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ABSTRACT

Silent Information Regulators or sirtuins are class III NAD"-dependent proteins which
possess either histone deacetylase or mono-ribosyltransferase activity found in organisms
ranging from bacteria to humans. These are important for many cellular metabolisms including
gene silencing, regulation of p53, cell cycle regulation, life span extension, cancer, diabetes,
obesity, etc. Among all seven human sirtuins, SIRT1 is well studied, having more than a dozen
substrates, known to have protective role against oxidative stress and DNA damage and plays a
predominant role in metabolism.

In the present study, a diverse set of series of molecules viz. Acridinedione (ACD),
Benzthiazolyl-2-thiosemicarbazone (B2TS) as SIRT1 inhibitors and Spiro-piperidine-4-one (SP),
Pyrido[2,3-d]pyrimidine (PP), 1-(isonicotinamido)azetidine-2,4-dicarboxamides (AZD) as
SIRT1 activators were identified by virtual screening of in house database against catalytic core
and allosteric site of SIRT1. Further to develop a significant SAR, various derivatives of ACD,
B2TS, SP, PP, and AZD were designed, synthesized and characterized. Upon fluorescence based
cell-free deacetylation SIRT1 assay, compound 4d (ACD series), BH1 and BH13 (B2TS series)
showed significant inhibition with an ICs¢ of 10.13+0.08 puM, 46.27+0.7 uM and 15.3+0.8 uM
respectively and H3 (SP series), B9 (PP series) and 6A11 (AZD series) showed significant 2-3
fold increase in deacetylase activity of SIRT1 at 10 pM, 5 uM and 5 uM concentrations
respectively.

MTT assay of SIRT1 inhibitors (ACD and B2TS series) on various cancer (K562, MDA -

MB231, LNCaP and PC3) cell lines yielded that compound 4d (ACD series) induced apoptosis



in MDA-MB 231 cells with an ICso of 0.25 pM and compound BH1 and BH13 induced
apoptosis in LNCaP cells with an ICsy 0of 4.09+£0.02 uM and 5.07+1.25 uM respectively. Further
mechanistic studies of active compounds revealed down regulation of SIRT1 and upregulation of
caspase 3 and acetylated p53K382 protein levels. Moreover, BH1 and BH13 reduced the
testosterone -induced hyperplasia at 10 mg/kg body weight in a rat model with decrease in the
SIRT1 and PSA transcript levels.

Adipogenesis assay of SIRT1 activators (SP, PP and AZD series) on 3T3-L1 cells was
carried out and all the compounds showed significant inhibition of adipogenesis and triglyceride
accumulation. RT-PCR studies revealed the up regulation of SIRT1 followed by decrease in the
adipogenic markers PPARy, C/EBPa along with FAS, E2F1, Leptin and LPL. Compounds H3
and B9 showed significant modulation in weight gain and lipid profile of high fat diet-induced

obese mice at 30 mg/kg body weight.

Vi
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Introduction

CHAPTER 1
INTRODUCTION

Cancer is a group of diseases characterized by uncontrolled growth and spread of
abnormal cells. While cells in the body undergo a tightly regulated cycle of generation, division
and death, cancer cells typically evade cell death and are capable of constant multiplication and
expansion. They develop traits which are commonly identified as the hallmarks of cancer,
namely, self-sufficiency in growth signals and insensitivity to growth-inhibitory signals, evasion
of apoptosis, sustained replicative potential and angiogenesis as well as tissue invasion and
metastasis [Hanahan D., et al., 2000]. Cancer is caused by both external (tobacco, infectious
organisms, chemicals, and radiation) and internal factors (inherited mutations, hormones,
immune conditions, and mutations that occur from metabolism). The earliest evidence of cancer
was discovered in Egypt in 1600 B.C and it was described as a disease that had no cure.
Hippocrates, a Greek physician known as the father of medicine used the terms carcinos and
carcinoma to describe the appearance of cancer.

Cancer is the second leading cause of death in economically developed countries.
According to the statistics obtained by the U.S National Cancer Institute, 1 in 2 men in the
United States have a lifetime risk of developing cancer while this risk is 1 in 3 for women. Lung
cancer has the highest mortality rate in both men and women followed by breast cancer in
women and prostate cancer in men [Cancer facts & figures, 2012]. These statistics emphasize the
need for continued development and progress in the field of cancer research. Century leading to
the advanced understanding of anatomy and physiology did the origin and progression of cancer

become clear. We now find ourselves in the fortunate position of understanding a portion of the
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molecular mechanisms that regulate cancer initiation and progression. This knowledge has led to
the development of modern cancer therapies that effectively treat many cancers. However,
treatment options remain limited and deaths attributed to cancer are still a major cause of
mortality throughout the world. To fully combat cancer, continued research into the molecular
causes and novel therapies must be completed. A task which seems to become more tangible
with each passing day as new technologies for this research becomes available.

1.1 Carcinogenesis:

Carcinogenesis can be defined as the creation or production of cancer. In most cases,
cellular transformation is a result of activation of oncogenes or suppression of tumor suppressor
genes. Cellular oncogenes, also called proto-oncogenes, are normal genes required for important
functions in the cell. These genes however, can be transformed into oncogenes by retro-viruses
resulting in abnormal cellular proliferation [Cooper G.M.,1982 ; Haber M., ef al., 1985]. On the
other hand, tumor suppressor genes or anti-oncogenes limit cellular transformation. These genes
encode proteins that inhibit cell cycle progression, promote DNA damage repair and bring about
cell death in the event of mutations or stress [Comings D.E., 1973; Sherr C.J., 2004]. Knudson’s
‘two-hit hypothesis’ holds true for most tumor suppressor genes wherein two mutational events
are required for carcinogenesis. Both alleles of the tumor suppressor gene are required to be lost,
mutated or inactivated for manifestation of cancer [Knudson A.G., 1971]. Carcinogenesis is a
multistage process that develops through three phases: Initiation, promotion and progression
[Pitot H.C., et al., 1991]. Initiation involves an irreversible change in the cell which is generally
an insult to the DNA of the cell. Chemicals such as aromatic hydrocarbons, radiation (ionizing
and ultraviolet) or biological agents such as retroviruses can act as carcinogens to initiate cancer.

These carcinogens can cause multiple mutations in the DNA of the cells such that the DNA
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repair machinery is impaired. As a result, cell cycle checkpoints are deregulated and the cell
divides and proliferates despite the mutations. Tumor Promotion involves the proliferation and
expansion of the mutant and genetically unstable cell and accumulation of further mutations with
each round of cell division such that the resulting population of cells is capable of surviving in
normally unsuitable cellular environments [Cahill D.P., et al., 1999]. The Progression step
comprises of tumor cells that have attained malignant properties, invasiveness and metastatic
capabilities. Of note is the fact that mutations that occur during the process of carcinogenesis do
not just involve the genetic alteration (deletion, translocation, point mutation, duplication or
amplification) of oncogenes or tumor suppressor genes, but can also be epigenetic changes such
as modifications of gene promoters byacetylation/ deacetylation or methylation/demethylation
[Feinberg A.P., et al., 2002; Feinberg A.P., et al., 2004]. These causal factors may act together or
in sequence to initiate or promote the development of cancer. Ten or more years often pass
between exposure to external factors and detectable cancer.

1.1.1 Epigenetics:

Epigenetics is the study of reversible heritable changes in gene function, expression that
occur without a change in nucleotide sequence of the DNA [Jaenisch R., ef al., 2003]; therefore,
gene function is not only determined by the DNA code but also by epigenetic phenomena.
Transient environmental influences during development can cause permanent changes in
epigenetic gene regulation, and accumulating evidence links epigenetic dysregulation to human
disease [Waterland R.A., et al., 2004]. In eukaryotes, over the past fifteen years, it has been
shown that gene expression can be regulated by the proteins called histones which are of small
molecular weight and alkaline in nature, helps in packing genomic DNA into the nucleus and

also by enzymes that modify both histones and the DNA [Mai A., et al., 2005; Fire A., et al.,
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1998]. The two main mechanisms in the epigenetic regulation of gene expression involve DNA
methylation and histone modifications. The study of these mechanisms is important since the
change of gene expression is implicated in numerous human disorders and diseases, including
obesity, diabetes, cancer and developmental abnormalities etc. [Feinberg A.P., 2001].

1.1.2 Histones and Chromatin structure:

Histones were discovered by Albrecht Kossel in 1884. The word “histone” comes from
the German word of “Histon”, of uncertain origin and perhaps from Greek word histanai or
histos. Until the early 1990s, histones were known just as packing material for nuclear DNA. The
regulatory functions of histones were discovered during the early 1990s. It is now known that
histones are small basic architectural proteins of 102-135 amino acids that package the genomic
DNA of eukaryotic organism into chromatin which is a dynamic macromolecular complex
[Malik H.S., et al., 2003].

The basic repeating units of chromatin, the 2 nucleosome, is composed of two super helical turns
of DNA containing approximately 146 base pairs which wrap around an octamer of the four core
histones H2A, H2B, H3, and H4 with the addition of linker DNA and histone H1(Fig.1.1). H1

determines the level of DNA condensation [Grant P.A., 2001].

— e > DNA
I) Ha ] Ii\i: ua || we ]
A <} =< —7 HI Histone

(' H2e '] I Ha2B ']

\H 28

Fig.1.1: Structure of histones core.
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These highly conserved histone proteins play an important role in determining the
structure and function of chromatin which can be dynamically changed. Chromatin condensation
provides an extensive barrier to the nuclear machinery that drives processes such as replication,
transcription, or DNA repair; while chromatin decondensation facilitates those processes (Fig.
1.2). Each core histone protein has two domains: a histone fold domain or globular domain,
which is involved in histone-histone interactions as well as in wrapping DNA in nucleosomes;
and a more flexible and charged amino terminal ‘tail’ domain of 25-40 residues [Grant P.A.,
2001]. The tail lies on the outside of the nucleosome where it can interact with other regulatory
proteins and DNA. The basic N-terminal tails of the core histones are subject to various post-
translational modifications. The functional effects of tail modifications are dependent on the
specific amino acids that are modified. The selected amino acid residues of the core histones
(H3-H4)2 tetramer are modified by acetylation (AC), methylation (Me), and phosphorylation
(P); and H2A-H2B dimers are modified by acetylation; phosphorylation, ubiquitination (Ub),
Multiubiquitination and ADP-ribosylation. These post translational modifications are cell and
tissue specific. The function of these modifications is the focus of attention due to the possibility
that the nucleosome, with its modified tail domains, is not only a packer of DNA but also a
carrier of epigenetic information that indicates both how genes are expressed as well as how their
expression patterns are maintained from one cell generation to the next. Of three such
modifications, acetylation and deacetylation have generated the most interest. Also acetylation
was the first modification that had been reported to have correlation with gene activity [Allfrey

V.G., et al., 1964].
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Acetylation by histone acetvltransferases (HATs) allows
transcription and gene expression
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Fig.1.2: Modulation in chromatin structure facilitated by HAT and HDAC enzymes.

1.1.3 Therapy of Cancer:

Cancer is treated with surgery, radiation, chemotherapy, hormone therapy, biological therapy,
and targeted therapy. Considering the complexity of cancer, it is of utmost importance to
investigate the genes that are involved in its manifestation and the molecular mechanisms which
explain their deregulation. Mapping and characterizing epigenomic changes will transform our
understanding of pathology and enhance our ability to diagnose and treat cancer. Epigenetic
alterations are easier to reverse than mutations affecting the genetic code. Two inhibitors of
DNA methyltransferases, azacytidine and deoxyazacytidine, have already been approved by the
FDA (Food and Drug Administration) as effective drugs for treatment of patients with

myelodysplastic ~ syndromes. An  inhibitor of histone deacetylases, vorinostat
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(suberoylanilidehydroxamic acid), is approved for the treatment of cutaneous T-cell lymphoma.
Other epigenetic drugs targeting histone modifying enzymes or DNA methylation are in clinical
trials or development [Tadokoro Y., et al, 2007]. Detailed understanding of chromatin
dysregulation will undoubtedly be translated into new and more effective ways of cancer
treatment. Recently CHR-3996 has been completed phase I clinical trials and approved for the
treatment of solid tumors [ClinicalTrials.gov.ID:NCT00697879]. FR901228 under phase II
clinical trials has been used for treatment of B-cell non-Hodgkin's lymphoma
[ClinicalTrials.gov.ID:NCT00383565]. ITF2357 with Mechlorethamine was completed phase I
and II clinical trials for Relapsed/Refractory Hodgkin's Lymphoma
[ClinicalTrials.gov.ID:NCT00792467]. LBHS589 [ClinicalTrials.gov.ID:NCT00686218] and
4SC-202 [ClinicalTrials.gov.ID:NCT01344707] has been recruited for phase I clinical trials for
Leukemia and Advanced Hematologic Malignancies respectively. Panobinostat (LBH589)
recruited for phase II trials in treatment of metastatic gastric cancers. JNJ-2641585, HDAC
inhibitor in combination with VELCADE and Dexamethasone is under phase I trials in multiple
myeloma condition [ClinicalTrials.gov.ID:NCT01464112]. MS-275 also completed phase I trials

in solid tumors and lymphomas [ClinicalTrials.gov.ID:NCT00020579].

1.2 Obesity:

Obesity has reached epidemic proportions worldwide. Obesity leads to several co-
morbidities, such as diabetes, dyslipidemia, hypertension, sleep apnea, osteoarthritis, stroke,
congestive heart failure, deep vein thrombosis and pulmonary embolism [Haslam D.W., ef al.,
2005].Compelling human epidemiologic and animal model data indicate that during critical
periods of prenatal and postnatal mammalian development, nutrition and other environmental

stimuli influence developmental pathways and thereby induce permanent changes in metabolism


http://www.clinicaltrials.gov/ct2/show/NCT01464112?term=histone+deacetylase&rank=13).MS-275
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and chronic disease susceptibility. The biologic mechanisms underlying such ‘metabolic
imprinting’ are poorly understood, but epigenetic mechanisms are likely involved [Waterland
R.A., et al., 1999]. The worldwide increase in the prevalence of obesity in recent decades has
occurred too rapidly to be explained completely by genetic variation, suggesting the involvement
of epigenetic mechanisms. Indeed, data from animal models and humans demonstrate that
epigenetic dysregulation can cause obesity [Waterland R.A., et al., 2005].

1.2.1 Epigenetics in obesity:

The major epigenetic processes related to obesity are DNA methylation, histone
modification and lysine acetylation. To date, most studies on the effect of early-life nutrition on
the epigenetic regulation of genes have focused on DNA methylation. Recently KA Lillycrop et
al., 1in his review explained genes [Lillycrop K.A., ef al., 2011] involved in metabolic, vascular
or endocrine function whose methylation status is altered by changes in diet either during
prenatal or early postnatal life and cause risk of obesity in future. DNA methylation involves
DNA methyltransferase catalyzing the covalent addition of a methyl group from S-
adenosylmethionine to the 5’ carbon of the nucleotide cytosine forming 5-methylcytosine. Upon
donating the methyl group S-adenosylmethionine converts to S-adenosyl homocysteine. DNA
methylation is associated with transcriptional suppression. Another epigenetic modulation,
Lysine acetylation has been implicated as both a post-transcriptional and post-translational
process in modulating immunological and metabolic pathways and may therefore be important in
maintaining energy homeostasis [Norvell A., et al., 2010]. Lysine acetylation involves transfer of
an acetyl group from acetyl CoA to the e-amino group on the target lysine [Shakespear M.R., et
al., 2011; Weinert B.T., et al., 2011; Choudhary C., et al., 2009]. Control of lysine acetylation

has been studied as a therapeutic target in a wide variety of diseased states, including
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cardiovascular dysfunction, obesity and many forms of cancer [Halili M.A., et al., 2009;
McKinsey T.A., 2011; Bush E.W., et al., 2009; Librizzi M., et al., 2012]. A better understanding
of the roles of HDAC enzymes in immunology and metabolism could help directs HDAC
modulator development towards dual modulation of metabolic and immune systems, thereby
realizing effective treatments for metabolic disease.

1.2.2 Current drug therapy:

Currently only few drugs are available in market for treatment of obesity. Till date there
are only two FDA approved anti-obesity drugs available in the market [Chaput J.P., ef al., 2007].
Orlistat and Sibutramine, both of which have many side effects like increased blood pressure, dry
mouth, constipation, headache, and insomnia [De Simone G., et al., 2008; Karamadoukis L., et
al., 2009; Slovacek L., et al., 2008]. Also cofounded by diminishing response in long term
treatment [Fernstrom J.D., ef al., 2008; Li Z., et al., 2005]. Rimonabant (Acomplia) is a recently
developed anti-obesity medication. It is cannabinoid (CB1) receptor antagonist that acts centrally
on the brain thus decreasing appetite. It may also act peripherally by increasing thermogenesis
and therefore increasing energy expenditure [Akbas F., et al., 2009]. Rimonabant is withdrawn
from market for treatment of obesity as it is associated with increased risk of psychiatric adverse
events, including suicidality.

Moreover, most of the new anti-obesity drug development continues to focus on either
central or peripheral acting inhibitors of food intake and would likely encounter the above
problems [Cooke D., et al., 2006]. Recently, Lorcaserin, a selective 5-HTc receptor agonist was
approved on June 28, 2012 for obesity with other co-morbidities and it has completed phase 3
clinical trials by arena pharmaceuticals [ClinicalTrials.gov.ID:NCT00603902]. Due to the

undesirable side-effects associated with the currently available anti-obesity medications and
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limited efficacy, much attention has been focused on developing drugs that directly modulate
energy metabolism without affecting the central nervous system. Several natural compounds and
their respective components (curcumin, berberine, and resveratrol) are well recognized for their
potential to exert anti-obesity activity with limited or no side effects. These natural compounds
ameliorate obesity by distinct mechanisms like decrease in lipid absorption, decrease in energy
intake, increased energy expenditure, decreased pre-adipocyte differentiation and proliferation,
decreased lipogenesis and increased lipolysis [Yun J.W., 2010].

Alternatively, it has been hypothesized that combinations of drugs may be more effective
by targeting multiple pathways and possibly inhibiting feedback pathways that prevent most
monotherapies from producing sustained large amounts of weight loss. This was evidenced by
the success of the combination of phentermine and fenfluramine or dexfenfluramine, popularly
referred to phen-fen, in producing significant weight loss but fenfluramine and dexfenfluramine
were pulled from the market due to safety fears regarding a potential link to heart valve damage.
The damage was found to be a result of activity of fenfluramine and dexfenfluramine at the 5-
HT2B serotonin receptor in heart valves. Newer combinations of SSRIs (Selective serotonin
reuptake inhibitors) and phentermine, known as phenpro, have been used with equal efficiency
as fenphen with no known heart valve damage due to lack of activity at this particular serotonin
receptor due to SSRIs. There has been a recent resurgence in combination therapy clinical
development with the development of 3 combinations: Qnexa (topiramate + phentermine),

Empatic (bupropion + zonisamide) and Contrave (bupropion + naltrexone).
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CHAPTER 2
LITERATURE REVIEW

2.1 Histone deacetylases (HDACs:):

Reversible acetylation modification of both histone and non-histone proteins at lysine
residues is catalyzed by the opposing activities of histone acetyltransferases (HATs) and histone
deacetylases (HDACs) (Fig.1.2). Protein acetylation regulates a wide variety of cellular
functions, including the recognition of DNA by proteins, protein-protein interactions, and protein
stability. HATs and HDAC:s are classified into many families that are often conserved from yeast
to humans [Marmorstein R., et al., 2001; Thiagalingam S., et al., 2003; Legube G., et al., 2003].
HDAC:s are grouped as class I (HDACI, 2, 3 and 8), class II (HDACA4, 5, 6, 7, 9 & 10), class III
(SIRT1-7) and class IV (HDACI11) based on their homology to yeast transcriptional repressors
(Fig.2.1).

Class I and II HDACs have significant similarity between their catalytic domains and are
homologous to yeast Rpd3p [Taunton J., et al., 1996] and Hdalp [Fischle W., et al., 1999]
deacetylases respectively. The class III HDACs, also called Sirtuins, is homologous to the yeast
transcriptional repressor Sir2p and has no sequence similarity to class I and II HDACs. Cellular

localization, substrates and functions of histone deacetylases has been shown in Table 1.
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Fig.2.1: Classification of HDACs with their conserved domains.
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Table 1: Histone deacetylases: Location, biological function, activity and interacting substrates.

Member Location Blolog}cal Activity Substrates
Function
Histones, MEF2,GATA,
cell survival and YY1,NFk-B,DNMT-
HDACI1 Nucleus proliferation Deacetylase | SHP,ATM,MyoD,p53,
AR,BRCA1,MECP2,p
Class 1 Rb
. Histones, GATA2,HOP,
Insulin NFk-
HDAC2 Nucleus re51st'ance;‘cell Deacetylase B.BRCA1,MECP2.pRb
proliferation IRS-1
cell survival and Histones,HDACA4,5,7,9,
HDAC3 Nucleus . . Deacetylase [SHP, GATA1, NFk-
proliferation
B.pRb
HDACS Nucleus [Cell Proliferation| Deacetylase [HSP70
Histones,SRF,RunX2,p
Nucleus/ Regulation of ISLI3I’1?—2 HOATATORO.
HDAC4 Cytoplasm . zlgeli‘iggeteliilssis Deacetylase 1o, SUV39HI,Hpl,
gHeos HADC3,MEF2,CaM, 1
4-3-3.
Cardiovascular
growth and
Nucleus/ function: cardiac Histones, HDAC3,YY 1,
HDACS Cvtoplasm myocytes and Deacetylase |MEF2,RunX2,CaM,14-
ytop endothelial cell 3-3
Class function;
A Gluconeogenesis
Thymocyte
Nucleus/ differentiation, Histones, HDAC3,,
HDAC7 Cvtoplasm endothelial Deacetylase |MEF2,RunX2,CaM,14-
ytop function- 3-3,PM1,HIF-1a
gluconeogenesis
Thymocyte
differentiation; .
Nucleus/ ) ’ Histones, HDACS3,
HDAC9 Cytoplasm cardiovascular Deacetylase MEF2, CaM, 14-3-3.
growth and
function
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Cell motility-

Mosl control of Cortactin, HSP90,HDA
HDAC6 Y Deacetylase | C11,SHP,PP1,RunX2,L
Class Cytoplasm cytoskeletal coR
11B dynamics
HDACI0 Mostly Homolpgops Deacetylase |LcoR,PP1
Cytoplasm | recombination
Histones,
Aging, redox p53,p73,p300,NF-
control-cell kB,FOXO,PTEN,NICD
survival, ,MEF2,HIFs,SREBP-
Nucleus/ autoimmune Ic,B-
SIRTI Cytoplasm system Deacetylase catenin,PGCla,Per2,K
regulation, u70,XPA,SMAD7,Cort
Metabolism actin,Ku70,IRS-
Inflammation 2,APE1,PCAF,TIP60,
PPARYy,ER-a,, AR,LXR
Deacetylase/
SIRT2 Cytoplasm Cell cycle, mono-ADP- Histones, a-tubulin
Tumorigenesis ribosyl
transferase
Class Deacetylase/ .
I Nucleus/ ‘ mono-ADP- Histones,Ku70,IDH2,H
SIRT3 Mitochondria Metabolism ribosyl MGCS2,GDH,AceCS,
4 SdhA,SOD2,LCAD
transferase
Mono-ADP-
SIRT4 | Mitochondria | Insulin secretion ribosyl GDH
transferase
SIRT5 [Mitochondria Ammomg Deacetylase | Cytochrome C,CPS1
detoxification
DNA repair, Mono-ADP-
SIRT6 Nucleus metabolism, ribosyl Histones H3, TNF-a
telomere transferase/
maintenance. Deacetylase
SIRT7 Nucleolus rDI\‘IA‘ Unknown pS3
transcription
Class Nucleus/ .
v HDACI1 Cytoplasm Histones, HDAC6
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2.2 Sirtuins:

In the past decade, a novel class of regulators called the ‘Silent Information Regulator 2
(SIR2) family or Sirtuins, have been implicated in regulating aging and lifespan in many
organisms. Initially discovered in yeast, Sirtuins are a family of proteins with protein deacetylase
and ADP-ribosyltransferase activity [Blander G., ef al., 2004; Imai S., ef al., 2000; Liszt G., et
al., 2005]. The name ‘Sirtuins’ was first given to the family of these proteins by Roy Frye in
1991 who identified five of the human SIR2 homologues, SIRT1-5. The first sirtuin gene was
discovered in Saccharomyces cerevisiae more than two decades ago by Klar and colleagues
[Klar A.J., et al., 1979]. The founding member of the Sirtuin family of proteins, the yeast SIR2
(Sir2p), was originally known as MARI, for mating-type regulator 1. It was discovered by
observing a spontaneous mutation that caused sterility due to loss of silencing at the mating-type
loci HMR and HML. Later on, a series of mutations resulting in sterile phenotypes were co-
discovered by Jasper Rine, who named the set of four genes, homologues of SIR2 (HST),
responsible for this trait, as Silent Information Regulator (SIR) 1-4 [Ivy J.M., et al., 1985; Shore
D., et al., 1984]. Subsequently, SIR2 homologues were found in bacteria, worms, flies, plants
and mammals, suggesting that the Sirtuin family genes are ancient and evolutionarily conserved.

More than a decade after the discovery of the SIR2 gene, two different groups [Aparicio
O.M.,, et al., 1991; Gottlieb S., et al., 1989], demonstrated that the SIR2 gene from the Sirtuin
family, is required to suppress rDNA recombination and silencing at telomeric DNA.
Subsequently it was shown that the gene silencing at mating-type loci and telomeres, is
associated with hypo-acetylated histone proteins at the N-terminal lysine residues [Braunstein
M., et al., 1993]. After the initial discovery that sirtuins metabolize NAD" and possess ADP-

ribosyltransferase activity, it was soon established that the enzymatic activity of yeast SIR2
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protein was essential for gene silencing [Frye R.A., et al., 2000; Tanny J.C., et al., 1999]. The
first identified protein substrates of the yeast SIR2 (Sir2p) were histones [Blander G., et al.,
2004]. Initially it was thought that ADP-ribosylation of histones by SIR2 interferes with histone
acetylation, leading to hyper-acetylation and loss of silencing in SIR2 mutants. However, soon it
was shown that SIR2 deacetylated histones and this activity was absolutely dependent on NAD"
[Landry J., et al., 2000]. The NAD" dependent deacetylase activity was later described for
numerous other sirtuins, including bacterial CobB, archeabacterial SIR2-AF (Archaeoglobus
fulgidus) and human SIRT1-3 and 5 [Smith J.S., ef al., 2000]. Sirtuins were thus categorized as
class III histone deacetylase (HDAC-III). While class I and II histone deacetylases use zinc as a
co-factor [Hernick M., et al., 2005], the sirtuins are NAD" dependent in that they consume one
NAD" for removing each acetyl group from the protein substrate. Landry et al.,[Landry J., et al.,
2000] elucidated the mechanism of SIR2 mediated deacetylation showing that the hydrolysis of
every molecule of NAD" produces one molecule of nicotinamide and one molecule of OAADPr
(2°3’-O-acetyl-ADP-ribose), as shown in Fig.2.2.

OAADPr formed as a byproduct of NAD" dependent deacetylation reaction acts as a
secondary messenger for sirtuin triggered signaling pathways. The absolute requirement of
NAD" for sirtuin catalysis suggests that sirtuins may have evolved as sensors of cellular energy
and redox states coupled to the metabolic status of the cell. Increasing evidence support that
sirtuins are indeed adapted to interact with changes in NAD" involving metabolic pathways,
manifested by changes in the concentration of NAD", NADH and/or nicotinamide [Denu J.M.,
2003; Guarente L., 2000; Leibiger 1.B., et al., 2006; Lin S.J., et al., 2000; Lin S.J., et al., 2004;

Lin, S.J., et al., 2002; Revollo J.R., et al., 2004; Sauve A.A., et al., 2003]. Nicotinamide, and the
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reduced dinucleotide, NADH, are inhibitors of sirtuins. Unlike class I and II HDACSs, sirtuins are

not affected by Trichostatin A (TSA).

[8]
\ H
NH, N
N*/ ©
ADP—O 0 4 Protein
OH OH 4 : b
' 5 Acetyl-Lysine
NAD* SIRT1
H,N

ADP—O © + Protein +

\

OH o] o

2'-0-acetyFA DP-ribose Deacetylated Protein NAM

Fig.2.2: Biochemical Reaction of SIRT1-mediated deacetylation.
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2.3 Mammalian Sirtuins:

The mammalian sirtuin family consists of seven sirtuins discovered in humans so far
namely, SIRT1-7 [Frye R.A., 2000]. All of these have an NAD" dependent catalytic core
domain, which may act preferentially as a NAD" dependent deacetylase (DAC) and/or mono-
ADP-ribosyl transferase (ART). The N-terminal and C-terminal sequences that flank the
catalytic core domain vary in length between the different sirtuins. The seven mammalian
sirtuins (Table 1) also differ in their sub-cellular localization; SIRT1, SIRT6 and SIRT7 being
predominately nuclear, SIRT2 cytoplasmic [Frye R.A., 1999; North B.J., et al., 2003] and
SIRT3, SIRT4 and SIRTS5 mostly described as mitochondrial. Although initially, SIRT1 was
known to be a nuclear protein, more recently it has been found to shuttle between the nucleus
and the cytoplasm, displaying some important cytoplasmic functions as well [Cohen H.Y ., et al.,
2004; Hallows W.C., et al., 2006; Moynihan K. A., et al., 2005; Tanno M., et al., 2007]. .

