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ABSTRACT 

Numerous studies in a variety of species indicate that caloric restriction (CR) elicits beneficial metabolic 

effects including reduced adiposity and improved glucose homeostasis, as well as enhanced insulin and 

leptin sensitivity. Conversely, chronic feeding on high caloric diets brings about opposite outcomes and 

can progress to type-II-diabetes and obesity. An intense effort by many researchers has begun to elucidate 

the homeostatic mechanisms accounting for these beneficial metabolic effects of CR in order to facilitate 

development of CR-mimetic drugs to combat the alarming increase of these diseases. Mounting 

experimental evidence suggests that Sirtuins may be principal mediators of the metabolic effects of CR 

(1). Sirtuins are believed to sense and respond to cellular energy deficit via their (NAD
+
)-dependent 

enzymatic activities including lysine deacetylation of a variety of cytosolic, mitochondrial and nuclear 

proteins (2). Initial studies involving SIRT6, one of three nuclear sirtuins, suggest that it may be an 

attractive drug target for obesity and type-II-diabetes therapy. Knockout studies indicate that SIRT6 is 

required for normal growth, adiposity, and glucose homeostasis (3). Yet, contrasting these Sirt6-null 

phenotypes with those from opposing SIRT6 gain-of-function animal models lead to incongruous and 

seemingly contradictory conclusions regarding the stress-responsive homeostatic functions of SIRT6, 

casting doubt as to whether SIRT6 agonist or antagonist drugs should be sought after. To address these 

issues, I generated genetically engineered mice (Sirt6BAC mice) designed to eutopically overexpress 

SIRT6 and mimic its moderate eutopic upregulation observed during CR. This was achieved via BAC-

mediated genomic insertion of an isogenic 187kb DNA region from chromosome 10 of mus musculus 

encompassing Sirt6. These Sirt6BAC mutants fed a high caloric diet exhibit improved glucose 

homeostasis as indicated via intraperitoneal glucose tolerance tests and intraperitoneal pyruvate tolerance 

tests. Hyperinsulinemic/euglycemic clamp indicate that these mutants exhibit enhanced insulin-sensitive 

inhibition of endogenous glucose production as well as enhanced blood glucose disposal and uptake into 

gastrocnemius and soleus muscle. Importantly, these data suggest that SIRT6 agonist drugs may be 

worthy of translational research for the treatment of type-II diabetes in humans. 
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CHAPTER ONE: 

Introduction 

1.1 Metabolic Syndrome and Type 2 Diabetes Mellitus 

Metabolic syndrome comprises a set of metabolic disorders that increase risk of developing 

cardiovascular disease, stroke and type 2-diabetes mellitus (T2DM) including: central/abdominal obesity, 

atherogenic dyslipidemia, elevated blood pressure, insulin resistance/glucose intolerance. There are 

several definitions that vary slightly, but in 2004, the National Cholesterol Education Program’s Adult 

Treatment Panel III (NCEP/ATPIII) (6) declared that metabolic syndrome can be diagnosed if any three 

of the following risk factors are present in the patient: elevated waist circumference (≥ 102 cm for males, 

≥ 88 cm for females), elevated triglyceridemia (≥150 mg/dL), decreased HDL-cholesterol (<40mg/dL for 

men, <50mg/dL for women), elevated fasting glycemia (≥110mg/dL), and elevated blood pressure 

(≥130/≥85 mm Hg).  

Type 2 diabetes mellitus (T2DM) is a metabolic disorder characterized by elevated blood glucose 

due to insulin resistance and relative insulin insufficiency. In contrast to type 1 diabetes, characterized by 

‘absolute’ insulin deficiency due to selective death of -cells within the endocrine pancreas that produce 

and secrete the hormone, T2DM is characterized by ‘relative’ insulin insufficiency, due to inability of 

insulin to signal properly in peripheral tissues leading to elevated blood glucose. Patients with type 1 

diabetes are highly insulin-sensitive, whereas prior to onset, T2DM patients undergo a period of 

decreasing insulin sensitivity that is compensated by an increase in the amount of secreted insulin, 

keeping blood glucose within the normal range. T2DM onset occurs at the stage when -cells can no 

secrete enough insulin to compensate for the decreasing insulin sensitivity, resulting in impaired glucose 

homeostasis - a point at which patients are considered to be insulin-resistant. Whereas type 1 diabetes 

onset generally occurs in juveniles, T2DM was once referred to as ‘adult-onset’ diabetes. However, this 

term is no longer used due to the alarming increase within the last few decades in the number of young 

children with the disease. This changing epidemiological landscape highlights the need for better 
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treatments for T2DM, which is placing a enormous burden, not only on the lives of the people with this 

disease, but also on the health care system.  

There is no single cause of T2DM, but genetic factors, family history, and obesity, specifically 

visceral adiposity, are primary risk factors for T2DM. Although a small percentage of T2DM patients 

have normal body mass index, they often have high waist to hip ratio characteristic of visceral adiposity. 

There is also a high correlation between the rise in rates of obesity and T2DM within the past 50 years. 

Lifestyle and dietary interventions are generally recommended including exercise and reduction of 

saturated fat, trans-fat and sugar in the diet. Additionally, drugs shown to activate AMP-activated protein 

kinase (AMPK) such as metformin (7, 8) and thiazolidindiones(9) have proven effective and may be 

prescribed for the management of T2DM.  

 

1.2 Caloric Restriction 

Caloric restriction (CR), sometimes referred to as dietary restriction, is a dietary regimen 

consisting of 30-40% fewer calories than ad-libitum caloric intake without malnutrition. CR is the only 

dietary intervention that has been consistently shown to extend lifespan in all organisms studied to date. 

In addition to its well-publicized lifespan-extending effect, CR also delays the onset of multiple age-

associated diseases including cancer, neurodegenerative disease and diabetes in several species, including 

Saccharomyces cerevisiae (budding yeast), Caenorhabditis elegans (nematode worm), Drosophila 

melanogaster (fruit fly), Danio rerio (zebrafish), rodents, Macaca mulatta (rhesus macaque) and possibly 

humans (10-18). 

The vast majority of studies regarding CR have focused on its purported effect on longevity per 

se. While it is not the goal of this work to focus on the lifespan extending aspect of CR, it would be 

remiss to neglect it.  Varying degrees of lifespan extension have been observed in every species studied 

ranging from budding yeast to rhesus macaques (19).  Disparate studies involving mutations in various 

components of two evolutionarily conserved nutrient-signaling pathways have been shown to extend 

lifespan: the insulin/ insulin-like growth factor signaling (IIS) pathway (20-24) and the target of 

http://en.wikipedia.org/wiki/Saccharomyces_cerevisiae
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rapamycin (TOR) intracellular signaling pathway (25-33). Interestingly, both are nutrient-sensing and 

growth signaling mechanisms. This point is interesting to note, because certain gene mutations that may 

enhance replicative lifespan (measured in cell divisions prior to senecence) negatively impact 

chronological lifespan (measured in survival time of nondividing cells) (34). Sirtuins have also been 

suggested to prolong lifespan, which is discussed subsequently (5, 35-37). 

Two prominent longitudinal studies investigating effects of CR on longevity and health and 

disease in rhesus macaques were conducted at the Wisconsin National Primate Research Center 

(WNPRC) and the National Institute on Aging (NIA) (14, 16). These two studies generated much 

publicity due to their rarity stemming from the long timeframe (25 years) necessary to conduct such 

studies in a long-lived primate species and because Rhesus monkeys are the most closely related model 

organism to humans.  The basic premise of these studies was simple: a CR experimental group of 

monkeys would be fed roughly 30% less than the control group, and basic health parameters would be 

measured. The WNPRC study, which began in 1989, concluded that CR extended life span, as 13% of the 

CR monkeys died of age-related causes compared with 37% from the control group during the study 

timeframe. Surprisingly, the NIA study, which began in 1987, showed no such effect on mean lifespan. 

Although the two studies were conducted in parallel and intended to be as similar as possible, several 

differences may have accounted for the discrepant conclusions regarding lifespan. The NIA monkeys 

were fed meals that included fish oil and antioxidants, whereas the WNPRC diet did not; and WNPRC 

diet contained 28.5% sucrose, whereas the NIA diet contained just 3.9% sucrose. Additionally, the 

WNPRC control group likely ate more than the NIA control group because they were fed ad libitum 

versus the fixed amounts the NIA monkeys were fed, which may have accounted for the WNPRC control 

monkeys weighing more than the NIA control monkeys as adults (though the NIA monkeys descended 

from genetic lines from India and China, whereas the WNPRC monkeys all came from India). If these 

differences in diet composition constituted a more unhealthy diet for WNPRC monkeys, then their CR 

monkeys may have appeared healthier in comparison because they ate less of it. The implication here is 

that the WNPRC observations reflected an unhealthy control group rather than a long-lived treatment 
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group. As it currently stands, it is difficult to conclude whether CR has a beneficial effect on longevity 

per se or not.  

While being less-publicized than the potential lifespan extending effects of CR, there is more 

consensus regarding the evidence in support of the metabolic health benefits of CR in mammals (13, 14, 

16, 18, 25, 38, 39). In mice, these benefits include lower insulin levels, enhanced insulin sensitivity, 

reduced triglycerides, blood pressure, arterial stiffness and cholesterol, and elevated HDL. Indeed these 

effects are consistent with the results obtained in the NIA and WNPRC studies with rhesus macaques; 

significant reductions in body weight, triglycerides, cholesterol and glycemia were observed in the CR 

group compared with their respective controls. Additionally, CR delayed the onset of age-related diseases 

including cancer, diabetes and neurodegenerative disease as well as cardiovascular disease in the WNPRC 

study but not in the NIA study. 

Regrettably, the precise mechanisms underlying these beneficial effects of CR on metabolic 

parameters remain poorly understood. Therefore, critically investigating these mechanisms through 

hypothesis-driven scientific experimentation will help to elucidate the critical molecular targets for 

effective therapies (CR mimetics) for diet-induced obesity and/or T2DM. 

 

1.3 Sirtuins 

Sirtuins are evolutionarily conserved nicotinamide adenine dinucleotide (NAD
+
)-dependent 

enzymes mediating posttranslational modifications on a variety of cytosolic, nuclear and mitochondrial 

proteins. NAD
+ 

is an ancient and fundamental coenzyme produced by all cells and plays a critical role in 

redox reactions with its ability to transition between the oxidized form NAD
+
, and the reduced form 

NADH. Sirtuins are classic metabolic sensor proteins, in that they sensitive to the metabolic state of the 

cell due to their enzymatic dependency on available NAD
+
. While high concentrations of NAD

+
 activate 

Sirtuins, NADH is a competitive inhibitor of Sirtuins activity (40, 41). Therefore, the ratio of cellular  

NAD
+
/NADH can acutely modulate the activity of Sirtuins (40-44). The ratio of NAD

+
/NADH also 

provides a signal of the metabolic state of the cell due to its involvement in metabolic pathways. In the 
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energy-replete metabolic state, cellular metabolism relies primarily on glycolysis for ATP generation, 

with associated conversion of NAD
+
 to NADH by Glyceraldehyde phosphate dehydrogenase. This drives 

the NAD
+
/NADH ratio lower. However, during periods of energy deficit such as fasting or prolonged CR, 

reduced glucose availability reduces the glycolytic flux resulting in less NADH production from 

glycolysis. Cellular metabolism shifts towards mitochondrial aerobic respiration. Redox reactions in the 

TCA cycle reduce NAD
+
 to NADH, which is then oxidized back to NAD

+
 by NADH:ubiquinone 

oxidoreductase in complex I of the mitochondrial electron transport chain. This process drives the 

NAD
+
/NADH ratio higher during periods of caloric deficiency. Indeed, the NAD

+
/NADH ratio was 

shown to increase in muscle and white adipose tissue, and likely other tissues as well (45, 46). It is also 

quite possible that other enzymes, which are responsive to cellular energy status, make post-translational 

modifications on Sirtuins thereby affecting their activity (47). Additionally, the overall enzymatic activity 

performed by Sirtuins in any given cell may increase in response to caloric deficit simply via an increase 

in Sirtuin protein levels, a phenomena which has been observed for several Sirtuins (48-52).  

In addition to its role in cellular metabolism, NAD
+ 

is also used in posttranslational modification 

reactions, where chemical groups are added or removed from proteins, notably in ADP-ribosylation and 

deacetylation reactions by Sirtuins. Deacetylation of lysine residues, the most well studied enzymatic 

function of Sirtuins, is coupled to NAD
+
 hydrolysis, yielding the deacetylated protein and the byproducts 

O-acetyl-ADP-ribose and nicotinamide (41, 53, 54). Nicotinamide, is itself an inhibitor of Sirtuin activity 

(53, 55), resulting in a negative-feedback mechanism. Less commonly, some Sirtuins (SIRT4, SIRT6) 

exhibit mono-ADP-ribosyltransferase activity, which transfers a single ADP-ribose moiety onto an 

arginine, glutamate or aspartate residue. The reaction also requires NAD
+
 and yields only nicotinamide.  

Sirtuins’ namesake, the Saccharomyces cerevisiae Silent information regulator-2 (SIR2), was the 

first Sirtuin to be discovered. As its name implies, SIR2 (Silent Information Regulator 2) in yeast is 

necessary for transcriptional silencing at hidden mating-type loci (56, 57), telomeres (58) and rDNA (59). 

A large amount of publicity was generated following published observations of 30% replicative lifespan 

extension via integration of a second copy of Sir2 into the yeast genome. Conversely, Sir2 deletion was 
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reported to reduce the replicative lifespan of yeast by approximately 50% (37). This effect on lifespan 

was postulated to occur by affecting the rate of extrachromosomal rDNA circle formation, which has been 

shown to negatively affect yeast longevity (60, 61). Consistent with the hypothesis that both SIR2 and 

FOB1 (a rDNA replication fork barrier protein, whose deletion reduces formation of extrachromosomal 

rDNA circles and increases replicative lifespan by 30%–40% (62)) affect yeast lifespan through a 

common pathway regulating extrachromosomal rDNA circle formation, overexpression of SIR2 in the 

context of FOB1 deletion does not extend lifespan (37). Additionally, several reports suggest that the 

lifespan extending effects of CR are SIR2 activity-dependent (42, 44, 63-65). However, this hypothesis 

has been met with a large amount of skepticism (66-70), as several pieces of experimental evidence 

suggests that the lifespan extending effects of CR and SIR2 occur through exclusive parallel mechanisms 

(69, 70) and/or appear due to artifacts arising from the genetic background in these models (71). 

Regardless of whether SIR2 may or may not promote lifespan extension per se, reproducible 

observations indicate that Sirtuins in more complex multicellular organisms orchestrate diverse 

homeostatic responses to various types of cellular stress. Sirtuin homologs within multicellular organisms 

with specialized organ systems likely evolved additional complexity with multifaceted and nuanced 

functions. These multifaceted functions at the cellular level and organ level would have evolved because 

they ultimately helped to promote homeostasis at the level of the organism. Thus, although it remains 

unclear whether Sirtuins govern lifespan per se, the cumulative effect of these homeostatic responses are 

likely to provide protection against various types of cellular stress, which may indirectly protect against 

disease and premature death. This rationale led me to study Sirtuins in more specific homeostatic roles 

and in the context of metabolic disease states in a mammalian model organism, Mus musculus. 

Evolutionary divergence has produced seven SIR2 homologues in mammalian species (SIRT1-

SIRT7) with different enzymatic, metabolic and homeostatic functions and substrate specificity 

depending on cell-type and subcellular localization. SIRT2 is predominantly cytosolic, while SIRT3, 

SIRT4 and SIRT5 reside in the mitochondria.  Of particular interest are the nuclear-localized Sirtuins 

(SIRT1, SIRT6, and SIRT7), which have the unique ability to deacetylate certain lysine residues on 
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histone proteins in addition to non-histone proteins. Histones are the fundamental components of 

chromatin that package roughly two meters of human genomic DNA into the nucleus of each human cell. 

Lysine residues are positively charged and have high affinity for the negatively charged phosphate 

deoxyribose backbone of DNA, resulting in a tightly bound DNA-chromatin quaternary structure that 

renders the DNA sequence inaccessible to accessory factors due to stearic hindrance. When these lysine 

residues are acetylated via the actions of histone acetyltransferases, the positive charge is neutralized, 

resulting in a more loosely bound structure, and allowing accessory factors to interact with the double 

helix. Therefore, lysine-deacetylation of histones by nuclear Sirtuins leads to greater stearic hindrance of 

DNA-transcription factor interactions, resulting in transcriptional silencing of genes within these regions 

of tightly packed facultative heterochromatin. This property of SIRT1, SIRT6, and SIRT7 makes these 

nuclear Sirtuins particularly interesting targets for study, because it suggests that they have the ability to 

orchestrate cellular homeostatic mechanisms at the level of gene transcription.  

The most extensively studied mammalian Sirtuin, and the orthologue of yeast SIR2, is SIRT1. 

SIRT1 has been shown to deacetylate lysine residues of histone proteins including H3K9, H3K14, H4K16 

and H1K26 to promote formation of facultative heterochromatin and silence gene transcription (72). 

