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1. ABSTRACT 

 

Background: More than half of the Australian adult population is overweight or 

obese. High-fat feeding is the main culprit for these staggering statistics. Oxidative 

stress, inflammation and decreased nitric oxide bioavailability in obese patients 

increase their likelihood of developing stroke or dementia.  

 

Purpose: Sirtuin 1 (SIRT1) is a protein deacetylase with known antioxidant properties 

and ability to enhance nitric oxide bioavailability. Studies from our laboratory and 

others have shown that high-fat feeding leads to SIRT1 depletion within the 

vasculature. In the present study, we tested the hypothesis that SIRT1 overexpression 

during high-fat feeding would attenuate the phenotypes of vascular ageing, including 

inflammation and oxidative stress.  

 

Methods: Wildtype (WT) and SIRT1 overexpressing mice (SIRT1-KI) were fed 

either a normal diet or high-fat diet for two months. At the end of the study, whole 

blood, plasma and vascular samples were obtained and stored for analysis. 

 

Results: WT mice on a high-fat diet displayed decreased SIRT1 protein expression 

and increased nitrotyrosine expression, as measured in the carotid artery, which were 

both prevented in SIRT1-KI mice.  

 

Conclusions: Our results highlight the potential benefits of targeting SIRT1 as a 

therapeutic strategy in reducing the clinical complications associated with vascular 

impairment during high-fat feeding. 
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2. INTRODUCTION 

 

 

2.1 Obesity 

Obesity has become a major public health concern in Australia with more than 50 per 

cent of adults being classified as overweight or obese (Statistics, 2012).Obesity 

increases the risk of cardiovascular disease, stroke and dementia, thereby reducing life 

expectancy. Consequently, obesity reduces quality of life and places a significant 

burden on the Australian Health Care system. 

Obesity is a chronic disease that arises from a combination of variables including, 

sedentary lifestyle, psychological, and metabolic disorders (Healy et al., 2008, 

Manson et al., 2004). It is defined as an increase in the percentage of body fat 

compared to total body weight (Bray and York, 1971). The World Health 

Organization (WHO) defines obesity as a body-mass index (BMI) of greater than 30 

kg/m
2
 which distinguishes it from being overweight (BMI ≥ 25 kg/m

2
)(WHO, 2000).  

Obesity is caused by an imbalance between energy intake and expenditure. Excess 

energy intake can result in an increase in adipose tissue (fat) (Hotamisligil, 2006). 

Obesity has significant implications on health but it can become even more 

complicated with a number of comorbid conditions, such as Alzheimer’s disease, type 

II diabetes, stroke and cancer (Codoner-Franch et al., 2011, Eyre et al., 2004). 

Animal models, such as rodents fed with a high fat diet, allow us to study the 

mechanisms underscoring obesity, in the hope of finding new therapeutic targets that 

could be used to deter the onset of diabetes-related vascular disease (Buettner et al., 

2007). 
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2.1.1 Statistics of Obesity  

Results from the 2011–12 Australian-wide survey showed that almost two thirds of 

the adult population was overweight; half of these were obese (Statistics, 2012). A 

diet high in saturated fat increases the risk of heart disease and stroke. It is estimated 

that obesity is the cause of one in every three cases of coronary heart disease and one 

in every ten cases of stroke worldwide (World Heart Federation, 2014). 

In the last 20 years, the prevalence of obesity in Australia has more than doubled. 

Health problems related to excess body weight not only impact individuals but also 

their families. Moreover, the effect of obesity on health, places a huge economic 

burden on the healthcare system and therefore the society (Wang et al., 2008). 

 

2.2 Oxidative Stress 

2.2.1 Excessive Reactive Oxygen Species Cause Oxidative Stress  

Reactive oxygen species (ROS) are molecules that contain O2 and are very unstable. 

Superoxide (O2
•–

), hydrogen peroxide (H2O2), and hydroxyl radicals (OH
•
) are 

examples of ROS. Some of them are free radicals that contain an unpaired electron, 

making them extremely reactive. Under normal conditions, the amount of ROS that is 

produced in the body is counterbalanced by endogenous antioxidants that help to 

scavenge free radicals. Indeed, low concentrations of ROS are necessary for normal 

cell redox status, intracellular signaling and cell function (Trachootham et al., 2008). 

However in disease, ROS production can exceed the capability of the antioxidant 

defence mechanisms, leading to excessive ROS levels. This condition is known as 

oxidative stress. Sustained high levels of ROS are destructive by damaging proteins, 

carbohydrates, lipids and DNA (Dahiya et al., 2013, Schrauwen et al., 2006a). 

http://www.world-heart-federation.org/cardiovascular-health/cardiovascular-disease-risk-factors/diet/
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2.2.2 Antioxidant Enzymes  

The key antioxidant enzymes are superoxide dismutase (SOD), glutathione peroxidase 

and catalase. The role of SOD is to convert superoxide into H2O2. There are three 

isoforms of SOD, cytosolic (SOD1), extracellular (SOD3) and mitochondrial 

(MnSOD or SOD2). Glutathione peroxidase and catalase reduce H2O2 into stable O2. 

 

2.2.3 Where Does Superoxide Come From?  

One of the most important ROS is superoxide (see Figure 2.1). A dominant source of 

superoxide is the mitochondria, as a by-product of oxidative phosphorylation. 

Excessive superoxide production from the mitochondria can lead to mitochondrial 

dysfunction and ensuing apoptosis and necrosis (Jaeschke et al., 2002). In obesity, 

free fatty acids circulating in the blood promotes mitochondrial uncoupling 

(Schrauwen et al., 2006a, Schrauwen et al., 2006b, Weigle et al., 1998) that may lead 

to insulin resistance by activation of TNF-α (Chen et al., 2010). TNF-α activates 

NADPH oxidase in vascular smooth muscle cells and increases the production of 

ROS by decreasing NO bioavailability (see NO Bioavailability) (Evans et al., 2002). 

 

Another source of superoxide is via the enzymatic activity of xanthine oxidase. 

Xanthine oxidase metabolises hypoxanthine and xanthine to form ROS (O2• 
–
 and 

H2O2). By using NAD
+ 

as cofactor, xanthine oxidase produces H2O2 and NADH 

thereby enhancing mitochondrial electron transport chain activity and increasing ROS 

production (Ichida et al., 2012). 
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Figure 2.1. Reactive oxygen metabolism. Superoxide can be produced by 

mitochondria, xanthine oxidase or NADPH oxidase. It can cause molecular 

damage, directly or by interacting with NO  and resulting in eNOS uncoupling 

(Becker, 2004). 

 

 

Superoxide is also formed from the enzyme NADPH oxidase, a complex consisting of 

the cytosolic p47phox and p67phox subunits, the membrane-bound Nox and p22phox 

subunits, and a small G protein Rac (Hori et al., 2013). Seven Nox isoforms have been 

found in mammalian cells: namely Nox1, Nox2, Nox3, Nox4, Nox5 and Duox1 and 2. 

NADPH oxidase was first discovered in immune cells. Following stimulation, 

immune cells need to quickly synthesize microbicidal agents. To this end, the cells 

start by using NADPH oxidase to reduce molecular oxygen (O2) to form superoxide, a 

process known as the “respiratory burst” (Segal and Jones, 1978) (Babior et al., 1973). 

 

Recent studies have shown that NADPH oxidase (Nox1, Nox2, Nox4, and Nox5) is 

also expressed within the endothelial and smooth muscle cells of the vasculature 
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(Lassegue and Griendling, 2010). Vascular NADPH oxidases are one of the major 

sources of ROS in the cardiovascular system (Wu and Ballantyne, 2014, Lassegue and 

Griendling, 2010). 

 

In obesity, the elevated numbers of white cells (Hardy et al., 2008) contribute to the 

increased production of superoxide as well as other ROS. Increased expression of 

Nox2 and Nox4 within the vasculature has also been shown (Lynch et al., 1997, Jiang 

et al., 2012). 

 

A final source of superoxide is from the uncoupling of endothelial nitric oxide 

synthase (eNOS) (see NO Bioavailability). This results in the formation of superoxide 

rather than nitric oxide (NO). 

 

2.2.4 Consequences of Superoxide Production  

Superoxide is a highly reactive molecule that can react with NO to form peroxynitrite 

(ONOO
-
). ONOO

- 
 belongs to the family of reactive nitrogen species (RNS), and is 

chemically unstable. It promotes nitration of tyrosine residues in proteins, leading to 

nitrotyrosine-containing proteins. Nitrotyrosine formation is often associated with 

inflammation (Hardy et al., 2008). 

 

ONOO
-
 can also inhibit manganese superoxide dismutase (MnSOD) activity, activate 

the nuclear enzyme poly (ADP-ribose) polymerase (PARP-1) and increase inducible 

(Kawashima and Yokoyama) expression, leading to further cellular dysfunction. 