In the nucleus, a large fraction of SIRT1 is associated with euchromatin, whereas SIRT6
associates with the heterochromatin and SIRT7 localizes in the nucleous [Ford E., et al., 2006;
Michishita E., et al., 2005]. Among the seven sirtuins, SIRT1 show robust deacetylase activity
[Vaziri H., et al., 2001], SIRTS has weak deacetyalse activity and SIRT2, 3and 6 possess both
deacetylase as well as mono-ADP-ribosyl transferase activities [Shi T., et al., 2005]. On the
other SIRT4 have only mono-ADP-ribosyl transferase activity [Haigis M.C., et al., 2006], and no
significant activity has been found for SIRT7 yet. Like their diverse sub-cellular localization, the
mammalian sirtuins are expressed differentially in organs, have multiple target substrates and
affect a broad range of cellular functions. Of the seven mammalian sirtuins, SIRT1 is the most
extensively studied, with more than a dozen known substrates and implicated roles in a wide

range of cellular processes including cell survival and apoptotic pathways.
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2.4 Structure of SIRT1:

The SIRT1 gene is located on chromosome 10921 and encodes a 747 amino acid long
protein. It consists of eight exons and the protein shuttle between the nucleus and cytoplasm..

The SIRT1 protein can be considered composed by four different regions: N-terminal
domain, allosteric site, catalytic core and C-terminal domain. The catalytic domain of SIRT1 that
spans from 244 to 498 amino acids is composed of a helical module, a zinc-binding module (Fig.
2.3) and allosteric region spans from 181-243 amnioacids. The AROS protein interacts directly
with amino acids 114-217 in the SIRT1 protein to enhance deacetylation activity as measured by
SIRT1-dependent p53 suppression [Kim E.J., ef al., 2007]. The interface between the two sub-
domains creates a large grove that consists of the active site where NAD" and the acetylated
substrate bind [Huhtiniemi T., et al., 2006]. While the mechanism of deacetylation of substrate
has been resolved, it has been reported that SIRT1 shows no substrate specificity in vitro. The
amino acids proximal to the acetylated lysine do not show any consensus sequences among the
SIRT1 substrates [Blander G., et al., 2005]. Sasaki et al. reported that SIRT1 protein consists of
about 13 sites that can be potentially phosphorylated [Sasaki T., et al., 2008]. Numerous
experimental data [Milne J.C., et al., 2007; Bemis J.E., et al., 2009; Vu C.B., et al., 2009] have
shown the modulation of the catalytic activity of SIRT1 exerted through its allosteric effectors.
Recently, Sharma et al., group reported studies that SIRT1 activators, SRT1460, SRT1720,
SRT2183, and resveratrol interacts with SIRT1 at AROS binding domain with good affinity

[Sharma A., et al., 2012].
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Fig.2.3: Model of human SIRTI. The different structural/functional regions are shown in
different colors: in white the N-terminal region, in cyan the allosteric site, in green the catalytic
core and in magenta the C-terminal region. The region of the zinc binding (down on the right)
shows the four tetrahedrically coordinated cysteines [Photo source: Autiero 1., ef al., 2009].
2.5 Functions of SIRT1:
2.5.1 Regulation at transcriptional and translational levels:

It is important to know that SIRT1 can be regulated both at transcriptional and
translational level. Repression of gene expression is associated with histone hypo-acetylation.
Heterochromatin, which is the more tightly packed form of chromatin, is associated with hypo-

acetylated histones. SIRT1, like the yeast SIR2, facilitates the formation of heterochromatin by

20



Literature Review

targeting and deacetylating various histone proteins. It deacetylates histone protein H1 at the
lysine residues 9 and 26, H3 at 14 and H4 at 16. Apart from deacetylating histone proteins,
SIRTI1 plays a role in gene expression by targeting transcription factors. Several studies mainly
in tissue culture systems have implicated SIRT1 in various cellular processes by means of its
interaction with other proteins as shown in Fig.2.4 downloaded from STRING 9.0 [Sringdb.org].

Proteins like p53 andHIC1 (Hypermethylated in cancer 1) can bind to the SIRTI1
promoter region to repress its transcription, and inactivation of HIC1 could result in upregulation
of SIRT1 [Chen W.Y., et al., 2005], and those cells are tumor prone. RNA binding protein like
HuR binds to the 3> UTR region (untranslated region) of SIRT1 mRNA for stabilizing its
expression, whereas Chk?2 (cell cycle checkpoint kinase 2) phsophorylates the HuR and represses
the SIRT1 expression [Abdelmohsen K., et al., 2007]. E2F1 (transcription factor) is another
important apoptosis regulator which binds to SIRT1 promoter inducing its expression, but it is
surprising to know that SIRT1 protein in turn binds to E2F1 and inhibits its expression [Wang
C., et al., 2006]. SIRT1 modulation can also occur at translational level through protein-protein
interactions. AROS (active regulator of SIRT1) binds to the N-terminus of SIRT1 protein and
increases its deacetylation function. Whereas DBC1 (Deleted in breast cancer) inhibits the

SIRT1 activity by binding to the catalytic domain of SIRT1 [Zhao W., et al., 2008].
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Fig.2.4: SIRT1 interacting proteins [Photo source: Sringdb.org].

Desumoylation of SIRTI1 could also reduce its activity. For example, SENPI1
desumoylates SIRT1 by binding to the C-terminus which results in repression of SIRT1 activity
[Yang, Y., ef al., 2007]. Manterio et al., in their recent review explained that phosphorylation
also contributes in controlling the level and function of SIRT1 required for normal cell cycle

progression and cell survival under stress conditions [Monteiro, J.P., et al., 2011] (Fig.2.5).
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Although phosphorylation of SIRT1 has a role in cell proliferation and stress conditions, yet
there is no profound study related to phosphorylation of SIRT1 which can lead to diabetes
development. Whereas, phosphorylation of other proteins like PGC-1a in skeletal muscle by

SIRTI plays a role in alleviating T2DM.

Hic1 EZ2F1

Activity . L

Fig.2.5: SIRT1 mediated transcriptional and translational regulation (Published in Journal of
Experts opinion on therapeutic targets by our group [Pulla V.K., et al., 2012]).
2.5.2 Apoptosis and survival:

SIRT1 plays a role in apoptosis by targeting multiple proteins such as p53, p73, E2F,
HIC1 and Ku70. SIRT1 binds the tumor suppressor p53 and deacetylates it at multiple lysine
residues, thereby inhibiting p53 transactivation and suppressing apoptosis in response to

oxidative stress and DNA damage [Luo J., et al., 2001]. SIRT1 also binds with HICI
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transcriptional repressor and mediates the bypass of apoptosis, potentially by promoting cell
survival and tumorigenesis via p53. Since HIC1 can repress SIRT1 expression and p53 is able to
transactivate HIC1 transcription, SIRT1, HIC1 and p53 are believed to act in a complex loop
where HIC1 represses SIRT1, promoting p53 activity and apoptosis under stress. However,
under conditions, where cells are to be recovered from DNA damage, p53 down-regulates HICI,
which induces SIRT1 transcription and promotes cell survival.

Another mechanism by which SIRT1 regulates apoptosis is by binding and deacetylating the
DNA repair factor Ku70. Ku70 acts as an inhibitor of Bax mediated apoptosis. Deacetylated
Ku70 complexes with the proapoptotic factor Bax, sequestering it away from mitochondria,
thereby blocking it from triggering apoptosis in 293 cells in response to stress. SIRT1 also binds
the cell proliferation and cell-cycle regulator, E2F1, and inhibits the apoptotic function of E2F1.
On the other hand, E2F1 binds directly to the SIRT1 promoter and induces its transactivation,
forming a negative feedback loop between SIRT1 and E2F1 functions. This mutual regulation of
SIRT1 and E2F1 protects against DNA damage. p73 is yet another protein that SIRT1 targets to
regulate apoptosis. Similar to p53, SIRT1 binds and deacetylates p73, thereby suppressing its
transcriptional activity and inhibiting p73 mediated apoptosis in 293 cells [Dai J.M., et al.,
2007].

2.5.3 Regulation of Oxidative Stress:

SIRT1 also plays a role in cell survival by regulating the Forkhead transcription factors
(FOXOs). SIRT1 has been documented to deacetylate three out of the four known FOXO
proteins, namely FOXOI, FOXO3a and FOXO4. SIRTI1 affects FOXO3a in neurons and
fibroblasts, reducing stress induced apoptosis and increasing expression of DNA repair and cell

cycle checkpoint genes [Brunet, A., et al., 2004; Motta, M.C., et al., 2004]. SIRTI also
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deacetylates FOXO4 and rescues its repression under oxidative stress, thereby increasing
expression of growth arrest and DNA repair protein, GADD45 (growth arrest and DNA-damage-
inducible) [Kobayashi Y., et al., 2005; Van der Horst A., et al., 2004]. Acting through Foxo4,
SIRTI1 also suppresses the pro-apoptotic proteases caspase-3 and 7 only in transformed cells but
not in normal cells [Ford J., et al., 2005]. Interestingly, caspase-9 and Bcl-xL regulate SIRTI
cleavage during apoptosis, shifting its localization from nucleus to cytoplasm [Ohsawa S., ef al.,
2006].

Furthermore, SIRT1 protects pancreatic B-cells against glucose induced cytotoxicity by
acting through FOXO1 [Kitamura Y.I., et al., 2005]. In diabetic patients, chronically high plasma
glucose causes cytotoxicity leading to B-cell degeneration. This is believed to be caused by
increased mitochondrial oxidation rates, due to higher glucose levels, leading to increased ROS
(reactive oxygen species) production. Under these conditions, SIRT1 is required in sustaining
FOXO1-mediated transcription of MafA and NeuroD, which regulate expression of insulin
gene2 to prevent apoptosis.

2.5.4 Cellular Senescence:

Cellular senescence is a state of permanent cell cycle arrest which is manifested by
defined morphological changes. Senescence can be natural or induced by certain stimuli.
SIRT1’s role in regulating cellular senescence is conflicting. Under certain conditions, SIRT1
has been found to localize with PML (promyelocytic leukemia) in discrete nuclear structures
called the nuclear bodies. PML proteins are believed to act as co-activator or co-repressor to
various transcription factors affecting apoptotic signals. It is believed that SIRT1 rescues primary
mouse embryonic fibroblasts from PML-mediated premature cellular senescence by inhibiting

the pro-apoptotic factor p53 [Langley E., ef al., 2002]. However, in other cases, SIRT1 has been
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shown to promote cellular senescence, SIRT1 null MEFs show extended replicative potential and
higher proliferation during chronic but sub lethal stress [Chua K.F., et al., 2005]. Interestingly,
lower SIRT1 levels have been documented in dividing tissue of older mice, such as testis and
thymus or in cells that have been serially passaged. However, this was not true for immortalized
cells or post-mitotic organs [Sasaki T., ef al., 2006]. Thus, although SIRT1’s regulatory role in
senescence is conflicting, SIRT1 mediated regulation of senescence may play a significant role
with regard to tumorigenesis in the elderly and aging.

2.5.5 DNA repair:

A couple of reports have suggested a potential role of the mammalian sirtuins in DNA
repair. Recently, Mostoslavsky et al showed that SIRT6 knockout mice exhibit impairment in
base excision repair [Mostoslavsky R., et al., 2006]. While the mechanism by which SIRT6
regulates DNA repair is not clear, the various phenotypic defects found in SIRT6 knockout mice
such as premature aging, abnormal spine curvature and metabolic defects have been attributed to
defects in DNA repair. More recently, SIRT1 has also been implicated in DNA repair
mechanism. Upon exposure to radiation, SIRT1 enhances DNA repair capacity and deacetylation
of the repair protein Ku70. Over-expression of SIRT1 results in the increased repair of DNA
strand breakages produced by radiation. On the other hand, repression of endogenous SIRTI
expression by SIRT1 siRNA decreases repair activity, indicating that SIRT1 can regulate DNA
repair capacity of cells with DNA strand breaks [Jeong J., et al., 2007].

2.5.6 Role in Inflammation:

SIRT1 plays a role in inflammation by regulating a key regulator NF-kB. SIRTI

represses NF-«kB activity possibly by multiple mechanisms. It has been shown that SIRT1

deacetylates the RelA/p65 subunit of NF-kB, thereby inhibiting its transactivation potential
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[Yeung F., et al., 2004]. Consistent with this, it has been shown that cigarette smoke extracts can
increase pro-inflammatory responses mediated by NF-xB by decreasing the interaction between
SIRT1 and RelA/p65 resulting in increased acetylation and activation of NF-kB [Yang S.R., et
al., 2007]. Interestingly, SIRT1 is expressed at higher levels in calorie restricted rodents which
also show decreased inflammatory responses. Recently in a high-throughput screen, SIRTI
activating compounds were shown to have anti-inflammatory properties such as reduction of the
pro-inflammatory cytokine TNF-a (tumor necrosis factor a) [Nayagam V.M., et al., 2006].

2.5.7 Cell development:

Many lines of evidence suggest a role of SIRT1 in development. Using a Sir2 knock out
transgenic mice model, McBurney et al. showed that the protein SIRT1 is important for
embrogenesis and gametogenesis. First, only half of the typically expected numbers of pups are
born, and of those that are born, only 20% survive to adulthood. These mice showed
developmental defects such as markedly smaller size as compared to their littermates, slower
development, defects in eye morphogenesis and cardiac septation. Furthermore, the mice that
survive to adulthood are sterile in both sexes, with males having lower sperm count and females
failing to ovulate, potentially due to hormonal inefficiency [McBurney M.W., et al., 2003]. The
developmental defects in SIRT1 mutant mice can be explained by SIRT1’s regulation of the
transcriptional repressors Hesl and Hey2, which play a role in development [Takata T., et al.,
2003]. Apart from this, SIRT1 is also known to regulate BCL11A and CTIP2, a mammalian and
chicken protein respectively, which play a role in hematopoietic cell development and
malignancies [Senawong T., ef al., 2005]. Consistent with SIRT1’s role in development, another
report showed that SIRT1 is expressed at higher levels in the heart, brain, spinal cord and dorsal

root ganglia of embryos [Sakamoto J., et al., 2004]. Another sirtuin member, SIRT2, has been
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shown to interact with a homeobox transcription factor important for embryogenesis, HOXA10,
indicating potential role for the other sirtuins in development [Bae N.S., ef al., 2004].
2.5.8 Reproduction:

It has been documented that developing spermatocytes express higher levels of SIRT1
and deletion of the SIRTI1 gene leads to severe sperm abnormality and sterility in mice
[McBurney M.W., et al., 2003]. Thus SIRT1 potentially plays a role in the reproductive capacity
of animals.

2.5.9 Muscular differentiation and maintenance:

SIRT1 regulates muscle differentiation and muscle mass maintenance by regulating
multiple proteins. SIRT1 deacetylates and inhibits the transcription factor MyoD, a key player in
muscle differentiation. On the other hand, SIRT1’s activity is regulated by decreasing levels of
NAD+ during muscle differentiation to alleviate SIRT1-mediated MyoD suppression [Fulco M.,
et al., 2003]. SIRTI also deacetylates MEF2 (myocyte enhancing factor 2), another transcription
factor that regulate muscle differentiation. Deacetylation of MEF2 by SIRT1 facilitates the
HDAC4 mediated SUMO addition by E3 ligase on MEF2; thereby inhibiting MEF2 mediated
transcription [Zhao X., et al., 2005]. Reduction in muscle mass is a common cause in diseases
like muscular dystrophy, cancer and aging. Balanced turnover of protein is critical for muscle
mass maintenance. Two proteins involved in proteosome mediated proteolysis are MnRF1 (for
muscle RING finger 1) and MAFbx/atrogin-1 (for muscle atrophy F-box) [Glass D.J., et al.,
2005]. These two proteins are transcriptionally regulated by NF-«xB and FOXO pathways, which
in turn are regulated by SIRTI1. Thus, along with its regulation of MyoD, MEF2, NF-xB and
Forkhead transcription factors, SIRT1 plays a broader role in controlling muscle mass

maintenance during injury and aging.
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2.6 SIRT1, cancer and controversies:

The earliest reports of SIRT1 as a non-histone deacetylase involved p53. It was shown
that deacetylation of p5S3 by SIRT1 inhibited its transcriptional function and hence, SIRT1 was
considered an oncogene [Smith J., et al., 2002].The role of SIRT 1since then has been studied in
detail and a number of SIRT1 functions have been brought to light. While some reports have
deemed SIRTI as an oncogene based on its function and expression pattern in tumors [Huffman
D.M., et al., 2007; Stunkel W., et al., 2007], other reports have provided evidence for a tumor
suppressive function of SIRT1 [Firestein R., et al., 2008; Wang R.H., et al., 2008]. The
importance of p53 acetylation in its stabilization and transcriptional function has been
questioned. While some researchers have shown that acetylation of p53 mediated by p300/CBP
in response to DNA damage enhances sequence-specific DNA binding [Lill N.L., et al., 1997,
Olsson A., et al., 2007; Sakaguchi K., ef al., 1998], others have shown that enhancement of p53
function is independent of its acetylation status [Espinosa J.M., et al., 2001]. In light of the above
conclusions, the significance of p53 acetylation is controversial and so is the functional effect of
SIRT1-mediated p53 deacetylation. Besides p53, SIRT1 has been shown to regulate proteins that
participate in various pro-apoptotic and anti-apoptotic pathways. To date the controversies
regarding the exact role of SIRT1 in cancer have not been resolved and further research will be
required to reach a conclusion. Stunkel ef al., compared the levels of SIRT1 in various cancer
cell lines with normal cells and found that SIRT1 was over expressed in almost all the cancer cell
lines that were tested. When stained with anti-SIRT1 antibody, HeLa and SW620 cell lines
exhibited cytoplasmic localization of SIRT1. Staining of a colon tumor microarray also revealed
cytoplasmic localization of SIRT1 in the tumor as well as normal colon tissue. This result was

unexpected since the nuclear localization of SIRT1 is a well-established fact and further
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investigation of this expression pattern will reveal its significance. Another research group
identified two nuclear import and two export sequences on SIRT1 protein and found that SIRT1
could shuttle between the nucleus and cytoplasm in C2C12 myoblast cells. SIRT1 was nuclear in
undifferentiated C2C12 and localized to the cytoplasm upon differentiation. Nuclear SIRT1 was
found to protect the cells against oxidative damage induced cell death but the function of
cytoplasmic SIRTI is yet to be determined. It was hypothesized that the cytoplasmic localization
of SIRT1 is a mode of regulation such that removal of SIRT1 from the nucleus allows for
acetylation and activation of certain nuclear substrates of SIRT1. To study the role of SIRT1 in
cancer, Huffman et al., developed a prostate cancer mouse model called TRAMP (Transgenic
adenocarcinoma of mouse prostate) [Huffman D.M., ef al., 2007]. SIRT1 levels were found to be
elevated in prostate adenocarcinomas in these mice. Simultaneously, HIC1 levels were down
regulated leading the authors to suggest that lower levels of HIC1 expression were responsible
for the observed increase in SIRT1. Levels of acetylated Lys9 on histone H3 were also reduced
in these cancers. Upon staining prostate tumor biopsies, it was found that SIRT1 expression was
high in the cancer cells as compared to the normal surrounding cells. Based on the association of
elevated SIRT1 levels with advanced prostate cancer, the authors summarized that
SIRT1functions as an oncogene and may serve as a potential target for prostate cancer therapy.
However, this model does not provide conclusive evidence for SIRT1 as a cause of prostate
cancer. It merely shows an association between high SIRT1 expression and prostate cancer.
Recently, a research group generated a Sirtl null mouse model to determine the role ofSIRT1 in
tumorigenesis [Wang R.H., et al., 2008]. They discovered that cells obtained from SIRT1-/-
embryos exhibited incomplete chromosome condensation and chromosome instability. These

cells also demonstrated cell cycle abnormalities and impaired DNA damage repair as compared
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to SIRT1+/+ cells. Furthermore, it was discovered that SIRT1+/-p53+/- mice were more prone to
development of spontaneous tumors as compared to SIRT1+/- or p53+/- mice. These
observations led the authors to suggest that SIRT1 may function as a tumor suppressor. They
then analyzed a set of clinical tissues to study the levels of SIRT lexpression in tumors and found
that SIRTI levels were lower than normal in glioblastoma, bladder carcinoma, prostate
carcinoma and certain ovarian cancers. This expression pattern in the different tumors along with
observations from the Sirtl null mice led the authors to suggest that SIRT1 has a tumor
suppressive function.

On the contrary to above, Lovaas et al reported that SIRT1 is an important regulator of
MMP2 (matrix metalloproteinase-2) expression, activity, and prostate cancer cell invasion. Over
expressed SIRTI in advanced prostate cancer may play an important role in prostate cancer
progression [Lovaas J. D., et al., 2012]. In the case of prostate cancer, Kuzmichev et al
[Kuzmichev A., et al., 2005] demonstrated over expression of SIRT1 by immunohistochemical
analysis. Huffman et al reported that SIRT1 expression in the dorso-lateral prostate was
increased in mice with poorly differentiated adenocarcinomas compared with those with normal
tissue and high grade PIN (prostatic intraepithelial neoplasia). They also showed that human
prostate cancer cells had greater SIRT1 expression than uninvolved cells by analyzing prostate
tumor biopsy samples. Based on these findings, enhanced expression of endogenous SIRT1 has
been implicated in promoting tumorigenesis [Lim C.S., 2006].

2.7 Sirtl and obesity-associated metabolic diseases:

Hepatic metabolic derangements are key components in the development of fatty liver,

insulin resistance, and atherosclerosis. Sirtl is an important regulator of energy homeostasis in

response to nutrient availability. Energy homeostasis is regulated by three processes, which

31



Literature Review

include energy intake, storage and expenditure. During healthy homeostasis, abnormality in any
processes would be counter balanced by other two processes. Insulin resistance is an inability to
respond to insulin in circulating fluid, which is generally believed to be the important
characteristic of T2DM (Type 2 diabetes mellitus). In recent years it was demonstrated that
abnormality in energy expenditure could be the prime cause of insulin resistance.

Dependence of SIRT1 on NAD" levels infer that it acts as a key sensor for changes in
metabolism. SIRT1 has a range of targets involved in regulating the metabolism at various
tissues. The complexity of SIRT1 can be explained with an example, as it has been known that
SIRT1 inhibits the activity of p300 (Acetyl transferase), expressed in a broad range of tissues and
hence it has a role in regulating various genes.SIRT1 was also shown as modulator for two other
acetyltransferases like PCAF (p300/CBP associated factor) and GCNS, where it forms a complex
with MyoD (transcription factor). It is important to know that SIRT1 regulation on various
targets like FOXO, PPARy, PGC-1a and AMPK, which are related to many chronic diseases
including T2DM. To demonstrate the importance of SIRT1 in treating metabolic disorders, we
need to know its role in various signaling pathways like insulin receptor signaling,
gluconeogenesis, fatty acid oxidation, obesity and caloric restriction. These details are discussed
in forthcoming sections.

2.7.1 SIRT1 in hepatic glucose homeostasis:

The liver plays a central role in regulating key aspects of lipid and glucose homeostasis in
response to nutritional and hormonal signals [Van den Berghe G., 1991]. In response to low
nutrient conditions gluconeogenesis helps in the production of glucose, to supply necessary
glucose to active tissues like brain and blood cells. In response to low nutrient conditions o-

pancreatic cells release glucagon, which activates the translocation of TORC2 (Transducer of

32



Literature Review

regulated CREB activity) into the nucleus and activates the CREB (cyclic AMP response
element binding protein), which helps in induction of PGC-1a. Later PGC-1q, after binding to
the FOXO1 and HNFa (hepatocyte nuclear factor-a) inducts gluconeogenesis by activating the
PEPCK (phosphoenolpyruvate carboxykinase) and G6Pase (Glucose 6 phosphatase enzymes)
[Yoon J.C., et al., 2001; Puigserver P., et al., 2003; Rhee J., et al., 2003].

During caloric restriction (CR), various transcription factors like CREB, CRTC2 (CREB
regulated transcription coactivator 2); FOXO1 and PGC-la are activated by SIRT1 which
increases glycogenolysis and gluconeogenesis enzymes like G6Pase, FBPase (fructose-1, 6-
bisphosphatase) and PEPCK 24. Furthermore, SIRT1 also deacetylates and inactivates the
STAT3 (signal transducer and activator of transcription-3), which is known to be a repressor of
gluconeogenesis. It is interesting to know that reduction of SIRTI expression in mice liver
reduces the gluconeogenesis, resulting in mild hypoglycemia and increased expression of SIRT1
results in mild hyperglycemia. Similar studies in in vivo models of T2DM rats showed decreased
expression of gluconeogenic enzymes when SIRT1 is inhibited by antisense oligonucleotides
because of increased acetylation of STAT3, FOXO1l and PGC-1la.Anothersurprising and
prominent finding is that prolonged starvation would result in decrease in the expression of
gluconeogenesis genes because of deacetylation and ubiquitination of CRTC2. During nutrient
deprivation, SIRT1 activation causes hepatic fatty acid oxidation along with TORC2 suppression
[Purushotham A., et al., 2009; Feige J.N., et al., 2008]. SIRT1 acts through PGC-1a to activate
PPARa transcription to induce fatty acid catabolic genes [Purushotham A., ef al., 2009]. Thus
prolonged fasting leads to increased deacetylation of PGC-la by SIRT1 resulting in
mitochondrial fatty acid oxidation in response to improved glucose homeostasis demands

[Purushotham A., et al., 2009; Rodgers J.T., et al., 2005; Dominy J.E. Jr., et al., 2010]. In
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contrast to the above findings during CR condition, SIRT1 liver specific knockout mice were
found to initiate gluconeogenesis as similar to control animals, and showed upregulation of
gluconeogenic genes like PEPCK, G6Pase andPGC-1a (Fig.2.6). This infers that SIRT1 does not
have any control over gluconeogenesis during CR [Chen D., et al., 2008]. In extension to the
above findings scientists have proved that SIRT1 improves the insulin sensitivity when fed with
HFD (high fat diet).

2.7.2 SIRTT1 in pancreatic f cells insulin secretion:

In the development of T2DM, pancreatic islet B-cell failure is a crucial pathological
contributor. The molecular mechanisms and cellular pathways involved in this T2DM
development have been extensively investigated [Kitamura Y.I., et al., 2005; Steppel J.H., et al.,
2004]. Accumulation of triglycerides, excess intracellular fatty acids and cellular stress due to
over nutrition are the general contributors leading to b-cell dysfunction as well as impaired
insulin secretion. Recent investigations revealed UCP2 (uncoupling protein-2) as a key
modulator of insulin secretion in pancreatic cells. Polymorphism of UCP2 promoter with higher
expression of UCP2 leads to decreased insulin secretion at T2DM conditions.

Insulin is released by pancreatic-f cells following meal consumption. Glucose enters into
the pancreatic-b cells through GLUT?2 transporter and later undergoes oxidation to give ATP.
The increase in the ATP results in closure of ATP/K" channels causing depolarization of
membrane, and opening of voltage gated Ca®" channels that results in the release of insulin. The
role of SIRTI in expressing insulin was best demonstrated in BESTO mice (B-cell-specific
SIRT1-overexpressing), which improved insulin secretion in response to glucose whereas in the
SIRT1 knock out animals it was found that there was significant decrease in the insulin secretion

[Bordone L., et al., 2006]. It has been proposed that SIRT1 increased insulin levels by repressing
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the action of UCP2, which prevents insulin release during food deprivation (Fig.2.6) [Bordone
L., et al., 2006]. It is very much evident thatSIRT1 expression would be activated during high
glucose meals and inhibited during starving conditions in pancreatic B-cells. This can be best
explained that during overnight fasting there would be a significant decrease in the NAD" which
in turn decreases the activity of SIRT1 [Bordone L., et al., 2005]. By deacetylating FOXO1,
SIRT1 also promotes the activation and transcription of NeuroD and MAFA (mast cell function
associated antigen), which preserve insulin secretion and promote B-cell survival [Kitamura Y.I.,
et al., 2005].

Transgenic mice studies under the control of rat insulin promoter revealed that SREBP-1c¢
(sterol regulatory element binding protein) was over-expressed and involved in impaired insulin
secretion and glucose intolerance [Yamashita T., et al., 2004; Takahashi A., et al., 2005].
Impaired insulin secretion due to over-expression of SREBP-1c was associated with the
accumulation of triglycerides and increased gene expression of lipogenic genes in -
cells. SREBP-1¢ did not only lead to functional disturbances in mature B-cells but also
interrupted B-cell differentiation and replication, resulting in loss of B-cell mass. Studies on RIP-
SREBP-1c transgenic mice model revealed that impairment of B-cell function was mediated
through suppression of IRS2 (insulin receptor substrate-2) and PDX1 (pancreas duodenum
homeobox 1). It has been reported in rodents that SREBP-1c binds to the IRS2 promoter and
suppresses it. Similar mechanism was also observed in hepatocytes (Fig.2.6) [Ide T., et al.,
2004]. IRS2 is proven to promote B-cell growth and survival [Withers D.J., et al., 1998].
Therefore, suppression of IRS2 expression by SREBP-1c¢ should contribute, at least in part, to -

cell glucolipotoxicity [Wang H., et al., 2005]. Hence in this context activating SIRT1 would be a
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right option to combat T2DM as it results in suppression of SREBP-1c¢ and eventual increase in

the expression of IRS2, PDX1 and GLUT2.

