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ABSTRACT OF THE DISSERTATION 
 

 

 

THE ROLE OF RESVERATROL AND ITS ANALOGS IN INFLAMMATION, 

 

NEUROBLASTOMA DIFFERENTIATION & PREADIPOCYTE DIFFERENTIATION 

 

 

by PRITI S. TIWARI 

 

 

Dissertation Director: 

Dr. Kuang-Yu Chen 

 

 

In this dissertation, I have evaluated the role of heat (physical) stress in cell death. It has 

been previously reported that heat shock causes cancer cell death and is currently used as 

an adjuvant therapy in cancer treatment (Wust 2002). However, heat therapy is currently 

limited due to the requirement of high temperatures (45°C) for physiological effect. 

Improved efficacy of treatment could be achieved by understanding the mechanism of 

heat shock induced tumor cell death which is not well understood. 

 

A possible mechanism for heat induced tumor cell death could involve activation of 

proteases by heat which degrades key survival proteins thus leading to loss of viability. It 

has been previously reported that heat shock induced tumor cell death is associated with 

loss of eIF5A, a highly conserved survival protein (Takeuchi 2002, Gosslau 2009). 

 

I have independently reconfirmed the results of these studies and further evaluated the 

role of two protease inhibitors. The findings suggest the possibility that various proteases 
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get activated by heat shock and multiple proteins, including eIF5A get degraded 

eventually leading to loss of viability. The findings of this dissertation strengthen the 

hypothesis that proteases are involved in heat induced tumor cell death and use of small 

molecule activators of proteases could possibly improve the efficacy of heat-treatment 

through synergistic/additive mechanism. 

 

I studied the effect of resveratrol ((3,5,4'-trihydroxy-trans-stilbene) and its analogs, MR-4 

(3,4,5,4’-tetramethoxy-trans-stilbene) and MC-4 (3,4,5,4’-tetramethoxy-cis-stilbene) in 

inflammation, neuroblastoma differentiation and preadipocyte differentiation where 

resveratrol has been reported to be involved. In this dissertation, I have successfully 

established the effect of MC4 and MR4 in inflammation, neuroblastoma and adipogenesis 

disease models. 

 

The mechanism of action for these biomolecules remains to be evaluated but it can be 

speculated that AMPK is a potential upstream target of resveratrol, MC4 and MR4, given 

that AMPK is known to play a role inflammation, neuroblastoma differentiation and 

adipogenesis. 

 

Both MC4 and MR4 offer the advantage of improved bioavailability and lower dosage to 

achieve the same physiological effect as resveratrol making them an attractive target for 

therapeutics in inflammation, neuroblastoma and adipogenesis. 
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CHAPTER I: Introduction 

Cellular responses to stress 
 

Cellular responses to stimuli in the form of biological, physical, chemical or mechanical 

stress include cell death, survival, growth and/or differentiation (Fulda 2010). Cell death 

occurs through one of the three mechanisms; apoptosis (chemical, radiation, oxidative 

stress), necrosis (Glutamate toxicity, DNA damage) or autophagy (nutrient starvation, 

infection) dependent on the type of stress. However before the cell activates one of these 

death pathways, a built-in survival response is activated to restore homeostasis. Stress-

dependent survival mechanisms such as heat shock response, inflammation (cytokines, 

allergans, pathogens) etc. remediate the damaging effects of stress. However, failure of 

these remediation mechanisms leads to cell death, usually via activation of the apoptotic 

pathway.  The mechanism by which the cell decides to switch from pro-survival to pro-

death pathway is poorly understood. 

Physical Stimuli induced cell death: Heat Shock 
 

Temperatures higher than physiological conditions result in activation of a pro-survival 

mechanism called heat shock response. Heat shock response is mediated via heat shock 

proteins (HSPs). HSPs are conserved proteins that act as molecular chaperones and are 

activated under stress conditions. The biochemical pathway of heat shock response is 

represented in Fig. 1.1, briefly inactive heat shock factor-1 (HSF1) exists in the 

cytoplasm as a monomer bound to heat shock protein 90 (HSP90). Under stress condition 
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there is accumulation of unfolded protein which compete with HSF1 to bind to HSP90. 

This causes release of HSF1 resulting in its trimerization and translocation into the 

nucleus. Activated HSF1 binds to the promoter region of DNA leading to transcription of 

heat shock proteins, HSP70 and HSP27. Expression of HSP70 and HSP27 leads to 

blocking of the apoptotic pathways and activation of survival pathways (Fig. 1.1, Fulda 

2010).  

 

Figure 1.1: Heat Shock Response 

 

Failure of heat shock response to remediate stress, leads to cell death. However, the 

mechanism by which heat shock results in cell death is poorly understood and is of 

significance because of its potential application in cancer therapeutics.   
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Heat therapy (HT) used in cancer treatment involves inducing tissue damage via 

application of heat to the tumor area. The exact mechanism by which HT induces tissue 

damage remains to be evaluated, but the current understanding considers DNA damage 

and blockage of protein synthesis as a plausible mechanism for heat induced tumor cell 

death (Hilderbrandt 2002).  Another plausible mechanism for heat sensitivity of tumor 

cells could possibly be through activation of a proteolytic system that systematically 

denatures key survival proteins. 

Proteases & Heat Shock: 

 
Hyperthermia is a process that involves heating of tissue, to 41-45°C and is widely used 

in oncology in combination with chemo or radiation therapy for treating advanced and 

recurrent cancers (Sardari 2011). Heating of cells or tissues to a high temperature results 

in irreversible damage making the tissue more sensitive to radiation therapy (RT) and/or 

Chemotherapy (CT) (ACS 2013) resulting in increased efficacy of treatment 

(Hilderbrandt 2002, Wust 2002). The mechanism of heat induced tumor cell death 

remains to be elucidated.  

 

Takeushi (2000) reported that acute heat treatment at 51°C for 30 mins resulted in loss of 

eIF5A (a conserved cell survival protein). In accordance with this study we observed that 

heat shock of colon cancer cells (Caco2) was accompanied by loss of eIF5A (Gosslau 

2009), while HeLa cells which were resistant to the cytotoxic effect of hyperthermia 

showed unchanged levels of eIF5A. A possible explanation for the sensitivity of colon 
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cancer cells to heat shock  as evidence by loss of viability and eIF5A, could be that heat 

shock activates a proteolytic system which degrades eIF5A resulting in loss of viability.  

 

In order to study this hypothesis we evaluated the role of various protease inhibitors in 

acute heat shock model using colon cancer cells. It was noticed that that use of PMSF (a 

serine protease inhibitor) partially blocked the loss of eIF5A and restored cell viability in 

colon cancer cells (Gosslau 2009). The nature of this proteolytic system in heat induced 

protein degradation remains to be investigated. 

 

Present dissertation aims to discover the potential relationship between proteases and 

thermo-tolerance in colon cancer cells in hope of finding novel targets for cancer 

treatment via modulation of protease activity. A secondary aim is to evaluate the role of 

eIF5A modification on heat induced tumor cell death because as previously reported 

(Takeushi 2002, Gosslau 2009) loss of eIF5A correlates with loss of viability in heat 

shocked cancer cells. 

Pathological Stimuli induced survival: Inflammation 

 
Inflammation is a patho-physiological cell survival mechanism of the body in response to 

irritant stimuli such as cytokines, pathogens, allergans etc. and it functions by 

neutralizing the irritant and initiating tissue repair to restores homeostasis.  While acute 

inflammation is a desirable response because it a short-term response that aids tissue 

healing, chronic inflammation is a maladaptive response in disease conditions such as 

arthritis, cancer etc. which results in tissue damage and manifests as a disease symptom.  
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The biochemical pathway of inflammation (Bode 2010, Fig. 2) involves a sequential 

TPA-induced or UV-induced activation of various GTP proteins, MAP kinase kinase 

kinases (MKKKs), MAP kinase kinases (MKKs), MAP kinases (MAPKs). Other 

pathways include activation of ERK and/or p38 and/or JNK which finally leads to 

activation of transcription factors such as NF-κB or AP1.  NF-κB is a pivotal 

transcription factor that is involved in inflammation and exists in an inactive state in the 

cytoplasm. An appropriate stimulus such as TPA or TNFα causes IκB kinase to bind to 

NF-κB and phosphorylate NF-κB upon which IκB is released from the complex and 

degraded. Released NF-κB protein moves to the nucleus, where it binds to DNA-

regulatory regions and promotes transcription of various inflammatory genes including 

those encoding cytokines, growth factors necessary for tissue degradation and repair. 
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Figure 1.2: Inflammation Pathways 

 

Failure of inflammation, a desirable pro-survival mechanism (acute inflammation) to 

remediate stress becomes a maladapted, destructive response (chronic inflammation) 

resulting in tissue carnage, especially in disease conditions. Management of chronic 

inflammation requires mediation by use of various anti-inflammatory drugs. 
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Non-selective inhibitors of inflammation include non-steroidal anti-inflammatory drugs 

(NSAIDs) such as aspirin, ibuprofen etc. which have been traditionally used because of 

their easy availability (over-the-counter) and low to none sedation & addiction 

incidences. However, use of NSAIDs has been reported to have significant adverse 

events such as higher incidences of gastrointestinal and renal bleeding, ulceration, 

perforation and atherothrombosis (Ivanenkov 2008).  

 

Selective inhibitors of inflammation target a pro-inflammatory factor cyclooxegenase-2 

(COX-2). However currently available FDA approved COX-2 inhibitors, celecoxib and 

rofecoxib, have been associated with fatal cardiovascular adverse events (Chen 2008).  

Various adverse events, lack of responsiveness and resistance to existing anti-

inflammatory drugs, necessitate development of new anti-inflammatory drugs. 

Resveratrol & Inflammation: 
 

The discovery of resveratrol as a bioactive molecule is attributed to a report that followed 

the “French paradox” in an attempt to solve the observation that French population had a 

lower incidence of cardiovascular diseases despite a high fat diet.  The cardioprotective 

benefits were attributed to consumption of red wine rich in polyphenolic chemicals such 

as resveratrol (de Lange 2007). Resveratrol (trans-3, 4’, 5-trihydroxystilbene) is a non-

flavonoid, polyphenolic phytochemical with demonstrated ability as anti-cancer (Aluyen 

2012), anti-oxidant (Gulcin 2010) and anti-inflammatory agent ( deni we  2008).  

 

javascript:__doLinkPostBack('','ss%7E%7EAR%20%22Ivanenkov%2C%20Y%2E%20A%2E%22%7C%7Csl%7E%7Erl','');
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Resveratrol has been shown to have anti-inflammatory properties, both in-vitro and in-

vivo (Udenigwe 2008). The mechanism of resveratrol induced anti-inflammatory effect is 

possibly via down-regulation of pro-inflammatory factors such as Cyclooxegenase-2 

(COX-2), NF-κB, interleukins etc. 

 

The mechanism by which resveratrol down-regulates pro-inflammatory factors such as 

NF-κB is suspected to be mediated via activation of silent mating type information 

regulation 2 homolog-1(SIRT1). SIRT1 is a histone deacetylase which is known to be 

activated by resveratrol (Baur 2006). Activation of SIRT1 leads to deactylation of the 

Re1A/p65 subunit of NF-κB leadin  to suppression of NF-κB and thus repression of 

inflammation (Chung 2010, Fig. 1.3) 

 

Figure 1.3: Role of SIRT1 in inflammation 
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Resveratrol in clinical trials: 
 

Resveratrol is currently in phase 1 clinical trial for evaluation of safety and 

pharmacokinetic/pharmacodynamic profile in humans (Tome-Carneiro 2013). However 

the results of clinical studies have been limited due to the low bioavailability of 

resveratrol which is a characteristic of its polyphenolic structure. The trihydroxy 

functionality of resveratrol is highly susceptible to enzymatic degradation and leads to its 

rapid metabolism in vivo and hence the low bioavailability (Fig. 1.4). One of the ways to 

improve bioavailability is to increase dosage but higher dosage correlates with more 

undesirable side-effects, not to mention potential toxicity issues.  

 

Figure 1.4: Metabolites of resveratrol 

 

 

We have synthesized various derivatives of resveratrol that offer potential to overcome 

this low bioavailability issue associated with resveratrol. Two such analogs (Table 1.1) 
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are MC4 a cis-isomer of methoxylated-resveratrol and MR4 a trans-isomer of 

methoxylated-resveratrol which have been previously reported (Gosslau 2005) to mimic 

cytotoxicity of resveratrol in cervical cancer cell line (HeLa) at 20nM and 2µM 

respectively.  

 

Resveratrol 

 (3,5,4'-trihydroxy-trans-

stilbene) 

MC4  

(3,4,5,4'-tetramethoxy-cis-

stilbene) 

MR4 

(3,4,5,4'-tetramethoxy-trans-

stilbene) 

 

 

 

 

 

 

 

Table 1.1: Chemical structure of resveratrol, MC4 and MR4 

 

Present study aims to evaluate the role of these two potent analogs of resveratrol as anti-

inflammatory agents in order to establish a biosimilar role for these analogs in 

comparison with resveratrol. 

Chemical Stimuli & Differentiation 
 

In addition to causing cell death or activating cell survival mechanisms, various stimuli 

such as growth factors, chemicals etc. are capable of inducing cellular growth or 

differentiation. Differentiation is the process by which a cell (precursor) undergoes 
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differential gene expression to produce a phenotypically different cell capable of 

specialized function (Boehler 2002). 

 

Regulated cellular differentiation is essential for normal disease-free survival, however 

unregulated differentiation leads to disease conditions such as tumor (arrested 

neuroblastoma differentiation) or obesity (hyper differentiation of precursors of fat-cells). 

Regulation of these differentiation systems via small molecules offers potential for 

therapeutics in cancer and obesity. 

Neuroblastoma differentiation: 
 

Neuroblastoma is a malignant childhood tumor originating in the peripheral nervous 

system that accounts for 6% of all childhood tumors. A critical event in neuroblastoma 

pathogenesis is arrest of neuroblast differentiation, which is a process by which 

neuroblasts convert into mature neural cells. Interestingly, neuroblastoma is characterized 

by a unique capacity of spontaneous and complete regression, at least partly through 

differentiation in select patient population and is regarded as a cancer due to block of 

cellular differentiation (Tee 2012). The histology of neuroblastoma reveals that tumors 

with more differentiated cells are less aggressive than their immature undifferentiated 

counterparts (Abemeyor 1989).  

 

The clear relationship between neuroblastoma differentiation and favorable clinical 

prognosis is suggestive of the treatability of aggressive neuroblastoma by inducing 

differentiation response as part of the treatment regime.  
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The biochemical pathway of neuroblastoma differentiation is not well understood. 

However, in-vitro studies have shown that neuroblastoma differentiation can be achieved 

by systematically restricting cell growth through depletion of growth factors and 

introducing small molecules (Fig.1.5). Dibutyryl-c-AMP is known to induce neuronal 

differentiation via activation of tyrosine hydroxylase leading to activation of pKA and 

PI3k resulting in neuro-specific gene expression (Prasad 1975). Calcium on the other 

hand is known to function through activation of the phosphatidylinositol second-

messenger system during neuronal differentiation (Reboulleau 1985). Retinoic acid binds 

to retinoic acid receptor and activates the PI3K/AKT pathway during neuroblastoma 

differentiation (Sidell 1982). Resveratrol (3, 5, 4’-trihydroxy-trans-stilbene) a natural 

polyphenol has been previously reported to induce neuroblastoma differentiation via 

AMPK activation (Dasgupta et. al., 2007). Arsenic has been shown to induce 

neuroblastoma differentiation by inhibiting the L1KB-AMPK pathway (Wang et. al., 

2010). 
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Figure 1.5: Neuroblastoma differentiation overview 

 

Resveratrol & Neuroblastoma differentiation 
 

Resveratrol, a naturally occurring polyphenol is known to induce neuroblastoma 

differentiation by activation of AMPK (Dasgupta 2007). Present thesis aims to evaluates 

the role of two methoxy derivatives of resveratrol, MC4 (3, 4, 5, 4’-tetramethoxy-cis-

stilbene) and MR4 (3, 4, 5, 4’-tetramethoxy-trans-stilbene) in neuronal differentiation in 

order to establish a biosimilar role for these analogs. Both MC4 and MR4 offer an 

improved pharmacokinetic/pharmacodynamic (PK/PD) profile as compared to resveratrol 

(Lin and Ho 2009), which is currently facing low bioavailability issues in pre-clinical 

studies limiting the translation of its bioactivity under physiological conditions.   
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In an effort to improve the efficacy of neuroblastoma differentiation, I evaluated the 

combinatorial effect of calcium and resveratrol, MC4 an MR4 on neuroblastoma 

differentiation.  

 

Both calcium and stilbene analogs are known inducers of neuroblastoma differentiation, 

so assuming that calcium and resveratrol have different biochemical targets in the 

neuroblastoma differentiation; we would expect a synergistic/additive effect. This 

approach was evaluated because it offers a multi-targeted efficacious treatment regime 

for neuroblastoma. 

