
THE ROLES OF CIRCADIAN DISRUPTION AND REACTIVE 

OXYGEN SPECIES OVERPRODUCTION IN THE 

DEVELOPMENT OF OBESITY-ASSOCIATED 

CARDIOVASCULAR DISEASE 

 

By 

Caleb A. Padgett 

 

Submitted to the Faculty of The Graduate School 

of Augusta University in partial fulfillment 

of the Requirements of the Degree of 

Doctor of Philosophy 

June 

2022 

 

 

 

© 2022 by Caleb A. Padgett 



ACKNOWLEDGEMENTS 

 I would like to thank Dr. David Stepp for his guidance of my doctoral 

research, as well as my committee members Dr. David Fulton, Dr. Neal Weintraub, Dr. 

Eric Belin de Chantemele, Dr. Dan Rudic, and Dr. Scott Barman for their advice, 

support, and encouragement throughout this process. I would also like to thank the 

members of the Vascular Biology Center who have been a constant source of 

inspiration and advice to me. I am especially grateful for the members of the Stepp and 

Fulton labs who have provided invaluable assistance in designing, advising, and 

conducting this research: Dr. Joshua Butcher, Dr. Sebastian Larion, James Mintz, 

Zachary Corley, Andrew Speese, Cody Rosewater, Dr. Robert Batori, Safia Ogbi, 

Steven Haigh, and Hunter Sellers. I would also like to thank Dr. Michael Brands and 

Dr. Ryan Harris for their collaboration and assistance with this work. It would be 

impossible to thank everyone who has had a positive impact on my life during my 

course of study, but I remain immensely grateful to all who have shared their time, 

talents, support, and wisdom to further my training and development as a scientist. 

Finally, I would like to give special thanks to my wife, Emily, and my parents, Alvin 

and Cindy, for their constant love, support and encouragement.  



ABSTRACT 

CALEB A. PADGETT 

The Roles of Circadian Disruption and Reactive Oxygen Species 

Overproduction in the Development of Obesity-Associated Cardiovascular 

Disease 

 (Under the direction of DAVID W. STEPP, Ph.D.) 

Obesity is a complex and multifactorial disease that is endemic in the United States, 

affecting over 40% of the US population and contributing to over $150 billion in medical 

cost. Obesity and metabolic disease are major risk factors for cardiovascular disease, which 

is the leading cause of death among Americans, especially those in the southeast. While 

the detrimental effects of obesity on cardiovascular health are well-documented, the 

mechanisms linking aberrant metabolism to vascular dysfunction are poorly understood. 

In the present study, we investigate the role of the vascular endothelium in mediating the 

progression of cardiometabolic disease through disruption of the peripheral circadian clock 

as well as through overproduction of reactive oxygen species, both of which are implicated 

in the development of endothelial dysfunction and the downstream acute cardiovascular 

diseases it predicts. We demonstrate that obesity causes a unique circadian disruption in 

the endothelium that is not recapitulated by other established models of circadian 

disruption, and that rhythmic expression of the essential vasodilatory enzyme endothelial 

nitric oxide synthase (eNOS) is disturbed. Expression of NADPH oxidase I (NOX1), the 

major pathological reactive oxygen species (ROS)-producing enzyme in the vasculature, 

was markedly increased in the endothelium, and was found to be even more highly 



expressed in the obese microvascular endothelium. Further, endothelial expression of the 

receptor for glycation end-products galectin-3 (GAL3) was found to correlate with NOX1 

expression levels, leading us to hypothesize that GAL3 contributes to obesity-induced 

NOX1 overexpression in the microvascular endothelium. We demonstrate that deletion of 

GAL3 resolves obesity-induced endothelial dysfunction and hypertension by decreasing 

NOX1 expression and subsequent ROS overproduction. Finally, we demonstrate that the 

GAL3/NOX1 axis is amenable to beneficial changes in glucose handling by treatment with 

metformin, augmentation of skeletal muscle mass, or improvement of insulin signaling. 

Taken together, these data indicate that GAL3 is an attractive therapeutic target to 

ameliorate obesity-induced cardiovascular disease. 

 

KEYWORDS: Obesity, cardiovascular disease, circadian disruption, endothelial 

dysfunction, reactive oxygen species
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I. INTRODUCTION 

A. Statement of the Problem 

Obesity is epidemic in the United States, with prevalence approaching 45% and an 

annual medical cost estimated at over $250 billion.1-2 Obesity is a major risk factor for 

almost all leading causes of death in the US, including cardiovascular disease, diabetes and 

cancer.3-5 These adverse outcomes are especially prevalent in the southeast, where 

socioeconomic status further stratifies not only who is affected by obesity, but the degree 

of access to care and potential outcomes of obese patients.6 While diet and exercise are 

preferable to ameliorate obesity, such options may not be effective or feasible for all 

patients, necessitating a further understanding of the mechanisms linking obesity to its 

downstream comorbidities and pathologies.  

Because obesity is such a complex disorder, its adverse outcomes are likewise 

intricate and diverse. Among others, disruption of both central and peripheral circadian 

rhythms is prevalent in obesity, manifesting in disorders such as nocturnal binge-eating, 

insomnia, and sleep apnea.7-8 Each of these manifestations distinctly worsen indices of 

cardiovascular health, and precise mechanisms of interaction among obesity, circadian 

dysrhythmia, and vascular disease remain poorly understood. 

Another essential hallmark of obesity is chronic inflammation due to 

overproduction of reactive oxygen species (ROS).9-10 Increased ROS production in the 

vasculature lowers bioavailability of nitric oxide (NO) by reacting with NO to form 

peroxynitrite, causing further oxidation of lipids and DNA while compromising 

vasodilatory capacity due to decreased NO signaling to the vascular smooth muscle.11 
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Although the mechanisms by which ROS overproduction leads to vascular dysfunction are 

relatively clear, therapeutic interventions remain scarce. Antioxidant therapies have proven 

to be ineffective, and significant inhibition of ROS-producing enzymes in vivo have 

produced no appreciable effect on vascular function in humans.12-13 An essential gap in our 

knowledge is the mechanism by which ROS-producing enzymes become overactive in 

obesity, necessitating further study into upstream mediators between aberrant metabolism 

and increased oxidant stress. 

The goal of the current study was to investigate the individual contributions of 

circadian disruption and reactive oxygen species overproduction in a murine model of 

obesity-associated cardiovascular disease in order to identify novel therapeutic targets for 

future study. 
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B. Review of the Literature 

1. Obesity and Cardiovascular Disease 

In recent decades, obesity has become one of the most significant public health crises 

in the Western world and the United States in particular (Figure 1).1 The body mass index 

(BMI) is an imperfect but reasonable predictor of whole-body adiposity, with a BMI of 

over 25 designating overweight and over 30 designating obesity.14-15 Currently, 42% of 

American adults are estimated to be obese, with a staggering 74% either overweight or 

obese, representing a growing public health burden for current and future generations.1-2 

The prevalence of obesity is consistently increasing worldwide, but more especially in the 

southeastern United States, coinciding geographically with the region of cardiovascular 

disease known as the “stroke belt”.16-17 

The precise causes of obesity are complex, dynamic, and extensively 

interconnected.18 While the essential determinant of obesity is an imbalance between 

caloric intake and energy expenditure, hosts of factors can modulate both of these 

important variables.19 High calorie food consumption, sedentary lifestyle, aging, 

medications, and stress are all significant environmental variables that cause increased 

adiposity, but evidence also suggests that genetic and epigenetic mechanisms are key 

determinants of body size and adiposity.20-25 Finally, social determinants of health such as 

access to affordable, healthy foods, socio-cultural perceptions of nutrition, and lack of 

health literacy can impact an individual’s body weight.26 
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Figure 1: Geographic distribution of obesity in the United States. (From Hales, C.M., et al., NCHS Data 

Brief, 2021) 

Obesity and its concurrent metabolic presentations represent the most consistent  

and significant risk factors for cardiovascular disease.6,27 In humans, obesity is most 

frequently associated with metabolic syndrome, consisting of hyperglycemia, 

hyperlipidemia, increased adiposity, and hypertension.28-30 These presentations are 

predictors of acute cardiovascular disorders such as coronary artery disease, peripheral 

arterial disease, stroke, and myocardial infarction.31-34 In obesity, dysfunction of the 

vascular endothelium is the initiating event of subsequent cardiovascular disease.35 

Endothelial dysfunction is regularly seen in obese patients, as well as in rodent models of 

obesity, highlighting its important, conserved role in the development of obesity-associated 

pathologies.36-38 Therefore, further study into the mechanisms by which obesity causes 
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endothelial dysfunction are crucial for better understanding disease onset and progression, 

as well as for discovering novel targets for therapeutic intervention. 

 A commonly employed tool in the basic science laboratory to study obesity-induced  

cardiovascular disease is the obese mouse, of which there are several relevant models. Due 

to their ease of breeding, relatively low cost of maintenance, and genetic similarity to 

humans, mice make an ideal early model for studying obesity-induced vascular 

dysfunction. Several monogenic mutations causing obesity have been characterized, the 

most popular including the agouti, ob/ob, and db/db mouse.39-41 Agouti mice ectopically 

express the agouti protein in the hypothalamus, which antagonizes the melanocortin 4 

receptor, causing increased adiposity, hyperglycemia, and hyperinsulinemia.42-43 ob/ob and 

db/db mouse models bear mutations in leptin and the leptin receptor, respectively. ob/ob 

mice are hyperphagic from birth, as well as insulin resistant and hyperglycemic.44 Since 

these mice only lack functional leptin production, treatment with exogenous leptin rescues 

their metabolic phenotype.45 Finally, the db/db mouse, arguably the best characterized of 

obese models, is similar in phenotype to the ob/ob mouse except in leptin resistance, which 

is a common characteristic of human obesity. These mice develop marked hyperphagia 

from birth and are both hyperglycemic and insulin resistant, progressing to Type II diabetes 

over time.46-48 Infertile like many other monogenic models, db/db mice must be bred as 

heterozygotes, making cell-specific knockout studies especially challenging, time-

consuming, and expensive.49 These monogenic models of murine obesity are not without 

criticism, but mimic human obesity more faithfully than diet-induced obesity models, 
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which can produce highly variable results depending on the background strain, housing 

conditions, and concurrent knockouts.50-51 

2. Circadian Rhythms in Obesity and Cardiovascular Disease 

One of the emerging hallmarks of obesity is a defect in circadian rhythm.52-54 Since 

obesity at its core is an inability to properly regulate the balance between energy 

expenditure and caloric intake, and both processes in humans are highly dependent on time 

of day, it stands to reason that many of these mechanisms are codependent. For example, 

obese individuals are more prone to binge-eating, exhibiting significant differences not 

only in the quantity of food consumed, but also the time at which eating occurs.55-56 Obesity 

is also associated with other circadian disruptions such as insomnia and sleep apnea, which 

further precipitate both cardiovascular and metabolic disease.57-59 While it remains unclear 

whether obesity causes circadian dysrhythmia or vice versa, the link between the two 

pathologies is clear, warranting further study into the underlying causative mechanisms. 

Underlying the mammalian circadian rhythm is the crosstalk between the central and 

peripheral clock.60 In humans, the central circadian clock is located within the 

suprachiasmatic nucleus (SCN) of the hypothalamus, directly above the optic chiasm.61 

The central clock is the master regulator of circadian behavior in humans, entrained to light 

cues from a normal 24-hour cycle that allow for proper anticipatory behaviors such as 

control of blood glucose, blood pressure, body temperature, and many other homeostatic 

mechanisms.62-66 Defects in the central circadian clock lead to corresponding 

arrthythmicity in the peripheral clock mechanisms, which can have a profound effect on 

cellular physiology.67 
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Within both central and peripheral tissues exists the molecular circadian clock, a 

transcription-translation feedback loop entrained by the central clock (Figure 2).68 Two 

essential circadian clock components, BMAL1 and CLOCK, dimerize and act as a 

transcription factor complex for the Per and Cry families of genes.69-71 In like manner, PER 

and CRY dimerize and are shuttled to the nucleus, where they inhibit the transcription of 

Bmal1 and Clock, thereby indirectly inhibiting their own transcription.72-73 This cycle 

occurs in an approximately 24-hour period and governs the circadian rhythm of each cell 

individually.74 Aside from these core components, the mammalian circadian clock 

regulates thousands of genes involved in diverse cellular mechanisms, but importantly the 

integration and regulation of metabolism. 