Fig.2.6: SIRT1 pathway within the tissues of liver, pancreas, skeletal muscle and adipose tissue
(clock wise) in relation to T2DM. (Green arrows indicate activation, Red arrow indicates
inhibition, and Black lines indicate mixed action from the same source). (Published in Journal of

Experts opinion on therapeutic targets by our group [Pulla V.K., et al., 2012]).
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2.7.3 SIRT1 in skeletal muscle metabolic homeostasis:

Skeletal muscle is a key metabolic tissue in maintaining metabolic pathways to endorse
energy and nutrient homeostasis. Nutrient deprivation and alteration in food availability triggers
a whole rearrangement of glucose and lipid metabolism. Excessive accumulation of fatty acids
and lipid metabolites in muscle causes lowered uptake of glucose, leading to complications of
T2DM [Randle P.J., ef al., 1963; Furler S.M., et al., 2001]. Activating fatty acid B-oxidation has
been suggested to be a promising approach to alleviate muscle insulin resistance and to increase
glucose uptake. In vitro and in-vivo studies demonstrated that activation of PGC-1a in skeletal
muscles would be the right strategy to treat T2DM. For instance, exposure of L6 rat myotubes to
high concentrations of fatty acid had decreased b-oxidation. On the other hand over-expression
of PGC-1a in muscle increased the ratio of complete fatty acid B-oxidation [Koves T.R., et al.,
2005]. It has been known that PPAR receptors are one of the primary regulators of lipid
metabolism. It is interesting to know that activation of PCG-1a results in activation of PPARa
which further stimulates insulin sensitivity. PGC-1a is a common transcriptional co-activator for
several transcriptional factors such as FOXO1, ERRa and PPARa that induces activation of a
major regulatory metabolic enzyme called PDK4 (pyruvate dehydrogenase kinase-4) at the
transcription level [Wende A.R., et al., 2005]. To undergo mitochondrial oxidation of fatty acids
PGC-1a also triggers OXPHOS (Oxidative phosphorylation) genes which are involved in the
final step of electron transport chain and ATP synthesis in muscle cell [Wu Z., et al., 1999]. In
fact, mitochondrial OXPHOS targets are down regulated in human skeletal muscle of T2DM
patients due to increased intramyocellular triglyceride accumulation [Mootha V.K., et al., 2003;
Patti ML.E., et al., 2003]. In addition, interaction of PGC-1a with PPARa and ERRa transcription

factors results in induction of fatty acid oxidation genes such as CPT-1b
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(Carnitinepalmitoyltransferase) and MCAD (Malonyl-CoA decarboxylase) (Fig.2.6) [Schreiber
S.N., et al., 2004; Mootha V.K., et al., 2004]. Interestingly, several experimental reports
identified that SIRT1 is the major deacetylase of PGC-1a that positively regulates mitochondrial
fatty acid utilization genes. During starvation there would be an increase in the NAD" levels,
which is correlated with increase in the PGC-1a deacetylation, suggesting an increase in the
enzyme activity of SIRT1 [Gerhart-Hines Z., et al., 2007]. Thus, in skeletal muscles, SIRTI
activates PPARa through deacetylation of PGC-1a to induce transcription of fatty acid catabolic
genes during nutrient deprivation [Pfluger P.T., ef al., 2008]. From the above details we get to
know the importance of PGC-1a in treating diabetes, and equally very important proteins which
mediate its activity and their interregulation. Expression of PGC-la and mitochondrial
biogenesis had also been shown to be mediated by AMPK [Jager S., et al., 2007]. AMPK is
another metabolic sensor that activates PGC-la based on intracellular AMP/ATP ratio.
According to Canto et al., AMPK activates PGC-1la via sirtuins [Canto C., et al., 2009].
Furthermore, AICAR, a direct activator of AMPK showed an increase in NAMPT (nicotinamide
phophoribosyltransferase), which further helps in the activation of SIRT1 through increased
synthesis of NAD" [Fulco M., et al., 2008]. Activation of AMPK by metformin had also shown
to increase the PGC-1a, cytochrome-c and other oxidative enzymes [Suwa M., et al., 2006]. In
diabetic patients, PGC-1a levels were found to be decreased in skeletal muscle, which further
demonstrates the importance of PGC-1a [Canto C., et al., 2009]. It is interesting to know that
AMPKs are in turn regulated by various kinases and deacetylases as well. Kinases like LKB1
(liver kinase B1) and calcium/calmodulin kinase-b activate AMPK by phsophorylating threonine
residue at 172 positions. SIRT1 regulation on AMPK was demonstrated by Lan et al., when

SIRT1 was over-expressed in embryonic kidney 293T cell line and there was a reduced
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acetylation of LKB1 resulting in translocation from nucleus to cytoplasm which activated itself
and the AMPK (Fig.2.7) [Lan F., et al., 2008]. The importance of SIRT1 in vivo was also
explained by Hou et al., when resveratrol increased the activity of AMPK in mouse liver in the
presence of SIRT1 and LKB1 [Hou X., et al., 2008]. Activation of AMPK was also found to
increase insulin sensitivity through a greater level of GLUT4 translocation and glucose transport
that triggers insulin release [Jessen N., et al., 2003; Fisher J.S., et al., 2002]. Moreover, PGC-1a
appears to regulate GLUT4 transcription in conjunction with the transcription factor MEF2C
(myocytespecific enhancer factor 2C) [Michael L.F., et al., 2001]. Here, AMPK activation
increases GLUT4 gene expression through PGC-la phosphorylation while MEF2 nuclear
translocation leads to promotion of GLUT4 membrane translocation [Holmes B.F., et al., 2005].
Alleviating insulin resistance is also a key for the treatment of T2DM. Increased expression of
PTP1B (protein tyrosine phosphatase 1B) is one another cause for insulin resistance in tissues
like skeletal muscle and liver. Whereas, it is well displayed that decreased expression of PTP1B
results in better responses to insulin stimulation. Moreover, current target SIRT1 represses
PTP1B at both the mRNA and protein levels [Elchebly M., et al., 1999; Zinker B.A., et al.,
2002]. Rise in the expression of PTP1B counteracts with SIRT1-mediated improved InsR
(insulin receptor) phosphorylation and glucose uptake due to insulin stimulation (Fig.2.6). For
instance, a SIRT1 activator resveratrol derived from natural source also repressed PTP1B both in
vitro and in vivo, signifying that resveratrol has a positive effect on insulin sensitivity [Vaquero
A., et al., 2004]. Furthermore, similar results were found in C2C12 myotubes where SIRT1
represses PTP1B transcription at the chromatin level. It has been already known that SIRT1
protein levels are increased in calorie-restricted animals [Howitz K.T., et al., 2003] and CR is

considered to be an effective dietary intervention for enhancing insulin sensitivity [Barzilai N., et
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al., 1998; Fontana L., et al., 2004]. Moreover, PTP1B protein levels were decreased by
increasing levels of SIRT1 in liver of fasting mice indicating the possibility that SIRT1
negatively regulates PTP1B in vivo [Gu F., et al., 2003]; however, the entire mechanism

involved was not fully elucidated.
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Fig.2.7: The relation between AMPK, SIRT1, PGC-1a and PPARy upon starvation/exercise
(Published in Journal of Experts opinion on therapeutic targets by our group [Pulla V.K., et al.,
2012)).
2.7.4 SIRT1 in adipocyte energy homeostasis and insulin sensitization:

Adipose tissue, widely known as a storage compartment for fatty lipids also deals with

functions such as innate immune response, endocrine functions, vascular remodeling and
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synthesis of key modulators for insulin sensitivity and whole body energy homeostasis [Rajala
M.W., et al., 2003]. An adipocyte-derived hormone also known as adiponectin plays a crucial
role in aspects like energy metabolism, immunological responses and also in insulin sensitivity
with compelling evidences [Berg A.H., ef al., 2005; Kadowaki T., et al., 2005]. In general, in
deprived nutritional conditions, SIRT1 mobilizes fat storage in adipocytes and increases
adiponectin gene expression which sensitizes cells to respond to insulin and enhances fatty acid
oxidation. Profoundly, SIRT1 enhances the coordinative interaction between two transcription
factors FOXO1 and C/EBPa (CCAAT enhancer binding protein alpha) mediated adiponectin
promoter activation followed by release of adiponectin (Fig.2.6).Moreover, decrease in FOXO1
and SIRT1 expression or impairments of FOXO1-C/EBPa transcription complex formation;
contribute to the reduced adiponectin gene expression in T2DM and obesity [Qiao L., et al.,
2006]. Furthermore, studies on differentiated 3T3-L1 adipocyte cells revealed a few obligatory
attestations such as overexpression or knocking down of endogenous SIRTI resulting in
increased or decreased adiponectin gene expression respectively. Triglycerides are usually stored
in adipose tissue, hence during starving conditions triglycerides from adipose tissue are
mobilized to give free fatty acids, which later undergo b-oxidation and deliver energy. SIRT1 is
also believed to suppress adipocyte differentiation and triglyceride accumulation in adipose
tissue by suppressing the action of PPARy (Fig.2.6). SIRT1 deacetylates and activates the LXR
(liver X receptor), ABCA1 (ATP binding cassette transporter A1) and SREBP-1c. LXR enhances
the cholesterol transport from peripheral tissue to blood through the expression of ABCA1 and
later it mediates conversion of cholesterol to HDL (high density lipoprotein). The importance of
SIRT1 was studied in liver knockout mice, which showed a significant decrease in the HDL

cholesterol levels in both CR and HFD fed animals [Li X., et al., 2007]. When HFD fed mice
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were treated with resveratrol and SRT1720 (agonist of SIRT1), they improved the physiology
and metabolic function by reduction of lipogenesis. In addition to that, moderate overexpression
of SIRT1 in whole body under the control of promoter resulted in complete protection of hepatic
steatosis. It was also known that AMPK plays an important role in inhibiting the hepatic
lipogenesis, and cholesterol synthesis by phosphorylation and inactivation of SREBP-1, fatty
acid synthase and HMGR (hydroxymethylglutaryl-CoA reductase). As both AMPK and SIRTI
inhibit lipogenesis by targeting same proteins, it might be considered that they are components of
the same pathway. Therefore, we can suggest that SIRT1 regulation in adipose tissue
differentiation is a promising path for the optimization of treatment for T2DM and obesity.

2.8 Small molecule modulators of SIRT1:

The biological functions of SIRT1 have triggered interest in the development of SIRT1
activators and inhibitors. Sirtuin enzymes catalyze NAD' dependent protein/histone
deacetylation, where the acetyl group from the lysine epsilon-amino group is transferred to the
ADP-ribose moiety of NAD", producing nicotinamide and the novel metabolite O-acetyl-ADP-
ribose. Soon enough it was shown that physiological concentrations of nicotinamide
noncompetitively inhibit both SIR2 and SIRT1 in vitro. Furthermore, the degree of inhibition by
nicotinamide (ICso< 50 uM) was shown to be equal to or better than the most effective known
synthetic inhibitors of this class of proteins. It was proposed that nicotinamide inhibits
deacetylation by binding to a conserved pocket adjacent to NAD" thereby blocking NAD"
hydrolysis [Bitterman K.J., et al., 2002]. Recently, it was demonstrated that nicotinamide
inhibition is the result of nicotinamide intercepting an ADP-ribosyl-enzyme-acetyl peptide

intermediate with regeneration of NAD" (transglycosidation) [Jackson M.D., et al., 2003].
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Several small molecule inhibitors (Fig.2.8) of SIRT1 like EX-527 analogues [Napper
A.D., et al., 2005], Splitomicin analogues [Bedalov A., et al., 2001; Posakony J., et al., 2004],
Sirtinol analogue [Mai A., et al., 2005], Cambinol [Heltweg B., et al, 2006], 2-
Anilinobenzamides [Suzuki T., et al., 2006], Aristoforin [Gey C., et al., 2007], Nicotinamide
[Peck B., et al., 2010], ILS-JGB-1741 [Kalle A.M., et al., 2010], Aurone derivatives [Manjulatha
K., et al., 2012] were reported for treatment of various cancers. SEN0014196 or EX-527 is an
investigational drug not yet approved by the FDA. It is a SIRT1 Inhibitor, which is being studied
as a potential treatment for Huntington’s disease entered into phase 1b clinical trials to assess the

safety, tolerability, and fed/fasted pharmacokinetics of repeated oral doses [ClinicalTrials.gov:

ID NCT01485965].
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Fig.2.8: Known Small molecule inhibitors of SIRT1
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Besides, Sirtris pharmaceuticals (now owned by GSK) and various other groups are
competitively working on the development of small molecule SIRT1 activators. Majority of
patents still disclose structures that are analogs of resveratrol and various plant polyphenols

including butein, pinosylvin, fisetin, piceatannol and quercetin shown in Fig.2.9.
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Fig.2.9: Known small molecule activators of SIRT1
Moreover, many upcoming companies are working and had filed so many patents but
none of them got issued. Recently a number of Sirtris compounds, includingSRT1720, SRT2183

and SRT1460 were reported asSIRT1 activators but later Pacholec et al.,[Pacholec M.,et al.,
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2010] demonstrated that these molecules interact with fluorophore of P53 substrate instead of
direct activation of SIRT1. A major effort is focused on developing SIRT1 activators either from
natural and synthetic resources. Recently, resveratrol from grape wine fruit has been identified as
the most potent SIRT1 activator [Wood J.G., et al., 2004] but had poor bioavailability and fast
metabolism, and its direct effect on the SIRT1enzyme is controversial [Guerrero R.F., ef al.,
2009]. Some patents disclose other commercially available SIRT1 activators like camptothecin
but these are less potent compared to resveratrol. Resveratrol and other polyphenols contain
various promiscuous activities along with SIRT1 activation, including antioxidant functionality
but display poor pharmaceutical properties and thus have limited potential as drug candidates
[Pillarisetti S., 2008]. Based on the structure of nicotinamide, Mai et al., prepared a series of 1, 4
dihydropyridine and their off-target activities were not reported [Mai A., et al., 2009].

Recently Sirtris pharmaceuticals had launched SRT501, an oral formulation of
resveratrol, for the potential treatment of diabetes and obesity (currently in Phase II clinical
trials). Furthermore, compoundsSRT-1460, SRT-1720 and SRT-2183 were identified by Sirtris
as SIRT1 activators for the potential treatment of diabetes, aging and cancer. Blum et al. in his
recent review clearly explained the various chemical classes of SIRT1 activators [Blum C.A., et
al., 2011]. However, due to limited effect on human health span, SRT-1720 was withdrawn from
clinical trials and thus promoted another candidate from the same series, SRT-2104 which was
more suitable for human consumption and now it successfully completed Phase II clinical trials
[ClinicalTrials.gov: ID NCT01018017] . In 2010, Boston University had performed a pilot study
on SRT501 for the endothelial function in subjects with T2DM [ClinicalTrials.gov: ID
NCT01038089]. Kaleida Health, recently recruited SRT501 for the treatment of T2DM and

obesity into Phase III clinical trials after successful completion of Phase II trials
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[ClinicalTrials.gov: ID NCT01158417]. Also University of Aarhus had recruited oral resveratrol
formulation (SRT501) for investigation of potential metabolic effects in men with metabolic
syndrome [ClinicalTrials.gov: ID NCTO014112645]. SRT2379 has completed Phase I trials by
Glaxo SmithKline [ClinicalTrials.gov: ID NCT01018628]. Furthermore, computer assisted drug
designing of activators based on the structure of the protein is still ambiguous due to the lack of
3D crystal structure information of full length SIRT. Sugunadevi et al. in 2009 reported a four
featured ligand based pharmacophore model for SIRTI1 activators based on resveratrol,
SRT1720, SRT2183, and SRT1460. In 2009 Autiero et al., explained His 363, Asn 346, Ser 265,
Gly 261 and Pro447 residues are to be important for catalytic role activity of SIRT1 [Autiero 1.,

et al., 2009].
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CHAPTER 3
OBJECTIVES AND PLAN OF WORK

3.1 Objectives:

As previously mentioned, cancer, obesity are major health problems affecting the global
population both in developed and developing countries. The crucial role of SIRT1 in the
regulation of the many cellular metabolisms including gene silencing, regulation of p53, cell
cycle regulation, life span extension, lipid and glucose metabolism has indicated SIRT1 as
potential targets for treating cancer and the metabolic disorders.

After thorough review of the literature, design of small molecule modulators
(inhibitors/activators) of human SIRT1 considered as prime importance hence the below
mentioned strategy has been followed.

I.  To discover new SIRT1 inhibitors and activators by
A. Development of homology model of SIRT1 (catalytic and allosteric domain).
B. High throughput virtual screening of in house database (~3000 molecules)
against catalytic and allosteric domain of SIRT1.
II. Synthesis of various analogues of SIRT1 inhibitors and activators based on virtual
screening.
III.  In vitro screening of synthesized molecules for SIRT1 modulation.
IV.  Invitro cell lines studies for anticancer and anti adipogenesis activity.

V.  Invivo pharmacological studies on disease induced animal models.
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3.2 Plan of Work:
The plan of work was classified into the following categories

3.2.1 Development of homology model of hSIRT1:

Catalytic domain (244-498) Allosteric site (114-217)

N

Blast P

v

Selection of top hits based on identity and similarity

v

Sequence alignment by using Clustal W

'

Development of homology model using PRIME

¢

Validation of model by PROCHECK and PROSA

v

Minimization of model to get lowest energy confirmation

‘

Validation of active site pocket using known inhibitors like sirtinol, suramin, Ex-527 and
activator site by resveratrol, SRT1720, etc.

v

High throughput Virtual screening of In-house database

v

SP Docking

v

XP Docking

'

Selection of molecules based on Docking score, Hbond, Binding pattern
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3.2.2 Synthesis of various analogues.

3.2.3 In vitro SIRT1 assay using cayman direct fluorescent SIRT1 Kkit.

3.2.4 In vitro cytotoxicity studies on various cell lines like K562, MDA-MB231, PC3,
LNCaP, 3T3-L1 and HEK?293 cells.

3.2.5 Measurement of gene and protein levels of SIRT1 as well as various key regulators of
cancer and metabolic disorders using RT-PCR and western blot analysis.

3.2.6 In vivo cancer and obesity studies.
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CHAPTER 4
MATERIALS AND METHODS

4.1 Design of homology model of catalytic domain (244-498AA) and allosteric domain of
human SIRT1 (114-217AA):

The three-dimensional model of catalytic site of human SIRT1 (Uniprot code: Q96EB6,
region 244-498) was developed by comparative modeling strategy using the template structures
of human SIRT2 (PDB code: 1J8F chain A) [Finnin M.S., et al., 2001], human SIRTS5 (PDB
code: 2NYR chain A) [Schuetz A., et al., 2007], human SIRT6 (PDB code: 3PKI chain A) [Pan
P.W., et al., 2011] and human SIRT3 with acetyl-lysine AceCS2 peptide (PDB code: 3GLR
chain A) [Jin L., et al., 2009] because the percentage of sequence identity between these proteins
and human SIRT1 was equal to 46%, 28%, 23% and 41% respectively. Protein sequences were
aligned with CLUSTALW 2.1 program [Thompson J.D., et al., 1994]. The PRIME program
(Version 2.2.108) of Schrodinger suite 2010 was used to build consensus model [Jacobson M.P.,
et al., 2004] of catalytic site, we used the ProSA-web program to check the fitness of the
sequences relative to the obtained structures and to assign a scoring function, and the
PROCHECK program [Laskowski R.A., et al., 1993] to evaluate their stereo chemical and
structural packing quality. Final model was minimized in order to get lowest energy confirmation
using OPLS 2005 minimization program of Schrdodinger. Possible active site pocket was
identified by SITEMAP program (Version 2.4.109) of Schrodinger suite 2010 [Halgren T.A., et
al., 2009]. Moreover, the three-dimensional model of allosteric site of human SIRT1 region 114-
217 was performed using the template structure of a hexokinase from SulfolobusTokodaii by

comparative modeling (PDB code: 2E2N) [Nishimasu H., ef al., 2007]. As the sequence identity

50



Materials and Methods

between this SIRT1 region and the homologous template model was lower than 30% (i.e. 26%)
we used a procedure strategy in agreement with the rules recently reviewed to improve the
quality of the modeling results at low target-template sequence similarity [Dalton J.A., et al.,
2007]. Active site pocket was identified by SITEMAP program and the known activators like
resveratrol, SRT1720, SRT1284 etc were used to validate the active site pocket by considering
the important amino acids reported by Sharma et al., group recently [Sharma A., et al., 2012].
Sequence of full length SIRT1:

>sp|QI6EB6|2-747
ADEAALALQPGGSPSAAGADREAASSPAGEPLRKRPRRDGPGLERSPGEPGGAAPEREV
PAAARGCPGAAAAALWREAEAEAAAAGGEQEAQATAAAGEGDNGPGLQGPSREPPLA
DNLYDEDDDDEGEEEEEAAAAAIGYRDNLLFGDEIITNGFHSCESDEEDRASHASSSDW
TPRPRIGPYTFVQQHLMIGTDPRTILKDLLPETIPPPELDDMTLWQIVINILSEPPKRKKRK
DINTIEDAVKLLQECKKIIVLTGAGVSVSCGIPDFRSRDGIYARLAVDFPDLPDPQAMEFDI
EYFRKDPRPFFKFAKEIYPGQFQPSLCHKFIALSDKEGKLLRNYTQNIDTLEQVAGIQRIIQ
CHGSFATASCLICKYKVDCEAVRGDIFNQVVPRCPRCPADEPLAIMKPEIVFFGENLPEQ
FHRAMKYDKDEVDLLIVIGSSLKVRPVALIPSSIPHEVPQILINREPLPHLHFDVELLGDCD
VIINELCHRLGGEYAKLCCNPVKLSEITEKPPRTQKELAYLSELPPTPLHVSEDSSSPERTS
PPDSSVIVTLLDQAAKSNDDLDVSESKGCMEEKPQEVQTSRNVESIAEQMENPDLKNVG
SSTGEKNERTSVAGTVRKCWPNRVAKEQISRRLDGNQYLFLPPNRYIFHGAEVYSDSED
DVLSSSSCGSNSDSGTCQSPSLEEPMEDESEIE.

Sequence of allosteric site of SIRT1 (114-217AA):
PPLADNLYDEDDDDEGEEEEEAAAAAIGYRDNLLFGDEIITNGFHSCESDEEDRASHASS

SDWTPRPRIGPYTFVQQHLMIGTDPRTILKDLLPETIPPPELDD.
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Sequence of catalytic core of SIRT1 (244-498AA):
EDAVKLLQECKKIVLTGAGVSVSCGIPDFRSRDGIYARLAVDFPDLPDPQAMFDIEYFR
KDPRPFFKFAKEIYPGQFQPSLCHKFIALSDKEGKLLRNYTQNIDTLEQVAGIQRIIQ
CHGSFATASCLICKYKVDCEAVRGDIFNQVVPRCPRCPADEPLAIMKPEIVFFGENLPEQ
FHRAMKYDKDEVDLLIVIGSSLKVRPVALIPSSIPHEVPQILINREPLPHLHFDVELLGDCD

VIINELCHRLGGEYA.
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Multiple sequence alignment of catalytic core

CLUSTAL 2.1 multiple sequence alignment.
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Sequence alignment of allosteric site: CLUSTAL 2.1 multiple sequence alignment
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4.2 High-throughput virtual screening:

In search of new scaffold as SIRT1 modulators in treatment of cancer and metabolic
disorders, a high throughput virtual screening of~3000 molecules of in house database was
carried into catalytic domain and allosteric domain of SIRT1 separately. The multi-step

Schrodinger's Protein preparation tool (PPrep) has been used for final preparation of homology
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models. Hydrogens were added to the model automatically via the Maestro interface. The
obtained model was minimized using the OPLS 2005 force field to RMSD of 0.3A° The receptor
grid (coordinates for catalytic domain were X: 12.91; Y: 27.76; Z: 33.29 and for allosteric site
were X: 39.82; Y: 36.31; Z: 28.54) was generated by using receptor grid generation tool of
Schrodinger package. All 3000 in house molecules were sketched by using Schrédinger’s
software tools and converted to their 3D representations. LigPrep program (Version 2.4.107) of
Schrodinger suite 2010 was used for final preparation of ligand’s for docking. High throughput
virtual screening was performed followed by SP and XP docking using GLIDE (Version
5.6.109) of Schrodinger suite 2010. Compounds were selected based on docking score, Hbond,

interaction pattern.
Chemistry:

All commercially available chemicals and solvents were used without further
purification. TLC experiments were performed on alumina backed silica gel 40 F254 plates
(Merck, Darmstadt, Germany). Melting points were determined using (Buchi BM530) in open
capillary tubes and are uncorrected. Elemental analyses (C, H, and N) were carried out on an
automatic Flash EA1112 series, CHN analyzer 9 (Thermo). All 'H and C NMR spectra were
recorded on a Bruker AM300 (300.12 MHz, 75.12 MHz), Bruker Bio Spin corp., Germany.
Molecular weights of unknown compounds were checked by LC-MS 6100B series (Agilent
Technologies). Chemical shifts are expressed in & (ppm) relative to tetramethylsilane (TMS) as
an internal reference standard. The signals are designated as follows: s, singlet; d, doublet; dd,

doublet of doublets; t, triplet; m, multiplet.
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4.3 SYNTHETIC SCHEME

4.3.1 Acridinedione derivatives (ACD):

i
%! ii ol
3af

|
1a-c NH-R
4a-r (or) ACD1-3

i.HCI,Dry DMF.MWI,5-8min
Fig. 4.1: Synthetic protocol for Acridinedione (ACD) Derivatives
4.3.2 Benzthiazolyl-2-thiosemicarbazone derivatives (B2TS):

N N
—— d Ji:[ >-NH
02 /@\> e /@\> NH i ON7S rNH
N )—NH 2 S N

B1 NH, . >R’
B3 BH1-16 g

a: ACOH/KSCN/Br,/0°C to RT; b: CS,/0-15°C/EtOH/KOH; c:,HN-NH,/EtOH/reflux
d:RCHO or RCOR/DMF/GlacialAcOH /reflux
Fig. 4.2: Synthetic protocol for Benzthiazolyl-2-thiosemicarbazone (B2TS) derivatives

4.3.3: Spiro-piperidin-4-one derivatives (SP):
o] R-CHO

o
K,CO, 2H5°H
—_— _SARCOSINE
N cH,lL,CHsCN 'il Piperidine

Reflux,10-12h
SP1

SP2 SP3 SP4

SP5(H1-10)

Fig. 4.3: Synthetic protocol for Spiro-piperidin-4-one (SP) derivatives.
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4.3.4: Pyrido pyrimidine series (PP):

aN-RY
[{ R — Ofl (fx (f* * N
1 2 3 4 5 6

a.neat,28°C/CO, gas; b.POClI,,reflux,12h; c.NaH,R1-NH,, THF,0°C to RT;
d.R,-NH,,Xanthphos,Cs,C0O3;,DME,90°C,4h

Fig.4.4: Synthetic scheme for pyridopyrimidine (PP) series.

4.3.5: 1-(Isonicotinamido) azetidine-2,4-dicarboxamides series (AZD):
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a. Br,/ HCOOH; b. Isobutylene, H*, RT; c.Isoniazid, DMF, 80°C; d. TFA, DCM, RT; e.R-NH,, EDC.HCI, HOBT, TEA,

DCM,RT.
Fig. 4.5: Synthetic protocol for Azetidine (AZD) derivatives.

4.4 In vitro SIRT1 enzymatic assay:

In vitro SIRT1 assay was based on unique SIRT1 substrate/developer combination. The

substrate usually consists of 4 amino acids from 379-382 [(Arg-His-Lys-Lys (Ac)] of human

p53, which was tagged with aminomethylcoumarin (AMC). The fluorescence intensity of

released AMC from substrate upon addition of developer solution is proportional to the amount

of lysine deacetylation in the substrate. The results of virtual screening were validated by in vitro
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screening of the test compounds against hSIRT1 activity using SIRT1 direct fluorescent
screening assay kit by Cayman Chemical Company, USA according to the manufacturer’s
protocol. Briefly all the compounds were dissolved in DMSO and incubated with enzyme and
deacetylation reaction was initiated by addition of 125uM peptide and 3mM NAD". Reaction
was stopped by addition of nicotinamide and deacetylation was measured by recording the
fluorescence at 355nm excitation and 460nm emission in Perkin Elmer victor' ™3 Multiplate
reader.

The fluorescence intensity was calculated by using following formula.