Preadipocyte Differentiation: 
 

Obesity is a condition where excess body fat is associated with health risks such as 

diabetes, atherosclerosis, hypertension etc. The mechanism by which body accumulates 

fat is either by expanding existing fat (adipose) tissue called adipose hypertrophy or by 

creating new fat cells (adipocytes) called adipose hyperplasia (Jo 2009). Hypertrophy 

(increase adipose volume) precedes hyperplasia (increase in adipose number) to meet the 

need for excess fat storage as obesity progresses which is why hyperplasia is often 

associated with severe-extreme obesity.  

 

Hyperplasia is achieved by a cellular process called adipogenesis or preadipocyte 

differentiation in which precursors of fat cells (preadipocytes) undergo growth arrest and 

subsequent terminal differentiation into fat cells (adipocytes) capable of accumulating 
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and storing excess fat. Various factors affect differentiation of preadipocytes including 

growth factors, hormones, cell-cell/cell-matrix interactions (Gregoire 1998). 

 

Biochemically preadipocyte differentiation is characterized by a cascade activation of 

eight major transcriptional factors: krox20, pCREB, cEBPδ, cEBPβ, KLF5, PPARγ, 

SREBP1 and cEBPα (Fi .1.6 adapted from Farmer 2006) leading to adipocyte-specific 

gene expression. Various small molecule inducers of these transcriptional factors such as 

cyclic AMP (pCREB), glucocorticoids (cEBPδ), Insulin (SREBP1c) etc. lead to a 

cascade of biochemical events resulting in adipocyte formation. Understanding of this 

mechanism of adipogenesis has led to successful adaptation of preadipocyte precursor 

cells such as 3T3-L1/3T3-F442A and a cocktail of these chemical inducers (IBMX, 

Dexamethasone and Insulin) to in-vitro culture systems studying obesity.  

 

Figure 1.6: Transcriptional regulation of preadipocyte differentiation 
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Resveratrol & preadipocyte differentiation: 
 

Resveratrol, a natural product found primarily in the grapevines, was discovered as a 

result of an epidemiological study that found lower incidences of coronary heart diseases 

in French population despite consumption of a high saturated fat diet. This apparent 

discrepancy known as the French paradox was explained to be a result of moderate wine 

consumption, especially red wine which contains a stilbene analog, resveratrol among 

other flavanols and phenolic acids (Kopp 1998). 

 

Following this discovery, resveratrol has been extensively studied in preventing and/or 

treating metabolic disorders such as obesity and diabetes. (Fig 1.6) shows a systematic 

representation of effects induced by resveratrol and leading to reduced blood glucose 

level and diminished lipid accumulation (Szkudelska 2010). Resveratrol primarily 

functions through activation of cyclic-Adenosine Monophosphate (cAMP), Adenosine 

monophosphate activated-protein kinase (AMPK) and  Sirtuins (SIRT1 stands for silent 

mating type information regulation 2 homolog-1) resulting in anti-adipogenic activity. 

 

The confirmation of health benefits of resveratrol in in-vitro and in-vivo studies has led to 

clinical investigations of resveratrol in humans for multiple indication including 

metabolic disorders. However, despite the high bioactivity observed during preliminary 

research studies, the pre-clinical evidence of resveratrol benefits has been limited due to 

the low bioavailability issues (Tome-Carneiro 2013). The main reason for low 

bioavailability of resveratrol is characteristic of its polyphenol structural framework 
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which leaves free-hydroxyl groups vulnerable to enzymatic activity of sulphatase and 

glucuronidase (Walle 2004). 

 

 

Figure 1.7: Resveratrol in obesity  

 

One of the approaches we devised to improve the low bioavailability of resveratrol was 

through synthesis of derivatives of resveratrol, including two methoxy derivatives, MC4 

(3, 4, 5, 4’-tetramethoxy-cis-stilbene) and MR4 (3, 4, 5, 4’-tetramethoxy-trans-stilbene) 

which make these molecules resistant to the enzymatic activity responsible for the rapid 

metabolism and hence enhanced bioavailability (Gosslau 2005). 
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This dissertation aims to evaluate these two methoxy-derivatives of resveratrol in 

preadipocyte differentiation with aim of establishing the bioactivity of these analogs in 

mimicking the biochemical pathway of resveratrol induced anti-adipogenic activity.  

eIF5A and preadipocyte differentiation: 
 

It has been previously reported that α-difluoro methyl ornithine (DFMO), a competitive 

inhibitor of the enzyme Ornithine decarboxylase (ODC) is known to inhibit preadipocyte 

differentiation (Erwin 1984, Bethell 1981).  

Objectives: 
 

The present thesis, primarily explores the role of external stimuli on cellular responses 

such as death (heat shock), survival (inflammation) and differentiation (neuroblastoma 

and adipogenesis). Specifically, I want to evaluate the role of proteases in heat-induced 

tumor cell death with an aim to increase the efficacy of heat therapy by modulation of 

protease activity. A second objective is to evaluate the role of resveratrol and its analogs, 

MC4 and MR4 on cell survival (inflammation) and cell differentiation (neuroblastoma 

and preadipocyte) with an aim to establish biosimilarity of MC4 and MR4 with 

resveratrol in these disease models for potential anti-cancer, anti-obesity and anti-

inflammatory applications. A secondary goal of this dissertation is to evaluate other small 

molecules for potential anti-cancer (neuroblastoma) and anti-obesity (preadipocyte 

differentiation) properties. The specific objectives of this thesis are listed below: 
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Role of Proteases in Heat Induced Tumor Cell Death  

Objective 1: To determine the role of proteases in hyperthermia: As previously reported, 

serine-protease inhibitor PMSF, offered thermal protection in heat induced cell death in 

colon cancer (Gosslau 2009). The aim of this study is to determine the role of proteases 

in heat shocked cancer cells by using other small molecule protease inhibitors such as 

EDTA (metalloproteinase inhibitor) and Leupeptin (a cysteine, serine and threonine 

protease inhibitor) in order to determine the selectivity/specificity of proteases in heat 

shock induced cell death. A second aim is to support the findings by Gosslau et. al., that a 

heat induced proteolyic system was involved in thermal killing of colon cancer cells. 

 

Role of Resveratrol, MC4 and MR4 in Inflammation 

Objective 1: To establish biosimilarity of MC4 and MR4 with resveratrol in 

inflammation: Resveratrol (3, 5, 4-trihydroxy-trans-stilbene), a phytoalexin present in 

grapes, peanuts, and pines, has antioxidant and anti-inflammatory activities. Present study 

aims to evaluate the role of resveratrol and its methoxy analogs, MC4 and MR4, to 

inhibit TPA-induced inflammation in NF-κB-Jurkat GFP (njg) cells with the purpose of 

evaluating their role as anti-inflammatory agents.  Both MC4 and MR4 offer a superior 

pharmacokinetic/pharmacodynamics profile as compared to resveratrol (Lin and Ho 

2009) and establishing a biosimilarity between these molecules offers potential for 

clinical use of these analogs instead of resveratrol. 
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Role of Resveratrol, MC4, MR4 and Calcium in neuroblastoma differentiation 

Objective 1: To establish biosimilarity of MC4 and MR4 with resveratrol in 

neuroblastoma differentiation: It has been reported that resveratrol induces 

neuroblastoma differentiation (Dasgupta 2007). The aim of our study is to reconfirm the 

effect of resveratrol on neurite outgrowth in neuro-2a cells and evaluate the effect of two 

potent resveratrol analogs (MC4 and MR4), on neuronal differentiation with the purpose 

of establishing the biosimilarity of these analogs in tumor differentiation. 

 

Objective 2: To determine the effect of calcium ions in neuroblastoma differentiation: It 

has been previously determined that calcium ions induce the differentiation of 

neuroblastoma cells (Reboulleau 1986). The aim of our study to reconfirm the role of 

calcium in neuroblastoma differentiation and evaluate the potential biochemical pathway 

of calcium induced neuronal differentiation. 

 

Objective 3: To determine the combinatorial effect of resveratrol and its analogs and 

calcium in neuroblastoma differentiation: Both resveratrol and calcium have been 

reported to induced neuronal differentiation and the aim of present study is to evaluate 

the combinatorial effect of resveratrol, MC4 and MR4 and calcium on neuronal 

differentiation with the purpose of maximizing the efficacy of neuronal differentiation by 

a multi-drug program. Evaluation of synergistic or additive effect of these inducers on 

neuronal differentiation would further elucidate the biochemical targets of these two 

classes of inducers and enhance our understanding of the neuronal differentiation 

pathway. 
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Role of eIF5A and Resveratrol, MC4 and MR4 in preadipocyte differentiation 

Objective 1: To establish the role of polyamines and eIF5A in preadipocyte 

differentiation. It has been previously established that DFMO, a polyamine biosynthesis 

inhibitor, reduced lipid accumulation in differentiation preadipocytes (Erwin 1984, 

Bethell 1981) implicating a role for polyamines in adipogenesis. eIF5A modification is a 

unique polyamine-dependent pathway and the aim of our study is to investigate the role 

of eIF5A in preadipocyte differentiation. eIF5A is a highly conserved, survival protein; 

however its function remains largely unknown. A secondary aim of this study is to gather 

intelligence on the functions of this crucial protein. 

 

Objective 2: To establish the biosimilarity of resveratrol analogs (MC4 & MR4) with 

resveratrol in preadipocyte differentiation. It has been previously established that 

resveratrol plays an inhibitory role in preadipocyte differentiation (Pang 2006). The aim 

of our study is to reconfirm the inhibitory effect of resveratrol on preadipocyte 

differentiation and evaluate the effect of two potent resveratrol analogs (MC4 and MR4), 

on adipogenesis with the purpose of establishing the biosimilarity of these analogs in 

normal cell differentiation. 
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Chapter 2: Role of Proteases in Heat Induced Tumor Cell Death  

Introduction: 

Heat shock response is triggered by an increase in the physiological temperature (37°C) 

and functions to restore homeostasis by inhibiting apoptotic pathway and promoting pro-

survival pathway through a group of conserved proteins called heat shock proteins 

(HSPs). One of the effects of heat shock is inhibition of protein synthesis (except for 

HSPs) and accumulation of misfolded proteins in the cell. HSPs bind to the misfolded 

proteins and allow for proper folding or target them to the lysosome for degradation 

(Dikomey and Franzke, 1992; Morimoto 1994; Sakaguchi 1995; Xu 1998; Stein 1999).  

Failure of this mechanism to remediate the deleterious effects of heat treatment results in 

cell death. However the mechanism of cell death induced by heat treatment is poorly 

understood and is of significance due to its potential in cancer therapy. 

Heat treatment & cancer cells: 

It has been previously reported that cancer cells are sensitive to heat shock treatment (van 

der Zee 2002) with minimal injury to healthy tissue. Several clinical trials have shown 

the efficacy of heat treatment (HT) in cancer therapy (Hilderbrandt 2002, Wust 2002). 

However, HT has limited  application in cancer therapy due to the high temperatures (44-

51°C) required for cell death and is mainly used as an adjuvant therapy to chemo or 

radiation. 

Due to the variations in cancer-types, low tolerance of heat treatment and practical 

hindrances in application of heat to tumor area, heat therapy is inefficient as a stand-alone 
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therapy. An approach to improving the efficacy of heat treatment could possibly be 

achieved via combinatorial treatment using various small molecules capable of 

mimicking heat treatment induced apoptotic pathway and thus allowing for synergistic or 

additive effect on tumor cell death. This kind of combinatorial approach would possibly 

allow for achieving heat induced tumor cell death at a lower temperature.  

In this study, we have evaluated the role of small molecules to mitigate or enhance the 

effect of heat induced tumor cell death. The molecules selected were modulators of two 

biochemical targets involved in heat shock mediated survival (SIRT1) and death (eIF5A).  

SIRT1 & Heat Shock: 

SIRT1, is a histone deacetylase known to bind to heat shock protein factor-1 (HSF1). 

Activation of SIRT1 results in the binding of SIRT1 to HSF1 and maintaining it in a 

deacetylated form which negatively controls the DNA-binding activity of HSF1 (Fig. 2.1 

Westerheide 2009). Trimerization and binding of HSF1 is required for activation anti-

apoptotic and pro-survival heat shock proteins, HSP70 and HSP27, failure of which leads 

to cell death. Based on this interaction of SIRT1 to promote cell death in heat shock 

response, we evaluated the role of small molecule inhibitors of SIRT1, Sodium butyrate, 

SAHA (Suberoylanilide Hydroxamic Acid), NAM (nicotinamide) and an activator of 

SIRT1, Resveratrol on heat induced tumor cell death in HeLa and HCT116 cells. The 

hypothesis that underlies use of these molecules is that SIRT1 inhibitors (SAHA, NAM, 

Sodium butyrate) would allow for activation of HSF1 and protect the loss of viability of 

heat induced tumor cells through inhibition of the heat shock response pathway. SIRT1 
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activator (Resveratrol) on the other hand would inactivate HSF1 (through interaction with 

SIRT1) and enhance the loss of viability in heat-induced tumor cell death. 

 

Figure 2.1: Role of SIRT1 in regulation of HSF1 

eIF5A & Heat Shock: 

Takeuchi et al (2002) reported that treatment of pancreatic cancer cells with high 

temperature (51°C) results in loss of a small protein, discovered to be eIF5A and the loss 

of eIF5A was correlated to pancreatic tumor cell death. eIF5A is a highly conserved, 

survival protein which is required for normal cell growth and proliferation (Chen 1997) .    

Gosslau et. al, (2009) showed that colon cancer cells (Caco-2) were sensitive to heat 

shock (51°C for 30 mins) and the loss of eIF5A was correlated to loss of viability in this 

cell line as compared to cervical cancer cells (HeLa) which were resistant to heat shock 

and remained viable.  
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The eIF5A gene is highly conserved, from yeast to human. The eIF5A protein contains an 

unusual amino acid derived from posttranslational modification of a unique lysine residue 

using spermidine as the substrate. Fig. 2.2 illustrates the biochemistry of this unique 

posttranslational modification, wherein deoxyhypusine synthase (DHS) catalyzes the 

transfer of 4-aminobutyl moiety from spermidine to a specific lysine reside, resulting to a 

deoxyhypusine reside and deoxyhypusine hydroxylase catalyzed the hydroxylation of 

deoxyhypusine to hypusine (Chen 1997). Deletion of genes encoding eIF5A or DHS in 

yeast produces lethal phenotype (Schnier 1991; Sasaki 1996), indicating that eIF5A is an 

essential protein and that hypusine modification is necessary for its essential function.  

Inhibition of DHS using specific inhibitors such as GC7 (N1-guanyl-1,7-diaminoheptane) 

in mammalian cells leads to growth arrest, suggesting that eIF5A plays an important role 

in growth regulation  (Park 1994; Chen 1997). To further test the role of eIF5A 

modification in heat induced tumor cell death, we evaluated the effect of two inhibitors of 

eIF5A modification, DFMO (diflouro methyl ornithine) and GC7 on heat induced tumor 

cell death. The underlying hypothesis for use of DFMO and GC7 is that if indeed eIF5A 

modification is involved in heat induced tumor cell death, inhibition of eIF5A 

modification would enhance the efficacy of heat shock treatment. 
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Figure 2.2: Polyamine biosynthesis and eIF5A modification 

Proteases & Heat shock: 

Gosslau (2009) reported that treatment of Caco-2 cells with para-methyl sulphonic acid 

(PMSF), a serine protease inhibitor resulted in partial recovery of viability in heat 

shocked cells. This study implies a role of proteases in heat induced cancer cell death. 

Our hypothesis is that heat shock induces the activation of a proteolytic system which 

degrades proteins crucial for cell survival and loss of these proteins results in cell death. 

In order to test this hypothesis, we evaluated the role of various protease inhibitors such 

as EDTA (metalloproteinase) and Leupeptin (serine, threonine, cysteine protease) in heat 

shock induced tumor cell death.  
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Materials & methods: 

Cell culture:  

Cell culture was performed as described previously (Gosslau 2005). HeLa (cervical 

cancer), Caco-2 (colon cancer), HCT116 (colon cancer), HT29 (colon cancer), HTB-81 

(prostate), neuro-2a (neuroblastoma) were obtained from the American Type Culture 

Collection (Rockville, MD).  

Cell treatment:  

Before experiments, cells were seeded in 60 or 35 mm culture dishes until confluence and 

treated with SAHA, Sodium butyrate, NAM, Resveratrol, DFMO, GC7, PMSF, EDTA 

and Leupeptin for 24 hours, followed by heat shock. 

Heat treatment:  

For heat treatment, cells were seeded in 60 or 35 mm culture dishes and a heat treatment 

at either 44ºC or 51ºC was applied using a CO2 incubator (for 44ºC) or by transferring 

cell culture dishes into a water bath for 30 mins (for 51ºC) followed by different recovery 

times in a CO2 incubator at 37ºC (Gosslau et al., 2009).  