Additionally, SIRT1 interacts with and modulates the activity of a number of transcription factors 

localized at euchromatin. SIRT1 was demonstrated to deacetylate the K382 residue of p53 and inhibit its 

transcriptional ability, leading to suppression of p53’s apoptotic effects (73). SIRT1 was also shown to 

deacetylate the RelA subunit of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) at 

K310 and inhibit the transcriptional activity of NF-κB (74). This inhibition also sensitized cells to TNFα-

induced apoptosis. Additionally, SIRT1 has been shown to affect the activity of mTOR, the catalytic 

subunit of the metabolic nutrient sensor mammalian target of rapamycin protein complex-1 (mTORC1). 

mTORC1 is a serine/threonine protein kinase that integrates nutrient stimuli, redox stress and growth-

promoting signaling pathways and regulates cell growth and proliferation by modulating transcription and 

translation. SIRT1 was shown to inhibit mTORC1 through its interaction with TSC2 (a component of the 

mTOR inhibitory-complex TSC1/TSC2) (75).  
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 SIRT1 has also been shown to play an important role in glucose, lipid and cholesterol 

metabolism. SIRT1 is capable of deacetylating and activating peroxisome proliferator-activated receptor 

gamma coactivator 1-alpha (PGC-1α), which leads to increased hepatic gluconeogenesis, fatty acid 

oxidation, mitochondrial biogenesis, and oxidative phosphorylation (76-79). SIRT1 also activates the 

transcription factor forkhead box protein O1 (FOXO1), also resulting in increased gluconeogenesis (80). 

SIRT1 has also been shown to deacetylate peroxisome proliferator activated receptor gamma (PPAR) at 

specific lysine residues necessary to recruit the brown adipose tissue (BAT) Program coactivator PR 

domain containing 16 to PPAR, leading to selective induction of BAT genes leading to “browning” of 

white adipose tissue (81). Knockdown of SIRT1 in livers of fasted mice reduces expression of fatty acid 

-oxidation genes (82). Additionally, two distinct liver-specific Sirt1-knockout models display decreased 

fatty acid -oxidation, fatty liver, hepatic steatosis, inflammation and endoplasmic reticulum stress (77, 

83). SIRT1 also affects hepatic cholesterol and bile acid homeostasis through deacetylation of the nuclear 

hormone receptors: liver X receptor farnesoid X receptor and the sterol regulatory element binding 

protein family of transcription factors (77, 84-89). 

Resveratrol is a plant polyphenol capable of increasing the average lifespan of S. cerevisiae (90) 

as well as C. elegans and D. melanogaster (91). Resveratrol has also been reported to protect against 

cardiovascular disease, cancer, age-related deterioration and the pathological metabolic effects of high-fat 

diet.  As such, it has widely been considered a CR mimetic. Resveratrol was initially reported to elicit 

CR-like effects through direct activation of SIRT1 in vitro (90). However, this finding has come under 

heavy scrutiny as being an artifact of the unique assay used (92-95). A direct target of resveratrol has 

remained elusive until recently; Park et al. (96) revealed that resveratrol is a competitive inhibitor of 

several Phosphodiesterases. Resveratrol’s inhibitory effect on Phosphodiesterases leads to a cascade of 

intracellular events resulting in activation of AMPK. As a consequence, resveratrol increases NAD
+
 and 

the activity of SIRT1 in an AMPK-dependent fashion.  Resveratrol was shown to improve mitochondrial 

function and enhance insulin sensitivity, associated with decreased acetylation and increased activity of 
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PGC-1 (79). Moderate doses of resveratrol were shown to increase mitochondrial biogenesis, NAD
+
 

levels and activate AMPK in a SIRT1-dependent manner(97). AMPK activation was also associated with 

increased cellular NAD
+
 levels and decreased acetylation of SIRT1 targets including the transcription 

factors PGC-1, FOXO1 and forkhead box protein 3a (FOXO3a) (98). SIRT1 was also shown to be 

required for resveratrol’s ability to increase insulin sensitivity by silencing transcription of PTP1B (99). 

Collectively, these reports suggest that pharmacologically or genetically induced activation of SIRT1 can 

protect against derangements in glucose and lipid homeostasis caused by HCD feeding in rodents (79, 

100-105). 

The glaring similarities between the effects of SIRT1 activation and CR suggests that SIRT1, and 

likely other Sirtuins, function to mediate the homeostatic responses to the various types of cellular stress 

arising during periods of energy deficit. As the seven mammalian Sirtuins are likely to have 

complementary, but non-redundant homeostatic functions, it remains the goal of numerous investigators 

to dissect the specific cellular mechanisms mediated by each one. A rich coordinated interplay between 

Sirtuin members is likely to unfold. 

 

1.4 SIRT6 

In 2006, Mostoslavsky et al. reported that Sirt6 knockout (Sirt6
–/–

) mice display profound 

progeria and severe degenerative phenotypes associated with aging including lymphopenia, osteopenia, 

lordokyphosis, malocclusion, and colitis as well as telomere abnormalities, sensitivity to genotoxic stress, 

loss of subcutaneous fat, small size, low insulin-like growth factor-1 (IGF1) levels, severe hypoglycemia, 

and mortality around four weeks of age (3). Since Sirtuin homologues in other species were already being 

studied for their effects on lifespan regulation, these observations by Mostoslavsky et al. elicited a great 

deal of excitement in the field of aging research, and metabolism alike, and SIRT6 quickly became one of 

the most hotly investigated mammalian Sirtuins to date.  



 

 

10 

While SIRT6 still hasn’t been as extensively studied as SIRT1, key insights into its function have 

been elucidated in recent years. Like SIRT1, SIRT6 deacetylates histone substrates including histone 3 

lysine 9 (H3K9) (106) and histone 3 lysine 56 (H3K56) (107). Unlike SIRT1, SIRT6 also possesses 

mono-ADP-ribosyltransferase activity (108). SIRT6 is expressed in all tissues to varying degrees under 

basal conditions, exhibiting the highest protein levels in thymus, heart, skeletal muscle and brain (3, 51, 

108). SIRT6 is also significantly upregulated within 18 hours of acute fasting in brain, white adipose 

tissue (WAT), and liver (51) and during CR in brain, WAT, kidney, and heart (52).  

 SIRT6 has been implicated in the maintenance of telomere structure. Michishita et al. (106) first 

demonstrated that loss of SIRT6 leads to abnormal telomere structure resembling defects observed in 

Werner syndrome (a premature ageing disease), end-to-end chromosome fusions, and premature cellular 

senescence.  Furthermore, SIRT6 was found to specifically associate with chromatin at telomeres and 

deacetylate H3K9, which is required for stable association of WRN, a protein that is mutated in Werner 

syndrome. Subsequently, Michishita et al. (107) found that acetyl-H3K56 is also a specific target of 

SIRT6 deacetylase activity and showed that SIRT6 leads to dynamic acetylation states of H3K56 at 

telomeric chromatin throughout various stages of the cell cycle. Tennen et al. also demonstrated that 

SIRT6 is required for maintenance of the telomere position effect, which is the epigenetic silencing of 

genes proximal to telomeres due to a repressive heterochromatin environment, by showing that RNAi-

mediated knockdown of SIRT6 abrogated the silencing of both an endogenous gene and an integrated 

transgene proximal to telomeres.  

 SIRT6 has also been shown to be involved in DNA repair (3, 109-112). Mostoslavsky et al. first 

reported that Sirt6-null mouse embryonic fibroblasts (MEFs) exhibit genomic instability, displaying 

chromosomal abnormalities including fragmented chromosomes, detached centromeres, gaps and 

translocations (3). Furthermore, these MEFs displayed hypersensitivity to DNA damage induced by 

specific genotoxic agents: methyl methanesulfonate, hydrogen peroxide, and infrared radiation, which are 

consistent with defects in base excision repair, but not ultraviolet radiation, which is repaired via 

nucleotide excision repair. This pattern of genotoxic sensitivity suggests that SIRT6 may modify certain 
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base excision repair factors or modulate chromatin to allow base excision repair factors to access sites of 

DNA damage. However to date, no interactions between SIRT6 and any base excision repair factors have 

been discovered. Subsequently, a report by McCord et al. (109) implicated SIRT6 in DNA double strand 

break (DSB) repair. They found that following induction of DNA DSBs, levels of acetylated H3K9 

decrease in a SIRT6-dependent manner. Furthermore, SIRT6 specifically interacts with DNA-dependent 

protein kinase (DNA-PK), a protein involved in non-homologous end joining (NHEJ), and is required for 

the mobilization of catalytic subunit of DNA-PK to chromatin adjacent to induced site-specific DSBs. 

These data suggest that SIRT6 may function to deacetylate H3K9 surrounding DSBs, and stabilize DNA-

PK and possibly other NHEJ factors at sites of DSBs to promote DSB repair. Subsequently, Kaidi et al. 

(110) reported in 2010 that SIRT6 has a role in DNA end resection, a step in DSB repair by homologous 

recombination (HR). They showed that the accumulation of replication protein A and the rate of HR were 

impaired at sites of DNA damage due to SIRT6 depletion. The DSB resection factor C-terminal binding 

protein interacting protein (CtIP) was identified as a SIRT6 interaction partner and was shown to be 

selectively deacetylated by SIRT6. A CtIP mutant protein, which cannot be acetylated, abrogated the 

impaired resection observed with SIRT6-depletion, suggesting that SIRT6-dependent deacetylation of 

CtIP promotes DNA resection. Furthermore, in 2011 Mao et al. (111) reported the association of SIRT6 

with another DSB repair factor, poly[adenosine diphosphate-ribose] polymerase 1 (PARP1). They 

demonstrated that in response to oxidative stress, SIRT6 physically associates with PARP1 and is 

recruited to sites of DNA DSBs, where it mono-ADP-ribosylates lysine residue 521 of PARP1, activating 

the poly-ADP-ribosylase activity of PARP1. This activity promotes DSB repair through potentially both 

NHEJ and HR mechanisms under oxidative stress. It was later reported by these investigators (112) that 

DSB repair by HR declines with replicative age along with expression of several proteins involved in HR, 

including SIRT6, into cellular senescence.  However, this decline in HR could be rescued with 

overexpression of SIRT6 in presenescent cells, and this effect was dependent upon the mono-ADP 

ribosylase activity of PARP1, which they previously showed to be SIRT6-dependent. All together, these 

data suggest that SIRT6 plays an integral role in the homeostatic response to DNA damage.  
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 As previously stated, SIRT6 is capable of silencing gene transcription via epigenetic 

deacetylation of specific histone lysine residues. The gene silencing specificity of SIRT6 appears to occur 

through the association of SIRT6 with particular transcription factors that determine its localization on 

specific gene promoter regions.  One of these transcriptional interaction partners is NF-B, a transcription 

factor complex that mediates inflammatory and innate immune responses signaled by stress stimuli such 

as: various cytokines (TNF, IL-1, oxidative stress (ROS, ionizing radiation) and bacterial or viral 

infection (lipopolysaccharides, toll-like receptor signaling) (113-117). The NF-B complex consists of 

five protein subunits: NF-B1, NF-B2, RelA, RelB, and c-Rel. The NF-B complex is normally 

sequestered in an inactive state in the cytoplasm by inhibitor of B proteins, which bind to, and mask the 

nuclear localization signal on NF-B subunits (118). In response to these stress stimuli, these intracellular 

signaling networks lead to ubiquitination and proteosomal degradation of inhibitor of B proteins, thereby 

exposing the nuclear localization signal of NF-B, allowing it to enter nucleus and modulate the 

transcription of its target genes. In 2009, Kawahara et al. (119) reported that SIRT6 physically binds to 

the RelA subunit of NF-B and is recruited to NF-B target gene promoters. They observed 

hyperacetylation of H3K9 at NF-B target promoters, increased RelA promoter occupancy, and increased 

NF-B-dependent gene transcription in SIRT6-deficient cells. Furthermore, the early lethality and 

progeroid-like phenotypes of Sirt6
–/–

 mice were rescued by haploinsufficiency of RelA. These data 

suggest that SIRT6 attenuates NF-B target gene transcription and that the premature aging in Sirt6
–/– 

mice is due to hyperactive NF-B signaling. In a subsequent report, Kawahara et al. employed genome-

wide profiling of RelA- and SIRT6- bound sites, showing that SIRT6 promoter occupancy is highly 

dynamic in response to treatment with TNF – an upstream regulator of NF-B activity.  Overall, SIRT6 

occupies 54% of NF-B target promoters and 29% of SIRT6 gene targets are shared by RelA. The 1481 

genes occupied by both proteins are associated with cell senescence and organismal aging. Of note, direct 

inhibition of NF-kB was also suggested to be induced by SIRT1(74), lending support to the idea that 

SIRT1 and SIRT6 have complementary, but non-redundant functions.  
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 One of the more striking phenotypes of the Sirt6
–/–

 mouse is its reduced size. In 2010, Schwer et 

al. (120) reported that a neural-specific SIRT6-deficient mouse model displayed low growth hormone 

(GH) and IGF1 levels, recapitulating the postnatal growth retardation and somatotropic attenuation of 

Sirt6
–/–

 mice, suggesting that the reduced growth of Sirt6
–/–

 mice is attributed to defects in SIRT6-

signaling beginning within the central hypothalamic-pituitary axis. These mice did not display postnatal 

lethality and over time, reached normal size and eventually became obese. Interestingly, these phenotypes 

are also strikingly similar to several neuronal-specific SIRT1-deficient mouse models (102, 121, 122), 

lending support for the complementary, but non-redundant roles of SIRT1 and SIRT6. In 2012, 

Sundaresan et al. (123) discovered that SIRT6 attenuates IGF1-AKT intracellular signaling via silencing 

transcription of genes involved in this intracellular signaling pathway. They showed that deletion of Sirt6 

in adult mouse hearts (using a tamoxifen-inducible myosin heavy chain-Cre system) led to cardiac 

hypertrophy and eventual heart failure. They also observed significantly increased amounts of proteins 

belonging to the IGF-AKT signaling pathway including IGF1 receptor (IGF1R), insulin receptor (InsR), 

extracellular signal-regulated kinase 1 (ERK1), AKT, FOXO1, glycogen synthase kinase 3 and insulin-

like growth factor-2 (IGF2) in these SIRT6-deficient hearts. Conversely, cardiac-specific SIRT6-

overexpressing mice were protected from cardiac hypertrophy in response to hypertrophic stimuli. 

Furthermore, they showed that SIRT6 interacts with the transcription factor c-Jun and deacetylates H3K9 

at c-Jun target promoters. These data suggest that SIRT6 acts to suppress cardiac hypertrophy by 

silencing transcription of genes belonging to the IGF-AKT signaling pathway, whereas in response to 

growth factors and hypoxic stress, SIRT6 may be inactivated and lead to cardiac hypertrophy. Once 

again, these results mirror the phenotypes of SIRT1-deficiency, as Sasone et al. showed that IGF1 and 

IGFR were negatively regulated by SIRT1 (124). Consistent with these data, Kanfi et al. (5) reported that 

ubiquitous transgenic SIRT6 overexpression leads to decreased serum IGF1 levels and altered 

phosphorylation of major components of the IGF-AKT signaling pathway consistent with reduced IGF-

AKT signaling.  Additionally, male, but not female, Sirt6-overexpressing mice exhibited extension of 
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lifespan. This is interesting, as defects in IGF signaling in other organisms have also been reported to 

extend lifespan (20-24).  

 In addition to their pronounced progeroid phenotypes and reduced growth, Sirt6
–/–

 mice also 

exhibit acute onset of hypoglycemia beginning around 3 weeks of age before dying within several weeks 

of age. The effects of SIRT6 on glucose homeostasis were investigated in further detail by Zhong et al. 

(125). They reported that SIRT6 functions to downregulate the transcriptional activity of hypoxia-

inducible factor 1-alpha (HIF-1). HIF-1is a transcription factor that, as its name implies, is a principal 

mediator of cellular adaptation to hypoxic stress (126, 127). During hypoxic conditions, cells conserve 

oxygen by shifting the carbon metabolic flux away from aerobic (mitochondrial) respiration. Instead cells 

rely on the inefficient anaerobic glycolysis pathway for ATP production and shunt pyruvate away from 

the mitochondria, and use the pyruvate to oxidize the NADH produced in glycolysis (generating lactate 

via lactate dehydrogenase) in order to replenish NAD
+
 so glycolysis can continue (128, 129). HIF-1 is 

directly involved with this effect. During normoxic conditions, HIF-1 is hydroxylated by prolyl-

hydroxylase domain proteins. This hydroxylation marks HIF-1for subsequent proteasome degradation, 

but when oxygen levels fall, prolyl-hydroxylase domain proteins are inactivated, stabilizing HIF-1 

(128). HIF-1 upregulates expression of genes involved in glycolysis, leading to an increase in glycolytic 

flux (130), which is needed due to the decreased efficiency of ATP-generation in anaerobic versus 

aerobic metabolism. HIF-1 also complements this activity by inhibiting mitochondrial respiration 

through upregulation of pyruvate dehydrogenase kinase (PDK) (131, 132), an enzyme that inactivates 

pyruvate dehydrogenase (PDH), which converts pyruvate to acetyl-CoA to supply the TCA cycle. Zhong 

et al. (125) demonstrate that Sirt6
–/–

 cells exhibit increased membrane localization of glucose transporter-

1 (GLUT1) and cell-autonomous glucose uptake, increased glycolysis, increased lactate production and 

decreased oxygen consumption. Additionally, they observed increased lysine-acetylation at H3K9 

concomitant with increased HIF-1 activity at glycolytic gene promoters in Sirt6
–/–

 cells. Lack of HIF-1 

also reduced the binding of SIRT6 at these promoters suggesting that SIRT6 is recruited to these 
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promoters via association with HIF-1. Furthermore, they showed that downregulation of HIF-1 

abrogates the increased glucose uptake and upregulation of glycolytic genes observed in SIRT6-deficient 

cells. These data were largely recapitulated later in 2010, with a different Sirt6-knockout mouse line by 

Xiao et al. (133). They further demonstrated that SIRT6-deficiency leads to activation of AKT via 

upregulation of upstream proteins including InsR, insulin receptor substrate-1 (IRS1), insulin receptor 

substrate-2 (IRS2). This data may be suggestive of the following model: During hypoxic stress, cells will 

preserve oxygen at the expense of low metabolic efficiency (ATP production per glucose). During periods 

of caloric deficiency, cells preserve energy-containing macromolecules such as glucose at the expense of 

oxygen by shifting metabolic flux toward (efficient ATP production) mitochondrial oxidative 

phosphorylation, generating 36 molecules of ATP per molecule of glucose. In this regard, these data 

suggest that SIRT6 competes with HIF-1 for transcriptional activation/inactivation of glycolytic genes 

to counterbalance the oxygen-preserving functions of HIF-1 with the necessity for glucose preservation 

during caloric deficit.  