Fluorescence intensity = 100*  (Sample fluorescence — Blank fluorescence)

(Enzyme control fluorescence — Blank fluorescence).
Blank consists of all reaction components except the enzyme and enzyme control contains all
reaction components except the test compound. Additionally, test compound control also
included in order to avoid interference of auto fluorescence. Compounds with a relative
percentage less than or equal to 50 were considered as inhibitors and relative percentage over or
equal to 150 were considered as SIRT1 activators [Nayagam V.M., et al., 2006].
4.5 Detection of acetylated/deacetylated substrate by RP-HPLC:

The SIRT1 reaction (50ul) was carried out with substrate [ Arg-His-Lys-Lys (Ac)] under
following standard SIRT1 reaction conditions for molecules confirmed as activators from in vitro
assay: SIRT1 enzyme incubated with activator molecules dissolved in DMSO at desired
concentration in assay buffer containing 50 mM Tris/Cl, pH 8.0, 137 mM NaCl, 2.7 mM KCI, 1
mMMgCl12, 1 mg/ml BSA. Reaction was initiated by addition 125 pM substrate and 3mM
NAD". Deacetylation of substrate peak was measured at time points of 0, 15, 30 min at 214nm

by using RP-HPLC of Shimadzu class LC-20AD HPLC system, composed by a binary pump,
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100 pl injection loop, Photo Diode Array (PDA) detector set. The separation of the acetylated
and deacetylated peptide product peaks was achieved using a Luna C18, 150* 4.6 mm (551237-
39) column with accompanying guard. Mobile phase A was 100% Water with 0.1%
trifluoroacetic acid, whereas mobile phase B was 100%Acetonitrile (HPLC grade from Sigma)
with 0.1% trifluoroacetic acid. Gradient program used was 0-35% over 15 min followed by rapid
ramp up to 100% B to wash and then 100% A to re-equilibrate the column. Flow rate was kept
constant at 1.0 ml/min, column temperature was set at 25 °C, and UV detection was set at 214nm
[Pacholec M., et al., 2010]. The retention times of the deacetylated peptide and acetylated
substrate were ~13.8 and ~14.2 min respectively.

4.6 Cell based assays:

Human chronic myeloid leukemia cells, K562, human metastatic breast cancer cells,
MDA-MB 231, human androgen dependent prostate cancer cells, LNCaP, human androgen
independent prostate cancer cells, PC3, mouse fibroblast cells, 3T3-L1 and human embryonic
kidney cells, HEK293 cells were procured from NCCS, Pune, India. Phosphate buffered saline
(PBS), RPMI 1640, DMEM (Dulbecco’s Modified Eagle Medium), FCS (Fetal calf serum), FBS
(Fetal Bovine Serum), Penicillin, Gentamycin and Streptomycin were purchased from Sigma
(St.Louis, USA). Insulin, Dexamethasone and IBMX (3-Isobutyl-1-MethylXanthine) were
purchased from Sigma-Aldrich. MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium
bromide), Proteinase K, RNase A, PMSF (Phenylmethylsulfonyl fluoride), Leupeptin,
Aprotinin, Pepstatin A, Trypsin, Tween-20, Triton X-100, Ponceau S, Sodium orthovanadate,
Sodium Bicarbonate, EDTA and Calcium chloride were purchased from Sigma Chemical
Company (St.Louis, USA). Low fat milk powder was purchased from E-Merck. Nitrocellulose

membranes and Super Signal West Pico Chemiluminescence substrate were procured from
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Thermo fisher scientific, USA. X-ray film and development solutions were from Kodak.
Acrylamide, N, N’-Methylene-bis-acrylamide, SDS (Sodium Dodecyl Sulfate), Ammonium per
sulfate, B-Mercaptoethanol and Bromophenol blue were purchased from Bio-Rad Laboratories
(Richmond, USA). Antibodies againstAc-pS3K382 from Upstate, Charlottesville, VA, USA and
SIRT1 from Millipore, USA were used.

4.6.1 Cell culture and treatment:

Human chronic myeloid leukemia cells, K562, human metastatic breast cancer cells,
MDA-MB 231, human androgen dependent prostate cancer cells, LNCaP, human androgen
independent prostate cancer cells, PC3 were grown in RPMI 1640 supplemented with 10% heat
inactivated FBS, 100 IU/ml penicillin, 100 pg/ml streptomycin and 2 mM L-glutamine. 3T3-L1
fibroblasts were grown in DMEM (High glucose 4.5g) supplemented with 10% FCS and 100
[U/ml penicillin, 100 pg/ml streptomycin and 2 mM L-glutamine. Cultures were maintained in a
humidified atmosphere with 5% CO; at 37 °C. The cultured cells were passed twice each week,
seeding at a density of 2x10° cells/ml. For treatment exponentially growing cells were collected
and resuspended in fresh culture medium.

3T3-L1 fibroblasts were differentiated into adipocytes by supplementing with IBMX,
Insulin, Dexamethasone along with DMEM and Fetal Bovine serum for 8 days by changing
media every two days. After differentiation, cells were maintained in maintenance media of
containing Insulin for another 2 days. Stock solutions of synthesized compounds (10 mM) and
Standard drugs like suramin, Resveratrol, Finasteride and doxorubicin (10 mM) in DMSO were
prepared and stored at —20°C. The final concentration of DMSO in all the cultures was 0.1%.

Cell viability was determined by the trypan blue dye exclusion method.

60



Materials and Methods

4.6.2 Cell proliferation assay:

Cell proliferation was assessed using the MTT staining as described by Mossman
[Mosmann T., 1983]. The MTT assay was based on the reduction of the tetrazolium salt, MTT,
by viable cells. The dehydrogenase using NADH or NADPH as coenzyme can convert the
yellow form of the MTT salt to insoluble, purple formazan crystals [Liu K.Z., ef al., 1997].
Formazan solution was read spectrophotometrically after the crystals were dissolved by organic
solvent (DMSO). K562, MDAMB231, PC3, LNCaP and HEK 293 cells (5x10° cells/well) were
incubated in 96-well plates in the presence or absence of test compound and/or doxorubicin for
24 h in a final volume of 100 pl. At the end of the treatment, 20 ul of MTT (5 mg/ml in PBS)
was added to each well and incubated for an additional 4 hours at 37 °C. The purple-blue MTT
formazan precipitate was dissolved in 100 ul of DMSO. The activity of the mitochondria,
reflecting cellular growth and viability, was evaluated by measuring the optical density at 570
nm on a multi-well plate reader. Each concentration was tested in three different experiments run
in four replicates. Means and standard deviations were calculated and reported as the percentage
of growth vs. control. The viable cells were counted by the trypan blue exclusion assay with a
hemocytometer.

4.6.3 Adipocyte Differentiation Assay:

1¥10°3T3-L1 cells were cultured to confluence in DMEM supplemented with 10% FCS.
At 2 days post-confluence (designated day 0), cells were incubated with test compounds along
with differentiation media (DMEM supplemented with 10% FBS, 1 mg/L Insulin, 0.5 mmol/L
IBMX and 0.25 pumol/L. Dexamethasone) until differentiation observed in control. During this,
media has replaced after every two days. After 8days, the media was replaced with DMEM

supplemented with 10% FBS and 1 mg/L insulin. After treatment, dishes were washed in PBS,
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and the cells were fixed in 10% formaldehyde for 1 h and stained with Oil O Red staining. In
order to check the effect of test compounds on mature adipocytes cells were treated with test
compounds dissolved in DMSO and cells not treated with received similar volumes of DMSO.
After 24 h treatment, dishes were washed in PBS, and the cells were fixed in 10% formaldehyde
for 1 h and stained with Oil O Red staining. [Green H., et al., 1975].

Oil O Red staining: Cells after treatment were stained with Oil O red solution (3mg/ml in 3:2
isopropyl alcohol: water) and then fixed with 10% formalin solution, washed with PBS and
incubated at room temperature for 30 min. Microscopic pictures were taken. After that oil was
eluted in 150ul of DMSO and absorbance was noted at 510nm.

4.6.4 Measurement of Triglycerides:

1*10° fully differentiated 3T3-L1 adipocytes were seeded into 6 —well plates and treated
with test compounds for 24 h and total triglyceride content was measured by using a
commercially available assay kit from Euro diagnostics Ltd., according to the manufacturer’s
instructions. Briefly, after 24h treatment, cells were washed with PBS then scraped into 200 ul
PBS and homogenized by sonication for 1 min. The total triglycerides in the lysates were
measured using the assay kit at 546nm using spectrophotometer [Buccolo G., ef al., 1973].

4.6.5 Quantification of apoptosis by flow cytometry (Annexin V assay):

Apoptosis, or programmed cell death, is an important and active regulatory pathway of
cell growth and proliferation. Cells respond to specific induction signals by initiating
intracellular processes that result in characteristic physiological changes. Annexin V is a calcium
dependent phospholipid binding protein with high affinity for phosphatidyl serine (PS), a
membrane component normally localized to the internal face of the cell membrane. Early in the

apoptotic pathway, molecules of PS are translocated to the outer surface of the cell membrane
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where Annexin V conjugated to phycoerythrin can readily bind them. Late stage apoptotic cells
show loss of membrane integrity. The membrane impermeant dye 7-AAD was used to
distinguish these late stage apoptotic as well as dead cells from early apoptotic cells. Apoptosis
starts with cell shrinkage expressed by changes in light - scatter signals. Briefly 0.2 x 10°
LNCaPcells/ml were treated with test compounds and incubated for 24h at 37 °C and 5% CO;,
After harvesting, cells were resuspended in 50 pl complete RPMI medium. A volume of 150 pl
staining solution (135 pl 1X apoptosis buffer, 10 ul Annexin V-PE and 5 pl of 7-AAD) was then
added to each well, incubated in the dark at RT for 20 min and acquired by using Guava
EasyCyte system (1¥10* cells counted/sample, flow rate setting medium). The Nexin intensity
gates were set to position the live population in the lower left corner of the dot plot. The angles
of the gates were then positioned to divide the dot plot into four quadrants. Each quadrant of the
dot plot contains a distinct population of cells that was dependent on the presences and intensity
of cellular stains per cell [Ravi et al., 2011].

4.6.6 In situ caspase -3 activation assay:

0.5 x 10° LNCaP cells/ml were seeded in a 6 well plate and incubated overnight to form a
monolayer. Next day, Growth medium was replaced with serum free media and cells were
treated test compounds and incubated for 72h at 37°C and 5% CO,. Subsequently cells were
trypsinzed, resuspended in 1 ml serum free media and transferred to microfuge tubes to receive
10 ul of freshly prepared FLICA reagent and incubated for 1 hour at 37 °C and 5% CO, away
from light. After extensive washes with wash buffer, samples were adjusted to equal number of
cells in PBS, 100 pl of each cell suspension transferred to black 96-well plate in duplicates and
Fluorescence read at excitation wavelength of 490 nm and emission wavelength of 520 nm in a

plate reader [Wang Z., et al., 2005].
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4.6.7 Preparation of whole cell extracts and immunoblot analysis:

The protocol was based on Sam brook et al. (1989). To prepare the whole cell extract,
cells were washed with PBS and suspended in a lysis buffer (20 mM Tris, | mM EDTA, 150
mM NaCl, 1% NP-40, 0.5% deoxycholic acid, 1 mM [-glycerophosphate, 1 mM sodium
orthovanadate, | mM PMSF, 10 pg/ml leupeptin,20 pg/ml aprotinin). After 30 min of shaking at
4 °C, the mixtures were centrifuged (10,000x g) for 10 min, and the supernatants were collected
as the whole-cell extracts. The protein content was determined according to the Bradford method
[Bradford M.M., 1996]. An equal amount of total cell lysate was resolved on 8-12 % SDS-PAGE
gels along with protein molecular weight standards, and then transferred onto Nitrocellulose
membranes. The membranes were blocked with 5% w/v nonfat dry milk and then incubated with
the primary antibodies (SIRT1, Ac-p53)in 10 ml of antibody-diluted buffer (1X Tris-buffered
saline and 0.05% Tween 20 with 5% milk) with gentle shaking at 4 °C for 8-12 h and then
incubated with peroxidase conjugated secondary antibodies. Signals were detected using an ECL
Western blotting detection kit.

4.6.8 Reverse Transcriptase-PCR analysis:

1*106 3T3-L1 adipocytes (or) LNCaP cells (or) prostate tissue samples from rat were
treated with various concentrations of test compounds for 24h. Total mRNA was isolated by
using TRI reagent (Sigma) according to manufacturer’s protocol. Reverse transcription of 5 pg
of total RNA isolated was achieved by mixing the RNA with 1 pl (ImM) of deoxynucleotides, 1
pl (2.5uM) of random nonamers, 0.25 pl RNase inhibitor (10 U/ul), and 1 pl of AMV reverse
transcriptase (1 U/ul) and 2 pl of 10X buffer in a 20 pl reaction volume and followed by
incubation at 42 0C for 60 min. cDNA was quantified and equal amount was taken for further

analysis. One micro liter of the RT product was taken and PCR was carried out in Bio-Rad
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gradient thermo cycler (Bio-Rad). The primer sequences [Kim S., et al., 2011] and the annealing

temperatures used are given in Table 2. The PCR product was visualized on 1.5-3 % agarose gels

under UV light and relative quantification was done by using Image lab analysis software.

Table 2: Primer sequences and conditions used for the RT-PCR analysis. M-Mouse; R-Rat; H-

Human.

A = Annealing Temperature, D = Denaturation Temperature, E = Extension Temperature.

Gene Sense (5°-3°) Size A D E No.of
®p) | (C) | CC) | (O) | cycles
M SIRT1 | FP:AGCAGGTTGCAGGAATCCAA 101 | 59 95 72 45
RP:CACGAACAGCTTCACAATCAACTT
M E2F1 FP:CCTCGCAGATCGTCATCATC 102 | 59 95 72 45
RP: AGAGCAGCACGTCAGAATCG
M PPARy | FP:-TTCGGAATCAGCTCTGTGGA 148 | 59 95 72 45
RP: CCATTGGGTCAGCTCTTGTG
M C/EBPa | FP:TCGGTGCGTCTAAGATGAGG 187 | 59 95 72 45
a RP: TCAAGGCACATTTTTGCTCC
M FAS FP.TTGCCCGAGTCAGAGAACC 171 | 59 95 72 45
RP: CGTCCACAATAGCTTCATAGC
M LPL FP.TGCCGCTGTTTTGTTTTACC 172 | 59 95 72 45
RP: TCACAGTTTCTGCTCCCAGC
M LEPTIN | FP:CTCCAAGGTTGTCCAGGGTT 143 | 59 95 72 45
RP: AAAACTCCCCACAGAATGGG
M GAPDH | FP:AGAACATCATCCCTGCATCC 321 | 59 95 72 45
RP: TCCACCACCCTGTTGCTGTA
R_SIRT1 | FP:CAGAGCAT CACACGCAAGC 306 | 52.1 | 95 72 40
RP: CAGGAAACAG AAACCCCAG
R Pactin | FP:GAGAGGGAAATCGTGCGTGAC 421 | 52.1 | 95 72 40
RP: TAGAGCCACCAATCCACACAGAG
H SIRT1 | FP:TAGAGCCTCACATGCAAGCTCTA 88 59 95 72 40
RP: GCCAATCATAAGATGTTGCTGAAC
H PSA FP:GGCACAACGCACCAGACACTC 111 | 59 95 72 40
RP: AGACCCTCCCTCCTTGGCTCA
H GapDH | FP.TGAAGCAGGCGTCGGAGGG 101 | 59 95 72 40

RP: AAAGGTGGAGGAGTGGGTGTCG
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4.7 In vivo Studies:
Animals:

Swiss albino male mice weighing around 17-20g and Male Wistar albino rats weighing
180-220 g were procured from an Institutional animal facility centre for inducing obesity and
prostate cancer studies. They were housed individually in clean and transparent polypropylene
cages maintained at room temperature with 12-h light/dark cycle and had free access to food and
water. After 3 days of acclimatization, they were randomly distributed into experimental groups.
The study was reviewed and preapproved by the Institutional Animal Ethics Committee (IAEC),
BITS-Pilani, Hyderabad Campus, Hyderabad (IAEC/RES/2/2 on 04-05-2011). “Principles of
laboratory animal care” (NIH publication number 85-23, revised 1985) guidelines were followed
4.7.1 Administration and dosage for prostate cancer study:

Animals were divided into five groups of six each. Group I served as control. Group II
served as a positive control, received only testosterone propionate at 3 mg/kg dose. Group III-V
received standard drug Finasteride (5 mg/kg), Compound 1 and 13 (10 mg/kg) suspended in
distilled water by using 5% methyl cellulose and administered by I.P route along with
testosterone propionate (3 mg/kg) diluted with distilled water using Tween 80 as emulgent and
injected subcutaneously daily for 14 days to induce prostatic hyperplasia (PH) [Arruzabala M.L.,
et al., 2006]. Based on the toxicity studies explained in our previous paper [Yogeeswari P., et al.,
2005] dosing regimen was fixed.

4.7.2 Histopathological investigations:

The dorsolateral and ventral prostate glands were isolated, placed in cassettes, fixed in

10% neutral buffered formalin, dehydrated in a series of alcohol dilutions, fixed in xylene,

embedded in paraffin wax, sliced into 3 micron sections. Sections were stained with hematoxylin
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and eosin. Furthermore we have monitored prostate, seminal vesicle weights. The sections were
evaluated by Dr. Ponnammal, (Pathologist, Madras Medical College) and blinded to the
treatment groups for the incidence and degree of pathology within the tissue samples.

4.7.3 Administration and dosage for obesity study:

Animals were divided into two groups, one group receiving normal chew diet and other
with high fat diet of 60% Kcal energy. All animals were maintained at HFD for 3 months.
Weight gain, glucose levels were measured every 15 days. After 3 months, HFD animals were
divided into test and control groups [Ono et al., 2006]. Each group contains 6 animals. Test drug
suspended in distilled water by using 5% methyl cellulose at concentration of 30mg/kg was
administered by oral gavage for one month. Orlistat at 30 mg/kg was used as standard drug and
during treatment animal were maintained at HFD. Glucose levels were measured periodically.
After one month treatment serum lipid profile was measured by using commercially available
kits from Euro Diagnostics Pvt. Ltd.

Table 3: Composition of HFD for 5Kg

Casein-1kg L-Cysteine - 0.015 kg
Maltodextran - 0.625 kg | Sucrose- 0.334 kg
Cellulose - 0.25 kg Soya bean oil - 0.125 kg
Tallow - 1.225 kg Salt mix - 0.175 kg
Vitamin mix - 0.05 kg Cholinechloride - 0.045 kg

4.8 Statistical analysis:

Data are expressed as mean == SEM for experiments in triplicates. Variances in different

groups were calculated by one way ANOVA analysis followed by post Dunnet’s test using

Graphpad Prism 5.0.%P < 0.05, **P < 0.01, and ***P < 0.001.
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CHAPTER 5
DESIGN OF SIRT1 INHIBITORS

5.1 Design, synthesis, biological interventions of acridinedione derivatives (ACD):
5.1.1 Design of a homology model and active site prediction:

Homology model of hSIRTI1 catalytic domain was generated by using comparative
homology modeling and active site was predicted according to procedure explained under
materials and methods section 4.1 and shown in Fig.5.1. This model has 83.7% residues in most
favored regions and ProSA Web Z score of -6.37. Active site has site score of 0.84 and Dscore
(druggable score) of 0.85with hydrophobic score of 1.55 and hydrophilic score of 0.613.
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Fig.5.1: A. Homology model of hSIRT1 catalytic domain. Circles denote putative active site

| et
I L

\||

Y,

]
_|I
FJ

pockets. B. Surface diagram of active site pocket shown in red box. Red-hydrogen acceptor;

Blue-hydrogen donor; Yellow-hydrophobic region. C. Ramchandran plot.
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5.1.2 High throughput virtual screening of in house database and biological activity of hit
compounds:

With an aim of identifying novel SIRT1 inhibitors, virtual screening of in house database
of ~3000 molecules was carried out by using GLIDE (Schrodinger L.L.C., USA), GOLD and
AUTODOCK 4.0 software’s against catalytic core of SIRT1. As acridinedione derivatives
shown good docking score, binding energy and fitness values, compounds ACD1, ACD2, and
ACD3 were selected for (Fig.5.2) in vitro enzymatic assay at SOuM concentration along with
reference compound suramin. Antiproliferative activities of ACD1-3 on MDA-MB231, K562
cells at 10 uM concentration were shown in Fig.5.4. Binding energy, docking score, fitness and

percentage inhibition against SIRT1 values are presented in Table 4.

|
NH-R

Fig.5.2: In house database hit compound.

Table 4: Docking scores, in vitro SIRT1 assay and cell proliferation study of ACD1-3.

%
7° | MDA-
O R B e o e e e
. 50
(Kcal/mol) | F1tness | Seore |4 qrpr1 (I(f\sl") (uM)
atsopm |
o) .
Acpi | ) 7 N Benz"yloxy -6.79 5250 | -4.92 72.63 5 10
o) -
Acp2 | ) 7 N Ben’;;loxy 7.46 5784 | -3.41 53.67 >50 | 10
(o)
/ N\ p- ~ ) No
A3 | N gl | T8 | ss80 | 376 || es0 | >80
Suramin 4.67 457 | -3.33 8228 | 31.19 | 18.49
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Further to explore the structure activity relationship of hit compounds (ACD1-3), a series
of the six simplified derivatives (4a—r) (Table 5) were prepared. Docking score, fitness values
and binding affinity values of all the designed molecules along with reference compound
Suramin were shown in Table 5. The designed compounds have shown better docking scores
than the initial hit compounds (ACD1-3), hence were synthesized and characterized by a one pot

synthetic protocol previously reported [Manjashetty T.H., et al., 2011].

5.1.3 Synthesis and Characterization:

CHO 0
i
|
= o 3af \
1a-c 2 NH-R

i.HC1,Dry DMF.MWI,5-8 min 4a-r (or) ACD1-3

The target molecules (4a-r) were synthesized via a microwave assisted one-pot three
component reaction of either ortho, meta or para substituted benzyloxy benzaldehydes (1.0
mmol) (1a-¢), 5,5-dimethylcyclohexane-1,3-dione (2.0 mmol) (2), and corresponding phenyl
hydrazine’s or aryl/heteroaryl acid hydrazides (1.0 mmol) (3a-f) in the ratio 1:2:1 in dry DMF
media with catalytic amount of HCI. The reaction mixture was the subjected to microwave
irradiation at a constant power for 360W with 3-5min/cycle. The number of cycles in turn
depended on the completion of the reaction, which was monitored by TLC. The reaction mixture
was then evaporated to dryness, water (10 ml) was added to the residue and extracted with
dichloromethane(2*15 ml), the combined organic layer was successively washed with 5% aq.
citric acid(2*10 ml), water(1*10 ml), 5% aq.sodium hydrogen carbonate(1*15 ml) and finally

washed with brine (1*15 ml), dried over anhydrous Na,SO4 and evaporated under reduced
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pressure to give the product which was further recrystalized from ethanol to get desired product
in quantitative yield. The structure was confirmed by '"H NMR, C NMR by Bruker AM-300
(300.12 MHz, 75.12 MHz,) and mass (LCMS6100B). Both analytical and spectral data ('H
NMR, C NMR, and mass spectra) of all the synthesized compounds were in full agreement
with the proposed structures.

To explore the scope and limitations of these conditions a series of the six simplified
derivatives, (4a-r) (Table 5) were prepared by introduction of either unsubstituted
Phenyl/Benzoyl derivatives or with various electron withdrawing / donating groups like 2,4-
dinitrophenyl or 4-nitrobenzoyl or 2,4-dichlorobenzoyl or 2,6-dimethoxynicotionoyl group at Co
(R position) and also with either ortho, meta or para benzyloxy substituent on Cy phenyl ring of
aminoacridine dione [3,4,6,7tetrahydro-3,3,6,6tetramethyl-10amino-9-phenylacridine—1,8(2H,
SH,9H,10H)—dione]. As apparent from the Table S, the compounds were found to react well to

give the correspondingaminoacridinedione in excellent yields (64- 84%).
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Table 5: Physicochemical properties, docking results of 4a-r (ACD series).

Auto
Glide| Gold Dock 0. |Yield| Molecular |[Moleculan
'
Code R R score |Fitness| Score M.P(C) (%) Formula Weight
(Kcal/mol)
0_
4a Phenyl Benzyloxy -3.53| 45.1 -8.85 [146-148(83.67| Cs6H3sN,05 546.0
m_
4b Phenyl Benzyloxy -6.09| 51.1 -8.95 [141-142| 75 | Cs6H3sN,05 546.0
p- - - _
4c Phenyl Benzyloxy 3.36| 48.0 8.54 |150-152164.24| Cs6H3sN,O3 546.0
4q | 24Dinitro O 1-428| 57.6 | -10.84 [154-156| 85 | CyH3N,O5 | 665.3
phenyl Benzyloxy| ' s i 3THI6TATE '
2,4-Dinitro m-
4e phenyl Benzyloxy| - - 163-165[65.34| C;37H36N4Og 665.3
2,4-Dinitro p-
4f phenyl Benzyloxy -5.19| 554 -8.52  |158-160(74.57| C37H36N4Og 665.3
0_
4g Benzoyl Benzyloxy| - - 160-162(67.58| C37H38N,04 574.7
m_
4h Benzoyl Benzyloxy| - - 155-156 [ 75.2 | Cs37H3sN,O4 | 574.7
. p- ) ) i
4i Benzoyl Benzyloxy 5.90( 51.9 7.84 |170-172(80.01| C;37H33N,O4 574.7
. 4-Nitro o-
4j benzoyl Benzyloxy| - - 150-152(77.2 | C37H37N30¢ 619.7
4-Nitro m-
4k benzoyl Benzyloxy| - - 154-156(73.25| C;37H37N30¢ 619.7
4-Nitro p-
41 benzoyl Benzyloxy| - - 163-165(65.24| C;37H37N30¢ 619.7
2,4-Dichloro o-
4m benzoyl Benzyloxy| - - 158-160(71.02|C37H36CpN2Oy4|  643.5
2,4-Dichloro m-
4n benzoyl Benzyloxy| - - 140-142(70.25|C37H36CpN2Oy4|  643.5
2,4- p-
40 Dichlorobenzoyl|Benzyloxy| - - 156-158 | 68.9 |C37H36CpN2Oy4|  643.5
2,6-Dimethoxy o-
4p nicotionoyl  |Benzyloxy| - - 178-180(68.77 C3sH4 N3O 357.4
2,6-Dimethoxy m-
4q nicotionoyl  |Benzyloxy| - - 180-183 [ 78.6 | C3gH41N3O¢ 357.4
g | 2ODimethoxy | p- 4 300l o8 | 923 [189-192]75.25| CagHaN:Os | 357.4
nicotionoyl |Benzyloxy
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10-(Aminophenyl)-9-(2-(benzyloxy)phenyl)-3,4,6,7-tetrahydro-3,3,6,6-tetramethylacridine-
1,8 (2H,5H,9H,10H)-dione (4a):

Yellowish orange solid; "H NMR (300 MHz, CDCl3): 6 = 0.91 (s, 6H, 2*CHj3), 1.1 (s, 6H, 2
*CH;) 1.87 (d, J = 8.7Hz, 2H), 197 (d, J = 9.1 Hz, 2H,), 2.73 (dd, Jgem= 9.3
Hz,4H,(2*CH»)H2,H57), 4.6 (s, 1H, Hy), 5.2 (s, 2H,-O- CHy), 6.7-7.16 (m, 9H, ArH of 2*phenyl),
7.2-7.3(m, 5H, ArH of Benzyl), 4.3 (s, 1H, NH); °C NMR (75 MHz, CDClL): 8= 194.3, 159.3,
152.1, 145.9, 140.5, 133.2, 130.8, 129.2, 127.3, 126.8, 123.2, 121.4, 120.1, 115.1, 113.6, 112.3,
73.4,51.3, 38.1, 33.1, 31.3, 26.9; EI-MS m/z 546 (M");Anal.Calcd for C3sH3sN,03: C, 79.09, H,
7.01, N, 5.12. Found: C, 79.31, H, 6.89, N, 5.25.
10-(Aminophenyl)-9-(3-(benzyloxy)phenyl)-3,4,6,7-tetrahydro-3,3,6,6-tetramethylacridine-
1,8 (2H,5H,9H,10H)-dione(4b):

Orange solid; '"H NMR (300 MHz, CDCL): & = 0.93 (s, 6H, 2*CHj), 1.05 (s, 6H, 2 *CH3) 1.82
(d, J=8.3 Hz, 2H), 1.93 (d, ] = 9.2 Hz, 2H,), 2.71(dd, Jgem= 9.4 Hz, 4H, (2*CH»)H,,H7), 4.51 (s,
1H, Hy),), 5.2 (s, 2H,-O- CH;) 6.59-7.16 (m, 9H, ArH of 2*phenyl), 7.2-7.4(m, 5H, ArH of
Benzyl), 4.1 (s, 1H, NH); °C NMR (75 MHz,CDCls): 6=196.9,165.3,150.9, 145.9,143.8, 140.9,
131.2, 130.1, 129.6, 127.2, 122.1, 120.3, 114.6, 112.7, 111.7, 110.9, 71.1, 51.4, 42.2, 38.1,
32.1,27.2; EI-MS m/z 546 (M"); Anal.Calcd for C36H3sN,0s: C, 79.1; H, 7.01; N, 5.1. Found: C,
79.11; H, 7.21; N, 5.65.
10-(Aminophenyl)-9-(4-(benzyloxy)phenyl)-3,4,6,7-tetrahydro-3,3,6,6-tetramethylacridine-
1,8(2H,5H,9H,10H)-dione (4¢):

Reddish orange solid; '"H NMR (300 MHz, CDCl): 6 = 0.93 (s, 6H, 2*CHj3), 1.02 (s, 6H, 2
*CH;) 1.84 (d, J = 8.6 Hz, 2H), 1.93 (d, J = 9.1 Hz, 2H,), 2.7 (dd, Jgem= 9.7 Hz,

4H,(2*CH,)Ho,Hy), 4.49 (s, 1H, Hy),), 5.17 (s, 2H,-O- CHa) 6.6-7.2(m, 9H, ArH of 2*phenyl),
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7.23-7.4(m, 5H, ArH of Benzyl), 4.5 (s, |H, NH); °C NMR (75 MHz,CDCl3): 8= 196.2, 155.3,
151.2, 145.6, 141.3, 133.2, 129.6, 128.9, 128.1,127.2, 126.5, 119.2, 115.1, 113.6, 111.8, 70.9,
51.3,42.1, 37.6, 31.9, 27.3; EI-MS m/z 546 (M"); Anal.Calcd for C3sH3sN,0s: C, 79.2; H, 7.01;
N, 5.1; Found: C, 79.11; H, 7.71; N, 5.25.
N-(9-(2-(Benzyloxy)phenyl)-1,2,3,4,5,6,7,8-octahydro-3,3,6,6-tetramethyl-1,8-dioxoacridin-
10(9H)-yl)-2,4-dinitrobenzamide(4d):

Orange solid; '"H NMR (300 MHz, CDCls): & = 0.92 (s, 6H, 2*CHj), 0.99 (s, 6H, 2 *CH3) 1.92
(d, J=9.1 Hz, 2H), 2.07 (d, ] = 9.3 Hz, 2H,), 2.41 (dd, Jgem= 8.9 Hz, 4H,(2*CH;)H,,H7), 4.84(s,
1H, Hy),), 5.2 (s, 2H,-O- CH;) 6.7-6.96(m, 4H, ArH of phenyl at Cy), 7.2-7.4 (m, SH, ArH of
benzyl), 8.4-9.3(m, 3H, ArH of benzoyl), 8.2 (s, 1H, NH); °C NMR (75 MHz, CDCl): &=
195.6, 163.8, 158.5, 153.5, 147.6, 143.2, 141.2, 134.2, 129.8, 128.3, 127.7, 127.0, 126.5, 121.1,
120, 116.4, 112.8, 111, 73.16, 52.3, 38.7, 32, 30.3, 27.1; EI-MS m/z 665.3 (M+H)";Anal.Calcd
for C37H36N40s: C, 66.86; H, 5.46; N, 8.43. Found: C, 66.91; H, 5.41; N, 8.47.
N-(9-(4-(Benzyloxy)phenyl)-1,2,3,4,5,6,7,8-octahydro-3,3,6,6-tetramethyl-1,8-dioxoacridin-
10(9H)-yl)-2,4-dinitrobenzamide (4f):

Reddish orange solid; M.P - 158-160; yield (%) : 74.5; "H NMR (300 MHz, CDCL): 8 = 0.97 (s,
6H, 2*CHj3), 1.05(s, 6H, 2 *CH3) 1.88 (d, J = 8.3 Hz, 2H), 1.93 (d, J = 9.4 Hz, 2H,), 2.7 (dd,
Jgem= 8.2 Hz, 4H,(2*CH,)H,H5), 4.44 (s, 1H, Hy),), 5.2 (s, 2H,-O- CH,) 6.6-6.95(m, 4H, ArH
of phenyl at Cy), 7.1-7.3 (m, SH, ArH of benzyl), 8.5-9.2(m, 3H, ArH of Benzoyl), 8.1 (s, 1H,
NH); *C NMR (75 MHz, CDCL) &= 195.2, 163.1, 156.4, 151.3, 147.7, 145.2, 142.1, 136.1,
135.7,130.3, 129.1, 127, 117.9, 113.9, 111.7, 71.4, 52.4, 40.7, 39.1, 32.1, 28.2; EI-MS m/z 665.3
(M+H) "; Anal.Calcd for C37H3¢N4Og: C, 66.86; H, 5.46; N, 8.43. Found: C, 66.91; H, 5.51; N,

8.4.
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5.1.4 In vitro SIRT1 assay:

The synthesized compounds were tested for in vitro SIRT1 assay at 50uM concentration
according to the protocol explained under materials and methods section 4.4. ICsy was calculated
using different concentrations (5, 10, 50 uM) for compounds showing more than 50% inhibition
and results were shown in Table 6.