Western blot analysis:  

This procedure was carried out as described previously (Gosslau 2005) for detection of 

eIF5A and actin. For eIF5A and actin analysis, cells were washed and scraped into 1 ml 

of PBS. After sonication, the homogenate was exposed to centrifugation at 14,000x g for 

5 min. The supernatant was saved and protein concentration was determined by the 
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Bradford method from Bio-Rad (Hercules, CA). Whole cell extracts (5 μ ) were resolved 

on a 15% SDS-PAGE system and transferred onto a PVDF membrane using a Trans-Blot 

Electrophoresis Transfer Cell at 370 mA for 1.5 h. Non-specific protein-binding sites on 

the membrane were blocked by incubation with 5% (w/v) non-fat dry milk in 

PBSTween20 and probed with primary anti-eIF5A antibody (1:500 dilution) overnight at 

4°C. The membranes were washed in PBS-Tween20 (phosphate buffer saline), followed 

by incubation with secondary antibody at 1:25,000 dilution (Jao 2006).  Primary 

polyclonal antibody against recombinant human eIF5A was raised in chicken and 

affinity-purified by recombinant eIF5A proteins. The secondary rabbit against chicken 

antibody conjugated to horseradish peroxidase (HRP-RAC) was from Amersham 

Pharmacia (Piscataway, NJ).  
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Results: 
 

Colon cancer cells (Caco2 and HCT116) were more sensitive to heat treatment as 

compared to cervical cancer cells (HeLa) 

Sensitivity to heat treatment is a function of cancer-type as previously reported (Gosslau 

2009). HeLa (Cervical cancer) and Caco-2 and HCT116 (colon cancer cells) were heat 

shocked at 51ºC for 30 min and then allowed to recover at 37ºC and the recovery was 

monitored by cell morphology and metabolic activity. As evident in Fig. 2.3 and 2.4, 

HeLa cells remained attached and viable during the heat shock and recovery period for up 

to 48 hrs.  Interestingly the colorectal cancer cells (Fig. 2.3 HCT116 and Fig. 2.4 Caco2) 

were 50-60% detached from substrate and appeared to floating. The cells failed to 

recover from the heat shock and lost their viability as evidenced by the morphology and 

viability assay (Fig. 2.3  & 2.4) implying colorectal cancer cells were more sensitive to 

heat shock as compared to cervical cancer cells. 

 

 

 

 

 

 

Figure 2.3: Differential effect of acute heat treatment on colon (HCT116) and 

cervical cancer cells (HeLa) 
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Figure 2.4:  Differential effect of acute heat treatment on colon (Caco2) and cervical 

cancer cells (HeLa) 

 

I investigated the sensitivity of prostate (HTB-81) and neuroblastoma (neuro-2a) cancer 

cells to heat shock by exposing HTB-81 and neuro-2a cells to 30 mins of heat shock at 

51°C followed by recovery at 37°C for a period of 1-6hrs. As evidenced by the 

morphological and viability data in Fig. 2.5, prostate cancer cells were resistant to heat 

shock at 51°C and remained viable through the heat shock and recovery period. 

Neuroblastoma cells were partially resistant to heat shock at 51°C and remained viable 

through the heat shock and recovery period up to 12 hours (Fig. 2.6). 
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Figure 2.5:  Effect of acute heat treatment on Prostate cancer cells (HTB-81) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6:  Effect of acute heat shock on Neuroblastoma cancer cells (nuero-2a) 

 



32 

 

 

 

Of all the cancer cell lines (prostate, cervical, colorectal and neuroblastoma) tested, 

colorectal cancer cells were the most sensitive to heat shock at 51°C and to further 

evaluate the sensitivity of colorectal cancer cells towards heat shock, we varied the 

temperature at which heat shock was administered followed by a recovery period. 

Briefly, HeLa and HCT116 cells were heat shocked at 44°C and 51°C for 30 mins 

followed by a 3 hour recovery at 37°C. As evidenced by morphology and viability assay 

(MTT) in Fig. 2.7, both cervical and colorectal cancer cells were viable after 30 mins of 

heat shock at 44°C and remained viable throughout the recovery period. This implies that 

colorectal cancer cells were sensitive to heat shock at 51°C, but were able to sustain 

through heat shock at 44°C. Based on this data, we continued to explore this differential 

behavior in cervical vs. colorectal cancer cells at 51°C where the effect of heat shock was 

most pronounced. 

 

Figure 2.7:  Effect of varying temperature (44 vs 51) of heat treatment followed by 

recovery on cervical (HeLa) and colorectal (HCT116) cancer cells 
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It was eminent to determine the minimum exposure time of acute heat shock required 

(51°C) to induce cell death in colorectal cancer cells. To evaluate this, we exposed 

colorectal cancer cells (HCT116 and HT29) to 10, 20 and 30 min of acute heat shock at 

51°C (Fig. 2.8). The morphological evidence suggests that colorectal cancer cells were 

viable up to 20 mins of heat shock and lost their viability after exposure to 30 mins of 

heat shock (51°C). 

 

Figure 2.8:  Effect of varying time of heat treatment followed by recovery on 

colorectal (HCT116 and HT29) cancer cells 
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eIF5A Levels After Heat Shock: 

Since there was a correlation between loss of eIF5A after acute heat stress and cell death 

for Caco-2 and HeLa cells (Gosslau 2009), I determine the eIF5A level in heat treated 

cervical and colon cancer cells. Western blot analysis of heat shocked samples of 

colorectal (HCT116 and HT29) cancer cells for loss of eIF5A was carried out and 

cervical (HeLa) cancer cells were used as control. As evident in Fig 2.9 (51°C) there is a 

significant loss of eIF5A post-heat shock (51°C) in HCT116 and HT29 cells but not in 

HeLa cells, implying a role for eIF5A in heat induced cell death of colorectal cancer 

cells. The findings of these studies are congruent with the previously published data from 

our lab (Gosslau 2009). 

 

 

Figure 2.9: Western blot analysis of heat shocked (51°C) samples of colorectal 

cancer cells (HTC116 & HT29) and cervical cancer (HeLa) cells for loss of eIF5A 

 

 

Role of small molecules in heat induced cancer cell death  

We deviced a panel of small molecules to enhance or mitigate the effect of heat induced 

cancer death. The idea was to determine combinatorial effect of chemical and heat stress 

for efficient killing of tumor cells, analogous to combining chemotherapy with radiation 
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therapy, to develop a potent regime for effective cancer therapy. A secondary goal was to 

determine the role of SIRT1 and eIF5A in heat induced tumor cell death. 

 

As shown in Fig. 2.10, I pre-treated HeLa and HCT116 cells with SIRT1 modulators: 

10mM Sodium butyrate, 10µM suberoylanilide hydroxamic acid (SAHA) and 10mM 

nicotinamide (NAM) and eIF5A modulators: 10mM DFMO and 10µM GC7 for 24 hours 

followed by heat shock for 30 mins at 51°C and heat shock recovery for 3 hrs. at 37°C. 

As evidenced by morphology and viability assay, the small molecules failed to mitigate 

or enhance the effect of heat shock on both cervical and colorectal cancer cell lines 

implying that SIRT1 and eIF5A possibly play no significant role in heat induced tumor 

cell death. 

 

Western blot analysis was carried out to detect the loss of eIF5A in drug-treated and heat 

shocked cancer cells. As expected, all the heat shocked and heat shock recovered 

colorectal cancer cells showed loss of eIF5A. However, the drugs by themselves failed to 

induce loss of eIF5A or cell death as evident from the morphology and viability assay of 

colorectal cancer cells at 37°C (Fig. 2.10). In addition HeLa cells were resistant to the 

effects of heat shock, drug treatment and the combinatorial effect of drugs and heat 

shock.  
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Figure 2.10: Combinatorial effect of small molecules and hyperthermia in cervical 

(HeLa) and colorectal (HCT116) cancer cells 

 

 

Figure 2.11: Western blot analysis (eIF5A) of drug-treated, heat shocked colorectal 

(HCT116) cancer cells 
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Role of SIRT1 in heat induced tumor cell death 

As seen in Fig. 2.10, modulation of SIRT1 did not have a significant effect on heat 

induced tumor cell death indicating the mechanism of cell death induced by heat 

treatment was independent of SIRT1. 

 

Role of proteases in heat shock induced tumor cell death and loss of eIF5A 

All of these experiments suggest that the death of colorectal cancer cells (HCT116) is 

correlated with loss of eIF5A (Takeuchi 2002, Gosslau 2009, and Fig. 2.9). However 

blocking of eIf5A modification did not have synergistic or additive effect on heat shock 

induced tumor cell death (Fig. 2.10 and 2.11). One of the possible mechanisms to explain 

the loss of eIF5A in heat shocked cancer cells, would involve activation of 

protease/proteases which would then lead to the degradation of eIF5A resulting in cell 

death. 

 

Our lab has previously shown to that a serine protease inhibitor, PMSF was partially able 

to restore cell viability (Gosslau 2009). We further explored the role of proteases in heat 

induced tumor cell death by  pre-treating colorectal (HCT116) cancer cells with other 

known, non-specific protease inhibitors such as EDTA (metalloprotease inhibitor) and 

leupeptin (cysteine, serine and threonine peptidase inhibitor). As evidenced in Figs. 2.12 

and 2.13, both EDTA and Leupeptin were able to partially rescue the cell viability in heat 

induced colorectal (Fig. 2.12 HCT116) and (Fig. 2.13 CaCo2) cancer cells. 
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Figure 2.12: Effect of protease inhibitors on heat induced colon cancer cell death 

 

 

Figure 2.13: Effect of protease inhibitors on heat induced cancer Caco-2) cell death 
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Discussion: 
 

Colorectal cancer cells were  found to be the most sensitive (compared to cervical and 

prostate) to acute heat shock as demonstrated in previous studies (Gosslau 2009) and 

independently reconfirmed in this study in comparison with cervical, prostate and 

neuroblastoma cancer cells. This sensitivity towards acute heat shock was accompanied 

by loss of viability merely after 30 mins of acute heat shock at 51°C and the cells were 

incapable of revitalizing post-heat shock known as recovery period at 37°C. 

 

Stress response is a vital mechanism by which cells mediate survival under stress 

conditions such as temperature changes, starvation, hypoxia (lack of oxygen supply) etc.  

Under extreme stress condition when this mechanism fails to rescue the cells from the 

damaging effects of stress, the cells activate the apoptosis pathway leading to cell death.  

 

In the case of colorectal cells, the heat shock response mediated via activation of HSF1 

(Butler 2011) was incapable of rescuing the cells from the harmful effects of acute heat 

shock and the cells lost viability almost immediately at the end of heat shock period and 

post-recovery period. 

 

It was previously established (Gosslau 2009) that thermal killing of colorectal cancer was 

associated with a loss of eIF5A , an essential and highly conserved survival protein (Chen 

1996) and a serine-protease inhibitor, PMSF was able to partially restore cell viability 
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during acute heat shock. These findings were independently reconfirmed in this current 

study. 

We argue that the thermal-protective effect of PMSF is a function of its protease 

inhibition activity possibly on eIF5A, the loss of which has been shown to result in cell 

death (Chen 1996). To further test the role of protease inhibitors we selected two known 

protease inhibitors, leupeptin (serine, cysteine and threonine peptidase inhibitor) and 

EDTA (metalloproteinase inhibitor) and used PMSF (serine protease inhibitor) as control.  

Interestingly, all three of the protease inhibitors successfully showed partial rescuing of 

the acute heat shock by restoring cell viability as evidenced by MTT viability assay.  

 

Based on the finding that all of the three different protease inhibitors were capable of 

thermal protective effect in colorectal cancer cells, it would be logical to derive the 

implication that more than one protease is activated during acute heat shock and there 

might multiple protein targets, including eIf5A that are either degraded or modified post-

activation of these proteases.  

 

I independently reconfirmed these finding and further proved that other protease 

inhibitors, EDTA (metalloproteinase) and leupeptin (a cysteine, serine and threonine 

protease inhibitor) were able to rescue the loss of viability in colon cancer cells. These 

findings strengthen the hypothesis that proteolytic degradation of crucial survival protein 

results in heat induced tumor cell death (Fig. 2.14).  The exact mechanism, specific 

proteases and proteins involved in tumor cell death remains to be evaluated. 
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Figure 2.14: Proposed mechanism for role of proteases in heat induced tumor cell 

death 
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Conclusions:  
 

1) Of all the cancer cell lines (cervical, colorectal, prostate and neuroblastoma) Of 

all the cancer cells exposed to heat treatment, colon cancer cells were the most 

sensitive  

2) On treatment with SIRT1 inhibitors, cervical cancer cells continued to remain 

viable post-heat treatment and on treatment with SIRT1 activator, Resveratrol, 

colon cancer cells continued to be sensitive to heat treatment. These results taken 

together, imply a  lack of role for SIRT1 modulation in increasing the efficacy of 

heat treatment 

3) Loss of viability in heat treated colon cancer cells is associated with loss of eIF5A 

expression as measured by western blot analysis indicating a role of eIF5A in heat 

induced tumor cell death 

4) On treatment with eIF5A modulation inhibitors, colon cancer cells continued to 

remain sensitive to heat treatment and cervical cancer cells continued to remain 

resistant to heat treatment. This finding indicates a lack of role for eIF5A 

modulation in increasing the efficacy of heat treatment.  

5) Treatment with protease inhibitors restores viability in heat treated colon cancer 

cells indicating a role for proteases in heat induced tumor cell and offers potential 

for modulation of protease activity for improving the efficacy of het treatment 

.  
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CHAPTER 3: Role of resveratrol and its analogs in inflammation 

Introduction 
 

Inflammation is a patho-physiological cell survival mechanism of the body in response to 

irritant stimuli such as cytokines, pathogens, allergans etc. which function by neutralizing 

the irritant and initiating tissue repair to restores homeostasis.  While acute inflammation 

is a desirable response because it a short-term response that aids tissue healing, chronic 

inflammation is a maladaptive response in disease conditions such as arthritis, cancer etc. 

which results in tissue damage and manifests as a disease symptom (Fig. 3.1). Non-

steroidal anti-inflammatory drugs (NSAIDs) are often prescribed to ease chronic 

inflammation but those are associated with an arsenal of side effects and their safety and 

tolerability concerns make development of new anti-inflammatory drugs eminent.  

 

Figure 3.1: Acute vs Chronic Inflammation 
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The biochemical pathway of inflammation (Fig. 3.2, Bode 2000) involves a sequential 

TPA-induced or ultraviolet-induced activation of various GTP proteins, MAP kinase 

kinase kinases (MKKKs), MAP kinase kinases (MKKs), MAP kinases (MAPKs). Other 

pathways include activation of ERK and/or p38 and/or JNK which finally leads to 

activation of transcription factors such as NF-κB or AP1.  Activation of these pro-

inflammatory transcription factors leads to expression of inflammatory genes. 

 

Figure 3.2: Biochemical Pathway of Inflammation 
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NF-κB and Inflammation: 

NF-κB is a pivotal transcription factor that is involved in inflammation and can be 

activated by cytokines such as Tumor necrosis factor-α (TNF), Interleukin-1 (IL-1) etc. 

which cause activation of IκK. IκK causes phosphorylation of IκB which is then releases 

from the NF-κB complex and de raded. Release of IκB from the NF-κB complex allows 

for binding of nuclear localization signal (NLS, Importin) which directs the NF-κB 

complex to the nucleus. In the nucleus, NF-κB binds to the promoter region of DNA and 

causes transcription of pro-inflammatory gene (Tak 2001) 

 

Figure 3.3: NF-κB activation pathway in inflammation 

 

Resveratrol and Inflammation: 

Resveratrol a naturally occurring polyphenol is known to have anti-inflammatory 

properties (de la Lastra 2005 & Zhu 2011). The mechanism by which resveratrol down-



46 

 

 

 

regulates inflammatory response is possibly through inhibition of NF-κB via activation of 

SIRT1, a histone/protein deacetylase which is known to deacetylate the p50/p65 unit of 

NF-κB (Yang 2012). Deacetylation of p65 leads to suppression of TNFα-induced NF-κB 

activation.  

 

The aim of this study is to determine the effect of MC4 and MR4 on TNF-α induced 

activation of NF-κB mediated inflammation. The underlying hypothesis is that since 

resveratrol is known to inhibit activation of NF-κB-mediated inflammation, analogs of 

resveratrol, MC4 and MR4, would potentially have the same inhibitory effect on NF-κB-

mediated inflammation. This would establish a biosmiliar role for MC4 and MR4 in 

inflammation pathways which is of significance given the better drug-like properties of 

MC4 and MR4. 