 Interestingly, it was also noted that the increased glycolytic capacity and reduced mitochondrial 

respiration observed in SIRT6-deficient cells, is reminiscent of the “Warburg effect” first described by 

Otto Warburg in 1956 (134). In brief, the Warburg effect describes the observation that cancerous tumors 

produce energy predominantly through a high rate of glycolysis followed by lactic acid fermentation, 

rather than efficiently oxidizing pyruvate for ATP production in mitochondria. This observation of the 

Warburg-like metabolic state of SIRT6-deficient cells was indeed insightful, as SIRT6 was later shown 

by Sebastian et al. to be a novel tumor suppressor (135). They found that SIRT6-deficiency led to 

increased aerobic glycolysis and increased tumor number, size and aggressiveness without activation of 

any known oncogenes. Furthermore, they identified MYC as yet another transcription factor that 

associates with SIRT6. They found a significantly high percentage (752 of top 1,0000 genes) of MYC 

target genes promoters that were also enriched for SIRT6 occupancy. These genes are involved in 

ribosome biosynthesis, consistent with previously described function of MYC (136). MYC expression 
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and protein stability were not affected by deficiency of SIRT6, nor were the acetylation levels of MYC or 

H3K9. However, a significant increase in H3K56 acetylation was found on these promoter regions. These 

data suggest that SIRT6 interacts with MYC on the promoters of genes involved in ribosome biosynthesis 

and corepresses MYC transcriptional activity by deacetylating H3K56. 

 Liver metabolism plays a central role in whole body glucose homeostasis. Hepatic glucose 

production (HGP) comprises two mechanisms of supplying glucose to the blood circulation: 

glycogenolysis and gluconeogenesis. The liver releases glucose from the glucose-storage molecule, 

glycogen (glycogenolysis) in response to activation of the sympathetic arm of the autonomic nervous 

system, which leads to direct norepinephrine release from sympathetic postganglionic neurons and 

epinephrine release from the adrenal medulla. During hypoglycemia, the liver responds to decreasing 

insulin and increasing glucagon in blood by activating de novo glucose synthesis (gluconeogenesis) from 

several non-carbohydrate carbon substrates such as lactate, glucogenic amino acids, and the products of 

triglyceride lipolysis, which enter the gluconeogenic pathway through their metabolism to pyruvate, 

oxaloacetate, or glycerol. Given the importance of the liver and the pronounced effects that SIRT6 have 

on glucose homeostasis, Kim et al. (51) investigated the role of SIRT6 in the liver with a hepatocyte-

specific Sirt6-knockout mouse model. Deletion of Sirt6 in the liver led to aberrant gene expression, 

increased glycolysis, increased triglyceride synthesis and reduced beta-oxidation resulting in fatty liver at 

5-6 months of age. They found increased expression of genes involved in glycolysis: glucokinase (Gk), 

liver pyruvate kinase (Lpk), and triglyceride synthesis: acetyl-CoA carboxylase-1 (Acc1), fatty acid 

synthase (Fas), stearoyl-CoA desaturase-1 (Scd1), long-chain elongase (Elovl6), fatty acid translocase 

(Fat). Fasting significantly reduced the levels of acetylated H3K9 on the promoter regions of Gk, Lpk, 

Fat, Acc1, Fas, Elovl6, and Scd1 in the livers of wild-type mice, but was significantly abrogated in 

SIRT6-deficient livers. Another report by Yang et al. (137) showed that Rosiglitazone treatment (a 

thiazolidinedione-class, insulin-sensitizing drug commonly used for the treatment of T2DM) ameliorated 

hepatic lipid accumulation, increased SIRT6, PGC-1 and FOXO1 expression and altered the 

phosphorylation status of LKB1 and AMPK leading to activation of AMPK in rat livers. However, 
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knockdown of SIRT6 abrogated these effects, suggesting that they are SIRT6-dependent. Remarkably, 

these phenotypes in SIRT6-deficient livers are strikingly similar to the phenotypes observed in two 

distinct liver-specific SIRT1-deficient mouse models (77, 83). Interestingly, Kim et al. (51) discovered 

that SIRT1 forms a transcriptional complex on the Sirt6 promoter with FOXO3a and nuclear respiratory 

factor-1. This complex positively regulates SIRT6 expression in response to caloric deficit. This 

mechanism may partly explain the increase in SIRT6 levels during fasting and CR and some of the 

similar effects of SIRT1 and SIRT6 deficiency. Consistent with this model, they observed a stark increase 

in SIRT1 levels within 12 hours of fasting followed by a significant increase of SIRT6 levels within 18 

hours of fasting. These data suggest that in response to caloric deficit, SIRT6 is transcriptionally induced 

by SIRT1 and negatively regulates glycolysis and triglyceride synthesis in the liver by deacetylating 

H3K9 on promoters of specific genes involved in these processes.  

 This involvement of SIRT1 is perhaps not unexpected, as SIRT1 has previously been shown to be 

a regulator of HGP. SIRT1 was shown to deacetylate and activate PGC-1, leading to induction of 

gluconeogenic transcriptional program (76, 82, 138). PGC-1contains at least 13 acetylation sites, the 

acetylation of which are associated with repression of PGC-1 activity (76). In opposition to SIRT1, 

general control nonrepressed protein 5 (GCN5) acetylates and deactivates PGC-1’s transcriptional 

activity. In general, during energy abundance, acetylation of PGC-1 by GCN5 is favored, thus 

diminishing HGP. During periods of energy deficiency, deacetylation of PGC-1 by SIRT1 is favored 

leading to increased HGP (76, 139). Dominy et al. (140) recently demonstrated that depletion of SIRT6 

reduces the acetylation status of PGC-1 and promotes upregulation of gluconeogenic gene transcripts 

and hepatic glucose production. Additionally, SIRT6’s effect on PGC-1 acetylation status is GCN5-

dependent. They further show that SIRT6 selectively deacetylates K549 on GCN5, leading to altered 

phosphorylation status and activation of GCN5. These data suggest that SIRT6 induces PGC-1 

acetylation and suppresses hepatic gluconeogenesis in direct opposition to SIRT1 through deacetylation 

and activation of GCN5. The physiological significance for the opposing roles of SIRT1 and SIRT6 on 
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PGC-1-mediated gluconeogenesis needs further investigation. However, it is interesting to note that 

activation of PKA signaling by either forskolin or glucagon in primary hepatocytes significantly reduced 

the expression of SIRT6 in opposition to the upregulation of SIRT6 by fasting, even though glucagon 

levels rise during fasting. This is suggestive of more complex regulation of SIRT1 and SIRT6 expression 

during fasting vs. prolonged caloric deficiency. Interestingly, Dominy et al. also reported that leptin 

receptor-deficient (LepR
db/db

) diabetic mice, which exhibit hyperglucagonemia and chronic hepatic PKA 

activation (141), also exhibit reduced SIRT6 levels, while ectopic expression of SIRT6 in these animals 

ameliorated the hyperglucagonemia and normalized glycemia. This finding suggest that in opposition to 

SIRT1, overexpression of SIRT6 within the liver may be therapeutically efficacious for ameliorating the 

unrestrained HGP associated with insulin-resistant T2DM.  

 The investigation of SIRT6 function has predominantly come from tissue-specific SIRT6 deletion 

and whole-body knockout mouse models. However, in opposition with these strategies, Kanfi et al. (4) 

reported the findings of a ubiquitous transgenic SIRT6 overexpression (Sirt6-tg) mouse model. Wild-type 

and Sirt6-tg mice were fed either chow diet or a high-fat diet. They did not observe any significant 

differences in food intake, body weight, leptin or oxygen consumption between geneoptypes. However, 

they did observe significantly reduced LDL cholesterol in both chow diet- and high-fat diet-fed SIRT6 

overexpression mice. They also observed reduced visceral fat accumulation and reduced triglyceridemia 

in Sirt6-tg overexpression mice on high-fat diet only. They did not observe altered insulin tolerance in 

either dietary regimen. However, they found that high-fat diet-fed mice had enhanced glucose tolerance 

and enhanced glucose-stimulated insulin secretion. Additionally, they observed significant 

downregulation of a subset of PPAR-responsive genes involved in lipid storage and also genes involved 

in triglyceride synthesis including angiopoietin-like protein 4 (Angptl4), adipocyte fatty acid-binding 

protein (Fabp4), and diacylglycerol acyltransferase 1(Dgat1). This result is consistent with the previously 

discussed function of SIRT6 to inhibit triglyceride synthesis in the liver (51).  These data suggest that 

SIRT6 protects against high-fat diet-induced dyslipidemia, visceral fat accumulation and impairment of 
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glucose homeostasis, and suggest that SIRT6 overexpression may be efficacious for the treatment of diet-

induced obesity and T2DM.  

 However, as will be discussed in chapter two, several pieces of experimental evidence suggest 

incongruous interpretations regarding the functions of SIRT6. Additionally, substantial caveats inherent 

to these mouse models lead to disagreement regarding whether activation or inhibition of SIRT6 with a 

systemic-acting drug should be sought after and developed for the treatment of metabolic syndrome and 

T2DM. This rationale will be used to introduce the experimental “Sirt6BAC” SIRT6 overexpression 

mouse model developed and utilized in this work. I hypothesize that SIRT6 gain-of-function via 

overexpression will produce desired effects beneficial for the treatment of T2DM, which mirror those 

observed during caloric restriction including improved glucose homeostasis and enhanced insulin 

sensitivity.   
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CHAPTER TWO: 

Generation of the “Sirt6BAC” Mouse Model and Validation of SIRT6 Overexpression/Gain-of-

Function in Sirt6BAC Mice. 

2.1 Introduction 

 The physiological and homeostatic functions of mammalian SIRT6 have been dissected with a 

variety of whole-body and tissue-specific manipulations in mice. While these investigations have proved 

greatly beneficial to our understanding of the role of SIRT6, important questions remain. Perplexingly, 

interpretations about the homeostatic roles of SIRT6 has shown to be more convoluted than expected, as 

certain in vivo metabolic phenotypes observed in these opposing loss-of-function/gain-of-function, whole-

body and tissue-specific manipulations have suggested apparently incongruous interpretations of its 

homeostatic and metabolic functions, leading to uncertainty about whether SIRT6 activation or inhibition 

should be the goal in treating obesity and insulin resistance. 

Specifically, whole-body Sirt6 knockout mice (Sirt6
–/–

) exhibit reduced body weight, reduced 

adiposity, hypoglycemia and die within the first few months of age (3, 123). SIRT6 deficiency also causes 

attenuated transcriptional silencing of genes involved in glycolysis and glucose transport (125, 142). 

According to these observations, downregulation of SIRT6 reduces adiposity, increases cellular glucose 

uptake and utilization, and consequently reduces glycemia. Therefore, whole body SIRT6 upregulation 

should increase adiposity, decrease cellular glucose uptake and utilization and consequently increase 

glycemia.  However, in contrast to this prediction, Kanfi et al. (4) demonstrated that SIRT6 

overexpression in Sirt6-tg mice is able to reduce visceral fat accumulation and glucose intolerance 

brought on by a high-fat diet. One potential explanation for these conflicting whole-body effects could be 

due to disproportionate relative contributions to whole body adiposity and glucose homeostasis depending 

upon the relative expression levels and activity of SIRT6 in each cell type.  This possibility is particularly 

relevant due to the fact that the aforementioned SIRT6 overexpression model (4) is driven by a ubiquitous 

βActin promoter, which does not possess any of the transcriptional regulatory elements found in the 
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endogenous Sirt6 promoter, thus leading to aberrant relative SIRT6 expression in various cell-types. This 

rationale may suggest that the contributions to whole-body glycemia and adiposity are disproportionately 

overrepresented by this overexpression model in cell-types that normally weakly express SIRT6 and 

underrepresented by this overexpression model in cell-types that normally strongly express SIRT6. 

Even so, this issue can be alleviated by studying the effects of SIRT6 manipulations in a cell-

type-specific manner, which has been done in neurons (120), cardiomyocytes (123), and hepatocytes (51). 

Hepatic-specific Sirt6-knockout mice exhibit elevated expression of genes involved in lipogenesis and 

triglyceride storage, resulting in fatty liver (51). This observation also leads to in conflicting 

interpretations of SIRT6 function when comparing it against the dramatic reduction of body fat in the 

whole body Sirt6
–/–

 mouse model. Furthermore, Dominy et al. (140) demonstrated that SIRT6 inactivates 

PGC-1 through deacetylation of GCN5 leading to suppressed gluconeogenesis, suggesting that SIRT6 

should reduce glycemia by inhibiting hepatic glucose production.  However, this does not appear to 

coincide with the very low glucose levels observed in the whole body Sirt6
–/–

 mouse. 

Additionally, Sundaresan et al. (123) showed that SIRT6 attenuates IGF1-AKT intracellular 

signaling in cardiomyocytes and protects against cardiac hypertrophy, suggesting that SIRT6 inhibits 

growth. Xiao et al. (133), also demonstrated that SIRT6-deficiency leads to activation of AKT via 

upregulation of upstream proteins including InsR, IRS1, and IRS2. Consistent with these data, Kanfi et al. 

(5) reported that transgenic SIRT6 overexpression in Sirt6-tg mice leads to decreased serum IGF1 levels 

and altered phosphorylation of major components of the IGF1-AKT signaling pathway associated with 

reduced IGF1-AKT signaling.  However, these results do not appear to fit with the small size and reduced 

GH/IGF1 levels of systemic Sirt6
–/–

 mice and neural-specific SIRT6-deficient mice.  

These incongruous interpretations regarding the homeostatic functions of SIRT6 cast doubt as to 

whether SIRT6 agonist or antagonist drugs should be sought after for the treatment of obesity and/or 

T2DM. One possible explanations for these apparently contradictory results may include confounding 

effects of the multifaceted aberrancies and developmental defects displayed by systemic Sirt6
–/–

 mice 

including colitis, lymphopenia, osteopenia, kyphosis, malocclusion, and chromosome and telomere 
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abnormalities (3). If this is indeed a substantial confounding factor limiting the assessment of systemic 

SIRT6 function, which it is likely to be considering the severity of these phenotypes, then studying the 

reverse system, a SIRT6 overexpression model, may prove useful.  

 During prolonged CR and within 18 hours of acute fasting, the levels of SIRT6 are significantly 

upregulated between two- and three-fold within the brain, WAT, kidney, and heart (51, 52). This 

observation begs the question, whether certain beneficial metabolic effects elicited by CR may be caused 

by the increase in SIRT6 levels. Kanfi et al. (4) first demonstrated that Sirt6-tg mice exhibit many of the 

same beneficial metabolic effects as CR, and SIRT6 overexpression is able to protect against high-fat diet 

induced elevated LDL-cholesterol, visceral fat accumulation, elevated triglycerides, glucose intolerance 

and impaired glucose-stimulated insulin secretion. However, this particular Sirt6-tg mouse model 

reported in Kanfi et al. (4), exhibits several inherent caveats that cast doubt as to whether these effects are 

reflective of the physiological actions of SIRT6 when upregulated during CR. The particular SIRT6 

overexpression construct chosen for this study used a CMV early enhancer/chicken Actin promoter 

(commonly used to drive transgene expression in mammalian systems (143, 144)) to drive expression of 

Sirt6 cDNA. This system has four potential caveats. First, the CMV early enhancer leads to a very high 

supraphysiological level of expression – much higher than the two- to three-fold increased expression of 

SIRT6 observed during CR. Second, the chicken Actin promoter does not possess the same regulatory 

elements of the endogenous Sirt6 promoter and should drive the Sirt6 cDNA expression ubiquitously in 

all cell types to equal levels. Even though endogenous SIRT6 is present in all tissues examined, its 

expression levels vary in different cell-types. Thus, the ubiquitous expression of SIRT6 from the Sirt6-tg 

construct is different than the variable endogenous SIRT6 expression in different cell-types. Third, the use 

of Sirt6 cDNA does not allow for the expression of any potential alternative transcriptional splice variants 

that may exist for the endogenous Sirt6 gene. Indeed, NCBI Gene ID 50721 currently lists two 

alternatively spliced Mus musculus Sirt6 transcripts (NM_181586.3 and NM_001163430.1) differing in 

the 5’ UTR, exon 1, exon 2 and 3’ UTR. Finally, the use of Sirt6 cDNA does not incorporate the intronic 
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DNA regions of the endogenous Sirt6 gene, which may also affect differential transcriptional regulatory 

function. Therefore, the ubiquitous, supraphysiological, constitutive expression is quite different from the 

natural expression driven by the endogenous Sirt6 promoter. 

 In light of these caveats inherent to the existing SIRT6 mouse models, I sought to generate a 

SIRT6 overexpression mouse model that would: i) eliminate, or reduce the significance of these caveats, 

ii) overexpress SIRT6 in a more physiological manner than has been achieved with previous mouse 

models, iii) mimic the two- to three-fold upregulation of SIRT6 observed during CR, and iv) provide 

proof of principle that systemic SIRT6-activating drugs could be useful in the treatment of metabolic 

syndrome and T2DM.  