 

Figure 2: Basic mammalian circadian clock mechanism. (From Lee Y., Exp & Mol Med, 2021) 
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Two such essential mediators between circadian rhythm and metabolism are REV-

ERBs and RORs.75 These families of transcription factors play essential roles in lipid 

storage and metabolism, with REV-ERBs negatively regulating the clock through BMAL1 

and RORs positively regulating the clock.76-77 In the gut epithelium, REV-ERBα directly 

inhibits NFIL3, an emerging novel regulator of adiposity and lipid metabolism in 

obesity.78-79 Whole body knockout studies of many core circadian components such as 

Bmal1, Clock, Per, and others have demonstrated that these mutations cause metabolic 

dysfunction, as evidenced by hyperglycemia, hyperlipidemia, and steatosis, among 

others.66,80-82 However, little is known about how these components interact in the 

endothelium to regulate microvascular function, especially within the context of obesity. 

 Even in healthy individuals, circadian aberrations such as insomnia, shift work, and 

jet lag all increase the risk of cardiovascular disease.83-85 Since lipid metabolism is so 

readily influenced by the circadian clock, it is predictable that poor sleep habits increase 

both the prevalence and severity of atherosclerosis.86-87 Another hallmark of circadian 

disruption in the cardiovascular system is the phenomenon of non-dipping hypertension, 

in which blood pressure fails to dip during sleep.88-89 Non-dipping individuals display 

significantly worsened outcomes than those with dipping hypertension, manifesting in 

worsened end-organ damage.90 Sleep apnea is yet another circadian pathology that is 

closely associated with heart failure and atrial fibrillation, and has been demonstrated to 

increase the risk of stroke and myocardial infarction.91-93 Taken together, these findings 

make abundantly clear that circadian disruption, obesity, and cardiovascular disease share 

many overlapping causes and outcomes, and that more insight is needed into the molecular 

mechanisms contributing to disease onset, progression, and interaction. 
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3. Microvascular Function in Obesity and Cardiovascular Disease 

Dysfunction of the microvascular endothelium is an independent predictor of acute  

cardiovascular disease.94 Downstream of large conduit arteries in the vascular bed lie 

resistance arteries, which are essential determinants of tissue perfusion and organ health.95-

96 These small arteries are typically less than 150 µm in diameter, and functionally defined 

by their capacity to respond to pressure through myogenic regulation of vessel lumen 

diameter.97 Because these resistance arteries exhibit early dysfunction in obesity and are 

so strongly associated with future acute events, a basic understanding of the underlying 

physiology is crucial for understanding the implications of the microvasculature in 

pathogenesis.98-99 

One of the first hallmarks of microvascular dysfunction is endothelial dysfunction, 

which is defined as an impaired vasodilatory response to endothelium-dependent stimuli 

such as shear stress or vasoactive compounds.100-101 Essential determinants of endothelium-

dependent relaxation include endothelium-derived relaxing factors such as nitric oxide 

(NO), prostaglandins, and endothelium-derived hyperpolarizing factor (EDHF).102 

Prostaglandins are vasoactive compounds generated by the cyclooxygenase family of 

enzymes and can cause vasodilation or vasoconstriction in the vascular smooth muscle.103-

104 Prostacyclin (PGI2) is an essential vasodilatory prostanoid synthesized by COX-1 that 

has been reliably demonstrated to be anti-thrombotic and anti-atherogenic.106-107 EDHF is 

a yet-unidentified molecule released by the endothelium that also plays an important role 

in vasodilation.108-109 Several potential molecules include hydrogen peroxide, potassium 

ions, arachidonic acid metabolites, and c-type natriuretic peptide.110-113 Although the 
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precise mechanism is unknown, EDHF is regarded as an essential regulator of vasodilation, 

especially in the absence of NO.114-115 

Perhaps the best studied and arguably most important mechanism of endothelium-

dependent vasodilation is that of NO produced by endothelial NO synthase (eNOS). eNOS 

is a dimeric enzyme consisting of one oxidase and one reductase domain, the essential 

cofactor tetrahydrobiopterin (BH4), and its substrate L-arginine.116-118 eNOS converts L-

arginine to L-citrulline and NO, which is freely diffusible across the endothelial cell 

membrane directly to the vascular smooth muscle (Figure 3).119 NO activates guanylate 

cyclase to convert GTP to cGMP, which leads to relaxation of the vascular smooth muscle 

and subsequent vasodilation.120-121 Essential to eNOS function are its coupling ability and 

regulation by two main phosphorylation sites: an activating site at serine 1177 and an 

inactivating site at threonine 495.122-125 eNOS uncoupling occurs when BH4 is oxidized to 

BH2, halting electron transfer during the oxidation step and producing superoxide instead 

of NO.126-127 In obesity, total eNOS expression is impaired, and eNOS phosphorylation is 

decreased at S1177 and increased at T495, causing aberrant NO production and 

contributing to impaired endothelial function.128-130  
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Figure 3: NO-mediated vasorelaxation. (From Klabunde, R. E., Cardiovascular Physiology Concepts, 

2012) 

While the production of NO by eNOS is an important consideration for 

microvascular health, another key determinant of endothelial function is the bioavailability 

of NO. NO readily reacts with other reactive oxygen species such as superoxide, forming 

yet another reactive species, peroxynitrite (Figure 4).131 This presents a two-fold problem 

in the vasculature: increased production of reactive oxygen and nitrogen species in addition 

to lower bioavailable NO for vasodilation.132 This feed-forward mechanism contributes to 

loss of vasodilatory function in the microcirculation and initiates further progression of 

disease.133 
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Figure 4: NOS/NOX balance in the vasculature. (From Schiffrin E.L., Hypertension, 2008) 

Most of the oxidative stress in the diseased vasculature comes from the NADPH 

oxidase family of enzymes, or NOXs. NOXs are crucial reactive oxygen-producing 

enzymes for respiratory burst in immune function and redox signaling within diverse cell 

types.134-135 However, overexpression and overactivity have been demonstrated to be 

detrimental in diabetes, hypertension, and atherosclerosis.136-137 NOX1, NOX2, and NOX4 

are all expressed in the vasculature, with NOX3 largely restricted to the inner ear and 

NOX5 restricted to human testes and lymphatics.138 NOX4 is constitutively active, 

producing hydrogen peroxide rather than superoxide.139  Within the body of available 

literature, NOX4 has been demonstrated to play both protective and detrimental roles 

across multiple studies, and its physiological role in maintaining vascular homeostasis is 

still unclear.140-143 NOX2 was the first family member to be discovered, and is highly 

expressed in immune cells and fibroblasts, with some expression in the endothelium.144-145 

NOX1 is highly expressed throughout the diseased vasculature, especially in the 

endothelium and smooth muscle.146-147 
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We and others have demonstrated that NOX1 is the main source of oxidative 

stresses in the obese vasculature.148-150 NOX1 is highly amenable to upregulation by 

hyperglycemia, specifically in the endothelium.149,151  Deletion or pharmacological 

inhibition of NOX1 decreases oxidative stress and rescues endothelial function in obesity, 

improving indices of fibrosis, atherosclerosis, and hypertension.148,152-154 Taken together, 

these data suggest a crucial role of NOX1-mediated ROS production in the development 

of obesity-associated microvascular dysfunction.  

Multiple methods exist to assess the function of the microvasculature in humans and 

animal models. The gold standard for non-invasive assessment of microvascular function 

in humans is flow-mediated dilation, in which blood flow to the brachial artery is briefly 

occluded and the change in arterial diameter is recorded via ultrasound.155-156 This method 

is particularly useful for estimating the release of NO by endothelial cells due to shear 

stress, which is an index of endothelial and vascular health.157-159 Another more invasive 

method is intradermal microdialysis, wherein a small catheter is inserted under the skin to 

infuse vasoactive components and corresponding changes in vascular diameter are 

measured by laser-doppler.160-161 

In mice, ex vivo myography is the gold standard in vascular function assessment. Large 

conduit arteries such as the aorta or carotid artery may be excised and subjected to wire 

myography, which measures the force generated by smooth muscle contraction.162 Small 

resistance arteries may also be examined using wire myography, however pressure 

myography more faithfully recapitulates the in vivo environment of the microvessel.163-164 

Resistance vessels may be cannulated and pressurized or exposed to flow to mimic the 

hemodynamic state of the vascular bed, using a microscope to directly observe changes in 



14 

 

internal and external diameter in response to vasoactive compounds.165 Typically, 

microvascular function is assessed by at least three measurements: endothelium-dependent 

vasodilation to acetylcholine, endothelium-independent vasodilation to a direct NO donor 

such as sodium nitroprusside, and vasoconstriction to an alpha-adrenergic agonist such as 

phenylephrine.166-168 

4. Sensing Aberrant Metabolism in the Vasculature 

Because the endothelium is in constant contact with the metabolic milieu of the 

bloodstream, it is one of the first to sense and respond to alteration in whole-body 

metabolism. While this function is beneficial in some cases, such as initiation of 

angiogenesis after sensing hypoxia, the endothelium is constantly exposed to glucose, 

lipids, and other biological molecules that can exert a pathological response in the 

vasculature.169-170 Further insight into how endothelial cells sense aberrant metabolism is 

crucial for our understanding of how dysfunction initially arises and initiates vascular 

disease.   

 One such pathological signal sensed by the endothelium is hyperglycemia, a 

hallmark of obesity and metabolic disease. Hyperglycemia results from a convergence of 

multiple obesity-associated pathologies such as insulin resistance, adipose senescence, and 

sarcopenia.171 At the level of the endothelium, hyperglycemia has been demonstrated to 

cause an increase in NOX1 expression and ROS production, as well as uncoupling and 

inactivation of eNOS.172 Although the pathological effects of hyperglycemia on the 

endothelium are well-documented, precise mechanisms linking glucose to eNOS/NOX 

balance remain unclear, and identification of novel molecular targets for therapeutic 

potential has proven elusive. 
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 Over recent decades, receptors for advanced glycation end products (RAGEs) have 

been hypothesized to be such a link between metabolic and endothelial dysfunction.173 As 

glucose accumulates to pathological levels in the bloodstream, biological molecules 

become glycated and exhibit altered signaling capabilities.174 RAGE (or AGER) was the 

first receptor discovered to bind these glycated products and induce pro-inflammatory gene 

expression across multiple cell types.173,175-176 AGER has been implicated in the 

pathogenesis of a swath of diseases, including Alzheimer’s, diabetes, arthritis, and 

cardiovascular disease.177-1780 While AGER has been extensively interrogated, these 

studies have yielded no therapeutic advances, with inhibitors failing to produce meaningful 

results in clinical trials.181 

Galectin-3 (GAL3) is a novel RAGE that has recently garnered attention for its role in 

pro-inflammatory signaling processes.182-183 GAL3 is a carbohydrate binding lectin that 

plays important cellular roles in adhesion, apoptosis, and differentiation.184-185 GAL3 is 

expressed across many cell types, localizes to both the nucleus and cytosol, and may exist 

in membrane bound and soluble forms.186 GAL3 is unique among the galectins in its ability 

to pentamerize, allowing it to bind multiple partners in both carbohydrate-dependent and 

carbohydrate-independent manners (Figure 5).187 
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Figure 5: Structure of Galectin-3. (From Fortuna-Costa A. et al., Front Oncol, 2014) 

Elevated levels of serum GAL3 are most commonly regarded as a reliable 

biomarker for heart disease, kidney failure, and cancer.188 However, most mechanistic 

studies are limited to the field of cancer biology, and relatively little is known about the 

mechanistic contributions of GAL3 to the progression of cardiovascular disease. GAL3 has 

been shown to induce fibrosis and cardiac remodeling in models of heart failure by 

regulating collagen deposition.189 In atherosclerosis, GAL3 deletion reduces plaque size 

due to decreased macrophage infiltration with a small reduction in inflammation of the 

smooth muscle.190 Furthermore, GAL3 has been shown to mediate remodeling in the 

smooth muscle during pulmonary hypertension.191-192 However, little is known about the 

effects of GAL3 in the endothelium, especially within the context of obesity. 
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II. MATERIALS AND METHODS 