 

NF-κB Reporter Assay:  

In order to study the effect of resveratrol, MC4 and MR4 on NF-κB mediated 

inflammation response; I used the NF-κB-Jurkat-GFP-reporter assay (System 

Biosciences). Briefly simulation of NF-κB by TNF-α or TPA (12-O-

tetradecanoylphorbol-13-acetate) results in a 30-fold increase in the expression of the 

reporter gene, GFP (Fig. 3.4) 



47 

 

 

 

 

Figure 3.4: NF-κB-Jurkat-GFP Reporter assay (SBI) 

Materials and Methods  
 

Dulbecco's modified Eagle's medium (DMEM) and fetal bovine serum (FBS) were 

obtained from Gibco BRL (Gaithersburg, MD). Resveratrol was obtained from Sigma-

Aldrich and the analogs MC4 and MR4 were synthesized in our lab using the protocol 

published by Gosslau et. al., ( 2005). 

 

Tissue Culture 

NF-κB/Jurkat/GFP (NJG) cells were cultured in DMEM with 10% FBS at 37°C in a 

humidified, 10% CO2 atmosphere. Cells were sub cultured in culture flasks (Falcon, 

Becton-Dickinson, Franklin Lakes, NJ) and passaged every 3 days. Before experiments, 

cells were seeded in 60 mm, 35 mm culture dishes or 24- well plates (Falcon, Becton-

Dickinson, Franklin Lakes, NJ) as indicated for the different assays. Resveratrol and its 

analogs MC4 and MR4 dissolved in DMSO were applied to the medium to achieve the 

indicated final concentrations. 
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NF-κB/Jurkat/GFP reporter assay: 

NF-κB/Jurkat/GFP™ Transcriptional Reporter Cell Line was obtained from SBI System 

Biosciences and the assay was carried out in accordance with the protocol detailed in the 

user manual. NF-κB/Jurkat/GFP™ cells were cultured as a suspension in RPMI medium 

supplemented with 10% FBS and 1% Antibiotic-Antimycotic and maintained at 37ºC and 

5% CO2. The cells were treated with varying dose of TPA (1-10ng) or resveratrol 

(10µM-25µM), MC4 (10nM) and MR4 (5µM) or a combination thereof. The 

inflammation response was recorded as a function of the intensity of GFP fluorescence 

measured (Excitation 485+/-20, Emission 528+/-20) in a Teacan plate reader. 

Results 
 

NF-κB-Jurkat-GFP reporter (njg) cell line purchased were used an inflammation model to 

evaluate the role or stilbene analogs for anti-inflammatory properties. njg cells were 

induced to express GFP, a measure of inflammation through NF-κB activation, using 

varying concentrations of TPA (1-10ng). As shown in Fig. 3.5, TPA induced 

inflammation response in njg cells was dose-independent and concentration as low as 1ng 

TPA effectively reported activation of the inflammatory pathway.  
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Figure 3.5: Dose response of TPA induced inflammation in NJG cells 

 

In order to test the anti-inflammatory properties of resveratrol, a dose dependent study 

was carried out using varying concentration of resveratrol (10-50µM). As evidenced by 

Fig. 3.6, resveratrol when used alone was incapable of activating NF-κB mediated 

inflammation pathway. The cells were viable as evident from the phase contrast images. 

This would imply that either resveratrol was incapable of activating the inflammation 

pathway in njg cells indicating that  resveratrol is not an activator of NF-κB-mediation 

inflammatory response. 
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Figure 3.6: Effect of Resveratrol on the inflammation response of NJG cells 

 

In order to evaluate whether resveratrol inhibited or had no effect on njg inflammation 

response, I pre-treated njg cells with varying concentration of resveratrol (10-50µM) and 

induced inflammation response via addition of TPA (5ng and 10ng). As evidenced by the 

images obtained through fluorescence microscopy (Fig. 3.7), TPA successfully rescued 

the inflammation pathway implying a) either resveratrol had no effect on NF-κB-

mediated inflammation response or b) resveratrol inhibited TPA-induced fluorescence 

but the effect was not visually evident. 
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Figure 3.7: The anti-inflammatory effect of resveratrol was rescued by addition of 

TPA 

 

Quantitative analysis of GFP signal was recorded after adding TPA to njg cells in 

presence or absence of resveratrol to determine the role of resveratrol in TPA-induced 

NF-κB activation. 
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Figure 3.8: Resveratrol, MC4 and MR4 viability assay in njg cells (Dr. Sasaki) 

 

Njg cells were treated with resveratrol, MC4 and MR4 based on the IC50 values 

determined in Fig. 3.8. Fig. 3.9 clearly shows a significant decrease in GFP signal in 

presence of resveratrol indicating an inhibitory role in NF-κB-activation. MC4 and MR4 

showed similar inhibition in TPA-induced activation of NF-κB in njg reporter assay (Fig. 

3.10 and 3.11). The mechanism of resveratrol, MC4 and MR4 mediated inhibition of 

inflammation remains to be evaluated. 
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Figure 3.9: Quantification of GFP signal in presence and absence of resveratrol 

during TPA-induced inflammation in njg reporter cell line 

 

 

Figure 3.10: Quantification of GFP signal in presence and absence of MC4 (10nM) 

during TPA- inflammation in njg reporter cell line 

 

 

Figure 3.11: Quantification of GFP signal in presence and absence of MR4 (5µM) 

during TPA- inflammation in njg reporter cell line 
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 Discussion 
 

Inflammation is a patho-physiological response of the body to tissue/cell damage by 

pathogens, chemicals and physical injury.  Acute inflammation is a short-term response 

mediated by leukocytes that works by removal of the stimuli and repairing the tissue 

while chronic inflammation associated with disease conditions such as allergies, arthritis, 

autoimmune responses is a prolonged, maladaptive response that results in tissue 

destruction (Weiss 2008, Medzhitov 2008).  

 

Resveratrol has been known to inhibit inflammatory response via downregulation of NF-

κB, a pivotal factor in inflammation response (de la Lastra 2005). I reconfirmed the role 

of resveratrol as an anti-inflammatory agent using NFKB-Jurkat-GFP reporter assay. This 

assay allowed for quantitative evaluation of inflammation response mediated by 

activation of NF-κB using inducers of inflammatory response such as TPA. Resveratrol 

and its analogs, MC4 and MR4 mitigated the inflammatory response induced by TPA, 

possibly through downregulation of NF-κB. The exact mechanism of resveratrol, MC4 

and MR4 induced downregulation of NF-κB remains to be evaluated.  

 

One possible mechanism of the downregulation of NF-κB by resveratrol could be through 

direct or indirect (through AMPK) activation of SIRT1 which is known to deactylates the 

p65 unit of NF-κB (Zhu 2011, Yang 2012). SIRT1 is known to deacetylate the p65 unit 

of NF-κB which makes it incapable of binding to the DNA-promote region which is 

required for the  transcription of inflammatory genes. Another possible mechanism could 
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be through activation of PGC-1α (via AMPK) which is known to bind with the p65 unit 

of NF-κB (Alvarez-Guardia 2010, Eisele 2013) making it incapable of binding to DNA.  

 

Both of these plausible mechanisms possibly involve activation of resveratrol through 

AMPK (Fig. 3.11) which has been implicated to have an anti-inflammatory role, 

especially in inflammation related to metabolic disorders (Hoogendijk 2013, Salminen 

2011, O’neil 2013). 

 

Figure 3.12: Proposed mechanism for anti-inflammatory effect of resveratrol, MC4 

& MR4 

 

Resveratrol, Arsenic, AICAR  induced inhibition of inflammation is possibly mediated 

via activation of AMPK which leads to activation of SIRT1 and/or PGC-1α which in-turn 

interact with the p65-unit of NF-κB and down-regulate its expression (Fig. 3.12). In 
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consensus with this hypothesis, cytokines like TPA are known to down-regulate AMPK 

expression resulting in activation of the inflammatory pathways (Steinberg 2009). 

 

 

Figure 3.13: Proposed role of AMPK in the inflammation pathway 

 

Overall, we have shown that resveratrol, MC4 and MR4 inhibit NF-κB-mediated 

inflammation establishing a biosimilar role for resveratrol and its analogs in this disease 

model. The findings that resveratrol and its analogs MC4 and MR4 show potential anti-

inflammatory properties is of significance due to their potential in management of 

inflammatory  response, especially in disease conditions. Further research is required to 

test the biochemical targets of resveratrol and its analogs in the inflammation pathways, 

particularly AMPK, followed by in vivo studies to determine bioavailability. 
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Nevertheless, the data presented here provides a solid foundation for future mechanistic 

and translation studies in inflammation management. 

Conclusions 
 

1) MC4 & MR4 inhibit NF-kB mediated inflammation and offer potential for 

therapeutics in chronic inflammation 

2) The possible mechanism of action of resveratrol, MC4 and MR4 on the down 

regulation of NFKB is possibly mediated via activation of  

a) AMPK, a  crucial regulator of metabolic homeostasis, known to disrupt 

the metabolism of inflammation by activation of PGC-1
α
 and/or SIRT1 

b) PGC-1α , a cofactor known to repress the transcriptional activity of NF-kB 

by interacting with the p/65 unit of NF-κB and/or 

c) SIRT1, a histone and protein deacetylase known to deacetylate p/65 unit 

of NF-κB leading to its inactivation 
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Chapter 4: Effect of chemical stimuli on neuroblastoma 
differentiation 

Introduction: 
 

Neuroblastoma is an early childhood tumor that is most common in infants and accounts 

for about 7% of all cancers in children. Its prevalence is 1 in 7000 live births and 

approximately 650 cases diagnosed each year in the United States
 
(ACS). Median age of 

diagnosis is 18 months, so about 40% are diagnosed in the first year, 75% by age 4 and 

98% by age 10
 
(Brodeur 2003).  

 

Age and perhaps heredity may be considered high-risk factors for neuroblastoma, but 

there are no known lifestyle-related or environmental causes for this disease. Screening 

infants for tumor has helped detect a large number of tumors that would normally have 

gone undetected, however in most cases due to  the non-specificity of the diagnostic 

methods, the outcome does not improve count of early detections or lives saved
 
(ACS).  

 

Existing ultrasound technology is not adequate to detect neuroblastoma pre-birth. All of 

these hindrances rule out preventative therapy for this disease and diagnosis occurs only 

when the child shows signs of illness. 

 

Like most cancers, neuroblastoma exhibits extreme heterogeneity and the signs and 

symptoms vary depending on size, location of the tumor, extent of metastasis, etc. One of 

the sure signs is formation of a lump or mass most commonly in the abdomen. It is one 

the few cancers in children that releases hormones that can cause what is collectively 
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known as paraneoplastic syndromes, symptoms of which include constant diarrhea, fever 

, high blood pressure, rapid heartbeat, flushing of the skin, sweating and a more 

uncommon symptom called opsoclonus-myoclonus-ataxia, which causes rapid eye 

movements, twitching muscle spasms and uncoordinated walking or standing
 
(ACS).  

 

Some other symptoms are of the generic variety including discomfort, pain, swelling, 

urination etc. which are not necessarily associated with tumor pathology. Because of 

which by the time neuroblastoma is diagnosed, in 2 out 3 cases, the cancer has already 

metastasized. 

 

Neuroblastomas can be diagnosed with a blood or urine test for detecting catecholamines. 

The nerve cells secrete this hormone which is broken down into metabolites such as 

homovanillic acid (HVA) and Vanillylmadelic acid (VMA). Presence of these 

metabolites in the urine is an indicator of neuroblastoma and further diagnosis involves 

imaging with an X-ray or a CT-Scan and tumor pathology confirmation via biopsy. 

 

Neuroblastoma is essentially a mass of small, round cells called neuroblasts that have 

little or no neural differentiation. Neuroblastomas develop when normal fetal neuroblasts 

fail to become mature nerve cells, but instead continue to grow and divide.  

 

Treatment includes stand-alone surgery, chemotherapy, radiation etc. or a combination 

thereof.  Most of these treatment options are non-specific to the tumor type and cause an 

arsenal of side-effects. Additional treatment option for neuroblastoma patients is retinoid 
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therapy. Retinoids are chemicals that are related to vitamin A and are known inducers of 

neuronal differentiation which cause undifferentiated tumor cells to differentiate into 

normal nerve cells. Currently, this therapy is used to prevent relapse in chemo-treated 

patients.  

 

Novel neuronal differentiation inducing mechanisms offer a potential for therapy in 

neuroblastoma. The following chapters evaluate the role of small molecules, particularly 

resveratrol, MC4, MR4 and Calcium for potential as inducers of neuroblastoma 

differentiation. 

 

Neuroblastoma differentiation: 

 

Neuroblastomas develop when normal fetal neuroblasts fail to become mature nerve 

cells, but instead continue to grow and divide. The process by which neuroblasts become 

nerve cells is known as neuronal differentiation and neuroblastoma is essentially a tumor 

resulting from the blockage of this differentiation process. There is a clear correlation 

between the degree of differentiation and clinical prognosis, in that a neuroblastoma with 

a high degree of differentiation correlates to a less aggressive tumor-type. 

 

Differentiation therapy used for treatment of neuroblastoma involves treatment with 

small molecule inducers of neuronal differentiation. Various chemical inducers of 

neuroblastoma differentiation have been reported, however the biochemical pathway of 

neuroblastoma differentiation is poorly understood (Fig. 4.1). Dibutyryl-c-AMP is known 

to induce neuronal differentiation via activation of tyrosine hydroxylase leading to 
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activation of pKA and PI3k resulting in neuro-specific gene expression (Prasad 1975). 

Calcium on the hand is known to function through activation of the phosphatidylinositol 

second-messenger system during neuronal differentiation (Reboulleau 1986). Retinoic 

acid binds to retinoic acid receptor and activates the PI3K/AKT pathway during 

neuroblastoma differentiation (Sidell 1982). Resveratrol (3,5,4'-trihydroxy-trans-stilbene) 

a natural polyphenol has been previously reported to induce neuroblastoma 

differentiation via AMPK activation (Dasgupta 2007). Arsenic has been shown to induce 

neuroblastoma differentiation by inhibiting the L1KB-AMPK pathway (Wang 2010). 

 

Figure 4.1: Effect of various chemical inducers on neuroblastoma differentiation 

 

 

In this present thesis, we have evaluated the role of resveratrol and its analogs and  

 

calcium in neuroblastoma differentiation. 
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CHAPTER 4A: Role of Resveratrol and its analogs in neuroblastoma 
differentiation 

Introduction: 
 

Resveratrol is a polyphenol, found in grapes and has been shown to have neuroprotective 

benefits (Baur 2006). Our research focuses on evaluating the role of two potent analogs 

of resveratrol, MC4 and MR4 as inducers of neuroblastoma differentiation. MC4 and 

MR4 have been previously shown to possess biosimilar properties of resveratrol such as 

toxicity, and growth inhibition in in-vitro tumor models (Gosslau 2005). In this thesis, I 

evaluated the role of MC4 and MR4 in cellular differentiation systems, particularly 

neuroblastoma. These analogs of resveratrol offer more potent small molecules for cancer 

therapeutics by modulating the cell progression from proliferation to differentiation. 

 

As previously published (Gosslau 2008), MC4 is cis-isomer of methoxylated-resveratrol 

and MR4 is the trans-isomer of methoxylated-resveratrol. The IC50 of MC4 and MR4 has 

been previously reported to be 20nM and 2µM respectively using HeLa cells for cyto-

toxicity assay. The potency of MC4 and MR4 in comparison to resveratrol (50µM) 

makes them an attractive drug targets for cancer therapeutics.  

 

Dasgupta (2007) previously reported that resveratrol induced neuronal differentiation 

through AMPK activation. The present study aims to reconfirm the results of Dasgupta 

et. al’s  and establish the effect of novel and potent analogs of resveratrol MC4 and MR4 

on neuroblastoma differentiation and establish the biosimilarity of these analogs in 

neuroblastoma differentiation system. 
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Materials and Methods: 
 

Materials:  

Dulbecco's modified Eagle's medium and fetal bovine serum were obtained from Gibco, 

Grand Island, NY. Other reagents were purchased were from Sigma (St. Louis, MO). 

 

Tissue culture:  

Mouse neuro-2a neuroblastoma cells were cultured in Dulbecco's medium containing 

10% fetal bovine serum. For proliferation assay, cells were plated at 2X10
5
 cells per 35-

mm dish in the presence of various chemicals. Cell growth was measured by counting 

viable cells using the Trypan Blue dye exclusion. For differentiation induction assay, 

cells were plated in 35-mm dish at 2X10
5
 cells/ml with or without added chemicals. After 

4 or 5 days, cells were fixed with 5% of trichloroacetic acid and stained with Bacto Gram 

Crystal Violet solution (Difco, Detroit, MI). Differentiation of neuro-2a cells was 

monitored by morphological appearance of neurite outgrowth.  

 

Phase contrast Imaging:  

Phase contrast images were captured at 10X10 magnification. 
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Results:  
 

As shown in Fig. 4.2, neuro-2a cells when treated with small molecule inducers such as 

dibutryl-c-AMP (1mM), exhibit growth arrest as evident by the low cell density and these 

growth arrested cells produce long neurite-like outgrowths characteristic of 

differentiation. 