 

2.2 Materials & Methods 

Generation of Sirt6BAC mice:  

A bacterial artificial chromosome (BAC) containing 185.7kb (70.7kb upstream and 109.3kb 

downstream) of unmodified mouse genomic DNA sequences including the mouse Sirt6 gene (Figure 1A) 

(BAC clone RP23-352G18, BACPAC (BACPAC RESOURCES, CHILDREN'S HOSPITAL Oakland, 

CA, USA) was purified as previously described (145) and used as template sequence for PCR reactions 

with the primer sets shown in Primer Table 1. The size of the amplicons generated from these PCR 

reactions were analyzed via standard gel electrophoresis, in order to confirm that this was the expected 

BAC DNA clone. The purified BAC DNA was then electroporated into EL250 bacteria (146) and 

rendered electrocompetent as previously described (145). A loxP sequence(s) contained in the pBACe3.6 

backbone of RP23-352G18 BAC was then replaced via homologous recombination (146) by an ampicillin 

resistance gene cassette, generated via PCR amplification of a PGEM-T-Easy vector template with the 

oligonucleotide PCR primers shown in Primer Table 2. With the expertise of the UT Southwestern 

Transgenic Core Facility, the modified RP23-352G18 BAC DNA was then purified and microinjected 

into pronuclei of fertilized embryos of C57Bl/6 mice using standard methods commonly used for 

generation of transgenic mice (147). PCR genotyping of tail biopsies from these offspring using primer 
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sets specific to the pBACe3.6 backbone sequence of RP23-352G18 (Primer Table 3), three mice were 

identified having germ-line incorporation of RP23-352G18 BAC DNA. These three founder mice were 

bred to wild-type C57Bl/6 mice to establish three distinct mouse lines. In order to determine which of 

these three lines would be appropriate for this study, the expression level of SIRT6 protein in these lines 

was measured via Western blot in various tissues from F1 generation mice of each of the three lines. Mice 

carrying the RP23-352G18 BAC DNA and wild-type control mice were fasted at 5pm and sacrificed the 

next morning at 10am. Tissues were dissected and flash frozen in liquid nitrogen. Protein lysates from 

these tissues were assessed by Western blot analysis.  

Generation of Sirt6BAC mice lacking endogenously encoded SIRT6 (Sirt6BAC; Sirt6
–/–

 mice): 

Sirt6BAC mice (pure C57Bl/6 genetic background) were bred to mice heterozygous for the Sirt6-

knockout allele (Sirt6
+/–

)(pure 129SvJ genetic background) (provided by Raul Mostoslavsky M.D. Ph.D., 

Massachusetts General Hospital Cancer Center, Harvard Medical School).  F1 offspring (C57Bl/6; 

129SvJ mixed genetic background) were inbred (Sirt6
+/–

 x Sirt6BAC; Sirt6
+/–

) to generate F2 offspring. 

These inbred F2 offspring were employed as breeding pairs (Sirt6
+/–

 x Sirt6BAC; Sirt6
+/–

) to generate 

experimental mice for this study including: wild-type mice, mice harboring the Sirt6BAC insertion 

(Sirt6BAC), or mice harboring Sirt6BAC and homozygous for the Sirt6 knockout allele (Sirt6BAC; Sirt6
–

/–
). To determine whether a mouse contained Sirt6BAC, I employed a PCR genotyping reaction using 

primers specific for a region on the pBACe3.6 backbone (Primer Table 3). To determine whether a mouse 

contained zero, one or two Sirt6-knockout alleles, I utilized a multiplex TaqMan qPCR copy-number 

genotyping assay produced by Applied Biosystems® (Foster City, CA, USA). Transferrin Receptor (Tfrc; 

Cat # 4458366 VIC dye-labeled probe) was used as endogenous reference copy-number and the the β-

galactosidase (lacZ; Mr00529369_cn FAM dye-labeled probe) from Applied Biosystems® was used to 

quantify the Sirt6 knockout allele copy number. Applied Biosystems® Copy Caller™ software was used 

to calculate the number of alleles present. Of note, β-galactosidase sequences were used to swap 

endogenous wild-type Sirt6 sequences in Sirt6
+/–

 mice (3). Thus, mice bearing two of the endogenous 

wild-type Sirt6 alleles were found to have zero copies of the β-galactosidase allele, whereas mice bearing 
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one of the endogenous wild-type Sirt6 alleles were found to have one copy of the β-galactosidase allele, 

and mice lacking both endogenous wild-type Sirt6 alleles were found to have two copies of the β-

galactosidase allele.  

Western Blot Analysis: 

Tissues from overnight fasted mice were lysed with RIPA buffer (R0278 Sigma Aldrich®) with 

1:100 dilution of protease inhibitor cocktail (P8340 Sigma Aldrich®). Equal amounts of protein lysates 

(20g) were separated via SDS-PAGE and transferred to nitrocellulose membranes as by electroblotting. 

Subsequently, the membranes were blocked using LI-COR® Odyssey® blocking buffer (927-40000) for 

2 hours at room temperature, then placed in primary antibody incubation (rabbit polyclonal anti-SIRT6 

[Abcam® ab62739] 1:3000 dilution and mouse monoclonal anti-βActin [Sigma Aldrich® A5316] or 

chicken polyclonal anti-Tubulin [Abcam® ab89984] 1:5000 dilution) in LI-COR® Odyssey® blocking 

buffer w/ 0.1% Tween-20, overnight at 4
o
C. After washing the membranes 3x10 minutes in PBS w/ 0.1% 

Tween-20, they were incubated at room temperature in darkness for 2 hours with fluorescently conjugated 

secondary antibodies (goat anti-rabbit LI-COR® IRDye® 800CW [926-32211] 1:5,000 and goat anti-

mouse LI-COR® IRDye® 680 [926-32220] 1:10,000 or donkey anti-chicken LI-COR® IRDye® 680RD 

[926-68075] 1:10,000) in Odyssey® blocking buffer w/ 0.1% Tween-20, 0.01%SDS. The membranes 

were imaged with a LI-COR® Odyssey® infrared imager.  SIRT6 specific bands (~37kD) were 

quantified relative to anti-ACTIN (~42kD) or anti-TUBULIN (~53kD) using LI-COR® Odyssey® 

Image Studio software. 

Quantitative Real-Time PCR (qPCR) Analysis of Gene Transcripts on RP23-352G18: 

 Tissues from overnight fasted (mixed genetic background C57Bl/6;129SvJ) mice were lysed in 

TRIzol® reagent in order to extract total RNA. cDNA was reverse transcribed from these purified RNA 

samples with Invitrogen SuperScript® III reverse transcriptase as previously described (148). Genes 

present on RP23-352G18 BAC were assayed via real-time qPCR gene expression analysis to determine 

the levels of mRNA transcript expression. qPCR gene expression analysis was performed using 
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inventoried TaqMan gene expression assays (Applied Biosystems®). These genes included: 

AES(Mm01148854_g1), Ankrd24(Mm01147213_m1), BC025920(Mm02763635_s1), 

Gna11(Mm01172792_m1), Gna15(Mm00494669_m1), Tle2(Mm00498094_m1), 

Tle6(Mm00475103_m1), and Sirt6(Mm01149042_m1). Expression levels were measured with an 

Applied Biosystems® 7900HT Sequence Detection System with SDS2.1 software. Baseline values of 

amplification plots were set automatically and threshold values were kept constant. The mRNA levels 

were expressed as arbitrary units and were obtained by dividing the averaged sample values (in triplicate) 

for each gene by that of the control housekeeper 18S rRNA (Mm03928990_g1). 

Animal Care: 

Mice were housed with ad libitum access to food and water in light (12 hours on / 12 hours off) 

and temperature (21.5-22.5
O
C) controlled environment. Male mice were used for all experiments and 

were housed 2-5 per cage. The maintenance chow diet was a 12 kcal% from fat, 22 kcal% from protein, 

and 66 kcal% from carbohydrate diet (Harlan Teklad® Global Diet #2916). Care of mice was within the 

Institutional Animal Care and Use Committee (IACUC) guidelines, and all the procedures were approved 

by the University of Texas Southwestern Medical Center IACUC.  

Statistical Analyses: 

 The data are reported as mean ± SEM. All statistical analyses were performed using Prism 

(version 6.0) software. Unpaired two-tailed t-tests were employed when 2 groups were compared 

and one-way ANOVA with Tukey correction for multiple comparisons were employed when 3 

or more groups were compared. 

 

2.3 Results 

 I developed genetically engineered mice designed to overexpress SIRT6 by obtaining a 

commercially available bacterial artificial chromosome (BAC) containing unmodified, isogenic, genomic 

DNA from Mus musculus chromosome 10, which includes 70.7kb upstream and 109.3kb downstream of 
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the mouse Sirt6 gene (Figure 1A). The BAC was purified and confirmed to be the correct clone (RP23-

352G18) via conventional PCR genotyping of distal regions of the BAC. A single, functional loxP 

sequence contained in the pBACe3.6 backbone sequence was removed, to prevent any unwanted Cre 

recombinase-mediated mutations, and replaced with an ampicillin-resistance cassette. I observed a lack of 

any major rearrangements to the BAC nucleotide sequence by comparison of the restriction digest 

patterns of unmodified and loxP-replaced BAC DNA.  

 The modified BAC DNA was then purified and microinjected into pronuclei of fertilized embryos 

of C57Bl/6 mice to facilitate incorporation into the endogenous mouse genome, engendering these mice 

with additional copies of the mouse Sirt6 gene. These offspring were genotyped using oligonucleotide 

primer pairs specific to the pBACe3.6 backbone sequence of RP23-352G18 (Primer Table 3) to confirm 

the presence of RP23-352G18 BAC DNA. Three mice were identified as having germ-line incorporation 

of RP23-352G18 BAC DNA. These three founder mice were bred to wild-type C57Bl/6 mice to establish 

three distinct RP23-352G18 mouse lines. In order to determine which of these three lines exhibited 

SIRT6 overexpression appropriate for this study, various tissues from F1 generation RP23-352G18 BAC 

mice of each of the three lines were examined via Western blot for SIRT6 protein expression. One of the 

three RP23-352G18 BAC mouse lines was found to exhibit between two to four times greater SIRT6 

expression than control wild-type littermates in various tissues (Figure 1B, 1C), suggesting that the DNA 

sequences contained in the RP23-352G18 BAC include the crucial transcriptional regulatory elements of 

the endogenous Sirt6 gene. Of note, this magnitude of SIRT6 overexpression observed in these mice 

approximates the level of SIRT6 upregulation observed in calorically restricted rodents (52). This 

“Sirt6BAC” mouse line exhibiting two to four-fold overexpression of SIRT6 protein was chosen. 

 The RP23-352G18 BAC contains a large amount of genomic mouse sequence (185.7kb). In 

addition to the Sirt6 gene, the RP23-352G18 BAC contains other known mouse gene sequences 

including: AES, Ankrd24, BC025920, Gna11, Gna15, Tle2, and Tle6. Since these genes could also retain 

the transcriptional elements necessary for their expression, and potentially lead to phenotypes due to 

potential overexpression, I devised to generate a control genotype that would disassociate the 
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overexpression of SIRT6 from any potential overexpression of these other genes present on the RP23-

352G18 BAC sequence. This was accomplished by breeding the Sirt6BAC mouse line (C57Bl/6 pure 

genetic background) with the Sirt6-knockout (Sirt6
–/–

) mouse line (129SvJ pure genetic background). 

These breedings produced (C57Bl/6;129SvJ mixed genetic background) three experimental genotypes for 

use in this study: wild-type, mice harboring the RP23G18 BAC germline incorporation (Sirt6BAC), or 

mice harboring the RP23G18 BAC germline incorporation and homozygous for the Sirt6-knockout allele 

(Sirt6BAC; Sirt6
–/–

). To confirm the relative expression of SIRT6 in these mixed genetic background 

(C57Bl/6;129SvJ) offspring, I performed Western blot analysis on gastrocnemius tissue from mice of 

these three genotypes (Figure 1D). I again observed significant overexpression of SIRT6 in Sirt6BAC 

mice, and this overexpression was significantly abrogated in SIRT6; Sirt6
–/–

 mice (Figure 1E).  

To investigate whether the other genes present on the RP23-352G18 BAC were similarly 

overexpressed, qPCR profiling of transcripts whose genes/coding regions are contained in the RP23-

352G18 BAC was conducted. Not surprisingly, all of these genes were significantly overexpressed in 

brain, gastrocnemius muscle and liver of both Sirt6BAC and Sirt6BAC; Sirt6
–/–

 mice compared to wild-

type controls (Figure 1F). Importantly, in agreement with the roughly two- to four-fold SIRT6 protein 

overexpression observed in the C57Bl/6 Sirt6BAC line (Figure 1B, 1C), Sirt6 mRNA was also found in 

this mixed genetic background (C57Bl/6 & 129SvJ) to be overexpressed roughly three-fold in brain, 

gastrocnemius and liver of Sirt6BAC mice compared to wild-type controls (Figure 1F). Of note, in 

Sirt6BAC; Sirt6
–/–

 mice, Sirt6 overexpression was significantly diminished, while the other genes 

remained similar compared to Sirt6BAC mice (Figure 1F). These data suggest that Sirt6BAC; Sirt6
–/–

 

genotype is an important and useful control genotype because it will allow for distinguishing between 

phenotypes (if any) seen in Sirt6BAC mice due to overexpression of SIRT6 and/or other genes contained 

in the BAC. If a given phenotype displayed by Sirt6BAC mice were to be absent in Sirt6BAC; Sirt6
–/–

 

mice, then, it is very likely that SIRT6 overexpression is required for the given phenotype to be present, 

whereas a phenotype present in both genotypes could be attributed to one of the other genes present in the 

RP23-352G18 BAC DNA sequence.  
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 In order to further demonstrate that this Sirt6BAC mouse model not only overexpresses SIRT6, 

but overexpresses a functionally competent SIRT6 protein and is thus a SIRT6 gain-of-function model, 

the ability of Sirt6BAC to rescue the profound developmental phenotypes of Sirt6
–/–

 mice were assessed. 

Sirt6
–/– 

mice die within several weeks of age, are shorter in length and weigh less than wild-type mice(3). 

Presence of the Sirt6BAC in Sirt6BAC; Sirt6
–/–

 mice
 
was observed to rescue the postnatal lethality 

(Figure 2A), reduced length (Figure 2B) and weight (Figure 2C) of Sirt6
–/–

 mice. These data demonstrate 

that the SIRT6 protein expressed from the Sirt6BAC sequence likely retains all of the functional 

properties of endogenously expressed SIRT6, as it is functionally competent to rescue the functions of 

endogenously encoded SIRT6, and that Sirt6BAC mice are indeed a SIRT6-gain-of-function model. 

Collectively, these data suggest that Sirt6BAC mice physiologically overexpress functionally competent 

SIRT6 protein. 

 

2.4 Discussion 

A “Sirt6BAC” mouse model was developed for the experimental investigation of SIRT6 

overexpression. Importantly, SIRT6 protein was found to be overexpressed between 2- and 4-fold in 

various tissues of Sirt6BAC mice. These levels of SIRT6 overexpression are consistent with the level of 

SIRT6 upregulation during CR. This result suggests that the extra copies of the Sirt6 gene present in the 

Sirt6BAC are sufficient to drive SIRT6 overexpression in a physiological manner, mimicking that which 

is observed during CR.  

Additionally, the SIRT6 protein produced from extra Sirt6 gene copies present on the Sirt6BAC 

are functionally competent, as the postnatal lethality, reduced size and reduced weight of Sirt6
–/–

 mice 

was rescued by the presence of Sirt6BAC. This result suggests that SIRT6 produced by isogenic Sirt6 

sequences present in Sirt6BAC mice likely retains all of the enzymatic and functional properties of SIRT6 

produced from the endogenous Sirt6 gene locus.  

As shown in Figure 2A, a minor percentage of Sirt6
–/–

 mice survived longer than 4 weeks of age, 

an observation slightly different from the nearly complete lethality observed by Mostoslavsky et al. (3). 
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The increased resistance to postnatal lethality could be due to differences in genetic background, as the 

Sirt6
–/–

 mice in Mostoslavsky et al. were a pure 129SvJ inbred strain, while the mice in the present study 

were of a mixed (129SJv / C57Bl/6) genetic background. Notably, a genetic background effect on early 

postnatal lethality displayed by Sirt6
–/–

 mice was also shown by another group (123). 

One significant caveat about this SIRT6 overexpression model is that, other genes present on the 

RP23-352G18 BAC in Sirt6BAC mice are also overexpressed. These overexpressed genes could 

potentially lead to phenotypes that are not SIRT6-dependent. Therefore, in addition to wild-type and 

Sirt6BAC genotypes I generated a third control genotype, Sirt6BAC; Sirt6
–/–

, for use in this study. This 

genotype was observed to retain the overexpression of these non-Sirt6 genes present on the RP23-352G18 

BAC in brain, gastrocnemius and liver tissue. However, the overexpression of Sirt6 mRNA and protein 

were significantly abrogated in this control genotype. These data suggests that Sirt6BAC; Sirt6
–/–

 

genotype is an important control because it distinguishes between phenotypes (if any) seen in Sirt6BAC 

mice due to overexpression of SIRT6 and/or other genes contained in the BAC. In fact, if a given 

phenotype displayed by Sirt6BAC mice were to be absent in Sirt6BAC; Sirt6
–/–

 mice, then, it is very 

likely that SIRT6 overexpression is required for the presence of the given phenotype, whereas a 

phenotype present in both genotypes could be attributed to one of the other genes present in the RP23-

352G18 BAC DNA sequence.  

These data suggest that this Sirt6BAC eutopic SIRT6 overexpression model offers significant 

advantages over a previously reported Sirt6-tg SIRT6 overexpression model employing a CMV early 

enhancer/chicken Actin promoter driving ubiquitous SIRT6 overexpression previously reported by 

Kanfi et al. in 2010 (4). First, the Sirt6-tg model employs a CMV early enhancer region that drives very 

high supraphysiological level of SIRT6 expression, which is much higher than is observed during CR. 