Animal Studies: All experiments involving animals were approved by Institutional Animal 

Care and Use Committee (IACUC) in accordance with NIH Guide for the Care and Use of 

Laboratory Animals. PER2:Luciferase mice (Jackson Labs; strain no. 006852) were 

crossed with heterozygous (db/+) mice to generate lean and obese PER2:Luciferase 

reporter mice. Mice heterozygous for mutation in the leptin receptor (Jackson Labs; strain 

no. 000697) were crossed with mice harboring a deletion of Galectin-3 (Jackson Labs; 

strain no. 006338) to generate HdbHLgals3 (lean), HdbKLgals3 (lean Gal3 KO), KdbHLgals3 

(obese), and KdbKLgals3 (obese Gal3 KO) genotypes. db/Mstn mice were generated by 

crossing aforementioned heterozygous db/+ mice with mice harboring a deletion of 

myostatin (kind gift from Dr. Se-Jin Lee) to generate HdbHMstn (lean), HdbKMstn (lean Mstn 

KO), KdbHMstn (obese), and KdbKMstn (obese Mstn KO) genotypes. db/Ptp1b mice were 

generated by crossing aforementioned heterozygous db/+ mice with mice harboring a 

deletion of protein tyrosine phosphatase 1b (kind gift from Dr. Michael Tremblay) to 

generate HdbHPtp1b (lean), HdbKPtp1b (lean Ptp1b KO), KdbHPtp1b (obese), and KdbKPtp1b 

(obese Ptp1b KO) genotypes. Mice were genotyped from tail clippings at the time of 

weaning with primers listed in Table 1.  For studies with metformin treatment, 16-week-

old lean db+/- and obese db-/- mice were treated with 5 mg/mL metformin in drinking water 

for 4 weeks. 16-20 week old male mice were utilized for each experiment, except where 

indicated. Animals were sacrificed after anesthesia with 5% isoflurane by guillotine.  
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Table 1: Primer sequences for genotyping. 

db  

MUT 

Fwd 5’- CCC AAC AGT CCA TAC AAT ATT AGA AGA TTT TTA CAT TTT GA -3’ 

Rev 5’- GTC CAA ACT GAA CTA CAT CAA ACC TAC -3’ 

GAL3 

WT 

Fwd 5’- GACTGGAATTGCCCATGAAC -3’ 

Rev 5’- GAGGAGGGTCAAAGGGAAAG -3’ 

GAL3  

MUT 

Fwd 5’- GACTGGAATTGCCCATGAAC -3’ 

Rev 5’- TCGCCTTCTTGACGAGTTCT -3’ 

NOX1  

WT 

Fwd 5’- TTGAAAGGTTGGGTTTAGCTG -3’ 

Rev 5’- AAATGGAACCCTTGGAGCA -3’ 

NOX1  

MUT 

Fwd 5’- TTGAAAGGTTGGGTTTAGCTG -3’ 

Rev 5’- CGGTCCTCAAGAAGGAATC -3’ 

MSTN  

WT 

Fwd 5’- AGAAGTCAAGGTGACAGACACAC -3’ 

Rev 5’- GGTGCACAAGATGAGTATGCGG -3’ 

MSTN  

MUT 

Fwd 5’- GGATCGGCCATTGAACAAGATG -3’ 

Rev 5’- GAGCAAGGTGAGATGACAGGAG -3’ 

PTP1B  

WT 

Fwd 5’- TGTGCTCGACGTTGTCACTGAAG -3’ 

Rev 5’- CCTGATGCTCTTCGTCCAGATCA -3’ 

PTP1B  

MUT 

Fwd 5’- GGATTGTGCACTGCTTAAGGCTG -3’ 

Rev 5’- GACTCGGGGACTCCAAAGTCAGG -3’ 

 

Blood Glucose Telemetry: Mice were anesthetized and implanted with HD-XG 

transmitters (DSI) threaded from the left carotid into the aortic arch. Battery packs were 

tunneled across to the right shoulder. Mice were allowed to recover for 7 days, then 

telemeters were switched on and blood glucose recorded for 24 hours. 

Blood Pressure Telemetry: Mice were anesthetized and implanted with PAC10 

transmitters (DSI) threaded from the left carotid into the aortic arch. Battery packs were 

tunneled across to the right shoulder. Mice were allowed to recover for 7 days, then 

telemeters were switched on and blood pressure recorded for 3-7 days. 

Body Composition: Prior to being euthanized, mice were weighed, and body composition 

was analyzed by Nuclear Magnetic Resonance (NMR) in a Minispec Body Composition 

Analyzer (Bruker). Heart, lung, spleen, liver, kidney, gonad, and gastrocnemius weights 

were recorded, and snout-anus and tibia lengths were measured. Liver and skeletal muscle 

were also subjected to NMR to assess intra-organ fat content. 
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Cell Culture: Microvascular endothelial cells from healthy and Type II diabetic humans 

(Lonza) were cultured to passage 2-3 in EBM-2 MV media with 5% FBS. For high glucose 

and siRNA studies, cells were supplemented with 10 mM glucose and either scramble 

siRNA or GAL3 siRNA for 48 hours. For serum studies, cells were supplemented with 5% 

mouse serum for 48 hours. 

Dihydroethidium Staining: Mesenteric arteries and thoracic aortae were excised, washed 

in PBS, embedded in OCT, and frozen for immediate cryosectioning. Sections were stained 

with 250 µL of 2µM DHE stain (Life Technologies) at 37oC for 30 minutes, washed, and 

immediately imaged using an EVOS FL microscope. 

Endothelial Cell Isolation: Mesenteric arteries and thoracic aortae were excised, flushed 

in PBS, and trimmed of visceral fat. Samples were minced and digested in 

dispase/collagenase II buffer at 37oC for 1 hour. After digestion, vascular homogenates 

were filtered through a 40 µm cell strainer, centrifuged, and resuspended in endothelial cell 

buffer. Vascular homogenates were incubated for 15 minutes with magnetic anti-CD31 

microbeads (Miltenyi), washed in endothelial cell buffer, and applied to a magnetic column 

for sorting. Flow through fractions of 2 mL were collected, then endothelial cell fractions 

of 1 mL were collected by flushing the column away from the magnet. Cells were 

centrifuged and resuspended in Trizol for RNA isolation or Laemmli buffer for Western 

Blot. Endothelial and flow through fractions were assessed for purity by qPCR (Figure 6). 
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Figure 6: Representative purity of endothelial cell isolation. 

 

Gene Expression: RNA was isolated using Direct-Zol RNA MiniPrep Plus kit (Zymo). 

cDNA was synthesized using OneScript cDNA Synthesis SuperMix (ABM). qPCR was 

performed using BrightGreen Express 2X qPCR MasterMix (ABM) in a CFG-Connect 

Real-Time PCR Detection System (Bio-Rad). Expression fold change was calculated using 

the 2-ΔΔCT method and normalized to either 18s rRNA or GAPDH as an internal control. 

Primer sequences for qPCR experiments are listed in Tables 2-3 For luciferase studies, 

PER2 activity in 50 mg of aortic tissue was assessed using Renilla luciferase assay 

(Promega).  
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Table 2: Mouse primer sequences for qPCR. 

mAGER Fwd 5’- CTG CAG GGA CCC TTA GC -3’ 

Rev 5’- TGG GTG GTT CCT CCT TGG -3’ 

mαSMA Fwd 5’- TCC TGA CGC TGA AGT ATC CGA TA -3’ 

Rev 5’- GGT GCC AGA TCT TTT CCA TGT C -3’ 

mCalponin Fwd 5’- AGCAGGAGCTGAGAGAGTGGAT 

Rev 5’- CCGTCTTTGAGGCCATACATG 

mCD31 Fwd 5’- TGCGGTGGTTGTCATTGG            

Rev 5’- TGTTTGGCCTTGGCTTTCC 

mCD45 Fwd 5’- ATGGTCCTCTGAATAAAGCCCA 

Rev 5’- TCA GCA CTA TTG GTA GGC TCC -3’ 

mDBP Fwd 5’- TGC GCG CGT TGC TGT GGG AAC G -3’ 

Rev 5’- GGG GGA GGG CGC GGG AGT G -3’ 

meNOS Fwd 5’- TCC GGA AGG CGT TTG ATC -3’ 

Rev 5’- GCC AAA TGT GCT GGT CAC C -3’ 

mGAL3 Fwd 5’- GTT ATC TGG GTC TGG AAA CC -3’ 

Rev 5’- TCT GTT TGC ATT GGG CTT CAC C -3’ 

mNFIL3 Fwd 5’- GAA CTC TGC CTT AGC TGA GGT -3’ 

Rev 5’- ATT CCC GTT TTC TCC GAC ACG -3’ 

mNOX1 Fwd 5’- CAT GGC CTG GGT GGG ATT GT -3’ 

Rev 5’- TGG GAG CGA TAA AAG CGA AGG A -3’ 

mNOX2 Fwd 5’- TGT GGT TGG GGC TGA ATG TC -3’ 

Rev 5’- CTG AGA AAG GAG AGC AGA TTT CG -3’ 

mNOX4 Fwd 5’- AAT GTT GGG CCT AGG ATT GT -3’ 

Rev 5’- TTC ACT GAA AAG TTG AGG GC -3’ 

mOLR1 Fwd 5’- CCA AGC GAA CCT TAC TCA GC -3’ 

Rev 5’- CCT GCT CTT TGG ATT TCT CG -3’ 

mPER2 Fwd 5’- CAG CGA CCG GCC CTT GAT -3’ 

Rev 5’- TCT TCC TGC TCC ACG GGT TGA TGA -3’ 

mRevErbα Fwd 5’- GTC TCT CCG TTG GCA TGT CT -3’ 

Rev 5’- CCA AGT TCA TGG CGC TCT -3’ 

m18s rRNA Fwd 5’- GTAACCCGTTGAACCCCATT -3’ 

Rev 5’- CCATCCAATCGGTAGTAGCG -3’ 

 

Table 3: Human primer sequences for qPCR 

hGAL3 Fwd 5’- GAT GCG TTA TCT GGG TCT G -3’ 

Rev 5’- GCA CTT GGC TGT CCA GAA GAT G -3’ 

hGAPDH Fwd 5’- GCA CCG TCA AGG CTG AGA AC -3’ 

Rev 5’- TGG TGA AGA CGC CAG TGG A -3’ 

hNOX1 Fwd 5’- CAC AAG AAA AAT CCT TGG GTC AA -3’ 

Rev 5’- GAC AGC AGA TTG CGA CAC ACA -3’ 

 

Metabolic Phenotype: Prior to sacrifice, mice were fasted for 4 hours. After anesthesia and 

euthanasia, blood was collected with heparin and spun down for plasma analysis. Blood 

glucose was analyzed using a glucometer (AlphaTrak) and HbA1c was analyzed using a 

multi-test system (PTS Diagnostics). Plasma was analyzed for cholesterol (FujiFilm), 
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insulin (Alpco), non-esterified fatty acids (Sigma), triglycerides (FijuFilm), and leptin 

(Alpco), thiobarbituric acid reactive substances (Cayman). One week prior to sacrifice, 

cohorts of mice were monitored in Comprehensive Laboratory Animal Monitoring 

Systems (CLAMS) (Columbus Instruments) to assess food intake, water intake, energy 

expenditure, respiration, and activity. Mice were introduced to CLAMS housing, allowed 

to acclimate for 48 hours, then data was collected for 72 hours. 

Pressure Myography: Third order mesenteric arteries were isolated in cold Krebs solution, 

trimmed of fat, and cannulated on glass pipettes in a single vessel pressure myography 

chamber (LSI). Arteries were pressurized to physiological pressure of 60 mmHg, warmed 

to physiological temperature of 37oC, and allowed to equilibrate for 30 minutes. After 

assessment of viability with 10 µL saturated KCl solution, microvessels were washed 3 

times in Krebs solution and subjected to dose response curves (10-9 – 10-3 M) of 

acetylcholine, phenylephrine, and sodium nitroprusside, with 3 washes in between each 

curve. Myogenic tone was assessed across 20 mmHg increments (20 – 120 mmHg). 