 

Figure 4.2: Morphology of Differentiated Vs. Undifferentiated Neurons 

 

In order to test the effect of resveratrol and its analogs in neuronal differentiation, a 

viability assay was carried out to determine the IC50 of these chemicals in neuro-2a cells 

under proliferation and differentiation conditions. A single dose of resveratrol at 25µM, 

MC4 at 2.5nM and MR4 at 2.5 µM was maintained throughout the period of 

differentiation (7 days). It was determined that the stilbene analogs at the above 

mentioned concentrations were toxic to the cells as evident by the Crystal violet assay, 

neuro-2a cells died under both proliferation  and differentiation conditions (Fig. 4.3) 
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Figure 4.3: Viability assay of resveratrol and its analogs in neuro-2a cells 

 

A more systematic dose-response study was carried out to determine the IC50 on 

resveratrol, MC4 and MR4 in neuro-2a cells under proliferation and differentiation 

conditions.  

 

Dose–response effect of Resveratrol on neuroblastoma cell differentiation 

During the course of the dose-response assay using neuro-2a cells, we noticed that the 

presence of resveratrol in the culture appeared to promote neurite outgrowth, a hallmark 

of neuroblastoma cell differentiation. Since Bt2cAMP is a commonly used reagent for 

mouse neuroblastoma differentiation, we compared the effects of resveratrol at different 

concentrations with that of Bt2cAMP on the cell morphology of neuro-2a cells. As shown 

in Fig. 4.4, resveratrol alone at 5µM concentration was sufficient to generate an extensive 

http://www.sciencedirect.com/science/article/pii/S0304383500005619#FIG2
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web of neurite outgrowth. The efficacy of resveratrol in eliciting the morphological 

change in mouse neuroblastoma cells was comparable to that of Bt2cAMP.  

 

 

 

Figure 4.4: Dose response study of Resveratrol in neuronal differentiation 

 

Effect of MC4 and MR4 on the differentiation of neuroblastoma cells 

Fig. 4.4, shows that resveratrol at 5µM caused more than 90% of cells in the culture to 

 enerate lon  neurite out rowth (>50 μm). The potency of resveratrol in inducing the 

morphological differentiation of neuro-2a cells prompted us to test the effects of other 

resveratrol derivatives MC-4 (IC50-20nM) & MR-4 (IC50-2µM) on neuroblastoma cell 

differentiation.  
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Neuro-2a cells were treated with MC4 under differentiation conditions at a dose interval 

of 1-9nM to evaluate the effect of MC4 on differentiation alone. As shown in Fig. 4.5, 

MC4 was toxic at a concentration of 7nM and above. However at a lower concentrations, 

between 3-5nM, the cells exhibited neurite outgrowth. 

 

 

 

Figure 4.5: Dose response study of MC4 in neuronal differentiation 

 

MR4 induced neuronal differentiation was evaluated by conducting a systematic dose 

response study (Fig. 4.6). MR4 was toxic at 100nM and above, this concentration was 

well below the known IC50 of MR4 which was previously observed to be at 2µM 

(Gosslau 2005). Neuronal differentiation was observed at a concentration range of 10-

50nM as evident by a network of neurite outgrowth. 



68 

 

 

 

 

 

 

Figure 4.6: Dose response study of MR4 on neuronal differentiation 

 

 

Effect of Nicotinamide on neuronal differentiation: 

Resveratrol is a known activator of SIRT1 (Borra 2005) and in the light of this evidence, 

we evaluated the role of nicotinamide on neuronal differentiation. Nicotinamide is a 

small molecule inhibitor of SIRT1 and our hypothesis was that if resveratrol induced 

neuronal differentiation by activating SIRT1, then the treatment of neuro-2a cells with 

nicotinamide would inhibit differentiation and promote growth of neuroblastoma. We 

conducted a systematic dose response study of the effect of nicotinamide in neuro-2a 

cells (Fig. 4.7). Intriguingly, nicotinamide induced neuronal differentiation at 
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concentrations between 1-2mM. It inhibited growth at 5-10mM and was toxic above 

10mM indicative of a lack of SIRT1 involvement in neuroblastoma differentiation. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7: Dose response of Nicotinamide on neuronal differentiation 
 

Discussion: 
 

Resveratrol and its potent analogs MC4 and MR4 induced differentiation of 

neuroblastoma cells as evident from Figs. 4.4, 4.5 and 4.6. Interestingly the 

concentrations at which the stilbene analogs (R3, MC4 and MR4) were toxic to neuronal 

cell was well below the established IC50 (Gosslau et. al, 2005) refer Table 4.1. 
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 IC50 (HeLa, Cervical 

cancer) 

(Gosslau et. al. 2005) 

IC50 (neuro-2a, 

neuroblastoma) 

Differentiation 

inducing conc. 

R3 50µM (10-fold) 10µM (2-fold) 5µM 

MC4 2µM(1000-fold) 8nM (4-fold) 2nM 

MR4 20µM (100-fold) 100nM (2-fold) 50nM 

Table 4.1: Comparison of IC50 values for differentiation inducing conc. of 

resveratrol, MC4 and MR4 

 

Overall there is increased sensitivity to stilbene analogs in neuroblastoma cells as 

compared to cervical cancer (Table 4.1). This phenomenon could imply one of the two 

things:  either neuroblastoma cells are 10-1000 fold more sensitive to stilbene analogs, 

which offers a huge therapeutic advantage in using R3, MC4 and MR4 for differentiation 

therapy in neuroblastoma mainly because it leads to lower dosage, decreased side effects 

and an overall reduction in cost of treatment.  

 

However, the observed sensitivity in neuroblastoma cells could possibly be a function of 

the complex differentiation protocol. As described in the methods section, induction of 

neuronal differentiation involves a combination of growth arrest and external activator or 

the differentiation pathway. Growth arrest is achieved by lowering the serum 

concentration (from 10% to 2%) which reduces growth factors available for proliferation 

and a highly low seeding density (1:50 dilution) which inhibits the crucial cell-cell 
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contact essential for proliferation. These variations in the cell environment make 

proliferation difficult and upon receiving external signal to differentiate, they commit to 

the differentiation pathway. The reduced serum conditions and chemical stress in the 

form of stilbene analogs makes the cells more sensitive compared to cervical cancer cells. 

 

Comparing the toxicity and functional (differentiation inducing) concentration range, it 

was evident that there is a very narrow window (between 2-8 fold) that allows the cells to 

undergo differentiation versus cell death. This observation strengthens the idea that 

stilbene analogs have multiple downstream targets and activation of these targets is a 

function of dosage. 

 

Comparing the effect of R3 to its potent analogs, MC4 and MR4 in neuronal 

differentiation we reach the conclusion that agrees with the previous studies that have 

established bio-similarity between these molecules (Chapter 2). Resveratrol and its 

analogs induce neuronal differentiation in much the same manner as MC4 and MR4, 

although at a much lower concentrations. This suggests that the biochemical target of 

these molecules is possibly the same given how closely related they are in structure 

(Table 4.2). 
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Molecule R3 MC4 MR4 

Chemical Name 3,5,4'-trihydroxy-

trans-stilbene 

  

3,4,5,4'-tetramethoxy-

cis-stilbene 

3,4,5,4'-tetramethoxy-

trans-stilbene  

Structure  

 

  

 

Table 4.2: Structure of Stilbene analogs 

 

The cis- vs trans-stereochemistry of MC4 and MR4 does not affect the activation of 

biochemical targets required for neuronal differentiation, disqualifying a receptor-ligand 

binding mechanism of action. 

 

One of the well-known targets of resveratrol is SIRT1 and we tested the effect of 

inhibition of SIRT1 on neuronal differentiation. Neuro-2a cells were treated with 

nicotinamide, a non-specific product inhibitor of SIRT1. The hypothesis being that if 

SIRT1 is involved in neuroblastoma differentiation, inhibition of SIRT1 by nicotinamide 

would result in inhibition of neuronal differentiation. As evident from the results of the 

dose response study of nicotinamide (1-2mM) treated neuro-2a cells continued to 

undergo neuronal differentiation (Fig. 4.7) suggesting a lack of SIRT1 involvement in 

neuronal differentiation. This finding is in agreement with the results of Dasgupta et. al, 
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(2007) that showed that resveratrol mediated neuronal differentiation was independent of 

SIRT1 activation and possibly mediated via activation of AMPK. It would be interesting 

to evaluate whether MC4 and MR4 function through activation of AMPK in neuronal 

differentiation. These potent analogs of resveratrol offer exciting therapeutic potential, 

especially due to the findings that they are biosimilar to resveratrol and better potency. 

Conclusions: 
 

1) Resveratrol, MC4 and MR4 effectively inhibit proliferation and induce 

neuroblastoma differentiation  

2) Of all the molecules tested, MC4 was the most effective in achieving 

neuroblastoma differentiation (3nM) 
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Chapter 4B: Effect of Ca2+ ions on neuroblastoma differentiation 

Introduction 
 

As established by Dasgupta (2007), resveratrol promotes neuronal differentiation by 

activating the AMPK pathway; it was eminent to look for other small molecule 

modulators of AMPK to reconfirm the involvement of AMPK pathway in neuroblastoma 

differentiation. Calcium is a known modulator of AMPK pathways and moreover, a 

previous study (Reboulleau 1986) showed that Calcium ions induce neuroblastoma 

differentiation at a concentration of 20mM.  

 

This study aims to reconfirrm the effect of calcium ions on neuroblastoma differentiation 

and further explore time course of external calcium eposure required to induce non-

reversible differentiation of neuroblastoma. Another objective is to evaluate the role of 

calcium in combination with other small molecues such as resveratrol and its analogs for 

potential therapy. This will provide insights into the role of calcium in neuroblastoma 

differentiation and offer ptotential therapeutic use for calcium in neuroblastoma 

differentiation.  
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Materials & Methods 
 

Materials:  

Dulbecco's modified Eagle's medium and fetal bovine serum were obtained from Gibco, 

Grand Island, NY. Other reagents were purchased were from Sigma (St. Louis, MO). 

 

Tissue culture:  

Mouse nuero-2a neuroblastoma cells were cultured in Dulbecco's medium containing 

10% fetal bovine serum. For proliferation assay, cells were plated at 2X10
5
 cells per 35-

mm dish in the presence of various chemicals. Cell growth was measured by counting 

viable cells using the Trypan Blue dye exclusion. For differentiation induction assay, 

cells were plated in 60-mm dish at 2X10
5
 cells/ml with or without added chemicals. After 

4 or 5 days, cells were fixed with 5% of trichloroacetic acid and stained with Bacto Gram 

Crystal Violet solution (Difco, Detroit, MI). Differentiation of neuro-2a cells was 

monitored by morphological appearance of neurite outgrowth.  

 

Phase contrast Imaging:  

Phase contrast images were captured at 10X10 magnification. 

Western blot analysis:  

This procedure was carried out as described for detection of SIRT1 and actin. For 

analysis, cells were washed and scraped into 1 ml of PBS. After sonication, the 

homogenate was exposed to centrifugation at 14,000x g for 5 min. The supernatant was 

saved and protein concentration was determined by the Bradford method from Bio-Rad 



76 

 

 

 

(Hercules, CA). Whole cell extracts (5 μ ) were resolved on a 15% SDS-PAGE system 

and transferred onto a PVDF membrane using a Trans-Blot Electrophoresis Transfer Cell 

at 370 mA for 1.5 h. Non-specific protein-binding sites on the membrane were blocked 

by incubation with 5% (w/v) non-fat dry milk in PBSTween20 and probed with primary 

anti-SIRT1 antibody (1:500 dilution) overnight at 4°C. The membranes were washed in 

PBSTween20, followed by incubation with secondary antibody at 1:25,000 dilution. 

Primary polyclonal antibody against recombinant human SIRT1 was raised in chicken 

and affinity-purified by recombinant SIRT1 proteins. The secondary rabbit against 

chicken antibody conjugated to horseradish peroxidase (HRP-RAC) was from Amersham 

Pharmacia (Piscataway, NJ).  

 

Semi-quantitative RT-PCR: 

Reverse-transcription polymerase chain reaction (RT-PCR) was employed to monitor the 

expression of SIRT1 gene. The treated cells were harvested 5  days after plating. Total 

RNA was prepared using RNeasy Kit (Qiagen, Chatsworth, CA), reverse transcribed into 

cDNA by SuperScriptTM RNase H reverse transcriptase (Gibco BRL) using oligo (dT) 

12±18 as primer. For PCR amplification, gene specific primers were designed. The 

sequences of the sense and anti-sense primers for various genes were: Sense: 

TGGATGATATGAACGCTGTGGCAGA 

Antisense: AGAGGTGTTGGTGGCAACTCTGAT. PCR was performed under 

conditions where the yield of the amplified product was linear with respect to the amount 

of input RNA. The PCR products were analyzed by electrophoresis on a 1% agarose gel 

containing ethidium bromide. 
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Results: 
 

Calcium specifically induces neuronal differentiation: 

Calcium chloride was added to proliferating (10% FBS) and differentiating (2% FBS) 

neuro-2a cells at 10mM and 20mM concentration. As shown in figure 4.8, external 

calcium is not toxic to neuro-2a cells at the maximum concentration tested (20mM) and 

in the presence of reduced serum medium and 10mM calcium chloride; the 

neuroblastoma cells exhibit an extensive network of neurite outgrowth.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8: Dose response and viability assay of Calcium chloride on neuroblastoma 

differentiation 
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In order to establish a robust neuronal differentiation system, I designed a systematic 

experiment to study the effect of varying serum (1-10%) and calcium chloride (5-20mM) 

concentration (Fig. 4.9). Dibutyryl-c-AMP was used as a control to compare the effects 

of calcium chloride on neuronal differentiation.  It was observed that 10mM Calcium 

chloride at 2% serum concentration was optimum for inducing neurite outgrowth in 

neuro-2a cells. Crystal viability assay was performed to demonstrate cell viability 

(Fig.4.10). 

 

 

Figure 4.9: Establishing a robust model for calcium induced neuroblastoma 

differentiation by varying serum concentration 
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Figure 4.10: Crystal Violet Viability assay for calcium induced neuroblastoma 

differentiation 

 

Calcium specifically induces neuroblastoma differentiation 

It is valid to ask the question as to whether the effect of calcium is specific to neuronal 

differentiation or is it a function of its divalent metallic ion-like properties. In order to test 

this hypothesis, we evaluated the effect of Zn and Cu in the form of Zinc chloride and 

copper chloride to establish 1) specificity of calcium and 2) rule out chloride ion as an 

inducer of differentiation. As shown in Fig. 4.11, Zn and Cu failed to induce 

differentiation of neuroblastoma cells confirming our hypothesis that calcium induced 

differentiation of neuronal cells involves activation of differentiation pathway 

specifically by calcium. 
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Figure 4.11: Effect of other divalent ions (Cu & Zn) on neuroblastoma 

differentiation 

 

A constant external source of calcium is required for neuronal differentiation 

We further evaluated the minimal exposure time required for calcium induced neuronal 

differentiation by removing Calcium chloride and replacing with fresh reduced serum 

medium and allowing the cell to remain in culture.  Calcium chloride exposure was 

varied from 1 Day (24 hrs.) to 7 Days (168 hours) (Figs. 4.12 A & B). A viability assay 

was carried out at the end of differentiation period (7 days).  It was very intriguing to 

discover that a constant external source of calcium ions was eminent for neurite 

outgrowth. Neuro-2a cells failed to differentiation if the constant calcium source was 

depleted and replaced with reduced medium serum. 
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A 

 
 

B 

 

Figure 4.12: Time course study to evaluate the effect of calcium chloride on 

neuronal differentiation, 4.12A: Morphology, 4.12 B: Crystal violet viability assay 
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Combinatorial effects of stilbene polyphenols and Calcium on neuronal 

differentiation 

Chemotherapy approaches involve combining a complex dose regime for effective and 

aggressive targeting tumors. In light of the data obtained in the previous chapter where I 

reported stilbene analogs (Chapter 2A) induced neuronal differentiation and this current 

study also supporting calcium as an inducer of neuroblastoma differentiation, I designed 

a study to achieve synergist/additive effect of these small molecules with calcium.  

 

Adding 5µM resveratrol in combination with 10mM calcium chloride seemed to increase 

the number of neurite outgrowths by morphological observation (Fig. 4.13) but the 

difference was not significant to confirm synergistic/additive effect. MC4 and MR4 

showed no synergistic/additive effect with calcium ions on neuronal differentiation (Fig. 

4.14 & Fig. 4.15). 

