: SGK cycles in. Molecular cell,
31(1), 6-8. d0i:10.1016/j.molcel.2008.06.007

Torii, S. (2009). Expression and function of 1A-2 family proteins, unique
neuroendocrine-specific protein-tyrosine phosphatases. Endocrine journal, 56(5),
639-48. Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/19550073

Towler, M. C., & Hardie, D. G. (2007). AMP-activated protein kinase in metabolic
control and insulin signaling. Circulation research, 100(3), 328-41.
doi:10.1161/01.RES.0000256090.42690.05



154

Tufekei, K. U., Civi Bayin, E., Genc, S., & Genc, K. (2011). The Nrf2/ARE Pathway: A
Promising Target to Counteract Mitochondrial Dysfunction in Parkinson’s Disease.
Parkinson’s disease, 2011, 314082. doi:10.4061/2011/314082

Tullet, J. M. a, Hertweck, M., An, J. H., Baker, J., Hwang, J. Y., Liu, S., Oliveira, R. P.,
Baumeister, R., & Blackwell, T. K. (2008). Direct inhibition of the longevity-
promoting factor SKN-1 by insulin-like signaling in C. elegans. Cell, 132(6), 1025—
38. d0i:10.1016/j.cell.2008.01.030

Tvermoes, B. E., Boyd, W. a, & Freedman, J. H. (2010). Molecular characterization of
numr-1 and numr-2: genes that increase both resistance to metal-induced stress and
lifespan in Caenorhabditis elegans. Journal of cell science, 123(Pt 12), 2124-34.
d0i:10.1242/jcs.065433

Urano, F., Calfon, M., Yoneda, T., Yun, C., Kiraly, M., Clark, S. G., & Ron, D. (2002).
A survival pathway for Caenorhabditis elegans with a blocked unfolded protein
response. The Journal of cell biology, 158(4), 639—46. doi:10.1083/jch.200203086

Van Raamsdonk, J. M., & Hekimi, S. (2009). Deletion of the mitochondrial superoxide
dismutase sod-2 extends lifespan in Caenorhabditis elegans. PLoS genetics, 5(2),
€1000361. doi:10.1371/journal.pgen.1000361

Vanhaesebroeck, B., & Alessi, D. R. (2000, March 15). The PI3K-PDK1 connection:
more than just a road to PKB. The Biochemical Journal. Retrieved from
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1220886 &tool=pmcentr
ez&rendertype=abstract

Vincent, A. M., Perrone, L., Sullivan, K. a, Backus, C., Sastry, A. M., Lastoskie, C., &
Feldman, E. L. (2007). Receptor for advanced glycation end products activation
injures primary sensory neurons via oxidative stress. Endocrinology, 148(2), 548-
58. doi:10.1210/en.2006-0073

Vincent, C., Findlay, D. M., Welldon, K. J., Wijenayaka, A. R., Zheng, T. S., Haynes, D.
R., Fazzalari, N. L., Evdokiou, A., & Atkins, G. J. (2009). Pro-inflammatory
cytokines TNF-related weak inducer of apoptosis (TWEAK) and TNFalpha induce
the mitogen-activated protein kinase (MAPK)-dependent expression of sclerostin in
human osteoblasts. Journal of bone and mineral research, 24(8), 1434-1449.
doi:10.1359/JBMR.090305

Viswanathan, M., Kim, S. K., Berdichevsky, A., & Guarente, L. (2005). A role for SIR-
2.1 regulation of ER stress response genes in determining C. elegans life span.
Developmental cell, 9(5), 605-15. doi:10.1016/j.devcel.2005.09.017



155

Végran, F., Boidot, R., Michiels, C., Sonveaux, P., & Feron, O. (2011). Lactate influx
through the endothelial cell monocarboxylate transporter MCT1 supports an NF-
«kB/IL-8 pathway that drives tumor angiogenesis. Cancer research, 71(7), 2550-60.
doi:10.1158/0008-5472.CAN-10-2828

Wang, D., & Xing, X. (2009). Pre-treatment with mild metal exposure suppresses the
neurotoxicity on locomotion behavior induced by the subsequent severe metal
exposure in Caenorhabditis elegans. Environmental toxicology and pharmacology,
28(3), 459-64. doi:10.1016/j.etap.2009.07.008