The Sirt6BAC model does not exhibit this caveat, as we observed a moderate, physiological level of 

overexpression, consistent with that observed during CR. Secondly, the Sirt6-tg model employs a chicken 

Actin promoter that drives SIRT6 expression ubiquitously without regard for the natural pattern of 
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SIRT6 expression in various tissues because it does not possess the endogenous transcriptional regulatory 

elements of the endogenous Sirt6 gene. The Sirt6BAC model does not share this feature, as the very large 

amount of upstream and downstream DNA sequence peripheral to the Sirt6 gene contained in the RP23-

352G18 Sirt6BAC is very likely to contain all of the transcriptional regulatory elements of the 

endogenous Sirt6 promoter region. Consistent with this, I observed variable levels of overexpression two- 

to four-fold overexpression in various tissues of Sirt6BAC mice. Thirdly, the Sirt6-tg model employs 

mouse Sirt6 cDNA, and therefore does not possess the potential to express any alternatively spliced 

transcripts that may exist for the Sirt6 gene. In contrast, the Sirt6BAC model contains all intronic regions 

of the mouse Sirt6 gene and an isogenic Sirt6 promoter region; therefore it does have the potential to 

express any alternatively spliced transcripts of the Sirt6 gene. Lastly, the use of Sirt6 cDNA in the Sirt6-

tg lacks endogenous intronic regions of the endogenous Sirt6 gene that may contain additional 

transcriptional regulatory elements. The Sirt6BAC model does not share this caveat, as it contains 

isogenic Sirt6 gene sequences containing all intronic regions.  

Collectively, these data suggest that Sirt6BAC mice eutopically overexpress functionally 

competent SIRT6 protein. This allows for the experimental investigation regarding whether whole body 

SIRT6 overexpression/gain-of-function per se can mimic various metabolic phenotypes observed during 

CR. 
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CHAPTER THREE:  

SIRT6 Overexpression/Gain-of-Function Improves Glucose Homeostasis 

3.1 Introduction 

 A great deal of investigation into SIRT6 function has focused on its role on glucose homeostasis. 

Several models of SIRT6 manipulation have revealed effects on glucose homeostasis. Mostoslavsky et al. 

(3) first reported that whole-body Sirt6
–/– 

mice display profound hypoglycemia, suggesting that SIRT6 

inactivation can reduce glycemia. Zhong et al. (125) also reported that SIRT6 downregulates the 

transcriptional activity of HIF-1 via deacetylation of H3K9. Sirt6
–/–

 cells exhibit increased membrane 

localization of GLUT1, increased cell-autonomous glucose uptake, increased glycolysis, increased lactate 

production and decreased oxygen consumption, also suggesting that SIRT6 inactivation can lower 

glycemia by increasing cellular glucose uptake and usage in glycolysis. Xiao et al. (133) also 

demonstrated that SIRT6 deficiency results in increased GLUT1 and GLUT4 membrane association, 

which enhances glucose uptake, suggesting that SIRT6 increases blood glucose. However, Dominy et al. 

(140) demonstrated that depletion of SIRT6 reduces the acetylation status of PGC-1resulting in 

upregulation of gluconeogenic genes and hepatic glucose production. These data suggest that SIRT6 

lowers blood glucose by suppressing PGC-1-induced hepatic glucose production. Also, Kanfi et al. 

showed that SIRT6 overexpression in Sirt6-tg mice enhanced glucose tolerance and enhanced glucose-

stimulated insulin secretion in high-fat diet-fed mice, which does not appear to fit with the interpretations 

of SIRT6’s effect on glucose homeostasis from Sirt6
–/–

 mice.  

 In addition to the effects of SIRT6 manipulation on glucose homeostasis, Mostoslavsky et al. (3) 

also reported that whole-body Sirt6
–/– 

mice display reduced growth. Both whole-body Sirt6
–/–

 and neural-

specific Sirt6-knockout mice display reductions in IGF1 levels, presumably explaining the small size of 

each. However, these data are in disagreement with data from Sundaresan et al. (123), which showed that 

deletion of Sirt6 specifically in adult mouse hearts led to cardiac hypertrophy. In these SIRT6-deficient 

hearts, significantly increased amounts of proteins belonging to the IGF-AKT signaling pathway were 
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observed including: IGF1R, InsR, ERK1, AKT, FOXO1 and glycogen synthase kinase 3 suggesting that 

SIRT6 attenuates IGF1 intracellular signaling, leading to reduced growth. Furthermore, Kanfi et al. (5) 

reported that transgenic SIRT6 overexpression leads to decreased serum IGF1 levels and altered 

phosphorylation of major components of the IGF-AKT signaling pathway, consistent with reduced IGF-

AKT signaling, suggesting that SIRT6 inhibits growth. Again, these data suggests opposite effects of 

SIRT6 on growth regulation. 

 In addition to the effects of SIRT6 manipulation of glucose homeostasis and growth, 

Mostoslavsky et al. (3) also reported that whole-body Sirt6
–/– 

mice display reduced adiposity. However 

once again, the interpretation that SIRT6 increases adiposity is not in agreement with the interpretation of 

SIRT6’s function from data gleaned from other models of SIRT6 manipulation. Kim et al. (51) reported 

that deletion of Sirt6 specifically in liver hepatocytes resulted in fatty liver with upregulation of genes 

involved in triglyceride synthesis including: Acc1, Fas, Scd1, Elovl6 and Fat. Fasting significantly 

reduced the levels of acetylated H3K9 on the promoter regions of Gk, Lpk, Fat, Acc1, Fas, Elovl6, and 

Scd1 in the livers of wild-type mice, but was significantly abrogated in SIRT6-deficient livers, suggesting 

that SIRT6 acts to suppress lipogenesis and fat storage. Schwer et al. (120) also found that neural-specific 

SIRT6-deficiency attenuated growth, but these mice ultimately became obese later in life. Additionally, 

Kanfi et al. reported that Sirt6-tg mice fed a high-fat diet were protected against visceral fat accumulation 

and hypertriglyceridemia, and displayed significant downregulation of a subset of PPAR-responsive 

genes involved in lipid storage and triglyceride synthesis including: Angptl4, Fabp4, Dgat1. Once again, 

these data do not appear to fit with the interpretation of SIRT6’s effect on lipogenesis from Sirt6
–/–

 mice. 

 How can opposing models of SIRT6 manipulation have the same effects of lowering blood 

glucose, reducing growth/growth signaling and reducing fat accumulation/lipogenesis? Could these 

discrepancies be due to the aberrant, ubiquitous, and supraphysiological SIRT6 expression exhibited by 

Sirt6-tg mice reported by Kanfi et al.? Alternatively, could these discrepancies be due to opposing cell-

autonomous vs. systemic mechanisms that only become dominant with SIRT6 upregulation or vice versa? 

Does complete lack of SIRT6 engender a completely different phenotype from only partial SIRT6 



 

 

34 

downregulation? Does SIRT6 have opposing effects in different tissues or cell-types? These are questions 

that need answers in order to determine the potential efficacy of targeting SIRT6 for the treatment of 

obesity and T2DM. 

 In order to answer some of these critical questions and investigate the effects of eutopic, 

physiological overexpression of SIRT6 on metabolic homeostasis, I employed the Sirt6BAC eutopic 

SIRT6 overexpression/gain-of-function model discussed in chapter two. I compared the metabolic 

profiles of these mutants with those of their littermate controls in the context of normal chow diet or high 

caloric diet (HCD) feeding conditions beginning at 8 weeks of age.  

 

3.2 Materials & Methods 

Body Weight and Body Composition Analysis: 

 Mice were weighed every other week beginning at 8 weeks of age. Body composition was 

determined monthly beginning at 8 weeks of age using the EchoMRI-100™ quantitative nuclear magnetic 

resonance system providing precise measurements of whole body fat and lean mass.  

Analysis of Blood Glycemia and Serum Insulin: 

 Mice were singly housed in the morning (9am-12pm) in cages with fresh bedding and access to 

water, but without food during this time period to ensure that the experimental measurements were not 

affected by postprandial effects. Glycemia measurements were taken from tail blood samples with a 

OneTouch® Ultra® 2 glucometer with OneTouch® Ultra® Blue Test Strips. Immediately following, 

50uL of blood was collected in tubes at room temperature for five minutes before placing into ice. The 

blood samples were then centrifuged at 2,000xg for 10 minutes at 4
O
C. The blood serum supernatant was 

then pipetted into a new tube for storage at –80
O
C. Insulin was measured by ELISA (Ultra Sensitive 

Mouse Insulin ELISA Kit Cat#90080, Crystal Chem, Inc.) from blood serum.  

Intraperitoneal Glucose Tolerance Tests: 

 Intraperitoneal glucose tolerance tests (IPGTT) were performed in male, age-matched mouse 

cohorts with similar body weights. Mice were singly housed and fasted overnight (6pm-10am) in cages 
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with fresh bedding and access to water, but without food during this time period to ensure that the 

experimental measurements were under fasting conditions. An hour before the in vivo experiment, mice 

were weighed to determine the dosage of glucose to be administered (1.5g per kg bodyweight). Just prior 

to the injecting the glucose bolus, fasting glycemia was measured from tail blood samples with an 

AlphaTRAK blood glucometer. The glucose solution (0.15g glucose / mL 0.9% saline) was then injected 

into the intraperitoneal cavity of each mouse. Blood glucose measurements were taken from tail blood 

samples at t = 15, 30, 60, 90, and 120 minutes.  

Intraperitoneal Pyruvate Tolerance Tests: 

 Intraperitoneal pyruvate tolerance tests (IPPTT) were performed in male, age-matched mouse 

cohorts with similar body weights. Mice were singly housed and fasted overnight (6pm-10am) in cages 

with fresh bedding without food, but with access to water during this time period to ensure that the 

experimental measurements were under fasting conditions. An hour before the in vivo experiment, mice 

were weighed to determine the dosage of pyruvate to be administered (2g per kg bodyweight). Just prior 

to the injecting the pyruvate bolus, fasting glycemia was measured from tail blood samples with an 

AlphaTrak blood glucometer. The pyruvate solution (0.2g sodium pyruvate / mL 0.9% saline) was then 

injected into the intraperitoneal cavity of each mouse. Blood glucose measurements were taken from tail 

blood samples at t = 15, 30, 60, 90, and 120 minutes.  

Animal Care: 

 Mice were housed with ad libitum access to food and water in light (12 hours on / 12 hours off) 

and temperature (21.5-22.5
O
C) controlled environment. Male mice were used for all experiments and 

were housed in groups of 2-5 per cage. The regular chow diet was a 12 kcal% from fat, 22 kcal% from 

protein, and 66 kcal% from carbohydrate diet (Harlan Teklad® Global Diet #2916).  Mice in HCD 

cohorts were fed a 58.0 kcal% from fat, 16.4 kcal% from protein, and 25.5 kcal% from carbohydrate 

(12.6 kcal% from sucrose) diet (Open Source Diet Product #D12331 Research Diets Inc.) beginning at 8 

weeks of age.  Care of mice was within the Institutional Animal Care and Use Committee (IACUC) 
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guidelines, and all the procedures were approved by the University of Texas Southwestern Medical 

Center IACUC. 

Statistical Analyses: 

 The values are reported as mean ± SEM. All statistical analyses were performed using Prism 

(version 6.0) software. Repeated measures two-way ANOVA with Tukey correction for multiple 

comparisons statistical analysis were employed when 3 groups were compared in longitudinal 

experiments. One-way ANOVA with Tukey correction for multiple comparisons statistical 

analyses were employed when 3 groups were compared. 

 

3.3 Results 

Sirt6BAC mice exhibit normal energy balance: 

 I assessed biweekly, the body weight of Sirt6BAC mice and their littermate wild-type and 

Sirt6BAC; Sirt6
–/–

 controls fed either on a standard chow or HCD. In both chow and HCD feeding 

regimens, body weight was not significantly different between genotypes (Figure 3A, 3D). Additionally, 

body fat mass and lean mass were measured monthly by quantitative nuclear magnetic resonance. Both 

body fat mass (Figure 3B, 3E) and body lean mass (Figure 3C, 3F) were not found to be significantly 

different in normal chow diet and HCD feeding regimens.  Together, these data demonstrate that eutopic, 

physiological overexpression of SIRT6 neither affects energy homeostasis nor protects from, or 

predisposes to, developing HCD-induced obesity.  

Sirt6BAC mice exhibit reduced basal glycemia without alterations in basal insulinemia: 

 I also assessed basal (non-postprandial) glycemia at 8, 16 and 20 weeks of age. Significant 

alterations in basal glycemia were not found at 8 weeks of age in mice fed normal chow diet prior to 8 

weeks of age (Figure 4A). However, at 16 weeks of age, Sirt6BAC mice in the chow diet context were 

found to exhibit modest, but significantly reduced basal glycemia compared with their wild-type 

littermates (Figure 4B). Additionally, at 16 weeks of age, Sirt6BAC mice fed on the HCD context were 
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found to exhibit reduced basal glycemia compared with their wild-type and Sirt6BAC; Sirt6
–/–

 littermate 

controls (Figure 4B). Yet, at 20 weeks of age, I did not observe significant reductions in basal glycemia in 

either diet context. I also assessed basal (non-postprandial) insulinemia at 16 weeks of age in both diet 

contexts. Basal insulinemia was not found to be significantly altered in mice fed in either the normal 

chow diet or HCD context (Figure 4C).  

Sirt6BAC mice exhibit enhanced glucose tolerance in the HCD context: 

I assessed the ability of these mice to tolerate hyperglycemia in the chow diet context at 11-13 

weeks of age and in the HCD context at 18-20 weeks of age via IPGTTs. Sirt6BAC mice in the chow diet 

context exhibited lower blood glucose levels than wild-type littermate controls at 30’ and 60’ times 

points, and lower blood glucose levels than Sirt6BAC; Sirt6
–/–

 littermate controls at 15’, 30’ and 60’ time 

points (Figure 5A). Although, Sirt6BAC mice in the chow diet context did not exhibit significantly 

enhanced glucose tolerance over the entire time course, as assessed by area under the curve (Figure 5B), 

however a trend toward enhanced glucose tolerance was noted in these mice. These effects became more 

apparent in the HCD context at 18-20 weeks of age. Sirt6BAC mice in the HCD context exhibited lower 

blood glucose levels than wild-type littermate controls at 15’, 30’ and 60’ times points (Figure 5C). 

Sirt6BAC mice in the HCD context exhibited significantly enhanced glucose tolerance over the entire 

time course, as assessed by area under the curve (Figure 5D). 

Sirt6BAC mice exhibit enhanced pyruvate tolerance in the HCD context: 

I assessed the ability of these mice to tolerate a bolus of the gluconeogenic metabolite, pyruvate, 

in the chow diet context at 25-26 weeks of age and in the HCD context at 26-28 weeks of age via IPPTT. 

In the chow diet context, I did not observe significantly altered blood glucose levels at any time point 

(Figure 6A), nor did I observe significantly enhanced pyruvate tolerance over the entire time course as 

assessed via area under the curve (Figure 6B). However, I observed a profoundly significant phenotype in 

the HCD context at 26-28 weeks of age. Sirt6BAC mice in the HCD context displayed highly significant 

attenuated elevation of blood glucose levels relative to wild-type littermate controls at 30’, 60’, 90’, and 

120’ time points, and relative to Sirt6BAC; Sirt6
–/–

 littermate controls at the 30’ time point (Figure 6C). 
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Sirt6BAC; Sirt6
–/–

 mice also exhibited significantly attenuated elevation of blood glucose relative to wild-

type littermate controls at 60’, 90’, and 120’ time points. Sirt6BAC and Sirt6BAC; Sirt6
–/–

 mice in the 

HCD context exhibited significantly enhanced pyruvate tolerance over the entire time course, as assessed 

by area under the curve (Figure 6D).  

 

3.4 Discussion 

 Various models of SIRT6 manipulation discussed earlier, exhibit profound effects on growth, fat 

accumulation and glucose homeostasis. However, these models provide incongruous interpretations 

regarding the specific physiological effects of SIRT6 due to inherent caveats of these specific models.  In 

order to bring the physiological functions of SIRT6 into greater focus, and to elucidate the effects of 

eutopic SIRT6 overexpression/gain-of-function on metabolic homeostasis, I employed the Sirt6BAC 

eutopic SIRT6 overexpression/gain-of-function model discussed in chapter two. I compared the metabolic 

profiles of these mutants with those of their wild-type and Sirt6BAC; Sirt6
–/–

 littermate controls in the 

context of normal chow diet or HCD feeding conditions beginning at 8 weeks of age.  

 To determine the effects of eutopic, physiological overexpression/gain-of-function of SIRT6 on 

energy balance, I measured body weight, fat mass, and lean mass. I did not observe significant alterations 

in any of these measures in either diet context, suggesting that SIRT6 overexpression neither affects body 

weight or composition, nor protects from, or predisposes to, developing HCD-induced obesity. However, 

I cannot rule out potential effects beyond 20 weeks of age in the chow diet context or beyond 24 weeks of 

age in HCD context. These data are consistent with the report by Kanfi et al. (4) which did not find 

alterations in body weight homeostasis in Sirt6-tg model of SIRT6 overexpression. However, alterations 

in lipogenic gene expression and reduction of abdominal fat were observed in ectopic SIRT6-

overexpressing mice, which is consistent with the effect of hepatic fat accumulation in a liver-specific 

Sirt6 knockout model (51). These data are in disagreement with the data presented herein, showing a lack 

of an effect of SIRT6 overexpression on whole-body adiposity in either dietary regimen. However, if such 

an effect on adiposity is present in only a particular fat depot, it is possible that measurement of whole-
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body adiposity is not sufficiently focused enough to observe a significant effect in male mice. 

Additionally, sexually dimorphic phenotypes are sometimes apparent in regard to adiposity. This cannot 

be ruled out in this case, as these studies were only conduced in males.  

 To determine the effects of eutopic, physiological overexpression/gain-of-function of SIRT6 on 

basal glycemia, I measured blood glucose levels at 8, 16, and 20 weeks of age in Sirt6BAC mice and their 

littermate wild-type and Sirt6BAC; Sirt6
–/–

 controls in the standard chow diet and HCD contexts. 