Table 6: In vitro SIRT1 assay and ICsy values of 4a-r.

YRR,
Code |7 ‘“h";':';’;‘u‘l’\quIRTl SIRT1_ICsy (1M)
4a 82.1 11.08+0.02
4b 514 40.06+£0.72
4c 55.2 43.144+0.1
4d 83.2 10.13+0.08
4e 33.2 -
4f 54.8 43.29+0.49
4g 39.7 -
4h 21.5 -
4i 52.0 45.97+0.71
4j 39.0 -
4k 33.6 -
41 35.6 -
4m -19.7 -
4n 4.7 -
40 3.6 -
4p 35.2 -
4q 35.6 -
4r 55.1 25.018+0.02
Suramin 53.9 2.8
Doxorubicin - -
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Binding pose of most active compound 4d (Fig.5.3A and B) clearly demonstrated the

orientation of ortho benzyloxy group in the hydrophobic groove of the protein

A
B ' fasm
174
Wal
169
Glu
173
Gly
121
Lys e
168
165 i
115
e
G 113
187
Lys
134

Fig.5.3: A. Docking pose of most active compound 4d.red-hydrophobic; blue-hydrophilic.
B. Ligand interaction diagram showing important amino acids with in 5A distance. Dotted line
represents hydrogen bond to the side chain. Blue-charged positive, green-Hydrophobic group,

Yellow-Solvent exposure, Red-acidic group, purple-basic, gray-other groups.
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5.1.5 In vitro cell proliferation assay:

To investigate the effectiveness of these SIRTI inhibitors as anticancer agents,
compounds4a, 4b, 4c, 4d, 4f, 4i and 4r were evaluated for their ability to inhibit growth of
cancer cells at 10 uM concentration by MTT assay according to protocol explained under
materials and methods section 4.6.2. Suramin was used as a standard SIRT1 inhibitor and
doxorubicin as a standard anticancer drug. K562, MDA-MB231 cells were used as tumor cells
and HEK293 as control cells. Percentage inhibition of 4a, 4b, 4c¢, 4d, 4f, 4i and 4rat 10 pM are
shown in Fig.5.4. 1Csy values of selected compounds in MDA-MB231 cells were calculated

using different concentrations (0.25, 1, 5, 10uM) and results were shown in Table 7.

100 - 45 -
90 - . 40 - B HEK293
80 - = K562 33
g 701 mMDA-MB231 Z 30
£ 601 Z 25
E 50 £ 2
S 40 - < 15 -
£ 30 - = 0
= 10 -
20 - e
10 - -
0 0

AN S

MR A D R &\Q '~é’°c,°\g°%(,°5
-

$
s}‘&.-,o*§ v e"b&p
¥ )
Compound (10pM) Compound (10p))

Fig.5.4: In vitro cell proliferation assay. A. Graph showing % inhibition on K562, MDA-MB231

cells. B. Graph showing % growth on HEK293 cells.
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Table 7: ICsovalues of ACD derivatives (4a-d, 4f, 4i, 4r) in MDA-MB 231 cells.

Code MDA -MB231 ICsy (uM)

4a 50

4b 0.99

4c 1.38

4d 0.25

4f 6.63

4i 3.16

4r 0.31
Doxorubicin 10

5.1.6 Immunoblot analysis:

To investigate further the distinct effects of the compound 4d as SIRT inhibitor, on cell
fate, western blot analysis was performed on MDA-MB231 cells treated with compound 4d at
different concentrations (0,0.1, 0.25 and 0.5 uM) for 24h according to protocol explained under
materials and methods section 4.6.7. As shown in Fig.5.5, a dose dependent decrease in

SIRT1and increase in acetylation status of the SIRT1 target pS3K382 levels was observed.

SIRT1

Ac-p33K382

B-actin

w

Fig.5.5: Western blot analysis of MDA-MB231 cells treated with compound 4d at 0, 0.1, 0.25

and 0.5uM concentrations.
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5.1.7 Atom based 3D QSAR:

3D QSAR model was developed by Phase module of Schrodinger. All dataset
compounds were divided into a training set of 80% and a representative test set of 20%.
Individual QSAR model of phase was used for construction of the simplest hypotheses that best
correlates the experimental and predicted activities (Table 8). Statistically best QSAR model
was generated with a R? =0.6283, F=20.3, SD=0.1506, RMSE=0.08and Q2 = 0.6278.For the
highly active compound 4d, the QSAR feature is shown in Fig.5.6A. Accumulation of highest
positive coefficient (1.1*107) threshold of cyan colored hydrophobic or non-polar cubes at the
ortho position of 4d infers the importance of substitution with hydrophobic moieties at ortho
position rather than para and meta positions as shown in Fig.5.6B.
Table 8: Aligned compounds for atom based 3D QSAR study and their experimental and

predicted biological activity results of ACD derivatives.

Code plcs? (uM) plcso-(llM) Code pICS}) (M) PICSO.(HM)
experimental | predicted experimental | predicted
4a 4.955 4.783 4j 4.301 4.350
4b 4.398 4.560 4k 4.301 4.362
4c 4.365 4.549 41 4.301 4.266
4d 4.994 4.738 4m 4.301 4.284
4e 4.301 4.352 4n 4.355 4.309
4f 4.364 4313 40 4.301 4.214
4g 4.301 4.335 4p 4.301 4.567
4h 4.301 4.289 4q 4.301 4.425
4i 4.338 4.221 4r 4.602 4.468

79



Design of SIRT1 Inhibitors

"1{ ortho : 4d
P d meta : de
A ( para : af

Fig. 5.6: A. QSAR visualization of most active compound 4d. Cubes at that position shows
positive threshold effect. Red- Hydrogen bond donor; Cyan-Hydrophobic groups; Green-
Negative ionic; Yellow-Positive ionic; Pink-electron withdrawing groups. B. QSAR of most

active compound 4d in which benzyloxy is present at ortho, meta and para positions (4d, 4e, 4f)

5.1.8 Discussion:

Many small molecule inhibitors of SIRT1 have been identified for treatment of various
cancers. In the present study we have designed and developed novel small molecule SIRTI
inhibitors. Since crystal structure of hSIRT1 was not available the best model of the catalytic
core of hSIRT1 was developed and the fitness of the model was checked by PROCHECK
program. This model has 83.7% residues in most favored regions and ProSAWebZ score of -6.37
similar to the template structure scores. Virtual screening of in house database of ~3000
molecules using GLIDE (Schrodinger L.L.C., USA), GOLD and AUTODOCK 4.0 software’s

against catalytic core of hSIRT1 (244-498AA) revealed acridinedione derivatives (ACD) as lead
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molecules with good docking score, binding energy and fitness values. In order to validate our
docking results, compounds ACD1, ACD2 and ACD3 were subjected to in vitro enzymatic
assay at 50 uM concentration and ACD1 has shown better inhibition of 72.63% compared to
ACD2 and ACD3.

Further to develop a SAR, a series (4a-r) of compounds were prepared, screened for in
vitro SIRT1 assay at 50uM concentration and the compounds 4a, 4b, 4c, 4d, 4f, 4h, 4r has
shown more than 50% inhibition (Table 5). Further 4a and 4dwere found to be the most potent
inhibitors compared to reference compound Suramin with an ICsy of 11£+0.02uM and
10+0.08uM respectively. Others like 4b, 4c¢, 4f, 4i, 41, and 4n were found to be better inhibitors
than Suramin and the remaining compounds showed no inhibition. The percentage inhibition and
ICsp values are presented in Table S. The higher inhibitory activity of compounds 4a and 4d
might be attributed to the presence of benzyloxy phenyl substitution at ortho position and the
presence of phenyl and 2, 4-dinitrophenyl groups at —R position (Fig.5.2). Binding pose of most
active compound 4d (Fig.5.3A and B) clearly demonstrated the orientation of ortho benzyloxy
group in the hydrophobic groove of the protein (red-hydrophobic; blue-hydrophilic).

Further to investigate the effectiveness of these SIRT1 inhibitors as anticancer agents,
compounds4a, 4b, 4c, 4d, 4f, 4i and 4r were evaluated for their ability to inhibit growth of
K562MDA-MB231 cells. Compound 4d, 4r has shown significant inhibition in MDA-MB231
with an ICsgvalue of 0.25, 0.99 uM respectively whereas 4b, 4¢ has shown ICso value around 1
uM. But compound 4a, having ICsy of 11£0.02uM in in vitro assay doesn’t show any significant
inhibition in cell lines. From this it is clear that substitution of -R with electron withdrawing

group (2 4, dinitrophenyl) increases the activity compare to other substitutions.
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Western blot analysis of SIRT1 and Ac-p53K382 in MDA-MB231 treated with
compound 4d at different concentrations (0, 0.1, 0.25, 0.5uM) showed dose dependent decrease
in SIRT1 and increase in Ac-p53K382 protein levels (Fig.5.5). Further upon atom based 3D
QSAR studies of ACD derivatives (4a-r) with respect to ICso values of SIRTI1 showed
accumulation of highest positive coefficient (1.1*¥107) threshold of cyan colored hydrophobic or
non-polar cubes at the ortho position of 4d infers the importance of substitution with
hydrophobic moieties at ortho position rather than para and meta positions as shown in

Fig.5.6B.
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5.2 Design, synthesis, biological interventions of benzthiazolyl-2-thiosemicarbazone
derivatives (B2TS):
5.2.1 Design of homology model and active site prediction:

Homology model of hSIRTI catalytic domain was generated by using comparative
homology modeling and active site was predicted according to procedure explained under
materials and methods section 4.1 as shown in Fig.5.1. This model had 83.7% residues in most
favored regions and ProSA Web Z score of -6.37.

5.2.2: High-throughput virtual screening of in house database:

With an aim of identifying novel SIRT1 inhibitors, virtual screening of in house database
of ~3000 molecules was carried out by using GLIDE (Schrodinger L.L.C., USA) and GOLD
software against the catalytic core of SIRT1. As benzthiazolyl-2-thiosemicarbazone (B2TS)
derivatives showed good docking score and fitness values, these molecules were synthesized.
Docking score and fitness values are presented in Table 9.

5.2.3 Synthesis and Characterization:

General procedure for the synthesis of substituted benzothiazole derivatives:

N
0,3 /©:\>—NH2 : /@:\)—NH _, OZNQS H
s N

N, BHI46 g R

a: ACOH/KSCN/Br,/0°C to RT; b: CS,/0-15°C/EtOH/KOH; c:,HN-NH,/EtOH/reflux
d:RCHO or RCOR/DMF/GlacialAcOH /reflux
The synthesis of the target molecules were achieved by a previously reported procedure
[Yogeeswari P., et al., 2005]. In a typical procedure, a solution of potassium thiocyanate in

acetic acid was added to a solution of p-nitro aniline (B1) in acetic acid; the reaction mixture was
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stirred at RT for 30 minutes and then cooled to 0°C. A solution of bromine in acetic acid was
then added drop wise at 0°C. The reaction mixture was then warmed to RT and stirred at RT for
24 hrs. Cold water was then added to the reaction mixture for precipitation and the precipitate
was then suspended in water, neutralized with aq. ammonia and filtered. The solid obtained was
then washed with water and dried to get 6-nitro-2-aminobenzothiazole (B2) in quantitative yield.
Further, 6-nitro-2-aminobenzothiazole (1g) was added to a solution of KOH in ethanol at RT.
The reaction mixture was then heated to 150°C and carbon disulphide (0.0068 mmol) was added
in small portions to the reaction mixture at this temperature. After the complete addition, heating
was continued for another 30 min. The reaction mixture was then cooled to ambient temperature,
hydrazine hydrate was then added drop wise and refluxed for 3 hours (monitored by TLC for
completion). The reaction mixture was evaporated to dryness. The crude product was then
further purified by recrystallisation from ethanol-ethyl acetate mixture (7:3 v/v) to give the
desired product (B3) in quantitative yield.

Final library was then obtained by preparing Schiff base of above prepared
thiosemicarbazide with various aldehydes and ketones in DMF at equimolar concentration with
catalytic amount of acetic acid. The structure was further confirmed by NMR (Bruker AM-300
MHz) and mass (LCMS1600B). Both analytical and spectral data ("H NMR, "*C NMR, and mass
spectra) of all the synthesized compounds were in full agreement with the proposed structures.
As apparent from the Table 9, the compounds were found to react well to give the corresponding

benzthiazolyl-2-thiosemicarbazone (BH1-16) in excellent yields (54- 96%).
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Table 9: Physico-chemical properties, docking score of B2TSderivatives (BH1-16).

N
C[ NH
O,N S s/>--NH

N
R
R
Code R R Gold |Glide| M.P | Yield Molecular Molecular
Fitness|score| (°C) | (%) Formula Weight
BH1 H Phenyl 52.03 |-3.75]110-113| 95.13 | C;5H11N50,S, 357.41

BH2 H Chlorophenyl ND |-3.35]165-167] 60.12 | Ci5sH;oCINsO,S, | 391.06

2-Trifluoromethyl

BH3 H Phenyl ND [-3.34]140-143| 95.24 | Ci6HioF3Ns0,S, | 425.02

BH4 H | 4-Methylphenyl | ND |-3.32]150-152] 90.12 | C;cH13N50,S, 371.44
4-Hydroxy-3-

BHS H Methoxyphenyl ND [-4.17)220-222[ 80.23 | Ci6Hi3Ns504S, 403.04

BH6 H 2-Nitrophenyl ND |-3.27|185-188| 50.10 | Ci5H10NO4S, 402.02

BH7 H 4-Nitrophenyl ND |-2.78|175-178[ 50.12 | Ci5H10NgO4S, 402.02

BHS H [4-Methoxyphenyl| ND |-3.61[165-168| 90.12 | C;cH13N503S, 387.05

BH9 H |2-Hydroxyphenyl | ND [-4.67[220-222( 90.12 | C;5H;1N503S; 373.07

BH10 |CH; Phenyl 38.43 [-3.821222-224{ 91.32 | Ci16Hi3N50,S; 371.05

BH11 |CHs| 4-Fluorophenyl | 40.45 |-3.23122-124] 62.45 | CisH12FNsO,S, | 389.21

BH12 |CHs| 4-Bromophenyl | 43.61 |-3.60(142-144) 52.23 | CicH12BrNsO,S, | 450.33

BH13 |CHs| 2-Hydroxyphenyl | 56.29 |-4.40(150-154] 62.23 | C;6Hi3Ns0;3S; 387.10

BH14 |CHs| 4-Nitrophenyl | 44.76 |-3.80(182-184| 96.45 | CisHi2N6sO4S: 416.04

BH15 |CHs| 4-Methylphenyl | 42.72 |-3.40190-192] 63.32 | C;7H;5Ns0,S; 416.04

w

BH16 |[CHs| 2-Aminophenyl | 40.31 [-4.40]120-122[ 82.23 | Ci6H14NsO2S» 386.06
Suramin 457 1-3.33

ND: Not determined
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2-Amino-6-nitrobenzothiazole (B2):

Yellow solid; M.P 247-249°C; Yield (69%);. "H NMR (300 MHz, DMSO-ds): 6=7.43 (d, 1H, J=
9.1Hz), 8.13 (dd, 1H, J=9.0, 2.4 Hz), 8.31 (s, 2H NH,), 8.68 (d, 1H, J =2.2 Hz)"’CNMR
(75MHz, CDCl): §=172.3, 158.2, 141.6, 132.1, 122.8, 118.4, 117.6 EI-MS m/z: 195.07 (M").
N-(6-Nitrobenzo|d]thiazol-2-yl)hydrazinecarbothioamide (B3):

Yellow solid; M.P 200-203°C; Yield (93%);. "H NMR (300 MHz, DMSO-ds): 6=7.45 (d, 1H, J=
9.1Hz), 8.14 (dd, 1H, J=9.1, 2.4 Hz), 8.69 (d, 1H, J =2.1Hz)2.31 (s, 1H NH), 4.21 (s, 1H NH),
5.1 (s, 2H NH,). "CNMR (75MHz, CDCls): 6= 184.3, 178.7, 158.7, 141.8 , 132.5, 122.9, 118.7,
117.7 EI-MS m/z: 269.03 (M").
2-Benzylidene-N-(6-nitrobenzo[d]thiazol-2-yl)hydrazinecarbothioamide (BH1):

Yellow solid; '"H NMR (300 MHz, DMSO-ds): 8=7.46 (d, 1H, J= 9.1Hz, Bt-H), 8.17 (dd, 1H,
J=9.1, 2.4 Hz, Bt-H), 7.53-7.81(m, 5H, ArH) 8.51 (s, 1H imine), 8.71 (d, 1H, J =2.1Hz, Bt-
H),4.51 (s, 1H NH),12.31 (s, 1H, NH), "*CNMR (75MHz, CDCL): &= 187.6, 178.4, 158.1,
144.3, 141.8, 134.4, 132.6, 131.3, 129.6, 128.4, 123.0, 118.4, 117.4;EI-MS m/z: 357.03 (M").
Anal. Caled for Ci5H;1N5O,S,: C, 50.41; H, 3.10; N, 19.59. Found: C, 50.46; H, 3.16; N, 19.61.
2-(4-Hydroxy-3-methoxybenzylidene)-N-(6-nitrobenzo|d]thiazol-2-yl)hydrazinecarbo-
thioamide (BHS):

Yellow solid; 'H NMR (300 MHz, DMSO-dg): "H NMR (300 MHz, DMSO-de): $=3.82 ( s, 3H,
-OCH3), 7.06-7.63 ( m, 4H, 3 Ar-H &1 Bt-H), 8.14 (dd, 1H, J=9.1, 2.4 Hz, Bt-H), 8.03 (s, 1H,
imine), 8.68 (d, 1H, J =2.7 Hz, Bt-H),3.92 (s, 1H NH), 9.72 (s, 1H, OH),11.43 (s, 1H, NH).
BCNMR (75MHz, CDCly): 8=187.2, 178.1, 157.9, 150.7, 147.8, 144.2, 142.0, 132.1, 131.4,
124.6, 123.1, 118.7, 117.7, 117.1, 112.0, 56.7; EI-MS m/z: 403.04 (M"). Anal. Calcd for

Ci6H13N504S,:C, 47.63; H, 3.25; N, 17.36. Found: C, 47.69; H, 3.24; N, 17.31.

86



Design of SIRT1 Inhibitors

N-(6-Nitrobenzo|d]thiazol-2-yl)-2-(2-nitrobenzylidene)hydrazinecarbothioamide (BH6):
Yellowish orange solid; "H NMR (300 MHz, DMSO-dg):6= 7.54-7.89 (m, 5H, 4ArH & 1 Bt-H),
8.12 (dd, 1H, J=9.3, 2.1 Hz, Bt-H), 8.37 (s, 1H imine), 8.69 (d, 1H, J =1.8 Hz, Bt-H), 4.26 (s, |H
NH), 11.91 (s, 1H, NH). "CNMR (75MHz, CDCl;): 6=187.5, 178.4, 158.0, 146.3, 141.9, 141.4,
135.3, 132.8, 132.2, 131.4, 129.1, 124.7, 123.1, 118.9, 117.6;EI-MS m/z: 402.02 (M").Anal.
Calcd for Ci5sH;oNgO4S,: C, 44.79; H, 2.47; N, 20.84. Found: C, 44.74; H, 2.48; N, 20.83.
2-(2-Hydroxybenzylidene)-N-(6-nitrobenzo|d]thiazol-2-yl)hydrazinecarbothioamide(BH9):
Yellow solid; "H NMR (300 MHz, DMSO-ds): 8=7.08-7.62 (m, 5H, 4ArH & 1 Bt-H), 8.12 (dd,
1H, J=9.1, 2.1 Hz), 8.87 (s, 1H imine), 8.71 (d, 1H, J =2.1 Hz, Bt-H), 5.03 (s, 1H NH), 10.54 (s,
1H, NH). "CNMR (75MHz, CDCls): 8= 186.9, 178.4, 158.1, 156.4, 143.7, 141.7, 134.7, 132.4,
128.1, 123.6, 123.2, 118.8, 118.2, 117.9, 117.5;EI-MS m/z: 373.07 (M"). Anal. Calcd for
CisH11NsOsS,: C, 48.25; H, 2.97; N, 18.76. Found: C, 48.17; H, 3.01; N, 18.69.
2-(1-(2-Hydroxyphenyl)ethylidene)-N-(6-nitrobenzo|[d]thiazol-2yl)hydrazinecarbo-
thioamide (BH13):

Yellow solid;'H NMR (300 MHz, DMSO-de):6=3.36 (s, 3H, -CH3),7.01 -7.57 (m, 5H, 4ArH &
1 Bt-H), 8.14 (dd, 1H, J=9.2, 2.1 Hz, Bt-H), 8.76 (d, 1H, J =1.9 Hz, Bt-H), 5.01 (s, 1H NH), 9.84
(s, 1H, NH).10.3 (s, 1H, NH).”CNMR (75MHz, CDCL):6= 181.7, 177.6, 167.2, 162.1, 155.9,
142.0, 134.7, 133.3, 1319, 124.5, 123.3, 118.6, 118.2,117.5, 116.8, 16.0;EI-MS m/z:
387.10(M"). Anal. Caled for C¢H 3N503S,:C, 49.60; H, 3.38; N, 18.08. Found: C, 49.31; H,

3.18; N, 17.99.
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5.2.4 In vitro SIRT1 assay:

The synthesized compounds (BH1-16) of B2TS series were tested for in vitro SIRT1
assay at 50uM concentration according to protocol explained under materials and methods
section 4.4. In vitro SIRT1 inhibition at 50uM concentration was shown in Fig.5.7and 1Cs

values are illustrated in Table 10.
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"o Inhibition
[ E¥] e [= % [ o]
[==] [==] =] =] =]
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-40 - Compound (S0pM) &

Fig.5.7: In vitro SIRT1 assay of B2TS derivatives: %inhibition of hSIRT1 by BH1-16 at 50uM

concentration.

Table 10: 1Cso of B2TS derivatives (BH1-16) againstSIRT1.

Code | SIRT1_ICsy (nM) | Code | SIRT1_ICsy (nM)

BH1 46.27+0.7 BH9 51.12+0.78

BH2 >100 BH10 >100

BH3 >100 BH11 >100

BH4 >100 BH12 >100

BHS5S 71.02+0.18 BH13 15.3+0.8

BH6 60.8+0.3 BH14 >100

BH7 >100 BH15 >100

BHS >100 BH16 >100
suramin 50.11+0.5
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5.2.5: Antiproliferative assay:

The antiproliferative activity of BH1-16 was performed by MTT assay according to

protocol explained under materials and methods section 4.6.2. K562, MDA-MB231, PC3,

LNCaP and HEK293 cells (5x10° cells/well) were incubated in 96-well plates in the presence or

absence of test compound or Doxorubicin at a concentration of 10 uM for 24 h. The %

inhibition was shown in Fig.5.8A. ICs, values were determined for most active compounds BH1

and BH13 in LNCaP cells treated with (0.25, 0.5, 1.0, 5.0, 10 uM) or without the test compound

and the results are depicted in Fig.5.8B
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Fig.5.8: A. In vitro antiproliferative activity of B2TS derivatives (BH1-16) at 10uM

concentration on various cell lines. B. Dose dependent activity of BH1 and BH13 on LNCaP

cells
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5.2.6 Annexin V assay:

Annexin V, a recombinant phosphatidylserine-binding protein, interacts strongly and
specifically with phosphatidylserine residues and can be used for the detection of apoptosis (Arur
S., et al., 2003).Induction of apoptosis by BH1 and BH13 was measured by annexin V assay
according to protocol explained under section 4.6.5. Results from Annexin V assay using flow
cytometer demonstrated a dose-dependent (0, 5, 10, 50 uM) increase in the Annexin V positive

cells indicating induction of apoptosis in LNCaP cells by BH1 and BH13 as shown in Fig.5.9.
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Fig.5.9: Annexin V assay of LNCaP cells treated with BH1 and BH13 at 0, 5, 10, 50 uM
concentrations. LA: Late apoptotic; EA: Early apoptotic. % of cells in LA, EA are shown.

5.2.7 In situ caspase 3 activation assay: 0.5 x 10° cells/ml LNCaP cells were treated with BH1
and BH13 at 0, 5, 10, 50 uM concentrations for 24 h and activation of caspases was measured
according to protocol explained under materials and methods section 4.6.6. As shown in
Fig.5.10, a dose dependent increase in caspase 3 active cells was observed in both BH1 and

BH13 treated cells which indicate induction of apoptosis.
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Fig.5.10: In-situ caspase 3 analysis of cells treated with BH1 and BH13.

5.2.8 Immunoblot analysis:
To investigate the distinct effects of BH1 and BH13 as SIRT inhibitors, western blot
analysis was performed on LNCaP cells treated with BH1 and BH13 at different concentrations

(0, 5, 10 and 50 uM) for 24h according to protocol mentioned in section 4.6.7.

BH1 BH13
0 < 10 S0pM 0 5 10 S0pM

Fig.5.11: Immunoblot analysis of SIRT1 and Ac-p53K382 levels in LNCaP cells treated with
compound BH1 and BH13. Equal loading was confirmed by B-actin.

As shown in Fig.5.11, a dose dependent decrease in SIRT1and increase in acetylation
status of the SIRT1 target Ac-p53K382 levels was observed
5.2.9 Transcript levels of SIRT1 and PSA:

In order to investigate the effect of BH1 and BH13 on transcript levels of SIRT1 and

PSA, RT-PCR analysis was performed according to protocol mentioned under section 4.6.8 and
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a dose dependent decrease in SIRT1 and PSA levels was observed as shown in Fig.5.12. Relative
mRNA levels are calculated by using Image lab analysis software (Bio-rad).