Inducible NOS (Kawashima and Yokoyama, 2004b) belongs to the family of nitric 
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oxide synthase enzymes, involved in catalysing the production of nitric oxide (NO) 

(Aktan, 2004). 

 

2.3 Nitric Oxide 

Nitric oxide (NO) is an important signalling molecule in the body. Within the 

vasculature, endothelial nitric oxide synthase (eNOS) catalyses the formation of NO 

from L-arginine (see Figure 2.2). eNOS is dependent upon a number of cofactors 

including calcium, NADPH and tetrahydrobiopterin (Fleming and Busse, 2003, 

Fernandez-Sanchez et al., 2011). 

 

Upon synthesis, NO diffuses to the underlying smooth muscle where it activates 

guanylate cyclase, leading to an increase in cyclic guanosine monophosphate (cGMP). 

In turn, cGMP activates protein kinase G, thereby opening large conductance 

potassium channels and reducing intracellular calcium, causing relaxation of the 

smooth muscle. In this way, NO is a powerful vasodilator that regulates resting blood 

flow (Andresen et al., 2006). 

 

In addition to its direct vasodilating effects, NO also protects the vasculature by 

inhibiting leukocyte adhesion to the endothelium, thereby preventing leukocytes from 

moving into the tissue and evoking an inflammatory response. Moreover, endothelial-

derived NO is a potent inhibitor of platelet adhesion. Therefore, when NO bioactivity 

is reduced, platelets can adhere to the endothelium and form a blood clot, thereby 

obstructing the flow of blood. Finally, endothelial-derived NO plays a key role in 

inhibiting vascular growth and hypertrophy, and ensuing vascular functional 
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impairment (Baumbach et al., 2004). In this way, NO plays a key role in mediating 

vascular function, inflammation, coagulation pathway and vascular growth. 

 

 

 

 

 

 

 

 

 

Figure 2.2. Vascular smooth muscle NO-dependent relaxation. Nitric oxide 

synthesised in endothelial cells diffuses locally through smooth muscle cells and 

activates guanylate cyclase which increase cGMP and leads to the relaxation of the 

muscle and vasodilation. 

 

2.3.1 NO Bioavailability 

The bioavailability of NO depends upon the balance between NO production and NO 

inactivation. Oxidative stress decreases NO bioavailability through several 

mechanisms including (i) enhanced consumption of NO by high levels of superoxide 

to generate peroxynitrite (Furukawa et al., 2004), inhibition of the enzyme 

dimethylarginine dimethylaminohydrolase, leading to an increase in asymmetric 

dimethylarginine, a competitive inhibitor of NO synthesis, (iii) oxidation and 

depletion of the eNOS cofactor, tetrahydrobiopterin leading to uncoupling of eNOS 

and (iv) activation of NADPH oxidase which in turn produces more superoxide. A 

reduction in NO bioavailability leads to impaired endothelium-dependent relaxation 

of blood vessels, a condition known as endothelial dysfunction.  
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2.4 Endothelial Dysfunction in Obesity 

Obese patients have endothelial dysfunction and decreased vasomotor reactivity 

(Caballero, 2003). Blunted NO-mediated dilations are well documented in humans 

(Tesauro et al., 2005) and animals (Erdos et al., 2004) with obesity. Reduced NO-

mediated dilations are evident in obese Zucker rats (Katakam et al., 2005)  and mice 

that are fed with high-fat diet (Donato et al., 2012). 

 

Impaired endothelium-dependent dilations will cause a decrease in blood flow and 

thus a reduction in oxygen supply to the tissue, leading to microvascular 

complications. Loss of endothelium-dependent vasodilation is predictive of 

cardiovascular disease (Schachinger et al., 2000) and is a risk factor for dementia, 

particularly Alzheimer’s disease (de la Torre, 2000). 

 

In summary, obesity is associated with vascular inflammation, oxidative stress and 

endothelial dysfunction. These factors work together to increase patient’s risk of 

developing stroke and Alzheimer’s disease. 

 

2.5 Sirtuin 1 

Sirtuin 1 (SIRT1) belongs to the sirtuin family of class III histone deacetylases that 

requires NAD
+
 to remove acetyl groups from proteins. SIRT1 helps to regulate many 

metabolic pathways within the cell. Activation of SIRT1 has been shown to mirror the 

beneficial effects of calorie restriction (de Ligt et al., 2014). SIRT1 deacetylates a 

number of proteins, and in doing so, either represses or activates their activity. 
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2.5.1 SIRT1 Targets PGC-1α  

SIRT1 deacetylates peroxisome proliferator-activated receptor  γ coactivator-α (PGC-

1α), thereby increasing its activity, resulting in greater transcription of nuclear 

encoded mitochondrial genes (Puigserver et al., 1998). Activation of PGC-1α also 

induces mitochondrial biogenesis and increased expression of antioxidants such as 

MnSOD, to prevent an ensuing increase in mitochondrial produced ROS (Valle et al., 

2005). PGC-1α is also a co-activator of the nuclear receptor protein, PPAR-α. 

Inhibition of SIRT1 has been shown to increase PGC-1α acetylation, thereby 

inhibiting PPAR-α and increasing Nox4-derived superoxide production (Zarzuelo et 

al., 2013). 

 

2.5.2 SIRT1 Targets eNOS 

SIRT1 is known to co-localise with eNOS in the cell, deacetylating lysine residues 

496 and 506 in the calmodulin-binding domain, leading to increased eNOS activity 

(Mattagajasingh et al., 2007). Pharmacological inhibition of SIRT1 decreases eNOS 

expression level (Zhang et al., 2008) and conversely pharmacological activation 

increases eNOS expression (Ota et al., 2010). This close relationship between SIRT1 

and eNOS, impaired SIRT1 production has been shown to shadow blunted NO-

dependent dilations (Hwang et al., 2013). 

 

2.5.3 SIRT1 Targets p53  

p53 is a tumor suppressor protein, known as "the guardian of the genome", playing a 

role in cell cycle regulation. During conditions of oxidative stress, ROS will cause 

DNA damage. In the event that this DNA damage cannot be fixed by repairing 
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enzymes, p53 becomes post-transcriptionally modified. This results in the expression 

of several proteins including p21 or pro-apoptotic genes like BAX, PUMA, and 

NOXA (Montero et al., 2013). In this way, p53 activity drives cell apoptosis. p53 is a 

target of SIRT1. Following SIRT1-mediated deacetylation, p53 activity is inhibited, in 

turn inhibiting p53-dependent apoptosis (Hori et al., 2013, Vaziri et al., 2001). 

 

2.5.4 SIRT1 Targets NCF1 

Neutrophil cytosolic factor 1 (NCF1) is a gene coding for p47-phox subunit of 

NADPH (Li et al., 2005). Overexpression of SIRT1 has been shown to reduce 

inflammatory responses by regulation of transcription factors such as NCF1 (Hori et 

al., 2011). 

 

2.5.5 SIRT1 Targets Nox4 

As mentioned earlier, Nox4 is a subunit of the NADPH oxidase enzyme complex. 

Previous studies have shown that inhibition of SIRT1 upregulates the NADPH 

oxidase subunits, p22phox and Nox4 (Zarzuelo et al., 2013). 

 

2.5.6 SIRT1 Targets p66Shc 

Shc proteins are intracellular adaptor proteins that mediate oxidative stress. There are 

three isoforms in mammalian cells: ShcA (ubiquitously expressed), ShcB and ShC 

(expressed only in neuronal cells). The ShcA adaptor protein has three isoforms: 

p46Shc, p52Shc and p66Shc. p66Shc effects ROS production in different ways 

depending upon its location within the cell. In the nucleus, p66Shc-mediated 
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inhibition of FOXO transcription factors, cause decreased expression of the 

antioxidant enzymes, MnSOD and catalase (Nemoto and Finkel, 2002). At the plasma 

membrane, p66Shc promotes NADPH-membrane oxidase-drive ROS production 

(Khanday et al., 2006). Within the mitochondria, activation of p66Shc increases ROS 

production via the mitochondrial electron transport chain (Giorgio et al., 2005). Loss 

of p66Shc decreases DNA damage, necrosis, and apoptosis (Cosentino et al., 2008). 

SIRT1 deacetylates pp66Shc, leading to inhibition of p66Shc expression (Zhou et al., 

2011). 

 

2.5.7 SIRT1 and 3- Nitrotyrosine 

Nitrotyrosine is a product of tyrosine nitration by RNS such as peroxynitrite anion and 

nitrogen dioxide (see Oxidative Stress). Overexpression of SIRT1 has shown to 

reduce accumulation of nitrotyrosine (Camici et al., 2007). 