Wang, P., Yang, G., & Mosier, D. (2005). Defective neuromuscular synapses in mice
lacking amyloid precursor protein (APP) and APP-Like protein 2. The Journal of ...,
25(5), 1219-25. d0i:10.1523/JNEUROSCI.4660-04.2005

Wang, R., Wang, R., & Yang, B. (2009). Extraction of essential oils from five cinnamon
leaves and identification of their volatile compound compositions. Innovative Food
Science & Emerging Technologies, 10(2), 289-292. doi:10.1016/j.ifset.2008.12.002

Wang, X., Li, W., Zhao, D., Liu, B., Shi, Y., Yang, H., ... Xue, D. (2011). C. elegans
transthyretin-like protein TTR-52 mediates recognition of apoptotic cells by the
CED-1 phagocyte receptor. Current Biology, 12(7), 655-664.
d0i:10.1038/ncb2068.C.

Wang, Y., Oh, S. W., Deplancke, B., Luo, J., Walhout, A. J. M., & Tissenbaum, H. a.
(2006). C. elegans 14-3-3 proteins regulate life span and interact with SIR-2.1 and
DAF-16/FOXO. Mechanisms of ageing and development, 127(9), 741-7.
d0i:10.1016/j.mad.2006.05.005

Whitton, P. S. (2007). Inflammation as a causative factor in the aetiology of Parkinson’s
disease. British journal of pharmacology, 150(8), 963-76.
d0i:10.1038/sj.bjp.0707167

Wieten, L., & Zee, R. V. D. (2010). Hsp70 expression and induction as a readout for
detection of immune modulatory components in food. Cell Stress and ..., 15(1), 25—
37. doi:10.1007/s12192-009-0119-8

Williams, T. I., Lynn, B. C., Markesbery, W. R., & Lovell, M. a. (2006). Increased levels
of 4-hydroxynonenal and acrolein, neurotoxic markers of lipid peroxidation, in the
brain in Mild Cognitive Impairment and early Alzheimer’s disease. Neurobiology of
aging, 27(8), 1094-9. doi:10.1016/j.neurobiolaging.2005.06.004

Wilsbacher, J. L., Zhang, Q., Tucker, L. a, Hubbard, R. D., Sheppard, G. S., Bamaung, N.
Y., ... Wang, J. (2008). Insulin-like growth factor-1 receptor and ErbB kinase
inhibitor combinations block proliferation and induce apoptosis through cyclin D1
reduction and Bax activation. The Journal of biological chemistry, 283(35), 23721
30. d0i:10.1074/jbc.M708360200



156

Wirawan, E., Vande Walle, L., Kersse, K., Cornelis, S., Claerhout, S., Vanoverberghe, I.,
... Vandenabeele, P. (2010). Caspase-mediated cleavage of Beclin-1 inactivates
Beclin-1-induced autophagy and enhances apoptosis by promoting the release of
proapoptotic factors from mitochondria. Cell death & disease, 1(1), e18.
d0i:10.1038/cddis.2009.16

Witt, S. N. (2010). Hsp70 molecular chaperones and Parkinson’s disease. Biopolymers,
93(3), 218-28. d0i:10.1002/bip.21302

Wondrak, Georg T, Cabello, C. M., Villeneuve, N. F., Zhang, S., Ley, S., Li, Y., Sun, Z.,
& Zhang, D. D. (2008). Cinnamoyl-based Nrf2-activators targeting human skin cell
photo-oxidative stress. Free radical biology & medicine, 45(4), 385-95.
doi:10.1016/j.freeradbiomed.2008.04.023

Wondrak, Georg Thomas, Villeneuve, N. F., Lamore, S. D., Bause, A. S., Jiang, T., &
Zhang, D. D. (2010). The cinnamon-derived dietary factor cinnamic aldehyde
activates the Nrf2-dependent antioxidant response in human epithelial colon cells.
Molecules (Basel, Switzerland), 15(5), 3338-55. d0i:10.3390/molecules15053338

Wu, Y., Wu, Z., Butko, P., Christen, Y., Lambert, M. P., Klein, W. L., Link, C.D., &
Luo, Y. (2006). Amyloid-beta-induced pathological behaviors are suppressed by
Ginkgo biloba extract EGb 761 and ginkgolides in transgenic Caenorhabditis
elegans. The Journal of neuroscience : the official journal of the Society for
Neuroscience, 26(50), 13102-13. doi:10.1523/JNEUROSCI.3448-06.2006