I did not observe significant alterations in basal glycemia at 8 or 20 weeks of age in either diet context, 

though Sirt6BAC mice trended slightly lower than their age-matched littermate controls. However, at 16 

weeks of age, significant, but modest reductions in basal glycemia were observed in Sirt6BAC mice 

relative to their littermate controls in both diet contexts, suggesting that SIRT6 overexpression modestly 

lowers basal glycemia. Insulin has the effect of lowering blood glucose. Therefore, to determine if these 

reductions in basal glycemia were associated with altered insulinemia, serum insulin levels were 

measured at 16 weeks of age. Significant alterations in serum insulin were not observed, suggesting that 

the reduction in basal glycemia in Sirt6BAC mice at 16 weeks of age is not due to altered insulinemia. 

 This modest alteration in basal glycemia may be due to differences in glucose clearance from 

blood. Investigations of Sirt6
–/–

 in vitro and in vivo models have shown that SIRT6 suppresses cell-

autonomous glucose uptake and usage (3, 125, 133). To gather further insights, IPGTTs were performed 

on Sirt6BAC mice and their wild-type and Sirt6BAC; Sirt6
–/–

 littermate controls in the chow diet context 

at 11-13 weeks of age and in the HCD context at 18-20 weeks of age. Considering the cell-autonomous 

nature of the reported effects of SIRT6-deficincy on glucose uptake, I performed IPGTTs rather than the 

more physiological oral glucose tolerance test to exclude any incretin effects associated with glucose 

ingestion. I did not observe significant alteration in glucose tolerance in the chow diet context as assessed 

by area under the curve, although significant reductions in blood glucose were seen at various individual 

time points. These differences became far more apparent in the HCD context, where significantly 

enhanced glucose tolerance was seen in Sirt6BAC mice as assessed by area under the curve. Additionally, 

an intermediate phenotype was observed at several time points in Sirt6BAC; Sirt6
–/–

 controls. Consistent 
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with an intermediate level of SIRT6 protein and Sirt6 mRNA expression in the Sirt6BAC; Sirt6
–/–

 

genotype (Figure 1E, 1F), these data strongly suggest that SIRT6 overexpression, and not overexpression 

of other genes overexpressed from the Sirt6BAC DNA sequences engenders mice with enhanced glucose 

tolerance. These data are consistent with enhanced glucose tolerance in high-fat diet fed Sirt6-tg 

overexpressing mice reported by Kanfi et al. (4).  However, these data are in disagreement with the 

interpretations from in vitro and in vivo Sirt6
–/–

 models, which indicate that SIRT6 deficiency increases 

cell-autonomous glucose uptake.  

 SIRT6 has also been shown to be involved in the regulation of HGP via interactions with GCN5, 

an acetyltransferase that acetylates PGC-1 and suppresses its transcriptional activity on genes involved 

in gluconeogenesis. SIRT6 was shown to deacetylate and activate GCN5, causing acetylation and 

inactivation of PGC-1, in opposition to the effects of SIRT1 (140). To gather further insights, I 

conducted IPPTTs with Sirt6BAC mice and their littermate wild-type and Sirt6BAC; Sirt6
–/–

 controls in 

the chow diet context at 25-26 weeks of age and in the HCD context at 26-28 weeks of age. The ability of 

the IPPTT to reflect changes in hepatic glucose production has been demonstrated by several groups (82, 

149, 150). Pyruvate is a central metabolite that intersects several metabolic pathways including being the 

principal substrate for gluconeogenesis. The glycemic response to a pyruvate bolus in the fasted state can 

be a good indicator of potential differences in the hepatic gluconeogenic pathway.  

 Mice in the chow diet context did not exhibit significantly enhanced pyruvate tolerance, although 

a trend toward enhance pyruvate tolerance was noted for Sirt6BAC and Sirt6BAC; Sirt6
–/–

 mice (Figure 

6B). Remarkably, 26-28 week-old Sirt6BAC and Sirt6BAC; Sirt6
–/– 

mice in the HCD context displayed 

highly significant attenuated elevation of blood glucose levels relative to wild-type littermate controls at 

several time points (Figure 6C) and significantly enhanced pyruvate tolerance as assessed by area under 

the curve (Figure 6D). Additionally, Sirt6BAC; Sirt6
–/–

 mice exhibited an intermediate area under the 

curve. Although the area under the curve of Sirt6BAC; Sirt6
–/–

 mice was not significantly different from 

that of Sirt6BAC mice, a statistically significant attenuated elevation of blood glucose was observed in 
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Sirt6BAC mice relative to Sirt6BAC; Sirt6
–/–

 controls at the 30’ time point. Consistent with an 

intermediate level of SIRT6 protein and Sirt6 mRNA expression in the Sirt6BAC; Sirt6
–/–

 genotype 

(Figure 1E, 1F), these data suggest that overexpression of SIRT6, and not overexpression of other genes 

overexpressed from the Sirt6BAC DNA sequences engenders mice with enhanced pyruvate tolerance. 

These data are consistent with the data from Dominy et al. (140) suggesting that SIRT6 suppresses 

hepatic gluconeogenesis. Collectively, these data suggest that SIRT6 overexpression per se provides 

protection against HCD-induced impairment of glucose homeostasis, but does not protect against, nor 

predisposes to HCD-induced obesity. 
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CHAPTER FOUR:  

Sirt6BAC Mice Exhibit Enhanced Insulin Sensitivity 

4.1 Introduction 

 Much of the investigations into SIRT6 function have focused on its role in glucose homeostasis. 

However, considering the principal role that insulin plays in controlling blood glucose levels, fairly little 

is known about SIRT6’s insulin-responsive effects.  

 Several pieces of evidence suggest that SIRT6 affects insulin sensitivity. Insulin and IGF1 are 

endocrine hormones with high degree of sequence homology, and have complementary effects. IGF1 is 

secreted primarily by the liver in response to GH, and serves as a proliferative and growth signal, whereas 

insulin serves to direct whole-body glucose homeostasis and anabolic metabolism. Both hormones also 

share common intracellular signaling components such as IRS proteins, PI3K and AKT. Work by Xiao et 

al. (133) and Sundaresan et al. (123) demonstrated that SIRT6 deficiency leads to upregulation of several 

genes involved in the IGF1-AKT intracellular signaling pathway including: IGF1R, InsR, IRS1, IRS2, 

AKT, ERK1, and FOXO1, suggesting that SIRT6 decreases insulin sensitivity. Consistent with this 

interpretation, Kanfi et al. (5) reported that ubiquitous overexpression of SIRT6 in males leads to 

decreased IGF1 levels and altered phosphorylation of major components of the IGF1-AKT signaling 

pathway consistent with inhibited signaling. However, these mice did not exhibit altered insulin tolerance 

(4). Alternatively, Yang et al. (137) showed that knockdown of SIRT6 in hepatocytes abrogated the 

rosiglitazone (an insulin-sensitizing drug)-induced increases in PGC-1 and FOXO1 expression, and 

activation of AMPK, suggesting that they are SIRT6-dependent. Additionally, leptin receptor-deficient 

(LepR
db/db

) diabetic mice exhibit reduced SIRT6 levels, while ectopic expression of SIRT6 ameliorates the 

hyperglucagonemia and normalizes glycemia (140), suggesting that SIRT6 is associated with insulin 

sensitivity. These data raise questions regarding whether activation or inhibition of SIRT6 would be 

efficacious for the treatment of insulin resistance in T2DM. 

 In chapter three, I demonstrated that SIRT6 overexpression appears to have glucose-lowering 

effects in IPGTTs, IPPTTs and on resting basal glycemia without alterations in basal insulinemia. 
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However, IPGTTs and IPPTTs may only help to guide further experiments into glucose homeostatic 

mechanisms, as they do not provide direct information regarding the ability of insulin to lower blood 

glucose.  

 Declining insulin sensitivity, progressing to insulin resistance is one of the hallmarks of T2DM. 

Insulin sensitivity is characterized by the insulin concentration in the blood required for a half-maximal 

response by peripheral tissues.  In healthy, nondiabetic individuals, insulin has the effects of suppressing 

glucose production from the liver and kidneys, and promoting cellular glucose uptake (glucose disposal) 

and glucose metabolism particularly in glycolytic muscle and adipose tissue.  

 There are several experimental ways to test insulin sensitivity. The gold standard test for insulin 

sensitivity is the hyperinsulinemic-euglycemic clamp (HIEC) originally developed by DeFronzo et al. 

(151). The basic experimental setup involves defining the exogenous glucose (dextrose) infusion rate 

(GIR) that is able to “clamp” blood glucose in a physiologic range (euglycemic) in the context of 

supplying exogenous insulin to elicit hyperinsulinemia under steady state conditions (152). Although the 

HIEC is time consuming, labor intensive, expensive and requires an experienced operator, it offers 

significant advantages over other experimental methods such as insulin tolerance test and insulin 

suppression test. A HIEC directly measures whole body glucose disposal at a predetermined level of 

hyperinsulinemia under steady state conditions, whereas ITT involves additional assumptions due to not 

being at steady state conditions, leading to potential periods of hypoglycemia and ensuing 

counterregulatory homeostatic mechanisms such as gluconeogenesis, which insulin should suppress, not 

induce.  The HIEC do not suffer these drawbacks. Another advantage of HIEC, is that radiolabeled 

glucose tracer ([3-
3
H]glucose) can be used to quantify the rate of endogenous glucose production 

(EndoRa) and the rate of whole body glucose disposal (Rd). Also, with the supplementation of a 

radiolabeled non-metabolizable glucose analog (2[
14

C]deoxyglucose) in the steady state clamped 

condition, the absolute and relative glucose usage by specific peripheral tissues, as well as an assessment 

of whole body glycolytic rate can be calculated.   
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 For these reasons, and to determine whether eutopic SIRT6 overexpression has a positive or 

negative effect (if at all) on insulin sensitivity, hyperinsulinemic-euglycemic clamps were performed in 

the Sirt6BAC mouse model of SIRT6 overexpression.  

 

4.2 Materials & Methods 

Hyperinsulinemic-Euglycemic Clamp: 

 Hyperinsulinemic-euglycemia clamp was performed in male, age-matched mice with similar 

body weights. 5 days prior to the in vivo experiment, mice were anesthetized using isoflurane and a 

catheter was surgically implanted in the right jugular vein and exteriorized above the neck as previously 

described (153). Hyperinsulinemic-euglycemic clamps were then performed in these 14-16 week old, 

conscious, unrestrained catheterized mice. Mice were fasted 5 hours prior to the start of the experiment (t 

= 0 min). At t = -120 min, an infusion of [3-
3
H]glucose (0.05 μCi/min) was initiated. At t = -15 and -5 

min, blood samples were collected from the tail vein to measure basal blood glucose and plasma insulin 

as well as to calculate the rate of endogenous glucose appearance (EndoRa) and glucose disposal (Rd). At t 

= 0 min, a continuous insulin infusion (4 mU/kg bodyweight/min.) was used to induce hyperinsulinemia 

and the infusion of [3-
3
H]glucose was increased to 0.1 μCi/min.  Blood samples were then taken every 10 

min to measure blood glucose and 50% dextrose was infused as needed to maintain target euglycemia 

(120 mg/dL). This target euglycemia was chosen because it was the average basal glycemia of the two 

groups. Additional blood samples were taken every 10 min from t = 100-120 min (steady state clamp) to 

determine plasma insulin and calculate glucose turnover. After the blood sample was taken at t = 120 min, 

a 12 Ci bolus of 2[
14

C]deoxyglucose tracer was administered for the measurement of tissue-specific 

glucose uptake (Rg). Blood samples were obtained at t = 122, 130, 137, 145 minutes to assess blood 

glucose and 2[
14

C]deoxyglucose specific activity.  Mice were then anesthetized using pentobarbital and 

brain, BAT, liver, epididymal WAT, gastrocnemius, and soleus muscle were flash-frozen in liquid 

nitrogen for storage at -80°C for further analysis. Plasma concentrations of [3-
3
H]glucose were 

determined following deproteinization of plasma samples with zinc sulfate and barium hydroxide. Basal 
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glucose turnover and insulin-stimulated Rd was determined as the ratio of the [3-
3
H]glucose infusion rate 

to the specific activity of plasma [3-
3
H]glucose at the end of basal period and during clamp steady state, 

respectively. EndoRa during the clamp was determined by subtracting steady state GIR from Rd. Rg was 

determined by measuring the accumulation of phosphorylated 2[
14

C]deoxyglucose in dissected tissues and 

the disappearance of 2[
14

C]deoxyglucose from blood. 

Animal Care: 

 Mice were housed with ad libitum access to food and water in light (12 hours on / 12 hours off) 

and temperature (21.5-22.5
O
C) controlled environment. Male mice were used for all experiments and 

were housed in groups of 2-5 per cage. The regular chow diet was a 12 kcal% from fat, 22 kcal% from 

protein, and 66 kcal% from carbohydrate diet (Harlan Teklad® Global Diet #2916). Care of mice was 

within the Institutional Animal Care and Use Committee (IACUC) guidelines, and all the procedures 

were approved by the University of Texas Southwestern Medical Center IACUC.  

Statistical Analyses: 

 The values are reported as mean ± SEM. All statistical analyses were performed using Prism 

(version 6.0) software. Repeated measures one-way ANOVA with Tukey correction for multiple 

comparisons statistical analysis were employed when 2 groups were compared in longitudinal 

experiments. Unpaired two-tailed t-tests were employed when 2 groups were compared.  

 

4.3 Results 

One possible explanation for the altered glucose homeostasis observed in Sirt6BAC mice 

presented in chapter 3, is enhanced sensitivity to the glucose-lowering effects of insulin. To test if 

increased insulin sensitivity underlies these phenotypes, hyperinsulinemic-euglycemic clamps were 

performed in 14-16 week old male Sirt6BAC and wild-type control littermates in the chow diet context. 

In agreement with the data presented in chapter 3, suggestive of underlying enhanced insulin sensitivity, 

the glucose infusion rate (GIR) (Figure 7A) required to clamp euglycemia (Figure 7B) was significantly 

increased in Sirt6BAC mice compared to wild-type control littermates. Basal endogenous glucose 
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appearance rate (EndoRa) (Figure 7C) and basal glucose disposal rate (Rd) (Figure 7D) were not 

significantly different in Sirt6BAC mice compared with wild-type controls. However, during steady state 

hyperinsulinemic-euglycemic clamp, the ability of insulin to suppress endogenous glucose appearance 

was enhanced in Sirt6BAC mice compared with wild-type controls (Figure 7C). Indeed, EndoRa was 

completely suppressed in Sirt6BAC mice under steady state hyperinsulinemic-euglycemic conditions, 

whereas hyperinsulinemia only partially suppressed endogenous glucose production in wild-type controls. 

Similarly, during steady state hyperinsulinemic-euglycemic clamp, the ability of insulin to affect glucose 

disposal Rd was greatly enhanced in Sirt6BAC mice compared to wild-type controls (Figure 7D). 

Furthermore, the relative contribution to glucose disposal was measured in several tissues with the use of 

a radiolabeled glucose analog 2[
14

C]deoxyglucose. Tissue-specific insulin-stimulated glucose uptake was 

significantly enhanced in Sirt6BAC mice in both gastrocnemius and soleus muscle, but not in brain, BAT 

or epididymal WAT (Figure 7E). The whole-body absolute glycolytic rate (not shown) and the glycolytic 

rate as percent of Rd (Figure 7F) were not significantly different between groups. Collectively, these data 

suggest that Sirt6BAC mice exhibit enhanced insulin sensitivity. 

 

4.4 Discussion 

 Unfortunately, due to the time and labor intensive and expensive nature of HIEC experiments, 

Sirt6BAC; Sirt6
–/–

 were unable to be included. Likewise, a cohort in the HCD feeding context was also 

unable to be completed. However, the data gleaned from experiments presented in chapter 3, suggest that 

the effects on glucose homeostasis are due to SIRT6 overexpression and not due to overexpression of the 

other genes present in Sirt6BAC DNA. Therefore, since a difference in insulin sensitivity can, and should 

affect these phenotypes in the predicted manner, it is a fairly reasonable to make the assumption that the 

effects observed in the hyperinsulinemic-euglycemic clamp in Sirt6BAC mice are as well, a result of 

SIRT6 overexpression and not due to overexpression of the other genes present in Sirt6BAC DNA. 

Additionally, since improved insulin sensitivity was observed in Sirt6BAC mice in the chow diet context, 

it is very unlikely that additional derangements posed by HCD feeding eliminate the differences observed 
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between SIRT6BAC mice and wild-types. Generally speaking, it is very common in overexpression 

models, that a given phenotype will only become apparent after stressing the physiology with HCD. In 

fact, the data present in chapter 3 on glucose homeostasis, where the phenotypes became more apparent in 

the HCD context, bears this out. Therefore, if hyperinsulinemic euglycemic clamps were to be performed 

in a HCD context with mice of both control genotypes, I would expect to observe even more significant 

differences between all three groups.  

 In spite of these shortcomings, the data presented in this chapter paints quite an intriguing picture 

regarding the functions of SIRT6 to control glucose levels in response to insulin. The truly powerful 

advantage about the hyperinsulinemic-euglycemic clamp is that the effects of insulin can be observed 

without the confounding effects of counterregulatory responses to dynamic changes in glycemia. 

Measurements at steady state ensure that the amount of exogenous glucose infused into the mouse in 

addition to the amount of endogenous glucose secreted into the blood must equal the amount of glucose 

leaving the bloodstream. Sirt6BAC mice were observed to require an elevated rate of glucose (dextrose) 

infusion (Figure 7A) to maintain euglycemia at 120 mg/dL (Figure 7B). This suggests that Sirt6BAC 

mice exhibit enhanced insulin sensitivity.  