 

2.5.8 SIRT1 Targets SOD2 

SOD2 is the gene coding for MnSOD protein. SOD2 is one of the three isoforms of 

SOD (SOD1, SOD2 and SOD3) that is localised to the mitochondria (Weisiger and 

Fridovich, 1973). SIRT1 enhances the activation of MnSOD through an interaction 

between PGC-1α and deacetylation of FOXO1 (Olmos et al., 2009). 

 

2.6 Obesity Downregulates SIRT1 

Fasting and calorie restriction leads to upregulation of SIRT1 message and protein 

(Cohen et al., 2004). Conversely, SIRT1 is downregulated in obesity in both humans 
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(circulating peripheral blood mononuclear cells) (de Kreutzenberg et al., 2010) and 

animals on a high fat diet (liver and pancreas) (Chen et al., 2010). Our laboratory has 

shown that SIRT1 is highly expressed in cerebral arteries (Tajbakhsh and Sokoya, 

2012) and vascular SIRT1 is downregulated in rats fed a high-fat diet (Tajbakhsh et 

al, in preparation). Of further interest, SIRT1 genetic variation appears to be 

associated with increased risk of obesity (Zillikens et al., 2009, Peeters et al., 2008). 

 

2.7 Summary 

Obesity increases the risk of cardiovascular disease, stroke and dementia, mainly due 

to vascular complications. SIRT1 is a protein deacetylase with known antioxidant 

properties and ability to enhance nitric oxide bioavailability. Mice with targeted 

disruption of the gene encoding for SIRT1 provide a unique opportunity to examine 

the role of SIRT1 during high fat feeding. We hypothesized that SIRT1 

overexpression would slow down the phenotypes of vascular ageing mediated by high 

fat feeding, including inflammation, oxidative stress, thereby promoting vascular 

health.  

 

2.8 Biotechnology Significance of this Study 

The academic significance of this project is to identify the potential of targeting 

SIRT1 in promoting vascular health during high-fat feeding. This project stands as 

one of the milestones towards identifying a new therapeutic target in patients 

suffering obesity. Targeting SIRT1 could potentially protect these patients from 

developing other diseases such as type II diabetes, Alzheimer’s disease and stroke.  
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Currently, resveratrol (a compound known to activate SIRT1) is undergoing clinical 

trials for its role as an anti-ageing target. Understanding the precise molecular 

mechanisms of SIRT1 could lead towards the identification of novel drug targets that 

could be used for personalised and more successful therapies.  
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3. MATERIALS & METHODS 

 

 

3.1 Ethics Approval 

All animal procedures conformed to the Guide for the Care and Use of Laboratory 

Animals (National Institutes of Health publication no. 85-23, revised 1996) and were 

approved by the University of Utah and Veteran's Affairs Medical Center-Salt Lake 

City (VAMC-SLC) Animal Care and Use Committees. Use of the tissue from these 

genetically modified organisms has been permitted by the Flinders University 

Biosafety Committee. 

 

3.2 Animal Model 

3.2.1 SIRT1 Transgenic Knock-in Mice 

The genetically modified SIRT1 knock-in (SIRT1-KI) mice were generated by 

knocking in mouse SIRT1 cDNA into the β-actin locus (Bordone et al., 2007). 

 

 

 

 

 

Figure 3.1. Generation of SIRT1 transgenic mice. WT is the genomic 

organization of the mouse β-actin locus (wildtype), ore-K1 is the preknockin allele 

in embryonic stem cells and SIRT1-K1 is the SIRT1 expressing allele in mice after 

removal of neo by Cre recombinase (Bordone et al., 2007). 
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SIRT1 protein is expressed at higher levels in SIRT1-KI mice compare to wildtype 

mice. These mice have been previously shown to be leaner, with reduced levels of 

cholesterol, free fatty acids, and leptin and are more glucose tolerant (Bordone et al., 

2007).  

Diet Regimen: Male SIRT1-KI (n=18) and B6C57 (wildtype, WT, n=15) mice were 

bred and housed in the animal facility at VAMC-SLC (University of Utah). Animals 

were maintained under controlled room temperature with a 12:12 hour light-dark 

cycle. At 8 months of age, mice were randomly assigned into two groups: high-fat or 

normal diet (see Table 3.1). The high-fat group (HFD) was placed on a high-fat diet 

(Harlan Teklad custom diet TD.96132) which consisted of 18.7% protein, 40.7% 

carbohydrate, 40.7% fat (by kcal). The remaining group (NC) was maintained on a 

control diet (8640 Harlan Teklad 22/5 Standard Rodent Chow) which contained 29% 

protein, 55% carbohydrate, 16% fat (by kcal). Animals had free access to water and 

their assigned diets for two months, after which tissues were removed for analysis. 

Before tissue harvest, mice were euthanized via exsanguinations by cardiac puncture 

while under isoflurane anesthesia. After collection, all samples were sent to Flinders 

University in liquid nitrogen.  

Table 3.1. Size of Experimental Cohorts contributed in this study. 

Genotype  Diet  N 

WildType (WT) Normal Chow (NC) 5 

WildType (WT) High Fat Diet (HFD) 10 

SIRT1-K1 Normal Chow (NC) 10 

SIRT1-K1 High Fat Diet (HFD) 8 
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3.3 Blood Glucose Measurement 

During anesthesia, blood glucose was measured from the tail vein using an Accu-

Chek Performa glucometer and test strips (Roche Diagnostics, Indianapolis, IN, 

USA). 

 

3.4 Cholesterol, Triglyceride and High-density Lipoprotein Measurements 

Blood was obtained by cardiac puncture and collected in lithium heparin tubes 

(Greiner). After a 10min centrifugation (2000g for 10 minutes), the plasma was 

carefully removed and collected in a microfuge tube and stored at -20˚C. Cholesterol, 

triglycerides and high-density lipoprotein (HDL) were measured using an automatic 

analyser (SA Pathology). 

 

3.5 Message Expression Studies 

3.5.1 Extraction of RNA 

Whole blood was stored in RNA later (Life Technologies - AM7020) in a ratio of 1:3 

and stored at -80°C until it was shipped to Flinders University in liquid nitrogen. Total 

RNA was extracted from blood using TRI-reagent (Sigma Aldrich - T9424). In a 15 

ml polytron tube, 5 ml TRI-reagent was added to 500 µl of thawed blood, mixed by 

inversion and incubated for 5 minutes at room temperature. 1 ml chloroform was 

added to the reaction, mixed and incubated for 10 minutes at room temperature. 

Subsequently, it was centrifuged at 2352 g at 4°C for 15 minutes using a 6K15 Sigma 

Laboratory Centrifuge. The top aqueous phase containing RNA was transferred to a 

new polytron tube and 2.5 µl of 2-propanol was added to it. After securing the cap, it 
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was mixed by inversion and left at room temperature for 8 minutes and centrifuged at 

2352 g at 4°C for 1 hour. The supernatant was discarded and 5 ml 75% ethanol was 

added to the pellet and mixed, followed by 15 minutes centrifugation at 2352 g at 4°C. 

Finally, the supernatant was discarded and 50 µl of DEPC treated H2O (Sigma 

Aldrich - 95284) was added to the pellet. After mixing, the RNA was stored at -80°C. 

 

3.5.2 RNA Purification 

The RNA samples were treated with DNase to ensure no genomic DNA was 

remaining. RNA from each sample was DNase treated using TURBO DNA-Free
TM

 

Kit (Life Technologies - AM1907). 25 μg total RNA, DEPC treated H2O to 50 μl, 5 μl 

10X TURBO DNase 1 buffer, and 1 μl TURBO DNase 1 enzyme were incubated at 

37ºC for 30 minutes. Subsequently, 5.6 μl resuspended DNase inactivation reagent 

was added and incubated for 2 minutes at room temperature. Finally, samples were 

centrifuged at 10,000g for 1.5 minutes at room temperature, and DNase free RNA was 

transferred to a clean tube.  

 

3.5.3 RNA Quantification 

RNA quality and concentration were measured using an Agilent 2100 Bioanalyser 

(Agilent Technologies) and NanoDrop 2000 spectrophotometer (Thermo-Scientific), 

respectively. The concentration of RNA samples was measured by using 1 µl of the 

sample and placing it on the pedestal of the NanoDrop. The concentration was 

measured three times for each sample and their mean value was used. 
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Subsequently, the quality of the samples was determined by using the Agilent RNA 

6000 Pico Kit (Agilent Technologies – 50671513) as per the manufacturer’s 

instruction. RNA samples were diluted to the appropriate concentration ranging 

between 500 – 5000 pg/µl, as detected by the kit. 