Xia, Y., Choi, H.-K., & Lee, K. (2012). Recent advances in hypoxia-inducible factor
(HIF)-1 inhibitors. European journal of medicinal chemistry, 49C, 24-40.
doi:10.1016/j.ejmech.2012.01.033

Xie, N., Li, H., Wei, D., LeSage, G., Chen, L., Wang, S., ... Yin, D. (2010). Glycogen
synthase kinase-3 and p38 MAPK are required for opioid-induced microglia
apoptosis. Neuropharmacology, 59(6), 444-51.
d0i:10.1016/j.neuropharm.2010.06.006

Xie, N., Wang, C., Lin, Y., Li, H., Chen, L., Zhang, T., ... Chi, Z. (2010). The role of p38
MAPK in valproic acid induced microglia apoptosis. Neuroscience letters, 482(1),
51-6. doi:10.1016/j.neulet.2010.07.004

Xu, Q., Park, Y., Huang, X., Hollenbeck, A., Blair, A., Schatzkin, A., & Chen, H. (2011).
Diabetes and risk of Parkinson’s disease. Diabetes care, 34(4), 910-5.
d0i:10.2337/dc10-1922



157

Yakunin, E., Loeb, V., Kisos, H., Biala, Y., Yehuda, S., Yaari, Y., Selkoe, D. J., &
Sharon, R. (2012). Synuclein Neuropathology is Controlled by Nuclear Hormone
Receptors and Enhanced by Docosahexaenoic Acid in A Mouse Model for
Parkinson’s Disease. Brain Pathology, 22(3), 280-294. d0i:10.1111/].1750-
3639.2011.00530.x

Yamakuchi, M., Lotterman, C. D., Bao, C., Hruban, R. H., Karim, B., Mendell, J. T.,
Huso, D., & Lowenstein, C. J. (2010). P53-induced microRNA-107 inhibits HIF-1
and tumor angiogenesis. Proceedings of the National Academy of Sciences of the
United States of America, 107(14), 6334-9. doi:10.1073/pnas.0911082107

Yan, L., Lavin, V. a, Moser, L. R., Cui, Q., Kanies, C., & Yang, E. (2008). PP2A
regulates the pro-apoptotic activity of FOXO1. The Journal of biological chemistry,
283(12), 7411-20. doi:10.1074/jbc.M708083200

Yanase, S., Yasuda, K., & Ishii, N. (2002). Adaptive responses to oxidative damage in
three mutants of Caenorhabditis elegans (age-1, mev-1 and daf-16) that affect life
span. Mechanisms of ageing and development, 123(12), 1579-87. Retrieved from
http://www.ncbi.nlm.nih.gov/pubmed/12470895

Yang, W., Tiffany-Castiglioni, E., Koh, H. C., & Son, I.-H. (2009). Paraquat activates the
IRE1/ASK1/INK cascade associated with apoptosis in human neuroblastoma SH-
SY5Y cells. Toxicology letters, 191(2-3), 203-10. doi:10.1016/j.toxlet.2009.08.024

Yang, Y., Meng, C., Ding, J., He, H., & Ellsworth, K. (2005). Iptakalim hydrochloride
protects cells against neurotoxin-induced glutamate transporter dysfunction in in
vitro and in vivo models. Brain research, 1049, 80-88.
doi:10.1016/j.brainres.2005.04.073

Yoshizawa, T., & Hinoi, E. (2009). The transcription factor ATF4 regulates glucose
metabolism in mice through its expression in osteoblasts. The Journal of clinical ...,
119(9), 2807-2817. doi:10.1172/JC139366.lin

Youn, H. S., Lee, J. K., Choi, Y. J., Saitoh, S. I., Miyake, K., Hwang, D. H., & Lee, J. Y.
(2008). Cinnamaldehyde suppresses toll-like receptor 4 activation mediated through
the inhibition of receptor oligomerization. Biochemical pharmacology, 75(2), 494—
502. doi:10.1016/j.bcp.2007.08.033