Protein Expression: Samples were suspended in 1X Laemmli buffer, boiled, run on a 10% 

SDS-PAGE gel at 100 V, then transferred to PVDF membrane at 4oC at 100 V. Membranes 

were blocked in 5% milk and washed 3 times with 1X TBST. Membranes were probed 

with respective antibodies (Table 4) overnight in 5% milk, unless otherwise instructed by 

manufacturer. Membranes were washed 3 times with 1X TBST and probed with secondary 

antibody in 5% milk for 1 hour, unless otherwise instructed by manufacturer. After 

activation by ECL, membranes were imaged with 10-30 second exposure. Samples were 

analyzed by densitometry, normalized, then rerun for publication imaging. 
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Table 4: Mouse antibodies for Western Blot 

Protein MW (kDa) Host Source Reference 

β-actin 40 Rabbit Invitrogen PA1-183 

GAL3 31 Mouse Santa Cruz E1519 

HSP90 90 Mouse BD Biosciences 610418 

NOX1 72 Rabbit Sigma-Aldrich SAB4200097 

 

Statistical Analysis: All data are expressed as mean ± SEM. Statistical analyses and figure 

generation were performed using GraphPad Prism. For comparisons between two groups, 

student’s t-test was used. For comparisons among groups of three or more, one-way 

ANOVA with Bonferroni post-hoc analysis was utilized. P values of less than 0.05 were 

considered statistically significant. * = p < 0.05 from lean control. # = p < 0.05 from obese 

control. 

Wire Myography: Thoracic aortae were dissected, trimmed of fat, and cut into 4 rings for 

mounting on a wire myograph (DMT) in Krebs solution at 37oC. After assessment of 

viability with saturated KCl solution, aortic rings were washed 3 times in Krebs solution 

and subjected to dose response curves (10-9 – 10-3 M) of acetylcholine, phenylephrine, and 

sodium nitroprusside, with 3 washes in between each curve.



24 

 

 

III. RESULTS  

A. Circadian Disruption in Obesity 

Circadian disruption of blood pressure and blood glucose in obesity 

 In order to assess circadian rhythmicity in the maintenance of blood pressure, lean 

(db/+) and obese (db/db) mice were subjected to radiotelemetry. Obese mice were 

significantly hypertensive and exhibited a non-dipping phenotype in which mean arterial 

pressure (MAP) fails to drop during the sleep cycle (Figure 7A).194 Blood glucose in lean 

and obese mice was also analyzed by telemetry, with obese mice displaying profound 

hyperglycemia across all time points (Figure 7B). While lean mice maintained relatively 

consistent blood glucose levels, obese mice exhibited marked circadian fluctuations across 

24-hour periods, especially during the active nocturnal period. Given these marked 

circadian disturbances in cardiometabolic patterns, we next assessed the oscillation of the 

vascular circadian clock in attempt to determine if obese mice exhibited both central and 

peripheral circadian disruption. Oscillation of the essential circadian clock component 

PER2 was similar to previously published data in the aortae of lean (db/+) mice, as 

evidenced by a PER2:Luciferase reporter assay (Figure 7C).193 However, obese (db/db) 

mice displayed ablated oscillation of aortic PER2, indicating that obesity causes 

dysregulation of key components of the peripheral circadian clock. Taken together, these 

data indicate that obese mice recapitulate at least three essential cardiometabolic hallmarks 

found in many obese humans: hypertension, hyperglycemia, and vascular dysfunction. 

Since marked disruption of the circadian clock was detected in the vasculature, we next 

aimed to differentiate between the effects of central and peripheral circadian disruption by 
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analyzing the effects of constant darkness on the cardiometabolic phenotype of lean and 

obese mice.  
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Figure 7: Aberrant vascular and metabolic circadian rhythms in obesity.  

A. 7-day blood pressure telemetry from lean (db/+) and obese (db/db) mice (n=3). B. 24-hour blood glucose 

telemetry from lean and obese mice (n=6). C. Luciferase activity from lean and obese PER2:luciferase 

reporter mice (n=5). All data are represented as mean ± SEM. (Adapted from Padgett, C.A. et al., Frontiers 

in Physiology, 2022) 

 

Metabolic effects of circadian disruption 

In order to assess the role of the peripheral circadian clock without the confounding 

effects of diurnal central cues, we housed lean and obese mice in constant darkness (DD) 

for 12 weeks. While no differences in whole-body composition were detected between 

obese groups, lean mice housed in constant darkness had slightly but significantly higher 

body weight (Figure 8A) and body fat percentage (Figure 8B), with a corresponding 

decrease in lean body mass (Figure 8C) compared to lean controls housed in a normal 

light/dark cycle. Housing in constant darkness had no discernable effect on whole-body 

fluid percentage (Figure 8D). Heart (Figure 9A), liver (Figure 9B), spleen (Figure 9C), 

kidney (Figure 9D), gastrocnemius (Figure 9E), and gonad (Figure 9F) weights were not 

different in groups housed with or without constant darkness. These data indicate that 

housing in constant darkness does predispose otherwise healthy mice to increased weight 

gain and adiposity, but has no appreciable effect on other whole-body parameters and organ 

weights. 

We next assessed the effect of circadian disruption on the plasma phenotype of lean 

and obese mice. As expected, obese mice displayed consistently higher levels of free fatty 

acids (Figure 10A), insulin (Figure 10B), triacylglycerol (Figure 10C), total cholesterol 

(Figure 10D), and thiobarbituric acid reactive substances (TBARS) (Figure 10E) than lean 
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mice. Lean mice housed in constant darkness displayed significantly higher levels of 

cholesterol than lean mice in a normal light/dark cycle (Figure 10D) but exhibited no other 

significant alterations. Obese mice housed in constant darkness displayed significantly 

higher ROS burden at the 6 AM time point compared to obese controls (Figure 10E), but 

no other differences were detectable. These data indicate that housing in constant darkness 

has little effect on gross anatomical and plasma phenotypes of lean and obese mice. 
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Figure 8: Whole-body NMR of lean and obese mice ± constant darkness. 

A. Body weight of lean (db/+) and obese (db/db) mice with (DD) and without housing in constant darkness 

(n=24-30). B. Body fat percentage of lean and obese mice with and without housing in constant darkness 

(n=24-30). C. Lean mass percentage of lean and obese mice with and without housing in constant darkness 

(n=24-30). D. Fluid percentage of lean and obese mice with and without housing in constant darkness (n=24-

30). All data are represented as mean ± SEM. (Adapted from Padgett, C.A. et al., Frontiers in Physiology, 

2022) 
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Figure 9: Organ weights of lean and obese mice ± constant darkness. 

A. Heart weight of lean (db/+) and obese (db/db) mice with (DD) and without housing in constant darkness 

(n=24-30). B. Liver weight of lean and obese mice with and without housing in constant darkness (n=24-30). 

C. Spleen weight of lean and obese mice with and without housing in constant darkness (n=24-30). D. Kidney 

weight of lean and obese mice with and without housing in constant darkness (n=24-30). E. Gastrocnemius 

weight of lean and obese mice with and without housing in constant darkness (n=24-30). F. Gonad weight 

of lean and obese mice with and without housing in constant darkness (n=24-30). All data are represented as 

mean ± SEM. (Adapted from Padgett, C.A. et al., Frontiers in Physiology, 2022) 
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Figure 10: Plasma phenotype of lean and obese mice ± constant darkness. 

A. Plasma free (non-esterified) fatty acid levels in lean (db/+) and obese (db/db) mice with (DD) and without 

housing in constant darkness (n=8-10). B. Plasma insulin levels in lean and obese mice with and without 

housing in constant darkness (n=8-10). C. Plasma triacylglycerol levels in lean and obese mice with and 

without housing in constant darkness (n=8-10). D. Plasma total cholesterol levels in lean and obese mice with 

and without housing in constant darkness (n=8-10). E. Plasma TBARS levels in lean and obese mice with 

and without housing in constant darkness (n=8-10). All data are represented as mean ± SEM. (Adapted from 

Padgett, C.A. et al., Frontiers in Physiology, 2022) 

 

Microvascular effects of circadian disruption 

Since abnormalities in circadian rhythm are so strongly associated with cardiovascular 

disease, we turned to assessing the vascular phenotype of lean and obese mice subjected to 

housing in constant darkness. Microvascular reactivity was assessed by pressure 

myography as an early and independent predictor of acute cardiovascular events. Lean 

mice subjected to housing in constant darkness displayed worsened endothelium-

dependent function in response to acetylcholine, whereas obese mice housed in constant 

darkness had no appreciable worsening of the blatant characteristic endothelial dysfunction 

seen in obesity (Figure 11A). Neither obesity nor circadian disruption caused detectable 

decreases in alpha-adrenergic vasoconstriction in response to phenylephrine (Figure 11B) 

or endothelium-independent vasodilation in response to the direct NO donor sodium 

nitroprusside (SNP) (Figure 11C). All vascular reactivity data were independent of changes 

in resting tone (Figure 11D), internal diameter (Figure 11E), or maximum constriction 

(Figure 11F). These data confirm that obese mice display profound endothelial dysfunction 

that is unchanged by further circadian disruption by housing in constant darkness. 

However, circadian disruption in lean mice does cause significant insult to microvascular 
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endothelial function, suggesting that alteration of the central circadian clock is sufficient 

to have an appreciable effect on vascular health. 
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Figure 11: Microvascular function of lean and obese mice ± constant darkness. 

A. Vasodilation (calculated as percent of internal resting diameter) to dose-response curve of acetylcholine 

in lean (db/+) and obese (db/db) mice with (DD) and without housing in constant darkness (n=4-6). B. 

Vasoconstriction to dose-response curve of phenylephrine in lean and obese mice with and without housing 

in constant darkness (n=4-6). C. Vasodilation to dose-response curve of sodium nitroprusside in lean and 

obese mice with and without housing in constant darkness (n=4-6). D. Average tone of microvessels from 

lean and obese mice with and without housing in constant darkness (n=4-6). E. Average internal diameter of 

microvessels from lean and obese mice with and without housing in constant darkness (n=4-6). F. Maximum 

constriction in response to potassium chloride in microvessels from lean and obese mice with and without 

housing in constant darkness (n=4-6). All data are represented as mean ± SEM. (Adapted from Padgett, C.A. 

et al., Frontiers in Physiology, 2022) 

 

Effects of obesity and circadian disruption on components of the endothelial cell 

peripheral clock 

As the only detectable microvascular defect was endothelium-dependent, we next 

assessed changes in gene expression of peripheral circadian clock components in freshly 

isolated microvascular endothelial cells from lean and obese mice with and without 

exposure to constant darkness. While the expression pattern of the essential clock 

component BMAL1 was unaltered in the endothelium of obese animals (Figure 12A), 

oscillatory expression of PER2 was lost in obesity (Figure 12B). DBP, a robust oscillatory 

circadian output gene, was dysregulated in obesity (Figure 12C), while the expression of 

integrating RevErbα remained unchanged (Figure 12D). The oscillation of NFIL3, a 

circadian regulator implicated in disturbance of metabolic homeostasis, was ablated in 

obesity (Figure 12E), while oscillation of the novel eNOS regulator Cezanne was likewise 

flattened (Figure 12F). These data indicate that some, but not all, essential components and 
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outputs of circadian rhythm are dysregulated in the endothelium during obesity, and that 

circadian regulation of genes governing endothelial metabolism and vasodilatory function 

is impaired in the obese state.  

Because obesity is a complex pathophysiological state with diverse causes and effects, 

we next assessed the individual contribution of circadian disruption on endothelial gene 

expression in lean mice in order to dissect which patterns in obesity might be uniquely 

circadian in origin. Lean mice subjected to diurnal disruption displayed phase shifts and 

blunted expression of the core components BMAL1 (Figure 13A) and PER2 (Figure 13B), 

as well as DBP (Figure 13C) and RevErbα (Figure 13D). While NFIL3 expression was 

preserved in constant darkness (Figure 13E), Cezanne oscillation was impaired in a similar 

degree to obese mice (Figure 13F). These data indicate that 12 weeks in constant darkness 

is sufficient to induce a disruption of the endothelial circadian clock in health mice, and 

that obese mice display some, but not all defects in the circadian clock at baseline. 
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Figure 12: Transcriptional effects of obesity on the endothelial clock. 