 

 

Figure 4.13: Combinatorial effect of resveratrol and Calcium on neuroblastoma 

differentiation 
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Figure 4.14: Combinatorial dose response study of MC4 and calcium on 

neuroblastoma differentiation 
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Figure 4.15: Combinatorial dose response study of MR4 and calcium on 

neuroblastoma differentiation 

 

Biochemical analysis of calcium induced differentiation 

Resveratrol has been shown to be an activator of SIRT1 (Baur 2006). Based on the 

combinatorial studies performed in this thesis (Fig. 4.13, 4.14 & 4.15) we interpreted that 

resveratrol and calcium possibly activate a similar pathway in neuronal differentiation. I  

tested this hypothesis by conducting western-blot analysis of samples of undifferentiated 

and differentiated (calcium induced) neuro-2a cells to detect SIRT1 protein. As shown in 

Fig. 4.16 and 4.17, samples of neuro-2a cells harvested, lysed and analyzed post 24 hours 

of treatment as follows-Lane 1 (growth medium), Lane 2 (reduced serum medium) and 
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Lane (calcium supplemented reduced serum medium). Actin was used as a housekeeping 

gene. Western blot analysis of SIRT1 (Fig. 4.16), visible as a band at ~150 KDa and we 

notice an increased expression of SIRT1 in Lane 2 (reduced serum medium), this 

collaborates well with the existing literature that shows SIRT1 is activated during calorie 

restriction (Canto & Auwerx 2009). However there was very little to no expression of 

SIRT1 in lane 3 (calcium supplemented reduced serum medium). RT-PCR analysis of 

SIRT1 (Fig. 4.17) corroborates the results in Fig. 4.16 indicating the absence of a role of 

SIRT1 in neuronal differentiation. Together this implies that calcium induced 

differentiation was independent of SIRT1 activation.  

 

 

 

 

 

 

Figure 4.16: Western blot analysis of SIRT1 

 

 



86 

 

 

 

 

 

 

 

 

 

Figure 4.17: RT-PCR analysis of SIRT1 

Discussion: 
 

Specificity of Calcium induced differentiation of neuro-2a cells  

Calcium induced differentiation of neuroblastoma was observed by Reboulleau (1986) 

using rat CNS neuroblastoma cell line (B50) and this was reassessed by systematic dose-

response, viability and time-course studies conducted using a different in-vitro 

neuroblastoma model, nuero-2a (mouse). The results of this study were congruent to the 

findings of Reboulleau (1986) indicating that extracellular calcium induced 

Samples of neuro-2a cells harvested, lysed and analyzed post 24 hours of treatment as follows- 

Lane 1 (growth medium),  

Lane 2 (reduced serum medium) and  

Lane 3(calcium supplemented reduced serum medium).  

RT-PCR Conditions:  

Tm: 59.8⁰C 

PCR cycles: 35 
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differentiation of neuroblastoma cells characterized by the presence of extensive neurite 

outgrowths. 

Lackin  in Reboulleau’s study was evidence for the specificity of calcium as an inducer 

of neuronal differentiation although he reported previously published citations of calcium 

dependent differentiation processes.  

 

It was eminent for our study to determine the specificity of calcium ions in inducing 

neuronal differentiation, by eliminating the effect of chloride ions and using other 

divalent cations. This was achieved by addition of Zinc chloride and Copper chloride to 

neuro-2a cells in culture and evaluated for differentiation potential. It was concluded that 

both Zinc chloride and Copper chloride were incapable of neuronal differentiation as 

evidence by the lack of neurite processes. This established the specificity of calcium ions 

in inducing neuro-2a differentiation. 

 

A constant external source of calcium is required for neurite outgrowth in calcium 

induced differentiation of neuro-2a 

I further determined that a constant source of calcium ions in the differentiation medium 

throughout the differentiation period (7 days) was crucial for neuronal differentiation 

without which the cells failed to develop neurite extensions and continued to proliferate. 

This discovery was highly unusual because the current understanding of differentiation 

models is that differentiation occurs through differential gene expression resulting from 

extrinsic or intrinsic signals within a cells environment. However once the cell is 

committed to a differentiation fate and activated the differential gene expression, it 
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continues to undergo terminal differentiation in the absence of these signals (reference). 

However it was highly unusual to notice that an external source of calcium ions was 

required throughout the entire course of differentiation. 

 

Possible rationale and Implications of the stringent requirement for presence of 

calcium source throughout the differentiation period (7 days) 

A possible explanation for this peculiar phenomenon could be that calcium was required 

for two or more early to late stages of differentiation, disqualifying the notion that 

neuronal differentiation induced by calcium was an inducer driven cascade of 

biochemical pathway leading to terminal differentiation. It appears calcium is involved in 

more than one independent biochemical pathways essential for neuronal differentiation. 

This hypothesis is supported by similar timing-dependent effect of NGF (neuronal 

growth factors) on PC12 (neuronal differential model) differentiation where 

discontinuous stimulation of NGF was required for neurite extension (Chung 2010). 

 

I have established that calcium is required during the later stage of neuronal 

differentiation. However the question remains whether calcium is required during the 

early stages of differentiation. This could be easily tested by introducing calcium at a 

later stage of differentiation (Day 5-7 after addition of reduced serum medium) and 

monitoring the effect on neurite outgrowths. Results from this proposed experiment, 

would determine where calcium is required during early stages of differentiation. Another 

interesting experiment would involve depleting calcium in differentiated neurons and 

monitoring the effect on existing neurite outgrowths.  Considering how differentiation is 
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a terminal event, it would be highly unusual to notice retraction of neurite extensions and 

reversion back to progenitor cells which in this case would be neuroblastoma cell type. 

 

Possible mechanism action of calcium induced neuronal differentiation 

IP3 

Reboulleau concluded that activation of phosphotidyl-ionositol (IP3) second messenger 

system by calcium through the cell membrane is an initial step in a cascade of events 

involved in neuronal differentiation. However in the light of new findings in this thesis, 

that implicate a role for calcium during later stages of differentiation, it is plausible that 

calcium  activates more than one biochemical pathway to induce neurite extensions in 

neuroblastoma.  

SIRT1 

I evaluated the effect of SIRT1 on calcium induced differentiation through biochemical 

analysis of SIRT1 (Western-blot, Semi-quantitative PCR). As evidenced by the data (Fig. 

4.16 & 4.17) and results of Dasgupta (2007), SIRT1 a known biochemical target of 

resveratrol, the calcium induced differentiation of neuroblastoma was independent of 

SIRT1 activation.  

AMPK 

As detailed in the previous chapter, resveratrol induced neuronal differentiation involves 

activation of AMPK (Dasgupta 2007).  It remains to be seen whether AMPK is a target of 

Calcium induced differentiation of neuroblastoma. 
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Combinatorial studies of calcium and resveratrol analogs: 

Cancer therapeutics utilize an aggressive, combinatorial approach to maximize efficacy 

of treatments available such as a regime of chemotherapy in combination with radiation 

therapy for a multi-targeted attack on tumors. As demonstrated in previous chapter (2A), 

resveratrol and its analogs were inducers of neuronal differentiation much like calcium 

induced differentiation of neuro-2a. I conducted combinatorial studies to determine any 

potential synergistic role for resveratrol and its analogs (MC4 and MR4) with calcium on 

neuronal differentiation. The purpose of this study is twofold: 1) to determine if the 

stilbene analogs and calcium have a similar downstream biochemical target which would 

be evident by the lack of any synergistic effect and 2) to develop a multi-drug regime for 

effective differentiation of neuroblastoma achieved by targeting multiple biomolecules in 

the differentiation pathway which would be evident from the synergistic effect of stilbene 

analogs and calcium. 

 

I have independently reconfirmed the neuronal differentiation inducing effect of 

resveratrol and calcium using the in-vitro cell model: nuero-2a, which is a mouse 

neuroblastoma cell line. Given the aggressive nature of cancer, I evaluated the 

combinatorial effect of calcium and resveratrol and its analogs on neuroblastoma 

differentiation with the purpose of determining the biochemical of target of calcium and 

developing a potent cocktail of drugs with better differentiation potential than individual 

drugs. However calcium and resveratrol and its analogs failed to show any significant 

synergistic effect implying that they had similar biochemical targets, which could 
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possibly be AMPK (established in previous studies involving resveratrol and neuronal 

differentiation).  

 

Dose-response studies of stilbene analogs with calcium suggest that there is a lack of 

synergistic effect of these inducers on neuronal differentiation. Of course, a time-course 

study of these inducers would provide more conclusive evidence to support the dose-

response study. However present data partially supports our hypothesis that stilbene 

analogs and calcium possibly have similar biochemical targets involved in neuronal 

differentiation due to which no significant synergistic effect was observed. 

 

It was previously established that calcium possibly activated the phosphatidylinositol 

second messenger system as an early step during neuronal differentiation (Reboulleau 

1986). I reconfirmed the specificity of calcium ions in inducing neuroblastoma 

differentiation and further proved that a constant source of calcium ions is eminent for 

neuronal differentiation. This is indicative of a role for calcium ions in both early and late 

stages of neuronal differentiation. This finding that calcium had more than one 

biochemical target in neuronal differentiation coupled with the fact that resveratrol and 

calcium had similar biochemical targets makes us speculative of a role for calcium in 

activation of AMPK. A possible mechanism for activation of AMPK via calcium could 

be through CaMKK (Fig. 4.18).  It remains to be evaluated if AMPK is a biochemical 

target in calcium induced neuronal differentiation.  
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The exact mechanism by which resveratrol activates AMPK is not well understood, but a 

potential mechanism (Fig. 4.18 and 4.19) involves a cascade of events starting with 

inhibition of PDE, followed by increase in cAMP levels, leading to activation of PKA, 

followed by activation of L1KB or CAMKK both of which have been known to activate 

AMPK (Chung 2012). Interestingly, calcium is known to activate CAMKK potentially 

leading to activation of AMPK during neuronal differentiation. Additionally, in-vitro 

neuroblastoma differentiation method involves treatment of neuro-2a cells with inducers 

under reduced serum conditions. This step is critical for inducing differentiation, which 

possibly induces AMPK activation which is a crucial energy sensor and responds to low 

energy levels. My finding that resveratrol and calcium induce neuroblastoma 

differentiation individually, but fail to show synergistic effect when used in combination, 

implies a similar biochemical pathway for both resveratrol and calcium in neuronal 

differentiation. Both resveratrol and calcium possibly activate AMPK via L1KB/CaMKK 

or CaMKK respectively, mimicking a calorie restriction environment which leads to 

growth inhibition and activation of differentiation pathway. 
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Figure 4.18: Proposed biochemical pathway of resveratrol and calcium induced 

neuroblastoma differentiation 

 

In addition, we have established a biosimilar effect of two methoxy derivatives of 

resveratrol, MC4 (3,4,5,4'-tetramethoxy-cis-stilbene) and MR4 (3,4,5,4'-tetramethoxy-

trans-stilbene) in neuronal differentiation. It remains to be evaluated if the effect of MC4 

and MR4 is mediated via activation of AMPK, similar to resveratrol in the neuronal 

differentiation pathway. However the biosimilar effects of MC4 and MR4 in neuronal 

differentiation system offers a pharmacological advantage for clinical studies. Both MC4 

and MR offer an improved pharmacokinetic/pharmocodynamic (PK/PD) profile as 

compared to resveratrol, which is currently facing low bioavailability issues in pre-

clinical trials limiting the translation of its bioactivity under physiological conditions.   
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The low bioavailability of resveratrol is characteristic of its polyphenol structural 

framework which leaves the free-hydroxyl groups vulnerable to enzymatic activity 

resulting in rapid metabolism. The methoxy derivatives of resveratrol offer resistance to 

the enzymatic degradation due to the protective methoxy groups.  

All of these findings provide insights into the mechanism of neuroblastoma 

differentiation which maybe mediated via AMPK activation and offer pharmacologically 

superior derivatives of resveratrol with potential for treatment in neuroblastoma 

differentiation. 

Figure 4.19: Proposed biochemical mechanism of resveratrol, MC4, MR4 and 

calcium in neuroblastoma differentiation 
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Conclusions: 
 

1) Combinatorial approach of treatment of resveratrol, MC4 and MR4  with calcium 

did not enhance the efficacy of neuroblastoma differentiation 

2) Despite lower levels of SIRT1 during neuroblastoma differentiation as evidenced 

by western blot analysis, RT-PCR, induction of differentiation upon treatment 

with SIRT1 inhibitor and SIRT1 activator resveratrol, it can be concluded 

neuroblastoma differentiation is independent of SIRT1 expression 
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Chapter 5: Effect of chemical stimuli on preadipocyte 
differentiation 

Introduction 
 

Obesity is a condition where storage of excess body fat results in adverse health effects 

such as increased risk of diabetes or stroke etc. Available treatment options include 

prescription weight-loss drugs that work on CNS and suppress hunger (Lorcaserin), block 

absorption and digestion of fat (Orlistat) etc. all of which cause an arsenal of side-effects. 

Additional treatment options include surgery for removal of excess fat which is highly 

invasive. All of these limitations of current obesity treatments necessitate the discovery 

of novel drugs with better bioactivity and lower side effects. 

 

Body accumulates excess fat by two mechanisms, adipose hypertrophy (increase in fat 

tissue volume) or adipose hyperplasia (increase in fat cell number). Clinical prognosis 

shows adipose hypertrophy precedes adipose hyperplasia which is associated with severe 

to extreme obesity.  Adipose hyperplasia is achieved by a cellular process called 

preadipocyte differentiation in which a precursor of fat cell (preadipocyte) is converted 

into fat cell (adipocyte) capable of accumulating the excess body fat.  Inhibition of this 

process of fat storage in the body offers potential anti-obesity treatments.  

 

The biochemical pathway of preadipocyte differentiation is well understood and involves 

activation of a cascade of transcription factors, Krox20 (homolog of early growth 

response 2 (EGR2), pCREB (phosphorylated cyclic-AMP response element binding 

protein), c/EBPβ (cytidine-cytidine-adenosine-adenosine-thymidine-enhancer binding 

http://en.wikipedia.org/wiki/Cytidine
http://en.wikipedia.org/wiki/Adenosine
http://en.wikipedia.org/wiki/Thymidine
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protein β), c/EBPδ, KLF5, SREBP1c, c/EBPα and PPARγ, leadin  to expression of 

adipocyte-specific genes such as Leptin, Fatty Acid Synthase, Adiponectin etc. The 

activation of these transcription factors requires various inducers such as serum mitogens 

(Krox20), cAMP (pCREB),  lucocorticoids such as dexamethasone (c/EBPδ) and Insulin 

(SREBP1c) to commit to a terminal differentiation pathway Pref-1 blocks expression of 

pCEBPβ and exercises ne ative control over preadipocyte differentiation. Briefly, 

activation of Krox20 by serum mitogens or activation of pCREB (Farmer 2006) (Fig. 

5.1).  

 

Figure 5.1: Transcriptional Regulation of Preadipocyte differentiation 

 

Given the extensive handle on the preadipocyte differentiation pathway; various 

inhibitors of preadipocyte differentiation have been reported that target these 

transcription factors, especially the master re ulators, c/EBPα and PPARγ. There are 
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several small molecules such as DFMO, resistin, retinoic acid, resveratrol etc. that have 

been shown to inhibit adipogenesis and are currently in preliminary research.   

 

Polyamines and eIF5A in Preadipocyte differentiation:  

 

 

Figure 5.2: Polyamine Biosynthesis & eIF5A 

 

Polyamines are low molecular weight, aliphatic amines present in all eukaryotes and are 

tightly regulated by a process called polyamine biosynthesis (Fig 5.2). Ornithine is 

upstream in the biosynthesis pathway and is the source of putrescine, spermidine and 

spermine. Various enzymes function to synthesize these amines or degrade them and 

each one provides a regulatory step. For example, synthesis of putrescine from ornithine 

requires an enzyme called ornithine decarboxylase, but α-Difluoro Methyl Ornithine 

(DFMO) an inhibitor of this enzyme, attenuates the synthesis of putrescine and other 
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polyamines downstream. Appropriate levels of polyamines are maintained by synthesis, 

degradation and uptake of amines. It is known that they are required for cell proliferation 

and are lucrative targets for cancer and other hyperproliferative diseases (Casero and 

Marton 2007).  

 

The polyamine- spermidine is required for the modification of eIF5A, another protein 

crucial for cell viability. Infact, modification of eIF5A is the most specific polyamine 

dependent pathway (Chen 1997). eIF5A gene is highly conserved, from yeast to human.  

 

The eIF5A protein contains a an unusual amino acid derived from posttranslational 

modification of a unique lysine residue using spermidine as the substrate Fig. 5.2 

illustrates the biochemistry of this unique posttranslational modification, wherein 

deoxyhypusine synthase (DHS) catalyzes the transfer of 4-aminobutyl moiety from 

spermidine to a specific lysine reside, resulting to a deoxyhypusine reside and 

deoxyhypusine hydroxylase catalyzed the hydroxylation of deoxyhypusine to hypusine 

(Chen 1997). Deletion of genes encoding eIF5A or DHS in yeast produces lethal 

phenotype (Schnier 1991; Sasaki 1996), indicating that eIF5A is an essential protein and 

that hypusine modification is necessary for its essential function. Inhibition of DHS using 

specific inhibitors such as GC7 (N1-guanyl-1,7-diaminoheptane) in mammalian cells 

leads to growth arrest, suggesting that eIF5A plays an important role in growth regulation  

(Park 1994; Chen 1996).  
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Previous studies have shown that modulation of polyamine content may affect 

differentiation program in a number of cell systems. For example, DFMO was found to 

induce or promote the differentiation of mouse and human neuroblastoma cells (Chen 

1996). On the other hand, DFMO was reported to inhibit the preadipocyte differentiation 

(Bethell and Pegg 1981, Erwin 1984). In addition, specific inhibition of hypusine 

formation has been reported to affect the differentiation of neuroblastoma, 

erythroleukemia cells (Chen 1996), and more recently, PC-12 cells (Huang 2007).  