Yu, Y., Mu, J., Fan, Z., Lei, G., Yan, M., Wang, S., ... Zhang, G. (2012). Insulin-like
growth factor 1 enhances the proliferation and osteogenic differentiation of human
periodontal ligament stem cells via ERK and JNK MAPK pathways. Histochemistry
and cell biology, 137(4), 513-25. d0i:10.1007/s00418-011-0908-x



158

Yuste, J. E., Echeverry, M. B., Ros-Bernal, F., Gomez, a, Ros, C. M., Campuzano, C. M.,
Fernandez-Villalba, E., & Herrero, M. T. (2012). 7-Nitroindazole down-regulates
dopamine/DARPP-32 signaling in neostriatal neurons in a rat model of Parkinson’s
disease. Neuropharmacology, 63(7), 1258-67.
doi:10.1016/j.neuropharm.2012.07.031

Zahn, T. R., Macmorris, M. A., Dong, W., Day, R., & Hutton, J. C. (2001). IDA-1, a
Caenorhabditis elegans homolog of the diabetic autoantigens 1A-2 and phogrin, is
expressed in peptidergic neurons in the worm. The Journal of comparative
neurology, 429(1), 127-143. Retrieved from
http://onlinelibrary.wiley.com/doi/10.1002/1096-
9861(20000101)429:1%3C127::AID-CNE10%3E3.0.CO;2-H/full

Zhang, H., Bosch-Marce, M., Shimoda, L. a, Tan, Y. S., Baek, J. H., Wesley, J. B.,
Gonzalez, F. J., & Semenza, G. L. (2008). Mitochondrial autophagy is an HIF-1-
dependent adaptive metabolic response to hypoxia. The Journal of biological
chemistry, 283(16), 10892-903. d0i:10.1074/jbc.M800102200

Zhang, H., Gao, P., Fukuda, R., Kumar, G., Krishnamachary, B., Zeller, K. 1., Dang, C.
V., & Semenza, G. L. (2007). HIF-1 inhibits mitochondrial biogenesis and cellular
respiration in VHL-deficient renal cell carcinoma by repression of C-MYC activity.
Cancer cell, 11(5), 407—20. doi:10.1016/j.ccr.2007.04.001

Zhang, Y., Shao, Z., Zhai, Z., Shen, C., & Powell-Coffman, J. A. (2009). The HIF-1
hypoxia-inducible factor modulates lifespan in C. elegans. PloS one, 4(7), e6348.
doi:10.1371/journal.pone.0006348

Ziegenfuss, T. N., Hofheins, J. E., Mendel, R. W., Landis, J., & Anderson, R. (2006).
Effects of a water-soluble cinnamon extract on body composition and features of the
metabolic syndrome in pre-diabetic men and women. Journal of the International
Society of Sports Nutrition, 3(2), 45-53. doi:10.1186/1550-2783-3-2-45

Ziegler, K., Kurz, C. L., Cypowyj, S., Couillault, C., Pophillat, M., Pujol, N., & Ewbank,
J. J. (2009). Antifungal innate immunity in C. elegans: PKCdelta links G protein
signaling and a conserved p38 MAPK cascade. Cell host & microbe, 5(4), 341-52.
doi:10.1016/j.chom.2009.03.006

Zinkernagel, A. S., Johnson, R. S., & Nizet, V. (2007). Hypoxia inducible factor (HIF)
function in innate immunity and infection. Journal of molecular medicine (Berlin,
Germany), 85(12), 1339-46. doi:10.1007/s00109-007-0282-2

van Muiswinkel, F. L., & Kuiperij, H. B. (2005). The Nrf2-ARE Signalling pathway:
promising drug target to combat oxidative stress in neurodegenerative disorders.
Current drug targets. CNS and neurological disorders, 4(3), 267-81.



VITA

Yuki Gomada was born in Yokohama, Japan on September 3", 1985, the son of
Tomoya Gomada and Shitomi Gomada. After completing his degree at Kibogaoka High
School, Yokohama, Kanagawa, in 2004, he entered Texas State University-San Marcos
in Texas. He received the degree of Bachelor of Science from Texas State in San Marcos,
Texas in December 2009. He entered the Graduate College of Texas State in January

2011.

Permanent Address: Sakonyama 16-8, 1-12-403

Asahi-ku, Yokohama city, Kanagawa Prefecture, Japan

Postal code 241-0831

This thesis was typed by Yuki Gomada.