 To determine whether the enhanced glucose-lowering effect due to hyperinsulinemia in Sirt6BAC 

mice comes primarily from enhanced cellular glucose glucose disposal (Rd) and/or from suppressing 

endogenous glucose appearance (EndoRa) a radiolabeled glucose tracer isotope, [3-
3
H]glucose was 

infused. Knowing the rate of glucose (dextrose) infused, the blood glucose at various time points, and the 

rate of [3-
3
H]glucose infusion allowed for the calculation of the two remaining components determining 

blood glucose level: EndoRa and Rd. EndoRa was significantly blunted in Sirt6BAC mice compared with 

wild-type controls (Figure 7C), suggesting that the ability of insulin to suppress endogenous glucose 

appearance (likely coming from hepatic gluconeogenesis) was enhanced in Sirt6BAC mice. In fact, 

insulin was able to completely suppress endogenous glucose appearance in Sirt6BAC mice under steady 

state hyperinsulinemic-euglycemic conditions, whereas hyperinsulinemia only partially suppressed 

endogenous glucose appearance in wild-type controls. Also, Rd was observed to be significantly enhanced 
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in Sirt6BAC mice compared with wild-type controls (Figure 7D), suggesting that the ability of insulin to 

promote glucose transport into cells was also enhanced in Sirt6BAC mice. These data suggest that SIRT6 

overexpression enhances the ability of insulin to suppress glucose production as well as to increase 

cellular glucose uptake. Though both of these arms were affected in Sirt6BAC mice, the relative 

contribution to the glucose lowering effect between Sirt6BAC mice and wild-type controls was more 

pronounced in Rd than EndoRa, as Rd accounted for a ~13mg/kg/min., whereas EndoRa only accounted for 

~9mg/kg/min. difference between groups during steady state clamp. 

 In order to paint a more detailed picture regarding which specific tissues insulin promotes glucose 

uptake into, a low concentration of a radiolabeled glucose analog tracer, 2[
14

C]deoxyglucose, was infused 

following the steady state clamp period at t = 120 minutes. 2[
14

C]deoxyglucose is readily phosphorylated 

in the first step of glycolysis by glucokinase, but cannot be further metabolized and becomes trapped in 

most cells (excluding liver and kidney, which express glucose-6-phosphatase). This characteristic makes 

2[
14

C]deoxyglucose a good marker for tissue-specific glucose uptake (Rg) and rate of glycolysis 

(glucokinase activity). Rg was significantly increased in gastrocnemius and soleus muscle of Sirt6BAC 

mice, but not in brain, BAT or WAT (Figure 7E), suggesting that SIRT6 overexpression enhances the 

insulin-stimulated glucose uptake selectively in skeletal muscle. Although the relative difference in 

glucose uptake per gram of tissue in Sirt6BAC mice vs. wild-type mice was greater in soleus muscle (~30 

mol/100g tissue/min.) than gastrocnemius muscle (~5 mol/100g tissue/min.), the relatively small total 

amount of soleus muscle compared to gastrocnemius muscle suggests that gastrocnemius muscle plays a 

more important role. However, why would soleus (an oxidative muscle fiber), transport more glucose 

than gastrocnemius (a glycolytic muscle fiber)? This is counterintuitive, as gastrocnemius, which is more 

heavily dependent upon glycolysis and much less energy efficient in terms of ATP production per 

glucose, would be expected to use more glucose than a more efficient oxidative muscle fiber such as 

soleus. Although, it is possible that, since soleus muscle uses very little glucose at basal, the relative 

difference in glucose usage upon insulin stimulation is greater in soleus due to enhanced insulin 

sensitivity in Sirt6BAC mice.  
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 Significant differences in whole-body absolute glycolytic rate (not shown) were not observed in 

either the basal or hyperinsulinemic steady state. Since Sirt6BAC mice were observed to exhibit increased 

glucose disposal, thus have a greater supply of glucose substrate for glycolysis, the whole-body glycolytic 

rate was calculated as a percentage of Rd (Figure 7F). Still, a significant difference between groups was 

not observed in either the basal or hyperinsulinemic steady state, suggesting that whole body glycolysis is 

not altered in Sirt6BAC mice, or that a potential tissue-specific effect cannot be detected from the whole-

body glycolytic calculation.  

 The data presented here are a mixed bag in regards to the effects of SIRT6 suggested by 

previously reported models of SIRT6 manipulation. Firstly, the enhanced insulin-stimulated suppression 

of glucose production (EndoRa) is in agreement with data from Dominy et al. (140) suggesting that 

SIRT6 inhibits gluconeogenesis through deacetylation of GCN5. Additionally, these data are consistent 

with those indicating that the insulin-sensitizing effects of rosiglitazone are SIRT6-dependent (137). 

 However, previous reports of in vitro, whole-body, and tissue specific SIRT6 deficiency, lead to 

confusing interpretations when compared with the conclusions presented in this chapter. The data 

presented here indicate that SIRT6 enhances insulin-stimulated glucose disposal rate. This is appears to 

be in disagreement with in vitro and whole body Sirt6
–/–

 models, which exhibit enhanced GLUT1 and 

GLUT4 membrane localization, and enhanced cell-autonomous glucose uptake (125, 133). However this 

may be explained by insulin insensitivity in these Sirt6
–/–

 models, leading to disproportionately high 

glucose usage in the context of low insulin. Additionally, the lack of an observed effect on whole-body 

glycolytic rate does not support a previous report suggesting that SIRT6 downregulates glycolysis in 

mouse embryonic fibroblasts by transcriptionally silencing HIF-1-regulated genes involved in glycolysis 

(125). However, in a separate report, SIRT6-deficient cardiomyocytes were not observed to exhibit any 

alterations in glucose uptake, glycemia, insulinemia, or changes in HIF-1 target genes Pfk-1 and Tpi-1 

previously shown to be regulated by SIRT6. It is possible that, given the role of HIF-1, these effects on 
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glycolytic gene regulation may only become apparent in response to hypoxia. Alternatively, potential 

cell-type dependent effects may be masked by whole-body measurement of glycolytic rate.  

The physiological context in regards to energy status must be taken into consideration when 

interpreting these experiments. Specifically, the activity of Sirtuins and SIRT6 alike, are believed to be 

low in many tissues in the energy-replete, normoinsulinemic, normoglycemic state. Some Sirtuin-

dependent effects may appear only when the physiology is stressed by fasting or CR. The HIEC 

experimental setup does not mimic the calorically deficient state, as blood glucose is available to tissues 

(though euglycemic) and insulinemia is high. Additionally, during periods when Sirtuin activity should be 

highest, such as fasting and CR, insulin levels are very low, whereas glucagon levels are very high. This 

point brings into question the physiological significance of insulin sensitivity during periods of caloric 

deficiency. Further experiments are needed to elucidate the mechanistic nature of these questions, which 

will be discussed in chapter 5.   
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CHAPTER FIVE:  

Conclusions and Recommendations 

5.1 Conclusions and Implications 

Sirt6BAC mice were generated in order to test the hypothesis that eutopic SIRT6 overexpression, 

resulting in moderate, physiological SIRT6 gain-of-function could produce desired effects beneficial for 

the treatment of T2DM and/or obesity as well as provide proof of principal that SIRT6 agonist drugs may 

be worthy of translational research for the treatment of type-II diabetes in humans. I predicted that SIRT6 

overexpression would mimic changes in physiology observed during caloric restriction including 

improved glucose homeostasis and enhanced insulin sensitivity. Sirt6BAC mice were generated via BAC-

mediated genomic insertion of an isogenic 187kb DNA region from chromosome 10 of mus musculus 

encompassing Sirt6. One original founder line observed to exhibit moderate, CR-like 2 to 4-fold 

overexpression of SIRT6 in brain, pituitary, liver, WAT, and BAT was chosen for study.  

Since the large DNA region of the Sirt6BAC also contained additional genes, a control genotype 

was needed to account for any potential phenotypes elicited by these other genes. Therefore, Sirt6BAC 

mice (a pure C57Bl/6 genetic background) were crossed with mice containing the Sirt6-knockout allele 

(Sirt6
+/–

) (a pure 129SvJ genetic background). These offspring were bred for three generations to generate 

F3 mice for use in this study. This mixed genetic background (C57Bl/6; 129SvJ) containing the Sirt6BAC 

locus as well as the endogenous Sirt6-knockout allele, allowed for the study of three genotypes (wild-

type, Sirt6BAC, and Sirt6BAC; Sirt6
–/–

). Comparison of transcript expression from the genes present on 

the Sirt6BAC suggested that Sirt6BAC; Sirt6
–/–

 mice are a valuable control genotype because they allow 

for the disassociation of SIRT6 overexpression from overexpression of the other non-Sirt6 transcripts 

present on the Sirt6BAC. While Sirt6BAC mice were found to exhibit roughly 3-fold overexpression of 

Sirt6, Sirt6BAC; Sirt6
–/–

 mice were found to exhibit only 2-fold overexpression of Sirt6. Thus, Sirt6BAC; 

Sirt6
–/–

 displayed an intermediate level of Sirt6 transcript expression, more than wild-type mice, but less 

than Sirt6BAC mice. A similar pattern of SIRT6 protein expression was observed in gastrocnemius 

muscle via Western blot. Therefore, Sirt6BAC; Sirt6
–/–

 were shown to be a valuable control for this study, 
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because if a given phenotype displayed by Sirt6BAC mice were to be absent in Sirt6BAC; Sirt6
–/–

 mice, 

then it is very likely that SIRT6 overexpression is required for the presence of the given phenotype, 

whereas a phenotype present in both genotypes could be attributed the other genes present in the RP23-

352G18 Sirt6BAC DNA sequence. However, since an intermediate level of SIRT6 expression was found 

in Sirt6BAC; Sirt6
–/–

 mice, intermediate phenotypes would be expected if it is SIRT6-dependent. 

Additionally, this Sirt6BAC; Sirt6
–/–

 genotype allowed for the determination of the functional 

competency of SIRT6 produced from the isogenic Sirt6 gene present on the Sirt6BAC. Sirt6BAC; Sirt6
–/–

 

mice were observed to be rescued from the postnatal lethality, small size and reduced weight exhibited by 

Sirt6
–/–

 mice (3). These data suggest that Sirt6BAC mice produce a functionally competent SIRT6 protein 

and are therefore a model of SIRT6 gain-of-function.  

Next, the physiological and metabolic effects of SIRT6 gain-of-function were assessed in these 

three genotypes of male mice fed in the chow diet context or in the HCD context beginning at 8 weeks of 

age. The body weight, fat mass and lean mass were assessed and were not found to be significantly 

different between genotypes. This suggests that SIRT6 gain-of-function neither protects from, nor 

predisposes to HCD-induced obesity.  

Knowing that previous models of SIRT6 manipulation had exhibited profound, but seemingly 

incongruent effects on glucose homeostasis, the Sirt6BAC model was employed to assess various 

indicators of glucose homeostasis. Firstly, basal glycemia was measured in these mice at 8, 16, and 20 

weeks of age. These mice did not display significant alterations in basal glycemia at 8 and 20 weeks of 

age, although trends toward lower glycemia were noticed in Sirt6BAC mice, particularly in the HCD 

context. However, significant differences did show up at 16 weeks of age. In the chow diet context, a 

significant reduction in basal glycemia was observed between Sirt6BAC and wild-type mice. 

Additionally, in the HCD context, significant differences were observed between both Sirt6BAC mice 

and wild-type mice, as well as between Sirt6BAC mice and Sirt6BAC; Sirt6
–/–

 mice, suggesting that 

SIRT6 overexpression per se accounted for these differences. Because differences in insulinemia could 

potentially explain the lower basal glycemia at 16 weeks of age, serum insulin levels were measured. 
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However, no differences in serum insulin were observed in either diet context. These data suggest that 

SIRT6 gain-of-function elicits effects that lower basal glycemia, but alterations in basal insulinemia are 

not one of them.  

To further investigate the effects of SIRT6 gain-of-function on glucose homeostasis, IPGTTs 

were performed on these mice in both diet contexts. In the chow diet context, significantly lower blood 

glucose levels were observed in Sirt6BAC mice relative to both control genotypes at several time points 

after intraperitoneal glucose bolus, although these differences did not meet statistical significance over the 

entire time course as assessed by area under the curve. However, in the HCD context, significant 

differences were seen between Sirt6BAC mice and wild-types at several time points, as well as assessed 

by area under the curve. Although differences between Sirt6BAC mice and Sirt6BAC; Sirt6
–/–

 mice did 

not reach statistical significance, a clear intermediate phenotype was noticed. An intermediate phenotype 

in Sirt6BAC; Sirt6
–/–

 mice would be expected from the relative expression levels of SIRT6 in each 

genotype if the phenotype was caused by SIRT6 overexpression. Collectively, these data suggest that 

SIRT6 overexpression, and not overexpression of other genes overexpressed from the Sirt6BAC enhances 

glucose tolerance.  

Next, to provide hints as to the gluconeogenic capacity of these mice, IPPTTs were performed in 

both diet contexts. In the chow diet context, significant differences were not observed, although trends 

toward enhanced pyruvate tolerance were observed in both Sirt6BAC mice and Sirt6BAC; Sirt6
–/–

 mice. 

However, in the HCD context, profoundly significant differences between Sirt6BAC mice and wild-type 

littermates were observed at various time points in the IPPTT as well as by area under the curve. Also, an 

intermediate phenotype was observed in Sirt6BAC; Sirt6
–/–

 mice, at both individual time points and as 

assessed by area under the curve. Together, these data suggest that SIRT6-gain-of-function is responsible 

for enhanced tolerance to the glycemia-elevating effects of pyruvate in the fasted state. This may be 

indicative of suppression of the gluconeogenic pathway in Sirt6BAC mice.  

These phenotypes can all be caused by enhanced sensitivity to insulin. Insulin has glucose-

lowering effects, by both stimulating cellular glucose uptake, as well as suppressing glucose production 
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from the liver and to a lesser extent, from the kidneys. To test whether Sirt6BAC mice exhibit enhanced 

insulin sensitivity, hyperinsulinemic-euglycemic clamps were conducted in the chow diet context in male 

wild-type and Sirt6BAC mice between 14-16 weeks of age. I observed significant increases in the glucose 

infusion rate required to maintain euglycemia. This is indicative of increased insulin sensitivity in 

Sirt6BAC mice. To further elucidate the specific reasons for the increased glucose requirement in 

hyperinsulinemic stead-state conditions, the endogenous glucose appearance rate and the rate of glucose 

disposal were calculated with the use of a radiolabeled [3-
3
H]glucose tracer. Although significant 

differences were not seen between groups in the basal state, significant reduction in endogenous glucose 

appearance was observed in Sirt6BAC mice at clamped stead-state conditions suggesting that hepatic 

glucose production is suppressed in Sirt6BAC mice. This data supports the conclusion from IPPTT that 

hepatic gluconeogenesis is suppressed due to SIRT6 gain-of-function. Additionally, the rate of glucose 

disposal was increased in Sirt6BAC mice at clamped hyperinsulinemic steady state conditions, suggesting 

that insulin-stimulated cellular glucose uptake is enhanced in Sirt6BAC mice. This data supports data 

from IPGTTs suggesting that SIRT6 gain-of-function elicits enhanced cellular glucose uptake. 

Furthermore, with the use of a non-metabolizable glucose analog tracer 2[
14

C]deoxyglucose, the tissue 

specific glucose uptake and whole body glycolytic rate were calculated. I observed significant insulin-

stimulated increases in the tissue-specific glucose uptake in gastrocnemius and soleus muscle. This data 

suggests that muscle is the primary tissue of insulin-stimulated glucose uptake mediated by SIRT6 

overexpression. Lastly, I did not observe significant reductions in whole-body glycolytic rate either in the 

basal or hyperinsulinemic-euglycemic clamped steady state.  

Theses data offer a somewhat different picture of SIRT6 function than has been suggested by 

previous models of SIRT6 manipulation. SIRT6 gain-of-function in Sirt6BAC mice was not observed to 

elicit significant alterations in body weight or body composition. This does not support data from a 

whole-body Sirt6
–/–

 mouse model which suggest that SIRT6 is required for normal growth, lipogenesis 

and fat accumulation (3). The growth phenotype was presumably accounted for by aberrancies caused by 

neuronal SIRT6-deficiency leading to low GH and IGF1 levels (120). Liver-specific and whole-body 
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Sirt6
–/–

 elicited opposite effects on lipogenesis, however this may be due to the difference between cell-

intrinsic effects and systemic (endocrine effects) of SIRT6-deficiency. Likely, SIRT6 suppresses 

lipogenic intracellular signaling, suggesting that the lack of fat accumulation in the whole-body Sirt6
–/–

 

model is secondary to the multitude of profound aberrancies associated with complete lack of SIRT6. 

Why, then are no significant effects on body composition seen in the Sirt6BAC overexpression model? 

Moderate manipulation of SIRT6 expression may be compensated for by alterations in GH, IGF1, insulin 

or other endocrine hormone sensitivity. Alternatively, moderate manipulation of its expression may not 

elicit a strong enough effect on these parameters to be detected by whole-body composition analysis, or 

that potential tissue-specific effects may be masked by the whole-body analysis.  

SIRT6 gain-of-function in Sirt6BAC mice was demonstrated to elicit enhanced glucose tolerance, 

particularly in the HCD context. This finding is consistent with data employing Sirt6-tg male mice 

presented by Kanfi et al. (4, 5). However, the suggestion that SIRT6 gain-of-function engenders 

Sirt6BAC mice with enhanced insulin-stimulated glucose uptake into skeletal muscle may appear 

contradictory to Sirt6
–/–

 in vitro models which display increased GLUT1 and GLUT4 membrane 

association and enhanced cell-autonomous glucose uptake (125), as well as Sirt6
–/–

 in vivo models that 

display hypoglycemia in the context of low insulin and low IGF1 (3, 133, 154). It appears that the 

enhanced glucose uptake and usage in glycolysis is a cell-autonomous effect of SIRT6 deficiency. This 

suggests that SIRT6 serves to downregulate and inhibit intracellular IIS signaling pathway, which has 

been shown previously (5, 123, 125). If this is correct, why then, would SIRT6 overexpression in 

Sirt6BAC mice lead to enhanced glucose uptake? It is important to note that enhanced glucose uptake was 

not seen under normal insulin levels in the basal state, and that, only during the hyperinsulinemic-

euglycemic clamp period was enhanced glucose disposal and enhanced muscle glucose uptake observed. 