 

3.5.4 cDNA Synthesis 

Complementary DNA (cDNA) was synthesised from total RNA using reverse 

transcriptase (RT). 9 μl total RNA, 1 μl dNTP mix (10 μM), 2 µl random hexamers at 

50 ng/µl were added to a 0.5 mL PCR tube and incubated for 5 min at 65°C using an 

iCycler PCR system (BioRad Laboratories - 583BR). The sample was placed on ice 

for 2 min, and 4 μl of 5x First Strand buffer (Life Technologies - Y02321), 2 μl 0.1 

mM DTT, 1μl RNaseOUT
TM

 Recombinant Ribonuclease Inhibitor (Life Technologies 

- 10777019) were added and incubated for 2 min at 25°C. 1μl Superscript III Reverse 

Transcriptase (Life Technologies - 18080044) was added to the sample and incubated 

for 10 min at 25°C, 50 min at 42°C followed by 15 min at 70°C using the iCycler. 

DEPC treated H2O was added to 100 µl. The synthesised cDNA was stored at -20°C.  

 

3.5.5 Real-Time PCR 

Real-time PCR, also referred to as quantitative PCR (RT-qPCR), was carried out 

using a ViiA™ 7 (Applied Biosystems), according to the manufacturer’s instructions. 

Primer sequences were designed in-house by using OligoAnalyzer (version 3.1) 

available online at Integrated DNA Technology (IDT) website (see Table 3.2). 
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Table 3.2. Primer sequences for Sirt1, Sod1, Ncf1, Sod2, p65 and 18S rRNA genes 

used in message expression studies. 

Primer 
Oligonucleotide  Sequence in 5’-3’ 

Orientation 
Supplier 

SIRT1 
F TGA TTG GCA CCG ATC CTC G 

In
te

g
ra

te
d
 D

N
A

 T
ec

h
n
o
lo

g
ie

s 
(I

D
T

) R CCA CAG CGT CAT ATC ATC CAG 

SOD1 

F AAC CAG TTG TGT TGT CAG GAC 

R 
CCA CCA TGT TTC TTA GAG TGA 

GG 

SOD2 
F CAG ACC TGC CTT ACG ACT ATG G 

R CTC GGT GGC GTT GAG ATT GTT 

NCF1 

F ACA CCT TCA TTC GCC ATA TTG C 

R 
TCG GTG AAT TTT CTG TAG ACC 

AC 

p65 
F ACT GCC GGG ATG GCT ACT AT 

R TCT GGA TTC GCT GGC TAA TGG 

18S rRNA 
F GTA ACC CGT TGA ACC CCA TT 

R CCA TCC AAT CGG TAG TAG CG 

 

Commercially available Power SYBR
®
 Green PCR Master Mix (Life Technologies - 

4367659) was used to prepare PCR mix. First strand cDNA was synthesized using 

random hexamer primers. The cycle conditions for real-time PCR were 50°C for 2 

min, 95°C for 10 min followed by 45 cycles of 95°C for15 sec, 60°C for 1 min 

followed by a melt curve of 95°C for 15 sec, 60°C for 1 min and 95°C for 15 sec. All 

reactions were performed in triplicate and a negative control (H2O) was included on 

each PCR plate. At the end of the experiment, the cycle threshold (Ct) values were 

exported as an Excel data file. PCR products were visualised using polyacrylamide 

gel electrophoresis. 
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3.5.6 Polyacrylamide Gel Electrophoresis 

RT–PCR amplification products were separated on a 15% TBE Criterion precast 

(BioRad Laboratories - 3450057) polyacrylamide gel. The gel was placed in the gel 

tank, filled with 1X TBE buffer made from 10X stock TBE buffer (BioRad 

Laboratories - 1610733). A 50 bp DNA ladder (BioLabs - N3236S) was prepared per 

manufacturer specifications. Samples were prepared by addition of 10 µl of the PCR 

product to 2 µl of 6X DNA gel loading dye which was supplied with the ladder. 10 µl 

of PCR products and dye mix was loaded on the gel for each sample. Electrophoresis 

was conducted at 150V constant for 90 minutes. Consequently, the gel was stained for 

40 minutes at room temperature using SYBR Green I Nucleic Acid Gel Stain 

(Invitrogen - S7563) diluted 1:10,000 in 0.5X TBE. The gel image was captured using 

a BioRad EZ-Doc Imager.  

 

3.5.7 Real-time PCR Analysis 

The cycle threshold (Ct) value of the gene of interest (GOI) was normalised to the Ct 

of 18S rRNA (reference gene). 18S rRNA is a highly abundant and accounts for the 

majority of RNA. It is one of the most commonly used reference or housekeeping 

genes for message expression studies. Previous studies have shown that 18s rRNA is a 

stable internal control and more reliable for high fat diet investigations compared to 

GAPDH (Sellayah et al., 2008). 

Data are expressed as the mean normalised expression calculated using the Pfaffl 

equation (see Equation 1).  

Eq.1   Mean Normalized Expression= 
  𝐸𝐺𝑂𝐼

∆𝐶𝑇(𝐺𝑂𝐼−𝑅𝐸𝐹)

 𝐸𝑅𝐸𝐹
∆𝐶𝑇(𝐺𝑂𝐼−𝑅𝐸𝐹) 
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This equation calculates the mean normalized expression of the gene of interest (GOI) 

based on the efficiency (E) and the Ct value of the GOI, expressed in relation to the 

reference gene (REF).  

 

3.6 Protein Studies 

3.6.1 Protein Extraction of Carotid Artery Using a Rotor-Stator Homogenizer  

Two pieces of carotid arteries were harvested from mice, cleaned of connective tissue 

and placed in 30 µl of protein extraction buffer without detergent. Samples were snap 

frozen in liquid nitrogen and stored at -80°C until they were shipped to Flinders 

University.  

 

On the day of extraction, samples were thawed and placed in either 140 or 160 µl of 

protein extraction buffer containing 50 mM Tris, pH 8.0 with 2% w/v sodium dodecyl 

sulfate (SDS), 5 mM dithiothreitol (DTT), and a protease inhibitor tablet (Roche, 

Indianapolis, IN, USA). The arteries for each cohort were pooled and homogenized 

(IKA® Ultra Turrax®-T10 homogenizer). After centrifuging for 15 min at 15,000 g, a 

portion of the supernatant was used for total protein analysis and 10μl aliquots were 

immediately transferred to -80ºC freezer for storage. 

 

3.6.2 Protein Quantification 

To determine solubilized protein concentration of mouse carotid artery lysates, total 

protein content was quantified using EZQ Protein Quantification Assay. Ovalbumin 

standards were created by serial dilutions of ovalbumin (Life Technologies - R33200) 

in water to have final concentrations of 2.0, 1.0, 0.5, 0.2, 0.1, 0.05 and 0.02 mg/ml. 
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These formed the standard curve. Assay results were read with a BioRad EZ-Doc 

Imager. Analysis was performed by using Carestream Software to determine the 

protein concentration of the artery lysate. 

 

3.6.3 Western Blotting 

Western blotting was used to quantitate SIRT1, eNOS, p53, nitrotyrosine, p66, 

MnSOD and p21 proteins expression levels. Carotid artery samples were prepared by 

boiling for 5 min at 95˚C with 4X solubilizing buffer (see Appendix 4) containing 

260 mM dithiothreitol (DTT) (Bio-Rad Laboratories). Samples were loaded onto each 

well of a 4-20 % SDS-PAGE Mini-PROTEIN TGX Stain-Free gel (Bio-Rad 

Laboratories - 4568093) and separated by SDS-PAGE at 100 V for 1.25 hours. 

Protein was then transferred to an immunoblot low fluorescence polyvinyldiene 

fluoride (PVDF) membrane (Bio-Rad Laboratories - 1620264) at 4°C for 1 hours. 

After blocking with 25ml phosphate buffered saline (PBS), pH 7.4 (Sigma - P3813) 

containing 5% Blotting-Grade Blocker (Bio-Rad Laboratories - 1706404) and 0.1% 

Tween-20 (Sigma - P2287) for 1 hour at room temperature. The membrane was 

exposed to the appropriate primary antibody (see Table 3.3) and incubated overnight 

at 4°C. 

Table 3.3. Primary antibodies used to probe against protein of interest. 

Name Dilution Supplier 

Mouse monoclonal anti-SIRT1 1:1000 Abcam - ab110304 

Mouse monoclonal anti-eNOS 1:1000 
BD Transduction Labs - 

610297 

Mouse monoclonal anti-3-

nitrotyrosine 
1:250 Abcam - ab52309 

Rabbit  monoclonal anti-Nox4 1:1000 Abcam - ab110304 

Rabbit polyclonal anti-p21 1:200 Santa Cruz - sc-397 

Rabbit polyclonal anti-p66Shc 1:500 Millipore - 06-203 

Rabbit polyclonal anti-MnSOD 1:500 Millipore - 06-984 
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The next day, the blot was washed and incubated in either donkey anti-rabbit 

secondary antibody conjugated to horseradish peroxide (Jackson ImmunoResearch - 

711035152) at 1:10,000 dilution or donkey anti-mouse secondary antibody conjugated 

to horseradish peroxide (Jackson ImmunoResearch - 715035150) at 1:10,000 dilution 

for 1 hour at room temperature, followed by washing and developing with either 

SuperSignal West Femto Maximum Sensitivity substrate (Thermo Scientific - 34095) 

for 1 minute. Visualisation was performed using a digital imager (Fujifilm LAS-

4000). Carestream software was used to quantify the chemiluminescent bands by 

densitometric analysis. Results were normalised to the total protein loaded on the gel. 