Al
BH1 BH12

0 5 10 S0pM 0 5 10 S0pM
SIRT1

GapDH

E control
EBH1_ Spd
EEH1 10pM
EEH1_S0pM
EEBEHI13 SuM
WEHI13_10uM
WEBHI13_ S0udI

Relative mRNA level

SIRT1 PSA

Fig.5.12:A.RT-PCR analysis of SIRT1, PSA levels in LNCaP cells. B. Relative levels of SIRTI,

PSA were calculated by image analysis software. Equal loading was confirmed by GapDH.

5.2.10 In vivo studies:

Effect of BH1 and BH13 were studied on testosterone induced hyperplasia in rats
according to protocol explained under materials and methods section 4.7.1. Animal body weight
was monitored periodically during the study and no significant difference was found among the
groups before and after treatment. Substantial elevation in prostate weights was noticed with

testosterone treatment compared to negative control. As shown in Fig.5.13A, significant
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reduction in elevation of prostate and seminal vesicle weights was observed in rats treated with
BH13 compare to BH1. Further Histopathological study showed decrease in induction of
hyperplasia with BH1 and BH13 (Fig.5.13B) of prostate tissues isolated from animals according
to protocol explained under section 4.7.2 of materials and methods. RT-PCR analysis of prostate
tissues from animals also shown decrease in SIRTI1 levels compare to testosterone induced.

(Fig.5.13C)

weight(mg)
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Fig.5.13: Effect of BH1 and BH13 (10 mg/kg) on testosterone induced hyperplasia in rat: A.
Change in body weight before and after treatment. B. Histopathology study of prostate tissues of
rat treated with BH1 and BH13 along with positive, negative controls and standard drug
Finasteride. Arrows indicate disruption in architecture of cell. C. SIRTI transcript levels in

prostate tissues isolated from treated animals.
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5.2.11 Discussion:

In the present study we have designed and developed small molecule novel SIRT1
inhibitors. Since crystal structure of SIRT1 was not available the best model of the catalytic core
of SIRT1 was developed using homology modeling and the fitness of the model was checked by
PROCHECK program. This model had 83.7% residues in most favored regions and ProSA Web
Z score of -6.37 similar to the template structure scores. Virtual screening of in house database of
~3000 molecules was carried out by using GLIDE and GOLD software’s against catalytic core
of SIRT1 and a series of benzthiozolyl-2-thiosemicarbazone (B2TS) derivatives were identified
as lead molecules. Among all, BH1 and BH13 showed highest fitness values of 52.03, 56.29 and
glide docking score of -4.40, -3.75 respectively. In order to validate our in silico results, the
compounds BH1-16 were synthesized and tested for in vitro SIRT1 enzymatic inhibition
Amongst, BH1 & BH13 showed inhibition of 90% and 54% whereas BH9 & BHS showed
moderate inhibition of 48% and 35% at 50uM concentration Further BH1 and BH13 showed
better inhibition with an ICsy of 46.27+0.7uM and 15.3+0.8uM respectively compared to
Suramin.

It has been reported that SIRTI is significantly elevated in human prostate cancer
[Huffman D.M., et al 2007], acute chronic myeloid leukemia [Bradbury C.A., et al., 2005],
metastatic breast cancer [Lara E., et al., 2009] and various other cancers [Stunkel W., et al.,
2007]. Recently it has also been reported that SIRT1 levels are closely related to the PSA and
Bcel2 levels in benign prostate hyperplasia. As the SIRT1 levels increases, PSA levels also
increases [Liu Da-qi et al., 2011]. To explore the efficacy of our SIRT1 inhibitors as anticancer
agents, cell proliferation assay was performed by MTT assay in four different cancer cell lines

(K562, PC3, MDAMB-231and LNCaP) at 10uM concentration. None of the tested compounds
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(BH1-16) showed significant inhibition in K562 cells whereas BH2, BH12 and BH16 showed
moderate inhibition of above 50% on MDA-MB231 cells, while BH1 and BH13 showed 59.2%,
43.1% of growth inhibition of PC3 cells and 75% and 59%in LNCaP cells respectively. Hence
ICsy values were determined for BHI and BH13 in LNCaP cells with different concentrations
(0.25,0.5, 1, 5, 10uM) and found to be 4.09+0.02 uM and 5.07£1.258 uM respectively.

Several SIRT1 inhibitors were reported to induce apoptosis in various cancer cells. Hence
to understand the mechanism of inhibition of cell proliferation of LNCaP cells by BH1 and
BH13, cell death was quantified in terms of percentage of apoptotic cells. Flow-cytometry
analysis of androgen sensitive LNCaP cells treated with BH1 and BH13, demonstrated that
apoptotic rate reached more than 70.0% after incubation with SuM concentration for 24h and
increased dose dependently up to 50uM. This dose dependent increase in apoptotic cells by
BH1 & BH13 demonstrates the induction of apoptosis.

Caspases are critical mediators of apoptosis. Amongst, caspase 3 is a frequently activated
death protease which catalyzes cleavage of many cellular proteins. Activation of caspase 3 has
been identified as a marker to study induction of apoptosis. Upon in-situ caspase 3 assay,
significant dose dependent activation of caspase 3 was observed in cells treated with BH1 &
BH13 which clearly demonstrates the induction of apoptosis. Furthermore a dose dependent
decrease in mRNA levels of SIRT1 and PSA by BH1 and BH13 in LNCaP cells demonstrates
the induction of apoptosis through inhibition of SIRT1.

To validate the results of mRNA levels of SIRTI, protein levels were evaluated by
western blot analysis. Treatment of LNCaP cells with BH1 and BH13 resulted in significant

decline in the SIRT1 and increase in Ac-p53K382 protein levels.
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In order to explore the efficiency of the BH1 and BH13 in treatment of benign prostate
hyperplasia, in vivo studies were performed on testosterone induced hyperplasia in rats.
Compounds BH1 and BH13 were administered along with testosterone for 15 days continuously
and no significant difference was found in animal body weight among the groups before and
after treatment. Substantial elevation in prostate and seminal vesicle weights was noticed with
positive (testosterone) control compared to negative control while significant reduction in
elevation of prostate and seminal weights was observed in BH1 and BH13 treated rats. There
was no change in the histoarchitecture of prostate gland in negative control group. The tissues
were tightly packed; epithelium was cuboidal and regular in size (Fig.5.13B). In positive control
there was disruption in the histoarchitecture of the prostate tissue. The amount of connective
tissue was well marked with increased oval acini size. Stromal proliferation and glandular
hyperplasia with epithelial proliferation and nuclear stratification have been observed.
Compound BH1 and BH13 treatments showed reduction in the histoarchitecture disruption of
prostate (Fig.5.13B) and no stromal appearance. Moreover reduced SIRTI transcript levels

observed in BH13 treated animals compare to testosterone induced prostate.
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CHAPTER 6
DESIGN OF SIRT1 ACTIVATORS

6.1 Design, synthesis, biological interventions of spiro-piperidine-4-one (SP) derivatives:
6.1.1 Design of homology model of allosteric site and active site prediction:

Homology model of hSIRT1 allosteric site (114-217 AA) was designed according to
method explained under materials and methods section 4.1. Homology model of allosteric site
and predicted active site pocket was shown in Fig.6.1. Active site has site score of 0.79 and

Dscore (druggable score) of 0.78 with hydrophobic score of 0.895 and hydrophilic score of 0.73.
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Fig.6.1: A. Homology model of hSIRT1 allosteric site. Circles denote putative active site
pockets B. surface diagram of active site pocket shown in red box. Red-hydrogen acceptor; Blue-

hydrogen donor; Yellow-hydrophobic region. C. Ramchandran plot.
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This model showed 92.9% residues in most favored regions and ProSA Web Z score of -
6.38 similar to the template structure scores. Binding site pocket was identified by using
SITEMAP and contains ASP166; ARG167; SER169; HIS170; ALA171; SER172; SER173;
SER174; ASP175; TRP176; PRO184; TYR185; PHE187; VAL188; HIS191; LEU192 amino
acid residues with respect to the full length SIRT1 sequence.
6.1.2 High-throughput virtual screening of in house database:

High-throughput virtual screening of in house database of ~3000 molecules into allosteric
site of hSIRT1 revealed spiro-piperidine-4-one (SP) derivatives as lead molecules with better
docking score and hydrogen bonds compare to standard resveratrol were specified in Table 11.

6.1.3 Synthesis and characterization:

o) R-CHO

o]
KoLOs C,HsOH
= R™ ~ "R

N cH;lLCH;CN N Piperidine

SP1 SP2 Reflux,10-12h T
SP3

Piperidine-4-one (SP1) (1.5 mmol) in acetonitrile, K,CO; (1.5 mmol) followed by methyl
iodide (1.2mmol) at RT were stirred for 6h at RT and monitored by TLC. The reaction mixture
was quenched with water, extracted with ethyl acetate and purified through column
chromatography. To the 1-methylpiperidin-4-one (SP2) in ethanol corresponding aldehyde was
added followed by piperidine(0.5 mmol) and the reaction was refluxed for 10h.The reaction
mixture was then evaporated to dryness, water (10ml) was added to the residue and extracted
with dichloromethane(2*15 ml), the combined organic layer was successively washed with 5%
aq. citric acid(2*10 ml), water(1*10 ml), 5% aq.sodium hydrogen carbonate(1*15 ml) and finally

washed with brine (1*15 ml), dried over anhydrous Na,SO4 and evaporated under reduced
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pressure to give the product which was further recrystalized from ethanol to get desired product
SP3 in quantitative yield .The structure was further confirmed by NMR (Bruker AM-300 MHz)

and Mass (LCMS1160B).

Synthesis of 1-methyl-4-arylpyrrolo-(spiro[2.3"]oxindole)—spiro[3.3’]-1'-methyl-5'-

(arylidene)piperidin-4'-ones:

(o]
R/%(ﬂj%R w Sarcosine
+ o) —_—

SP3 SP4

SP5 (H1-10)

A mixture of SP3 (1 mmol), isatin (SP4) (0.147 g, 1 mmol) and sarcosine (0.089g, 1
mmol) were dissolved in methanol (10 ml) and refluxed for 30 min. After completion of the
reaction as evident from TLC, the mixture was poured into water (50 ml). The precipitated solid

was filtered and washed with water to obtain pure compounds SP5 (H1-10).
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Table 11: Physico-chemical properties, docking score of SP derivatives (H1-10).

Glide Yield Molecular Molecular

Cod R Hbond | M.P (°C
ode score on (0 (%) Formula Weight
H1 CeHs -3.25 0 180-182 56 C30H29N30, 449.54
H2 p-MeC¢Hy | -5.27 0 190-192 67 C3,H33N30, 477.60
p-
H -5.51 1 213-214 H .
3 MeOC,H, 5.5 3 80 C3:H33N304 509.60
H4 0-C1C¢Hy | -4.25 1 200-202 90 C30H,7CpN30, 518.43
HS 0-MeCgHy | -3.27 1 180-181 91 C3,H33N302 477.60
0_
H6 MeOC,H, -4.46 1 197-199 96 C3,H33N304 509.60
H7 m-FCeHy -2.58 0 175-177 94 Cy9H»5F2N30, 485.52
HS 1-Napthyl | -5.01 0 224-225 92 C37H3 N30, 549.24
o,p-
H9 CLCeH, 4.78 0 215217 96 C30H25C1uN30, 585.05
H10 2-Furyl -4.67 0 240-242 08 Cy5H23N304 249.17
Resveratrol -3.14 1 C14H1205 228.24
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1-Methyl-4-(2-methoxyphenyl)pyrrolo-(spiro[2.3""]oxindole)-spiro[3.3']-1’-methyl-5"-(2-
methoxyphenylmethylidene)piperidin-4’-one (H3):

yellow solid (0.20 g, 80%,.), '"H NMR (300 MHz, CDCl;): & = 1.69 (1Hd, d, J ¥4 12.4 Hz), 2.06
(3H, s), 2.15 (3H, s), 2.96 (1Hf, d, J 4 12.8 Hz), 3.25-3.49 (3H, m, Hb, He, Hg), 3.86 (3H, s),
3.87 3H, s), 3.89 (1Hc, dd, J % 10.8, 7.3 Hz,), 4.78 (1Ha, dd, J % 10.8, 9.3 Hz), 6.63-7.33
(ArH,m), 6.62 (1H, s), 8.34 (IH, bs,); °C NMR (75 MHz, CDCL): & = 34.66, 44.63,
44.88,55.20, 55.25, 56.69, 56.93, 57.20, 65.93, 75.85, 108.74, 113.53, 113.71, 121.82, 127.66,
127.80, 128.62, 130.30, 131.41, 131.94, 137.48, 141.92, 158.32, 159.93, 177.70, 198.49. EI-MS
m/z: 523 (M"); Anal. Caled. For C3,H33N304: C, 73.42; H, 6.30; N, 8.03. Found: C, 73.72; H,
6.15; N, 7.89.
1-Methyl-4-(2-methylphenyl)pyrrolo-(spiro[2.3"”]oxindole)-spiro[3.3']-1'-methyl-5'-(2-
methylphenylmethylidene)piperidin-4’-one (HS):

Obtained as white solid , 'H NMR (300 MHz, CDCl3): 6 = 8.85 (1 H, s, NH), 7.51 (1 H, s,
C=CH), 6.76-7.85 (12 H,m, Ar), 4.99 (1 H, t, ] =9.6 Hz, 4-CH), 4.02 (1 H, t, ] =9.6 Hz, 5-CH>),
3.42 (1 H, t, ] =8.4 Hz, 5-CH»), 3.28 (1 H, d, J=12.9 Hz, 2'-CH,), 3.18 (1 H, d, J =14.7 Hz, 6'-
CH»), 2.89 (1 H, dd, J =14.7,2.4 Hz, 6'-CH>), 2.31 (3 H, s, Ar-CH3), 2.15 (3 H, s, Ar-CHs), 2.14
(3 H, s, 1-N-CH3), 1.96(3 H, s, 1'-N—-CH3), 1.68 (1 H, d, J=12.9 Hz, 2'-CH,); *CNMR(75 MHz,
CDCL): 6 = 198.5, 178.0,142.3, 138.0, 137.8, 137.1, 137.0, 134.3, 133.0, 130.2, 130.1, 129.3,
128.6, 128.3, 127.8,127.3, 126.5, 125.7, 125.3, 122.3, 109.1, 76.9, 64.2, 58.4, 57.2, 45.3, 41.6,
34.7,21.2,20.1. EI-MS m/z 477.6 (M"); Anal.Calcd for C3,H33N30;,: C, 78.18; H, 6.77; N, 8.55.

Found: C, 78.10; H, 6.84; N, 8.64.
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1-Methyl-4-(2-methoxyphenyl)pyrrolo-(spiro[2.3""]oxindole)-spiro[3.3']-1’-methyl-5"-(2-
methoxyphenylmethylidene)piperidin-4’-one (H6):

white solid, '"H NMR (300 MHz, CDCls):3= 8.79 (1 H, s, NH), 7.69 (1 H, s, C=CH), 6.69—7.62
(12 H,m, Ar), 4.90 (1 H, dd, J=10.8, 10.5 Hz, 4-CH), 4.11 (1 H, t, J=9.9 Hz, 5-CH»), 3.82 (3 H,
s, Ar-OCH3), 3.72 (3 H, s, Ar-OCH3), 3.34 (1 H, t, J=8.1 Hz, 5-CH»), 3.22 (1 H, d, J =14.4 Hz,
6'-CH>), 3.02 (1 H, d, J=12.3 Hz, 2'-CH»), 2.90 (1 H, d, J=14.7 Hz, 6'-CH>), 2.14 (3 H, s, 1-N—
CHs), 1.93 (3 H, s, I'"N—-CHj3), 1.82 (1 H, d, J=12.3 Hz, 2'-CH,); "*C NMR (75 MHz, CDCl;):8=
197.3,178.0, 158.1, 158.0, 142.3, 133.1, 132.6, 130.1, 129.8, 128.5, 128.1, 127.6, 127.4, 127.3,11
124.5, 122.0, 120.3, 119.7, 110.5, 109.8, 108, 7, 77.0, 63.8, 57.0, 56.7, 55.8, 55.3, 54.8,
45.3,39.3, 34.8.EI-MS m/z 509.6 (M"); Anal.Caled for C3,H33N304: C, 73.40; H, 6.35; N,
8.02.Found: C, 73.47; H, 6.30; N, 8.09.
1-Methyl-4-(2,4-dichlorophenyl)pyrrolo-(spiro[2.3"]oxindole)-spiro[3.3’]-1’-methyl-5'-
(2,4-dichlorophenylmethylidene)piperidin-4"-one (H9):

Obtained as white solid, 'H NMR (300 MHz, CDCL): 6= 8.63 (1 H, s, NH), 7.50 (1 H, s,
C=CH),6.71-8.00 (10 H, m, Ar), 5.05 (1 H, t, /=8.4 Hz, 4-CH), 3.86 (1 H, t, J=9.0 Hz, 5-CH,),
3.47 (1H, t, J=8.4 Hz, 5-CH>), 3.10 (1 H, d, J =14.7 Hz, 6'-CH>), 2.89-2.96 (2 H, m, 2'-CH; and
6'-CH,), 2.10 (3 H, s, 1-N—CH3), 1.94 (3 H, s, 1'-N-CH3), 1.80 (1 H, d, J=12.6 Hz, 2'-CH,); "*C
NMR (75 MHz, CDCl;): 6= 197.0, 177.8, 142.0, 136.3, 135.6, 135.5, 134.9, 134.4, 133.5, 132.9,
132.0,131.7, 130.5, 129.6, 128.9, 128.7, 127.8, 127.0, 126.6, 126.3, 122.6, 109.0, 77.0, 63.5,
57.8,57.7, 56.9, 45.4, 41.7, 34.7. EI-MS m/z 585.05 (M+);Ana1.Calcd for C3oHp5CLsN3O5:

C,59.92; H, 4.19; N, 6.99.Found: C, 59.82; H, 4.29; N, 6.91.
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6.1.4 In vitro SIRT1 Assay:

SIRT1 fluorimetric enzyme assay is based on unique SIRTI substrate/developer
combination. The substrate usually consisted of 4 amino acids from 379-382 [(Arg-His-Lys-Lys
(Ac)] of human p53, which was tagged with aminomethylcoumarin (AMC). The fluorescence
signal is generated in proportional to the amount of deacetylation of lysine in the substrate.
SIRT1 activation of synthesized SP derivatives was studied by in vitro assay using recombinant
SIRT1 and fluorophore-labeled acetylated p53 peptide substrate according to protocol mentioned
under section 4.4. As shown in Fig.6.2, H3 and H6 showed significant increase in the SIRTI
activity compare to standard resveratrol whereas H2, HS, H8 and H9 showed moderate

activation. Furthermore compounds H1, H4, H7, and H10 don’t show any significant activation.
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Fig.6.2: In vitro SIRT1 activation of SP derivatives (H1-10).
6.1.5 Detection of acetylated/deacetylated substrate by RP-HPLC:

SIRT1 activation by H3 and H6 was studied in terms of increase in deacetylation of
acetylated substrate [(Arg-His-Lys-Lys (Ac)] by using RP-HPLC method according to protocol

explained under section 4.5.
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Fig.6.3: A. Detection of acetylated and deacetylated peptide peak treated by H3 and H6 by

HPLC. B. Peak areas of acetylated and deacetylated products are represented in bar graph.

As illustrated in Fig.6.3, compound H3exhibited significant increase in deacetylation of

acetylated substrate peak in time dependent manner at 10 pM concentration compare to H6.

Hence further experiments were continued with H3.

6.1.6 Effect of H3 on 3T3-L1 cells:

In order to investigate the antiobesity activity of H3 in the well-known cell based

adipogenesis differentiation assay, 1*10°3T3-L1cells were treated with increasing concentrations

(0, 10, 50 uM) of H3 along with differentiation media containing insulin, dexamethasone,
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IBMX. Treatment was continued until differentiation was observed in control cells (untreated).
Inhibition of differentiation by H3 was measured by Oil O Red staining. After treatment, plates
were washed with PBS, and the cells were fixed in 10% formaldehyde for 1 h and stained with
Oil O Red staining according to protocol described under section 4.6.3. As shown in Fig.6.4,

microscopically the intensity of Oil O Red staining decreased dose dependently during

differentiation.

oM 1o0pM SopM

Fig.6.4: Inverted microscopic pictures of 3T3-L1 cells treated with H3 at different
concentrations.

Quantification of the dye extracted from cells treated with H3 during differentiation as
well as in mature adipocytes using a spectrophotometer was described in detail in the materials

and methods section 4.6.3 and results are shown in Fig.6.5.

1.0 9 Preadipocytes
’ E=3  Adipocytes
0.8 B3 10pM
£ 50uM
=]
Iy 0.6 il
S =
= —
s —
"g 0.4 é
£ =
< —
0.2+ =
0.0- ] —

During Differentiation Mature Adipocytes

Fig.6.5: Measurement of lipid accumulation in preadipocytes and mature adipocytes treated with

H3.
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Intensity of dye incorporated also decreased in fully differentiated adipocytes treated with
H3, demonstrating the decrease in amounts of fatty acids and triglycerides produced by the cells.
These results suggest that the compound identified with SIRT1 activating properties have a
significant effect on fat mobilization in differentiated adipocytes, and thus H3 is anticipated to
have antiobesity properties.
6.1.7 Measurement of Triglycerides:

1*#10° fully differentiated 3T3-L1 adipocytes were treated with different concentrations
(0, 10, 50 uM) of H3 for 24h. Total triglyceride content in cells was measured according to

protocol explained in section 4.6.4.

034

Kk

Absorbance 546nm

I

Fig.6.6: Triglyceride accumulation in mature adipocytes treated with various concentrations of
H3.
As shown in Fig.6.6, a dose dependent decrease in triglyceride accumulation was

observed with H3.
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6.1.8 RT- PCR analysis:

1*#10° 3T3-L1 adipocytes treated with H3 at 0, 10, 50 pM concentrations for 24h and
checked for transcript levels of SIRT1, PPARy, C/EBPa, E2F1, leptin, FAS and LPL according
to protocol explained under section 4.6.8 using gene specific primers specified in Table 2 of

material and methods section.

A
0 10 30pM 0 10 30pM
SIRT e w—
B.
2.5
® Op)M
I ® 10pM
]
3 30p0M
< 15
£ 01
=
~ 05 - _
0 - :
SIRT1 PP&R; CEBPa FAS E2F1 Leptin

Fig.6.7: A. RT-PCR analysis of adipogenic enzymes in fully differentiated adipocytes treated
with H3 at different concentrations. B. Quantification of band intensity by using Image lab

analysis software.
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As shown in Fig.6.7A, a dose dependent increase in SIRT1 levels clearly demonstrated
the SIRTI1-mediated antiadipogenic activity of H3. Further, a dose-dependent decrease in
expression of transcription factors PPARy, C/EBPa was observed. Additionally FAS, LPL, E2F1
and leptin gene expression was dose dependently and significantly down regulated by H3
treatment. Equal loading was confirmed by GapDH. Quantification of band intensity was done

by Image lab analysis software and results were shown in Fig.6.7B.

6.1.9: In vivo studies on HFD induced obese mice:

Obesity was induced by feeding HFD to male albino mice for 3 months and treated with
H3 at a concentration of 30 mg/kg body weight for one month according to procedure explained
under materials and methods section 4.7.3. Orlistat was used as a standard antiobesity drug at a

concentration of 30mg/kg body weight.

A
30 -

- 8 ® Initial Body weight(g)

El 40 1 B Final body weight (g)

: 30 4

=

3 20 -
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)
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6 - _
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:' n]

E 4 - Orlistat

E 134 - _ = H3
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1- _ _
l] -

Total-C TG LDL-C HDL-C LDL/Ttal-C HDLTotal-C VLDL

Fig.6.8: A. Average body weight of mice before and after treatment with H3 along with HFD.

B. Serum lipid profile after treatment with H3.
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As shown in Fig.6.8A, body weight gain of the HFD group mice was considerably higher
than the other groups. The weight gain of Orlistat and H3 groups were normalized to the chow
diet group. Feed intake of all experimental groups was not significantly different. Modulation in

serum lipids profile was shown in Fig.6.8B.

6.1.10 Discussion:

In recent years, SIRT1 has become an interesting and promising target in terms of its
effects on longevity, metabolism, and other aging-related disorders. Several small-molecule
activators of SIRT1 have been identified by utilizing a commercially available deacetylase
activity assay. In the present study we identified and demonstrated a novel SIRT1 activator 1-
Methyl-4-(2-methoxyphenyl)pyrrolo-(spiro[2,3"]oxindole)-spiro[3,3']-1"-methyl-5'-(2-
methoxyphenylmethylidene) piperidin-4"-one (H3). Since crystal structure of SIRT1 was not
available the best model of the allosteric domain (114-217AA) of SIRT1was developed and the
fitness of the model was checked by PROCHECK program. This model showed 92.9% residues
in most favored regions and ProSA Web Z score of -6.38 similar to the template structure scores.
Binding site pocket was identified using SITEMAP and pocket contains ASP166; ARG167;
SER169; HIS170;ALA171; SER172; SER173; SER174; ASP175; TRP176; PRO184; TYRI18S5;
PHE187; VAL188; HIS191; LEU192 amino acid residues with respect to full length SIRTI
sequence. Virtual screening of in house database of ~3000 molecules was carried out by using
GLIDE against allosteric domain of SIRT1 and a series of spiro-piperidin-4-ones (SP)
derivatives (H1-10) were identified as lead molecules. At 10 uM concentration, H3 and H6
showed 2-3 fold increase in SIRT1 deacetylase activity which is better than the reference
compound resveratrol whereas H2, HS5, H8 and H9 showed moderate to low activation.
Remaining compounds demonstrated low or no activation with respect to control.
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Further quantification of deacetylation/acetylation of acetylated peptide was performed
by RP-HPLC. SIRT1 incubated with 10uM concentration of H3 and H6 for different time
periods (0, 15, 30min) and reaction was initiated by adding substrate. The conversion was
determined by calculating peak areas at retention time ~13.8 min and ~14.2 min for deacetylated
and acetylated products respectively. Fig.6.3 clearly demonstrates that peak area of deacetylated
product increased time dependently for SIRT1 incubated with H3 but no significant increase
with H6. The significant activation of SIRT1 by H3 and H6 was contributed due to the presence
of methoxy phenyl (-OCH3CsHj,) substitution at para and ortho positions.

In order to validate the above results, the antiobesity activity of H3was performed in the
well-known cell based adipogenesis differentiation assay. 3T3-L1 cells were treated with varying
concentration of H3 during differentiation of preadipocytes to adipocytes and also in mature
adipocytes. Inhibition of differentiation by H3 was measured by Oil O Red staining.
Microscopically the intensity of Oil O Red staining decreased dose dependently. The size and
number of intracellular cytosolic fat deposits are reduced in a dose dependant manner (Fig.6.3)
confirming the inhibition of adipocyte differentiation by H3. Thus H3 is anticipated to have
antiobesity and/or antidiabetic properties.

SIRT1 has been shown to regulate transcription of various downstream targets like
PPARy, C/EBPa [Picard F., et al., 2004], leptin, LPL [Bordone L., et al., 2007] which control the
fat metabolism and mobilization. To establish mechanistic insights, mRNA levels of SIRT1 and
its downstream targets like PPARy and C/EBPa were studied in mature adipocytes treated with
various concentrations of H3 by RT-PCR. As shown in Fig.6.7A, a dose dependent increase in
transcript levels of SIRT1 and decrease in PPARy and C/EBPa were observed which

demonstrates the SIRT1 mediated inhibition of adipogenesis by H3.
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Under fasting conditions, SIRT1 transcription is regulated by p53 and FOXO3a [Nemoto
S., et al., 2004] and E2F1 in response to DNA damage. Further it has been reported SIRT1
regulate E2F1 expression in negative feedback mechanism. Thus mRNA levels of E2F1 were
also studied and dose dependent decrease in levels of E2F1 was observed. Expression of mRNA
levels of lipoprotein lipase, marker of adipocyte differentiation in mature adipocyte indicates
lipid accumulation. LPL hydrolyses the triacylglycerides and promotes cellular uptake of
chylomicron remnants, cholesterol-rich lipoproteins, and free fatty acids. Decrease in transcript
levels of LPL in Fig.6.7A corroborates the reduced lipid accumulation in mature adipocytes.
Another important adipocyte gene, FAS is the crucial enzyme in de novo lipogenesis, catalyzing
the reactions for the synthesis of long-chain fatty acids [Sul H.S., ef al., 1998] and its expression
increases during adipogenesis[Student A.K., et al., 1980]. Reduced levels of FAS was also
observed in cells treated with H3 demonstrating the inhibition of denovo lipogenesis. Leptin is
an endocrine /paracrine hormone secreted from adipocytes plays a crucial role in food intake and
energy balance. Leptin levels increases in mature adipocytes and decreases with increasing
expression of SIRT1. Fig.6.7A also further confirms the decrease in leptin levels with H3. To
authenticate the in vitro antiobesity properties of H3, preliminary in vivo studies were performed
on HFD induced obese mice. HFD induced mice (n=6) were treated orally with test (H3) and
standard (Orlistat) at a concentration of 30 mg/kg body weight for one month and body weight
and lipid profile were measured. As shown in Fig.6.8A, H3 showed reduction in body weight
gain significantly lower serum Total-C concentration, TG concentration, LDL-C concentration,
and the ratio of LDL-C/ Total-C compared to the HFD group. Supplementation of Orlistat and
H3exhibited a trend towards increased serum HDL-C levels, compared to HFD group, and the

ratio of HDL-C/ Total-C exhibited higher values in the Orlistat and H3 treated group than in the
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HFD group. These results are in agreement with the previous results reported by Daozong Xia et

al., group on HFD induced mice model [Xia D., et al., 2010]

112



Design of SIRT1 Activators

6.2 Design, synthesis, biological interventions of Pyrido[2,3-d]pyrimidine (PP) derivatives:
6.2.1 Design of homology model of allosteric site and active site prediction:

Homology model of hSIRTI1 allosteric site was generated by using comparative
homology modeling procedure explained under materials and methods section 4.1. Ribbon
model of allosteric site and active site pocket was shown in Fig.6.1. This model showed 92.9%
residues in most favored regions and ProSA Web Z score of -6.38 similar to the template
structure scores. Binding site pocket was identified by using SITEMAP and contains ASP166;
ARG167; SER169; HIS170; ALA171; SER172; SERI173; SER174; ASP175; TRP176;
PRO184; TYRI185; PHE187; VAL188; HIS191; LEU192 amino acid residues with respect to
full length SIRT1 sequence.