A. BMAL1 mRNA levels in mesenteric endothelial cells from lean (db/+) and obese (db/db) mice (n=3-6). 

B. PER2 mRNA levels in lean and obese mice (n=3-6). C. DBP mRNA levels in lean and obese mice (n=3-

6). D. RevErbα mRNA levels in lean and obese mice (n=3-6). E. NFIL3 mRNA levels in lean and obese 

mice (n=3-6). F. Cezanne mRNA levels in lean and obese mice (n=3-6). All data are represented as mean ± 

SEM. (Adapted from Padgett, C.A. et al., Frontiers in Physiology, 2022) 
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Figure 13: Transcriptional effects of constant darkness on the endothelial clock. 

A. BMAL1 mRNA levels in mesenteric endothelial cells from lean mice with and without housing in constant 

darkness (n=3-6). B. PER2 mRNA levels in lean mice with and without housing in constant darkness (n=3-

6). C. DBP mRNA levels in lean mice with and without housing in constant darkness (n=3-6). D. RevErbα 

mRNA levels in lean mice with and without housing in constant darkness (n=3-6). E. NFIL3 mRNA levels 

in lean mice with and without housing in constant darkness (n=3-6). F. Cezanne mRNA levels in lean mice 

with and without housing in constant darkness (n=3-6). All data are represented as mean ± SEM. (Adapted 

from Padgett, C.A. et al., Frontiers in Physiology, 2022) 
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Dysregulation of NOS/NOX balance in obesity and circadian disruption 

Balance between expression of NO- and ROS-producing enzymes is an essential 

determinant of vascular health, as a shift in this balance during disease states is known to 

precipitate worsened vascular outcomes.195 We assessed the transcriptional levels of eNOS 

and the predominant source of ROS in the vasculature, NOX1, in lean and obese mice with 

and without exposure to constant darkness. Obese mice exhibited depressed eNOS 

expression as well as a phase shift over the 24-hour cycle (Figure 14A), but lean mice 

exposed to constant darkness had no detectable differences in eNOS expression or 

periodicity (Figure 14B). Obese mice also displayed marked upregulation of endothelial 

NOX1 across the entirety of the 24-hour cycle (Figure 14C), while lean mice with circadian 

disruption upregulated NOX1 specifically at the 12 PM time point (Figure 14D). These 

data demonstrate that NOS/NOX balance is doubly disrupted in obesity, with eNOS 

expression depressed and NOX1 expression markedly upregulated. This critical imbalance 

lowers NO bioavailability and exacerbates an oxidative, pro-inflammatory environment 

within the microvasculature. However, this pattern is not faithfully recapitulated in lean 

mice, which display no appreciable defect in eNOS expression with only minor alterations 

in NOX1 expression.  
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Figure 14: eNOS/NOX1 transcription in obesity and circadian disruption. 

A. eNOS mRNA levels in mesenteric endothelial cells from lean (db/+) and obese (db/db) mice (n=3-6). B. 

eNOS mRNA levels in mesenteric endothelial cells from lean mice with and without housing in constant 

darkness (n=3-6). C. NOX1 mRNA levels in lean and obese mice (n=3-6). D. NOX1 mRNA levels in lean 

mice with and without housing in constant darkness (n=3-6). All data are represented as mean ± SEM. 

Adapted from Padgett, C.A. et al. (2022) Frontiers in Physiology. 
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B. Galectin-3 in Cardiometabolic Disease 

We and others have previously demonstrated that NOX1 is the main source of 

pathological ROS production in obesity, and that NOX1 deletion restores microvascular 

endothelial dysfunction in obese mice.148-149 However, the mechanism by which NOX1 is 

regulated in obesity remains unclear, necessitating further study into upstream regulators 

and potential therapeutic targets. Additionally, our collaborators and others have 

demonstrated the essential role of the carbohydrate binding lectin galectin-3 (GAL3) in 

mediating pathologies such as pulmonary arterial hypertension, atherosclerosis, and 

cardiac fibrosis, but the role of GAL3 in obesity-associated cardiovascular disease is 

unknown.188-192 In the present study, we critically tested the hypothesis that GAL3 is a 

novel sensor of aberrant metabolism that significantly contributes to the pathogenesis of 

obesity-induced endothelial dysfunction and subsequent cardiovascular disease.  

 In order to determine the cellular localization of GAL3 within the vasculature, we 

isolated endothelial and flow through (smooth muscle, fibroblast, and immune) cells from 

conduit (aorta) and resistance (mesenteric) arteries from lean (db/+) and obese (db/db) 

mice. GAL3 was upregulated 10-fold in the aortic endothelium of obese male mice but 

150-fold in the resistance arteries of obese mice (Figure 15A). No changes in GAL3 

expression were detected in the flow through cells from either conduit or resistance arteries 

of lean or obese mice (Figure 15B), indicating that the endothelium is the site of increased 

vascular GAL3 expression in obesity. GAL3 overexpression exhibits a profound sex 

difference, as female obese mice did not upregulate GAL3 in either the aortic or mesenteric 

endothelium (Figure 15C). Since mRNA levels were so markedly increased, we sought to 

confirm qPCR results by Western Blot and found that GAL3 was indeed most significantly 
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increased in the microvascular endothelium (Figure 15D). These data indicate that in 

obesity, the endothelium is the primary site of GAL3 upregulation, which occurs 

specifically in the microvasculature of male mice.  
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Figure 15: GAL3 expression in the obese vasculature. 

A. GAL3 mRNA levels in aortic and mesenteric endothelial cells from lean (db/+) and obese (db/db) male 

mice (n=6). B. GAL3 mRNA levels in flow through cells from lean and obese male mice(n=6). C. GAL3 

mRNA levels in endothelial cells from lean and obese female mice (n=4). D. Representative Western Blot of 

GAL3 in endothelial cells from lean and obese male mice (n=1). All data are represented as mean ± SEM. 

 

Generation of an obese GAL3 KO mouse model 

In order to investigate the mechanistic contributions of GAL3 in obesity-induced 

cardiovascular disease, we generated a novel mouse model by breeding Lgals3 knockout  

mice onto the db/db background to generate lean (HdbHLgals3), lean GAL3 KO (HdbKLgals3), 

obese (KdbHLgals3), and obese GAL3 KO (KdbKLgals3) mice. Deletion of GAL3 had no 

appreciable effect on the whole-body phenotype of lean or obese mice, with body weight 

(Figure 16A), fat mass (Figure 16B), lean mass (Figure 16C), fluid percentage (Figure 

16D), snout-anus length (Figure 16E), and tibia length (Figure 16F) unchanged by GAL3 

deletion. Furthermore, GAL3 deletion had no detectable effect on weights of the heart 

(Figure 17A), liver (Figure 17B), spleen (Figure 17C), kidney (Figure 17D), gastrocnemius 

(Figure 17E), or gonad (Figure 17F). These data indicate that GAL3 knockout mice on the 

db/db background have no discernable differences in whole-body composition and 

faithfully recapitulate the gross anatomical hallmarks of the db/db mouse: increased body 

weight and adiposity, hepatomegaly with accompanying hepatosteatosis, nephromegaly, 

and sarcopenia with accompanying myosteatosis. 
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Figure 16: Whole-body phenotype of lean and obese GAL3 KO mice. 

A. Body weight of lean (HdbHLgals3), lean GAL3 KO (HdbKLgals3), obese (KdbHLgals3), and obese GAL3 KO 

(KdbKLgals3) mice (n=10-16). B. Body fat percentage of  HdbHLgals3, HdbKLgals3, KdbHLgals3, and KdbKLgals3 mice 

(n=10-16). C. Lean mass percentage of  HdbHLgals3, HdbKLgals3, KdbHLgals3, and KdbKLgals3 mice (n=10-16). D. 

Fluid percentage of  HdbHLgals3, HdbKLgals3, KdbHLgals3, and KdbKLgals3 mice (n=10-16). E. Snout-anus length of  

HdbHLgals3, HdbKLgals3, KdbHLgals3, and KdbKLgals3 mice (n=10-16).  F. Tibia length of  HdbHLgals3, HdbKLgals3, 

KdbHLgals3, and KdbKLgals3 mice (n=10-16). All data are represented as mean ± SEM. 
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Figure 17: Organ weights of lean and obese GAL3 KO mice. 

A. Heart weight of lean (HdbHLgals3), lean GAL3 KO (HdbKLgals3), obese (KdbHLgals3), and obese GAL3 KO 

(KdbKLgals3) mice (n=10-16). B. Liver weight of  HdbHLgals3, HdbKLgals3, KdbHLgals3, and KdbKLgals3 mice (n=10-

16). C. Spleen weight of  HdbHLgals3, HdbKLgals3, KdbHLgals3, and KdbKLgals3 mice (n=10-16). D. Kidney weight 

of  HdbHLgals3, HdbKLgals3, KdbHLgals3, and KdbKLgals3 mice (n=10-16). E. Gastrocnemius weight of  HdbHLgals3, 

HdbKLgals3, KdbHLgals3, and KdbKLgals3 mice (n=10-16).  F. Gonad weight of  HdbHLgals3, HdbKLgals3, KdbHLgals3, 

and KdbKLgals3 mice (n=10-16). All data are represented as mean ± SEM. 

 

To further determine the metabolic profile of these mice, cohorts of all four 

genotypes were housed in a comprehensive laboratory animal monitoring system 

(CLAMS) in order to assess metabolic rate, activity, and nutrient consumption. Obese mice 

displayed markedly reduced VO2 (Figure 18A) and VCO2 (Figure 18B) but had the same 

respiratory exchange ratio (RER) as lean mice (Figure 18C), with GAL3 deletion having 

no effect on any of these parameters. Average heat production was likewise comparable 

among all four groups (Figure 18D). Obese mice consumed significantly more food (Figure 

18E) and water (Figure 18F) than lean controls, and were habitually sedentary (Figure 

18G). These parameters were in like manner unaltered by GAL3 deletion, confirming that 

the knockout mice were metabolically and behaviorally similar to their control 

counterparts. 
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Figure 18: CLAMS analysis of GAL3 KO mice. 

A. Average VO2 consumption in lean (HdbHLgals3), lean GAL3 KO (HdbKLgals3), obese (KdbHLgals3), and obese 

GAL3 KO (KdbKLgals3) mice (n=12-15). B. AverageVCO2 production in HdbHLgals3, HdbKLgals3, KdbHLgals3, and 

KdbKLgals3 mice (n=12-15). C. Average respiratory exchange ratio in HdbHLgals3, HdbKLgals3, KdbHLgals3, and 

KdbKLgals3 mice (n=12-15). D. Average body heat production in HdbHLgals3, HdbKLgals3, KdbHLgals3, and 

KdbKLgals3 mice (n=12-15). E. Average food consumption in HdbHLgals3, HdbKLgals3, KdbHLgals3, and KdbKLgals3 

mice (n=12-15). F. Average water consumption in HdbHLgals3, HdbKLgals3, KdbHLgals3, and KdbKLgals3 mice 

(n=12-15). G. Average wheel activity in HdbHLgals3, HdbKLgals3, KdbHLgals3, and KdbKLgals3 mice (n=10-16). All 

data are represented as mean ± SEM. 

 

Plasma analysis was conducted to elucidate any potential role of GAL3 in 

modulating glucose or lipid metabolism in obesity. Significantly, deletion of GAL3 did not 

ameliorate obesity-induced hyperglycemia, as evidenced by fasting blood glucose (Figure 

19A) and HbA1c (Figure 19B), nor hyperinsulinemia (Figure 19C). GAL3 deletion did not 

improve free fatty acids (Figure 19D), total cholesterol (Figure 19E) or triacylglycerol 

(Figure 19F) in obese mice. Interestingly, lean GAL3 knockout mice had no discernable 

differences in plasma composition except for triacylglycerol, which was significantly 

decreased compared to lean controls. Since db/db mice lack a functional leptin receptor, 

obese mice lack negative feedback mechanisms to decrease leptin production, leading to 

chronic hyperleptinemia, which GAL3 deletion did not alter (Figure 19G).196 However, 

GAL3 deletion significantly decreased levels of thiobarbituric acid reactive substances 

(TBARS) in the plasma of obese mice to that of lean controls, indicating the GAL3 deletion 

ablates ROS production and decreases oxidative stress. These critical data indicate that any 

cardiometabolic improvement conferred by GAL3 deletion is independent of glucose and 

lipid levels, suggesting that GAL3 responds to changes in metabolism rather than causing 
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them. Furthermore, GAL3 deletion rescues plasma ROS levels to that of lean controls, 

demonstrating that GAL3 is a potent regulator of oxidant stress in the obese vasculature.   
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Figure 19: Plasma analysis of GAL3 KO mice. 