 

Although it has been shown that DFMO inhibits the differentiation of 3T3-L1 

preadipocytes, the published work is preliminary and has not been confirmed in the 

literature. Present study aims to reconfirm the role of DFMO in inhibition of preadipocyte 

differentiation and further evaluate whether polyamines or eIF5A are involved in 

preadipocyte differentiation. This would be significant for determining the biochemical 

role of eIF5A which is poorly understood and provide a powerful tool for modulation of 

the preadipocyte differentiation pathway via eIF5A for anti-obesity potential. 

 

Resveratrol & Preadipocyte differentiation: 

Resveratrol (3, 5, 4'-trihydroxy-trans-stilbene) a natural stilbene derivative, has been 

shown to inhibit the lipid storage in adipocytes by exerting control over the 

differentiation and metabolic pathways involved in adipogenesis. Resveratrol is known to 

activate silent mating type information regulation 2 homolog-1 (SIRT1), a NAD+ 

dependent histone deacetylase which regulates fat mobilization by repressin  PPARγ-2, a 

key transcription factor in preadipocyte differentiation (Pang 2006, Fischer-Posovszky 
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2010). However recently it has been reported (Chen 2010 Mitterberger 2013), that 

resveratrol mediates inhibition of preadipocyte differentiation via activation of 5' 

adenosine monophosphate-activated protein kinase (AMPK) in a SIRT1 independent 

manner. AMPK is a key enzyme in cellular energy homeostasis and is known to be 

activated during calorie-restricted conditions. Activation of AMPK leads to up-regulation 

of PGC-1α, a transcription factor that is involved in metabolic pathways. Other small 

molecule activators of AMPK such as RSVA314 and RSVA405 (Vingtdeux 2011), 

Ursolic Acid (He 2013) and Genistein, EGCG, and capsaicin (Hwang 2005) have been 

shown to inhibit adipogenesis. It remains to be evaluated if resveratrol mediates anti-

adipogenic effects by activation of AMPK. 

 

Based on the promising results in preliminary in-vitro and in-vivo studies, resveratrol 

(3,5,4'-tehydroxy-trans-stilbene) has advanced into pre-clinical studies for anti-obesity 

indications. However, initial pre-clinical studies of resveratrol report a low bioavailability 

making therapeutic dosage impractical for physiological effects.  

 

Gosslau et. al, (2005) designed and synthesized two-methoxy derivatives of resveratrol, 

MC4 (3,4,5,4'-tetramethoxy-cis-stilbene) and MR4 (3,4,5,4'-tetramethoxy-trans-stilbene)  

that circumvent the low bioavailability issue of resveratrol due to protective methoxy 

groups.   
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In this study I evaluated the role of resveratrol and its methoxy analogs (MC4 & MR4), 

in adipogenesis using in-vitro obesity models (3T3-L1 and 3T3-F442A cell lines) in order 

to establish a biosimilar role for MC4 and MR4 in preadipocyte differentiation. 

Materials & Methods: 
 

Materials:  

Insulin, 3-isobuthyl-1-methylxanthine (IBMX), dexamethasone, aminoguanidine, 

putrescine, spermidine and spermine were purchased from (Sigma Aldrich, St Louis, 

MO,  SA). α-Diflouro methyl ornithine (DFMO) was a generous gift from Merrell Dow 

Research Center (Cincinnati, OH). Resveratrol, MC4 and MR4 were synthesized as 

previously reported (Gosslau 2005). Oil-O red stain was purchased from (Sigma Aldrich, 

St Louis, MO, USA) for adipocyte staining.  

 

Cell culture:  

3T3-L1 cells were obtained from ATCC. The cells were always worked on in a type II 

sterile hood to avoid contamination. 70% ethanol was used to further maintain sterility. 

These cells were cultured in DMEM (GibCo) supplemented by 10% bovine calf serum 

(Gemini). They were maintained in an incubator at 37°C and 5% CO2. Cells were sub 

cultured at 70-80% using Trypsin-EDTA.  

 

Differentiation: 

 

The protocol involved allowing the cells to get confluent and growth arrested (designated 

as Day 0). Followed by treatment of these cells with differentiation solution A [DMEM 

(GibCo) supplemented with 10% fetal calf serum (Gemini) + IBMX (Iso-butyl methyl 
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xanthine, 0.5mM) + DEX (Dexamethasone, 0.25mM)] for 4 days followed by treatment 

with differentiation solution B [DMEM + 10% FBS + Insulin (10µg/mL)] for 5-6 days 

(Green & Kehinde 1975). Formation of fat cells can be confirmed by observing the cells 

under a phase contrast microscope seen as round droplets in cells and oil-red staining. 

 

Figure  5.3. Scheme for Preadipocyte Differentiation 

 

 

Oil-O Red staining assay: 

Oil- O red is a lipophilic dye and specifically stains lipids. The petri dishes containing the 

cells to be stained were washed with PBS (twice). 1ml of Oil-O red (Chemi-Con 

adipogenesis kit) was added to the dishes and the dishes were returned to the incubator. 

After about 30 mins of incubation with the dye, the dishes were taken back to the sterile 

hood. They were washed with a wash solution (Chemi-Con adipogenesis kit) to wash 

away excess dye and remove background staining. Staining of fat cells by Oil-O Red 

makes the lipid droplets visible as red spots within the cells. The cells were then imaged 

with a camera connected to a phase contrast microscope. Also, the stained petri dishes 

were scanned to view the overall extent of staining (which correlates to fat accumulated). 
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Results: 
 

Establishing preadipocyte differentiation model: 

I used 3T3-L1 and 3T3-F442A cell lines as an in vitro obesity model; these cell lines are 

committed to differentiating into adipocytes under the influence of chemical inducers 

such as IBMX, Dexamethasone and insulin. Fig. 5.4 represents morphology of 

undifferentiated vs. differentiated fat cells. Oil-O Red staining was used to specifically 

stain the fat droplets.  

 

Figure 5. 4: Differentiation of preadipocytes 

 

Effect of DFMO on preadipocyte differentiation: 

A dose-response study was carried out to evaluate the effect of DFMO (an irreversible 

inhibitor of ornithine decarboxylase) on preadipocyte differentiation. 3T3-L1 cells were 

treated with varying concentration of DFMO (0-10mM) 24-hours prior to the induction of 

the adipogenic inducers. As shown in Fig. 5.5, DFMO inhibited differentiation of 3T3-L1 
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cells as previously reported (Erwin et. al., 1981; Bethell and Pegg 1984) at a low, non-

cytotoxic concentration of 2mM.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 5: DFMO (2mM) inhibits preadipocyte differentiation 
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The effect of DFMO on adipocyte formation was evaluated in Mesenchymal stem cells 

(MSCs) induced to differentiate into preadipocytes using the adipogenic inducers (IBMX, 

Dexamethasone & Insulin. MSCs isolated from Balb/bc mice were utilized to study the 

effect of DFMO on adipogenesis.  As shown in Fig. 5.6, DFMO inhibited preadipocyte 

differentiation of MSCs at a concentration of 5mM. 

 

 

Figure 5.6: DFMO (5mM) inhibits adipogenesis of MSCs 

 

 

DFMO induced inhibition of preadipocyte differentiation is rescued by addition of 

external polyamines: 

The inhibition of polyamine biosynthesis by DFMO results in depletion of polyamines 

possibly required for preadipocyte differentiation. If polyamines were essential for 

preadipocyte differentiation, addition of external polyamines to DFMO treated cells 

would rescue the polyamine biosynthesis pathway and result in preadipocyte 

differentiation. In order to test this hypothesis, I evaluated the effect of addition external 

polyamine in DFMO-inhibited preadipocyte cells. Amino-guanidine (AG) was added to 

all dishes treated with polyamines to protect the oxidation of polyamines in the medium.  
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As shown in Fig. 5.7, AG did not have any effect on preadipocyte differentiation.  

 

Addition of external putrescine (20µM) or spermidine (20µM) rescued the DFMO 

induced inhibition of preadipocyte differentiation (Fig. 5.7 (3T3-L1) and 5.8 (3T3-

F442A) as evidenced by the morphological differentiated cells and Oil-O red staining of 

accumulated fat. 

 

 

 

 

 

 

 

 

Figure 5.7: Putrescine and Spermidine reverse DFMO induced inhibition of 

preadipocyte differentiation (3T3-L1) 
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Polyamines did not significantly enhance preadipocyte differentiation: 

As shown in Fig. 5.5, 5.6 and 5.7 polyamines are essential for preadipocyte 

differentiation. In order to evaluate the role of polyamines in preadipocyte differentiation, 

I conducted a systematic dose-response study.  Polyamines putrescine (10-30µM), 

spermine (10-30µM) and spermidine (10-30µM) were added 24 hours prior to induction 

of preadipocyte differentiation. Polyamines by themselves (without adipogenic inducers) 

failed to induce preadipocyte differentiation (Data not shown). However as shown in Fig. 

5.8, 5.9, 5.10, addition of polyamines (with adipogenic inducers) did not significantly 

enhance preadipocyte differentiation as compared to the control. 

 

 

Figure 5.8: Addition of external putrescine did not affect preadipocyte 

differentiation 
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Figure 5. 9: Addition of external spermidine did not affect preadipocyte 

differentiation 
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Figure 5.10: Addition of external spermine did not affect preadipocyte 

differentiation (3T3-F442A) 

 

Given the findings in Fig. 5.4-5.10, it appears that polyamines were required for 

preadipocyte differentiation, but polyamines did not directly affect the preadipocyte 

differentiation pathway. Based on this inference I continued to evaluate the role of eIF5A 

in preadipocyte differentiation because eIF5A modification is a unique, polyamine-

dependent pathway and could possibly be involved in preadipocyte differentiation. 
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GC7 inhibits preadipocyte differentiation: 

Since polyamines did not directly affect preadipocyte differentiation, I evaluated the role 

of eIF5A in preadipocyte differentiation. GC7 is a known inhibitor of eIF5A modification 

and if eIF5A modification was crucial for preadipocyte differentiation, GC7 would 

inhibit the process.  

 

To validate this hypothesis, I treated 3T3-L1 cells with varying dose of GC7 (20-100µM) 

for 24 hours prior to induction of differentiation.  As shown in Fig. 5.11, GC7 inhibited 

preadipocyte differentiation at 20µM and higher dose of GC7 (50-100µM) were toxic to 

the cells.  

 

 

 

 

 

 

 

Figure 5.11: GC7 (20µM) inhibits preadipocyte differentiation 
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GC7 induced inhibition of preadipocyte differentiation is rescued by addition of external 

spermidine: The inhibition of preadipocyte differentiation by GC7 is rescued by addition 

of spermidine (20µM), but not putrescine (20µM) as shown in Fig. 5.12. A possible 

explanation for the specificity of spermidine in reversing GC7 mediated inhibition of 

preadipocyte differentiation lies in the fact that GC7 is a competitive inhibitor of Deoxy-

hypusine synthase (DHS) and is very similar in structure to spermidine (Table 5.1).  

Addition of external spermidine thus allows for eIF5A modification which is possibly 

crucial for preadipocyte differentiation. 

Table 5.1: Chemical Structure of spermidine and GC7 
 

Spermidine and/or eIF5A modification is/are required for preadipocyte 

differentiation 

Based on these finding I conclude that, spermidine or eIF5A modification plays a crucial 

role in preadipocyte differentiation. The exact mechanism by which spermidine and/or 

eIF5A modification modulates preadipocyte differentiation remains to be evaluated. 

This finding was congruent to the findings of Vuohelainen et . al, (2010)  which was 

unknown at the time this study was conducted. 

 

 

 

Spermidine  GC7 (N1-Guanyl-1, 7-diaminoheptane) 
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Figure 5.12: Inhibitory effect of GC7 on preadipocyte differentiation is rescued by 

addition of external spermidine (20µM) 

 

Role of resveratrol and its analogs in preadipocyte differentiation: 

Rayalam et. al, (2008) reported that resveratrol exhibited a dose-dependent response in 

differentiation of 3T3L1. A high dose of resveratrol (100µM) induced apoptosis while a 

lower does (25-50µM) inhibited fat accumulation in 3T3-L1. I reconfirmed the inhibitory 

effect of resveratrol in preadipocyte differentiation and further evaluated the role of two 

analogs of resveratrol, MC4 and MR4 on preadipocyte differentiation. 

 

In maturing preadipocytes, preliminary experiments with a range of resveratrol 

concentrations (data not included) showed that concentrations of 100 µM and above were 

cytotoxic. Therefore, lower concentrations were used in future experiments. The results 
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showed that resveratrol at 10-20 µM significantly decreased lipid accumulation (Fig. 

5.13). However, resveratrol also decreased cell viability at 50 µM indicating that the 

effect on lipid accumulation was possibly mediated via inhibition of growth. Oil Red O 

staining to visualize lipid accumulation in cells after treatment show that resveratrol 

caused a greater reduction of lipid accumulation when compared to control cells (Fig. 

5.13). 

 

 

 

Figure 5.13: Resveratrol inhibits preadipocyte differentiation 
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Effect of MC4 and MR4 on preadipocyte differentiation 

Both MC4 and MR4 inhibit preadipocyte differentiation at relatively low concentration, 

0.001µM (Fig. 5.14) and 1µM (Fig. 5.15) respectively. The exact mechanism by which 

resveratrol and its analogs inhibit preadipocyte differentiation remains to be evaluated. 

 

 

 

Figure 5.14: MC4 (0.01 µM) inhibits preadipocyte differentiation 
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Figure 5.15: MR4 inhibits preadipocyte differentiation 

Discussion: 
 

Inhibition of preadipocyte differentiation by using small molecules offers potential for 

obesity treatment. In this study, I have evaluated the role of two different classes of small 

molecules targeting different biochemical targets involved in preadipocyte 

differentiation. 
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Polyamines and eIF5A in preadipocyte differentiation: 

 

Figure 5.16: Polyamine biosynthesis and degradation pathway 

 

The first class of small molecules includes DFMO and GC7, known to target polyamine 

biosynthesis and eIF5A modification, respectively. It was previously reported that DFMO 

inhibits preadipocyte differentiation at a concentration of 5mM (Bethell 1981, Erwin 

1984). DFMO is an inhibitor of the enzyme, ornithine decarboxylase (ODC) which 

converts ornithine to putrescine which is required for the biosynthesis of downstream 

polyamines, spermidine and spermine (Fig. 5.16). Inhibition of preadipocyte 

differentiation via DFMO implicates a role for polyamines in preadipocyte 

differentiation. 

 

 In this present study, I have reconfirmed the inhibitory role of DFMO on preadipocyte 

differentiation using 3T3-L1 and Mesenchymal Stem Cells (MSCs) as in-vitro models of 
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adipogenesis. DFMO was capable of inhibiting preadipocyte differentiation at 2mM in 

3T3-L1 cells (Fig. 5.5) and 5mM in MSCs (Fig. 5.6).  

 

Interestingly, the inhibitory effect of DFMO was completely reversed by addition of 

external polyamines, putrescine (20µM) and spermidine (20µM) in both 3T3L-1(Fig. 5.7) 

and 3T3-F442A (Fig. 5.8) cell lines. This is in congruence with previous studies (Bethell 

1981, Erwin 1984).  

 

In order to test the effect of polyamines on preadipocyte differentiation, I conducted a 

dose-response study in which preadipocytes were treated with putrescine, spermidine and 

spermine and their effect on preadipocyte differentiation was evaluated. Addition of 

external polyamine did not have any significant effect on preadipocyte differentiation 

(Fig. 5.9). This implies that basal level of polyamines was sufficient for the induction of 

preadipocyte differentiation in presence of adipogenic inducers (IBMX, Insulin and 

Dexamethasone). 

 

Spermidine has been shown to be essential for preadipocyte differentiation (Vuohelainen 

2010), but the specific role of polyamines in preadipocyte differentiation remains to be 

evaluated. It has been previously reported that stimulation of 3T3-L1 cells with 

adipogenic inducers (IBMX, Dexamethasone & Insulin) results in a two-fold increase in 

putrescine and a three-fold increase in spermidine  and an increase in ornithine 

decarboxylase (ODC), however the activities of spermidine synthase (SpdS) and 

spermine synthase (SpmS) remain unaltered (Erwin 1984). This implies that elevation of 
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polyamines during differentiation is not only due to changes in the biosynthesis enzymes 

but also due to degradation and/or excretion of polyamines (Ishii 2012). 