6.2.2 High-throughput virtual screening of in house database:

High-throughput virtual screening of in house database of ~3000 molecules into allosteric

site of SIRT1 revealed pyrido[2,3-d]pyrimidine pharmacophore as a lead pharmacophore (PP1-

5) (Fig.6.8). Binding energy, docking score were presented in Table 12.
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Fig.6.9: Pyrido[2,3-d] pyrimidine hit molecules from virtual screening.
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Table 12: SIRTI1 activation, docking score, Hbond of Pyrido[2,3-d]pyrimidine hit molecules

(PP1-5).
Code é/o Sill\l/{[rl;fnﬁztli::::?;ln Docking score | HBond
PP1 203.2 -2.2 2
PP2 176.4 -3.6 3
PP3 159.0 -3.1 1
PP4 168.2 -3.1 3
PP5 129 -2.5 1

Ligand interaction diagram of most active compounds PP1 and PP2 among the hit molecules

was depicted below.

114



Design of SIRT1 Activators

A.
S
/HIE N
§ 57 50/ ALA
GLN (55
77
j AEV, /
102 9)
- .
HN
N= NH
/< i /@
N 0 28/
H \ / i
GLN N+ \
76 _ H B
S
62/ /SER
© /SER
61
B.
&
N SER 62 )
ALA 29 S
°8 04/

\

N =
NH
"-\\ O
/LEU
5
03/ /PRO o NH, T— . SER
\B67 61

{RG, RO
65

Fig.6.10: Ligand interaction diagram of hit compounds A: PP1 and B: PP2
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In order to construct SAR, various analogues Al-14 and B1-14 were designed and
synthesized based on hit compounds PP1 and PP2. Docking score, physicochemical properties
were tabulated in Table 13.

6.2.3 Synthesis and Characterization

Ry R4

o o ci HN HN
a A b XY™\ © d
Cron L 8 - e O e O O
z H,N™ “NH, N~ N "o N~ N Tcl NN e NN N R
N~ "NH, H H
1 2 3 4 5 6

a.neat,28°C/CO, gas; b.POCI3,reflux,12h; c.NaH,R1-NH,,THF,0°C to RT;
d.R,-NH,,Xanthphos,Cs,CO;,DME,90°C,4h

O\
HoN
R1= ©/ 0 I ° N= N
NT 7 |
m R)\\N SN
R™ONTON

A. B.

Synthesis of 2,4-dichloropyrido[2,3-d]pyrimidine: Prepared by condensing 2-aminonicotinic
acid (1) and urea (2) at 210 °C to give dihydroxypyrido[2,3-d]pyrimidine (3) which was further
chlorinated by refluxing it with phosphorous oxychloride to give the dichloro derivative (4) as
previously reported by Robin and Hitchings [Robins R.K., et al., 1954]. To a suspension of
sodium hydride (0.4g, 60% in oil, 9.9 mmol) in DMF (10ml) at 0°C was added drop wise a
solution of corresponding nucleophile (For 3-aminobenzamide: 0.68g, 4.9 mmol) in DMF
(10ml). The reaction was slowly warmed to RT and stirred for 20min at RT. A solution of 2,4-
dichloroPyrido[2,3-d]pyrimidine (4) (1g, 4.9 mmol) in DMF (10ml) was added drop wise at 0°C
and the reaction mixture was stirred at RT for 8 hours. The reaction mixture was quenched with

saturated NH4Cl solution (1*20ml) and extracted with dichloromethane (2*30ml). The combined
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organic layer was then washed with brine (1*20ml), dried over anhydrous Na,SOjand
evaporated under vacuo. The residue was then purified by column chromatography to give the
desired product in quantitative yield 5 (A and B).

As ‘B’ is available commercially, it was purchased and used for library synthesis. In the cases
where the corresponding nucleophiles were not commercially available, it was synthesized from

the commercially available acid by following procedure.

o .
N
Ez
o O
I
lm
/=
=
o
T=

a. i.(COCI),,DCM, DMF(cat). ii Aniline, (C,Hs)3N, DMF

A solution of 3-Amino-4-methoxy benzoyl chloride (7) (1g, 5.4mmol, prepared via
oxalyl chloride) in dry DMF (10ml) was added to a well stirred mixture of aniline (0.5g,
5.4mmol) and triethylamine (0.82g, 8.1mmol) in DMF (10ml) at 0°C. The reaction mixture was
slowly warmed to room temperature (RT) and stirred at RT for 5h.The reaction mixture was
poured into water (20ml)and neutralised to pH 8 and extracted with ethyl acetate (2*40ml). The
organic layer was washed with water (1*25ml), dried over anhydrous Na,SO4, and evaporated.
The resultant residue was purified by column chromatography to give the desired product as
yellowish white solid (8) (0.98g, 75.4%).

General Procedure for library synthesis:

The Final library was achieved by the Buchwald-Hartwig reaction of amines by the
following procedure: To a well stirred and degassed (by argon bubbling) solution of the

corresponding 4-chloro-2-substitutedpyrido[2,3-d]pyrimidines (5) (For 3-(2-chloropyrido[2,3-
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d]pyrimidin-4-ylamino)benzamide: 0.25g, 0.83 mmol) in fert-butanol (6ml) was added Pd,dba;
(0.15g, 0.17 mmol), 2-dicyclohexylphosphino-2'-4’,6'-triisopropylbiphenyl (0.27g, 0.58 mmol),
K,CO;(0.34g, 2.5 mmol) and the corresponding nucleophile (For Aniline (A1) 0.1g, 1.08 mmol)
and refluxed for 13 h. The reaction mixture was diluted with ethyl acetate (15ml), washed with 1
N aqueous HCI (1*7ml) and brine (1*10ml), and dried over Na,SO4, and evaporated under
vacuo. The residue was further purified by flash chromatography to give the desired product in
quantitative yield (6).

A Library of 28 final compounds were synthesised based on the virtual screening/ SAR
inputs and as is evident from the Table 13, all the reactions went smoothly giving the desired
product in quantitative yield. Both analytical and spectral data ("H NMR, "*C NMR, and Mass
spectra) of all the synthesized compounds were in full agreement with the proposed structures.

Table 13: Physico-chemical properties and docking scores of A1-14 and B1-14 (PP Series).

B.
A. (o N -,
H 2 NH

NH o
o N~ 7 |
N
o R)\\ NN
R N N
Glide 0 Yield Molecular Molecular
Code R M.P(C)
score (%) Formula Weight
Al Phenyl -3.16 190-192 72 Co0H16NcO 356.13
3-Chloro-2-
A2 -3.52 116-118 63 C,1H;,CINgO 404.12
methylphenyl
A3 4-Nitrophenyl -4.21 160-162 77 C0H15N703 401.1
A4 2,4-Dimethoxyphenyl -4.35 228-230 65 CoHyNgO5 416.21
3-Fluoro-6- Brown
A5 -4.32 _ 78 C,1H17FNgO 388.14
methylphenyl oil
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A6 2-Pyridyl -4.06 | 192-194 70 Ci9H 5N7O 357.20
Brown
A7 3-Methyl-2-pyridyl -4.03 oil 63 Cy0H17N-,0 371.15
A8 5-Nitrothiazol-2-yl -3.40 | 210-212 67 C17H12N305S 408.08
A9 6-Nitro2-benzothiazolyl | -2.35 | 230-232 69 C21H14N3OsS 458.08
A 10 Benzyl -2.35 | 160-162 84 C21H1sN6O 370.15
All 4-Bromophenyl -3.03 227-229 79 CyoHisBrNgO | 434, 436
A 12 4-Chlorophenyl -4.06 | 236-238 78 C20H5CIN6O 390.1
A 13 2,6-Diethylphenyl -3.90 | 119-121 71 C24H24N6O 412.20
A 14 Pyridin-4-ylamino -3.56 | 127-129 69 Ci9H 5N7O 357.13
B1 Phenyl -3.89 | 121-123 80 C27H22N6O2 462.19
3-Chloro-2-
B2 methylphenyl -3.97 | 110-112 73 C23H23CINGO2 510.16
B3 4-Nitrophenyl -3.97 | 122-124 80 Cy7H21N704 507.17
B4 2,4-Dimethoxyphenyl -4.45 | 305-307 66 Ca9H26N6O4 522.20
3-Fluoro-6-
B5 -4.36 | 140-142 79 Ca3H23FN6O2 494.20
methylphenyl

Bo6 2-Pyridyl -4.28 | 200-202 71 Cy6H21N40, 463.17
B7 3-Methyl-2-pyridyl -4.23 | 110-112 73 C27H23N702 477.23
B8 5-Nitrothiazol-2-yl -3.45 | 218-220 75 C24H3N3gO4S 514.12
B9 6-Nitro2-benzothiazolyl | -5.67 | 220-222 69 CasH20N3gO4S 564.14
B 10 Benzyl -4.50 98-100 84 Cr3H24N6O2 476.53
B 11 4-Bromophenyl -3.91 | 222-224 76 C,7H21BrN6O2 540.1
B 12 4-Chlorophenyl -3.94 | 230-232 80 C17H,1CING O, 496.14
B 13 2,6-Diethylphenyl -4.06 115-117 77 C31H30NgO» 518.23
B 14 Pyridin-4-ylamino -5.07 332-334 65 CyH>1N5,0O, 463.18

119




Design of SIRT1 Activators

3-(2-Chloropyrido[2,3-d]pyrimidin-4-ylamino)-4-methoxy-N-phenylbenzamide (A):
Off-white solid; '"H NMR (300 MHz, CDCl3): & = 3.82 (s, 3H, -OCH3), 6.96-7.03 (m, 2H, Ar-H),
7.21-7.63 (m, 7H, H¢& 6-Ar-H), 8.3 (dd, 1H,Hs J= 1.7Hz, J= 7.6Hz), 8.83 (dd,1H, H;, J = 1.6
Hz, J=4.8Hz). °C NMR (75MHz, CDCL): & = 163.9, 158.3, 156.4, 156.1, 153, 151.2, 138.3,
133, 129.2, 127.8, 127.1, 126.8, 121.8, 119.3, 116.1, 114.3, 113, 106.4, 57.2. EI-MS m/z: 405.10
[M']. Anal.Calcd for C;H;6CINsO,: C, 62.15; H, 3.97; N, 17.26. Found: C, 62.21; H, 4.01; N,
17.24
4-Methoxy-N-phenyl-3-(2-(phenylamino)pyrido[2,3-d]pyrimidin-4-ylamino)benzamide
(Al):

Buff coloured solid; 'H NMR (300 MHz, CDCl;): & = 3.83 (s, 3H, -OCH3), 6.86-7.01 (m, 3H,
Ar-H), 7.16-7.69 (m, 11H, H¢ & 10 Ar-H), 8.42 (1H, dd, Hs J = 1.7Hz, J = 7.8Hz), 8.83 (dd, 1H,
H,. J=1.5Hz, ] = 4.7Hz)."*C NMR (75MHz, CDCl;): & = 168.5, 164, 156.3, 155.7, 153.2, 151.3,
139.1, 138.3, 132.9, 129.9, 129.2, 128, 127.4, 126.7, 122.7, 121.8, 118.6, 117.8, 116.4, 114.4,
113, 96, 57.4. EI-MS m/z 462.19 (M"). Anal.Calcd for C,;H»NsO,: C, 70.12; H, 4.79; N, 18.17:
Found: C, 69.98; H, 4.73; N, 18.15.
3-(2-(2,4-Dimethoxyphenylamino)pyrido|2,3-d]pyrimidin-4-ylamino)-4-methoxy-N-
phenylbenzamide (A4):

Brown solid;lH NMR (300 MHz, CDCls): & = 3.83 (s, 3H, -OCH3), 3.86 (s, 3H, -OCH3), 3.87 (s,
3H, -OCH3), 6.34-6.42 (m, 3H, Ar-H), 6.94-6.98 (m, 2H Ar-H), 7.31-7.67 (m, 7H, H¢c & 6Ar-H),
8.31 (dd, Hs, J = 1.4Hz, J = 7.8Hz), 8.78 (dd, H;, J = 1.4Hz, J = 4.3Hz). °C NMR (75MHz,
CDCl): 6 = 168.6, 164.3, 163.6, 156.6, 155.4, 153.3, 151.2, 148.7, 138.3, 133, 129, 128.4,

127.8, 126.9, 125.3, 121.7, 118.6, 115.7, 114.3, 113, 107.8, 101.3, 96.2, 57.6, 57.3, 56.9. EI-MS
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m/z: 522.20 (M"). Anal.Calcd for C20H,6N¢O4: C, 66.66; H, 5.02; N, 16.08; Found: C, 66.65; H,
5.05; N, 16.07.

3-(2-(Pyridin-2-ylamino)pyrido|2,3-d|pyrimidin-4-ylamino)-4-methoxy-N-
phenylbenzamide (A6):

Brown solid; "H NMR (300 MHz, CDCLy): & = 3.83 (s, 3H, -OCH3), 6.67-6.98 (m, 4H, Ar-H),
7.28-7.63 (m, 8H, H¢ & 7 Ar-H). 8.11 (d, 1H, J = 7.8Hz, Ar-H), 8.36 (dd, 1H, Hs J = 1.8Hz, J =
7.6Hz), 8.78 (dd, 1H, H,, J = 1.4Hz, J = 4.8Hz).">C NMR (75MHz, CDCL;): & = 168.5, 164.1,
156.3, 155.6, 154.7, 153.1, 151.2, 149.4, 138.5, 138.1, 132.9, 129, 128.1, 127.4, 126.7, 121.7,
118.8, 118, 116.3, 114.2, 113, 108.1, 96.2, 57.4. EI-MS m/z: 463.17 (M"). Anal.Calcd for

Cy6H21N70,: C, 67.38; H, 4.57; N, 21.15; Found: C, 67.41; H, 4.57; N, 21.35.

4-Methoxy-3-(2-(6-nitrobenzo[d]thiazol-2-ylamino)pyrido[2,3-d]pyrimidin-4-ylamino)-N-
phenylbenzamide(A9):

Orange yellow solid; "H NMR (300 MHz, CDCL3): & = 3.83 (s, 3H, -OCHs), 6.91-6.97 (m, 2H,
Ar-H), 7.21-7.67 (m, 7TH, Hes, & 6 Ar-H), 8.06 (d, J=6.4Hz, 1-Bt-H), 8.29-8.78 (m, 4H, Hs, H;&
2-Bt-H). *C NMR (75MHz, CDCL): & = 174.7, 168.5, 164.1, 159.6, 156.5, 155.4, 153, 151,
144.7, 138, 132.7, 131.4, 129, 128.3, 127.3, 126.8, 121.8, 121.3, 119.3, 118.5, 117.6, 115.9,
114.3, 113, 96.1, 57.3. EI-MS m/z: 564.14 (M"). Anal.Calcd for CogH»0N3gO,4S: C, 59.57; H, 3.57;
N, 19.85.Found:C, 59.61; H, 3.54; N, 19.83.

3-(2-Chloropyrido[2,3-d]pyrimidin-4-ylamino) benzamide (B):

Off whitesolid;.lH NMR (300 MHz, CDCls): 6 =7.12 (d, 1H, J = 7.2Hz), 7.28-7.36 (m, 3H, Hs
& 2 ArH), 7.83 (d, 1H, J = 6.9Hz, 1 Ar H), 8.31 (dd, 1H, Hs J = 1.7Hz, J = 7.5Hz), 8.79 (dd,

1H, H,.J = 1.6Hz, J = 4.7Hz) *C NMR (75MHz, CDCLy): § = 169.6, 158.1, 155.9, 153.2, 153,
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142.7, 135.3, 133.6, 127.1, 121.8, 117.5, 114.0, 111.8, 103.2 MS m/z 299.06 (M"). Anal.Calcd
forC4H;oCIN;sO: C, 56.10; H, 3.36; N, 23.37; Found: C, 56.13; H, 3.34; N, 23.33
3-(2-(Phenylamino)pyrido[2,3-d]pyrimidin-4-ylamino)benzamide (B1):

Brown solid; "H NMR (300 MHz, CDCl): & = 7.03-7.41 (m, 7H, Hs & 6 Ar-H), 7.67-7.71 (m,
2H, Ar-H), 7.86 (d, 1H, J = 7.4Hz, Ar-H) 8.43 (dd, 1H, Hs J = 1.8Hz, J = 7.6Hz), 8.87 (dd, 1H,
H; J=1.6Hz, J=4.9Hz).’C NMR (75MHz, CDCL): § = 171.6, 171.1, 156.8, 155.2, 153.1, 142.7,
137.1, 135.2, 133.8, 129.5, 127.3, 123.3, 122.1, 118.3, 117.8, 113.9, 111.7, 95.6.MS m/z 356.13
(M+). Anal.Calcd for Cy0H¢NgO: C, 67.40; H, 4.53; N, 23.58; Found: C, 67.31; H, 4.51; N,
23.24.

3-(2-(2,4-Dimethoxyphenylamino)pyrido[2,3-d|pyrimidin-4-ylamino)benzamide (B4):

Light brown solid;.'"H NMR (300 MHz, CDCls): & = 3.79 (s, 3H, -OCH3),3.81 (s, 3H, -OCH3),
6.46-6.57 (m, 3H, He & 2 Ar-H),7.12 (s, 1H, Ar-H), 7.32-7.47 (m, 3H, Hs & 2 Ar-H), 7.83 (d,
1H, J=7.8Hz, Ar-H), 8.46 (1H, dd, Hs J = 1.8Hz, J = 7.3Hz), 8.84 (1H, dd, H;, J = 1.4Hz, J =
4.8Hz).”C NMR (75MHz, CDCL): & = 171.5, 170.9, 165.8, 156.5, 155.4, 153.2, 148.3, 142.9,
135.2,133.9, 127.4, 124.2, 122.9, 118.2, 117.5, 114.1, 111.8, 107.8, 101.6, 96, 56.2, 55.9. EI-MS
m/z 416.21(M"). Anal.Calcd for C2pHNO;s: C, 63.45; H, 4.84; N, 20.18; Found:C, 63.39; H,
4.86; N, 20.21.

3-(2-(Pyridin-2-ylamino)pyrido[2,3-d]pyrimidin-4-ylamino)benzamide (B6):

Buff colour solid; 'H NMR (300 MHz, CDCl): 6 = 6.67-6.84 (m, 2H, Ar-H), 7.06 (s, 1H, Ar-
H), 7.33-7.42 (m, 3H, H¢ & 2 Ar-H), 7.58 (t, 1H, J = 6.9Hz ,Ar-H)7.88-8.03 (m, 2H, Ar-H), 8.41
(dd, 1H, Hs, J = 1.8Hz, ] = 7.8Hz), 8.87 (dd, 1H, H, J = 1.4Hz, ] = 4.9Hz).”*CNMR (75MHz,

CDChL): 6 = 171.3, 170.7, 156.4, 155.1, 154.5, 153, 148.3, 142.7, 138.3, 135.3, 133.9, 127.1,
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121.9,117.9, 117.2, 114.3, 112, 108.3, 96.3.EI-MS m/z 357.20 (M"). Anal.Calcd for C;oH;sN;O:
C, 63.86; H, 4.23; N, 27.44; Found: C, 63.92; H, 4.26; N, 27.39.
3-(2-(6-Nitrobenzo[d]thiazol-2-ylamino)pyrido|2,3-d|pyrimidin-4-ylamino)benzamide (B9):
Yellowish orange solid. "H NMR (300 MHz, CDCL): & = 7.06 (s, 1H, Ar-H), 7.36-7.42 (m, 3H,
He, 2Ar-H), 7.88-8.01 (m, 2H, 1Ar-H & 1Bt-H), 8.36-8.81 (m, 4H, Hg, H; & 2Bt-H)."’C NMR
(75MHz, CDCl): 6 = 177.1, 171.7, 171, 159.8, 156.4, 155.4, 153, 144.6, 142.5, 135.3, 134,
131.4, 126.9, 121.5, 121.2, 119.3, 117.7, 117.5, 114, 111.7, 96.1. EI-MS m/z 458.08 (M").
Anal.Calcd for C;;H14NgO3S: C, 55.02; H, 3.08; N, 24.44; Found: C, 55.01; H, 3.09; N, 24.42.
6.2.4 In vitro SIRT1 assay:

Activation of SIRT1 by PP derivatives (A1-14 and B1-14) was studied by in vitro assay

using recombinant SIRT1 and fluorophore-labeled acetylated p53 peptide substrate according to

oy Q,\\

2
&

protocol mentioned under section 4.4.

Al 400

w
=
-

% Signal Intensity
i [
[—} [—}
= =

&

VIR I Y
A NN

Sl S S
C

=

w

Y
ST PP

&

CRIUER $

‘ompound (5 pM)

FIFI I

Q,W

400
300
200 A

100

%o Signal Intensity

T T
500nM 1M 2uM SuM
Compound B9

Fig.6.11: A. In vitro SIRT1 activation at 5uM concentration by Al-14 and B1-14. B. Dose

dependent activation of most active compound B9.
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The result from Fig.6.11A clearly demonstrates that the most active compound from the
series is B9 with 2-3 fold activation of SIRT1. A few compounds A4, B4, A11 and B11 have
moderate activation of SIRT1 and all other compounds have little or no activation. Hence, the
experiment is repeated with a various concentrations of B9 to establish the dose dependent
activation of SIRT1 and is depicted in Fig.6.11B.

6.2.5 Detection of acetylated/deacetylated substrate by RP-HPLC:

SIRT1 activation by most active compound B9 was further studied in terms of increase in
deacetylation of acetylated substrate in RP-HPLC according to protocol explained under section
4.5. As shown in Fig.6.12, Compound B9 showed significant increase in deacetylation of

acetylated substrate in time dependent manner at 5 uM concentration.

Acety]l Peptide
A ¢ B.

Deacetvlated Peptide

2500000 - ]
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R Omin 2000000 - #Acentated
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< L3 140 14 = 500000 -
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Fig.6.12: A. Detection of acetylated and deacetylated peptide peak treated by B9 by HPLC. B.

Peak areas of acetylated and deacetylated products are represented in bar graph.
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6.2.6 Effect of B9 on 3T3-L1 cells:

In order to investigate the antiobesity activity of B9 in the well-known cell based
adipogenesis  differentiation assay, 1*10° 3T3-Llcells were treated with increasing
concentrations (0, 5, 10, 50 uM) of B9 along with differentiation media containing insulin,
dexamethasone, IBMX. Treatment was continued until differentiation was observed in control
cells (untreated). Inhibition of differentiation by B9 was measured by Oil O Red staining. After
treatment, plates were washed with PBS, and the cells were fixed in 10% formaldehyde for 1 h
and stained with Oil O Red staining according to protocol described under section 4.6.3.As
shown in Fig.6.13, microscopically the intensity of Oil O Red staining decreased dose

dependently during differentiation.

Preadipocytes Adipocyvtes B9 SpM
B9 10pM B9 S0pM

Fig.6.13: Inverted microscopic pictures of 3T3-L1 cells treated with compound B9 at different

concentrations.
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Quantification of the dye extracted from cells treated with B9 during differentiation as
well as in mature adipocytes using a spectrophotometer was described in detail in the materials
and methods section 4.6.3 and results were shown in Fig.6.14. Intensity of dye incorporated also
decreased in fully differentiated adipocytes treated with B9, demonstrating the decrease in
amounts of fatty acids and triglycerides produced by the cells. These results suggest that the
compound identified with SIRTI activating properties have a significant effect on fat
mobilization in differentiated adipocytes, and thus B9 is anticipated to have antiobesity

properties.

A B.
1.0+

Absorbance 510nm
Absorbance 510mm

Fig.6.14: Measurement of lipid accumulation in preadipocytes (A) and mature adipocytes (B)
treated with various concentrations of B9 and quantified by extracting Oil O Red. Resveratrol
was used as standard.
6.2.7 Measurement of triglycerides:

1*¥10° fully differentiated 3T3-L1 adipocytes were treated with different concentrations
(0, 5, 10, 50 uM) of B9 for 24h. Total triglyceride content in cells was measured according to
protocol explained in section 4.6.4 and results were shown in Fig.6.15, a dose dependent

decrease in triglyceride accumulation was observed with B9.
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Ahsorhance S46nm

Fig.6.15: Triglyceride accumulation in fully differentiated adipocytes treated with different

concentrations of B9.

6.2.8 RT-PCR analysis:

1*10° 3T3-L1 adipocytes treated with B9 at 0, 5, 10, 50 uM concentrations for 24h and
checked for transcript levels of SIRT1, PPARy, C/EBPa, E2F]1, leptin, FAS and LPL according
to protocol explained under section 4.6.8 using gene specific primers specified in Table 2 of
material and methods section.

As shown in Fig.6.16A, a dose dependent increase in SIRT1 levels clearly demonstrates
the SIRTI mediated antiadipogenic activity of B9. Further, a dose dependent decrease in
expression of transcription factors PPARy, C/EBPa was observed. Additionally FAS, LPL, E2F1
and leptin gene expression was dose dependently and significantly down regulated by B9
treatment. Equal loading was confirmed by GapDH. Quantification of band intensity was done

by Image lab analysis software and results were shown in Fig.6.16B.
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Fig.6.16: A.RT-PCR analysis of adipogenic enzymes in fully differentiated adipocytes treated
with B9 at different concentrations. B. Quantification of band intensity by using Image lab
analysis software.
6.2.9 In vivo studies on high fat diet induced obese mice:

Obesity was induced by feeding HFD to male albino mice for 3 months and treated with
B9 at a concentration of 30 mg/kg body weight for one month according to procedure explained
under materials and methods section 4.7.3. Orlistat was used as a standard antiobesity drug at a
concentration of 30 mg/kg body weight. As shown in Fig.6.17A, body weight gain of the HFD
group mice was considerably higher than the other groups. The weight gain of Orlistat and B9
groups were normalized to the chow diet group. Feed intake of all experimental groups was not

significantly different. Modulation in serum lipids profile was shown in Fig.6.17B.
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Fig.6.17: A. Average body weight of mice before and after treatment with B9 along with high fat

diet fed. B. Serum lipid profile after treatment with B9.
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Interacting amino acids with in 5A° distance of compoundsA9 and B9 was shown in Fig.6.18.
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Fig.6.18: Ligand interaction diagram of A9 (A) and B9 (B) within 5A° distance. Blue-positively
charged; Cyan-polar; Green-Hydrophobic; Red-negatively charged; Circular bubbles-solvent

exposure; Solid pink arrows- Hbond with backbone; Dotted pink arrows-Hbond with side chain.

6.2.10 Discussion:

The worldwide widespread of obesity, nurtured by the modern lifestyle by the lack of
physical activity and an energy-dense diet, has contributed to create a unique condition where a
majority of overfed individuals exceeded the number of malnourished [Tanumihardjo S.A., et
al., 2007]. Obesity is a heterogeneous condition in which body fat distribution is closely
associated with metabolic perturbations consequently leading to  cardiovascular disorders

[Despres J.P., 2007] and type II diabetes [Hussain A., et al., 2010] risk which is a foremost
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cause of mortality in westernized societies. Moreover, accumulation of visceral fat is strongly
associated with insulin resistance and with a typical atherogenic dyslipidemia state [Despres J.P.,
2006]. SIRTT is reported to be one of the targets for treatment of obesity and related disorder
[Pulla V.K., et al., 2012]. Obesity plays a crucial role in the development of Type II diabetes
mellitus by mobilizing free fatty acids and certain inflammatory cytokines promoting insulin
resistance. In recent years, SIRT1 has become an interesting and promising target in terms of its
effects on longevity, metabolism, and other aging-related disorders. The compound resveratrol
and SRT1720 etc., has been identified as a potent activators of SIRT1 in cell-based models and
in vitro screens by other groups. In the present study we have identified a SIRT1 activator and
elucidated the modified SIRT1 activity in numerous biological systems. Since crystal structure of
SIRT1 was not available the best model of the allosteric domain of SIRT1 was developed and the
fitness of the model was checked by PROCHECK program. This model showed 92.9% residues
in most favored regions and ProSA Web Z score of -6.38 similar to the template structure scores.
Binding site pocket was identified using SITEMAP and pocket contains ASP166; ARG167;
SER169; HIS170; ALA171; SER172; SER173; SERI174; ASP175; TRP176; PRO184;
TYRI185; PHE187; VALI188; HIS191; LEU192 with respect to full length SIRT1 sequence.
Virtual screening of in house database of ~3000 molecules was carried out by using GLIDE
against allosteric domain of hSIRT1 (114-217AA) and we identified 5 hits of pyrido[2,3-d]
pyrimidine pharmacophore as SIRT1 activators. Among all, PP1 showed most activation
whereas PP2 and PP4 showed moderate activation. PP3 and PPS5 showed less or no activation.
Further to develop a SAR, series of derivatives of PP1 (Al-14) and PP2 (B1-14) were
synthesized and screened for SIRT1 activity. Among all, compound B9 showed significant

increase in SIRTI activity whereas A4, B4, B11, A11 showed moderate activation. All the
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remaining compounds showed less or no activation. PP1 showed H-bond interaction with
backbone residues of charged amino acids ASP166 and ARG167 whereas PP2 with SER174 and
PRO178 Most active compound among synthesized compounds, B9 also showed strong Hbond
interaction with side chain residues of ARG 167 along with SER174 and PRO178.
Correspondingly A9 has shown one hydrogen bond with ASP166 and didn’t show interaction
with ARG167 due to change in orientation of core moiety upon 6-nitro2-benzothiazolyl
substitution. Recently, it has been proven that aromatic residues and charged residues in the area
of active site are very important because they are involved in putative stacking and electrostatic
interactions, respectively [Sharma A., et al., 2012]. Moreover our docking data reveal that
interaction with charged residues especially with ARG167 plays key role in activity.