 

3.6.4 Data Analysis 

All data are expressed as mean ± standard error of the mean (SEM). Statistical 

analysis was performed using a two-way ANOVA, followed by a one-way ANOVA 

since there was an effect only with one factor. Data were analysed using GraphPad 

Prism software (version 6).  Statistical significance was accepted with P<0.05. 
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4. RESULTS 

 

 

4.1 Phenotypic Assessment of High-Fat Feeding 

WT and SIRT1-KI mice fed a high-fat diet for two months showed a comparable 

weight gain (4.1±1.2g in WT versus 3.2±0.7g in SIRT-KI). There was no difference in 

terms of weight gain between WT mice on normal chow (31.8±1.2g) and their 

corresponding SIRT1-KI control mice (29.7±1.6g). Food consumption was recorded 

over this time, and the average daily food intake was similar between groups 

(2.0±0.1g in WT versus 2.1±0.1g in SIRT1-KI). White adipose tissue (WAT) mass 

normalised to total body weight was also similar between WT and SIRT1-KI mice on 

a normal diet (0.016 in WT versus 0.015 in SIRT-KI). Plasma cholesterol and HDL 

were both significantly elevated with high-fat feeding, however non-fasting total 

blood glucose concentration and plasma triglycerides were similar in all groups (see 

Table 4.1). 

 

Table 4.1: Characteristics of SIRT1-KI mice fed normal chow and high fat diet. Data 

are expressed as mean ± SEM. * P<0.05 versus WT NC mice, 
#
 P<0.05 versus WT 

HFD mice, 
Ø 

P<0.05 versus SIRT1-KI NC mice. 

 

Diet  Normal chow  High fat diet 

Genotype  Wildtype SIRT1-KI  Wildtype SIRT1-KI 

Blood Glucose 

(mM) 

 8.2 ± 1.3 8.1 ± 0.5  8.3 ± 0.5 9.0 ± 0.4 

Cholesterol (mM)  2.3 ± 0.2 2.0 ± 0.2  3.2 ± 0.3* 2.9 ± 0.3
Ø
 

Triglycerides 

(mM) 

 1.5 ± 0.1 1.2 ± 0.1  1.3 ± 0.1 1.3 ± 0.1 

HDL (mM)  1.8 ± 0.2 1.5 ± 0.1  2.7 ± 0.3* 2.3 ± 0.3
Ø
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4.2 Message Expression Results 

4.2.1 RNA Quantification Results  

RNA quality and concentration was confirmed by both NanoDrop and Bioanalyser 

(see Appendix 1 and 2). RNA was not used if the RIN<7.0, indicating that the 

integrity of the RNA was reduced. 

 

4.2.2 Visualisation of PCR Products using Gel Electrophoresis 

Gel electrophoresis yielded products of expected size for SIRT1 (86 bp), SOD1 (139 

bp), SOD2 (113 bp), NCF1 (130 bp), p65 (126 bp) and 18S rRNA (152 bp) (see 

Figure 4.1) showing the specificity of our primers. No bands were detected in the 

negative controls, confirming the absence of contamination including non-specific 

products and primer dimers.  
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Figure 4.1. Visualisation of PCR products for SIRT1, SOD1, SOD2, 

NCF1, p65 and 18S rRNA on polyacrylamide gel electrophoresis. As it can 

be seen all PCR products are within the expected size range. Expected size 

range for Sirt1, SOD1, Ncf1, SOD2, and p65 and 18S rRNA primers, 

respectively were 86, 139, 130, 113, 126, and 152 bp. 

 

 

4.2.3 Real-Time PCR Amplification Efficiencies and Variation 

Real-time PCR efficiencies were calculated from the slopes obtained from plotting CT 

versus cDNA input (ranging from 124 ng to 0.198 ng) for SIRT1 (E= 1.985), SOD1 

(E= 1.947), SOD2 (E= 1.883), NCF1 (E= 1.968), p65 (E= 1.935), and 18S rRNA (E= 

1.87). Efficiencies were accepted only when R
2
> 0.998. 

 

 

 

 

 

 



    

  P a g e  | 36 
 

4.2.4 SIRT1 Message Expression in WT versus SIRT1-KI in Blood During 

High Fat Feeding 

SIRT1 mRNA levels were measured in all mice at the end of diet regimen using RT-

qPCR. Although there was a trend for increased SIRT1 mRNA expression in SIRT1-

KI mice compared to their wildtype controls, this did not reach statistical significance 

(see Figure 4.2). There was also a trend for high-fat feeding to negatively impact 

SIRT1 message expression in SIRT1-KI mice, but again this was not significantly 

different. 
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Figure 4.2. Gene expression analysis (RT-qPCR) of SIRT1 from whole 

blood from WT and SIRT1-KI mice on a ND and HFD (n=6). Data are 

presented as mean normalised expression of SIRT1 relative to the 18S 

rRNA housekeeping gene. 
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4.2.5 SOD1 Message Expression in WT versus SIRT1-KI in Blood During High 

Fat Feeding 

No effect on SOD1 message expression was observed either in response to high-fat 

feeding or SIRT1 overexpression (see Figure 4.3). 
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Figure 4.3. Gene expression analysis (RT-qPCR) of SOD1 from whole 

blood from WT and SIRT1-KI mice on a ND and HFD (n=6).  Data are 

presented as mean normalised expression of SOD1 relative to the 18S rRNA 

housekeeping gene. 
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4.2.6 SOD2 Message Expression in WT versus SIRT1-KI in Blood During High 

Fat Feeding 

No effect on SOD2 message expression was observed either in response to high-fat 

feeding or SIRT1 overexpression (see Figure 4.4). 
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Figure 4.4. Gene expression analysis (RT-qPCR) of SOD2 from whole 

blood from WT and SIRT1-KI mice on a ND and HFD (n=6).  Data are 

presented as mean normalised expression of SOD2 relative to the 18S rRNA 

housekeeping gene. 
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4.2.7 NCF1 Message Expression in WT versus SIRT1-KI in Blood During High 

Fat Feeding 

NCF1 mRNA expression was significantly increased in SIRT1-KI mice on normal 

chow compared to their wildtype controls (see Figure 4.5). There was also a trend for 

high-fat feeding to negatively impact NCF1 message expression in SIRT1-KI mice, 

but this did not reach statistical significance. 
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Figure 4.5. Gene expression analysis (RT-qPCR) of NCF1 from whole 

blood from WT and SIRT1-KI mice on a ND and HFD (n=6).  Data are 

presented as mean normalised expression of NCF1 relative to the 18S rRNA 

housekeeping gene. 
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4.3 Protein Expression Results 

4.3.1 SIRT1 Protein Expression in WT versus SIRT1-KI Carotid Artery Lysate  

Western blotting revealed the presence of a single band at the expected molecular 

weight of 110 kDa. In WT mice, a high-fat diet significantly decreased carotid artery 

SIRT1 protein expression compared to normal diet (see Figure 4.6). In SIRT-KI 

mice, carotid artery SIRT1 expression was increased 2.5-fold compared to WT 

littermates. High-fat feeding did not reduce SIRT1 protein expression in SIRT1-KI 

mice. 
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Figure 4.6. Densitometric analysis of SIRT1 protein expression in mouse 

carotid arteries from WT mice on a normal and high-fat diet and SIRT1-KI 

mice on a normal and high-fat diet (n=3 in each group; * P<0.05 versus WT 

NC mice). Data are shown normalised to total protein loaded. 

Representative Western blots of immunoreactive band intensities showing 

expression of SIRT1 are shown above the summary data.  
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4.3.2 eNOS Protein Expression in WT versus SIRT1-KI Carotid Artery Lysate 

Western blotting revealed the presence of a single band at the expected molecular 

weight of 140 kDa. Carotid artery eNOS protein expression was significantly 

increased in SIRT1-KI on a high-fat diet compared to SIRT1-KI on a normal diet (see 

Figure 4.7).  
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Figure 4.7. Densitometric analysis of eNOS protein expression in mouse 

carotid arteries from WT mice on a normal and high-fat diet and SIRT1-KI 

mice on a normal and high-fat diet (n=3 in each group; Ø P<0.05 versus 

SIRT1-KI mice on NC). Data are shown normalized to total protein loaded. 