If SIRT6 inhibits the IIS pathway at basal, normal insulinemic state, it may actually result in an enhanced 

capacity to respond to insulin’s glucose lowering effect during hyperinsulinemia. SIRT6’s effect to inhibit 

components of intracellular insulin signaling may actually be synonymous with enhanced insulin-

sensitivity. 
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Sirt6BAC mice also exhibit attenuated elevation of blood glucose during IPPTT, and suppressed 

endogenous glucose production during HIEC, suggesting that SIRT6 gain-of-function enhances the 

ability of insulin to suppress hepatic gluconeogenesis. This is consistent with data from experiments 

demonstrating that SIRT6 silences a PGC-1-mediated transcriptional program involved in 

gluconeogenesis by activating GCN5, which acetylates and inhibits PGC-1 (140). This would also lend 

support to the suggestion that SIRT6 increases insulin-sensitive effects, while inhibiting intracellular 

components at baseline. 

The observation in this work that Sirt6BAC mice do not display alterations in overall whole-body 

glycolytic rate does not support the findings from in vitro data suggesting that SIRT6 silences a HIF-1-

mediated transcriptional program that enhances glycolysis (125). A potential explanation for this apparent 

disagreement could be that, given the role of HIF-1 this phenotype may require a systemic stress such 

as hypoxia or caloric deficit to become apparent, neither of which should have been produced in the 

hyperinsulinemic-euglycemic clamp conditions where this measurement of whole-body glycolytic rate 

was made. Alternatively, potential tissue-specific effects may be masked by the whole-body measurement 

of glycolytic rate.  

Lastly, the observations of elevated glucose infusion rate, enhanced glucose disposal rate and 

suppression of endogenous glucose production in hyperinsulinemic-euglycemic steady state conditions 

indicate that SIRT6 gain-of-function enhances insulin sensitivity. These data may appear to be in 

disagreement with data from published Sirt6
–/–

 models, showing increased expression and altered 

phosphorylation status of proteins belonging to the IGF1-AKT intracellular signaling pathway consistent 

with activation of the pathway under basal conditions. Additionally, Kanfi et al. (5) also report that Sirt6-

tg mice display decreased IGF1 levels and decreased phosphorylation status of p-IGF1R, p-AKT, p-

FOXO1 in WAT of males, consistent with inhibition of IIS pathway. While these data clearly show 

inhibition of intracellular IIS signaling at basal state, they did not directly test the responsiveness to 

insulin. It is possible that enhanced IIS inhibition at basal state may also enhance the potential to become 
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activated in response to insulin. Supporting this line of thinking, SIRT6-deficient livers exhibited 

increased amounts of insulin responsive genes involved in glycolysis, as well as impaired sensitivity to 

insulin in insulin tolerance tests (51). More detailed experiments are needed to investigate the changes in 

the intracellular signaling giving rise to the enhanced insulin sensitivity observed in Sirt6BAC mice.  

Overall, in contrast to various conclusions gleaned from experiments done in Sirt6
–/–

 models, the 

data presented in this work demonstrate that, eutopic, physiological SIRT6 overexpression/gain-of-

function has beneficial effects on glucose homeostasis: lowering basal glycemia, improving glucose 

tolerance, enhancing suppression of hepatic gluconeogenesis, which are all likely due to the observation 

of enhanced insulin sensitivity. These effects would all prove beneficial in the context of T2DM.  

Therefore, this research provides proof of principal that systemically acting SIRT6 agonist drugs could be 

an efficacious approach for the treatment of the various pathologies associated with T2DM.  

 

5.2 Limitations of Present Work and Recommendations for Future Studies 

 One limitation of this study stems from the inherent makeup of the Sirt6BAC mouse model. Due 

to the need to preserve all the potential transcriptional regulatory sequences of the mouse Sirt6 gene, a 

large BAC sequence was selected for use. A significant caveat to this approach is that several other genes 

are present in the large RP23-352G18 BAC DNA sequence used to generate Sirt6BAC mice, and are 

overexpressed in Sirt6BAC mice. Since the overexpression of these genes could lead to non-SIRT6-

dependent phenotypes, I attempted to control for this caveat by introducing the Sirt6-knockout allele into 

the endogenous Sirt6 gene locus. This approach allowed for the generation of a control genotype, 

Sirt6BAC; Sirt6
–/–

, which was shown to maintain the overexpression of these non-Sirt6 genes present in 

the RP23-352G18 BAC, but exhibited a significant reduction in both Sirt6 transcript levels and SIRT6 

protein from Sirt6BAC mice in several distinct tissues where SIRT6 is normally expressed. This approach 

proved to be useful for determining SIRT6-dependent phenotypes, as the intermediate level of Sirt6 

expression observed in Sirt6BAC; Sirt6
–/– 

mice coincided with intermediate phenotypes on glucose 

homeostasis. This was to be expected if these phenotypes were SIRT6-dependent. 
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 The second limitation of this study came as a result of introducing the Sirt6-knockout allele, 

which was contained in a distinct genetic background (129SvJ) from the original Sirt6BAC line contained 

in a pure C57Bl/6 genetic background. All the experimental mice in this study came from inbreeding of 

offspring from this original Sirt6BAC x Sirt6
+/–

 mating. These study mice were from the F3 generation of 

mixed genetic background (C57Bl/6;129SvJ), meaning that there were just three rounds of meiotic 

genomic crossover and mixing from the original F0 founder mice. This relative lack of crossover events 

likely resulted in a high degree of heterogeneity in the genetic backgrounds of these study mice, which 

may have led to a high degree of variability in phenotypic analyses. Typically, 10 rounds of inbreeding 

are needed to ensure a relatively homogenous genetic background. However, due to cost and time 

constraints, it was not possible to generate study mice from further inbred generations to elicit more 

homogeneous genetic background. Therefore, it is recommended that future studies employ either the 

original Sirt6BAC line on a pure C57Bl/6 genetic background, or conduct experiments on these mixed 

genetic background mice in more heavily inbred generations to minimize the degree of heterogeneity in 

their genetic background.  

 Another limitation of this study is that, due to the expensive, time and labor intensive nature of 

HIEC experiments, Sirt6BAC; Sirt6
–/–

 were unable to be included. Likewise, a HIEC mouse cohort in the 

HCD feeding context was also unable to be completed. However, the data gleaned from the glucose 

homeostasis experiments presented in chapter 3, suggest that the effects on glucose homeostasis are due 

to SIRT6 overexpression and not due to overexpression of the other genes present in Sirt6BAC DNA. 

Therefore, since enhanced insulin sensitivity can explain the phenotypes observed regarding glucose 

homeostasis, it is fairly reasonable to make the assumption that the effects observed in the HIEC with 

Sirt6BAC and wild-type mice are also due to SIRT6 overexpression and not caused by overexpression of 

other genes overexpressed by the Sirt6BAC DNA. Additionally, since improved insulin sensitivity was 

observed in Sirt6BAC mice in the chow diet context, it is very unlikely that additional derangements 

posed by HCD feeding would eliminate the differences observed between SIRT6BAC mice and wild-type 

control mice. Generally speaking, it is very common in overexpression models, that a given phenotype 
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will become apparent only after stressing the physiology, such as with HCD feeding. Indeed, the data 

presented in chapter 3 on glucose homeostasis shows that the phenotypes became more apparent in the 

HCD context. Therefore, if HIEC were to be performed in a HCD context, I would expect to observe even 

more significant differences between groups than were observed in the chow diet context.  

 Part of the beauty of scientific research, is that for every question answered, there are two more 

questions that arise. This study is no exception. Future studies into the function of SIRT6 should be aimed 

at answering these questions: Why might overexpression of SIRT6 elicit enhanced insulin sensitivity 

when insulin levels are low during periods of caloric deficit (fasting, CR) when SIRT6 levels increase? 

What is the intracellular mechanistic nature of the enhanced insulin-sensitivity observed in in Sirt6BAC 

mice? Are these intracellular mechanisms consistent within different cell-types? Are the transcriptional 

programs previously identified to be SIRT6-dependent consistent with ones differentially regulated in the 

Sirt6BAC model? 

 To investigate these questions, future experiments using this Sirt6BAC mouse model should 

include a thorough dissection of the IIS pathway. Using Western blot analyses, mice should be injected 

with insulin, and shortly-thereafter, various tissues should be harvested including muscle, liver and WAT 

and assessed via Western blot analyses for overall expression and degree of altered phosphorylation status 

of key enzymes in this pathway including IGF1R, InsR, IRS1/2, AKT, pERK, FOXO1, PGC-1. 

Additionally, microarray studies should be conducted to elucidate the upregulated/downregulated 

transcripts in these mice in several conditions including basal, fasting, HCD-fed, and in response to 

insulin. Tissue histochemistry could also be employed to assess the degree of GLUT1 plasma membrane 

association following these conditions.  Furthermore, this mouse model should be assessed for 

triglyceride accumulation and adipogenesis at advanced ages in a HCD context to determine if SIRT6 

overexpression protects against obesity at advanced ages. Finally, other SIRT6 models may be needed to 

further advance the scientific knowledge regarding SIRT6 homeostatic function. As the data presented in 

this work primarily implicates the liver and skeletal muscle in the phenotypes leading to enhanced 

glucose homeostasis, both liver and muscle-specific SIRT6 gain-of-function models may prove useful for 
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nailing down these phenotypes. Lastly, chromatin immunoprecipitation sequencing (CHIP-seq) and 

microarray experiments could be used to isolate the differentially-regulated transcriptional programs 

regulated by SIRT6 in Sirt6BAC mice to determine if these support previously identified- or reveal novel 

transcriptional programs mediated by SIRT6 and transcription factors such as HIF-1, RelA, c-Jun, and 

MYC.  
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FIGURES: 

FIGURE 1: 

 

 

Figure 1. Sirt6BAC mice eutopically overexpress mouse SIRT6. 

(A) Schematic representation of the RP23-352G18 (BACPAC Resources, Children’s Hospital Oakland 

Research Institute) BAC DNA construct containing the mouse Sirt6 gene used to generate Sirt6BAC 

mice. (B) Anti-SIRT6 Western blots from Sirt6BAC and wild-type mouse tissues from original founder 

line (pure C57Bl/6 genetic background). (Each lane represents tissue from a single mouse) (C) 

Quantification of the relative SIRT6/ACTIN expression shown in panel B (n = 4 per group). (D) Anti-

SIRT6 Western-blot in gastrocnemius tissue from F3 C57Bl/6;129SvJ mixed genetic background (Each 

lane represents tissue from a single mouse). (E) Quantification of the relative SIRT6/TUBULIN 

expression shown in panel D. (F) qPCR measurements of brain, gastrocnemius and liver gene transcripts 

present on Sirt6BAC from F3 C57Bl/6;129SvJ mixed genetic background mice (n = 6-8 per group). 

Values are mean ± S.E.M. Statistics were analyzed using unpaired two-tailed t-test when 2 groups were 

compared and one-way ANOVA with Tukey correction for multiple comparisons when 3 or more groups 

were compared (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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FIGURE 2: 

 

 
 

Figure 2. SIRT6 generated from Sirt6BAC is functionally competent. 

 

(A) Viable mice per genotype observed at 4-weeks of age, shown as a percentage of the expected 

Mendilian ratio from F3 C57Bl/6;129SvJ inbred mixed genetic background. (B) Body length (n = 9-13 

per group) and (C) body weight (n = 9-13 per group) of 3 week-old mice from F3 C57Bl/6;129SvJ mixed 

genetic background. Values are mean ± S.E.M. Statistics were analyzed using one-way ANOVA with 

Tukey correction for multiple comparisons (****p<0.0001).
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FIGURE 3: 

 

 
 

Figure 3. Sirt6BAC mice display normal body weight, fat mass and lean mass.  

 

(A) Body weight, (B) body fat weight, and (C) body lean weight of mice in chow diet context (n = 14-21 

per group). (D) Body weight, (E) body fat weight, and (F) body lean weight of mice in HCD context (n = 

10-14 per group). Values are mean ± S.E.M. Statistics were analyzed using a repeated measures two-way 

ANOVA with Tukey correction for multiple comparisons.
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FIGURE 4: 

 

 
 

Figure 4. Sirt6BAC mice exhibit reduced glycemia, without altered insulinemia.  

 

(A) Basal (non-postprandial) glycemia of 8 weeks old mice on chow diet (n = 19-21 per group). (B) Basal 

(non-postprandial) glycemia of 16 weeks old mice on chow diet (n = 17-24 per group) or HCD (n = 9-12 

per group). (C) Basal (non-postprandial) glycemia of 20 weeks old mice on chow diet (n = 17-24 per 

group) or HCD (n = 8-10 per group). (D) Basal (non-postprandial) serum insulin levels of 16-weeks-old 

mice on chow diet (n = 9-15 per group) or HCD (n = 8-10 per group). Values are mean ± S.E.M. Statistics 

were analyzed using one-way ANOVA with Tukey correction for multiple comparisons (*p<0.05). 
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FIGURE 5: 

 

 
 

Figure 5. Sirt6BAC mice exhibit enhanced glucose tolerance. 

 

(A) Glucose (1.5g / kg bodyweight) tolerance test and (B) area under curve of mice at 11-13 weeks of age 

in the chow diet context (n = 6-8 per group). (C) Glucose (1.5g / kg bodyweight) tolerance test and (D) 

area under curve of mice at 18-20 weeks of age in the HCD context (n = 5-10 per group). Values are 

mean ± S.E.M. Panels A&C: Statistics were analyzed using a repeated measures two-way ANOVA with 

Tukey correction for multiple comparisons (*p<0.05, **p<0.01 Wild-type vs. Sirt6BAC), (‡p<0.05, 

‡‡‡p<0.001 Sirt6BAC vs. Sirt6BAC; Sirt6
–/–

). Panels B&C: Statistics were analyzed using one-way 

ANOVA with Tukey correction for multiple comparisons (*p<0.05).
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FIGURE 6: 

 

 
 

Figure 6. Sirt6BAC mice exhibit enhanced pyruvate tolerance. 

 

(A) Pyruvate (2g / kg bodyweight) tolerance test and (B) area under curve of chow-diet cohort mice at 25-

26 weeks of age (n = 5-8 per group). (C) Pyruvate (2g / kg bodyweight) tolerance test and (D) area under 

curve of HCD cohort mice at 26-28 weeks of age (n = 5-10 per group). Values are mean ± S.E.M. Panel 

A&C: Statistics were analyzed using a repeated measures two-way ANOVA with Tukey correction for 

multiple comparisons (**p<0.01, ****p<0.0001 Wild-type vs. Sirt6BAC), (†p<0.05, ††p<0.01 Wild-type 

vs. Sirt6BAC; Sirt6
–/–

), (‡p<0.05 Sirt6BAC vs. Sirt6BAC; Sirt6
–/–

). Panel B&D: Statistics were analyzed 

using one-way ANOVA with Tukey correction for multiple comparisons (*p<0.05, ***p<0.001). 



  

 67 

FIGURE 7: 

 

 
 

Figure 7. Sirt6BAC mice exhibit enhanced insulin sensitivity. 

 

(A) Glucose infusion rate (GIR) (mg glucose/kg bodyweight/minute) (B) Blood glucose (mg/dL) (C) 

Endogenous glucose appearance (EndoRa) (mg/kg bodyweight/minute) (D) Glucose disposal (Rd) (mg/kg 

bodyweight/minute) (E) Tissue glucose uptake (Rg) (mol/100g tissue/minute) (G) Glycolytic rate (% of 

Rd). n = 6-8 per group. Values are mean ± S.E.M. Panels A&B: Statistics were analyzed using a repeated 

measures one-way ANOVA with Tukey correction for multiple comparisons (*p<0.05, **p<0.01). Panels 

C,D,E&F: Statistics were analyzed using unpaired two-tailed t-test (*p<0.05, **p<0.01).
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Primer Tables: 

Primer Table 1: 

5’GACTGGGACCACACCAGAGT & 5’GTGAGAGCGGGAAGAGTACG; 

5’AGGTGCCTGTGGACACTACC & 5’CAGGGGACACACTGGTTTCT; 

5’CTGTCCACCTGTTGGAAGGT & 5’CTTCTGGGTCACCACAAGGT; 

5’CATGAATGCTGTTTGGTTGG & 5’ATGCTGTAGGGTGGGAAGTG; 

5’CCTTTGGAAAAGCAGTCAGC & 5’GAACTCCTGGCAAGTCGAAG; 

5’CCACTGGGTCAGTCACACAC & 5’AGGACTCCACCTGGATTGTG.  

 

Primer Table 2: 

5’gataaactaccgcattaaagcttatcgatgataagctgtcaaacatgagaattgatccggATATATGAGTAAACTTGGTCTGAC

& 5’gttaaccgggctgcatccgatgcaagtgtgtcgctgtcgacggtgaccctatagtcgaggCGGTATTTTCTCCTTACGCATC. 

(lowercase letters represent homologous antisense nucleotides to sequences adjacent to the loxP sequence 

in the RP23-352G18 BAC clone to be replaced via homologous recombination) 

 

Primer Table 3: 

5'TTGCTCTTGCGGGAAGCCCG & 5'GATACCGAGGGCGCCGTTCG (specific to the pBACe3.6 

backbone sequence of RP23-352G18) 

5’TTGCTGCATCAGGAGGGCGC & 5’TCCCACAATGCCCCGCTTCG (specific to the wild-type 

Sirt6 allele) 
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