A. Fasting blood glucose in lean (HdbHLgals3), lean GAL3 KO (HdbKLgals3), obese (KdbHLgals3), and obese GAL3 

KO (KdbKLgals3) mice (n=10-15). B. HbA1c levels in HdbHLgals3, HdbKLgals3, KdbHLgals3, and KdbKLgals3 mice 

(n=10-15). C. Plasma insulin levels in HdbHLgals3, HdbKLgals3, KdbHLgals3, and KdbKLgals3 mice (n=10-15). D. 

Plasma non-esterified fatty acid levels in HdbHLgals3, HdbKLgals3, KdbHLgals3, and KdbKLgals3 mice (n=10-15). E. 

Plasma cholesterol levels in HdbHLgals3, HdbKLgals3, KdbHLgals3, and KdbKLgals3 mice (n=10-15). F. Plasma 

triacylglycerol levels in HdbHLgals3, HdbKLgals3, KdbHLgals3, and KdbKLgals3 mice (n=10-15). G. Plasma leptin 

levels in HdbHLgals3, HdbKLgals3, KdbHLgals3, and KdbKLgals3 mice (n=10-15). H. Plasma TBARS levels in 

HdbHLgals3, HdbKLgals3, KdbHLgals3, and KdbKLgals3 mice (n=10-15). All data are represented as mean ± SEM. 

 

Vascular function in obese GAL3 KO mice 

 We next assessed conduit and resistance artery function in lean and obese GAL3 

KO mice in order to test the hypothesis that GAL3 deletion in obesity directly improves 

vascular function. Obese db/db mice displayed profound aortic endothelial dysfunction in 

response to acetylcholine which was fully rescued by GAL3 deletion (Figure 20A). No 

significant differences were detected in aortic alpha-adrenergic vasoconstriction (Figure 

20B) or aortic endothelium-independent vasorelaxation in response to the direct NO donor 

sodium nitroprusside (Figure 20C). These data indicate that the vasodilatory defect in 

obesity is primarily NO-mediated. 

 Since GAL3 was so markedly increased in resistance arteries, we next assessed the 

role of GAL3 deletion in improving microvascular function. As in the aorta, obese mice 

had a worsened vasodilatory response to acetylcholine when compared to lean controls 

which was completely rescued by GAL3 deletion (Figure 21A). Neither obesity nor GAL3 

deletion altered smooth muscle function in response to phenylephrine (Figure 21B) or 

endothelium-independent relaxation (Figure 21C). Changes in vascular reactivity were 
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independent of vessel resting diameter (Figure 21D), maximum constriction (Figure 21E), 

and tone (Figure 21F). Microvascular data confirm that GAL3 is a major determinant of 

vascular function in obesity, as deletion fully rescued endothelium-dependent vasodilation, 

indicating that GAL3 negatively affects NO bioavailability and thereby cardiovascular 

health. 

 

Figure 20: Aortic vascular reactivity of GAL3 KO mice. 

A. Aortic vasodilation to dose-response curve of acetylcholine in lean (HdbHLgals3), lean GAL3 KO 

(HdbKLgals3), obese (KdbHLgals3), and obese GAL3 KO (KdbKLgals3) mice (n=4-6). B. Aortic vasoconstriction to 

dose-response curve of phenylephrine in HdbHLgals3, HdbKLgals3, KdbHLgals3, and KdbKLgals3 mice (n=4-6). C. 

Aortic vasodilation to dose-response curve of sodium nitroprusside in HdbHLgals3, HdbKLgals3, KdbHLgals3, and 

KdbKLgals3 mice (n=4-6). All data are represented as mean ± SEM.  
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Figure 21: Microvascular reactivity of GAL3 KO mice. 

A. Mesenteric arterial vasodilation to dose-response curve of acetylcholine in lean (HdbHLgals3), lean GAL3 

KO (HdbKLgals3), obese (KdbHLgals3), and obese GAL3 KO (KdbKLgals3) mice (n=5-7). B. Mesenteric arterial 

vasoconstriction to dose-response curve of phenylephrine in HdbHLgals3, HdbKLgals3, KdbHLgals3, and KdbKLgals3 

mice (n=5-7). C. Mesenteric arterial vasodilation to dose-response curve of sodium nitroprusside in 

HdbHLgals3, HdbKLgals3, KdbHLgals3, and KdbKLgals3 mice (n=5-7). D. Average internal diameter of isolated 

mesenteric arteries from HdbHLgals3, HdbKLgals3, KdbHLgals3, and KdbKLgals3 mice (n=5-7). E. Average maximum 

constriction to potassium chloride of mesenteric arteries from HdbHLgals3, HdbKLgals3, KdbHLgals3, and KdbKLgals3 

mice (n=5-7). F. Average percent tone of mesenteric arteries from HdbHLgals3, HdbKLgals3, KdbHLgals3, and 

KdbKLgals3 mice (n=5-7). All data are represented as mean ± SEM. 

 

 



53 

 

Blood pressure in obese GAL3 KO mice 

 Because GAL3 was so highly upregulated in the microvasculature, and resistance 

arteries are understood to be major regulators of blood pressure, we assessed the role of 

GAL3 in obesity-associated hypertension by subjecting mice to radiotelemetry. db/db mice 

displayed marked upregulation of mean arterial pressure (MAP) across both day and night 

periods which was rescued by GAL3 deletion (Figure 22A). Interestingly, GAL3 deletion 

also decreased average MAP of healthy lean mice (Figure 22B). No significant differences 

in systolic blood pressure were detectable between obese mice and obese GAL3 knockouts 

(Figure 22C), but differences in diastolic blood pressure were (Figure 22D). GAL3 deletion 

did not affect heart rate in lean or obese cohorts (Figure 22E). These data indicate that 

GAL3 not only functions in the pathogenesis of obesity-induced endothelial dysfunction, 

but also in obesity-associated hypertension. Since endothelial dysfunction and 

hypertension are upstream of virtually all cardiovascular disease, these data provide strong 

rationale that GAL3 is an important mediator between metabolic and vascular disease. 
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Figure 22: Blood pressure of GAL3 KO mice. 

A. Average day/night mean arterial pressure in lean (HdbHLgals3), lean GAL3 KO (HdbKLgals3), obese 

(KdbHLgals3), and obese GAL3 KO (KdbKLgals3) mice (n=3-4). B. Average 24-hour mean arterial pressure in 

HdbHLgals3, HdbKLgals3, KdbHLgals3, and KdbKLgals3 mice (n=3-4). C. Average systolic pressure in HdbHLgals3, 

HdbKLgals3, KdbHLgals3, and KdbKLgals3 mice (n=3-4). D. Average diastolic pressure in HdbHLgals3, HdbKLgals3, 

KdbHLgals3, and KdbKLgals3 mice (n=3-4). E. Average heart rate in HdbHLgals3, HdbKLgals3, KdbHLgals3, and 

KdbKLgals3 mice (n=3-4). All data are represented as mean ± SEM. 
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Endothelial NOX1 regulation by GAL3 in vivo 

 Convinced of the essential role of GAL3 in contributing to the pathogenesis of 

cardiovascular disease in obesity, we next turned to the mechanism by which GAL3 causes 

this pathology. Since GAL3 deletion resulted in lower plasma TBARS, and reactive 

oxygen species are well-demonstrated to be a major driver of endothelial dysfunction in 

obesity, we examined the levels of major ROS-producing enzymes in the microvascular 

endothelium. When GAL3 was deleted from obese mice (Figure 23A), both mRNA levels 

(Figure 23B) and protein levels (Figure 23C) of NOX1 decreased markedly, rescuing 

expression to that of lean controls. Staining of aortic sections with the ROS marker 

dihydroethidium (DHE) showed marked oxidative stress in obese vessels that was rescued 

with GAL3 deletion (Figure 23D). GAL3 deletion did not result in compensatory 

upregulation of other AGE receptors such as AGER (Figure 24A) or OLR1 (Figure 24B), 

nor other NOX isoforms such as NOX 2 (Figure 25A) or NOX4 (Figure 25B). Taken 

together, these data indicate that the mechanism by which GAL3 causes endothelial 

dysfunction is by regulating expression of NOX1, the predominant source of ROS 

overproduction in the obese endothelium.  
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Figure 23: Regulation of NOX1 by GAL3 in vivo. 

A. GAL3 mRNA levels in mesenteric endothelial cells from lean (HdbHLgals3), lean GAL3 KO (HdbKLgals3), 

obese (KdbHLgals3), and obese GAL3 KO (KdbKLgals3) mice (n=5-6). B. NOX1 mRNA levels in mesenteric 

endothelial cells from HdbHLgals3, HdbKLgals3, KdbHLgals3, and KdbKLgals3 mice (n=5-6). C. Representative 

Western Blot of GAL3 and NOX1 protein levels in mesenteric endothelial cells from HdbHLgals3, HdbKLgals3, 

KdbHLgals3, and KdbKLgals3 mice. D. Representative DHE staining of aortic segments from HdbHLgals3, HdbKLgals3, 

KdbHLgals3, and KdbKLgals3 mice. All data are represented as mean ± SEM. 
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Figure 24: Expression of other AGE receptors. 

A. AGER mRNA levels in mesenteric endothelial cells from lean (HdbHLgals3), lean GAL3 KO (HdbKLgals3), 

obese (KdbHLgals3), and obese GAL3 KO (KdbKLgals3) mice (n=4).  B. OLR1 mRNA levels in mesenteric 

endothelial cells from HdbHLgals3, HdbKLgals3, KdbHLgals3, and KdbKLgals3 mice (n=4). All data are represented as 

mean ± SEM. 
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Figure 25: Expression of other NOX isoforms. 

A. NOX2 mRNA levels in mesenteric endothelial cells from lean (HdbHLgals3), lean GAL3 KO (HdbKLgals3), 

obese (KdbHLgals3), and obese GAL3 KO (KdbKLgals3) mice (n=4).  B. NOX4 mRNA levels in mesenteric 

endothelial cells from HdbHLgals3, HdbKLgals3, KdbHLgals3, and KdbKLgals3 mice (n=4). All data are represented as 

mean ± SEM.  

 

Endothelial NOX1 regulation by GAL3 in vitro 

 Since murine data so strongly suggested that endothelial GAL3 is a major 

determinant of cardiovascular health, we next sought to confirm these data in human 

samples in order to increase the rigor and translatability of the study. In cultured 

microvascular endothelial cells from humans with Type II diabetes, both GAL3 (Figure 

26A) and NOX1 (Figure 26B) were significantly upregulated at baseline without any 

additional stimuli, suggesting that some epigenetic component to GAL3 upregulation 

exists in diabetes and obesity.197-198 In order to assess the cause of endothelial GAL3 

upregulation, we treated healthy human microvascular endothelial cells with serum from 

lean or obese mice for 48 hours. Treatment with lean serum had no effect on GAL3 
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expression in human endothelial cells (Figure 26C), but serum from obese mice containing 

high levels of glucose and advanced glycation end products was sufficient to evoke 

significant upregulation of both GAL3 and NOX1 (Figure 26D). These data indicate that 

while the GAL3/NOX1 axis is inherently upregulated during diabetes-induced 

hyperglycemia, the presence of high glucose and advanced glycation end products even for 

a short period is sufficient to upregulate both GAL3 and NOX1.  

 To confirm that GAL3 directly regulates NOX1 expression in vitro as in vivo, we 

evoked GAL3/NOX1 overexpression with 48 hours of high glucose treatment with 

concurrent knockdown of GAL3 by siRNA. GAL3 knockdown was feasible (Figure 27A) 

in human microvascular endothelial cells and resulted in significant decreases in NOX1 

expression with and without high glucose stimulation (Figure 27B). These data confirm 

that GAL3 directly regulates the transcription of NOX1 in the human microvascular 

endothelium. 
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Figure 26: Hyperglycemic influence on GAL3 and NOX1 expression. 