Representative Western blots of immunoreactive band intensities showing 

expression of eNOS are shown above the summary data.  
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4.3.3 Expression of 3-Nitrotyrosine in WT versus SIRT1-KI Carotid Artery 

Lysate 

In mouse carotid artery homogenates, 3-nitrotyrosine immunoreactive bands 

(indicative of peroxynitrite production and protein nitration) were observed between 

15-150 kDa. Analysis of these bands revealed that 3-nitrotyrosine levels were 

significantly elevated in wildtype mice fed a high-fat diet compared to wildtype mice 

fed a normal diet (see Figure 4.8). SIRT1-KI mice had significantly lower 3-

nitrotyrosine levels compared to wildtype mice and the high-fat-induced increase in 3-

nitrotyrosine levels was prevented in SIRT1-KI mice.  
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Figure 4.8. Densitometric analysis of 3-nitrotyrosine protein expression in 

mouse carotid arteries from WT mice on a normal and high-fat diet and 

SIRT1-KI mice on a normal and high-fat diet (n=3 in each group; * P<0.05 

versus WT NC mice; # P<0.05 versus WT HFD mice). Data are shown 

normalized to total protein loaded. Representative Western blots of 

immunoreactive band intensities showing expression of 3-nitrotyrosine are 

shown above the summary data.  
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4.3.4 Nox4 Protein Expression in WT versus SIRT1-KI Carotid Artery Lysate 

Western blotting revealed the presence of a single band at the expected molecular 

weight of 63 kDa. There was a trend for high-fat feeding to increase Nox4 arterial 

protein expression in wildtype, but it did not reach statistical difference. There was 

also a trend for high-fat feeding to negatively impact Nox4 protein expression in 

SIRT1-KI mice, but again this was not significantly different (see Figure 4.9). 
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Figure 4.9.  Densitometric analysis of Nox4 protein expression in mouse 

carotid arteries from WT mice on a normal and high-fat diet and SIRT1-KI 

mice on a normal and high-fat diet (n=3 in each group). Data are shown 

normalized to total protein loaded. Representative Western blots of 

immunoreactive band intensities showing expression of Nox4 are shown 

above the summary data.  
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4.3.5 p21 Protein Expression in WT versus SIRT1-KI Carotid Artery Lysate 

Western blotting revealed the presence of a single band at the expected molecular 

weight of 21 kDa. There was a trend for SIRT1 overexpression to increase p21 arterial 

protein expression, but again it did not reach statistical difference (see Figure 4.10). 
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Figure 4.10. Densitometric analysis of p21 protein expression in mouse 

carotid arteries from WT mice on a normal and high-fat diet and SIRT1-KI 

mice on a normal and high-fat diet (n=3 in each group). Data are shown 

normalized to total protein loaded. Representative Western blots of 

immunoreactive band intensities showing expression of p21 are shown 

above the summary data.  
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4.3.6 p66
Shc

 Protein Expression in WT versus SIRT1-KI Carotid Artery Lysate 

The antibody used in these studies recognises the 46 kDa, 52 kDa and 66 kDa Shc  

proteins. For the densitometric analysis, we only analysed the 66 kDa band. There 

was a significant decrease in carotid artery p66 protein expression in SIRT1-KI mice 

compared to WT controls (see Figure 4.11). 
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Figure 4.11. Densitometric analysis of p66
Shc

 protein expression in mouse 

carotid arteries from WT mice on a normal and high-fat diet and SIRT1-KI 

mice on a normal and high-fat diet (n=3 in each group; * P<0.05 versus WT 

NC mice). Data are shown normalized to total protein loaded. 

Representative Western blots of immunoreactive band intensities showing 

expression of p66
Shc

 are shown above the summary data.  
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4.3.7 MnSOD Expression in WT versus SIRT1-KI Carotid Artery Lysate 

Western blotting revealed the presence of a single band at 24 kDa. With a normal diet, 

SIRT1 overexpression significantly decreased carotid artery MnSOD protein 

expression compared to WT controls. However with high-fat feeding this was no 

longer statistically different (see Figure 4.12). 
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Figure 4.12. Densitometric analysis of MnSOD protein expression in 

mouse carotid arteries from WT mice on a normal and high-fat diet and 

SIRT1-KI mice on a normal and high-fat diet (n=3 in each group; * P<0.05 

versus WT NC mice). Data are shown normalized to total protein loaded. 

Representative Western blots of immunoreactive band intensities showing 

expression of MnSOD are shown above the summary data.  
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5. DISCUSSION 

 

 

5.1 Phenotype Characteristics 

5.1.1 Weight 

Since SIRT1 has been shown to regulate fat metabolism by interacting with PPAR-γ 

to inhibit the production of new adipocytes (Picard et al., 2002), it is possible that 

overexpressing SIRT1 would result in leaner animals. We found that WT and SIRT1-

KI mice fed normal chow had comparable body weights at 10 months of age. 

Interestingly, this is in contrast to a report by Bordone and colleagues, using the 

identical SIRT1-KI mouse model, who showed that SIRT1-KI mice were leaner than 

WT controls (Bordone et al., 2007). However, in agreement with our studies, other 

groups have shown comparable weights, using mice that overexpress SIRT1 from a 

bacterial artificial chromosome (BAC) construct (Pfluger et al., 2008, Banks et al., 

2008). We also found that white adipose tissue mass normalised to total body weight 

was comparable between SIRT1-KI mice and their WT littermates, indicating that the 

accumulation of fat was comparable between the two groups.  

 

After 2 months on a high-fat diet, there was a trend towards lower body weight in 

SIRT1-KI mice compared to WT controls (3.2±0.7g versus 4.1±1.2g, respectively). 

However, this did not reach statistical significance. Of note, similar weight gain 

following high-fat feeding has been reported using other SIRT1-KI mouse models 

(Pfluger et al., 2008, Banks et al., 2008). Pfluger and colleagues showed that 4.5 

months of high-fat feeding was required before body weight differences were detected 

(Pfluger et al., 2008). Therefore, it is certainly possible that extending the amount of 
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time on the diet regimen may result in a significantly lower body weight in SIRT1-KI 

compared to WT controls. 

 

5.1.2 Average Daily Food Intake  

Because SIRT1 has been shown to influence metabolic rate (Bordone et al., 2007) we 

determined daily food intake in SIRT-KI and WT mice on a high-fat diet. Daily food 

intake was similar in SIRT1-KI and WT control mice. Pfluger and colleagues (Pfluger 

et al., 2008) have shown increased food intake in SIRT1-KI mice on a high-fat; 

however this was only observed with chronic exposure to high-fat feeding 

(4.5months) and not at 2 months (the end-point in our study). It is possible that we 

would have seen comparable results if the animals had been followed for a longer 

time. 

 

5.1.3 Cholesterol and HDL 

Although there was a trend for plasma cholesterol and HDL levels to be lower in 

SIRT1-KI mice than in WT controls, this did not reach statistical significance (see 

Table 4.1). Previous studies have shown that SIRT1 alters cholesterol biosynthesis in 

the liver and macrophages (Li et al., 2007) by deacetylating liver X receptor, thereby 

mediating cholesterol homeostasis (Li et al., 2007). It is possible that we are only 

seeing subtle differences because overexpression of SIRT1 is absent in the liver in 

these mice (Bordone et al., 2007). Therefore any changes may only reflect subtle 

changes in cholesterol uptake in the peripheral tissues. 
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Two months of high-fat feeding resulted in significantly increased plasma cholesterol 

and HDL levels in both WT mice and SIRT1-KI (compared to normal chow). Similar 

trends in plasma cholesterol levels have been reported using other SIRT1-KI mouse 

models (Pfluger et al., 2008) (Banks et al., 2008). 

 

5.1.4 Non-Fasting Glucose and Triglycerides  

WT and SIRT1-KI mice on a normal diet had comparable measures of non-fasting 

plasma glucose. However it is possible that fasting levels of glucose are different 

between the groups. Indeed, Bordone and colleagues have shown that fasting, but not 

non-fasting, plasma glucose levels are lower in SIRT1-KI compared to WT mice 

(Bordone et al., 2007). SIRT1 has been shown to inhibit uncoupling protein 2 (UCP2) 

transcription in pancreatic beta cells, thereby enhancing insulin secretion (Bordone et 

al., 2007). This increases the rate of glucose transport into fat and muscle cells, 

leaving behind lower levels of circulating blood glucose levels. 