Further HPLC measurement of deacetylation/acetylation of acetylated peptide incubated with B9
also studied in order to quantify the substrate with respect to time. A time dependent increase in
deacetylation peak with tg 13.8 min and decrease in acetylated peak with tg 14.2 min was
observed when incubated with 10uM concentration of B9 for 30 min.

Further studies on 3T3-L1 cells, compound B9 suppressed triglyceride accumulation and
decreased fat droplets during adipocyte differentiation. The microscopic picture confirms this
finding, whereby the size and number of intracellular cytosolic fat deposits are reduced in a dose
dependant manner (Fig.6.12). Intensity of Oil O Red incorporated into the cells also decreased
confirming the inhibition of adipocyte differentiation by B9. These results suggest that the
compounds identified with SIRT1 activating properties have a significant effect on fat
mobilization in differentiated adipocytes, and thus B9 is anticipated to have antiobesity and/or

antidiabetic properties.
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The antiobesity mechanism works by inhibiting fat accumulation and fatty acid synthesis
and by activating fatty acid oxidation. PPARY, a lipid-activated transcription factor, is present in
adipose tissue and regulates genes involved in lipid metabolism including FAS and aP2. Because
PPARYy is activated by fatty acids, fat accumulation is associated with PPARy activation. Thus,
modulation of PPARy activity may be an effective way to regulate obesity. In our study,
compound B9, significantly suppressed PPARy mRNA expression. Additionally, the expression
of C/EBPa, a key regulator of lipogenesis, decreased markedly following B9 treatment compared
with that in differentiated control cells. PPARy and C/EBPa play an important role in adipocyte
differentiation, because they are transcriptional activators for adipocyte genes including aP2,
lipoprotein lipase. SIRT1 has been shown to regulate transcription of various downstream targets
like PPARy, C/EBPa, leptin, LPL which control the fat metabolism and mobilization. An
elevated transcript level of SIRT1 was observed in cells treated with B9 demonstrating the
activation of SIRT1 and its substrates PPARy and C/EBPa by B9.

Under fasting conditions, SIRT1 transcription is regulated by p53 and FOXO3a andE2F1
in response to DNA damage. Further it has been reported SIRT1 regulate E2F1 expression in
negative feedback mechanism. Thus mRNA levels of E2F1 were also studied and levels of E2F1
were declining with increasing SIRT1 upon B9 treatment.

We observed that compound B9 also reduced the expression of mRNA levels of LPL
which play an important role in lipid metabolism and the level of LPL is related with triglyceride
concentration in adipose tissues, up regulation of LPL activity is closely associated with obesity.
Another important adipocyte gene, FAS is the crucial enzyme in de novo lipogenesis, catalyzing
the reactions for the synthesis of long-chain fatty acids [Sul H.S., ef al., 1998] and its expression

increases during adipogenesis [Student A.K., ef al., 1980]. Reduced levels of FAS were observed
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in cells treated with B9 demonstrating the inhibition of denovo lipogenesis. Lipid metabolism not
only necessitates lipid synthesis and degradation, also involves lipid signaling and fatty acid
storage in adipose tissue. Leptin is an endocrine /paracrine hormone secreted from adipocytes
play a crucial role in food intake and energy balance. Leptin levels increases in mature
adipocytes and decreases with increasing expression of SIRT1 [Bordone L., et al., 2007].
Reduced levels of leptin with B9 revealed the effect of B9 on energy balance.

Preliminary studies on high fat diet induced mice, B9 has showed decrease in body
weight gain and significantly lowered the serum Total-C concentration, TG concentration, LDL-
C concentration, and the ratio of LDL-C/ Total-C compared to the HFD group. Supplementation
of oral B9 exhibited a trend towards increased serum HDL-C levels, compared to HFD group,

and the ratio of HDL-C/ Total-C exhibited higher values in the B9 group than in the HFD group.
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6.3 Design, synthesis, biological interventions of Azetidine (AZD) derivatives:
6.3.1 Design of homology model of allosteric site and active site prediction:

Homology model of hSIRTI1 allosteric site was generated by using comparative
homology modeling procedure explained under materials and methods section 4.1. Model and
active site was shown in Fig.6.1.

6.3.2 High-throughput virtual screening of in house database:

High-throughput virtual screening of in house database of ~3000 molecules into allosteric
site of SIRT1 revealed 1-(isonicotinamido)azetidine-2,4-dicarboxamides pharmacophore as a
lead pharmacophore (A1-12). Docking scores were represented in Table 14.

6.3.3 Synthetic procedure and characterization:
Experimental procedure for synthesis of novell-(isonicotinamido)azetidine-2,4-
dicarboxamides.

Step — I: Synthesis of 2,4-dibromopentanedioic acid (2A):

(o} o)
Oy O~ 0 g
HCOOH HO OH
Br Br
1A 2A

Bromine (44.9 ml, 0.876 mol) was added drop wise to glutaric anhydride (1A) (50 g,
0.438 mol) in a three-necked flask fitted with reflux condenser and CaCl, guard tube at room
temp. After the addition of bromine, the reaction mixture was heated to 90 °C for one hour and
then at 100 °C for another one hour. The reaction mixture was cooled to room temperature and
formic acid (40 ml) was added slowly. The content of the flask was heated to 100°C for one
hour. The reaction mixture was quenched with water and extracted with ethyl acetate (4 x 100

ml). The combined organic layer was dried over sodium sulphate and concentrated to give white
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gummy solid. The trituration of the gummy solid with diethyl ether gave 27 g (21 % yield) of

intermediate 2A.

B.P=352.3 °C at 760 mmHg; MF: CsHsBr,04; MW: 289.91; IR (KBr) cm™: 3000-2850, 1710,

1300, 665; "H NMR (CDCls) 8=11(s, 2H, COOH), 4.2 (t, 2H, CH), 2.75 (t, 2H, CH>).

Step — II: Synthesis of di-tert-butyl 2, 4-dibromopentanedioate (3A):

o) o) Isobutylene,H+ RT

H1C CH
3 3 CH3
Br Br
3A
2A

To a solution of intermediate 2A (10 g) in dry dichloromethane (100 ml), isobutylene and
2-3 drops of concentrated sulfuric acid was added. The reaction mixture was stirred in an
autoclave overnight. The reaction mixture was washed with water, saturated aq. NaHCO;
solution, brine and dried over Na;SO,. After evaporation of the solvent, the crude product was
purified by column chromatography to give 6.93 g (50 %) of intermediate 3A as colorless oil.
B.P: 282.3 °C at 760 mmHg; MF: C13H»,Br,04; MW: 399.99; IR (KBr) cm™: 1735, 1250, 665;
'H NMR (CDCls) 8= 4.2 (t, 2H, CH), 2.85 (t, 2H, CH,), 1.4(s, 18H).

Step-III: Synthesis of (2R,4R)-di-tert-butyl-1-(isonicotinamido)azetidine-2,4-dicarboxylate
(4A):

H30>l\ )<é|.|3 INH, DMF, zsoc> H,C O-__NH
Br Br 4A /|

NS

N
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To a solution of intermediate 3A (500 mg, 1.24 mmol) in dry DMF (10 ml), Isoniazid
(511.53 mg, 3.73 mmol) was added and heated to 80° C for 2 hrs. The reaction mixture was
concentrated to remove DMF and the residue was dissolved in dichloromethane. The organic
layer was washed with saturated aq. NaHCO; solution, water, brine, dried over Na,SO4 and
concentrated. The crude product was purified by column chromatography to afford the ester 4A
as pale yellow thick 0il(200 mg, 47%).MF: CoH,7N30s5; MW: 377.20; IR (KBr) cm™: 3315,
3081-3011, 1735, 1644-1430, 1640-1620, 1550, 1250; "H NMR (CDCls) 8= 4.4-4.2 (t, 2H, CH),

2.85-3 (t, 2H, CH,), 1.4(s, 18H), 8.99(d, 2H), 7.8(d, 2H), 8(s, 1H).

CH;§ 0 OH
Q 0—CH, >
\
He > CHy HO N o
HC—-)—0 N o 0sNH
H,C  Os NH TFA, MDC, RT
>
Z
= |
\l N
N 5A

4A
The ester 4A (3.3 g, 9.72 mmol) was dissolved in dry dichloromethane (20 ml) and
trifluoro acetic acid (20 ml) was added. The reaction mixture was stirred at room temperature for
48hrs and concentrated under high vacuum. The crude product was purified by column
chromatography to afford the scaffold SA as thick oil (1.7g, 77% by LC-MS). MF: C;;H;;N;0s;
MW: 265.07; IR (KBr) cm™: 3400-2800, 3315, 3081-3011, 1710, 1644-1430, 1640-1620,
1550,1250; 'H NMR (CDCls) 8= 4.4-4.2 (t, 2H, CH), 2.85-3 (t, 2H, CH,), 8.99(d, 2H), 7.8(d,

2H), 8(s, 1H), 11(s,2H).
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Step—IV: General procedure for the synthesis of final compounds:

0 . OH R
0% Bl

HO N

R-NH2, EDC.HC], N
Oy NH HOBT, TEA, Ro NH
>
= MDC, RT
| =z
N l
N ~
5A N
6A1-12

To a solution of the dicarboxylic acid 5A (100 mg, 0.44 mmol) in dry dichloromethane
(10 ml), various amines (6A1-12) (0.969 mmol) was added at 0° C and stirred under nitrogen
atmosphere. EDC.HCI (253 mg, 1.32 mmol), HOBt (202 mg, 1.32 mmol) and triethylamine (267
mg, 2.64 mmol) were added at 0 °C and stirred at RT for 16hrs. The reaction mixture was
quenched with water and extracted with dichloromethane. The combined organic layers were
washed with brine, dried over sodium sulphate and concentrated. The crude products were
purified by column chromatography to get the titled compounds with physicochemical properties

as presented in the following Table 14.

138



Design of SIRT1 Activators

Table 14: Physicochemical properties, docking score of 1-(isonicotinamido)azetidine-2,4-

dicarboxamides derivatives (A1-12)

GLIDE 0 Yield Molecular Molecular
Code R score M.P/B.P('C) (%) Formula Weight
6A1 TEN -3.892 122-124 88 C1sHa21N5O 319.16
H %
6A2 N~ -2.365 159-160 89 C10H29N505 375.47
/\
6A3 wN N -6.043 166-168* 82 Ca3H35N;05 457.57
__/
6A4 N ) | -4.165 156-159* 87 CasH30N;05 485.62
wHN—/_ 5 7
6AS |y O -4.493 165-167 79 | CostlsChNIO | g5 79
3
«N (of|
6A6 WNC>-N -4.893 180-183* 79 C31H47N;05 565.75
6A7 — ) -1.380 153-155 61 Ca3H23N;05 445.19
~HN \
N
Br CosHioB
6A8 HN_@ -2.297 147-148 68 HBENSO | 593 04
e 3
6A9 wHN—Q-F 1801 | 147-148 67 | CuHoFaNsOs | 451.15
F
6A10 WHN_@ -2.297 163-165 67 CasHasFoNsOs | 479.18
6A11 \QF -1.842 157-160 73 CasHasFoNsOs | 479.48
““vHN
6A12 WHNO—< -3.021 152-154 64 C27H,5N50s 499.52
o

*: Indicates Boiling point
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N?, N4-Diethyl-1-(isonicotinamido)azetidine-2, 4-dicarboxamide (6A1):

Brown solid; "H NMR (300 MHz, CDCLy): § = 1.07-1.10 ( m, 6H, -CH3), 2.63-2.65 ( m, 1H, -
CH), 2.87-2.89 (m, 1H, -CH), 3.32-3.38 (m, 4H, -CH>), 4.48- 4.53 (m, 2H, -CH), 7.73(d, 2H, J =
7.3Hz, -ArH), 8.79 (d, 2H, J = 7.5 Hz, -ArH). °C NMR (75MHz, CDCL): &= 170.9, 166.3,
149.7, 140.8, 121.3, 67.3, 67.1, 32.7, 18.1, 17.9, 14.7, 14.5. EI-MS m/z 319.16 (M"). Anal. Calcd
for C15sH,N5O3: C, 56.41; H, 6.63; N,21.93; Found: C, 56.39; H, 6.64; N, 21.89.
N?,N*-Bis(4-ethylpiperazin-1-yl)-1-(isonicotinamido)azetidine-2,4-dicarboxamide (6A3):
Yellowish brown liquid; '"H NMR (300 MHz, CDCL): & = 1.06-1.08 (m, 6H, -CH;), 2.34-
2.41(m, 12H), 2.67-2.88 (m, 10H), 4.49-4.53(m, 2H, -CH), 7.77 (d, 2H, J = 7.4Hz,-ArH), 8.83(d,
2H, J = 7.9Hz, -ArH). >C NMR (75MHz, CDCLs): & = 170, 166.3, 149.4, 140.8, 121.6, 67.5,
67.4, 54.7, 54.5, 49.7, 49.5, 18.4, 18.2, 12.9. EI-MS m/z 487.30 (M"). Anal. Calcd for
C23H37N90s5: C, 56.65; H, 7.65; N, 25.85; Found: C, 56.67; H, 7.64; N, 25.85.
NZ,N4-Bis(4-(bis(4-chlorophenyl)methyl)piperazin-l-yl)-l-(isonicotinamido)azetidine-2,4-
dicarboxamide (6A5):

Tann solid; 'H NMR (300 MHz, CDCl): & = 2.36-2.38 (m, 8H), 2.65-2.86 (m, 10H), 4.47-
4.51(m, 2H, -CH), 5.14 (s, 2H, -CH), 7.21-7.41(m, 16H, Ar-H), 7.79 (d, 2H, J = 7.3Hz, Ar-H),
8.87(d, 2H, J = 7.9Hz, Ar-H). >C NMR (75MHz, CDCL): & = 169.9, 166.2, 149.6, 141, 140.8,
131.6, 129.7, 129.5, 129.4, 121.6, 74.4, 67.4, 67.2, 56.9, 56.7, 47, 18.1, 17.9. EI-MS m/z 899.24
(M"). Anal. Calcd for C45HssCLiNoO3: C, 59.94; H, 5.03; N, 13.98; Found: C, 59.91; H, 5.01; N,

14.
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Nz,N4-Bis(3-ﬂuoro-Z-methylphenyl)-1-(isonicotinamido)azetidine-2,4-dicarb0xamide
(6A10):

Yellow solid; '"H NMR (300 MHz, CDCL): & = 2.31 (s, 6H, 2*CHj), 2.84-2.87 (m, 1H,-CH),
3.04-3.07 (m, 1H, -CH), 4.46- 4.49 (m, 2H, -CH), 7.09-7.23 (m, 6H, Ar-H), 7.78 (d, 2H, J =
7.5Hz,-ArH), 8.81 (d, 2H, J = 7.9Hz, -ArH).">C NMR (75MHz, CDCl): & = 171.6, 166.7, 161.7,
161.5, 149.7, 140.7, 138.7, 138.6, 127.5, 127.3, 121.7, 117, 116.9, 113.9, 113.7, 110, 109.3, 66.9,
66.7, 17.9, 17.8, 8.9, 9.1. EI-MS m/z 479.18 (M"). Anal. Calcd for CasH,3F,NsOs: C, 62.62; H,
4.83; N, 14.61; Found: C, 62.59; H, 4.83; N, 14.63.

N2,N4-bis(5-fluoro-2-methylphenyl)-1-(isonicotinamido)azetidine-2,4-dicarboxamide
(6A11):

Buff colour solid; '"H NMR (300 MHz, CDCL): & = 2.09 (s, 6H, 2*CHj3), 2.78-2.82 (m, 1H,-CH),
3.01-3.04 (m, 1H, -CH), 4.47- 4.53 (m, 2H, -CH), 6.83 - 7.17 (m, 4H, Ar-H), 7.61 (s, 2H), 7.8 (d,
2H, J = 7.4Hz, -ArH), 8.83 (d, 2H, J = 7.8Hz, -ArH)."’C NMR (75MHz, CDCl): & = 171.4,
166.6, 160.3, 160, 149.6, 140.5, 138.9, 138.7, 130.6, 130.3, 127.3, 127.1, 121.6, 111, 110.9,
110.3, 110.1, 67.2, 67, 17.9, 17.8, 17.5, 17.3. EI-MS m/z 479.18 (M"). Anal. Calcd for
CasH23FaNsOs: C, 62.62; H, 4.83; N, 14.61; Found: C, 62.64; H, 4.79; N, 14.59.

6.3.4 In vitro SIRT1 assay:

Activation of SIRT1 by AZD derivatives (6A1-12) was studied by in vitro assay using
recombinant SIRT1 and fluorophore-labeled acetylated p53 peptide substrate according to
protocol mentioned under section 4.4. The result from Fig.6.19A clearly demonstrates that the
most active compound from the series is 6A11 with 6-7 fold activation of SIRTI. A few
compounds 6A1l, 6A2, 6A3 and 6A5 have moderate activation of SIRTI1 and all other

compounds have little or no activation. Hence, the experiment is repeated with a various
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concentrations of 6A1, 6A2, 6A3, 6A5 and 6A11 to establish the dose dependent activation of

SIRT1 and is depicted in Fig.6.19B.
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Fig.6.19:A. In vitro SIRT1 activation at SuM concentration by 6A1-12. B. Dose dependent
activation of SIRT1 by most active compounds.
6.3.5 HPLC assay:

SIRT1 activation by most active compound among series 6A11 was studied in terms of
increase in deacetylation of acetylated substrate by using HPLC method according to protocol
explained under section 4.5. As shown in Fig.6.20, Compound 6A11 showed significant increase
in deacetylation of acetylated substrate in time dependent manner at 5 pM concentration
suggesting that the compound directly activating SIRT1.
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Fig.6.20: A. Detection of acetylated and deacetylated peptide peak treated by 6A11 by HPLC. B.

Peak areas of acetylated and deacetylated products are represented in bar graph.

6.3.6 Effect on 3T3-L1 cells:

In order to investigate the antiobesity activity of 6A11, 1*10° 3T3-L1cells were treated

with increasing concentrations (0, 5, 10, 50 uM) of 6A11 along with differentiation media

containing insulin, dexamethasone, IBMX. Treatment was continued until differentiation was

observed in control cells (untreated). Inhibition of differentiation by 6A11 was measured by Oil

O Red staining according to protocol described under materials and methods section 4.6.3. As

shown in Fig.6.21, a dose dependent decrease in Oil O Red accumulation was observed in cells

treated with 6A11.
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Fig.6.21: Measurement of lipid accumulation in preadipocytes treated with various

concentrations of 6A11 and quantified by extracting Oil O Red.

6.3.7 Measurement of triglycerides:

1*#10° fully differentiated 3T3-L1 adipocytes were treated with different concentrations of
6A11 (0, 5, 10, 50 uM) for 24h. Total triglyceride content in cells was measured according to
protocol explained in section 4.6.4. As shown in Fig.6.22, a dose dependent decrease in

triglyceride accumulation was observed with 6A11.
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Fig.6.22: Measurement of triglyceride accumulation in adipocytes treated with various

concentrations of 6A11.
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6.3.8 RT-PCR studies:

1*#10° 3T3-L1 adipocytes treated with different concentrations of 6A11 (0, 5, 10, 50 uM)
for 24h and checked for transcript levels of SIRT1, PPARYy2, C/EBPa, E2F1, leptin, FAS and
LPL according to protocol explained under section 4.6.8 using gene specific primers shown in

Table 2 of materials and methods section.

A- 0 5 10 50 pM 0 3 10 50 pM
PPARy Leptin
CEBPu E2F1
SIRT1 FAS
LPL GapDH
B.
15
3 B0 pM
-, B S pM
3 25 10 pM
= B 50 pM
z 2 - "
T
-
s 1 -
0.5 -
[' .

pPART ~pBPO GIRTY  LPL {eptin g2Fl  gAS

Fig.6.23: A.RT-PCR analysis of adipogenic enzymes in fully differentiated adipocytes treated
with 6A11 at different concentrations. B. Quantification of band intensity by using Image lab

analysis software.
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As shown in Fig.6.23A, a dose dependent increase in SIRT1 levels clearly demonstrates
the SIRT1 mediated antiadipogenic activity of 6A11. Further, a dose dependent decrease in
expression of transcription factors PPARy, C/EBPa was observed. Additionally FAS, LPL, E2F1
and leptin gene expression was dose dependently and significantly down regulated by 6A11
treatment. Equal loading was confirmed by GapDH. Quantification of band intensity was done
by Image lab analysis software and results were shown in Fig.6.23B

6.3.9 Discussion:

In recent years, SIRT1 has become an interesting and promising target in terms of its
effects on longevity, metabolism, and other aging-related disorders. Several small-molecule
activators of SIRT1 have been identified by utilizing a commercially available deacetylase
activity assay. In present study was we identified and developed novel SIRT1 activators. Since
crystal structure of SIRT1 was not available the best model of the allosteric domain of SIRTI
was developed and the fitness of the model was checked by PROCHECK program. This model
showed 92.9% residues in most favored regions and ProSA Web Z score of -6.38 similar to the
template structure scores. Binding site pocket was identified using SITEMAP and pocket
contains ASP166; ARG167; SER169; HIS170; ALA171; SER172; SER173; SER174; ASP175;
TRP176; PRO184; TYR185; PHE187; VAL188; HIS191; LEU192 with respect to full length
SIRT1 sequence. Virtual screening of in house database of ~3000 molecules was carried out by
using GLIDE against allosteric domain of SIRT1 (114-217AA) and a series of 1-
(isonicotinamido)azetidine-2,4-dicarboxamides derivatives were identified as lead molecules.
Among all, 6A11 showed significant activation of SIRT1 activity. In order to investigate the
antiobesity activity of 6A11 in the well-known cell based adipogenesis differentiation assay,
3T3-L1 cells were treated with varying concentration of 6A11 during differentiation of
preadipocytes to adipocytes and also in mature adipocytes. Inhibition of differentiation by 6A11
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was measured by Oil O Red staining. A dose dependent decrease in intensity of red o oil in the
cells confirms the inhibition of adipocyte differentiation by 6 A11. These results suggest that the
compounds identified with SIRT1 activating properties have a significant effect on fat
mobilization in differentiated adipocytes, and thus 6A11 is anticipated to have antiobesity and/or
antidiabetic properties.

The prime most transcription factors, PPARy and C/EBPa have been shown to activate
adipocyte-specific genes and are involved in the growth arrest that is required for adipocyte
differentiation. During adipocyte differentiation levels of PPARy and C/EBPa will elevate and
declines when it inhibited. To test this hypothesis transcript levels of PPARy and C/EBPa were
analyzed in cells treated with 6A11. Interestingly, levels of PPARy and C/EBPa were decreased
in dose dependent manner compare to fully differentiated adipocytes as control. SIRT1 has been
shown to regulate transcription of various downstream targets like PPARy, C/EBPa, leptin, LPL
which control the fat metabolism and mobilization. An elevated transcript level of SIRT1 was
observed in cells treated with 6A11 demonstrating the activation of SIRT1 and its substrates
PPARy and C/EBPa by 6A11.

Under fasting conditions, SIRT1 transcription is regulated by p53 and FOXO3a and E2F1
in response to DNA damage. Further it has been reported SIRT1 regulate E2F1 expression in
negative feedback mechanism. Thus mRNA levels of E2F1 were also studied and levels of E2F1
were declining with increasing SIRT1. Expression of mRNA levels of lipoprotein lipase, marker
of adipocyte differentiation in mature adipocyte indicates lipid accumulation. LPL hydrolyses the
triacylglycerides and promotes cellular uptake of chylomicron remnants, cholesterol-rich
lipoproteins, and free fatty acids. Decrease in transcript levels of LPL observed with increasing

concentration 6A11 signifying the reduced lipid accumulation. Another important adipocyte
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gene, FAS is the crucial enzyme in de novolipogenesis, catalyzing the reactions for the synthesis
of long-chain fatty acids [Sul H.S., et al,1998] and its expression increases during
adipogenesis[Student A.K., ef al., 1980]. Reduced levels of FAS were observed in cells treated
with 6A11 demonstrating the inhibition of denovo lipogenesis. Lipid metabolism not only
necessitates lipid synthesis and degradation, also involves lipid signaling and fatty acid storage in
adipose tissue. Leptin is an endocrine /paracrine hormone secreted from adipocytes play a crucial
role in food intake and energy balance. Leptin levels increases in mature adipocytes and
decreases with increasing expression of SIRT1. Reduced levels of leptin with 6A11 revealed the

effect of 6A11 on energy balance.
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CHAPTER 7
SUMMARY AND CONCLUSION

Given the spread of cancer and obesity related complications among the current global
population, development of new treatment strategies is of main importance. Based on initial
biological investigations, clinical and literature data, the SIRT1 appear to be an important
biological target for the treatment of various disorders. From the literature, it has proven that
SIRT1 inhibitors and activators have prime importance in treatment of various cancers and
obesity related metabolic disorders. Hence the present study focused on the design of novel
inhibitors and activators of SIRTTI.

In summary, in an high throughput virtual screening campaign against human
recombinant SIRT1 using a library comprising ~3000 compounds, we successfully identified
two novel scaffolds viz., Acridinedione (ACD), Benzthiazolyl-2-thiosemicarbazone (B2TS) as
SIRT1 inhibitors and three scaffolds viz., Spiro-piperidine-4-one (SP), Pyrido [2,3-d] pyrimidine
(PP), 1-(isonicotinamido) azetidine-2, 4-dicarboxamides (AZD) as SIRT1 activators. In total, 91
compounds [ACD (21); B2TS (16); SP (10); PP (32); AZD (12)] have been synthesized and
characterized.

Compound 4d from ACD series and BH1, BH13 from B2TS series has shown potent
SIRT1 inhibition and also suppressed the growth of breast cancer MDA-MB231 and prostate
cancer LNCaP cells with ICso of 0.25 pM and 46.27+0.7, 15.3+0.8 uM respectively by
decreasing SIRT1 protein levels. Further BH1 and BH13 at 10 mg/Kg dosage showed significant

reduction in hyperplasia induced by testosterone upon in vivo studies.
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SIRT1, an NAD'-dependent deacetylase that acts on proteins involved in cellular
regulation, has been implicated in longevity and as a mediator of the beneficial effects of calorie
restriction. In present study we identified a series of small-molecule SIRT1 activators
(compound H3 from SP series, B9 fromPP series, 6A11 from AZD series) that are structurally
unlike, and 2-3 fold more potent than, Resveratrol, the well-known SIRT1 activator found in red
wine. Studies on 3T3-L1 fibroblasts H3, B9, 6A11 suppressed the adipocyte differentiation and
triglyceride accumulation by up regulation of SIRT1 followed by decline in the adipogenic
markers PPARy, C/EBPa along with FAS, E2F1, Leptin and LPL.

Preliminary in vivo studies on high fat diet induced obese mice compound H3 and B9
showed significant reduction in body weight gain as well as decrease in bad cholesterol and
increase in good cholesterol levels suggesting the beneficial effects of H3 and B9 to ameliorate,
treat, or prevent diseases and disorders associated with adipose physiology, e.g., obesity, an
obesity-related disease, or a fat-related metabolic disorder.

However, representatives of these compound families need to be further optimized in hit-
to-lead programs comprising medicinal chemistry efforts to address important issues such as

toxicity and specificity.
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FUTURE PERSPECTIVES

Recent studies demonstrated that SIRT1 plays an important role in various metabolic and
inflammatory pathways which involve in cancer and metabolic disorders like obesity, type II
diabetes and aging.

The present study can be extended to resolve the X-ray crystal structure of SIRTI.
Although the synthesized compounds have been found to possess significant in vitro and in vivo
activity, studies are still required to confirm the pharmacodynamic and pharmacokinetic profile
of the active molecules including safety profile. The advancement of any of the candidate
compounds presented in this thesis along a drug development path will require a significant

investment in medicinal chemistry, preclinical and clinical studies.
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