A. GAL3 mRNA levels from healthy and Type II diabetic human dermal microvascular endothelial cells 

(n=4). B. NOX1 mRNA levels from healthy and diabetic human microvascular endothelial cells (n=4). C.  

GAL3 mRNA levels from human microvascular endothelial cells treated with lean or obese mouse serum 

(n=4). D. NOX1 mRNA levels from human microvascular endothelial cells treated with lean or obese mouse 

serum (n=4). All data are represented as mean ± SEM. 
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Figure 27: Regulation of NOX1 by GAL3 in vitro. 

A. GAL3 mRNA levels from healthy human dermal microvascular endothelial cells treated with GAL3 

siRNA and high glucose (n=4). B. NOX1 mRNA levels from healthy human dermal microvascular 

endothelial cells treated with GAL3 siRNA and high glucose (n=4).  All data are represented as mean ± SEM. 

 

GAL3 as a metabolic intermediary between hyperglycemia and ROS production 

 Expression of GAL3 in vivo and in vitro was most amenable to changes in glucose 

and thereby glycation end product handling. Therefore, we hypothesized that beneficial 

alterations to glucose metabolism would confer protection against GAL3/NOX1 

upregulation in various models of metabolic improvement.  

 In order to assess feedback of NOX1 on GAL3, we utilized a previously 

characterized model of obese NOX1 KO mice generated by our laboratory, since these 

mice have improved endothelial function independent of changes in metabolism.148 We 

confirmed that NOX1 deletion does not alter body weight (Figure 28A) or hyperglycemia 

as evidenced by HbA1c (Figure 28B) in lean or obese mice. Obese mice with and without 

NOX1 deletion have the same overexpression pattern of GAL3 (Figure 28C), while NOX1 
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expression is obviously depleted in the obese knockout animals (Figure 28D). This 

indicates that GAL3 is indeed upstream of NOX1 and that NOX1 deletion has no 

appreciable effect on GAL3 expression in the obese endothelium. 

 Since we and others have reliably demonstrated that preserving muscle mass in 

obesity significantly improves cardiometabolic health, we next assessed the effect of 

myostatin deletion on the GAL3/NOX1 axis.199-201 While myostatin deletion did not affect 

total body weight in lean or obese mice (Figure 29A), it does confer some protection against 

obesity-associated hyperglycemia (Figure 29B). These beneficial alterations extend to the 

endothelium, where both GAL3 (Figure 29C) and NOX1 (Figure 29D) are downregulated 

in obese hypermuscular mice. These data contain insights into one potential mechanism by 

which preserved skeletal muscle mass improves endothelial function: by acting as a 

glucose sink, skeletal muscle may decrease hyperglycemia and thereby glycated end 

products in the obese plasma milieu, halting the overexpression of GAL3 and NOX1 and 

improving endothelial function by amelioration of excessive ROS production.202 

Likewise, improving insulin sensitivity has been demonstrated to confer 

cardiovascular protection in obesity. Protein tyrosine phosphatase 1b (PTP1B) is a negative 

regulator of insulin signaling and deletion has been reliably demonstrated to improve both 

glucose metabolism and endothelial function in obesity.203-205 PTP1B deletion in obese 

mice did not affect body weight (Figure 30A), but did improve HbA1c (Figure 30B). 

Similar to myostatin KO mice, PTP1B deletion conferred protection against microvascular 

endothelial GAL3 (Figure 30C) and NOX1 (Figure 30D) overexpression in obesity. These 

data further support the rationale that improvement of glucose metabolism is a key 

determinant of endothelial health through the GAL3/NOX1 axis. 



63 

 

 In order to further demonstrate that hyperglycemia is the most significant 

determinant of GAL3/NOX1 signaling in the obese endothelium, we treated a cohort of 

lean and obese mice with metformin. Metformin decreases blood glucose through multiple 

proposed mechanisms, including decreasing hepatic gluconeogenesis, inhibiting 

mitochondrial respiration, and improving insulin resistance.206-208 Because the drug is 

widely available, inexpensive, and generally well-tolerated, it presents an attractive 

therapeutic to modulate glucose handling and improve downstream cardiovascular 

outcomes.209 Obese mice treated with metformin lost no body weight (Figure 31A), but 

had significantly decreased HbA1c (Figure 31B), confirming that administration was 

successful. Interestingly, only four weeks of metformin treatment was sufficient to rescue 

microvascular levels of GAL3 (Figure 31C) and NOX1 (Figure 31D) in obese mice. Taken 

together, these data confirm that hyperglycemia is the essential determinant of endothelial 

GAL3/NOX1 overexpression in obesity. 
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Figure 28: Effects of NOX1 deletion on GAL3 expression. 

A. Body weight of lean (HdbWNox1), lean NOX1 KO (HdbKNox1), obese (KdbWNox1), and obese NOX1 KO 

(KdbKNox1) mice (n=10-12). B. HbA1c levels in HdbWNox1, HdbKNox1, KdbWNox1, and KdbKNox1 mice (n=10-12). 

C. GAL3 mRNA levels in mesenteric endothelial cells from HdbWNox1, HdbKNox1, KdbWNox1, and KdbKNox1 

mice (n=5-6). D. NOX1 mRNA levels in mesenteric endothelial cells from HdbWNox1, HdbKNox1, KdbWNox1, 

and KdbKNox1 mice (n=5-6). All data are represented as mean ± SEM. 
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Figure 29: Effects of augmented muscle mass on the GAL3/NOX1 axis. 

A. Body weight of lean (HdbHMstn), lean MSTN KO (HdbKMstn), obese (KdbHMstn), and obese MSTN KO 

(KdbKMstn) mice (n=10-12). B. HbA1c levels in HdbHMstn, HdbKMstn, KdbHMstn, and KdbKMstn mice (n=10-12). 

C. GAL3 mRNA levels in mesenteric endothelial cells from HdbHMstn, HdbKMstn, KdbHMstn, and KdbKMstn mice 

(n=5-6). D. NOX1 mRNA levels in mesenteric endothelial cells from HdbHMstn, HdbKMstn, KdbHMstn, and 

KdbKMstn mice (n=5-6). All data are represented as mean ± SEM. 
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Figure 30: Effects of improved insulin signaling on the GAL3/NOX1 axis. 

A. Body weight of lean (HdbHPtp1b), lean PTP1B KO (HdbKPtp1b), obese (KdbHPtp1b), and obese PTP1B KO 

(KdbKPtp1b) mice (n=10-12). B. HbA1c levels in HdbHPtp1b, HdbKPtp1b, KdbHPtp1b, and KdbKPtp1b mice (n=10-

12). C. GAL3 mRNA levels in mesenteric endothelial cells from HdbHPtp1b, HdbKPtp1b, KdbHPtp1b, and KdbKPtp1b 

mice (n=5-6). D. NOX1 mRNA levels in mesenteric endothelial cells from HdbHPtp1b, HdbKPtp1b, KdbHPtp1b, 

and KdbKPtp1b mice (n=5-6). All data are represented as mean ± SEM. 
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Figure 31: Effects of metformin on the GAL3/NOX1 axis. 

A. Body weight of lean (Hdb + Veh), lean metformin treated (Hdb + Met), obese (Kdb + Veh), and obese 

metformin treated (Kdb + Met) mice (n=10-12). B. HbA1c levels in lean and obese mice with and without 

metformin treatment (n=10-12). C. GAL3 mRNA levels in mesenteric endothelial cells from lean and obese 

mice with and without metformin treatment (n=5-6). D. NOX1 mRNA levels in mesenteric endothelial cells 

from lean and obese mice with and without metformin treatment (n=5-6). All data are represented as mean ± 

SEM. 
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IV. DISCUSSION 

 Obesity causes disruption in both behavioral and physiological processes, leaving 

a unique genetic imprint that further exacerbates disease progression.19 In this study, we 

examined the roles of circadian disruption and oxidative stress in obesity and their 

convergence on endothelial dysfunction and corresponding vascular disease.  

Herein, we demonstrate that obesity causes disruption of the endothelial circadian clock 

and promotes an increase in oxidative stress, both of which are associated with and hasten 

the progression of cardiovascular disease.7-10 Impairment in the circadian regulation of 

essential cardiometabolic processes such as blood pressure, blood glucose, and insulin are 

strikingly evident both in obese humans and our obese mouse model.63,66 Indeed, even non-

obese patients with a clear circadian vascular defect such as non-dipping hypertension have 

worsened outcomes compared to those with dipping hypertension, indicating that proper 

circadian regulation of blood pressure is an essential component of cardiovascular health.88 

This inability to regulate blood pressure during rest deprives the individual of healthy, 

restorative sleep, which has been continually demonstrated to hasten other disease 

processes and create a feed-forward cycle of oxidant stress and chronic low-grade 

inflammation.89 Coupled with the inability to properly regulate diurnal blood glucose and 

insulin levels, obese individuals display an abrogated anticipatory response to metabolic 

stimuli such as nutrition and digestion, worsening glucose and lipid homeostasis and 

adding further insult to the circadian clock.75 Definitive knowledge of whether obesity or 

circadian disruption distinctly causes the other is yet undiscovered, as both pathologies 

amplify the other to an appreciable extent. 
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Regardless of cause and effect, several previous studies have identified disturbed 

oscillatory patterns in the vascular circadian clock during obesity.193,210 Herein, we sought 

to dissect individual vascular cell components, calling special attention to the role of the 

endothelium. In order to control for the effects of the central circadian clock, we repeated 

these studies in cohorts of mice subjected to constant darkness to discern which, if any, 

defects in obesity were caused or effected by circadian disruption. 

The first essential finding of this study in particular is that the circadian clock 

mechanism is robust, and while defects in individual core components are sufficient to 

cause or worsen disease, not every component is altered in pathology. For example, obese 

mice in this study displayed no apparent dysregulation of BMAL1 in the endothelium, 

although BMAL1 has been shown to play important roles in both metabolic and 

cardiovascular disease.66,211 However other essential components such as PER2, DBP, and 

NFIL3 are markedly dysregulated in obesity, demonstrating that dysregulation of the clock 

differs significantly across diverse cell types and disease states. PER2 dysregulation 

suggests a defect in the negative arm of the core circadian mechanism, while dysregulation 

of DBP and NFIL3 suggests an obesity-induced defect the output components.68 Of note, 

NFIL3 has long been implicated in circadian regulation of lipid metabolism and has also 

been shown to contribute to the progression of adiposity,  insulin resistance, and metabolic 

disease.79,212 However, many of these studies focus on the role of NFIL3 in the liver and 

intestine but not in the vasculature. Since the endothelium is entrained to anticipate 

metabolic stimuli such as glucose and dietary lipids, and the role of NFIL3 in the 

endothelium is poorly understood, it represents an attractive target for future study. 
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Another key finding of this work is that housing in constant darkness confers a 

circadian insult to the endothelium that is unique and does not perfectly phenocopy 

circadian disruption exhibited by obese mice with a normal light/dark cycle. Many such 

methods exist to probe murine circadian rhythm, including housing in constant darkness, 

constant light, or delayed jet-lag cycles.213-214 While housing in constant darkness is 

regarded as essential for determining the true circadian rhythm independent of central cues, 

it does have an appreciable effect on peripheral clock expression and vascular function.215 

Lean mice subjected to constant darkness had a PER2 shift similar to obese mice, but also 

displayed shifts in BMAL1 and DBP to adjust for the loss of central light cues. Therefore, 

we concluded that constant darkness does not faithfully recapitulate the circadian insult in 

obesity, indicating that an inherent peripheral defect is driving dysrhythmia in obesity and 

not central circadian dysfunction.  

A final conclusion of this study is that constant darkness is sufficient to cause 

significant endothelial dysfunction in lean mice, directly linking circadian insult to vascular 

pathology. Furthermore, endothelial function has been readily demonstrated to fluctuate 

throughout the course of the day, in both healthy and obese subjects.216-217 These 

conclusions highlight the importance of controlling for time of day during experimental 

design and the effects of the circadian clock on both normal and pathophysiology. Central 

to these conclusions are data demonstrating that both eNOS and NOX1 are subject to 

circadian oscillation and likely contribute to fluctuation in endothelial function. 