We also found that plasma triglyceride levels were similar in WT and SIRT-KI mice 

fed a normal diet or a high-fat diet. SIRT1 has been shown to control triglyceride 

synthesis in the liver, through activation of SREBP1 (Li et al., 2005). Our finding that 

overexpression of SIRT1 had no effect on triglyceride concentration may again be a 

reflection of the lack of liver SIRT1 overexpression in these mice.  
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5.2 Effect of High-Fat Feeding and SIRT1 Overexpression   

5.2.1 High-Fat Feeding Decreases Carotid Artery SIRT1 Protein Expression in 

WT Mice 

SIRT1 protein expression was significantly blunted in carotid artery lysate from WT 

mice after a high-fat diet compared to a normal diet (see Figure 4.6). Few groups 

have looked at the vasculature. However, Zhang and colleagues reported a decline in 

mouse aorta SIRT1 protein expression after 6 months on a high-fat diet (Zhang et al., 

2008). This is also in line with recent findings from our laboratory that showed 

decreased cerebral artery SIRT1 protein expression in a rat model of type II diabetes 

(Tajbakhsh et al, in preparation).  

 

 The decrease in vascular SIRT1 protein expression was not paralleled by systemic 

SIRT1 changes in gene expression (see Figure 4.2). There was, however, a high 

degree of variability between sample replicates therefore increasing sample size in 

future experiments, may show differential expression between the two cohorts. 

Indeed, clinical studies have shown an association between metabolic syndrome and 

low levels of SIRT1 gene and protein expression in peripheral blood mononuclear 

cells (de Kreutzenberg et al., 2010). 

 

5.2.2 Carotid Artery SIRT1 Expression Is Upregulated in SIRT1-KI Mice 

Carotid artery SIRT1 protein expression was elevated 2.5-fold in SIRT1-KI compared 

to WT mice on a control diet (see Figure 4.6). This is the first report showing 

vascular SIRT1 overexpression in this mouse model. It is line with reports of elevated 

SIRT1 protein expression in adipose tissue, brain and calvaria cells of the skull in this 
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mouse model (Bordone et al., 2007). Although there was a trend for SIRT1 gene 

expression to be elevated in whole blood, this again did not reach statistical 

significance. Importantly, overexpression of SIRT1 prevented the decrease in SIRT1 

protein expression in response to high-fat feeding.  

 

5.2.3 No Effect of High-Fat Feeding on Carotid Artery eNOS Protein 

Expression 

Comparison of WT mice on a normal and high-fat diet, showed similar levels of 

carotid artery eNOS protein expression, although there did appear to be a non-

significant trend towards enhanced protein expression (see Figure 4.7). Other studies 

in both humans and animal models of obesity (Schachinger et al., 2000) have also 

shown increased eNOS protein expression. This could be occurring by the direct 

activation of eNOS by insulin (Kuboki et al., 2000) and/or hydrogen peroxide (Kumar 

et al., 2009). It is important to note that eNOS protein levels are not always associated 

with NO bioavailability. Indeed, our collaborator Dr Anthony Donato at the 

University of Utah has shown that endothelium-dependent vasodilation is 

significantly impaired in mice after 2 months of high-fat feeding, as assessed by 

stimulation with acetylcholine (personal communication). 

 

5.2.4 High-Fat Feeding Increases Carotid Artery eNOS Protein Expression in 

SIRT1-KI  

On a normal diet, carotid artery eNOS protein levels were similar in SIRT1-KI mice 

and their WT counterparts. Although pharmacological activation of SIRT1 has been 

shown to increase eNOS expression (Ota et al., 2007), this was not observed in our 

study by genetically overexpressing SIRT1. However carotid artery eNOS protein 
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expression was significantly increased in SIRT1-KI mice after feeding with high-fat 

diet compared to a normal diet. Assuming that NO bioavailability is not impacted, 

these results suggest that upregulation of SIRT1 improves carotid artery endothelial 

function under hypercholesterolaemic conditions. In line with this idea, Dr Anthony 

Donato has shown preserved endothelium-dependent responses in SIRT1-KI mice 

after high-fat feeding (personal communication). 

 

 

5.2.5 High-Fat Feeding Increases Carotid Artery Nitrotyrosine Protein 

Expression 

High-fat feeding was associated with significantly higher levels of protein tyrosine 

nitration (see Figure 4.8). These data suggest that in our model of high-fat feeding in 

the mouse, peroxynitrite is being formed within the carotid artery, thereby causing 

nitration of tyrosine residues on proteins. Thus the impairment of endothelial function 

during high-fat feeding can be mediated in part by inactivation of NO by 

peroxynitrite-derived superoxide. 

 

 

5.2.6 Carotid Artery Nitrotyrosine Expression Is Downregulated in SIRT1-KI 

Mice 

Comparison of mice on a normal diet, showed significantly lower levels of 3-

nitrotyrosine in carotid arteries from SIRT1-KI mice compared to their WT littermates 

(see Figure 4.8). Importantly, high-fat diet-induced increase in nitrotyrosine 

expression was prevented in SIRT1-KI mice. This lends support to the idea that 

SIRT1 protects the vasculature against oxidative stress. 
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5.2.7 No Effect of High-Fat Feeding on Carotid Artery Nox4 Expression 

The expression of Nox4 protein, the catalytic subunit of an isoform of NADPH 

oxidase, was evaluated in carotid artery homogenate in normal and high-fat diet. 

Although there was a trend for increased Nox4 protein expression in carotid artery, 

this did not reach statistical significance (see Figure 4.9). Therefore, in our mouse 

model of high-fat feeding, vascular oxidative stress does not appear to result from 

Nox4-driven ROS production. 

Previous studies have shown a three-fold increase in Nox4 protein expression in rat 

aorta in high-fat feeding (Jiang et al., 2011). While species (mouse versus rat) and 

artery (carotid artery versus aorta) differences in Nox4 expression could account for 

the disparity, it should also be noted that the intensity of the chemiluminescent protein 

bands were not ideal for densitometric analysis, suggesting that Nox4 protein 

expression is not highly expressed in the mouse carotid artery. Nox2 protein 

expression could be evaluated in future experiments, since Nox2 has been shown to 

be highly expressed in the endothelium (Miller et al., 2007). 

 

5.2.8 No Effect of SIRT1 Overexpression on Carotid Artery Nox4 Protein 

Expression 

Comparison of WT and SIRT-KI mouse aorta on a normal diet, showed that 

overexpression of SIRT1 had no effect on carotid artery Nox4 protein expression (see 

Figure 4.9). After high-fat feeding, there appeared to be a decline in Nox4 protein 

expression in SIRT1-KI mice, however this did not reach statistical significance. In 

line with our results, a recent study has shown that pharmacological activation of 

SIRT1 had no effect on Nox4 protein expression in the aging mouse aorta (Roos et 
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al., 2013). Interestingly, whole blood gene expression of NCF1 (p47-phox), a 

cytosolic component of the NADPH oxidase complex, was significantly elevated in 

SIRT1-KI mice compared to WT mice on a normal diet (see Figure 4.5). It is unclear 

why NADPH oxidase is upregulated systemically in SIRT1-KI mice; however this 

was restored in high-fat feeding. 

 

5.2.9 High-Fat Feeding Had No Effect on Carotid Artery p66Shc Protein 

Expression in WT Mice 

Carotid artery p66Shc protein expression was comparable in WT mice on a normal or 

high-fat diet (see Figure 4.11). Upregulation of p66Shc protein has been reported in 

streptozotocin-treated mice (Camici et al., 2007, Chen et al., 2012) and in cell culture 

(Malhotra et al., 2009). Therefore the lack of upregulation of p66Shc in our model of 

high-fat feeding could be due to the absence of overt hyperglycaemia. Indeed, glucose 

appears to be an important trigger of p66Shc-driven ROS production (Paneni et al., 

2012, Sun et al., 2010). Alternatively, the main source of ROS within the vasculature 

during high-fat feeding may not be mitochondrial, but rather derived from NADPH 

oxidase. Of note, NADPH oxidase is a particularly important source of ROS in the 

brain vasculature (Miller et al., 2005). 

 

5.2.10 Carotid Artery p66Shc Protein Expression Is Downregulated in SIRT1-

KI Mice 

Overexpression of SIRT1 significantly decreased carotid artery p66Shc protein 

expression, compared to WT mice on a normal diet (see Figure 4.11). This data is in 

line with previous studies showing that SIRT1 binds to the p66Shc promoter, thereby 

inhibiting p66Shc gene transcription (Zhou et al., 2011). Since p66Shc is an important 
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source of ROS, downregulation of p66
Shc

 in SIRT-KI mice would potentially translate 

into reduced DNA damage. 

Interestingly, this protection was lost upon high-fat feeding as evinced by comparable 

p66Shc protein expression levels in WT and SIRT-KI. These data suggest that factors 

aside from SIRT1 are controlling p66Shc protein expression during high-fat feeding. 

Interestingly, previous studies have shown that adenoviral overexpression of SIRT1 

blocks high glucose-induced p66Shc upregulation in cell culture (Zhou et al., 2011). 