 

A possible mechanism by which spermidine modulates control over preadipocyte 

differentiation could be throu h downre ulation of c/EBPβ. Very recently Hyvonen 

(2013) et. al. showed that depletin  spermidine levels leads to decrease in c/EBPβ 

specifically among other transcription factors involved in preadipocyte differentiation. 

c/EBPβ is required for activation of c/EBPδ, PPARγ and SREBP1c (Fi . 5.1).  

 

Another possible mechanism by which polyamines modulate preadipocyte differentiation 

could involve polyamine mediated eIF5A modification. eIF5A is a highly conserved 

protein that undergoes a unique post-translation modification that involves the 

polyamine, spermidine (Fig. 5.17). The unhypusinated-eIF5A is converted to 

Deoxyhypusinated-eIF5A by the enzyme Deoxyhypusine synthase (DHS) by the transfer 

of spermidine on to the lysine50 residue of eIF5A. Deoxyhypusine is converted to 

hypusinated-eIF5A by the enzyme Deoxyhypusine hydroxylase (DHH), thus completing 

the post-translational modification of eIF5A. 
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Figure 5.17: Polyamine dependent hypusination of eIF5A 

 

In order to evaluate the role of eIF5A modification on preadipocyte differentiation, I 

treated 3T3-L1 cells with GC7, an inhibitor of DHS (Fig 5.17). GC7 competes with 

spermidine and binds to DHS, thus making it unavailable for the first step of eIF5A 

modification (Table I). 

 

GC7 inhibits preadipocyte differentiation at a concentration of (20µM) beyond which it 

was cytotoxic. The cytotoxicity of GC7 has been previously reported (Jasiulionis 2007). 

However the role of GC7 in preadipocyte differentiation is a novel finding. 

 

Deactivation of DHS by GC7 could possibly be reversed by addition of external 

spermidine, since both GC7 and spermidine compete with each other for DHS binding 

sites. As expected, addition of spermidine specifically rescued the inhibition of 
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preadipocyte differentiation by GC7. This finding supports the hypothesis that eIF5A 

modification is involved in preadipocyte differentiation.  

 

A possible mechanism by which eIF5A modification inhibits preadipocyte differentiation 

is through inhibition of the mitotic clonal division required for preadipocyte 

differentiation. At a cellular level, preadipocyte differentiation involves growth arrest, 

post-confluence mitosis, clonal expansion, growth arrest and terminal differentiation 

(Phrakonkham 2008, Fig. 5.18). Briefly, confluent cells reach growth arrest by cell-cell 

contact inhibition mechanism and expression of preadipocyte factor-1 (Pref1) during this 

growth arrested state keeps the cells undifferentiated. Addition of pro-adipogenic factors 

such as insulin, dexamethasone and IBMX leads to expression of adipogenic transcription 

factors. c/EBPβ  is one of the early transcription factors to be expressed and is required 

for mitotic clonal expression. Downre ulation of c/EBPβ disrupts the differentiation of 

preadipocytes by blocking cell proliferation associated with mitotic clonal expansion 

(Zhang 2004). Expression of c/EBPδ, PPARγ and c/EBPα leadin  to terminal 

differentiation. eIF5A, a key survival protein is required for cell proliferation and 

inhibition of eIF5A hypusination leads to arrested cell growth in various mammalian cell 

types (Park 1997). GC7 is known to block growth of normal and cancer cells (Park 

1997). 

 

Based on the finding that GC7 inhibits preadipocyte differentiation, it is fair to assume 

that effect of GC7 on preadipocyte differentiation is through inhibition of post-mitotic 

clonal expansion which is crucial for preadipocyte differentiation.  
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Figure 5.18: Cellular processes in preadipocyte differentiation 

 

 

Figure 5.19: Role of polyamines and eIF5A modification in preadipocyte 

differentiation 
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In conclusion, DFMO and GC7 inhibit preadipocyte differentiation possibly via 

interaction with c/EBPβ which is required for mitotic clonal division crucial for 

adipogenesis. 

Role of resveratrol and its analogs in preadipocyte differentiation: 

Resveratrol (3,5, 4'-trihydroxy-trans-stilbene) a natural stilbene derivative, has been 

shown  inhibit the lipid storage in adipocytes by exerting control over the metabolic 

pathway involved in preadipocyte differentiation (Pang 2006, Fischer-Posovszky et. al., 

2010). I have independently reconfirmed the inhibitory role of resveratrol in preadipocyte 

differentiation and evaluated the effect of methoxy derivatives of resveratrol, MC4 and 

MR4 on preadipocyte differentiation using the in-vitro cell model-3T3L1 and 3T3F442A, 

which are both mouse preadipocyte cell lines. 

 

 

Figure 5.20: Resveratrol mediated inhibition of transcription factors in 

preadipocyte differentiation 

 

The biochemical pathway of resveratrol and its analogs, mediated inhibition of 

preadipocyte differentiation is possibly through activation of AMPK. The role of AMPK 

in preadipocyte differentiation has been previously evaluated using small molecule 
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activators of AMPK (Hwang et. al., 2005, Vingtdeux 2011, Chen 2011 & He 2013). 

However the exact mechanism by which these activators of AMPK inhibit preadipocyte 

differentiation is not well understood. It could be speculated that AMPK decrease 

expression of PPARγ (Sozio 2011) and/or SREBP1C (Li 2011, Yap 2011). 

 

These findings suggest that resveratrol and its analogs inhibit preadipocyte differentiation 

possibly through either direct or indirect (through SIRT1) activation of AMPK and 

provide a solid framework for pre-clinical studies. In preadipocyte differentiation, insulin 

acts as an activator of PPARγ throu h SREBP1c and this results in expression of 

adipocyte-specific genes. Insulin negatively regulates AMPK which remains inactive in 

an energy rich environment. Addition of resveratrol during preadipocyte differentiation 

activates AMPK which leads to down-regulation of adipocyte-specific genes possibly 

throu h PPARγ and/or c/EBPα and/or SREBP1c.  

 

Understanding of the biochemical mechanism of action of these small molecules and 

further in vivo evaluation for drug-like properties such as safety, bioavailability etc. offer 

potential for therapeutics as anti-obesity drugs.  
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Figure 5.21: Possible mechanism of resveratrol and its analogs in preadipocyte 

differentiation 
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Conclusions 
 

 

1) Treatment with Resveratrol, MC4, MR4 and GC7 effectively decreased lipid 

accumulation which is characteristic of adipocyte formation, a  process crucial for 

regulation of preadipocyte differentiation 

2) Of all the molecules tested, MC4 showed the highest efficacy (1nM) 

3) GC7, an inhibitor of an enzyme required for eIF5A modulation inhibits 

preadipocyte differentiation indicating a mechanistic role for eIF5A, a highly 

conserved protein with poorly understood functionality, in adipocyte formation 

and presents a novel target for therapeutics in obesity. 

4) Spermidine, a  polyamine required for eIF5A modulation rescues the inhibitory 

effect of GC7 on preadipocyte differentiation, indication a  role of polyamines in 

preadipocyte differentiation and offers a novel target for therapeutics in obesity 

5) The mechanism of action of resveratrol and its analogs in the obesity pathway is 

possibly mediated via activation of SIRT1, a histone and protein deacetylase, 

known to suppress expression of PPARγ, a transcriptional regulator of 

preadipocyte differentiation 
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Chapter 6: Conclusion and Perspective 

Major Findings: 
 

Heat shock induced cell death is possibly mediate via activation of a proteolytic 

system 

Heat shock response is a pro-survival mechanism that protects the cells against the 

damaging effects of heat stress. However the failure of this mechanism to restore 

homeostasis results in tumor cell death. The exact mechanism by which heat treatment 

induces cell death, especially in tumor cells is not well understood and is of significance 

because of its potential application cancer therapy. It has been previously established that 

cancer cells are sensitive to heat shock and heat shock induced tumor cell death is 

associated with loss of eIF5A, a highly conserved survival protein (Takeuchi 2002, 

Gosslau 2009).  

 

The findings from this thesis suggest that possibly various proteases get activated by heat 

shock and multiple proteins, including eIF5A get degraded eventually leading to loss of 

viability. It remains to be evaluated which proteases are activated and what other proteins 

are degraded (besides eIF5A). However the findings of this dissertation strengthen the 

hypothesis that proteases are involved in heat induced tumor cell death and use of small 

molecule activators of proteases could possibly improve the efficacy of heat-treatment 

through synergistic/additive mechanism.  

 

Even though heat therapy is currently used in combination with radiation and 

chemotherapy, its use is limited due to the high temperatures required for tumor cell 
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death which is impractical. A potential way to overcome this limitation is to administer 

heat shock at lower temperatures but magnify the physiological effect by using other 

mechanisms to mimic the biochemical pathway of heat induced cell death. The finding 

that proteases activated during heat shock lead to cell death, imply a potential role for 

protease activators to induce tumor cell death in absence or low heat application (Fig. 

6.1). This discovery is significant from a multi-targeted cancer therapeutic approach. 

 

 

Figure 6.1: Proposed role for modulating protease activity for improved efficacy of 

heat treatment 

 

Resveratrol-mediated biochemical pathways require activation of AMPK  

In this thesis, we evaluated the role of resveratrol and its analogs in various disease 

models such as obesity (Preadipocyte differentiation), cancer (neuroblastoma 

differentiation) and inflammation. In all of these disease models, resveratrol and its 
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analogs showed potential for therapeutics by modulation of key targets in the biochemical 

pathway of these diseases. Although the mechanism of the bioactivity of resveratrol in 

these disease models is not well understood, there is strong evidence that it is possibly 

mediated by activation of AMPK. AMPK acts as an energy sensor and gets activated by 

factors such as low nutrients, exercise, cAMP etc. and is down regulated by 

proinflammatory factors (TNFα, TPA), insulin etc. The possible mechanism for 

resveratrol induced anti-cancer, anti-obesity and anti-inflammatory effect could be as 

follows, 

 

In neuroblastoma differentiation, the cells with base level AMPK activity continue to 

proliferate, however upon activation of AMPK through resveratrol, mimics a calorie 

restricted environment which results in arrested cell growth. Since growth and 

differentiation are mutually exclusive events, inhibition of growth in neuroblastoma 

results in the cell committing to a differentiation pathway.  

 

In preadipocyte differentiation, insulin acts as an activator of PPARγ throu h SREBP1c 

and this results in expression of adipocyte-specific genes. Insulin negatively regulates 

AMPK which remains inactive in an energy rich environment. Addition of resveratrol 

during preadipocyte differentiation activates AMPK which leads to downregulation of 

adipocyte-specific  enes possibly throu h PPARγ and/or c/EBPα and/or SREBP1c.  

Induction of inflammation response starts with activation of NF-κB through pro-

inflammatory agents such as TPA, TNFα etc. Activation of NF-κB leads to expression of 

inflammation-specific genes responsible for removal of irritant stimuli and tissue healing.  
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Both TPA and TNFα are known to down-regulate AMPK leading to activation of a 

apoptosis particularly in metabolic disorders. Addition of resveratrol during TPA-induced 

activation of NF-κB leads to activation of AMPK which is known to down-regulate NF-

κB expression leading to mitigated inflammatory response. The possible mechanism of 

downregulation of NF-κB throu h AMPK involves SIRT1 or PGC1α, which are known 

to interact with the p65 unit of NF-κB.  

 

Thus in conclusion, the biochemical effects of resveratrol in various disease models is 

possibly mediated via AMPK (Fig. 6.2,). The exact mechanism remains to be evaluated. 
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Figure 6.2: Proposed biochemical pathway of Resveratrol, MC4 and MR4 in 

inflammation, neuroblastoma differentiation and adipogenesis 
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MC4 & MR4 show biosimilar phenomenological effects as resveratrol in various 

disease models: 

Resveratrol is a versatile molecule implicated to have therapeutic potential in cancer, 

heart diseases, inflammation, stroke, brain damage and aging to name a few (Baur 2006). 

I have reconfirmed the role of resveratrol through in-vitro studies in neuroblastoma 

differentiation, adipogenic differentiation and inflammation models.  More importantly, I 

have established a biosimilar role for novel and potent analogs of resveratrol , MC4 and 

MR4 in each of these systems. This finding is highly significant owing to the fact that 

inspite of the highly desirable health benefits offered by resveratrol through diverse 

mechanism of actions, the pre-clinical/clinical performance of resveratrol has been far 

from the stellar performance observed in in-vitro studies (Tome-Carneiro 2013).  

 

The current state of clinical data on resveratrol is ridden with issues of low bioavailability 

of about 2µM given a dose of 25mg-oral dose, despite high level of absorption most of 

the resveratrol was recovered in urine as sulphate and glucuronic acid conjugates (Walle 

2004). Approaches to increase bioavailability by dose escalation studies using 5000mg of 

oral dose have reported an overall increase in the metabolite concentrations but failed to 

improve the bioavailability (Boocock 2007). These finding imply a rapid metabolism of 

resveratrol being the limiting factor to poor bioavailability. 
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Interestingly, the metabolites of resveratrol were mostly dihydroxymetabolites which is 

typical of most polyphenol, identified as trans- resveratrol- 3- O- glucuronide, and  trans- 

resveratrol- 3-sulfate by Yu (2002) and trans-resveratrol-3-O-sulfate, trans-resveratrol-4'-

O-sulfate, and transresveratrol-3-O-4'-O-disulfate by Miksits et. al., (2005)  and 3-O-

beta-D- and 4'-O-beta-D-glucuronide conjugates of resveratrol.  

 

In the light of these studies, MC4 and MR4 offer the promise of improved bioavailability 

offered by the protective methoxy- group in 3, 4 and 5 position making them resistant to 

the action of Beta-glucuronidase and sulfatase. The low IC50 of MC4 (20nM) and MR4 

(2µM) (Gosslau 2005) makes them an attractive alternative to resveratrol (IC50 50µM) by 

offering a low dosage for similar physiological advantages. 

 

Investigations into the potential of methoxy-derivatives of resveratrol has promise in 

preliminary in-vitro studies by evidenced by high accumulation in intestinal mucosa (Sale 

2004) and overall longer half-life and lower clearance in mice studies (Lin 2009) 

 

The biochemical targets of MC4 and MR4 which currently remain unknown. It would of 

interest to discover if MC4 and MR4 have similar and varied biochemical targets as 

resveratrol.  This would establish the mechanism of action of these exciting molecules 

beyond the mimicking effect of resveratrol and hopefully advance into clinical trials. 

 

Potent and novel analogs of resveratrol offer a huge pharmacokinetic advantage 

compared to resveratrol, a property of the protective methoxy groups making them 
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resistant to enzymatic degradation resulting in improved bioavailability. The findings of 

this thesis has established a biosimilar role for MC4 and MR4  in neuroblastoma 

differentiation, adipogenic differentiation and inflammation models offering exciting new 

small molecules for therapeutic indications in these disease areas without the limiting 

pharmacokinetic profile of resveratrol an otherwise excellent candidate for clinical 

testing.  

Future work: 
 

1) Resveratrol, MC4 and MR4 regulate multiple disease pathways including 

neuroblastoma proliferation, preadipocyte differentiation and inflammation. 

Hence a  focused and more targeted approach is required for delivering these 

therapeutic candidates in order to prevent undesirable side-effects 

2) Determining the molecular targets of Resveratrol, MC4, MR4, particularly 

AMPK, SIRT1 and PGC-1
α
 in neuroblastoma proliferation, preadipocyte 

differentiation and inflammation would allow for developing a targeted approach 

for therapeutics in these disease areas 

3) MC4 and MR4 offer potential for improved bioavailability as drug candidates due 

to presence of methoxy-groups making them resistant to enzymatic degradation. 

Hence It is imperative to validate MC4 and MR4 in in-vivo disease models as an 

extension to the findings of significant efficacy in in-vitro disease models for 

neuroblastoma proliferation, preadipocyte differentiation and inflammation.  

4) Given the finding that treatment with protease inhibitors protects cancer cells 

from heat induced death pathway, there is a need to design a combinatorial 
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approach of treatment with protease activators to  improve the efficacy of heat 

treatment in cancer therapeutics. 

This would shed light into the biochemical targets of MC4 and MR4 which currently 

remain unknown. It would of interest to discover if MC4 and MR4 have similar and 

varied biochemical targets as resveratrol.  This would establish the mechanism of action 

of these exciting molecules beyond the mimicking effect of resveratrol and hopefully 

advance into clinical trials. 

 

Potent and novel analogs of resveratrol offer a huge pharmacokinetic advantage 

compared to resveratrol, a property of the protective methoxy groups making them 

resistant to enzymatic degradation resulting in improved bioavailability. The findings of 

this thesis has established a biosimilar role for MC4 and MR4  in neuroblastoma 

differentiation, adipogenic differentiation and inflammation models offering exciting new 

small molecules for therapeutic indications in these disease areas without the limiting 

pharmacokinetic profile of resveratrol an otherwise excellent candidate for clinical 

testing.  
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