NOS/NOX imbalance is an essential determinant of vascular disease, with the obese 

vasculature favoring a pro-oxidant, pro-inflammatory phenotype.172 This imbalance causes 

a marked decrease in NO bioavailability and loss of endothelium-dependent 
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vasorelaxation, contributing to hypertension and acute downstream events. In preliminary 

findings from our laboratory, collaborators, and others, Cezanne, or OTUD7B, is a 

potential link between circadian rhythm and eNOS expression, most likely through a 

HIF1α-dependent mechanism.218-219 Cezanne has also been demonstrated to regulate 

NFκB, another upstream modulator of ROS production, inflammation, and adhesion.220-221 

However, many of these studies are limited to the fields of cancer and immunology, and 

its role in the endothelium is still incompletely understood. This represents another 

attractive avenue for future mechanistic study into the crosstalk between circadian and 

vascular biology.  

Dysfunction of the endothelium is a well-characterized early mechanism in the 

development of cardiovascular disease and is driven by low-grade inflammation and a pro-

inflammatory environment in the vascular endothelium.94,100 However, the identification 

of novel upstream modulators of eNOS/NOX1 imbalance in obesity is a critical gap in our 

knowledge, as precise mechanisms linking aberrant metabolism and vascular function 

remain elusive. Herein, we present evidence that GAL3 is a novel sensor of aberrant 

metabolism in the microvascular endothelium in obesity. Loss of GAL3 has no appreciable 

effect on the metabolic phenotype of lean or obese mice, save the ablation of ROS 

overproduction in the plasma, rescuing both endothelial dysfunction and hypertension. 

This beneficial effect occurs through a NOX1-dependent mechanism whereby GAL3 

regulates NOX1 expression and mediates subsequent ROS overproduction production and 

accompanying vascular dysfunction. The GAL3/NOX1 axis is sensitive to glucose 

handling, as mice with improved glycemic control endogenously downregulate the axis in 

the endothelium and have improved cardiometabolic outcomes.  
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While the role of GAL3 has been described extensively in cancer and immunology, it 

is relatively understudied in the context of obesity and cardiovascular disease. Several 

studies have explored its role in the pathogenesis of pulmonary hypertension, with a 

primary focus on its role in the smooth muscle.191-192 To date, GAL3 has been proposed as 

a biomarker for early heart failure and has been implicated in the progression of fibrosis, 

yet mechanistic studies describing its role in obesity are lacking.188 This is due in part to 

the fact that GAL3 presents a challenge to study since it plays so many roles in diverse 

cellular mechanisms such as inflammation, proliferation, and apoptosis and is expressed 

among a myriad of cell types.185 Herein, we provide evidence that overexpression of GAL3 

in the endothelium is the driving force behind NOX1 overexpression and subsequent ROS 

overproduction in the obese vasculature. 

We and others have demonstrated that NOX1 is the predominant ROS-producing NOX 

isoform in the obese endothelium that contributes to the pathogenesis of microvascular 

dysfunction.147-149 Literature regarding the function of NOX4 in the vasculature is unclear, 

with several studies demonstrating both beneficial and pathological functions.142-143 While 

these data do not imply unimportance, they do suggest that NOX4 would not be an ideal 

target for potential therapeutic intervention, as loss may indeed worsen vascular function 

instead of improving it. NOX2 overexpression seems largely limited to immune cells, 

further supporting the rationale that NOX1 is the primary ROS producing enzyme in the 

obese endothelium.145 The data contained herein demonstrate that NOX2 and NOX4 were 

not upregulated in the endothelium during obesity, nor was there any compensatory 

upregulation of other NOX isoforms during GAL3 deletion and subsequent NOX1 

resolution. 
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Overproduction of ROS is well understood to be a primary driver of pathological events 

within the vasculature.9.127 However, it must be noted that ROS signaling is crucial for 

normal physiological processes in almost every cell type, and that imbalance rather than 

mere existence of ROS production in the vasculature is the likely culprit driving disease.222 

However well-studied, no antioxidant therapeutic to date has proven successful in 

abrogating ROS overproduction in a physiologically relevant manner, necessitating 

investigation into upstream regulators of ROS production rather than the oxidative stress 

itself.12 We propose herein that modulation of GAL3 may provide a better therapeutic 

avenue for regulating NOX1-mediated ROS production. Future studies will further 

interrogate the mechanism by which GAL3 regulates NOX1 in the obese endothelium. 

Preliminary studies from our laboratory indicate that GAL3 regulates NFκB activity, which 

has been demonstrated to bind to the NOX1 promotor sequence and upregulate its 

transcription. Targeting the NFκB signaling pathway may provide another therapeutic 

avenue to treat and reduce obesity-associated cardiovascular disease.  

Aside from pharmacological intervention, preserving or augmenting muscle mass 

appears to be one of the best ways to combat obesity-associated pathologies. Previous work 

from our laboratory and others has demonstrated that preservation of skeletal muscle mass 

has significant benefits on cardiovascular, respiratory, renal, and neurological health.199-

201,223 Since sarcopenia and sedentary lifestyle are common in obese and aging humans, 

maintenance of skeletal muscle mass in these conditions is thought to significantly improve 

outcomes.21-22 Previous data from our laboratory indicate that preserving muscle mass in 

obese animals through deletion of myostatin confers cardiometabolic protection by 

augmenting glucose handling and improving endothelial function. Skeletal muscle mass is 
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thought to act as a glucose sink, buffering blood glucose to ameliorate hyperglycemia and 

slow the accumulation of glycated end products that RAGEs like GAL3 bind.199,201 Further 

supporting the hypothesis that aberrant glucose metabolism drives this phenomenon are 

data contained herein that demonstrate the effectiveness of metformin treatment in 

decreasing GAL3/NOX1 expression. These findings are most likely due to the significant 

improvement in blood glucose concentrations in metformin treated mice, but a direct effect 

of metformin on the endothelial GAL3/NOX1 axis independent of glucose homeostasis 

cannot be ruled out. Further in vitro studies are necessary to elucidate endothelial cell-

specific effects of metformin. Regardless of the precise mechanism of action, these data 

provide compelling evidence that treatment with metformin in obesity is effective in 

improving endothelial health. Since the drug is inexpensive and relatively well-tolerated, 

low-dose treatment in overweight patients may very well slow the onset and progression 

of cardiovascular disease by halting endothelial GAL3 overexpression. 

While we have endeavored to take every precaution to properly control for error in our 

experimental design and execution, prudence dictates honest criticism of these data, 

potential conflicts and pitfalls, and future direction to improve the rigor and reproducibility 

of this research. Relevant considerations are the mouse model, the role of other cell types 

and their respective contributions, and the translatability of the findings. 

While the db/db mouse model of obesity is well-characterized and recapitulates many 

of the essential hallmarks of cardiometabolic disease, complete ablation of leptin signaling 

in the vascular endothelium must be considered as a potentially confounding variable. 

While leptin’s primary action is in brain-adipose crosstalk, several manuscripts have 

described its effects on endothelial function within the context of lipodystrophy.224-225 The 



75 

 

most plausible reconciling of these seemingly conflicting data is that multiple mechanisms 

govern NOX1 expression in the endothelium, with leptin being a significant, but not 

exclusive regulator of endothelial function in vivo. In order to address these studies and 

further elucidate the role of leptin signaling in obesity, we and our collaborators have 

generated a novel murine model of obesity with intact peripheral leptin signaling. These 

mice demonstrate profound endothelial dysfunction similar to db/db mice, which provides 

exciting new opportunities to study the obese endothelium without the potentially 

confounding effects of altered leptin signaling.  

Another caveat of the db/db model is the practical inability to generate cell-specific 

knockout animals. Because db/db mice are sterile, they must be bred by pairing 

heterozygotes, which generates a considerable number of unusable mice. Since female 

db/db mice do not exhibit obesity-induced vascular dysfunction, male mice are typically 

exclusively utilized, further contributing to increased housing cost, and negatively 

impacting good animal stewardship.226-228 Other diet-induced models of obesity ease 

breeding restraints, but do not faithfully recapitulate many hallmarks of human obesity, 

often producing highly variable data that may confound experimental endpoints and 

making meaningful analysis unnecessarily difficult.41,51 These models are highly sensitive 

to even slight changes in housing temperature, diet composition, and nutrient consumption, 

further confounding experimental endpoints. In order to address these discrepancies, we 

believe that our new model of AAV-induced obesity will help to circumvent these issues 

and enable the generation of a cell-specific knockout to further elucidate the role of the 

GAL3/NOX1 axis in the endothelium and stratify the non-endothelial sources of GAL3 

production in cardiovascular disease. 
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A final essential caveat of all basic science work in animal models is the translatability 

of the study to human health and disease. To date, clinical trials seeking to assess the 

feasibility of GAL3 inhibitors have been few and limited to non-alcoholic steatohepatitis, 

cancer, and general fibrosis.229-231 However, these inhibitors are non-specific, and generally 

consist of modified disaccharides such as TD139 or galactose-containing polysaccharides 

such as GR-MD-02 that bind GAL3.230,232 Oral availability, while somewhat improved 

with recent iterations, is generally poor. While preclinical studies of these compounds 

provide compelling evidence in mice, efficacy in humans has yet to be determined, 

specifically within the realm of cardiovascular disease. Clinical trial endpoints specifically 

tailored to address endothelial function, hypertension, or plaque progression/regression are 

desperately needed to determine if GAL3 inhibition can be an effective therapeutic target 

in human cardiovascular disease.  

Taken together, the data contained herein present exciting new insights into the 

mechanisms by which obesity alters endothelial function and hastens cardiovascular 

disease, providing rationale for potential therapeutic targets to lessen disease burden and 

improve patient outcomes. 
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V. SUMMARY 

1. Obese db/db mice recapitulate marked dysregulation of blood pressure and blood 

glucose circadian rhythms exhibited in obese humans. These impairments present 

with a corresponding defect in expression of the circadian clock component PER2 

within the aorta. 

2. The microvascular circadian clock is impaired in obesity, specifically in the 

endothelium. These impairments parallel endothelial dysfunction seen in obese 

mice and otherwise healthy mice subjected to circadian disruption. 

3. GAL3 is significantly upregulated in the endothelium of obese male, but not 

female, mice and is present in greater quantity within the microvascular 

endothelium as compared to large conduit arteries.  

4. Deletion of GAL3 does not alter the metabolic profile of obesity but drastically 

decreases markers of oxidative stress, and protects mice from obesity-induced 

endothelial dysfunction and hypertension. 

5. Mechanistically, GAL3 promotes oxidative stress by regulating endothelial NOX1 

expression in both in vivo and in vitro. 

6. The GAL3/NOX1 axis is amenable to beneficial alterations in glucose metabolism, 

through muscle mass augmentation, improvement of insulin signaling, or treatment 

with metformin. 

In conclusion, the data contained herein demonstrate that essential markers of 

cardiometabolic homeostasis such as blood pressure and blood glucose are disrupted in 

obesity. Obese mice display marked disruption in the temporal maintenance of these 

variables and have depressed PER2 oscillation in the vasculature, indicative of circadian 
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disruption. We demonstrate that housing in constant darkness is sufficient to cause 

endothelial dysfunction in otherwise healthy mice, demonstrating that loss of central clock 

input has a detrimental effect on vascular function. In the endothelium, the peripheral 

circadian clock is dysregulated in obesity, with the expression patterns of many essential 

clock components such as PER2, DBP, NFIL3, and Cezanne blunted compared to healthy 

controls. We demonstrate that circadian expression of eNOS and NOX1 is impaired in the 

obese endothelium, providing a link between circadian disruption and vascular endothelial 

dysfunction. 

We further demonstrate that the carbohydrate binding lectin GAL3 is a novel regulator 

of NOX1 expression within the microvascular endothelium. Deletion of GAL3 in obesity 

rescued both endothelial dysfunction and hypertension by reducing ROS overproduction. 

Modulation of GAL3 expression is feasible through beneficial improvements in glucose 

metabolism, such as augmenting muscle mass, improvement of insulin signaling, or 

lowering blood glucose. These data suggest that GAL3 is not only a biomarker of disease, 

but also an important mechanistic link between metabolic and vascular dysfunction that 

provides a suitable target for therapeutic intervention to break the link between obesity and 

cardiovascular disease. 
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