However our data suggest that transgenic overexpression of SIRT1 does not prevent 

changes in p66Shc expression in the context of high-fat feeding. 

 

5.2.11 High-Fat Feeding Had No Effect on Carotid Artery MnSOD Protein 

Expression in WT Mice  

As another marker of oxidative stress, protein expression of the antioxidant enzyme, 

MnSOD was measured in WT mice upon high-fat feeding. Under conditions of 

significant oxidative stress, one may expect reduced expression of ROS-scavenging 

enzymes. However in our studies, MnSOD protein expression in WT carotid arteries 

was comparable in normal and high-fat feeding (see Figure 4.12). This may again be 

a reflection of the length of diet or the lack of overt hyperglycaemia, since recent 

studies in our laboratory have shown a significant decline in MnSOD protein 

expression in a model of type II diabetes (Tajbakhsh et al, in preparation). 

Although it was expected to see an up regulation of SOD1 gene upon SIRT 

overexpression due to its antioxidant characteristics, neither upregulation of SIRT1 or 

diet seemed to have an effect on SOD1 gene expression. 
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5.2.12 Carotid Artery MnSOD Protein Expression Is Downregulated in SIRT1-

KI Mice 

Overexpression of SIRT1 significantly decreased carotid artery MnSOD protein 

expression; compared to WT mice on a normal diet (see Figure 4.12). This result was 

unexpected given that fact that adenoviral overexpression of SIRT1 has been shown 

to increase MnSOD protein expression (Olmos et al., 2013). Nevertheless, previous 

studies have shown that SIRT1 upregulation promotes Akt activation (Ota et al., 2010) 

and chronic Akt activation has been shown to reduce MnSOD concentration (Wang et 

al., 2009) Future studies would need to address whether Akt is activated in order to 

confirm this rationale. Interestingly, there was a trend for an increase in whole blood 

SOD2 gene expression; however this did not reach statistical significance (see Figure 

4.4). Although carotid artery MnSOD protein expression appeared to be reduced in 

SIRT1-KI mice on a high-fat diet, this was not statistically different from WT controls 

on a high-fat diet.  

 

5.2.13 High-Fat Feeding Had No Effect on Carotid Artery p21 Protein 

Expression in WT Mice 

Increased oxidative stress can induce DNA damage, leading to activation of p53 and 

p21, and cellular senescence. p21 is a well established marker of cellular senescence 

and some studies have shown that high-fat feeding leads to vascular senescence 

(Wang et al., 2009). However, we found no effect of high-fat feeding on p21 protein 

expression in carotid artery lysate in WT mice (see Figure 4.10). It is possible that the 

percentage of fat in this diet (40% in our study versus 60% in the cited paper) or the 

length of time on the diet (2 months in our study versus 5 months in the cited paper) 

was insufficient to observe these changes. In support of this idea, Chen and colleagues 
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found that p21 expression levels were unchanged in aorta of 8-week streptozotocin-

treated mice, but they were significantly increased after 40 weeks (Chen et al., 2012). 

We did attempt to measure p53 protein expression using Western blotting, however 

we were unsuccessful in obtaining protein bands that were of sufficient intensity to 

carry out densitometric analysis. 

 

5.2.14 No Effect of SIRT1 Overexpression on Carotid Artery p21 Protein 

Expression 

As expected, overexpression of SIRT1 had no effect on p21 protein expression in 

carotid artery (when comparing WT and SIRT1-KI on normal diet) (see Figure 4.4). 

This is in accordance with results obtained by Chen and colleagues (Chen et al., 

2012). Because high-fat feeding had no effect on p21 expression, there was no benefit 

observed in SIRT1-KI mice. In future studies it would be important to induce vascular 

senescence by keeping the mice on the diet for an extended period of time and/or 

increasing the fat content of their diet, and only then would we be able to determine 

whether SIRT1 overexpression offers any protection. 
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6. CONCLUSION 

 

 

High-fat feeding is known to promote oxidative stress and decreased nitric oxide 

bioavailability that increases risk of developing stroke or dementia. Sirtuin 1 (SIRT1) 

is a protein deacetylase with known antioxidant properties and ability to enhance 

nitric oxide bioavailability. Although SIRT1 activators, such as resveratrol, appear to 

promote vascular health, they are notoriously promiscuous. 

 

The purpose of the present study was to test the hypothesis that specific SIRT1 

overexpression during high-fat feeding would attenuate the phenotypes of vascular 

ageing such as oxidative stress.  

 

Here we have shown that mice fed a high-fat diet for two months developed 

significantly elevated levels of plasma cholesterol and HDL. Carotid artery protein 

expression of SIRT1 was significantly decreased and nitrotyrosine, a marker of 

oxidative stress, was significantly increased. SIRT1 overexpression prevented these 

changes in SIRT1 and nitrotyrosine in response to high-fat feeding and also enhanced 

eNOS protein expression, a marker of endothelial function. 

 

Our results highlight the potential benefits of targeting SIRT1 as a therapeutic strategy 

in reducing the clinical complications associated with vascular impairment during 

high-fat feeding. 
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APPENDICES 

 

Appendix 1:  RNA Concentrations Measured by Using Thermo Scientific 

NanoDrop 2000 Spectrophotometer. 
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SRT 2-4 HF WT 111.20 2.77 1.82 1.52 0.25 

SRT 4-4 NC WT 59.10 1.48 1.01 1.47 0.24 

SRT 4-2 HF TG 116.40 2.91 1.92 1.52 0.31 

SRT 4-1 NC TG 111.75 2.79 1.86 1.51 0.29 

SRT 5-1 HF WT 48.75 1.22 0.81 1.50 0.25 

SRT 10-1 NC WT 79.10 1.98 1.34 1.48 0.25 

SRT 18-2 HF TG 90.80 2.27 1.54 1.48 0.22 

SRT 18-1 HF WT 244.65 6.12 3.65 1.68 0.37 

SRT 10-2 NC WT 261.45 6.54 3.89 1.68 0.38 

SRT 18-3 HF TG 176.30 4.41 2.78 1.59 0.27 

SRT 18-4 HF WT 78.00 1.95 1.31 1.49 0.22 

SRT 15-1 NC WT 74.30 1.86 1.28 1.46 0.17 

SRT 19-2 HF TG 85.40 2.14 1.39 1.54 0.23 

SRT 16-1 NC TG 90.00 2.25 1.51 1.49 0.25 

SRT 21-1 NC TG 94.75 2.37 1.58 1.50 0.25 

SRT 17-4 NC TG 94.75 2.37 1.64 1.45 0.23 

SRT 19-1 HF WT 97.40 2.44 1.56 1.56 0.26 

SRT 19-3 HF WT 80.00 2.00 1.30 1.55 0.29 

SRT 19-4 HF TG 90.15 2.25 1.45 1.56 0.29 

SRT 17-2 NC TG 84.75 2.12 1.37 1.55 0.23 

SRT 20-3 TG HF 54.55 1.36 0.92 1.48 0.23 

SRT 15-2 NC TG 45.15 1.13 0.80 1.42 0.19 
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Appendix 2:  Bioanalyser Results and RIN Values 
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Appendix 3:  Protein Extraction Buffer Components 

 

 

Final Concentration Supplier MW Concentration 

(g/L) 

Weight for 

100ml 

50mM Tris, pH 8.0 Sigma;T6791 121.1 6.055 g/L 0.6055 g 

2% w/v SDS 

BioRad; 161-

0416     20ml 

10% w/v solution 

Milli-Q H2O 
   

make up to 

100ml 

***On the day of use add the following to a 10ml aliquot of above 

 

5mM DTT BioRad; 161-

0611 

154.3  0.007715g 

Add 1 Protease 

Inhibitor Tablet with 

EDTA to 10ml 

Roche; 

11836153001    

     

Notes:  

* Highlighted cell is a detergent. pH to 8.0 before adding detergent. 

* Store 10ml aliquots at -20˚C. 

* Note that SDS comes about of solution when it cools. 

 

Samples: Two mouse carotid arteries snap frozen in 30ul PEB without 

detergent (from Tony Donato’s lab). 
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Appendix 4:  Composition of 4X Sample Buffer 
 

 

Table. 4X Treatment (Sample) Buffer (10mL) 

4X Stack Gel Buffer (0.5 M Tris-HCL pH 6.8) 5.0 mL 

Glyserol 4.0 mL 

SDS 0.8 g 

Bromophenol Blue 0.004 g 

 

1. Note: Sometimes the BP blue will need to be omitted, such as when 

performing an EZQ assay on the sample. 

2. Mix together everything in a 10 mL final volume. 

3. Make 1 mL aliquots and freeze at -20°C. 

 

***Add DTT fresh before running the gel (4mg in 100 µl Sample Buffer). 

 

 

 

 


